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Delegates to QinetiQ’s first Aircraft
Electromagnetic Certification Workshop
(AECW) 2007 reported the workshop to be
a resounding success. The workshop was
derived from the ‘HIRF Workshop’ and was
provided and hosted by QinetiQ’s
Electromagnetic and Environmental Services
(EMES) in partnership with the Civil
Aviation Authority (CAA and BAE Systems
was delivered at the end of November 2007.
Twenty two delegates including several from
overseas (Italy and Singapore) attended the
workshop and were provided with a detailed
summary of aircraft electromagnetic
certification requirements and how to meet
them.

Prof. Nigel Carter, QinetiQ Trusted Expert
provided several of the presentations and the
delegates were treated to his sharp wit and
more importantly his unrivalled knowledge
of the history and development of the key
standards and test methods in the topic area.
Nigel was on hand throughout the workshop
to interject on important points. Other
highlights included Ian MacDiarmid and
Tony Llewellyn from BAE Systems
providing the ‘manufacturers’ perspective
and Dr. Chris Jones also from BAE Systems
providing some excellent insight on lightning
issues.

The workshop content was modified from
previous variants of the High Intensity
Radiated Field (HIRF) Workshop to serve a
growing interest in military aircraft
certification requirements and was thus re-
branded as the Aircraft Electromagnetic
Certification Workshop. The workshop also
included details on other electromagnetic

requirements for aircraft including
TEMPEST, Portable Electronic Devices
(PED’s) and ordnance.

Demonstrations of test techniques such as
Low Level Swept Current (LLSC), Bulk
Current Injection (BCI) and whole platform
susceptibility testing were provided at the
UK’s centre of excellence for military aircraft
release located at Boscombe Down. Several
other informative tours and demonstrations,
including a tour of the UK’s largest
reverberation chamber, were provided at the
QinetiQ Farnborough site.

Richard Hoad, QinetiQ EMES AECW
Course Director said – ‘We were very pleased
with the feedback we received from the
delegates who attended the workshop. The
delegates came from quite diverse technical
backgrounds including platform integrators,
systems engineers, and test engineers so it
was encouraging to see that we met most if
not all of their course objectives. All in all,
the workshop was a resounding success.’

For details of the 2008 event please see below.

Aircraft Electromagnetic Certification Workshop 2007
“A Resounding Success”

Delegates and some of the workshop
speakers at the QinetiQ Radio Environment
Generator (REG) facility, Boscombe Down

The QinetiQ Electromagnetic and
Environmental Services (EMES) Group is
very pleased to announce that the Aircraft
Electromagnetic Certification Workshop
(AECW) 2008 will be held at QinetiQ, Cody
Technology Park, Farnborough, Hampshire,
GU14 0LX from the 20th to the 23rd May
2008.  Prof. Nigel Carter will once again be
our lead trainer for the workshop and brings
over 40 years of aircraft electromagnetic
certification experience.  Prof. Carter will be
accompanied by other key speakers from the
CAA, QinetiQ and BAE Systems.  As always
live demonstrations of test techniques and
actual examples will be provided.

If you are interested in the stringent
electromagnetic certification requirements for
modern aircraft and avionics systems,
including EM immunity requirements (such
as High Intensity Radiated Fields (HIRF))
and test techniques then this workshop is for
you.  The workshop content has been
modified this year to serve a growing interest

in military aircraft certification requirements
and includes interactive sessions to develop
the delegate's understanding in the material
presented.  A visit to the UK's centre of
excellence for military aircraft release located
at Boscombe Down, a tour of the UK's largest
reverberation chamber and full workshop
notes will be included within the delegate fee.
For further details or to register your interest
in attending AECW 2008 please e-mail:
nbevan@qinetiq.com or call the EMES
business group on +44 (0) 1252 394236.

AECW 2008
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News and Information
Laird Technologies’

RadioAnt Antenna named
Product of the Year

Laird Technologies, a global leader of critical
components and systems for advanced
electronics and wireless products, today
announced it was honoured with the ‘Product
of the Year’ award from Electronic Products
magazine for its RadioAnt antenna.

The editors of Electronic Products magazine
evaluated thousands of products launched in
2007 on the basis of innovative design,
significant advancement in technology or
application, along with substantial
achievement in price and performance. The
RadioAnt demonstrated success in mobile
handset antennas by enabling an FM antenna
solution that can be incorporated directly
inside a mobile handset device.

“Laird Technologies’ RadioAnt Antenna is
the industry’s first miniature internal antenna
circuit combination to provide FM,
impedance matching and signal amplification
all in one,” said Ralph Raiola, editor of
Electronic Products. “The RadioAnt
eliminates the cord-antenna solution with its
ability to be placed inside mobile devices
such as cell phones, MP3 players and even
gaming devices, making this antenna truly
unique in the industry.”

In September 2007, Laird Technologies
introduced the Activv Antenna as the next
generation antenna to replace the RadioAnt
Antenna. The Activv Antenna offers the same
functionality as the RadioAnt but offers
improved performance, improved sensitivity,
and a smaller size.

The 2007 Product of the Year awards were
announced in the January 2008. 2007 marked
the 32nd anniversary of the Electronic
Products’ awards, which have been rewarding
the best products in the industry since 1977.
www.lairdtech.com

York EMC Services Ltd (YES) is pleased to
announce that the first phase of development
of their Bristol Test Laboratory - UKAS
accreditation of EMC and LVD testing - is
now complete.

Since York EMC Services’ acquisition of
Global Telecommunication Laboratories
(GTL) in Bristol in May 2007 there has been
a concentrated effort to integrate GTL into
YES and to enhance the service offering.
Supported by existing facilities in Castleford,
West Yorkshire and Dalgety Bay, Fife, YES
can now offer a new level of service and
quality to companies in the South West of
the UK requiring assistance with regulatory
advice, design consultancy and testing to a
wide range of international and European
standards.

Services offered in the Bristol laboratory
include testing and consultancy in the
following regulatory areas:

• Electromagnetic Compatibility (EMC)
• Electrical Safety to the Low Voltage

Directive (LVD)
• Telecoms
• Acoustics

In addition to these services YES also
provides IET Endorsed Continuing

Professional Development training, EMC
management planning, Technical
Documentation generation and notified body
assessment, and a range of specialist
Reference Signal Sources for test system
validation and shielding effectiveness
measurements.

To learn more about how York EMC Services
can help please visit www.yorkemc.co.uk or
contact Ted Warren in our Bristol laboratory on
0117 987 0044 or ted.warren@yorkemc.co.uk

York EMC Services Operations Director,
Nick Wainwright, presents Bristol
Laboratory Manager with the UKAS
accreditation certificate.

Bristol Test Laboratory Achieves UKAS Accreditation

Blackwood Compliance Laboratories will be
hosting an EMC training course on
Wednesday 23rd April 2008 at the Millennium
Stadium, Cardiff.  Tim Williams and Keith
Armstrong will be presenting their highly
acclaimed “Electronic Fundamentals for
Good EMC” course which was successfully
given at the EMCUK 2007 conference at
Newbury Racecourse.

This full day course covers mechanical
layout, shielding, filtering, cables, PCB
layout, tracking and layer stackup,

EMC Training Course Millennium Stadium, Cardiff
incorporating the very latest techniques for
today’s EMC design requirements.  EMC Test
Engineers, Electronic Design Engineers and
Compliance Engineers would all benefit from
this course.

Availability on this course is limited as it is
being held in one of the Stadium’s conference
suites and not in the main 74,500 capacity
Stadium itself.  The cost of the course is £135
with concessions for multiple bookings. For
more details & to book your place call  01495
229219 or visit www.blackwood-labs.co.uk/
trainingcourses.
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News and Information

QinetiQ and the MOD have signed a firm
price agreement confirming price, volume
and availability for the Long Term Partnering
Agreement (LTPA) for Test and Evaluation
(T&E) and Training Support services for the
next five years through to March 2013. The
MOD will pay £951m across the second five
year term (having paid £964m for the first
five year period).

“We needed to maintain sovereign
capabilities but also reduce overall costs and
this ongoing partnering arrangement with
QinetiQ allows us to achieve this,” stated
MOD Weapons Commercial Director, Rob
Bellis. “Over the first five years we’ve not
only retained access to the necessary facilities
to ensure front line capability is maintained
but we’ve done so at a much reduced cost.
The LTPA has also enabled QinetiQ to invest
in the facilities thereby providing MOD with
an improved service for the agreed firm
price.”

The LTPA contract was first signed in
February 2003 and is still one of the largest
of its kind in the UK. Valued at £5.6bn over

25-years to 2028, the LTPA includes five
yearly reviews and a 25 year extension
option. In the first five-year period QinetiQ
delivered annual cost savings of £22m.
Savings of some £700m across the life of the
contract are on target to be achieved.

Under this contract QinetiQ manages 18 core
MOD owned sites and is responsible for the
provision of Non Tasking Services. These
include delivering a T&E and Training
Support capability, maintaining associated
equipment, land and buildings, plus
delivering an investment programme to
ensure that the capability is maintained and
developed to meet MOD evolving needs.

During the first five years of the contract,
QinetiQ has been responsible for
transforming the performance of the services
provided. This has included increasing
throughput in areas of high demand to deliver
capability to the evolving requirements of the
front line while continuously improving the
efficiency and effectiveness of the
capabilities. Improved performance within

the capabilities has enabled QinetiQ to return
a total of £15m in gain-share and other levies
back to MOD.

Key Performance Indicators (KPIs) for the
first period measured safety and QinetiQ’s
ability to deliver to quality and to time and
in all cases the demanding targets agreed have
either been met or exceeded. The minimum
customer satisfaction target was set at 80%
with an average of 98.74% being achieved.

“The agreement of the firm price for the next
period is recognition of QinetiQ’s ability to
both deliver value for money to the MOD
and maintain many of the critical facilities it
needs,” added Mary Carver, MD of QinetiQ’s
iX Managed Services sector. “QinetiQ’s
continuous improvement programme has also
delivered a safer working environment for
staff and customers plus reduced its
environmental impact upon the local
community. By investing time and effort in
performance management, staff are also more
competent and have better understanding of
the customer requirements.”
www.qinetiq.com

QinetiQ and MOD sign 5-year, £951m pricing agreement for
Test, Evaluation and Training Support services

AR’s Orange Book of
Knowledge among Top 10

Downloads at RF Globalnet

Knowledge is power, and now people
involved in EMC, Wireless Communications
and related fields are acquiring knowledge
(and power) at a rapid pace, thanks to AR’s
appropriately named “Orange Book of
Knowledge.”

The book, which contains articles and
application notes on a wide range of topics –
such as the importance of mismatch
capability and testing beyond specs – was not
only in RF Globalnet.com’s top ten
downloads of 2007, it was the third most
popular download on the site.

As word spreads about the value of the book
and its informative, well-written articles and
application notes, the book is quickly
becoming a “must have” resource for
everyone involved in EMC testing and
wireless communications.

AR’s Orange Book of Knowledge is available
free from AR sales associates and at RF
Globalnet.com. For a free download, go to
RFGlobalnet.com and enter “AR Orange
Book of Knowledge” in the search bar.
www.rfglobalnet.com
www.ar-worldwide.com

University of Oxford
Technology Programme 2008

Electronics, Telecoms, Engineering
Short Courses for Professionals

High Speed Digital Engineering Week
23-27 June

High Speed Digital Design
Presenter: Dr Howard Johnson, Signal Consulting, Inc

Fullwave Modelling for EMC and Signal Integrity
Presenter: Dr Bruce Archambeault, Archambeault EMI Enterprises, USA

Electronic Product Design and Retofit for EMC
Presenter: Lee Hill, MSEE University of Missouri-Rolla,

Founding Partner, Silent Solutions, USA

Printed Circuit Board Design for Real-World EMI Control
Presenter: Dr Bruce Archambeault, Archambeault EMI Enterprises, USA

Advanced High-Speed Signal Propagation
Presenter: Dr Howard Johnson, Signal Consulting, Inc

High Frequency Measurements
Presenter: Douglas Smith, Author of High Frequency Measurements and Noise

in Electronic Circuits

Failure Analysis and Prevention in Electronic Circuits
Presenter: Douglas Smith, Author of High Frequency Measurements and Noise

in Electronic Circuits

Power Distribution Design
Presenter: Dr Istvan Novak, Distinguished Engineer, Signal and Power Integrity,

SUN Microsystems, Inc.

Full details on the above and the other courses in the Programme are
available online at www.conted.ox.ac.uk/technology
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News and Information

The sky is no longer the limit for Syfer, as
they have launched a specialist technical team
to serve the fast growing space application
sector. Not only have Syfer increased the
number of specialist staff working in this
area, but they have also invested in additional
test equipment.

In recent months order levels have grown
significantly for components destined for
space applications, especially for MLCCs.
Such devices must undergo special life-
testing, sectioning and additional electrical
measurements, to meet ESCC (European
Space Components Coordination) Generic
Specification No. 3009 requirements.  To
provide further information, Syfer has just
published a new Hi-Rel brochure (“Product
Test and Reliability Guide”) outlining their
capability in this area.

The market for space-qualified devices is
expanding fast with a growing number of
satellite communications projects currently
underway. One of the most significant is the
Galileo initiative, the European alternative
of the US controlled GPS system, destined
to operate both independently of, and in
conjunction with, GPS for location and
navigation services.

Syfer launches team into space

Part of the increased space team

Syfer is already recognised as a supplier for
space and hi-rel applications, approved by
NASA for supplying planar capacitor arrays
for the International Space Station, for
example.  Indeed they are the only company
worldwide approved for these devices for this
application.  Syfer is also listed on the
European Space Agency Preferred Parts List
- ESCC EPPL.  The company’s hi-rel,

high-quality status is becoming widely
acknowledged for European Space projects,
and their components are increasingly
specified and adopted by subcontractors in
this sector.
www.syfer.com

CEM 2008 is organised by the Institution of
Engineering and Technology
Electromagnetics Professional Network,
Antennas and Propagation Professional
Networks, EMC Professional Network and
in association with the International
Compumag Society.

This conference will focus on current
research into the various computational
techniques now available for solving
problems in electromagnetics, aspects and
applications of numerical modelling based on
these techniques.

The conference will provide delegates with
a forum to present, discuss and network.
Sessions will include oral papers to provide
an introduction to the topics presented
followed by interactive posters with plenty
of opportunity for informal discussions.

Scope
• Methods and Techniques of

Computational Electromagnetics
• Numerical Methods
• Applications of CEM (where the novelty

should reside in the  CEM technique and
not the application)

• CEM in Education
• Code Validation

Fees
Registration fees include attendance at all
sessions for the duration of the conference, a
copy of the proceedings, morning &
afternoon refreshments & lunch each day,
evening reception, Monday 7 April 2008 &
conference dinner on Wednesday 9 April 2008.

Registration Fees
Member: £395.00 (+£69.13 VAT= £464.13)
Non Member: £540.00 (+£94.50 VAT=
£634.50)
Author: £310.00 (+£54.25 VAT= £364.25)

For further information see Ad on IBC or
contact:  Tel:  + 44 (0) 1438 765648 or
email: eventsa2@theiet.org
http://conferences.theiet.org/cem

CEM 2008
7-10 April, Brighton

Session 1 Training
Electronic Fundamentals for Good EMC
Presented by Keith Armstrong
and Tim Williams

Day 1

Day 2

Session 2
Rail Safety & Assurance
Chairman:  Ken Webb, Technical
Consultancy Manager, TÜV Product
Service

Session 3 Training
Testing - titles to be confirmed
Presented by Keith Armstrong
and Tim Williams

Session 4
Defence & Avionics
Chairmen:
Professor Nigel Carter, Consultant &
Ian MacDiarmid, BAE Systems

Days 1 and 2
Hot Topics to be held in the Marquee.

Chairman: Dave Imeson
Attendance Free

EMCUK 2008 14/15th October
The Racecourse, Newbury

Conference Programme

Register Now and Keep Up-to-date

www.emcuk.co.uk
Next Issue

the         journal

Register for your *FREE personal copy at www.theemcjournal.com
*UK only.  Overseas can download in pdf format.

Feature on EMI Simulation
& Associated Software.

If you are interested in
providing Editorial please

contact Alan E Hutley -
alan@nutwooduk.co.uk



11The EMC Journal March 2008

www.linkmicrotekeng.com



12

444

445

The EMC Journal March 2008

to shield equipment in the factory to
avoid malfunctions.

The ABC’s director of technology, Colin
Knowles, disputed the Amcor findings
yesterday, saying the ABC’s own testing
at Prestons showed radiation levels were
well below those permitted under
Australian standards. “This is the same
problem that airports experience. People
complain about airport noise, but they
build out near the airport,” he said.

The ABC tower has been at Liverpool
for 67 years. One resident who
complained to the ABC was told to direct
his concerns to Liverpool Council, which
gave permission for the new housing
development. A council spokesman was
not available yesterday.
(Extracted from: “Neighbours find ABC
has turned the radio up too far”, Anne
Davies, Urban Affairs Editor, Sydney
Morning Herald, 24 February 2003. Also
see: “Planning debacle forces radio
towers to seek new home”, 17 February
2003, http://www.smh.com.au/articles/
2003/02/16/1045330466812.html, and
“Government admits radio towers, units
were too close”, 18 February 2003,
http://www.smh.com.au/articles/2003/
02/17/1045330538774.html, also by
Anne Davies in the Sydney Morning
Herald.)

Electronic Articles Surveillance
(EAS) systems interfere with disabled
aid
My work includes the installation of
induction loops for hearing aid users. The
availability of these is almost the only
way of complying with the Disability
Discrimination Act in public buildings
which have an amplification system.
Many hearing aid users will not, for
example, attend a Church which does not
have a working loop system. These
generate an audio magnetic field which
is received by a special pick-up coil in
the hearing aid.

One of the more widespread sources of
interference to induction loops is the
security system used in larger shops and
libraries. The library building in
Halesowen has a small theatre on the top
floor. Tests reveal a 1kHz audio signal

throughout the whole building including
the whole of the theatre. The source of
this is the security system to stop theft of
books. These consist of a pair of coils
which form a “gateway” through which
all books have to be carried.

The flagship library in Bournemouth
town centre has this security system. The
necessary induction loops fitted to the
desks where the Library Staff issue books
for borrowing have to be at least 5 metres
away from these. Otherwise the
background whistle is intolerable. On one
visit there, I happened to have an
induction loop monitor with me. Out of
curiosity, I tried the desk loop and found
that the background whistle was intrusive
even at the furthest point on the counter.

On another occasion, I happened to need
a new bulb for my car, and visited one of
Birmingham’s car parts shops on my way
home from a service job. Seeing a similar
security coil system in the shop, I went
back in with a loop monitor and found
that the whistle was audible out in the car
park as well as at the cash desks where
shops are now having loops fitted.

Getting cynical in my old age, I think that
the audio spectrum falls off the bottom
end of the 9kHz or 150kHz lower limit
of a lot of EMC specifications, and so
does not enter people’s thinking. On the
other hand, specifications that limit noise
emissions into mains supplies seem
irrelevant when someone is designing an
audio magnetic radiator such as is used
in these security gateways.
(Sent in by Robert Higginson of AREAC,
2nd August 2007)

Interference with household
appliances from living too close to a
transmitter
Residents living near the ABC’s main
radio transmitter at Liverpool have
complained repeatedly of interference
from the powerful signals it emits, amid
concerns that planners have overlooked
the impact of electromagnetic radiation
on the area. Residents in a new housing
estate at Prestons, which is across the
road from the tower, have had the signal
from the ABC radio station 702
interrupting phone calls, throwing lines
across television screens and turning
electronic equipment on and off without
warning.

“There would be music at the back of our
phone calls,” one resident, Arvin Prasad,
said.

“Telstra kept saying it was not their
problem but finally they fixed it. They
put some kind of filter on the lines.”

Another resident, Marina Baldin, said: “I
had one of those touch lamps. It used to
go off and on by itself. I got rid of it.”

The Herald reported last week that the
five AM radio transmitters at Homebush
Bay will have to be moved because
Planning NSW has given approval for a
multistorey building 200 metres from the
2UE-2SM transmitter. No one is yet
living at Homebush Bay, and the issue is
who will pay the $40 million cost of
moving the transmitters.

But at Prestons people have been living
for more than a year in two-storey houses
within 350 metres of the ABC tower. The
ABC broadcasts at 50 kilowatts - ten
times the power of the AM stations at
Homebush. The packaging company
Amcor, which is investigating a new plant
on the old Liverpool showground site 400
metres away, commissioned a study which
yielded alarming results.

Readings at ground level were well below
safe levels for non-ionising
electromagnetic radiation, but at five
metres were above the safe limit. The
company has been advised it would need

Banana Skins are kindly compiled for us by
Keith Armstrong.

If you have any interesting contributions that
you would like included please send them to
the Editor together with the source of the
information:  editor@nutwood.eu.com

Although we have used a rather light hearted
cartoon in which to draw attention to the
column this in no way is intended to trivialise
the subject.   Malfunctions due to incorrect
EMC procedures could be life threatening.

Banana Skins

Banana Skins is moving.  You can now access 500 Banana Skins from our website complete with interactive index -
individually, by application or by types of coupling or interference source.  Just log on to www.theemcjournal.com
and follow the link from the home page.

Banana Skins...
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EMF Directive postponed
EMC and safety are the subjects of European regulation that
we have come to know and love (but not a lot). Less well-
known is the ‘Electromagnetic Fields [EMF] Directive’ (short
title), which seeks to regulate the exposure of workers to
electromagnetic fields. The exposure of the general public has
also been covered by the European Council in a political work-
around. The Commission is not allowed to regulate public health
matters, which are the responsibility of member states under
the ‘subsidiarity’ principle – a 1990s buzz-word that, like most
others, is almost forgotten now. But the Council issued an
‘Opinion’ that the recommendations of the International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
should be followed in member states’ legislation on public
exposure. This is, of course, a matter of deep and very ill-
informed public concern in the context of mobile phone base
stations (whose field strengths at ear level are of the order of
10 000 times less than those of a mobile phone itself!).

What appears to have happened is that, while exposure limits
for exposure to radio-frequency fields have been studied for a
long time and the subject is fairly well understood, very little
work indeed has been done on exposure to low-frequency fields
,and that mostly restricted to power-frequency fields. However,
just like for EMC, the Commission wanted everything for DC
to light covered, so something had to be done, and that was to
set very large safety factors (possibly assuming that the resulting
‘recommendations’ would not be violated by products on the
market). For household appliances (at present the only products
for which compliance can, in practice, be claimed, this is true,
but it isn’t for some other products. The most spectacular
instance is that MRI scanners may violate the ‘workers’ limits
(and the ‘public’ recommendations are about five times lower).
This is not inside the scanner, but in the room where it lives.
Inside it, the field strengths are very high indeed, but this is
accepted as justified, like the exposure to X-rays.

The Directive was due to come into effect in April 2008, but
the European Parliament has voted (19 February) to postpone
its introduction by four years. This was reported by BBC News,
but so far there doesn’t seem to have been any reaction from
the relevant BSI committee.

Product committees and specialist committees
There was a lot of controversy in IEC over the relations between
product standards committees and specialist committees about
three years ago. It wasn’t entirely resolved; there were some
‘word-games’ which perhaps allowed the parties some leeway
in interpreting a fragile consensus. In CENELEC, the Technical
Board (BT) has not been motivated to give the EMC committee
a ‘power of veto’ over EMC standards produced by product
committees, and even the Commission’s EMC consultant has
only limited scope for requiring changes. The situation with
safety standards is different; product committees rarely venture
into this field; instead there are product safety committees as
well as the ‘specialist’ committees that deal with, for example,
insulation co-ordination and clearance and creepage distances,

which indeed ought not to differ between standards without
good reason.

Now, the UK EMF committee has drawn attention to the fact
that some product committees are introducing texts on EMF
issues into their standards, and is asking for reviews of such
activity, in IEC and CENELEC, to be instigated. It will be
interesting to see whether the CENELEC EMF committee is at
some future stage given greater authority than the EMC
committee.

IEC restructuring
IEC Council has charged the Standards Management Board
(SMB) to ‘critically review, restructure and reduce the number
of TCs [technical committees] to reflect the reality of industry’.
Note the prejudged ‘reduce’; the review might indicate that
more TCs are required, not fewer.

The subject headings to be covered by the group set up to study
the matter are:

• electricity transmission and distribution;
• household appliances;
• industrial automation systems;
• electronics;
• telecommunications and IT;
• EMC;
• environmental aspects;
• medical technology.

BSI has sent out a widely-circulated ‘trawl’ for people to
participate in this work.

This is a remarkable exercise to embark on in the context of
relentless pressure from the Council to shorten preparation times
and voting periods.

Mailing lists
There are two sorts of mailing list, those that use a server and
those that don’t. They are very good for spreading information
and holding discussions about technical subjects. There is a lot
of evidence that people prefer them to web-based forums.

Among server-based lists are the IEEE EMC and safety list
(EMC-PSTC). This is quite active, but within reason – no 100
messages a day. Naturally, there are more Americans than others,
but then there are five times as many of them as Brits. Several
regular contributors are members of IEC and other standards
committees and there are also experts on requirements for
entering Far East and other non-Western markets. You don’t
need to be an IEEE member and there is no charge.

This is a copy of the ‘address field’ attached to each message,
and is effectively the FAQ:

This message is from the IEEE Product Safety Engineering Society
emc-pstc discussion list.    Website:  http://www.ieee-pses.org/

The EMC Journal March 2008
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To post a message to the list, send your e-mail to emc-pstc@ieee.org
Instructions:  http://listserv.ieee.org/request/user-guide.html
List rules: http://www.ieee-pses.org/listrules.html

For help, send mail to the list administrators:
Scott Douglas emcpstc@ptcnh.net
Mike Cantwell mcantwell@ieee.org

For policy questions, send mail to:
Jim Bacher  j.bacher@ieee.org
David Heald: emc-pstc@daveheald.com

All emc-pstc postings are archived and searchable on the web at:
http://www.ieeecommunities.org/emc-pstc

Another server-based ‘galaxy’ of lists is operated by the Audio
Engineering Society Standards Committee. Details at http://
www.aes.org/standards/b_policies/aessc-membership.cfm
Again, you do not have to be an AES member and participation
is free.

Non-server based lists are extremely simple to set up, and again,
there is no charge. Everyone sets up a list of all members’ e-
mail addresses except their own, and sends messages to all
members. Many standards working groups and the equivalent
operate these quite successfully – I know of one that has 47
members! Now that we have all these facilities available, it
would be sensible to use them to best effect!

J. M. Woodgate B.Sc.(Eng.), C.Eng. MIET MIEEE FAES
FInstSCE
Email:desk@nutwood.eu.com
Web: www.jmwa.demon.co.uk
©©©©© J.M.Woodgate 2008

Recommended Events
CEM 2008 (See pages 10 & IBC)
8-10 April, Brighton
http://conferences.theiet.org/cem
Electrex & Drives and Controls
22-24 April, NEC, Birmingham
www.electrex08.com
EMC Training Course (See page 6)
23 April, Millennium Stadium, Cardiff
www.blackwood-labs.co.uk/trainingcourses
AECW 2008 (See page 5)
20-23 May 2008, QinetiQ, Farnborough
nbevan@qinetiq.com
CMSE Europe
10-12 June, Marriott Hotel, Portsmouth
www.cmse-eur.com
Farnborough Air Show
14-20 July, Farnborough
www.farnborough.com
IEEE EMC Symposium
18-22 August, Detroit, USA
www.emc2008.org
EMCUK 2008 (See page 10)
14-15 October, The Racecourse, Newbury
www.emcuk.co.uk
electronica 2008
11-14 November 2008, Munich, Germany
www.electronica.de
York EMC Services CPD Courses & Workshops
Various Dates 2008
www.yorkemc.co.uk/cpd/dates
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Leading UK passive component
manufacturer, Syfer, has
announced the availability of a
range of discoidal capacitors,
offered in standard or custom
configurations.  Aimed primarily at
manufacturers of EMI filters and
filter networks, these robust and
reliable devices will also meet the
demands of equipment manu-
facturers in the communications,
industrial, military/aerospace and
sensors markets.
Discoidal capacitors offer high
capacitance options, with values up
to several microfarads.  Rated
voltage ranges from 50Vdc to
3kVdc, or higher on request.
Operating temperature range is -55
to 125oC.  The devices are offered
with a choice of C0G/NP0 or X7R
ceramic, or in MOV (metal oxide
varistor) material for voltage
protection applications.
In terms of mounting options,
Syfer’s discoidal multilayer
ceramic capacitors can be installed
directly into filters, onto bulkheads,

hybrid circuits or onto printed
circuit boards. Their geometry
gives them excellent RF
performance characteristics as well
as very high self resonant
frequencies.   Termination options
include silver palladium, silver
platinum or gold over nickel.
Manufactured in the UK at Syfer’s
Norwich facility, these fully RoHS
compliant capacitors are available
immediately on a 6week lead time,
depending on the specification
ordered.  Prices are from around
$0.40 each, depending on quantity
and specification.
Tel: +44 (0)1603 723310
sales@syfer.co.uk
www.syfer.com

High Capacitance for Reliable EMI Filtering

Link Microtek, the leading UK
supplier of RF radiation safety
equipment, has expanded its
portfolio of products with the
addition of a broadband hand-held
meter that provides accurate
measurements of electromagnetic
fields and, with only four buttons,
is extremely simple to operate.
Manufactured by Narda Safety Test
Solutions, the NBM-520 meter
directly measures the electro-
magnetic field strength in the
vicinity of any telecoms, broadcast,
military or industrial transmitter.
The meter ’s light weight and
relatively small size make it
especially suitable for use wherever
mast climbing is required, and it is
likely to be a popular model for
DSO applications in the broadcast
sector.
Covering the frequency range
100kHz to 60GHz, the NBM-520
can be supplied with a choice of
isotropic probes to suit each
individual application. One
particularly useful probe offers a
shaped frequency response, which
is designed to produce results as a
percentage of a given safety
guideline.
Regardless of which probe is
chosen, the meter automatically
recognises the type and serial

number from an EPROM in the
probe and applies the necessary
correction factor, thereby achieving
straightforward ‘plug and play’
operation.
Featuring a backlit monochrome
LCD graphic display with
selectable illumination time, the
NBM-520 is easy to read in
darkness or sunlight. The meter
offers four measurement modes -
instantaneous, maximum, time
average and spatial average – and
includes a useful hold button to
‘freeze’ measurement results.
Users are alerted to the presence of
high field strengths by both audible
and visual warning signals, and the
alarm thresholds can be adjusted
using the configuration software
supplied.
For more details, visit
www.radhazonline.com.
Tel: +44 (0)1256 355771
sales@linkmicrotek.com
www.linkmicrotek.com

The R&S HF907 double-ridged
waveguide horn antenna from
Rohde & Schwarz improves
accuracy in EMI and EMS
measurements. The unique,
modified design of its housing
ensures high and flat gain from 5
dBi to 14 dBi without any gain
losses.
The R&S HF907 covers a wide
frequency range from 800 MHz to
18 GHz. As a transmit and receive
antenna, it can both generate
disturbance and detect radiated
emissions of devices under test
(DUTs). During these measure-
ments, the antenna's flat gain
permits even illumination of the
DUT. In EMC tests, manufacturers
and operators of electronic
equipment benefit from distortion
free radiation patterns and obtain
exact results. In the past,
conventional double-ridged wave-
guide horn antennas exhibited gain

Unique design gives R&S HF907 Double-ridged Waveguide
Horn Antenna optimized gain in EMC testing

losses at one or more points in the
frequency range, which was
reflected in the radiation pattern.
The R&S HF907 is compact and
weighs only 1.9 kg, which makes it
ideal for use in EMC labs and test
chambers – especially in
connection with EMC test
equipment and test systems from
Rohde & Schwarz.
Tel: +44 (0)1252 818888
sales@rsuk.rohde-schwarz.com
www.rohde-schwarz.com

New Broadband Hand-held Meter combines precision with
extremely simple operation
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EMC Partner (U.K) Ltd are pleased
to announce FRANKONIA’s new
chamber concept, the SAC-3 Plus®.
With introduction of the new site
validation standard CISPR 16.1.4
Ed.2 (2007) for SVSWR,
FRANKONIA developed a new
chamber concept with excellent
performance.
It is a fact that anechoic chambers
with hybrid absorbers must be
carefully designed due to the
mismatch problem, which lies in
the nature of the combination
pyramid-ferrite. Chamber
performance is always a
compromise: excellent perform-
ance in the low frequency end
always deteriorates high frequency
performance and vice versa.

FRANKONIA’s research depart-
ment developed a unique geometric
chamber design with optimized
absorber layout that delivers
outstanding performance for both,
NSA from 30MHz to 1GHz, and
SVSWR from 1GHz to 18GHz:
SAC-3 Plus®.

The new SAC-3 Plus® is a full-
compliance anechoic chamber for
a measuring distance of 3m (1-4m
height scan), designed in hybrid
technology, with ferrite and partial
hybrid absorber lining for the
frequency range from 26MHz to

18GHz (40GHz).
Due to relatively short hybrid
absorbers, the chamber can be
smaller in its dimensions than a
chamber lined with long pyramid
absorbers.
The SAC-3 Plus® major advantages
are:
• Dome design (offers better RF

properties, saves space e.g. for
ventilation ducting)

• Reduced price (reduced
shielding and absorber
quantity)

• Three versions for different
performance levels in NSA and
S-VSWR

The SAC-3 Plus® was developed in
FRANKONIA’s own research
laboratory that includes complete
instrumentation for site validation.
Once again, FRANKONIA has
proven its potential for innovation
and new ideas in the field of
anechoic chambers. The diagrams
below and on the next pages show
the NSA in the critical frequency
range up to 200MHz as well as the
SVSWR from 1GHz to 18GHz.
The excellent performance across
the whole frequency range was
confirmed for NSA below 1GHz
and SVSWR above 1GHz, both
following CISPR16.1.4 Ed2.
(2007) by a third party.
Tel:  +44 (0)1494 444255
sales@emcpartner.co.uk
www.emcpartner.co.uk

FRANKONIA develop a new chamber concept with excellent
performance: SAC-3 Plus®.

Ansoft Corporation (NASDAQ: ANST)
has announced Q3D Extractor® v8,
the latest version of the company's
3D parasitic extraction software.
Q3D Extractor efficiently performs
both the 2D and 3D
electromagnetic field simulation
required to extract RLCG
parameters from an interconnect
structure and automatically
generates an equivalent SPICE
circuit model for use in Nexxim®,
the company's high-capacity circuit
simulator, or other Berkeley
SPICE-compatible tools.
These models provide an EM-based
design synthesis solution for on-
chip passives and speed the design
and optimization of high-
performance structures in order to
achieve first-pass timing closure.
Q3D Extractor v8 includes a new
capacitance solver that is capable
of extracting the capacitance and
conductance with lossy dielectrics.
This new solver is optimized to
exploit available computer memory
and perform multiple frequency
evaluations and allows users to
model infinite ground planes.
Additionally, the Ansoft next-
generation desktop architecture has
been added to the 2D extractor tool.
This intuitive, easy-to-use interface
offers many new usability
enhancements, including the ability
to perform discrete and inter-
polating frequency sweeps,
simplified problem setup, fully
scriptable report editor, enhanced
post-processing and advanced
product coupling capability with
Nexxim and Simplorer®, Ansoft's
multi-domain system simulation
software.
Engineers use Q3D Extractor to
understand the performance of
high-speed electronic designs and
perform signal integrity analysis,
including crosstalk, ground bounce,

interconnect delays and ringing
analyses.  Q3D Extractor can also
be combined with Simplorer in
high-power applications where
users extract parasitics from cables
and bus bars to predict EMI in
electric drive systems.
Highlights of Q3D Extractor v8
include:
• New Capacitance solver in

Q3D Extractor that solves for
C and G in lossy dielectrics

• Next-generation desktop
architecture for 2D Extractor

• Infinite ground plane capability
• Multiprocessing and

Distributed Analysis options
 • Frequency-dependent dielectric

loss model (Djordjevic-Sarkar)
• GDSII export
Pricing and Availability:
Q3D Extractor v8 is available for
Microsoft Windows(R) XP
Professional, Server 2003 Standard
Edition, XP Professional x64
Edition, Server 2003 Standard x64
Edition, Red Hat Enterprise Linux
v3 (32 and 64 bit) and v4 (32 and
64 bit), SuSE Linux Enterprise
Server v9 (32 and 64 bit) and
Solaris versions 8, 9 and 10. For
pricing information, contact your
nearest Ansoft sales office.
Tel:  +44 (0)1256 347788
Fax: +44 (0)1256 363833
uksales@ansoft.com
www.ansoft.com

Ansoft Releases Q3D Extractor v8

Chomerics Europe, a division of
Parker Hannifin Corporation, has
introduced two new electrically
conductive epoxy coatings for
shielding of electronic enclosures.
Both CHO-SHIELD 576 and CHO-
SHIELD 579 offer shielding
performance of up to 60 - 80dB in
the 30MHz to 1 GHz range.
The two component, silver-filled
epoxy materials provide excellent
EMI and environmental protection,

Chomerics introduces electrically conductive coatings for EMI shielding

and may be applied to a target
surface using either conventional
spray equipment or a brush. They

are dry to the touch in less than one
hour at room temperature and may
be fully cured at elevated
temperatures.
CHO-SHIELD 576 can be applied
to glass, plastic or epoxy substrates
and is suitable for copper/tin
plating. CHO-SHIELD 579 offers
a low-VOC (volatile organic
compounds) rating of 357 grams/
litre, 40% lower than its
predecessor.

Both materials have a volume
resistivity of 0.06 ohm/sq. and a
shelf life (at 24°C) of 9 months.
CHOMERICS and CHO-SHIELD
are registered trademarks of Parker
Hannifin Corporation.
Tel: +44 (0)1628 404000
chomerics_europe@parker.com
www.chomerics.com

   Member

   Member
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EMC Partner (U.K) Limited have
announced a new plug and play
extension to the popular MIG2000-
6 test system generator.
The MIG2000-6 Lightning
Generator with different plug-ins
generates damped oscillatory
pulses, conducted susceptibility
CS116 and rectangular pulse
conducted susceptibility CS115.
Variable frequency generators are
driving new test requirements for
the A400M and A350XWB. Airbus
specification AMD-24C addresses
voltage spike testing on AC and DC
power interfaces.
EMC Partner’s Fx-AMD24C, is a
“plug and play” extension to the
MIG2000-6 which enables
generation of 2/10us, 2/50us, 2/
100us, 2/200us and 2/400us

impulses from a single unit.  The
2/10us impulse can also be used for
RTCA/DO160 section 17 and
EUROCAE ED14 voltage spike
tests using EMC Partner’s CN-
MIGBT4 inductive coupling
clamp.
Tel:  +44 (0)1494 444255
sales@emcpartner.co.uk
www.emcpartner.co.uk

MIG2000-6 Test Extension for Voltage Spike Testing

dB Tech has launched EMPulse  a
close-field probe which enables you
to locate, with pin-point accuracy,
the exact cause of a malfunction due
to lack of immunity to EMC
emissions.
EMPulse enables you not only to
simulate emissions, as with an ESD
gun or an RF Generator, but also to
test right down to PCB level
without fear of destroying the
Equipment Under Test (EUT). It is
recommended for confidence
building before compliance test or
for fault finding after testing. All
engineers, with few exceptions, will
be able to locate the cause of their
problems in just a few minutes.

EMPulse is so simple you will be
confidently using it to validate or
trouble shoot your designs after just
10 minutes practise.
For an online demonstration and
further details visit the website:
www.empulse.co.uk
Tel: +44 (0)1298 25281
tech@dbtech.co.uk
www.empulse.co.uk

A new safer way to probe for EMC Immunity

The new R&S R-Line test chamber
from Rohde & Schwarz combined
with the R&S TS8996 test system
delivers an EMI/EMS test
performance and accuracy for
wireless devices that is comparable
to that of systems 10 times larger.
During development this compact
solution replaces a complete
anechoic chamber and complex
setup for the critical frequency
range of 800 MHz to 18 GHz. It is
as effective up to 40 GHz. The R&S
R-Line fits into any lab and will
significantly reduce infrastructure
investments for manufacturers and
test houses.
The Rohde & Schwarz solution
meets all S-VSWR validation
requirements defined in the
CISPR16-1-4:2007 standard. This
translates into a compact and
economical solution for
measurements in the microwave
range that can be used in the R&D
lab.
The benefits of this compact, high-
performance system are numerous,
including the ability to optimize
factors such as radiated spurious
emissions during the development
phase. This can eliminate complex
modifications during the final
conformance tests, which
significantly reduces time-to-
market.

Further test capabilities in the
microwave range can be added with
software upgrade packages. This
allows designers to determine
parameters such as radiated power
and sensitivity and to carry out free-
space, over-the-air (OTA)
performance measurements. As a
result, comprehensive RF OTA
characterization of the wireless
device can begin while the device
is still in development.
The R&S TS8996 test system
consists of tried-and-tested
instruments from Rohde & Schwarz
that stand out for their unsurpassed
measurement accuracy and
reliability: A typical system
includes the R&S CMU200 mobile
radio tester, the R&S FSP or R&S
FSU spectrum analyzer, and a
signal generator for calibration.
Tel: +44 (0)1252 818888
sales@rsuk.rohde-schwarz.com
www.rohde-schwarz.com

Compact EMC Test Solution from Rohde & Schwarz
fits into any lab

TTi (Thurlby Thandar Instruments)
has extended the feature set of its
successful PSA1301T handheld RF
spectrum analyser by upgrading the
PSAnalyzer software application.
Owners of earlier PSA1301T
instruments with version 1 software
can download version 2 of
PSAnalyzer free of charge from the
TTi website.
The new features in version 2
include ‘quick menu’ mode which
provides rapid single-key access to
commonly used functions, and
measurement in dBuV as an
alternative to dBm.
A limit-line editor has been added
which enables any number of limit
lines to be created and stored. Up
to two limit lines can then be
displayed simultaneously in
different colours. Limit lines can be
of considerable assistance to users
making repetitive measurements in
applications such as EMC testing.
Other changes include detector
overload indication, sweep
progress indication bar, improved
battery indication and revised
marker readout.
The ability to easily update and
extend the software is aided by the
product’s incorporation of a Palm

T|X handheld computer. This
provides extensive additional
application capability via its touch-
screen based Garnet 5.4 operating
system.
All PSA-T series spectrum
analysers currently on sale have
version 2 software already installed.
Owners wishing to upgrade should
go to www.tti.co.uk/psa and follow
the ‘product support’ link.
Tel: +44 (0)1480 412451
sales@tti-test.com
www.tti-test.com
www.tti.co.uk

Spectrum Analyser offers free software upgrade   Member
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EMC Filters Directory 2008
Have you Got your Copy?

Comprehensive information on 24 Filter
Companies

Just email pam@nutwood.eu.com with your name &
full address and we’ll pop one in the post.
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Defence contractors intending to supply military off-the-shelf
(MOTS) and/or commercial off-the-shelf (COTS) electrical/
electronic equipment for use on military platforms, or to
integrate them into systems now have new guidance on a risk
assessment process for achieving electromagnetic compatibility
(EMC). Pete Dorey, senior EMC consultant at TUV Product
Services and one of the lead authors of the UK Ministry of
Defence Standard 59-411 for Electromagnetic Compatibility,
explains the guidance contained in Part 1 of the standard.

One of the difficulties with integrating MOTS and COTS
products into complex military systems is achieving
electromagnetic compatibility (EMC).

Electromagnetic compatibility (EMC) is the ability of electrical
and electronic equipments and systems to share the
electromagnetic spectrum and perform their desired functions
without unacceptable degradation from or to the
electromagnetic environment.

The MOTS acronym is used to describe both military off the
shelf or modified off the shelf equipment.

Military off the shelf equipment is qualified to a non-UK
military EMC standard such as the US standard MIL-STD-461.

Modified off the shelf equipment is a COTS product that has
modifications to enhance its EMC performance.

Commercial off the shelf (COTS) products are proprietary and
meet the EMC performance requirements of the EU Directive
for EMC, 2004/108/EC, and carry CE Marking that allows their
free trade across EU member states.

Managing & Planning the EMC of MOTS and COTS
used within MOD Systems & Platforms

By Pete Dorey, Senior EMC Consultant, TUV Product Service Ltd

The incorporation of MOTS and COTS equipment into defence
systems and platforms often requires electromagnetic barriers
– such as shielded racks and filters and the use of fibre-optics.
These measures reduce susceptibility to harsh defence
electromagnetic environments and also enhance compatibility
with sensitive co-located systems such as military radio.

In order to assess the degree of protection required (or indeed
if any is required), the risk assessment process of Def Stan 59-
411  can be used to compare the existing EMC compliance of
the MOTS/COTS equipment to the defence EMC requirement.

Def Stan 59-411 EMC Risk Assessment
The UK EMC standard for defence procurement, Def Stan 59-
411, includes a risk assessment approach in its Part 1
‘Management and Planning’ for MOTS/COTS equipment as
shown in Figure 1.

Figure 1 – MOTS/COTS risk assessment

The process requires the intended electromagnetic environment
to be defined, the evidence of EMC compliance to be evaluated,
the functional criticality of the equipment and platform to be
determined and finally, the mitigation of unacceptable risks by
either carrying out remedial re-design, installation methods
(electromagnetic barriers) and/or retesting.

Specifying the Electromagnetic Environment
The target electromagnetic environment is usually specified in
the User Requirement Document (URD) or System
Requirement Document (SRD). It may be specified for a unique
purpose, or, it may be one of the generic electromagnetic
environments encompassed by the default test requirements of
Def Stan 59-411 (e.g. a ship below decks environment). Once
the environment definition is known, the adequacy of the
MOTS/COTS EMC performance can be evaluated.

Evaluating MOTS/COTS EMC Performance
Obtaining the evidence of EMC compliance is one of the major
challenges of the risk assessment process. All MOTS/COTS

The EMC Journal March 2008
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items of equipment must carry CE Marking, which currently
may indicate that the manufacturer or supplier declared
conformity with either the earlier EU EMC Directive 89/336/
EEC for apparatus placed on the market up until 20 July 2007,
or has declared conformity with the current EU EMC Directive
2004/108/EC for apparatus placed on the market since 20 July
2007.

In both cases the requirement for CE Marking does not apply
if the apparatus is military equipment exempted under Article
296 of the Treaty of the European Community (as described
below under the heading CE Marking Considerations).

For equipment already placed on the market prior to 20 July
2007, the existing declaration of compliance with 89/336/EEC
remains valid for a two year transition period until 20 July 2009.
After this date all equipment must comply with 2004/108/EC.

The manufacturer or supplier prepares a Declaration of
Conformity (DoC) identifying the EMC standards to which the
equipment is compliant. The DoC may be with the equipment
documentation, on the manufacturers’ website, or supplied on
request.

Under the current EMC Directive 2004/108/EC, the
manufacturer or supplier must maintain ’Technical
Documentation’ containing an EMC assessment such as a Test
Report and design information.

Ideally a copy of the EMC Test Report or Test Certificate should
be obtained to confirm the actual tests undertaken and the limits
applied.

Having identified the EMC standards applied to the MOTS/
COTS equipment, a ‘gap analysis’ is performed to evaluate the
EMC compliance evidence of the MOTS/COTS equipment
against the EMC test requirements of Def Stan 59-411.

In order to compare test compliance evidence for MOTS/COTS
equipment against UK Defence Standard 59-411, differences
in the test methods and limits must be identified and accounted
for in the comparison. These include ports tested, frequency
range, limit levels, emission test detector type, test bandwidth,
test distance, susceptibility test modulation, and coupling
method. Due to the multitude of commercial standards used
today, there is the possibility of numerous comparisons and
therefore gap analysis tools have been developed to assist in
this process.

The gap analysis determines whether the MOTS/COTS standard
test is more or less stringent than the Def Stan 59-411 test limit
and the margin applicable. It also identifies the frequency range
addressed by the commercial standard to allow a user to identify
untested frequency bands. Based on this information a user can
determine the risk of deploying a piece of equipment meeting
the MOTS/COTS standard in an environment represented by
the Def Stan 59-411 standard or can identify the degree of
additional protection required to meet the Def Stan 59-411
standard in terms of barrier performance shielding attenuation
and filter attenuation.

Functional Criticality
The risks identified from the evaluation of the MOTS/COTS
EMC compliance evidence in the previous process must now
be compared to the criticality of the MOTS/COTS equipment
and the criticality of the environment or platform in which the
COTS/MOTS equipment will be operated. Generally, the
greater the criticality of the MOTS/COTS equipment, the lower
the risk of susceptibility is permitted. The greater the criticality
of the environment or platform, the lower the risk of emission
is permitted. Once the project has determined the unacceptable
risks, they are mitigated as follows.

Mitigation of Unacceptable Risk
There are two options:

• Retest the MOTS/COTS equipment to determine
compliance with Def Stan 59-411. This is technically a good
approach as any subsequent required protection can be
properly specified and over-protection will be avoided.
However the disadvantage of this approach is the cost
implications of the additional testing required.

• Remedial re-design can be achieved by adding the
appropriate protection ‘barriers’ to reduce the coupled RF
fields or currents the equipment could be exposed to or could
emit, to below the levels it was originally required to meet.
Many manufacturers now offer suitable RF shielded racks
and enclosures for this purpose. These allow the MOTS/
COTS equipment to be housed without modification such
that line replacement is readily achieved.  The gap analysis
process provides the barrier performance specification
required. Where a piece of modified MOTS/COTS
equipment becomes “modified off the shelf” equipment
marketed as a variant or new model, the resulting equipment
needs to meet the EMC Directive with CE marking as a
‘new apparatus’ in its own right.

CE Marking Considerations
The manufacturer or supplier of military equipment - whether
bespoke, MOTS or COTS - needs to comply with those
applicable UK regulations that implement EU Directives
including the EU EMC Directive.

The current UK EMC regulations (SI 2006 No.3418)
implementing EMC Directive 2004/108/EC do not have a
specific exemption for military equipment whereas the previous
regulations did include such an exemption (SI 2005 No.281).
Also the European Commission is re-examining Article 296 of
the Treaty of the European Community (TEC) – the so-called
‘military exemption’. The expected outcome is that defence
procurement contracts will require compliance with all
applicable EU directives, unless a specific exemption is granted
under Article 296 TEC on a case by case basis, due to essential
national security interests. The existing perception by
manufacturers was that a ‘blanket’ exemption applied to military
equipment. This is not correct and therefore manufacturers need
to re-examine their contracts and apply CE Marking unless
specifically exempted.

Applying the EMC Directives to defence projects could lead
to the duplication of compliance-testing - once for Def Stan
59-411 and once for CE Marking - and incur additional costs.

The EMC Journal March 2008
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However, testing can be minimised by establishing within the
Technical Documentation the equivalence between Def Stan
59-411 and commercial standards using the gap analysis process
described above. Note that the process can be used in either
direction; to show equivalence of commercial standards to Def
Stan 59-411 or to show equivalence of Def Stan 59-411 to
commercial standards. Note however that the generally held
perception that Def Stan 59-411 satisfies the majority of the
EMC Directive requirements is not always true. Unsatisfied
requirements need to be addressed by testing in accordance
with commercial standards.

Once the Technical Documentation is established,
demonstrating compliance with the EMC Directive and the
associated commercial standards, the manufacturer or supplier

then makes a Declaration of Conformity and applies CE
Marking. What assistance is available in this process? Third
party certification of the technical documentation is no longer
mandatory and the current EMC Directive has replaced
‘Competent Bodies’ with ‘Notified Bodies’ whose involvement
in assessing the Technical Documentation is optional. However
due to the complexity of performing gap analysis, a Notified
Body provides a low risk solution.

For further information contact:
TUV Product Service Limited, Octagon House, Concorde
Way, Segensworth North, Fareham, PO15 5RH
Tel: 01489 558100
Email: info@tuvps.co.uk
URL: http://www.tuvps.co.uk

Crosstalk and the Effects of Circuit Impedance

By Stuart Charles, E-Mead Consulting and Ken Webb TÜV Product Service Ltd

1. Introduction
Crosstalk is an Achilles Heel of EMC. Crosstalk occurs within
integrated circuits, at the printed circuit board level, at the
equipment enclosure interconnect level in cable harnesses and
flexi-circuits, and at the system installation level in signal cables
and power cables.

Crosstalk design mitigation requires a detailed knowledge of
the intentional signal transmission bandwidth and the
transmission bandwidth of the intentional (and sometimes
unintentional) communication links/transmission lines over
which data/signals are conveyed.

This paper examines both theoretical and practical
considerations relating to crosstalk in electrically short 50 ohm
circuits, electrically long distributed 50 ohms transmission lines
and finally electrically short low and high impedance circuits.

Less obvious EMI phenomenon such as “40dB/decade
coupling” and the physics behind the peaks and troughs in
electrically long transmission lines are explored in the paper.

This paper has been written with the intent of providing a
detailed understanding of crosstalk to new disciples of the EMC
discipline and perhaps a refresher to more experienced
practitioners.

All of the crosstalk models considered in this paper assume
lossless transmission lines.

2. Electrically Short and Electrically Long Lines
It is instructive to look in some detail at what constitues
electrically short and electrically long communication or signal

lines as this provides the basis for determining whether crosstalk
can be conceptualised and modelled  as a “lumped element”
problem or as a distributed element problem.

The theory of crosstalk is predicated upon capacitive coupling
(electric field coupling) and inductive coupling (magnetic field
coupling) between two or more co-located transmission lines.
Crosstalk is a near-field phenomenon and addresses the
unintentional coupling of electro-magnetic energy between
closely spaced conductors (where closely spaced is close with
respect to a wavelength). The wavelength of the highest
frequency of interest has to be considered when defining closely
spaced.

Consider a sinusoidal signal that is unintentionally coupling
from one matched transmission line to another. Assume that
time is frozen or staticised and that the now static waveform is
observed along the length of the transmission line. Further
assume that the line is broken up into many small but equal
segments.If the length of the line is such that there are negligible
differences in magnitude of the staticised waveform in each
segment,then there will be approximately the same coupling in
each segment and we have an “electrically short” transmission
line at the frequency of interest.

This is illustrated in Fig 1 below which depicts an interfering
signal Vm sin(wt), the blue waveform. The derivative of the
signal, Vmcos(wt), the red waveform, (crosstalk is proportional
to the derivative) is also shown. Consider the two short segments
of transmission line. (TL1 can be considered to be “electrically
long” whilst TL2 can be considered to be “electrically short”).
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Figure 1 – Electrically Long/Short Line

The voltage distribution on TL1 varies significantly over the
length of the line,  however the voltage distribution on TL2 is
relatively constant over the length of the line. The rule of thumb
is to assume a lumped element model where the length of the
transmission line is less than 0.1λ where λ is the highest
frequency of interest.

Where transmission lines are significantly greater than 0.1λ,
the lines must be considered electrically long and distributed
crosstalk models must be considered. EMI distributed models
are conceptually more difficult to understand as phase changes
take place along the length of the coupled transmission lines.

In RF circuit design, where 50 ohm matched impedance circuits
are commonly used, analytical models can be used to provide
crosstalk with a high degree of accuracy. Indeed RF couplers
are circuits intentionally designed to provide controlled levels
of crosstalk.

When EMC is considered in large installations, and the circuits
are electrically long, the common mode termination impedances
of cables can introduce reflections that excacerbate crosstalk
and make prediction extremely difficult if not impracticable.

These complications make it vital to understand the basics of
crosstalk as described in this paper to provide a good foundation
for EMC design in equipment and complex installation
scenarios.

3. Capacitive Coupling - Electrically Short
Lines
Capacitive or electric field coupling arises when a culprit
voltage source couples via parasitic capacitance into a victim
circuit. The coupling is modelled by discrete or lumped elements
for the parasitics and for the source and load impedances. (Note
that the concept of transmission line characteristic impedance
is not relevant and consequently not used in this simple model).
Fig 2 depicts a typical coupling scenario.

Figure 2 – Capacitive Coupling

The crosstalk expression is give below, where Rvictim is the
parallel impedance of the victim source and load impedances.
(= RL/2)

At low frequencies, subscript LF, (below 1MHz), the first term
in the denominator is significantly less than 1 and can be
ignored. The crosstalk thus is given by

It is seen that the crosstalk increases linearly with frequency or
at “20dB/decade of frequency”.

At very high frequencies, subscript HRF, the second term in
the denominator can be ignored and the crosstalk is given by

Thus the capacitive crosstalk becomes asymptotic to the
capacitive potential divider formed by Cpar1 and Cpar2.

4. Inductive Coupling - Electrically Short Lines
Inductive or magnetic field coupling arises when a culprit
current source couples via parasitic inductance (mutual
inductance) into a victim circuit. The coupling is modelled by
discrete or lumped elements for the parasitics and for the source
and load impedances. (Note that again, the concept of
transmission line characteristic impedance is not relevant and
consequently not used in this simple model). Fig 3 depicts a
typical coupling scenario.

Figure 3 – Inductive Coupling
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The crosstalk expression is give below, where Rvictim is the
parallel impedance of the victim source and load impedances.
(= RL/2)

The numerator term represents Mdi/dt, the induced voltage in
the victim circuit. Assuming that the load resistance of the victim
circuit is the dominant impedance (the self inductance being
ignored) then the voltage across the load (one end of the circuit)
is simply determined as above. This simplifies to

It is seen that the crosstalk increases linearly with frequency or
at “20dB/decade of frequency”. It initially appears from this
equation that the crosstalk will increase without bound with
frequency.

A more accurate model would include the self inductance of
the source and victim circuits and would have an equivalent
circuit as shown below in Fig 4. In this model the crosstalk will
eventually be limited by the increasing inductive impedance of
the victim circuit.

Figure 4 – Inductive Coupling Model (Including self
inductance)

This circuit is modelled by two first order differential equations
as shown below.

Writing this in matrix form for a sinusoidal excitation (that is
replacing d/dt by jω) we get

This equation is solved in reference 1.

5. Crosstalk Experimental Demonstrator
A crosstalk demonstrator has been built to examine capacitive
and inductive crosstalk and to compare theoretical models with
experimental measurements.

The crosstalk demonstrator has been designed as two matched
50 ohm parallel transmission lines. This facilitates the
investigation of both lumped element crosstalk models
(electrically short models) and electrically long or distributed
crosstalk models.

With all crosstalk phenomena, the crosstalk is different at each
end of the victim circuit. In distributed models, the terminology
“near end crosstalk” (NEXT) and “far end crosstalk” (FEXT)
is used to differentiate between these phenomena.

Near end crosstalk (NEXT) is crosstalk that is measured at the
end of the victim transmission line that is adjacent to or at the
“near end” of the source of EMI injection on the culprit
transmission line. Far end crosstalk (FEXT) is crosstalk that is
measured at the end of the victim transmission line that is at
the opposite end, or “far end” with respect to the source of
EMI injection on the culprit transmission Line.

The crosstalk demonstrator has also been designed to examine
the effects of slots in a ground plane albeit this is not considered
in any depth in this paper.

The Xtalk (crosstalk) demonstrator comprises 4 off sets of
parallel coupled transmission lines, 3 off of which have
orthogonal slots cut in the ground plane. The slot widths are
0.050", 0.100" and 0.150" respectively and each slot length is 2".

Each pair of transmission lines are approximately 30cm long,
with a parallel coupled length of 27cm, and are designed to
have a characteristic impedance of approximately 50 ohms.
The trace thickness is 2.4 mil (2 oz copper).

The demonstrator PCB is shown in Fig 5 below.

Figure 5 – Crosstalk Demonstrator
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A cross section of the crosstalk demonstrator is depicted in Fig 6.

Figure 6 – Crosstalk Demonstrator Cross Section

Two 24 mil (0.024") parallel traces are routed over a ground
plane. (The second ground plane serves no practical purpose
other than balancing the copper in the PCB so as not to cause
bowing).

The lower trace of each of the 4 pairs of traces at the right hand
side of the demonstrator (See Fig 5) is terminated either in 50
ohms, or open circuit or short circuit as required for each
experiment. The other three ends of each pair of traces are
terminated with an sma connector.

6. Crosstalk Measurement Test Set Up (50 Ohm
Load)
An agilent E4402B 100Hz to 3GHz spectrum analyser,
equipped with a tracking generator, was used for the crosstalk
measurements.

The tracking generator can be programmed to produce a swept
sinusoidal output from 9kHz to 3GHz.

The tracking generator (50 ohm output impedance) is used to
inject a simulated noise signal into the culprit trace. The
spectrum analyser 50 ohm receiver input measures the crosstalk
coupled onto the victim circuit as depicted in Fig 7.

Figure 7 – Capacitive Crosstalk Test Set Up

7. Understanding and Calculating the Crosstalk
Parameters
Before we measure the crosstalk between two parallel traces it
is reasonable that we should understand and calculate the value
of the parameters that determine crosstalk.

For capacitive crosstalk, we need to know the parasitic
capacitance between the culprit and victim traces Cpar1. (This
capacitance is determined purely on physical geometry between
the two traces and the common ground plane.) We also need to
know the parasitic capacitance between the culprit trace and
the ground plane, Cpar2, as depicted in Fig 2. (We are assuming
a common ground plane for this analysis). This latter
capacitance is also purely dependant on the physical geometry
between the trace and the ground plane.)

Similarly for inductive crosstalk, we need to calculate the
parasitic inductance, more commonly referred to as the mutual
inductance Lmutual between the culprit trace and the victim trace.
In some cases,if the culprit and victim trace self inductance
influence the magnitude of current flow (that is if these inductive
impedances are significant with respect to the circuit source
and load impedances at the frequencies being considered) these
line parameters must also be calculated and used in the
equivalent circuit model for the system.

To calculate these parameters a proprietary program called
LINPAR is used (Reference 2).

LINPAR calculates the capacitive and inductive matrices for
multiconductor transmission lines.

The program requires the user to enter the geometry of the
culprit and victim trace. The program then calculates Cpar1, Cpar2,
and Lself and Lmutual.

(The frequency ranges and circuit impedances used to
investigate crosstalk in this paper allow the self inductance terms
(Lself ) to be ignored for the lumped element models as this
impedance is far less significant than the source/load
impedances).

The LINPAR results for the demonstrator PCB is shown below
in Fig 8.

Fig 8 – LINPAR Input File for Line Parameters

The LINPAR calculations for the line parameters for the
demonstrator PCB are as follows:-

Cpar1 = 0.16pF
Cpar2 = 34pF
Lmutual = 1.43nH
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These parameters will be used to estimate the crosstalk using
the equations presented in this paper.

8. Crosstalk Measurement Test Results
Capacitive Coupling
The lumped element capacitive crosstalk measurement test set
up comprised:-

C1 = 50 ohm load impedance (TG)
C2 = open circuit
V1 = open circuit
V2 = 50 ohm load impedance (RX)

The test results are depicted in Fig 9 below.

Fig 9 – Capacitive Coupling – Measured.

Note that the tracking generator output is actually 96dBuV as
the load is an open circuit.

The simple maths model prediction using the first equation in
section 2 of this paper is depicted in Fig 10 below.

Fig 10 – Capacitive Coupling – Predicted.

The theoretical and experimental models are within +/- 1dB of
each other up to 100MHz for the lumped element model.

9. Crosstalk Measurement Test Results Inductive
Coupling (50 Ohm Load)

C1 = 50 ohm load impedance (TG)

C2 = short circuit
V1 = short circuit.
V2 = 50 ohm load impedance (RX)

The test results are depicted in Fig 11 below.

Figure 11 - Inductive Coupling - Measured.

Note that the tracking generator output is actually 96dBuV as
the yellow reference trace is with a 50 ohm termination (the
spectrum analyser receive input).

The simple maths model prediction using the first equation in
section 4 of this paper is depicted in Fig 12 below.

Fig 12 – Inductive Coupling – Predicted

The theoretical and experimental models are within +/- 1dB of
each other up to 100MHz for the lumped element

10. Crosstalk - Electrically Long Lines
With electrically long lines, lumped element models start to
break down. This is due to the interfering signal, and thus the
capacitive and inductive crosstalk on the victim line being
different in magnitude along the length of the line due to phase
variation.

With electrically long lines, one has to consider incremental
capacitance and incremental inductance over a short distance
“dx” of each line, the basic line parameters that define the
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characteristic impedance Z0, AND the incremental spurious
capacitance and incremental spurious (mutual) inductance over
a short distance of line “dx”, essentially the crosstalk
parameters. From there one computes the incremental coupling
over distance dx, using the spurious parameters, and then sums
this coupling over the entire length of the line.

If the coupling is summed at the same end as the crosstalk source
we refer to the crosstalk as NEXT or “near end crosstalk”, and
if the coupling is summed at the far end with respect to the
noise source, we refer to the crosstalk as FEXT or “far end
crosstalk”.

The concept of incremental self inductance and incremental
self capacitance introduces a new constant, Z0, the characteristic
impedance of the source line and the characteristic impedance
of the victim line. (These are usually identical if not similar).

The mathematics of matched lines is not complicated,
nevertheless it is more difficult than for the simple lumped
element models covered previously.

To this end, the full analysis of crosstalk equation derivation
for electrically long matched lines is given in Appendix A.

11. Crosstalk Measurement Test Results for
NEXT and FEXT (Matched 50 Ohm Line)

The LINPAR individual line parameters for the demonstrator
PCB are given below.

Cself1 = 126pF/m or 34pF for the PCB trace.
Cpar2 = 126pF/m or 34pF for the PCB trace.
Lself1 = 266nH/m or 72nH for the PCB trace.
Lself2 = 266nH/m or 72nH for the PCB trace.

Z0= 46 ohms...the computed characteristic impedance.

The LINPAR spurious line to line line parameters for the
demonstrator PCB are given below.

Cpar1 = 0.16pF
Lmutual = 1.43nH

The measured crosstalk is shown in Fig 13 for a 50 ohm (actually
46 ohm) characteristic impedance transmission line crosstalking
to an adjacent 50 ohm (actually 46 ohm) characteristic
impedance trasnmission line.

Note the characteristic behaviour of NEXT and FEXT. NEXT
exhibits “peaks and troughs” whilst FEXT exhibits a linear
increase with frequency.

Why is this? The answer to this question is addressed later in
the paper.

Fig 13 - NEXT and FEXT - Measured.

The maths model prediction is depicted in Fig 14 below. (Note
that the full derivation for NEXT and FEXT is given in Appendix
A).

Fig 14 – NEXT and FEXT – Predicted

The theoretical and experimental models are within +/- 1.5dB
of each other up to 1GHz for the distributed.model.

The calculated first peak for NEXT is 168MHz and the first
null for NEXT is 336MHz.

12. Discontinuities in the Ground Plane
Whilst this is not the key purpose of this paper, it is of interest
to observe the effects of ground plane discontinuities on the
NEXT and FEXT. Fig 15 depicts the effect of a uniformly placed
orthogonal slot in the ground plane.

The slot is 50 mil wide (0.050"), 2" long and is located on the
second pair of traces in Fig 5, approximately 25% across the
width of the PCB.
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Fig 15 - NEXT and FEXT with slot in ground plane -
Measured.

At 100MHz, the crosstalk has increased by approximately
14dB. The crosstalk increase will be very approximately
proportional to the length of the discontinuity.

The slot would normally be modelled as a lumped element
inductor in the distributed element model. The author has not
modelled this experiment.

13. Peaks and Troughs in NEXT and FEXT
It is not immeadiately obvious why NEXT and FEXT
waveforms appear as they do, with magnitude peaks and troughs
occuring as the frequency increases in NEXT and a continuously
increasing magnitude  against frequency in FEXT.

13.1 NEXT:-
An understanding of this phenomenon can be gained by
following through the following simplified discussion with
respect to Fig 16.

Fig 16 - Conceptual Model for NEXT

Consider the blue travelling wave on the culprit line. This wave
is the derivative of the actual signal because both capacitive
and inductive crostalk is proportional to cdV/dt and Ldi/dt
respectively.

We “staticise” the blue travelling wave and compute the
elemental crosstalk at t = 0. We can see we have the maximum
amplitude of the travelling cosine at the near end, thus we Xtalk

an amount proportional to the blue waveform at the near end
which is shown by the green spot.

Now let us consider an arbitrary point on the travelling wave
shown by the red spot. (Note that we can relate time to the
proportion of distance travelled along the line).The red spot is
currently (t = 0) at a distance 2x1 along the coupled line. If we
go back in time by half of this amount, namely x1, the red spot
was at a distance of x1 from the near end of the line. Thus at
this earlier point in time, the elemental Xtalk at x1 was
proportional to the red spot waveform. Going forward in time
by x1 to get back to t = 0, we find that the red spot elemental
Xtalk has now just had time to propagate back to the near end
and ADD to the green spot elemental Xtalk.

This is necessarily true for any value of 2x1 along the length of
the culprit line.

Thus we see a pattern here….this process can be repeated for
all points on the coupled line. Thus we sum or integrate the
elemental Xtalk down the length of the coupled line with one
key observation. This is, that we compute the voltage magnitude
given by that magnitude existing at a distance of “2x” along
the line but we sum from x = 0, to x = L, where L = the length
of the line.

A diagram is in order here to enable us to crystallise this strategy
and develop a simplified mathematical model for determining
NEXT peaks and troughs.

Fig 17 - Crosstalk elements at Origin for Sine

Fig 17 illustrates the staticised derivative crosstalk wave on
the victim line at time t = 0 if a sine wave existed. Going back
in time –dt1, the elemental crosstalk existing at a equivalent
distance 2L along the wave, was physically located a distance
L from the origin. Thus going forward in time by +dt1, the
elemental NEXT has propagated back to the origin. This
argument repeats for all of the discretised crosstalk elements
coloured blue, yellow, red, mauve and the actual crosstall
existing at t = 0 (green).

Intuitively therefore, we have to integrate all of the discretised
crosstalk elements, whose magnitude is defined by the
magnitude of the wave that exists at a distance along the line
given by 2x1 and sum these over the actual physical length of
the line L for both a sine Culprit derivative signal wave and a
cosine wave to cover all possible phases of the culprit wave.

Thus for the sine wave we get,
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This integral yields,

It can be seen however that the physics described in Fig 17 is
analogous mathematically to integrating a wave of  twice the
frequency from L = 0 to L= L as shown below in Fig 18.

Fig 18 - Rationale for Integration from 0 to L

Thus all of the crosstalk elements that we have to sum are shown
graphically to be equal to the area under a sinusoidal wave of
twice the frequency and extending from the origin to the end of
the line L.

It is observed that one cannot “compress” all of the discretised
crosstalk elements (shown as coloured vertical lines) from half
a sinewave into half a sinewave of twice the frequency as the
areas of the former is twice that of the latter. In reality, as the
propagation of the forward causal wave on the culprit line is in
the opposite direction to the culprit crosstalk, the stacked
crosstalk elements on the victim line are all two time slots
apart.As the width of the time slots tend to zero, we find that
the height of the aggregate crosstalk is one half of the area
under the original causal crosstalk wave on the culprit line.

Next we consider a causal cosine wave as depicted in Fig 19.

Fig 19 - Crosstalk elements at Origin for Cosine

The aggregate magnitude of these two components is simply
the modulus of square root of their individual magnitudes
squared.

The final result is

Note that the full trigonometric analysis is given in Appendix B.

This is the familiar  “sinx/x” or “sinc” function and is clearly a
maximum when L=λ/4, 3λ/4, 5λ/4 etc, and is a minimum when
L = λ/2, 2λ/2, 3λ/2 etc.

In summary the physics of the NEXT has been described by
time shifting and integration of a waveform of twice the
frequency of the causal waveform. (The waveform of twice the
frequency being an artifact  that has an area under the curve
equal to the aggregation of all of the crosstalk elements shown
coloured in Fig 18).

(Note that this result has not considered any line constants, and
is also a simplified model. The full mathematical analysis using
exponential functions is given in Appendix A).

13.2 FEXT:-
The conceptual model for FEXT is far simpler as the crosstalk
is propagating in the same direction as the propagating wave
that is giving rise to the crosstalk.

Fig 20 illustrates the crosstalk from the derivative culprit signal.

Fig 20 – Discretised FEXT

The discretised crosstalk element coloured red, propagates a
distance dx down the victim line. The derivative signal has also
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propagated a distance dx down the culprit line and produces
two new discretised crosstalk element coloured red and orange
that adds directly to the first crosstalk element doubling the
amplitude of the red element.This process repeats along the
whole length of the line as is shown in Fig 20.

This gives,

Thus we see that there are no nulls in FEXT, and that the
crosstalk increases linearly with line length. As previously
mentioned, lossless models have been assumed. In practice of
course, there will be propagation losses as the wave travels
down the transmission line.

14. The Effects of Circuit Impedance on
Crosstalk for Electrically Short Lines
The effect of circuit impedance on crosstalk has been restricted
to electrically short lines for the following reasons.

(i) Simple conceptual models enable the physics of crosstalk
to be understood and allow predictions to be made.

(ii) The mathematics is tractable allowing “rule of thumb”
design rules to be implemented.

(iii) In electrically long lines impedance mismatches between
the source and load, and the line characteristic impedance
will cause reflections that will exacerbate an understanding
of the mechanisms at play and greatly complicate
predictions.

15. Capactive Coupling - High Impedance Source
The following circuit impedances were used (see Fig 7) Vmax
for the experiment:-

C1 = 50 ohm load impedance (TG)
C2 = Open circuit
V1 = Open circuit
V2 = 100Ω, 1000Ω, 10kΩ, 100kΩ (Load resistors)

To achieve the high imput impedance on the spectrum analyser
50Ω RX input, an active high impedance Agilent 41800A probe
was used. (See Fig 21.)

Fig 21 - Agilent 41800A Active Probe

The active probe characteristics are as follows:-

Bandwidth 5Hz to 500MHz
+/- 1dB 50Hz to 200MHz relative to gain at

50MHz
Input Z 100kΩ, 3pF
Input Z with 1MΩ, 1.5pF
10:1 probe

The results are depicted in Figs 22 and 23 below.

Fig 22 - High Impedance Source - Capacitive

The results for a 100kΩ load is given in Fig 23.

Fig 23 - High Impedance Source - Capacitive

The capacitive crosstalk (high impedance source therefore
negligible current flow) behaves well as predicted by the simple
model given in section 3 of this paper.

The capacitive crosstalk increases at 20dB/decade of frequency
until the frequency where the parasitic capacitance to ground
on the victim wire becomes comparable with the victim
composite load impedance (Victim source impedance in parallel
with victim load impedance). At this break frequency the
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crosstalk no longer increases with frequency due to the limiting
potential divider of the Cpar1 and Cpar2 in Fig 2.

It is observed from the diagram in Fig 24 that the actual values
of predicted crosstalk are within +/- 1dB below the breakpoint
but that there is an approximate 4dB of error in the prediction
of the maximum level of crosstalk.

Fig 24 – High Impedance Source - Predicted

16. Inductive Coupling - Low Impedance Source
The following circuit impedances were used (see Fig 7) for the
first experiment:-

C1 = 50 ohm load impedance (TG)
C2 = Short circuit
V1 = 1MΩ
V2 = 100Ω, 1000Ω, 10kΩ, 100kΩ (Load resistors)

In this scenario, the victim load impedance at one end of the
victim circuit was varied from 100Ω to 10kΩ whilst the victim
load impedance at the other end of the victim circuit was set to
1MΩ.

For values of the victim source impedance significantly less
than the 1MΩ impedance, a 40dB/decade coupling phenomenon
is observed in Fig 25.

As the composite (parallel) load impedance is increased this
slope reverts back to 20dBdecade.

Fig 25 - 40dB/decade Coupling Phenomenon

Whilst this 40dB/decade crosstalk phenomenon is probably of
more academic interest rather than an issue in real crosstalk
scenarios, it is worth exploring further.

The phenomenon arises from the concurrent physics of two
20dB/decade phenomenon. These comprise:-

(i) The 20dB/decade increase in coupling with frequency from
the culprit to the victim circuit due to increased dϕ/dt or Faraday
induction of EMI voltage in the victim circuit.

(ii)  The potential division between the 100Ω victim near end
impedance, and the 1MΩ victim far end impedance changing
at near 20dB/decade with frequency as the parasitic victim trace/
cable to ground capacitance shunts the 1MΩ load impedance.
In essence the 100Ω load impedance “steals” more and more
of the induced voltage in the victim loop until the parasitic
shunt capacitance of the victim loop effectively acts as a short
circuit. Then the Xtalk becomes assymptotic to the ratio of the
parallel capacitance potential divider action.

If either one end of the victim circuit is a short circuit to ground
or the load impedances at each end of the victim circuit are
comparable in magnitude, then only normal 20dB/decade
crosstalk is observed.

17. Modelling 40dB/decade Coupling
A simple lumped element model is initially adopted to attempt
to predict this phenomenon as shown in Fig 26.

Fig 26 – Proposed Simple Coupling Model for 40dB/
decade crosstalk

The victim line is modelled by dividing the line into a small
number of loops, two in this case. In each loop the Faraday
induced voltage from the victim loop is V/2. The parasitic
capacitance between the victim line and ground is shown as
above.

The circuit currents and thus the victim load crosstalk is solved
by writing loop equations and then by matrix manipulation and
solution as follows.
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Rewriting in matrix form we get,

Taking the inversematrix we get

Selecting the particular current through the victim load we get,

Plotting the graph in MathCAD we get the result in Fig 27.

Fig 27 – 40dB/decade Coupling – Predicted

The 40dB/decade crosstalk is seen clearly when the victim load
impedance at one end of the victim wire is 100Ω (yellow graph)
and 1kΩ (blue graph). At 10kΩ load impedance the normal
20dB/decade slope is observed as per the measurements.

The model is in error by approximately 10dB in amplitude and
further work is neccessary to refine this.

The 4 loop model depicted in Fig 28 below did not offer
any improved prediction when compared to the two loop model.

Fig 28 – Enhanced basic Coupling Model for 40dB/
decade crosstalk

18. Conclusions
This paper has compared the theoretical and practical capacitive
and inductive crosstalk results from the following scenarios
based on the crosstalk demonstrator Taking the inversematrix
we get depicted in Fig 5.

(i) Electrically short circuits terminated in 50Ω
(ii) Electrically long circuits terminated in 50Ω

(matched impedance circuits).
(iii) Electrically short circuits terminated in various impedances.

The results closely follow the mathematical models that have
been developed in the paper. In cases where public Selecting
the particular current through the victim load we domain models
are available, these results closely match get, these models.

An unusual 40dB/decade coupling phenomenon has been
observed when victim circuits with a high source impedance
and a lower load impedance are subjected to crosstalk from
magnetic sources originating from low impedance circuits.

A simple maths model has been proposed for this phenomenon
that predicts the 40dB/decade coupling phenomenon with
reasonable accuracy. Further work is needed to refine the
accuracy of the amplitude predictions.

Where new models have been developed, e.g. the “40dB/decade
model”, experimental evidence to back up these models is
presented and correlation between the model and the
experimental data is good.

A conceptual physical model has been presented to explain the
physics behind the “peaks” and “troughs” in distributed
crosstalk systems.

The author hopes that new disciples of the EMC discipline will
find this information useful in developing their understanding
of crosstalk phenomenon.

Appendix A - Development of Near End and Far
End Crosstalk Models

A.1 Near End Crosstalk (NEXT)

The voltage on the culprit line introduces a current on the victim
line through parasitic capacitance. Half of this current
perturbates back to the near end and produces a volt drop in
the line characteristic impedance Z0.
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The current on the culprit line introduces a series voltage on
the victim line through mutual inductance. This voltage drives
current through the victim circuit back to the near end. The
induced voltage is equally shared across the source and load
impedances.

Now, the voltage will be assumed to be a cosine and, exponential
notation will be used as this simplifies the mathematics.

The sum of the elemental capacitive and inductive crosstalk is
given by

These crosstalk elements have to be propagated back in time
for the reasons delineated in the main text, and this gives

This function is then integrated over the length of the line to
give

Now using Euler’s relationship we have

Leaving out the phase term we get

This equation was used to plot the NEXT graph in Fig 14.

A.2 Far End Crosstalk (FEXT)

The same process is generally follow

Leaving out the phase term we get

This equation was used to plot the FEXT graph in Fig 14.

Appendix B - Trigonometric Development of
Peaks and Troughs Location in NEXT

The methodology proceeds as follows. (Note that line constants
have been left out for simplicity)

The sum of the NEXT is given by

added to

This gives

Using the double angle formula

We get,
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Simplyfing terms we get,

Thus peaks and troughs occur at odd multiples of λ/4 and
multiples of λ/2 as described in the main body of the paper.
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Design Techniques for EMC
Part 6 - ESD, electromechanical devices, power factor correction,

voltage fluctuations, supply dips and dropouts
By Eur Ing Keith Armstrong C.Eng MIEE MIEEE, Cherry Clough Consultants

Part 6.1 was published in the January issue, and the final
Parts 6.4 & 6.5 will be published in the May issue.

This is the sixth and final article in this series on basic good-
practice electromagnetic compatibility (EMC) techniques in
electronic design, published during 2006-8. 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 series is an update of the series first published in the UK
EMC Journal in 1999 [1], and includes basic good EMC
practices relevant for electronic, printed-circuit-board (PCB)
and mechanical designers in 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 is a great 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, electromechanical devices, power factor correction,

voltage fluctuations, immunity to power quality issues

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 various issues and point to the most important
of the basic good-practice EMC design techniques. References
are provided for further study and more in-depth EMC design
techniques.
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6. Part 6 – ESD, electromechanical devices,
power factor correction, voltage fluctuations,
immunity to power quality issues

6.1 Electrostatic Discharge (ESD)
This material was published in Issue 74
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6.2 Electromechanical devices and spark
ignition
6.2.1 Important safety note
Electromechanical devices are often used on hazardous voltages
(e.g. mains power), and of course spark ignition generates high
voltages. When suppressing their emissions, it is very important
that all safety issues (shock, fire, explosion, etc.) are fully taken
into account.

This is usually achieved by fully applying the relevant safety
standards (e.g. IEC/EN/UL 60950-1, IEC/EN/UL 61010-1,
IEC/EN/UL 60601-1, etc.) to the suppression components, plus
ensuring that the voltage, current, temperature and power ratings
of the conductors and components are more than adequate for
their worst-case operation (e.g. high ambient temperatures plus
highest voltage, current or dissipation) taking into account their
manufacturing tolerances, the effects of ageing, and reasonably
foreseeable misuse (e.g. operation with covers removed).

6.2 2 Introduction to arcs and sparks
When a contact opens the current cannot change instantly
because of the inductance in the circuit. Inductive energy is
stored in any conductor (e.g. mains supply distribution and long
DC cables), and is also stored in all coils and windings (e.g.
solenoids, transformer windings, motor windings, etc.). As the
stored magnetic field energy collapses, it creates what is known
as a ‘flyback’ voltage, which can reach kV in a few microseconds
and break down the contact’s air gap, creating a brief arc (or
spark).

The flyback phenomenon is used in motor vehicles to generate
the high-voltage pulses for spark ignition petrol engines, but it
is a nuisance in electromechanical switches – the arcs have a
temperature higher than the surface of the sun, and so over
time they corrode and erode the contact area, increasing
unreliability, plus of course they generate bursts of emissions.
The arc or spark has a low impedance and so collapses the
voltage and permits current to flow in the inductor once again
so the field stops collapsing. The arc or spark then dies, the
field starts to collapse again, and another flyback event
terminating in an arc or spark occurs. Figure 6V shows this
repetitive process, which continues until the stored magnetic
field energy has decayed by so much that it cannot break down
the air gap any more.

Real electromechanical contacts take a finite time to open to
their full extent (1mm in figure 6V), so the flyback voltage
does not have to reach very high voltages to break down the air
gap when it is just a few tens of microns, and the rate of
occurrence of the flyback arcs and sparks at this time can be
MHz. As the contact spacing increases, the flyback voltage
increases and the spark rate goes down, maybe to kHz for sparks
of 1kV or more, depending on the stray capacitances that exist
in the circuits.

Figure 6V Simplified example of sparking at an electrical
contact, as it opens

The frequency spectrum of each arc or spark is truly ‘DC –
daylight’, with a fairly flat spectrum. The visible flash we see
from an arc or spark is just a small part of its very wideband
spectrum. The size of the arc or spark itself is so small that it is
not an efficient radiating antenna at frequencies below a few
tens of GHz.

Instead, it is the conductors and components that carry the
flyback currents that cause the emissions, by conducting the
RF noise into other circuits (e.g. via the power cables connected
to the contacts); by induction into nearby conductors and
components (e.g. via stray mutual inductances and capacitances,
a near-field effect sometimes called crosstalk), and also by
radiation of electromagnetic fields (a far-field effect).

All these coupling mechanisms are strongly affected by the
resonant frequencies of the conductors and components
connected to them, so in practice the significant conducted,
induced or radiated emissions appear on a spectrum plot as
bursts of noise centred on just a few frequencies, instead of the
flat, very wideband spectrum of the arc or spark itself.

A common problem with arcs and sparks is that they will
interfere with microprocessors and other devices within the
same product. It is not at all unusual to find that the operation
of an unsuppressed relay contact, on or near a PCB carrying a
microprocessor, interferes with it.

A very pernicious problem is the borderline case where during
most of the software’s cycle the digital noise immunity is
sufficient to reject the noise from the sparking contacts, but
there are one or more software states, each lasting for possibly
just a few microseconds, where the immunity is inadequate.
The problem arises when one of these susceptible software
states occurs just at the same time as a burst of noise from a
sparking contact. Tracking down the cause of the resulting
‘random’ failures can be a very long and costly task, because it
is so hard to repeat the exact situation in a controlled situation.

The effects of arcs and sparks are known as fast transient bursts,
and IEC/EN 61000-4-4 is the basic test method called-up by
the standards listed under the EMC Directive for testing
immunity to this phenomenon. More information on fast
transient bursts, where they come from and how they can cause
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interference, can be found in the guide on IEC/EN 61000-4-4
available from [7].

6.2.3 A problem with emissions and immunity standards
EMC standards are created by committees with strong
representation from manufacturers’ trade associations. Decades
ago, based on human perception of radio and TV interference,
the interference created by momentary arcs and sparks was
deemed to be acceptable in residential environments – providing
each burst of interference only occurs for a brief time (e.g. less
than 10ms) and at a low enough rate (e.g. less than 5 times per
minute). So the emissions limits for residential environments
set no limits at all on such transient emissions.

Since radio and TV receivers were not features of the industrial
environment, the emissions standards for industrial
environments often had no special requirements for transient
emissions at all. If arcs and sparks occurred in normal operation,
they were measured using the normal techniques for continuous
emissions, which use integrating detectors and so very
significantly understate the amplitudes of such transients.

But people in developed countries now live in what they are
pleased to call the modern world, and in this world very many
domestic appliances, most consumer electronics, and almost
all industrial equipment are controlled by microprocessors.
Also, modern residential, commercial and industrial
environments contain desktop, laptop, notebook, palmtop and
other types of personal computers or personal digital assistants.

These now ubiquitous digital and computer technologies can
easily be upset by a single transient EMC event lasting just a
couple of nanoseconds, leading to a wide range of unpredictable
malfunctions.

It can be argued quite strongly  (and has been) that all of the
current emissions standards listed under the EMC Directive
(such as EN/IEC 55014-1, CISPR14-1) are unsuitable for the
modern world, but the standards committees have somehow
managed to ignore this important issue for the last 20 years at
least.

So, when one is trying to do EMC engineering properly and
cost-effectively, taking into account the possibilities for financial
and other losses and safety issues relating to possible
interference (see Part 0 of this series [13]), I recommend that
all transient emissions due to arcs and sparks are adequately
suppressed even where the emissions standards do not require
it – if only to prevent them from interfering with other parts of
the same product.

The basic immunity test standard for ‘fast transient bursts’, IEC
61000-4-4 attempts to simulate the electrical noise created by
electromechanical contacts, but uses a fixed spark rate of either
5kHz or 100kHz, whereas as Figure 6V shows, real-life contacts
create arcs and sparks at a rate that continuously varies from
MHz to kHz, so passing tests to 61000-4-4 does not necessarily
mean that products will be reliable enough in real life operation.

6.2.4. Suppressing arcs and sparks
It is always best to avoid the creation of arcs and sparks
altogether, by using semiconductors that do not switch current
instantaneously, such as power FETs, IGBTs, zero-crossing

triacs, etc. Although this adds cost, it also increases reliability
(providing the semiconductors are protected from overvoltages
and overcurrents) and of course it completely eliminates the
transient emissions.

Where it is decided to employ electromechanical contacts, for
example in switches, relays, contactors, thermostats, etc., to
comply with existing emissions standards for residential and
commercial environments it is generally necessary to use snap-
acting ‘microswitch’ types of contacts, and to switch less often
than 5 times per minute.

Alternatively (or as well) the arcs and sparks can be usefully
suppressed by what are called ‘snubbers’. Figure 6W shows a
traditional series-connected snubber, which bridges across the
contacts. The capacitance has a low impedance at high
frequencies, and so the snubber conducts the flyback current,
dissipating its energy in the external circuits and loads. If
designed correctly, the flyback voltages developed across the
contacts and their snubber will be so low that arcs and sparks
will not occur.

However, the flyback current still generates conducted, induced
and radiated noises, although not with the huge wideband
spectrum associated with arcs and sparks. The snubber should
therefore be designed (usually by trial and error) to balance its
cost against its EMC benefits.

Figure 6W Typical series snubber

Snubber resistors should be low-inductance types, and snubber
capacitors should have good performance over the frequency
range to be suppressed. If in any doubt about the suitability of
certain types of components for RF suppression, test them with
signal generators and oscilloscopes (ideally with a Network
Analyser) at frequencies of 1MHz or more. Sometimes it may
be necessary to connect several low-value capacitors in parallel,
to achieve the value of capacitance required with adequate high-
frequency performance.

Snubbers must always be mounted in intimate proximity to the
contacts they are suppressing. Any conductors (wires, cables,
PCB traces, etc.) associated with snubbers should be very short
indeed, so as to add very little inductance to the snubber. If
these practical issues of component choice and assembly are
not correctly dealt with, adding a snubber could just ‘re-tune’
the emissions frequencies without reducing their amplitudes.
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A significant problem with the series snubber technique in
Figure 6W is that when the power or signal being switched is
AC, or DC with a significant AC noise content, the snubber
allows some current to ‘leak’ through, bypassing the contacts.
I first met this problem when I put a series snubber on a set of
relay contacts that were connected to a powerful alarm bell.
When the relay contacts were open the bell continued to ring,
although not as loud as when the contacts were closed.

Maintenance personnel and users who ignore the instructions
to ‘Isolate the mains externally to the equipment before
removing the cover’ often assume that an open contact means
the ‘downstream’ circuit is not hazardous. But with the snubber
values in Figure 6W and 230Vrms 50Hz mains, the leakage
current is about 7.5mA, not enough current to kill a person
directly, but more than enough to cause uncontrolled muscular
responses (i.e. violent twitching) that could lead to an injury
(e.g. making someone fall off a ladder).

So I prefer to use ‘low-leakage’ snubbers, using the design of
Figure 6X. In fact, I have generally found that for the contacts
I have suppressed, this design is more effective at reducing
emissions than the series snubbers of Figure 6W.

Figure 6X Low-leakage snubbers are safer, and often
more effective

Although most snubber design is done by trial and error whilst
EMC testing, there are some crude guidelines for choosing the
component values, at least to have a starting point for the trial-
and-error process:  R (in Ω) = V / IL , C (in µF) = k(IL), where IL
is the rms load current in amps, and V is the rms supply voltage
in volts. The value of k is set by guesswork, usually it is set to
1, but it is not unusual for its final value to be between 0.1 and 2.

Where the RC time constant of the snubber is more than 50ms,
the type of resistor used in the snubber could possibly be an
inductive type. In some applications, snubbers can be subjected
to severe voltage, current and/or power stresses and need to
use quite large high-power components.

The above discussion has centred on RC snubbers, but non-
linear devices can also be used to provide an alternative path
for the flyback currents. Suitable devices include transient-rated
diodes and rectifiers; and surge protection devices (SPDs) such
as varistors or silicon avalanche devices (SADs), used either
on their own or in combination with R and/or C components.

Figure 6Y shows an example of a rectifier snubber connected
across an inductive load, such as a solenoid. DC powered loads
can use rectifiers or unidirectional SPDs as snubbers, as in
Figure 6Y, because the flyback voltage is always in the opposite
polarity to the originally applied voltage.

Figure 6Y Snubbing inductive loads reduces emissions

For reliability, diodes and rectifiers used as snubbers need to
be surge-rated types, and even then they might need a series
resistor of between 1 and 10Ω to limit their peak current to
what they can reliably handle over the intended lifetime of
operation, given the total number of surges they will have to
withstand. It is no good using 1N4007 or 1N914, or zener
diodes, or any of these ‘regular’ electronic components –
although they may perform well on the test bench, using them
in real products just guarantees high levels of dissatisfied
customers and warranty costs.

Diodes and rectifiers used as snubbers will clamp the flyback
voltage to around 1V, but such a low voltage means a low rate
of field collapse (V = Ldi/dt) and therefore a longer time to
turn-off whatever the coil is actuating. Using SPDs (not zener
diodes) instead of diodes or rectifiers increases the flyback
voltage and hence the emissions – in exchange for a faster
response time of whatever it is that is being controlled by the
electromechanical device.

6.2.5 Suppressing commutator motors and generators
Some types of motors and electricity generators employ
commutators, which spark and emit bursts or transient noise at
a regular rate. If they interfere with an audio circuit, the result
is usually a sharp-sounding buzz or whine that varies in pitch
as the motor varies in speed – a noise that is very familiar to
most people who have driven motor cars fitted with generators
instead of the now-ubiquitous alternators.

The best way to deal with the problem of sparking commutators
is not to use electric motors at all – use pneumatic or hydraulic
motors instead (if pneumatic or hydraulic power is already
available).

The next best method is to use electric motors that are based
upon different technologies, for example:

• Brushless DC
• Stepper
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• AC motors (squirrel cage, shaded pole, etc.) powered by
an inverter if required to operate on DC supplies

• Switched reluctance
• ‘Pancake’ or ‘PCB’ motors

These do not spark, so do not create very wideband emissions,
but each has its own EMC emissions problems over more
limited frequency ranges so they might need some suppression
applying anyway.

Pancake motors use commutators, but hardly spark at all
because they have no iron in their rotors, and as a result have
low inductance and low stored magnetic field energy. Their
ironless rotors also have very low mechanical inertia, so they
speed up and slow down very quickly, and they are, for example,
used for disc drives in computers.

If it is decided to use a standard commutator motor, either
powered by DC or rectified AC (a so-called universal motor),
the best solution is to fit varistor (MOV) discs directly on the
rotor. These dramatically reduce commutator sparking, and as
well as reducing emissions will improve brush and commutator life.

There are several suppliers of varistor discs intended for the
rotors of DC motors, but if the motor you want is not available
already fitted with a varistor disc (e.g. the DC motors used in
many CD and DVD players) motor manufacturers will probably
require a large minimum order quantity to create a design of
motor fitted with a disc. So having a special motor made with a
varistor disc on its rotor is probably only a suitable solution for
consumer, automotive or other high-volume products.

If none of the above methods are used, all that is left is to apply
shielding and filtering techniques to suppress the emissions from
the sparking commutators. I have suppressed many commutator
motors, and have generally found it easier to suppress large
industrial motors than smaller commercial ones.
The noisiest commutator motors are often the very small ones
found in low-cost children’s toys, and some of them would make
good wideband noise generators for checking EMC test
equipment and sites – if their emission characteristics were more
stable.

 I was once testing the emissions from a large road-going truck
that had been fitted with a variable-speed electric motor drive,
a large and very powerful X-ray generator, a bunch of
computerised controls, Wi-Fi and had flashing beacons and a
warning siren on its roof. The siren used a commutator motor
to drive it, and I found that the motor in its warning siren, as it
slowly cruised past my antennas under remote control, caused
the highest emissions from the truck.

The motor and its brushes should be enclosed in a metal box,
with only small ventilation holes, to act as a shield. This box
could be a metal motor frame, or an external metal enclosure.
But it can be difficult to use motor frames as shields, where
their construction does not ensure a reliable electrical contact,
over their lifetime, all around their joining areas between the
metal parts of the structure.

If the rotor’s metal shaft connects to external metal items, it
may be necessary to use a rotary conductive gasket or other
contacting method to ‘RF bond’ the metal shaft to the motor’s

metal box. I have never found it necessary to do this, but it is a
possibility, since even steel roller or ball bearings are generally
non-conductive during rotation due to their grease.

Finally, the motor cable must enter the metal box very close to
the brushes, and ideally be shielded along its entire length with
360° shield bonding at both ends. Parts 2 and 4 of this series
([14] and [16]) describe how to do 360° shield bonding
correctly. At the motor end the shield must bond 360° to the
motor’s shielded enclosure, so motors fitted with a terminal
box must use a metal terminal box that is welded to the motor
frame at numerous points around its perimeter. Plastic terminal
boxes prevent the use of shielding techniques.

If the motor cable is not shielded as described above – for
example, if the cable is a shielded type but its shield is only
terminated at one end, or terminated at either end by a ‘pigtail’(a
short length of wire or connector pin) – then the motor should
be fitted with a filter that is ‘RF-bonded’ to the motor’s shield,
right at the point where the motor cable enters it.

‘Feedthrough’ filters are the best, but costly. Any other types of
filters must use very short ‘earthy’ connections to bond to the
motor’s box. Sometimes a simple capacitor filter (e.g. 1nF
multilayer ceramic) on each brush lead is sufficient. If a brush
lead is at the same potential as the box, it should be RF bonded
directly to the box – no need for a filter capacitor. It is most
important that the leads from such capacitors are as short as
possible, as indicated by Figure 6Z, and the most difficult part
of this suppression technique is designing a short-leaded
construction that is also low-cost and easy to assemble.

If capacitors on their own don’t provide enough suppression,
chokes and other filter components can be added, as shown in
the lower circuit in Figure 6Z. I have found that they work best
if fitted on the ‘other side’ of the capacitors discussed above,
but some guides show them in a different order, with a CM
choke connected directly to the brushes instead of capacitors –
a circuit topology that I have never found to be as good.

Figure 6Z Examples of filtering commutator motors

The X2Y™ Attenuator® is a recently developed type of device
that has proven to be very effective indeed at suppressing DC
motors. It is a three-plate ‘balanced’ capacitor with four
terminals: A B and two ‘ground terminals G1 and G2.  Providing
the current paths to the G1 and G2 terminals are identical (or
nearly), the X2Y™ device has a much lower self-inductance
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than a two-terminal capacitor and so is more effective at
suppressing RF.

X2Y™ devices are discussed as regards their benefits for
decoupling applications on PCBs in section 5.2.10 of [18]. A
great deal of useful information and test data on using X2Y™
devices for suppressing DC motors is posted at [27], some of
which claims to show that a single X2Y™ Attenuator®,
assembled correctly, provides more suppression than a good
design of filter with as many as seven ‘regular’ components
(chokes, capacitors, etc.).

Figure 6AA shows how to apply an X2Y™ Attenuator® to a
motor’s shield, and includes the important comment that the
physical connections from the two ground terminals G1 and
G2 must be physically identical if the full suppression benefits
are to be achieved. As for the brush-connected capacitors in
Figure 6Z – designing a practical assembly is the difficult part.

X2Y™ devices use ordinary capacitor manufacturing
techniques, and are made under licence by several capacitor
manufacturers. Types that are manufactured in high volumes,
e.g. for automotive components such as suppressing windscreen
wiper motors, cost little more than regular two-terminal
capacitors of the same value, but types that are not made in
high-volumes can be significantly more costly than regular
capacitors. So to keep costs low it is best to discover which
values have the lowest prices, and design with them.

However, if a single X2Y™ device can replace seven ordinary
components, it could be cost-effective overall (e.g. by helping
reducing board area) even if the device itself was significantly
more expensive than an ordinary capacitor with the same value.

Figure 6AA Suppressing a commutator motor with an
X2Y™ Attenuator®

6.2.6 Suppressing sliprings
Sliprings can be purchased with good performance for
electronic signals up to several GHz, but passing power through
sliprings often causes sparking, which of course is a source of
EMI and also erodes the slipring’s contact area and reduces its
useful life.

The best approach is to replace power sliprings with an inductive
coupling – essentially splitting a transformer core in half and
making one half fixed while the other rotates. Another approach
is to use an optical rotary joint – but at the moment devices for

converting the laser light to electrical power are limited to just
a few watts, so the technique is more appropriate where galvanic
isolation of power is required.

If the angle of rotation is limited (e.g. a car steering wheel) it
can be best to replace the slipring with a flexible cable (usually
a flat cable) or flexible PCB wrapped around the shaft, often
called a ‘clock spring’ connection. This requires no sliding
contacts and can also be shielded.

But if it is decided to pass power through sliding contacts after
all, it is best to use multiple brushes at each contact, with a
very low inductance between the brushes, for example by
mounting them on a short metal bar that acts as their common
electrical connection. Then, if one brush experiences a high
resistance contact, the current that was flowing in its circuit
can divert to a brush that has a good low resistance without
experiencing enough inductance to cause flyback and sparking.

Also, snubbers can be applied to the slipring. Obviously, the
series snubbers shown in Figure 6W are unsuitable, but the
‘low-leakage’ snubbers shown in Figure 6X can be fitted to the
circuits on one or both sides of the slipring.

6.2.7 Suppressing spark ignition
For gas/oil burners, it is best for EMC to replace their spark
ignition with ‘hot-surface’ igniters. These are ceramic devices
with resistance elements in them that cause them to quickly
glow red-hot and ignite the fuel. Of course, they have no
emissions, but many years ago they got a reputation for being
unreliable, so most appliance manufacturers changed to using
spark ignition which creates high levels of transient emissions.

However, I understand that modern hot-surface igniters are
reliable, and using them instead of spark ignition should reduce
complexity, save cost and eliminate sparks and their transient
emissions altogether. Clearly, they are only suitable for gas ands
oil burners, since they cannot respond quickly enough for
applications where spark timing must be accurate within less
than 1 second.

Where spark ignition is to be used, it is best to integrate its
high-voltage generator in the same housing as its spark gap to
minimise the length of the high-voltage conductors, making
them much less efficient as ‘accidental antennas’ [14].

Another technique is to fit a suitable type of high-voltage filter
very close to the spark gap, minimising the length of high-
voltage conductor between it and the spark gap to minimise
‘accidental antenna’ effects. Snubbers as described in 6.2.4 are
not suitable, because they aim to prevent the spark occurring.
Filtering techniques might not be suitable where spark timing
is critical.

If using long high-voltage conductors, their ‘accidental antenna’
efficiency can be reduced by using lossy (carbon) conductors,
such as are normally fitted to the spark plug leads of motor
vehicles that use a high-voltage distributor. The series resistance
‘dampens’ the RF resonances in the conductors, an effect that
can also be achieved using ferrite cylinders of toroids around
each individual conductor (not around both together, as is more
common, for suppressing common-mode RF emissions).
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Finally, all the usual wiring techniques described in [14] can
be used to reduce the emissions from the high-voltage cables,
for example:

• Twisted-pair wiring, maybe with ferrite cylinders or toroids
around the pair as CM chokes

• Routing close against a CM return path along entire route
• Shielding (with the shield 360° terminated at both ends)

6.2.8 Electric bells and buzzers
The spark gaps in traditional electric bells and buzzers are a
big EMC problem. Most of the emissions are conducted along
the bell wires or induced by them into nearby conductors or
components, as well as being radiated by the bell wires acting
as ‘accidental antennas’ (see 2.2. of [14]).

The spark gap in the bell or buzzer can easily be filtered to
keep the RF noise out of the bell wires, but the problem is that
bells and buzzers are very low-cost components and effective
EMC filters can cost more than the bells or buzzers themselves!

As for all of the arcs and sparks discussed in 6.2, the best
approach (where it is feasible) is to get rid of the arcs and sparks
altogether by using a different technology. In the case of bells
and buzzers the sound generating element might be able to be
replaced by a different technology altogether, such as a piezo-
electric sounder.

If the bell clapper or buzzer plate are to be retained as the sound
generators, the spark gap can be replaced by an astable oscillator
– driving the coil that drives the striker or buzzer plate directly.
Like most of the design techniques that eliminate arcs and sparks
instead of suppressing their effects, this results in much more
reliable low-cost electric bells because there are no sparking
contacts to erode and wear out.

Assembly of such bells and buzzers could even be less costly,
because there is no spark-gap adjusting screw to adjust and
lock. Plus of course no need to adjust it to compensate for
erosion of the spark gap over the life of the product.

I have a book entitled ‘Electric Bells’ that was published by
Cassell and Company Ltd in 1901, and sold for the princely
sum (at that time) of one shilling. Apart from a rectifier snubber
the designs and construction of modern bells correspond exactly
to the figures in that book. In these days of EMC emissions
controls, it seems we might need to break with over 100 years
of tradition.

6.3 Power factor correction (emissions of mains
harmonic currents)
6.3.1 The particular problem of rectifiers with capacitive
loads
All non-linear loads powered from a supply of AC electricity
consume non-linear currents, which if analysed in the frequency
domain can be seen to have some currents at even and/or odd
harmonics of the supply frequency.

In the past, fluorescent lamps with traditional magnetic ballasts
have created significant problems due to their high levels of
harmonic currents, but in order to achieve higher energy
utilisation efficiencies almost all loads are now becoming
electronic. For example in the lighting industry alone, magnetic

ballasts are being replaced by high-frequency electronic
ballasts, and filament lamps by compact fluorescent or LED
lamps, all of which are powered via what are essentially switch-
mode power converters with rectifier-capacitor power inputs.

Most electronic loads start with a rectifier/capacitor circuit to
generate an unregulated DC rail from the AC supply, and these
are very non-linear circuits indeed, so one consequence of trying
to save the planet (or at least reduce electricity costs) is an
increase in harmonic current ‘pollution’ of the mains distribution
networks.

Harmonic currents in supply networks have a number of
undesirable effects, from waveform distortion to fire and smoke
hazards [31], and [12] contains many real-life examples. As a
result, limits have been imposed on emissions of harmonic
currents into the mains supply, by standards  (EN 61000-3-2
and EN 61000-3-12) listed under the EMC Directive for
products consuming up to 75A from the 230/400V mains supply.

Much more information on mains harmonics, where they come
from and how they can cause interference and other problems,
can be found in the guides on IEC/EN 61000-3-2 (emissions)
and IEC/EN 61000-4-13 (immunity) that are available from
[7].

Figure 6AB shows a typical bridge rectifier feeding a capacitor,
and notes how this basic circuit is used in both linear and switch-
mode types of AC-DC mains power converters.

Figure 6AB Example of a bridge rectifier

Figure 6AC compares a pure sine-wave mains supply waveform,
with the typical currents consumed by the circuit in Figure 6AB.
(Pure sine-wave mains supplies have not been seen in real life
for many years now, but it is the principle that matters here.) It
is clear that because the capacitor holds a charge in order to
‘smooth’ the DC rail voltage, the rectifier’s mains current only
flows for the short periods when the mains voltage is higher
than the capacitor voltage by at least one rectifier on-voltage.

Since all the load’s power must be drawn from the mains supply
during these brief periods, the peak mains current is much higher
than it would be if the same power was drawn directly from the
AC supply by a simple resistor. The more the DC rail is
‘smoothed’ by increasing the ratio of capacitance to load current,
the shorter and higher the mains current pulses become.
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Figure 6AC Non-linear currents drawn by a bridge
rectifier

Figure 6AD compares the current waveforms of a linear load
and a rectifier-capacitor supplied load of the same wattage,
and also compares their frequency spectra. The linear load has
a single frequency component at the AC supply frequency,
whereas the non-linear current also has frequency components
at odd-numbered multiples (3rd, 5th, 7th, etc.) of the supply
frequency.

The current in a single rectifier operating in half-wave (rather
than a full-wave bridge rectifier) will have frequency
components at even-numbered multiples (2nd, 4th, 6th, etc.) as
well as the odd-numbered ones, and half-wave rectifiers will
also have significant levels of harmonic currents when they
feed into a resistive or inductive load, without a smoothing
capacitor.

Figure 6AD Waveforms and spectra associated with
rectifiers

Phase-angle-controlled silicon controlled rectifiers (SCRs) such
as thyristors and triacs are also rectifiers, but their current
waveforms vary depending on their phase angle of conduction,
and so the frequency spectra of their mains currents also vary
with phase angle, as shown in Figure 6AE. When set to less
than full conduction they generate significant harmonic currents
even when connected to a resistive or inductive load, without a
smoothing capacitor.

Figure 6AE Waveforms and spectra associated with
SCRs

A solution to the harmonic currents generated by phase-angle-
controlled SCRs, is to use burst-firing techniques instead, where
practical. Burst-firing turns the SCRs on and off close to zero-
crossings, so the current they draw depends solely on the load
and supply voltage. Burst-fired SCRS cannot actually turn on
until they have sufficient voltage, and automatically turn off
when their current falls below a threshold, so they still cause
RF emissions in bursts around each zero-crossing of the supply,
which can usually be easily suppressed with capacitors. SCRs
are not discussed any more in this article.

The Power Factor (PF) is the Total Watts divided by the Total
VA, but harmonic currents are not in phase with the supply
voltage, so they increase the VA but not the Watts. A PF of 1.0
is ideal, but increased consumption of harmonic currents
reduces it below this magic figure. This is why designing to
reduce emissions of harmonic currents is generally called Power
Factor Correction (PFC).

It is important not to get confused with the term ‘Power Factor’
as traditionally used by electrical supply engineers, which is
really ‘displacement power factor. Total Watts/Total VA is true
power factor, because it is independent of waveshape, but
displacement power factor is simply the cosine of the phase
angle between a sine-wave supply voltage and its sine-wave
load current.

Displacement power factor is still a relevant concept for AC
mains distribution networks where the voltages and currents
still resemble sine-waves, but is meaningless when considering
the non-linear currents consumed by a rectifier such as Figure
6AB with waveforms like those shown in Figure 6AC and 6AD.
Unfortunately, the technical press often do not differentiate
between the two uses of the term ‘power factor’, so often
publishes articles and advertisements about power factor
correction that are really about correcting displacement power
factor, for example by compensating for the effect of the
inductance of a long power line by adding some capacitors at
its end.

The rest of this section discusses design techniques for reducing
emissions of harmonic currents from bridge rectifier – capacitor
circuits.  There are a number of methods that can be used,
including…
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• Using smaller values of unregulated DC smoothing
capacitor

• Harmonic filtering
• Passive PFC using a series inductor
• Passive PFC using a charge pump
• Active PFC using a boost regulator
• Increasing 3f rectifiers to 6f
• ‘Active Front End’ (AFE) three-phase ‘boost’ rectifiers
• Anti-harmonic injection
• Other methods

Test equipment for measuring emissions of mains harmonics is
available at reasonable cost for products consuming less than
1kW, and an example of such equipment is shown in Figure
6AF. The largest cost of any harmonics measurements system
is in providing a source of high-power low-distortion low-
impedance AC power. For those of a more ‘do it yourself’ (DIY)
nature, some designs of alternative harmonic current measuring
equipment are given in Part 7 of [6] – but the safety
considerations in 6.2.1 must always be taken fully into account.

Figure 6AF Example of a low-cost harmonics tester

6.3.2.Using smaller values of unregulated DC smoothing
capacitor
Lower values of smoothing (storage) capacitor cause it to
discharge more completely into the load, during each mains
half-cycle, and this increases the firing angle (on-time) of the
rectifiers and so reduces the harmonic emissions, as shown in
Figure 6AG.

The downside is that the ripple voltage on the unregulated
supply will increase, and the load must be designed to operate
correctly with such a large DC ripple. This technique has been
successfully applied to some makes of variable-speed AC motor
inverter drives.

Figure 6AG Using smaller values of unregulated DC
storage capacitor

6.3.3.Filtering mains harmonics
Harmonic currents can be treated as noise and simply filtered
out using a low-pass filter. Unfortunately, even if the 3rd

harmonic is the lowest to be filtered, this is still only 150Hz (or
180Hz for 60Hz mains) and achieving significant attenuation
at such low frequencies with inductors and capacitors requires
multi-stage filters using large values of components. Series
inductors must handle the full mains current without dissipating
too much heat, and shunt capacitors must handle the full mains
voltage (and any surges and transients), which makes them large,
heavy and costly components.

An alternative to the low-pass filtering approach is to use
‘resonant trap’ filters for harmonics up to the 6th or 7th, with
single-stage low-pass filtering for all of the higher harmonics.
One of the problems of shunt-connected filters is that they tend
to absorb harmonic currents in response to distortion of the AC
supply’s voltage waveform, so filter designs should take this
into account. Figures 6AH and 6AJ give some examples of the
types of filters that are often used, and any good filter design
manual will provide the necessary design equations for these
and many other types.

Figure 6AH   Some examples of filtering techniques
suitable for mains harmonics
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Figure 6AJ Some more examples of filtering techniques
suitable for mains harmonics

6.3.4 Passive harmonic reduction with a series inductor
Adding an inductor (also known as a choke) in series with a
rectifier-capacitor circuit forces the rectifiers to conduct for
longer. Figure 6AK shows the series inductor added in series
with the rectified mains, between the rectifier and the smoothing
capacitor. The voltage of the unregulated rail will probably be
different than without the choke, and due to the impedance of
the choke it will probably vary by a greater degree with loads
that have fluctuating current demands.

If the inductor has a large enough value, the current in it will
not drop to zero during each cycle and the rectifier bridge will
switch with close to a square-wave duty cycle – giving an
excellent PF. The downside of this technique is that chokes in
the DC path must not saturate, and so must be large and heavy
– they can be about half the size of a mains transformer rated
for the load power, or even larger.

It has been claimed that using a two-winding choke on a
common magnetic core, with one winding in the positive output
from the bridge, and the other in the negative output, can help
meet RF emissions limits by reducing the switching noises from
the rectifiers, but I have not tried this, and simply adding
capacitors of 10-100nF in parallel with each rectifier seems to
work just fine anyway.

Figure 6AK Using a series inductor for PFC

Another, possibly less ideal location for the series inductor is
in series with the AC supply itself, before the bridge rectifier.
Several manufacturers supply such chokes (often called ‘line
reactors’, or simply ‘reactors’) for installing in the mains
supplies of products that have been found to emit too much
harmonic current. (Adding chokes in the location shown by
Figure 6AK would be better, but would invalidate the warranty,
and possibly compromise the performance or reliability as well
by altering the unregulated voltages.)

The oscilloscope traces in Figure 6AL show the effect of adding
line reactors in series with the mains supply to a real-life three-
phase variable speed motor drive.

Figure 6AL Real-life example of adding a series inductor
to a 3φφφφφ motor drive

6.3.5 Charge-pump PFC in a switch-mode converter
Some types of switch-mode power supply controller ICs make
it possible to use ‘charge pump’ techniques to reduce harmonic
emissions.

This is the lowest-cost method of PFC, and is widely used in
TVs, VCRs, and similar mass-produced consumer products –
but it only works with certain types of variable-frequency
switch-mode controller ICs, for example the Infineon TDA
1684X family [28].

Figure 6AM shows the basic circuit, which is essentially just
an ordinary switch-mode converter. The basic switch-mode
circuit buzzes away at a few tens of kHz, and as the mains
voltage decreases from its peak during each half-cycle of its
waveform, the frequency of operation of the switching device
is varied by the controller IC so as to maintain the desired DC
output voltage (the feedback circuit is not shown in the figure).

When the storage inductor, rectifier and charge-pump capacitor
within the dotted box are added and correctly dimensioned,
the effect of the variable frequency switching is to vary the
amount of charge injected via the capacitor in such a way that
the mains current varies smoothly throughout the voltage cycle,
simulating the sine-wave current that would result if the load
on the bridge rectifier was a resistor instead of a capacitor. For
details of how it works, including waveforms for all parts of
the circuit, see [28].
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Figure 6AM Example of a charge-pump PFC circuit

6.3.6 ‘Active’ PFC techniques
Both linear and switch-mode AC-DC power converters can use
‘active PFC’ techniques, which add a complete switch-mode
boost converter between the bridge rectifier and the unregulated
DC rail’s smoothing (storage) capacitor. The converter is
controlled by a suitable type of IC that causes it to simulate a
resistive load on the bridge rectifier, hence a high value of PF
and correspondingly low emissions of mains harmonic currents.

Figure 6AN shows the essential details of an active PFC circuit.
The original bridge rectifier and smoothing capacitor (C1) are
shown (compare with Figure 6AB), and a dotted box surrounds
the active PFC boost converter.

With active PFC the value of C1 can generally be reduced,
because instead of having to provide load current for nearly
10ms between ‘top-ups’ from the rectifier, its charge is topped
up by the boost circuit every few microseconds.

Also, C1 generally needs to use a different type of capacitor –
instead of a wound electrolytic, it probably should be a type
that has lower impedance above 100kHz, so that it will respond
appropriately to the high-rate of microsecond-duration current
pulses from the boost converter.

The output of the active PFC circuit is still an unregulated DC
rail, although because of the operation of the boost converter it
tends to be smoother and more stable than would normally be
the case with a simple bridge rectifier and smoothing capacitor.
In fact, such boost converters can usually be designed to enable
operation of the load with mains voltages over the range 100 to
250Vrms, a bonus for consumer products that might be sold or
used anywhere in the world – all that is necessary is to supply
them with the correct mains lead for the countries concerned.

Figure 6AN Essential features of an ‘Active’ PFC circuit

Figure 6AP shows examples of the waveforms that would be
expected at various points in Figure 6AN. The zig-zag waveform
in Figure 6AP, IL, is the current in the boost converter’s storage
choke, which is the integration of the pulse-width modulated
(PWM) current in the hard-switched (either ON or OFF)
switching transistor. When this current has been filtered by C2,
it becomes a good representation of the sine-wave current that
would result if the load on the bridge rectifier was simply a
resistor. Hence the PF is very good – values of better than 0.9
are easily achieved.

Figure 6AP Typical waveforms in an ‘Active PFC’ circuit

Figure 6AQ shows a practical realisation of an active PFC boost
converter, copied from an EPCOS data sheet. All of the basic
features shown in Figure 6AN are there, except for C2. Instead
of C2 it relies on the mains filter to smooth the current
waveform. In general, it is best to suppress a noise source as
close as physically possible to it, and it might be that adding a
capacitor from the flyback choke’s input to the 0V (like C2 in
Figure 6AN) might make it possible to simplify the mains filter
and reduce the overall cost a little.
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Figure 6AQ Example of an ‘Active PFC’ circuit from EPCOS

Texas Instruments publish many very useful application notes
on designing PFC circuits [29], which were originally written
by Unitrode. There are now many manufacturers of active PFC
controller ICs, with competing circuit topologies that offer
different features and claim to have advantages over each other,
but such issues are beyond the scope of this article.

Active PFC circuits switch at tens or hundreds of kHz, maybe
even MHz, and so can have high levels of RF emissions. Design
techniques described in Parts 1, 3, 4 and 5 of this series ([13]
[15] [16] and [17]) can be used to suppress these emissions,
including…

• Soft-switching fast rectifiers
• Heatsink RF-bonding
• Segregation of PFC circuit from other circuits
• Suppression at all interfaces (shielding, filtering,

overvoltage suppression, etc.)
• Use of planes to return currents
• Etc., etc.

6.3.7 Reducing emissions from 3-phase (3φφφφφ) equipment
3φ bridges (sometimes called ‘6-pulse rectifiers’) fed from
balanced supplies naturally have low levels of 3rd, 9th and other
‘triplen’ harmonics. Converting them to 6φ bridges (‘12-pulse
rectifiers’) considerably reduces their emissions of 5th and 7th

harmonics as well – providing they are supplied from a well-
balanced 3φ supply with low waveform distortion.

Figure 6AR Example of a 6φφφφφ bridge (12-pulse) rectifier

There was a fashion for converting 3φ rectifiers to 6φ a few
years ago, in industrial plant that had to comply with their
electricity supply authority’s regulations on emissions (e.g. [30]
in the UK), but since they are less effective where power
supplies are unbalanced or distorted – and since they require
phase-shifting transformers, and copper prices have increased
considerably – the trend now appears to be to use the techniques
described in 6.3.8 and 6.3.9.

6.3.8 ‘Active Front End’ (AFE) three-phase ‘boost’ rectifiers
These replace the ‘dumb’ rectifiers with pulse-width modulated
(PWM) power transistors (usually IGBTs). When their PWM
switching rate is much greater than the fundamental frequency
of the supply, the switching functions act like their average
values – so AFE techniques achieve PFC by using appropriate
PWM switching patterns.

The AFE technique is of wide interest because by selecting
different PWM switching patterns it can transfer power from
its load to its source, so can be operated bi-directionally. As a
result it can be useful, for example, for regenerative braking
for machinery motors, and in alternative power generation
equipment (solar cells, windpower, etc.).

Figure 6AS An ‘Active Front End’ (AFE) three-phase ‘boost’

6.3.9. Anti-harmonic injection (‘active filtering’)
Detecting the emissions of harmonic currents from a product
makes it possible to generate antiphase versions of them.
Injecting the anti-phase versions into the mains supply to the
product can substantially cancel out the original harmonic
currents, leaving an almost pure sine-wave current at the
fundamental frequency with a PF of close to 1. Figure 6AT
shows the general principle of operation.

This is a well-established method for cleaning up (i.e. reducing)
the harmonic currents in mains power distribution networks in
buildings of all types, and in industrial plant. I call this an ‘anti-
harmonic injection’ technique, but the manufacturers of
products intended for cleaning up mains distribution networks
generally call them ‘active filters’ despite the fact that neither
the technique nor their products have anything at all to do with
filtering the mains supply.

This technique can be applied in a way that makes it relatively
immune to phase imbalance and distorted supply waveforms –
so it acts on the emissions from a product and doesn’t try to
correct the entire mains distribution network it is connected to.
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Although it is widely used in installations, this method can also
be (and has been) incorporated into products.

Figure 6AT Essential features of an ‘active harmonic
filter’

6.3.10 Other methods
This series is intended for designers of products and equipment,
but there are many techniques for dealing with harmonics in
power distribution networks themselves, described in [31].
Since they started to use electric thrusters, the mains distribution
networks on ships have begun to suffer enormous levels of
harmonic distortion, and special techniques have been
developed for them, described in [32].

Products, especially larger items of equipment, might be able
to use some of these other ‘installation’ techniques.

6.4 to 6.6 will appear in the next issue.
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