








Suppressing | Cs which have BGA packages
and/or multiple DC power rails

By Keith Armstrong, Cherry Clough Consultants Ltd

In the good old days all digital circuits were large black
integrated circuits (ICs) with arow of 7, 8 or 10 pinson a0.1
inch (2.54mm) pitch spread along each of their long edges.
And they all ran on 5V DC power.

Well, there were exceptions to these rules even then, but the
above statement will do to describe the devices most digital
logic designers used on most days.

These days, ICs are still black(ish) but are often larger, can
have 1000 or more pinsin agridded array covering most/all of
one surface —where they cannot be reached by asoldering iron
—known as Ball Grid Array (BGA) packaging. And they often
need to be provided with several DC power rails.

These ICs can contain more than abillion transistors, and may,
for example, be:

o Volume-manufactured multi-core microprocessors such
asthe Intel Core™ i5 pictured in Figure 1

Volume-manufactured memory 1Cs (DRAM, SDRAM,
DDRAM, etc.)

Volume-manufactured field programmable gate arrays
(FPGAS) such asthe Xilinx Vertex—7 pictured in Figure 2

Custom-design application-specific integrated circuits
(ASICs) such asthe one codenamed JEKY LL devel oped
by ON Semiconductor in collaboration with Airbus for
their A350 XWB Flight Control Computer, see Figure 3.

Figure1l Example of an Intel Core™ i5 microprocessor BGA
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Figure 2 Example of a Xilinx FPGA in BGA packaging

Figure 3 ON Semiconductor’sinternal 110 nanometer (nm)
process technology, using BGA packaging, that they use for
ASICs

Most EMC design textbooks that cover printed circuit board
(PCB) design (including mine [1] [2]) do not cover the EMC
issues associated with BGAS, so | thought a brief article on
suppressing them to reduce their emissions and increase their
immunity might be of someinterest.

Use HDI to ensure solid OV and Power planes

under BGAs

When using through-hole-plate (THP) PCB technology, the
array of through-holes under BGAs makes it impossible to get
solid (i.e. continuous, unbroken) copper planes under them —
but the one place on a PCB where solid planes are needed the
most for their EMC benefits is underneath the I1Csl

The ideal solution is to use High-Density Interconnect (HDI)
PCB technology because it does not use holes drilled through
the entire thickness of the board — just those layers that need
them —so OV and Power planes can pass underneath an 1C and
remain solid, continuous, unbroken and unperforated by
through-holes.



HDI board technology was originally developed so that OV
planesin cellphones could be solid copper sheetswith no (few)
perforations, and seemsto be more often called ‘Microvia PCB
technology. Other namesfor itinclude ‘Build-up’, because each
layer is drilled and plated before lamination to create the
complete PCB.

The basic standard on HDI is IPC-2315 (from www.ipc.org),
and its benefits for EMC are discussed in section 7.5 of [2].
Figure 4 isa cross-section of an example six-layer board using
this technology, showing its major features.

A through-hole drilled
via, in the inner (FR4 in
this case) layer only

_
|

| Pure polymer ‘build-up’ layers |

A ‘traditional’ through-hole
I drilled via

T
|

‘Blind’ microvias

‘Buried’ microvias

Figure4 Example of a 6-layer HDI (‘microvia’) Xilinx FPGA
in BGA packaging

The usual reaction when | suggest using HDI is horror at the
cost of it —but thisisan ol d-fashioned reaction that hasn’t been
truefor well over adecade. An IPC (Institute of Printed Circuits)
survey in 2000 found that HDI boards could be purchased for
the same cost as THPR, and if you can avoid the use of buried
vias it helps reduce costs further.

Advice in recent years from Mentor Graphics' HDI expert
Happy Holden is that boards needing more than 8-10 layers
should cost lessif madein HDI, for example ahigh-density 18
layer THP board would only need 10 layersif using HDI. But
with evenlower densitiesand with fewer layers, theEMC, signal
integrity (SI) and power integrity (Pl) advantages of HDI PCB
technology can makeit more cost-effective than boring old THP.

In May 2008 there were 32 manufacturers of microvia boards
in the UK aone. HDI requires a different approach to PCB
layout than THP, and some PCB EM C techniques might not be
able to be used. Manufacturing techniques can vary between
board manufacturers, and may need different layout techniques,
soitisimportant to always check with the chosen manufacturer
before starting board layout.

An important EMC advantage of microvia (HDI) PCB
technology is that it's very small diameter individual-layer-
piercing holes are closed off, so do not suck solder away from
the joints on the top or bottom sides of the board, meaning they
can be placed right in the middle of the BGA solder pads.

However, itispossibleto use ' viarin-pad’ techniqueswhen using
BGAs on THP PCBs, to save board area by avoiding the
traditional ‘dog-bone’ pads, by filling or capping those vias
with copper. In volume production this should add no more

than 10% to the bare-board cost. To keep the price of prototypes
down, these vias can be manually filled with high-melting-point
solder beforethe board hasits solder paste printed, components
placed, and is passed through the solder reflow ovens.

At least use small enough track-and-gap rulesto
ensure meshed OV and Power planes under
BGAs

Using THP PCB technology inevitably means massive

perforation of all OV and Power planes under aBGA, whichis
bad for EMC.

| often see PCB designers using track-and-gap board layout
rulesthat entirely remove all of the plane areas under BGAs—
making SI, Pl and EMC very difficult and costly to achieve
and often delaying projects significantly (since 2000, delay is
more important for a project than increases in BOM cost, see
[3] and [4]) (BOM = Bill of Materials).

Itisvital to at least achieve a continuous mesh (grid) in the OV
and Power planes under every BGA, to connect to al of the
IC's OV and Power pins to their respective DC supplies and
decoupling capacitors (‘decaps’) with the lowest practicable
impedance.

To create complete meshes or gridsin planesunderneath BGAs
with ball pitches down to 1mm requires 175um (7 thousands
of aninch, or ‘thou’) or less track-and-gap rules.

Ball-pitches between 1mm and 0.8mm need 100um (4 thou) or
lesstrack-and-gap; and 0.5mm pitch needs 50um (2 thou) track-
and-gap to maintain a complete mesh.

Figure 5 shows part of asignal layer under aBGA, in amulti-
layer PCB with several OV and Power planes. The BGA's OV
viasareshown asviolet dotsonthe OV planefill, whereas power
and signal vias are shown surrounded by a 100um (4 thou)
clearance holesin the OV fill — sufficient to ensure that the OV
plane fill forms as complete a mesh (which has the lowest
obtainable impedance) as practicable.

Example of a signal layer
with a OV plane ‘fill’,
showing the use of
adequately small track-
and-space rules to create
good 0V or Power plane

meshing underneatha
BGA

Figure5 Example of a signal layer with a meshed 0V fill
under aBGA

The problem with using too-large clearance holesin aplaneis

that they break into each other creating large gapsin the plane,
considerably increasing itsimpedance. Figure 5 appearsto show
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some pairs of clearance holes merging into each other to
produce ‘dumb-bell’ shaped plane gaps, but thisis due to the
pixellation of the view | have chosen to use in thisfigure.

However, zooming in closer reveals that the 100um (4 thou)
clearance holesin the OV fill do not break into each other, and
a copper web of manufacturable thickness (at least 100um (4
thou) wide) exists between any pairs of vias.

Once again, when | suggest using 175um (7 thou) or lesstrack-
and-gap rules | often find people complaining about the price
— but this size track-and-gap has been available with no price
premium since before 2000.

And since about 2009 it has been very easy to purchase PCBs
using 100um (4 thou) track-and-gap from offshore volume-
manufacturer with no price premium.

My experience seemsto reveal that most company buyersform
long-term relationships with their PCB suppliers, so that when
adesigner asksfor aquotation based on 100um (4 thou) track-
and-gap they are given a higher price than they would expect
for their normal design rules, which their manager then vetoes
because he or sheisstill under the misapprehension that BOM
cost is the most important issue.

As regular readers of my articles will know, such a veto is
wrong in two major ways:

a) Suppressing EMI at PCB level isat least ten times less
costly to the BOM of thefinal EM C-compliant product,
and possibly 100 times or more less costly.

b) As aready mentioned, time-to-market now dominates
the financial success of a product [3].

For several years now, every customer suffering a delayed
project because of poor EMC at least partly caused by gaping
holes in the planes under their BGAs, to whom | have
recommended the use of 100um (4 thou) track-and-gap PCB
design rules, has replied that it would be too expensive (but
see a) and b) above). In every single case | strongly suggested
they make their company buyer do his job properly and shop
around, which they did, and found they could purchase such
PCBs for no extra cost.

Everyone should realise by now that in thisworld asit is we
can't get the best price unless we shop around. Sometimes the
best price is from the very same supplier we have been using
for years, who was hoping to rely on our loyalty to stay with
them whatever price cuts they ‘forgot’ to offer us.

(Of course, this is not an argument for buying from non-
approved suppliers, and especially not from the grey market!
As an ancient Chinese proverb says (or so | have been told):
the sweet taste of low cost does not last as long as the sour
taste of poor quality. And when Confucius (or whoever) coined
that saying, company buyers did not have to contend with the
massive global fraud of counterfeit components that is run by
organised crime that we have today.)

Asfor prototypes, there are UK PCB manufacturers who can
cope down to 50um (2 thou) track-and-gap (e.g. Merlin Circuit
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Technology), and | receive many emails each day from Chinese
PCB manufacturers who used to only be interested in high
volumes, but now offer very quick turnarounds and reasonable
pricesfor prototype quantities of boardswith amost any number
of layers.

Suppressing | Cs that have multiple power rails
Many microprocessors, FPGAs and ASICs now use multiple
power supplies, such as 3.3V (for ‘gluelogic’ 1/0s), 2.5V and
2.7V (for different kinds of memory and other | Cs) and between
1.2 and 0.9V for their core processing logic. They also use
BGA packaging.

Ithelpsagreat deal if al of thedifferent Power planesassociated
with an IC can be placed on a single PCB layer, with at |east
one adjacent ‘solid’ OV planeinthe PCB’slayer stack, asshown
in Figures6 and 7.

The edge of
the board

Segrgat e each circuit area that is
powered from a different voltage
(i.e. locate all components and route
their traces within that plane’s area)

Adjacent sntld OV plane under all power planes,
d them d the edge of
r.he board hy as much as is practinab!e

| 2V5 plane |
(fore.g.)

| 3V3 plane I
(for e.g.)

Core logic power plane is very noisy!
It must lie under a solid 0V plane, and

2V7 plane
(fore.g.)
it must not go near any of its edges

Figure 6 Overview of a Power plane layout for a BGA with
four DC rails

Notethat al of an I1C’spinsthat are associated with the circuits
that are powered from a given power rail voltage (e.g. 3,3V)
are contained within that Power plane’s area. This also applies
to any unprogrammed pins on FPGAS, so that any future
changesthat bring these pinsinto use, doesn’t require too many
maodifications to the layout and increase the risks of large
changes to its EMC characteristics.

The spacing between the OV plane and its adjacent split Power
plane layer should be as small asis practicable. 50um (2 thou)
spacing is increasingly common, as is the use of proprietary
double-sided copper laminates having much smaller dielectric
thicknesses, even as low as 8um (e.g. ‘Faradflex’,
www.faradflex.com).

Such small OV-Power plane spacings maximisetheir distributed
decoupling capacitances, which helps maintain low power
supply impedances above 300M Hz (which can’'t be done with
discrete decaps alone, see sections 7.5.3 and 7.5.4 in [1] and —
for more detail — section 5.3in[2]).

They a'so help ensure that return currentsin the OV plane flow
very locally to the area covered by that Power plane area,
helping to maintain segregation (reducing noise coupling, or
crosstalk, between different circuit areas).

The adjacent OV plane (and all other OV planesin the board’s
layer stack) should extend beyond the perimeters of all Power



planes — and also beyond al traces, pads and PCB-mounted
components — by at least 3mm and preferably much further,
whilst also keeping all PCB-mounted components aslow-profile
as possible (see[5], also sections 7.4.1 and 7.4.6 in [1] and —
for more detail —4.2.1in[2]). A OV plane ‘moat’ of 10mm or
more width would be a good idea for suppression of EMI.

If thereis alarge hole routed in a PCB (never agood ideafor
EMC) it should also have a moat of at least 3mm of OV plane
around itsinner perimeter.

This is another example of a good EMC technique that costs
little when implemented at the bare-board level of assembly,
which gives EMC benefits that are often much more costly to
achieve at ahigher level of assembly (e.g. the assembled PCB)
but are often vetoed by managers who don’t understand that
what matters is the overall cost of manufacture of the EMC-
compliant product, not the BOM for the assembled PCB prior
to EMC testing.

Of course, | realise that the use of OV plane moats means
increasing PCB size overall, and/or increasing component
density by using smaller components, more board layers, HDI
technology, etc., all of which add cost. But this cost increaseis
acceptable as a way of reducing the overall design project’s
financial risksand (most probably) reducing the overall cost of
manufacture too.

This is because this approach helps ensure that we don’t find
ourselves in the potentially financially ruinous situation of
failing EMC compliance tests where the only solutions that
can possibly work will causetime-to-market delayswhich could
quite possibly kill the entire project (see[3] and [4]).

When using 0V/Power plane pairs as suggested above, the
components associated with each of the DC power rails should
be placed, and all their traces routed, over their associated
Power plane areas, as Figure 7 tries to show.

Segregated area of
components (other than
the BGA) and traces

associated with
Powerplane2's area |

Segregated area of
components (other than
the BGA) and traces
associated with
Power plane 1's area

_ = _ = /| = = n—.:.s i = = =_.'l = = =
7 7 7
Power pla net’s Traces not routed close to Power plane 2's
area (e.g. 3.3V) their Power planes’ edges area (e.g. 2.5V)

Figure 7 Example of segregating components and traces
when a single Power plane layer is split into several
DC plane areas

No traces that are routed on layers adjacent to any split Power
plane layer(s) must ever cross any splits between plane areas
on that layer, because the proportion of their return current that
is flowing in the Power plane areas will not be controlled and
will cause Sl and Pl problems, aswell as problemsfor emissions
and immunity.
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(Almost all good EM C design engineering practices at RF can
be reduced to the simplerule of providing pathsfor all ‘return’
currents (including those caused by stray couplings) that are
physically very close indeed to the path taken by their ‘send’
currents, see [9], [6], [7] and [8].)

Just as for OV planes, no traces should come too close to the
edge of any Power plane area they are routed adjacent too (as
shown by the double-headed arrows in Figure 7).

All tracesthat have to cross any plane splits (whether the splits
arein OV or Power planes) may need suppressing with filters,
galvanic isolation, etc., see 4.4in[2].

Segregating circuits into different areas of a PCB is a very
important EM C technique, second only to the provision of solid
(continuous, unbroken) OV planes, and is described in section
7.2 of [1] and section 2 of [2].

Unfortunately, an |C with multiple DC power rails belongs to
each of the segregated PCB areas associated with its split Power
planes, which rather limitsthe usefulness of PCB-level shielding
of those areas. But in real life engineering we can’t have
everything (unfortunately)!

Sometimesit isimpractical to confine all of the Power planes
to a single layer in a PCB, for example when a board has
multiple-power-rail 1Cs mounted on one or both sides. For
example, one of my customers had so many large FPGASs on
both sides of a PCB that it needed four Power plane layers,
each layer being split into several Power plane areas.

A problem here isthat stray capacitance and stray inductance
between plane layers causes noise to be coupled between them
(crosstalk). So, for example, very high frequency noises
associated with 2.5V DDR memory busses could couple into
the ‘ordinary’ 3.3V Power planes and circulate in their
associated circuitry, causing bad Pl which leadsto bad SI, and
worse EMC.

Core logic Power planes (typically between 0.8V and 1.2V)
are often the principal culprits in such situations. The current
and voltage noises in these planes are usually extreme in both
magnitude (Amps, sometimestens of Amps) and frequency (at
least up to 10GHz), and a physically small core logic Power
plane can easily ‘pollute’ an entire PCB and all the cablesitis
connected to with RF noise, causing major problems for Sl
and PI, and of course for EMC.

To help prevent RF noisein a‘noisy’ Power planelayer (e.g. a
processor corelogic supply) from coupling noiseinto aparallel
Power plane layer and spreading more widely, causing higher
emissions — place a0V plane between them in the layer stack,
as shownin Figure 8.
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Figure 8 Example of adding a OV layer to reduce the noise
coupling between parallel Power plane layers at different
voltages

‘Sandwiching’ each board layer that contains split Power plane
areas between two solid (i.e. continuous, unbroken) OV planes
(e.g. aswasdonefor layers 7, 8 and 9 in Figure 8) also hasthe
benefit of increasing the Power planes buried decoupling
capacitances. And a still further benefit is that no signal traces
haveto avoid any splitsin any planes, easing the constraintson
signal layer routing at the cost of additional board layers.

| can see a day in the near future when it becomes standard
board layout practiceto sandwich every layer that contains split
Power planes between two solid OV planes.

Conclusions

ICs with BGA packaging and/or multiple DC power supplies
are now unavoidable for many product designs, but attention
to several issues associated with the OV and Power planesin
their PCB layouts will reduce their negative effects on Sl, Pl
and EMC.
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Unusual applications of ferrite-cored transformers:
A Connoisseur’s guide

By Richard Marshall, MA, CEng., FIEE, FIET, FInstP, Richard Marshall Limited

In this issue Richard describes

four relatively uncommon
applications of ferrite
transformers, using the

methodol ogy of the previoustwo
articles [Refs. 8,10].

The first shows how to create
\ and use a “switched
The second offers a controlled wide-band

impedance” .
impedance. Then we describe a wide-band current immunity
test tool. In each case specialised winding designs have been
used to maximise high-frequency performance.

The last example extends the low-frequency performance of a
ferrite core — and illustrates a potential pitfall when using
ferrite at the low frequencies where it offers low-loss
inductance.

Sincethiscontribution followson logically fromits predecessor,
the paragraph, figure, and reference numbers aso follow on
from those in the May issue of The EMC Journal.

19) Automated “ cable placement” in EMC
testing

The radiation pattern of an Equipment under Test (EUT) with
attached cables is made complex by the interaction of the
emission from the EUT itself with that of the connected cables
acting as antennas. The effect is particularly evident at
frequencies where there are two connecting cables. There are
modest increases due to emissions towards the measuring
antennaadding in-phase, and sharp reductionsof emission when
the emissions are of equal amplitude and out-of-phase. These
degrade the accuracy and repeatability of measurements since
they are critically dependent on the cable layout. Accordingly,
EMC test Standards do require the test engineer to adjust the
cable positioning so as to maximise the measured values.
However, this is impossibly hard to do since the optimum
position will vary with frequency.

A “Switched Cable Decoupler” (SCD) can be made from a
ferrite sleeve that carries a secondary winding that can apply a
short-circuit asin figure 22.

29

Ferrite Sleeve:
Split for easy fitting

Switch:

* Open=high
common-mode
cable impedance.
* Closed=low Z.

Shorting
link

Fig. 22 Operating principle of Switched Cable Decoupler.
With this device it proved possible to make near worst-case

measurementswithout recourseto moving thecables. Seerefs.
[11], [212], and figure 23 below.
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dBpVim
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Fig. 23 Effect of switched decoupler on FAR measurements.
(Data courtesy NPL)

Figure 23 showsthe emission froma“dummy EUT” inafully-
anechoic room. This EUT had two connected cables - mains
and a 0.7metre “Accessory” cable. The latter was connected
to the EUT case with an SCD installed closeto the EUT. Both
cablesfell vertically fromthe EUT asmay be seenin figure 24.
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Fig. 24 Two cables connected to a “dummy EUT” in afully-
anechoic chamber beforetheinstallation of the switched cable
decoupler. (Courtesy NPL)

The blue plot is of the emission with the SCD switch open, so
that the accessory wire was largely isolated from the EUT by
the high impedance of the ferrite.

The red trace shows the emission with the SCD in its low-
impedance state. The accessory cable then exhibitsits quarter-
wave resonance at about 120MHz — see box. The resulting
radiation largely cancels the emission from the mainslead and
produces the substantial notch that can be seen in the plot. At
lower frequencies the accessory lead just adds to the EUT
capacitance to ground, increasing the interference current in
the mains lead and so increasing the total emission.

The SCD has brought into view the considerable variation in
measurement that resultsfrom interaction between EUT cables.
It can be seen from figure 23 that there is no unique worst-case
configuration: Below 114MHz one set up isworst: Abovethis
frequency the converseistrue.

The switch of the SCD shown in figure 22 can be a PIN diode
switched remotely — ON/OFF/Pulsed - via afibre optic cable.
By pulsing the SCD between the two states, with the measuring
receiver detector set to “peak” the overall worst case will be
automatically chosen.
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Fig. 25 shows the effect of the pulsed SCD upon the display of a
spectrum analyser in another test situation, with the two
different emission measurement levels clearly distinguishable.

The “winding” of the SCD is an adhesive copper tape, and to
achievethelowest possibleleakage inductance thewinding and
switching diode are duplicated on the other half of the split
ferrite core.

The SCD and its controller are shown in figure 26.

Fig. 26 A prototype SCD (left), its control unit (right) and the
connecting length of plastic optical fibre.

The left-hand unit is the SCD itself: the EUT cable is to be
threaded through the hole at the extreme left. The right-hand
box contains the pulsing circuitry and selector switch.

Thisinnovation has not been adopted widely —but the principle
of controlling the impedance of a ferrite sleeve has been
extended to the provision of components whose impedance
remains constant over a wide frequency range as will be
discussed next.

20) Tailoring the impedance/frequency
characteristic of a ferrite choke

There have been many attempts to standardise the impedance
of an EUT cable at the point where it leaves the test area. For
example; LISN, AMN, CDN, CMAD, CDNE and Absorbing
Clamp. The definition and design of such devicesis subject to
some controversy ( see Ref. [13]) , but we can note that adefined
common-mode series impedance that is easily attached to a
cableisoften useful. Inthefirst articlein thisseries, figures 1
and 3 showed how the impedance of ferrite cores varies
considerably with frequency. However, the principle of the
Switched Cable Decoupler can be extended to provide clip-on
ferrite devices with much improved control of impedance. See
figure 27.
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Fig. 27 A defined impedance over a wide frequency range can
be obtained with suitable transformer-coupled components.

The black plot shows the impedance of the ferrite sleeve, and
the blue plot shows how it may be stabilised by ashunt resistor
—abeit at alower value. Thered plot shows how the addition
of a capacitor in series with the resistor can extend the
impedance stabilisation to alower frequency.
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Fig. 28 Construction of a wide-band defined impedance device.

Figure 28 shows the two halves of a split ferrite core loaded as
inthe previousfigure. To achieve the best possible coupling at
high frequencies the load is split between windings on each
half-core.

The secondary conductors are sel f-adhesive tinned copper tape,
cut with a sharp knife to alow the insertion of surface-mount
components. One resistor is visible on the right-hand half-
core, in the centre of the back face. Likewise, thetapesare cut
at the near ends of the windingsto accommodate surface-mount
capacitors.

There is of course a trade-off between impedance and
bandwidth. However, these devices can be made to cover the
frequency range 30 to 300MHz with impedances of 50 or 75
ohms. Two 75 ohm devicesin series can provide the 150 ohms
series cable impedance that is generally considered best for
damping common-mode cable resonance. Seerefs. [14] & [15]

21) Broad-band testing of conducted immunity

Current-injection immunity testing is a widely recognised
technique. However, formal test methods have only been
Standardised for essentially single-frequency injection, despite
the potential benefits of greater realism and reduced test time
that can result from the smultaneousinjection of many different
frequencies. Multifrequency injectionistechnically challenging
because of the need to establish known injection levels and

other test conditions over awide frequency range.

However aCurrent Injection Tester that largely overcamethese
problems by novel use of ferrite-cored transformers has been
produced [16] . This was manufactured and marketed by
Schaffner Instruments as their NSG420, and found favour for
use in development laboratories and for troubleshooting in the
timeswhen conformance to EC Standardswas not as strict asit
istoday. Although manufacture ceased in 1999, this tester can
still be hired or purchased second-hand, and is available in
certain test houses. There has been particular interest [17] in
its application to the testing of professiona audio equipment.

Fig. 29 shows an early prototype.

Fig. 29 Wideband current injection tester.

Thisinstrument is built around a current transformer (thetilted
box at top right) that clamps around an EUT cable and injects
awide spectrum “comb” signal derived from a pseudo-random
sequence generator. The injected spectrum is shown in Figs.
30 and 31. This can be subject to additional |ow-frequency
AM or FM tofill in the remaining gaps and excite further EUT
failure modes.
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Notethat the two charts do not join smoothly at 30M Hz because
of the change in measuring bandwidth: This is a broadband
emission!

The key component of the Tester is the ferrite current
transformer assembly, which is detailed in Fig. 32.

Fig. 32 Construction of the clamp-on dual transfor mer. The
EUT cableisomitted for clarity.

The coupling to the EUT cable is via two split-cored
transformers, one of which applies voltage in series with the
cable, whilst the other monitorsthe resulting current flow. The
injection transformer uses multiple cores to achieve the
necessary power rating at low frequencies, and duplicate
copper-tape primary windings on each half to maximise the
response at frequencies above the ferromagnetic resonance (See
section 2 in the March 2013 article). The single-turn primary
windingsaredrivenin push-pull by paralleled digital bus-driver
circuits so asto secure the fastest-possibl e transition times for
the rectangular drive waveform.

The monitor transformer carries amulti-turn secondary whose
output isrectified and applied to an LED bar display calibrated
indBmA. The transformer design requirements are similar to
those for the current transformer described in section 15 of the
May 2013 issue, except that the split core was a necessity in
this application.

The combination of the two transformers actually produces a
non-contact impedance measuring device, which the author has
sometimes found useful!

22) Suppressing medium and high frequency
interference with a tuned ferrite choke

In the March issue, figure 5 showed that multi-turn windings
could be used to provide a useful choke effect down to a few
MHz. However, there are cases of interference fromlong-wave
and medium-wave broadcast stations that could not be
suppressed by this method without the use of very many turns
onvery large cores. Inthese circumstancesit isworthwhileto
consider tuned ferrite chokes. These use ferrite at frequencies
well below ferromagnetic resonance, so that well-behaved
inductors may be constructed whose “ Q" factor can be used to
multiply the impedance at one specific frequency.

As the crow flies, the author’s office is about 17 kilometres
from Brookmans Park, from whencethe 200KW “Radio5 Live’
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transmitter produces a dominant signal in the medium-wave
band on 909K Hz. It isnot the only strong signal here but it is
agood candidate for the following example of atuned choke
that isinserted at the lower end of an elevated wire 15 metres
long.

The evaluation was set up asin figure 33.

Fig. 33 Evaluation of atuned ferrite choke.

Before installing the blue ferrite toroid and the variable
capacitor, the elevated wire (which isthe grey wire coming in
to view at the upper right-hand side) was routed through the
current transformer (that is characterised in figure 21 of the
March issue) and thence to the local ground bus. Heavily
filtered to remove the “Radio 5" modulation, the spectrum
analyser in the background recorded 62dBuV in 10KHz at
909K Hz. This reading is equivalent to 42dBUA or 126 pA.
See section 24 below.

A grade of ferrite that is inductive at IMHz is type 3F3 (see
figure 1 in the March issue). A 36/23/15 toroid of this material
was available, so a 6-turn winding of the “elevated wire” was
wound on it adjacent to the current probe. Theanalyser reading
increased to 71dbuV!

Thisis ararely recognised but very common situation where
ferrite loading makes things worse.

The elevated wire is considerably shorter than a quarter-
wavelength at 909KHz, and so presents a capacitive source
reactance. See box. The added inductive reactance of thetoroid
winding subtracts from this, resulting in a lower impedance
and hence ahigher current. Themaximis*® Do not be confident
of benefit at low frequencies from a common-mode inductor
on a cable whose remote end is isolated from ground.”

However, this problem goes away when a shunt capacitor is
added to turn the inductor into a parallel resonant circuit. To
avoid direct connection to the elevated wire, a white wire is
inter-wound with it, and connected to the tuning capacitor as
shown in figure 33. With the capacitor adjusted to what was
later measured as 390pF, the analyser reading fell to 45dBuV.
This represents a 17dB improvement from the device without
any serious attempt to optimise the ferrite core or winding
details.

Tuned ferrite has solved problems for the author that would
have been quite insoluble by any other external method.



23) Conclusion
Together, these topics complete this review of ferrites and
cablesin EMC.

The author will be happy to discuss and add detail to any of
these designs, either by email to richard.marshall@iee.org
or face-to-face at the forthcoming EMC-UK Exhibition and
Conference.

24) Addendum

Inthe May issue[ref.10] figures 19, 20, & 21 gave calibration
factors for current probes. These factors were expressed in
plain dB, because they referred to acalibration test (figure 18)
in which theinput current was measured in terms of avoltage
source via a 50 ohm resistor.

In practical use theinput current needs to be derived from the
measured output voltage. This conversion may be derived as
follows. Assume 1ImA (=0dBmA) input current through the
primary “turn”. Since the secondary has 5 turns, the current
induced there will be 1/5 mA. Since the output voltage
measuring device will have an input impedance of 50 ohms,
its reading will be 50 x 1/5 = 10 millivolts (=20dBmV).
Therefore conversion from dBmV output to dBmA input may
be achieved by subtracting 20 from the output number.
Likewise for conversion from dBuV to dBuA.
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THE BROADCAST ANTENNA ANALOGY
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A medium wave antennatower does not support awire antenna:
Thetower itself isthe antenna. It isdimensioned and tuned to be
an electrical quarter-wavelength so that energy may most
effectively be delivered to it at the earthy end. If the antennais
too short itsimpedanceiscapacitive: If itistoolongitisinductive.

The tower stands on an insulator as shown at the left in the lower
inset picture. Thelow-potential transmitter terminal is connected
to an extensive earth mat.

To achieve the necessary electrical length without impractical
physical height the mast often includes an inductor across an

insulated neck part-way up, asillustrated in the middleinset picture. For the samereason a“hat” of rods and wires may provide
extension by capacitive loading at the top of the mast as may be seen in the right-hand insert.

In principle the current distribution of the transmitting antenna

is zero at the top and maximum at the bottom, as shown here.

Only the scale is different in an EMC common-mode situation.

I voltage

If the antennaistranglated into its equivalent circuit thisis
similar to that of a computer mouse plugged in to its
computer. The mouse itself isthe “top hat”, the curly cable
is the tower with its inductive loading, and the conductive
material of the computer providesthe earth mat.

The mouse cable is perhaps one-hundredth of the length of the
transmitting antenna, so its most effective frequency of radiation
is about one hundred times higher: 100 MHz instead of IMHz.

[ 7
Mouse and
computer

Quarter-wave
and ground

A microphone cable might be one-tenth the antennalength and so its optimum reception frequency - and worst immunity frequency

—may be of the order of 10MHz.

Thisanalogy leads easily to some EMC rules. Add ferrite damping where the current will be highest. Adding inductance rather
than resistance may be good or bad. Accessory cables—like a“top hat” - can make a significant difference to measurements.
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for electronic engineers
Author: Keith Armstrong C.Eng FIET SMIEEE
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Contents:

Introduction;

The Physical basis of EMC;
Circuit design and choice of
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Cables and connectors;
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SUppPressors;

Shielding (Screening);

Printed Circuit Boards (PCBs);
Electrostatic discharge (ESD);
Electromechanical devices and
spark ignition;

Power factor correction
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currents);
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Author: Keith Armstrong C.Eng FIET SMIEEE
ACGI BSc (Hons)
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Immunity issues;
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Types of EM phenomena and
how they can interfere.
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Find out more on our web site:
www.emcacademy.or g/books.asp

35

EMC for Printed Circuit Boards
Author: Keith Armstrong C.Eng FIET SMIEEE
ACGI BSc (Hons)

Cost £47.00 plus p&p. I1SBN 978-0-9555118-5-1

Morethan just abook. Itisatrue
learning aid. Graphics in full
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for EMC PCB Design. 168 A4
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Thisbook isabout good-practice
EMC design techniques for
printed circuit board (PCB)
design and layout. It isintended
for the designers of any
electronic circuits that are to be
constructed on PCBs, and of
course for the PCB designers
themselves. All applications
areas are covered, from household appliances, commercial and
industrial equipment, through automotive to aerospace and military.

Thisisabook for electronic and PCB engineers who need to employ
good EMC and S| techniquesto save time and money when designing
with the latest technol ogies, to make reliable and compliant products.

The book uses very little maths and does not go into great detail
about why these techniqueswork. But they arewell-provenin practice
by successful designers world-wide, and the reasons they work are
understood by academics, so they can be used with confidence.
Numerous references lead to detailed explanations and mathematical
foundations.

Itisdifficult for textbooksto keep up to date with fast-changing PCB
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are recent conference papers and articles available via the Internet.

EMC for Product Designers
Fourth Edition
Author: Tim Williams
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Thisbook isalmost certainly regarded
as the bible on EMC Design across
all International borders.

Brilliantly written and extremely
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parts, Legislation & Standards,
Testing and Design plus a number of
interesting and useful Appendices.

Every EMC product designer should
buy this latest edition.
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