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The Heart of the Problem

« Audio equipment can work asaradio receiver
If weallow it to do so

 Thewiresinside our equipment, and cables
that inter connect our equipment, are antennas,
and can bring radio signalsinto our gear

» Some of our equipment is poorly designed
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Square Law Detection
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A “Textbook” | /2 Dipole

1/2 WAVELENGTH

FEEDLINE
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A Microphoneand its
Cable can form a Dipole
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Basic Random Long Wire
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Radio I nterfer ence Sour ces

AM Broadcast Transmitters

FM Broadcast Transmitters
Television Broadcast Transmitters
Ham Transmitters

Digital Wireless Mics

Radiated Noise from Lighting, etc.
Variable Speed Motors

Cedll Phones, Wireless PDA’s
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| Typical Noise Spectrum on “Ground” |
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LineFilters Can Add Noiseto Ground

Other Noise on “ Ground

L eakage currentsto green wire

— Power transformer stray capacitances

I ntentional currentsto green wire

— Linefilter capacitors

Power wiring faults

Shunt mode surge suppressors

M agnetic coupling from mains power

— Harmonic current in neutral
— Motors, transformers




Primary Coupling M echanisms

Pin 1 problems
— Improper shield ter mination within equipment
Differential noise on signal pair

— Inductive imbalance between shield and signal
conductors -- Shield-current-induced noise (SCIN)

— Capacitance imbalance of cable
— Inadequate low-passfiltering letsit in the box

Common mode noise
| nadequate shielding of internal wiring

Pin 1 in Cable-M ounted Connectors

 Pin 1istheshidd contact of XL connectors
(AES14-1992)

* No connection should be made to the shell
of cable-mounted connectors




Pin 1 Within Equipment

Pin 1isthe shiad contact of XL connectors

Cable shields must go to the shielding
enclosure (and ONLY to the shielding
enclosure) (AEAS)

|f shieldsgo inside the box first (to the
circuit board, for example), common
Impedances couple shield current at
random points along the circuit board!

Noise isadded to the signal

Pin 1in Balanced I nterfaces
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Pin 1 1n Balanced I nterfaces

How Does |t Happen?
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How Does |t Happen?

* Pin1of XL’sgoto chasssvia circuit board
and ¥4’ connectors (it’s cheaper)

» XLR shell not connected to anything!
 RCA connectorsnot connected to chassis
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| LT

e e e s e T A R

O L M, 1 T AR ey et P
T e i ———

The G terminal goesto the enclosure, right?

CH5 | CH& | CH7 | CHB
I= 6 K3 6 K3 6 KA 6

Well, sort of, but it’salong
and torturousjour ney!
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A classic RF pin 1 problem in a microphone

* Black wire goesto enclosure (good)

* Far too LONG - Inductance makesit high impedance
*7.5Q @ 100MHz 60 Q at 850 MHz

» Orange wire goesto circuit board common

» Common impedance couples RF to circuit board

ThePin 1 Problem in Microphones

r—=—-SHIELDING ENCLOSURE -=--

\/

SIG REF
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A pin 1 problem at RF

» Shield goes through connector retaining screw
*4Q @ 100MHz 30 Q at 850 MHz

* Black wireiscircuit board common

» Common impedance couples RF to circuit board

* Thismic has RF problems

A better connection for pin 1

* Broad, short copper, pressurefit to enclosure
* Lessinductance

* Still some common impedance to circuit board
» 100 pf capacitors, common mode choke

* Much better RF performance, still not perfect
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Pin 1 1n Unbalanced I nterfaces
r——-SHIELDING ENCLOSURE ---+

15



Where arethe Chassis Connections
for thislaptop’s sound card?

e Hint: It isn’'t an audio connector shell!

— That metal isashield, but not connected to
connectors

— And the cover isplastic too

n
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Where arethe Chassis Connections
for thislaptop’s sound card?

Yes, it'sthe DB9 and DB25 shdlls!
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Testing for Pin 1 Problems

John Wendt’s“Hummer” Test
for Pin 1 Problems

150 ohms

DEVICE
UNDER
TEST

RECTIFIED
60 Hz
SINE WAVE

(Wall Wart + Diode)

e Drivepinl
» Listen to the output
 |f you hear it, you have a problem
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RF Pin 1 Test Setup for Equipment

180 chms

AAA &
HP BE57A VWA pevice — | JENSEN AUDIO
GENERATOR | . Coax 'hat" UNDER = JT-ME-cPC 1 TOOLBOX
55
08vs0ohms| | | ] Comshid 0| TEST > | | 150 xFMR RTA

8% AM 1 kHz | —
: Choke #1
f— " RG-SR —f'
Choke #1 = d tumns around LOW PASS IS 2 - 475 OHMS
14" OD type 43 toroid SERIES, 60 nF PARALLEL

e Drivepinl
» Listen to the output
 |f you hear it, you have a problem

0

A Massive Pin 1 Problem in a Compressor |
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Plastic body connector s not connected to chassis
— Massive Pin 1 problem!

— Pin 1 test hitsthreshold of compression 20-50
MH2z!

e The CE sticker assureseEMC? Not herel

Equivalent Input dBu 100% AM

A T e 1

INPUT  opemarvg  OUTPUT

LEVEL
10 +4

-,

=9

I5in 1 problemsin a 4-channel mixer

J'IFI
'fa' Trim -23 dB
(40 dB gain)

/

fNﬂlSl‘:- Fhoor One Input == ccccdcccctaaeccnaddadccacp

/ 40 dB Gain

A

10
Freguency MHz
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Equivalent Input 100% AM

Equiv Input dBu 100% AM
!

-

" Pin1 problemsin
its replacement

AM Radlo

Oulput Noke Floor Ore lnput
27 dB Galn

Freguency MHz

Pin 1 susceptibility of a much
better product
Sound DevicesMix Pre

= « = Dutput Noise Floor One ll'!FIJT W0 dB gain - ---c-seambaaHb -

f‘«-nﬁ._

Frequency MHz

Channel not driven (#2)
1000
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dB re: 1 kHz Noise Floor 8% AM
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Two Mics From
Manufacturer #4 |

Frequency MHz

Mics from three manufacturerswith
fairly good performance

Frequency MHz
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1 KHZ Noize Floar
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Four micsfrom
manufacturer #1 = ..

-10

Freguency MHz
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Why are Cell Phones Difficult?

* Very closeto our equipment

» Ultra high frequency = very short
wavelength

» Short wavelengths are difficult to filter

» Short wavelengths are difficult to shield
—Small openingslet RF in

* 100% AM, short square pulses

2w pesk

L ow Duty Cycle Waveform of
typical GSM and IDEN Cell Phone.
Generically, it isTime Division
Multiplex (TDMA)

23



Spectrum of detected GSM or
IDEN (Nextel) Cdl Phone

217 Hz and Harmonics

2040 200 Lk Zk 3k

FREQUENCY (Hz)

Why are Cell Phones Difficult?

* Very closeto our equipment

» Short wavelengths are difficult to filter

« Short wavelengths are difficult to shield
100% AM, short square 217 Hz pulses
2 W peak power, 100 mW average
Detected spectrum is midrange audio
Equipment designers haveignored them
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Cable construction ispart of the
problem!
* No cableisperfect
— Inductive imbalance (SCIN)

— Capacitive imbalance
— Imperfect shielding (tiny openingsin braid)

» Even small imperfections become more
Important at higher frequencies
— No effect on audio
— BIG effect on RFI

Braid/Foil Shield

25



Thedrain wireiscoupled more
closely to the white conductor

So shield current induces more
voltage on white than violet

| nductive | mbalance

OUTPUT

STAGE

8 g 103LIHOHY ¢ d 0Ll BN
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| nductive | mbalance

» Below about 5 MHz, most shield current in a
foil/drain shield flowsin thedrain wire

 Asaresult of cable construction, thedrain
wire couples mor e closely to one signal
conductor than the other

e Thatis, M,.g isnot equal to M,_g

It’sa 3-Winding Transfor mer
e
LLH [I:H.-"'-?':L \

falpe=

GhW — - (U)

its  Shidd

 Theturnsratio is approximately, but may not
be exactly, 1:1:1
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So Equipment Needs RF Filtering!

» Antenna action induces common mode RF to
equipment
— Need common mode filtering

e Cableimbalances convert common modeto
differential mode

— Need differential mode filtering

Current Flowsin Loops

 Where doesthereturn current flow?
— Large loop area = strong magnetic coupling
— Long wires = better antennas

28



Antennas Work Without a L oop

Most efficient if A/4 or odd multiple of A/4
Start “kicking in” at A/20

Generally need something to be “the other half
of the antenna”

Current and voltage peak A/4 apart, repeat at
Iintervals of A/2

Antennas Inside Equipment

» Wiresand circuit traces are antennas too
» Shield the equipment
» Add aground plane on a second layer

— Each circuit trace becomes a transmission line

— Return current flows on the ground plane under
thetrace

— Minimizestheloop area

— Minimizes antenna action

— Microstrip (one ground plane)

— Stripline (two ground planes sandwich the trace)

29



Enemies of Good Shielding

» Plastic cases

* Openingsin shielded cases
— Slots
— Paint

|sa Cable Shield Important for
Balanced Audio Cables?

30



Shielded Twisted Pair
The bad:
» The shield provides no magnetic shielding

» The shield can cause SCIN, degrading noise
rejection

» Unequal capacitances between conductors
and the shield can degrade noiserejection

» Providesa current path to excitepin 1
problems

Shielded Twisted Pair
The good:

A cable shield provides E-field shielding
— Connection should be < /20
— Can beimportant for crosstalk

» Connecting the shield minimizes common
mode voltage at the point of connection
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Twisting

Twisting with good symmetry causes induced
voltages and currentsto be more closely
balanced (equal) in the two conductors

Most pronounced with near field sources
A tighter twist ratio reduces coupling

—Improvesthe balancein the presence of
fieldsthat vary along the cable

—Improvesthe balance at higher frequencies

Twisting and Noise Coupling

Cancdllation of induced voltages occursin the
receiver, not in the cable!

For magnetic fields and electromagnetic
fields, helpsin balanced or unbalanced
circuits

For low frequency electric fields, helps only
In balanced circuits

L oudspeaker cables should be twisted pairs
torgect RF
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Maintain Twisting Right Up to the Pins

An Experiment
Cable#1 — Belden 1800F —AES3, braid/drain
« Conventional wiring, shield topin 1
Cable#2 —Belden 1752A — Unshielded CAT6

e One pair connects pins 2 and 3 at each end
* One pair tied together to pin 1 at each end

Test: Cable connects dynamic mic to mic
preamp, gain set to very high level. Tape
demagnetizer, Nextel phone, 5w VHF/UHF
talkie are moved along cable to inject
interference.
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An Experiment

Results:

» Neither cable coupled audible interference
from demagnetizer — except at connector
mating to an extension cable

» Neither cable coupled audible interference
from theradios

Repeat w/ condenser mic with RFI problems

* RF interferencewith unshielded CAT6
cable was noticeably less audible than with
shielded twisted pair! ~6-10 dB

An Experiment
Conclusions:

While the experiment is neither rigorous or
conclusive, it reinfor ces assertions that:

e Twistingisfar moreimportant than
shielding
» A cable shield can degrade immunity




Using Ferritesto Tamethe
Antennas

Basic Random Long Wire
ANY LENGTH —MM ==

<— PART OF ANTENNA

AUDIO
EQUIPMENT

= RETURN PATH FOR
ANTENNA CURRENT
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Testing micsand input gear for RFI
AM Radio— 50kW on 720 kHz

e =

4

‘|[ Generator

Equipment
Setup

A poor RF ground (only the

capacitance), so not much
Interference

Gasoline-Powered Mixer With
AC Generztor RF Problems 125 ft {(38m) Microphong
A
AV > — -
| RF Current Path to Ground
J_ Safety Ground
Mot Connected
Farth Ground I l
Via Parasitic . F N
Capacitance
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[Hasoline-Powered Mixer With

AC Generator RF Preblems 125 ft (38m) Microphone

N
Ay > —

RF Current Path to Ground
|
Safety Ground
of AC Card
Earthuaround
via

Ground Stake

A better RF ground (the ground

stake), so much moreinterference

Casoline-Powered  Mixer Without

AC Generator RF Preblems 125 ft (38m) Microphone

N
Ay > —

RF Current Path to Ground
|
Satety Ground
of AC Cord
Earthuaround
via

Ground Stake

No RF ground for the mic, so no

Interference
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[Casoline-Powered  Mixer Without
ACGenerator  Pin 1 Problem 125 ft (38m) Microphone

v >
RF Current Fath to Cround
L
Safety Ground
of AC Cord
Earth Ground
via

Ground Stake

But when my assistant held the
mic in his hand, some mics had
RFI

Ferrites can block the current!

38



Different sizes and shapes

’ 1" i.d.

2.4 o.d.

_

0.25" i.d.

An AM Broadcast Choke

14 turns of mic cable around this
ferrite can kill AM broadcast RFI
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[Hasoline-Powered Mixer With )
AL Generator RF Preblems 125 ft (3IRm} Microphone

"\ 2

RF

@

Safety Grow. _
of AC Card

Earthuaround

via

Ground Stake

Thischokereduced the current,
and thusthe RFI

This*“ Clamp-On” formsa choke that

can kill interferencefrom FM and TV

40



What'sa Ferrite?

A ceramic consisting of an iron oxide

— manganese-zinc — 1-30 MHz (AM broadcast, hams)
—nickel-zinc—30 MHz-1 GHz (FM, TV, cedl phones)
Has permeability ( 4 ) much greater than air

— Better path for magnetic flux than air

— Multiplies inductance of a wire passed through it
Isvery lossy at radio frequencies

Does not affect audio

A (too) ssimple equivalent circuit of
awire passing through aferrite
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Wher e sthe Capacitance here?

Wher e sthe Capacitance here?

From thewire at one end of the
choketo thewireat the other end,
through the per mittivity of the
ferrite (it isadielectric!)
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VHF (#43) mix, different lengths!

Frequency (Hz)
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Same mix, moreturns

10,000

Impedance [Ohms]

Impedance [Ohms]

[ QUER T

Freguency [(MHz)

A
14turns 7
W

Frequency {MHz)
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Imoedance {Ohms)

Impedance [Ohms)

#31 Mix isBest for AM Broadcast RFI

1 turn
| |

Frequency [MHz]

Some materials have a
second r esonance
(Fair-Rite #78)

-1 turn -

10
Frequency {MHI]
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Series Reactance [Ohms)

Freguency [MHz)

L - isthe inductance of the cail

C. isthe stray capacitance of the cail

Rc istheresistance of the wire.

L and C. form the resonance that moves!
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A Better Equivalent Circuit

Lo and Cp, represent the dimensional resonance of
the ferriteitself

Rp isthelosswithin the ferrite

What Causesthis Resonance?

Theferrite material (called the “mix”), and

The physical dimensions of the ferrite core.
» Thevelocity of propagation within theferrite
establishes standing waves within the core
Vp = Je (that is, permeability * permittivity)
» Dimensional resonance occur swhen the cross-
section is a half-wavelength
* Freguency of the resonance depends on:
— Velocity of propagation (dependson the “mix”)
— Dimensions of the cross-section of the flux path

49



How About Mic Snakes?
’ 1" i.d.

50



|f you can’t easily remove the connector

Impedance {Dhms)

10,000
Biggest
Clamp-On,

Sometimes you can’t
take the connector off

4 turmnms

I\ 3 turns
<

Freguency [(MHz)
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Techniquesfor Suppression

You May Not Need an Elephant Gun

 Most detection is square law, so:

—A 10 dB reduction in RF level reduces
audibleinterference by 20 dB

* But we must add enough impedance
to overcome the threshold effect
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Threshold Effect

Audio

Antenna Equipment

|

Current :

Mic Cable 1

C ant :
|

~——Ferrite Choke -——

Example:
Our antennaisshort, so looks capacitive
Without the choke, the total antenna circuit is
300D-60°Q,
and we add a choke that is 300D 60°Q2,

Z+ =(150-260) + (150 +j260) =300
Our choke has not helped!

Threshold Effect

Audio

Antenna Equipment

Current

: I

1 . 1

Mic Cable I 1
1

: I

I 1

L ——Ferrite Choke -——! =

But if we make the choke larger (moreturnsor
mor e coresin series), additional Rgwill begin to
reducethe current.

Increasing Rt to 425 (3 dB) reduces detected
RF by 6 dB, and increasing R to 6002 (6 dB)
reduces detected RF by 12 dB (assuming no
changein Xy).
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Threshold Effect

* For “bruteforce’” suppression, the
ferrite choke should add enough series
R that theresulting Z is2x the series Z
of the “antenna” circuit without the
choke. Thisreduces RF current by 6
dB, and detected RF by 12 dB.

* Very little suppression occursuntil the
added R is at least half of the starting Z.

Capacitance Can Help a L ot

» Outsidethebox, we're stuck with what the
designer provided, so a big ferriteisneeded

* |nside the box, we can use a much smaller
ferrite part if we provide the capacitor

Output Noise

|




Criteriafor Good Suppression

Choke should be predominantly resistive
With voltage divider (capacitor acrossinput)
— A few hundred ohms can be very effective
No voltage divider (bruteforce)
— 500-1,000 ohms typically needed to hit threshold
— Moreis better
1,000 ohms Rgisa minimum design goal
Moreis better

Golden Rulesto Avoid RFI
» Loudspeaker Cables
—Alwaysuse TWISTED PAIR
—Shielding is not important
—EXxotic cable is a waste of money
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This expensive loudspeaker cable
makes equipment vulnerableto RFI

Parallel wire (zip cord) hasvery
poor RFI reection

Twisted pair cables help
equipment regect RFI

b 5

#12 POC * isgreat loudspeaker cable!

POC —Plain Ordinary Copper
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Golden Rulesto Avoid RFI

Mic and Linelevel Cables
—Avoid drain wiresin shields
—Use braid shielded cable
—Usetwisted pair (tighter twist helpstoo)
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Golden Rulesto Avoid RFI

e Maximize audio levels on cables

—Run linelevel outputs near their
maximum levels

—Set inputs near thelr minimum gain
» 15-20 dB of noiseregjection for free!

Critical Product Specifications

 Maximum input level
—How much signal doesit taketo clip the
input stage?
e Maximum output level
—How much can the box produce cleanly?
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@ Gain at maximum
Stage |_ 8 dBu average stage

(+4 dBu peaks)
Signal to noise = 62 dB

@ Gain at minimum
Stage +8 dBu average stage
(+20 dBu peaks)
Signal to noise= 78 dB

This 16 dB noisereduction isfree—
simply set system levels properly!
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What is Professional L evel?

» Averagelevel of Program: +4 dBu
 RM Svalue of Program Peaks: +24 dBu

A product that does not
support theselevels isnot a
professional product!

A Poorly Designed I nput Stage

Stage [, 4 dBu average stage
(+24dBu peaks) ﬁ
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Golden Rulesto Avoid RFI

* Don’t overlook output stages
—Feedback networks
—Pin 1 problems

* Power amplifiers

 Headphone amplifiers
—Twisted pair

Golden Rulesto Avoid RFI

* RFI often entersequipment (and systems)
by mor e than one path.

» Take a methodical approach. Don't give
up when one “right” technique doesn’t fix
it —keep on doing other “right” things.
The“right” techniquesreally areright!
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Logs - dB /100 ft

Lossin Foil/drain

===~ shielded Audio Cables

Frequency MHz

=l | | L ossin Braid-shielded

\‘\\ Audio Cables
-II NN:U -III

-II- \‘HII

\ [\
-IIII

W
I N \\Il-

L\ II\

B412-2
1428 GAG-3
10 100 34124
Frequency MHz
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Digital Equipment

« Any equipment with digital circuitry, a
clock, or a switching power supply can
cause RFIl aswell asreceiving it

—Unlikely to interferewith audio
—Islikely to interfere with wireless mics

Reciprocity

* I[n general, shielding and filtering that
reduces emissions will also reduce
susceptibility

» Passive networks, shielding, and antennas
work in both directions

BUT:
* |[f impedanceson either sideare

different, they may not work equally
In both directions

63



Common Bear Traps

» Watch out for coherent addition

—RF at multiple inputs will have random
phase at each input

—Detected audio is precisely in phase at
multiple inputs (maybe out of polarity)
* RFI can build by 3 dB per doubling
—6 dB for four inputs
—12 dB for 16 inputs
—15dB for 32 inputs

Variable-Speed Drive Motors




Variable Speed Drive M otors

» Operates by chopping sinewave with a
variable pulse width
—10-20 kHz typical switching frequencies
— Harmonics extend to hundreds of kHz

» Stray capacitance (and filter capacitors)
between motor and earth causesvery large
currentsto flow on earthed structure

— Establishes a very large current loop

» Controllersoften widely separated from
motor sto make installation easer

Variable Speed Drive M otor Solutions

* Minimizethesize of the current loops
— Locate transfor mer, controller, and motor in
closest possible proximity to each other
— Transformer should have delta primary, wye
secondary, bonded very close to motor

» Preventsfeedersto transformer from being part of
the current loop

— Twist neutral and phase conductors
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New EM C Connectors

« Annular ring of capacitors connectsshield to
shell
— Low inductance — good connection > 1 GHz
— Mor e continuous shielding
— Ferrite bead on pin 1

New EM C Connectors

 Female has same internal construction

— Additional spring improves shell contact with
mating connector
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Contact ¥1
Connector shell

Annular capacitor

Inductance

Cable shield

> signal contacts

“connector shell

Parallel resonanceisformed
between the inductance of pin 1
and the annular capacitors
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“connector shell

Bead lower sfrequency and Q of
the resonance

An Unexpected Side Benefit —
A “band-aid for pin 1 problems!

» A low inductance capacitive bond from
shield to shell makestheright connection

» Theferrite bead disconnectsthe shield
from the wrong connection

* But —the shells must make good contact
on the equipment, and the shell must be
bonded to the chassis.
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Benefits of the EM C Connector

» Better VHF/UHF Shield connection to
enclosure

— Reduces common mode voltage on pins 2 and 3
e “Fixes’ VHF/UHF pin 1 problems

— Removes shield connection from Pin 1 at
VHF/UHF

— Connectsthe shield to enclosure

* No Benefit if XL Shells Not Connected to
Enclosureinside Equipment

this DAT recorder has a seriot
Pin 1 problem, and Mating XL
shells do not: make good contact

LINTER RN I e Y

- o/0/0
O @' _*O‘# -i_(:::;' ]

So the EM C connector can’t help!

69



Equivalent Input dBu 98% AM

Pin 1 test for the
DAT recorder.

+20 dBu for
digital clip

10
Frequency MHz
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RFI In Audio Systems
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