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The basis of this tutorial is a combination of my engineering education, 60 years in ham radio, my
work as vice-chair of the AES Standards Committee working group on EMC, and extensive re-
search on RFI in the pro audio world where | made my living. That work is documented in techni-
cal papers and tutorials that can be downloaded from the publications section of my website. For
this latest revision, much of the material on common mode chokes for transmitting has been
moved to a new applications note. k9yc.com/2018Cookbook.pdf

Chapter 1 — Some Fundamentals

To solve interference problems, we must understand them. So we'll begin by describing the ways
that RF interference is coupled into equipment and detected. There are several principal mecha-
nisms at work. You should study this tutorial thoroughly to understand how these things work.

Detection at Semiconductor Junctions Every semiconductor junction, whether part of a diode,
transistor, or integrated circuit, is quite nonlinear, especially in the voltage region where it is begin-
ning to conduct. In analog circuits, we prevent this non-linearity from causing distortion by prop-
erly biasing the circuitry, by using lots of negative feedback, and by preventing the signal from be-
ing large enough to cross into the cutoff region.

Thanks to this non-linearity, every semiconductor junction functions as a square law detector, de-
tecting any RF signal it sees. A good designer prevents detection by shielding the equipment and
its wiring, by filtering input and output wiring, and even by bypassing the junction by a capacitor.

Since virtually all detection that causes RFI follows square law, the strength of the signal detected
by audio equipment, telephones, and other equipment will increase (or decrease) as the square of
any increase (or decrease) in RF level at the detector. In other words, the strength of the detected
RF changes by twice the number of dB that the RF signal changes. This means that if we manage to
reduce the interfering RF signal by 6 dB, the detected audio will drop by 12 dB. This is a very use-
ful thing — it means that we may not need "an elephant gun" to solve many interference problems.

Antenna Action The most fundamental cause of radio interference to other systems is the fact that
the wiring for those systems, both inside and outside the box, are antennas. We may call them
"patch cables" or "speaker cables" or "video cables" or "Ethernet cables," or printed circuit traces,
but Mother Nature knows that they are antennas! And Mother Nature always wins the argument.

When we transmit, some of the RF from our transmitter is picked up by those unintentional anten-
nas, and RF current flows on them. What happens to that current determines whether there will be
interference, and how severe it will be. We know that antennas work in both directions — that is,
they follow the principle of reciprocity — so when RF trash from inside the box flows on those an-
tennas, it is radiated as noise and we hear it on the ham bands.

Fig 1 shows a simple antenna we've all used, ANY LENGTH —=
probably with our first radio receiver. We con-
nected a random wire to our receiver, and the
antenna current flowed through the receiver to < PART OF ANTENNA
a "ground" that might have been a driven rod,
but was more likely the safety ground of the AC

power line (the third pin on the AC socket,

known in North America as the "green wire"). RADIO
Even if the radio was double insulated so that it RECCI)E"QVER
didn't require the green wire connection, RF TRANSMITTER

current still flowed through the stray capaci- T RETURN PATH FOR
I
tance of the power transformer to the power - ANTENNA CURRENT
line and made the radio work. Fig 1 — A simple random wire antenna

RF picked up on the antennas we call loudspeaker wiring, video cables, the coax from the cable TV
system or a rooftop TV antenna, flows through equipment to get to the AC power system safety
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ground. Hams understand that some antennas are more effective than others. An antenna that is
close to resonance will work better than one that is not. Long antennas tend to pick up more RF
than short ones. Think about these fundamental principles when trying to diagnose which cables
are bringing your RF into a given system (or radiating their trash into your receiving antenna).

A path to "ground" or the power system is not always needed to produce antenna action. The whip
antenna on our VHF and UHF handheld radios uses the radio, capacity-coupled to our hand that
holds it, as a counterpoise (that is, to provide "the other half of the antenna"). All that is required
for this to work is that the size of the counterpoise must be a significant fraction of a quarter wave
(or larger) so that it can "sink" the antenna current.

Common Mode and Differential Mode Signals A differential mode signal is one that exists be-
tween the conductors of a cable. At any given point along the cable, current flowing on one con-
ductor is precisely balanced by current flowing in the other direction on the other conductor. The
intentional signals carried by cables are differential mode signals — the audio or video signal in a
home audio system, Ethernet signals on CAT5/6 cable, and the RF signal carried by the feedline
connecting our antennas to our transceivers.

A common mode signal is one that places equal voltage on all conductors — that is, the voltage be-
tween the two ends of the cable are different, but there is no voltage between the conductors. An-
tenna action produces a common mode voltage and current along a cable. The antenna current in-
duced on audio and video wiring is a common mode signal. That is, with "ideal" cable, there is no
differential voltage between the signal conductors as a result of this antenna action. If the cable is
shielded, nearly all of this current flows on the shield (and skin effect causes it to flow on the out-
side of the shield). If the shield is ideal (that is, if the current is distributed with perfect uniformity
around it), the field inside the shield will be zero, and thus none of this antenna current will flow
inside the cable. Conversely, when a cable shield is carrying differential mode current, as in the
case of coax, skin effect will cause that differential mode current to flow on the inside of the shield.

The real world is not ideal, so most interfering signals will simultaneously exist in both common
mode and differential mode, but in most real world conditions, one or the other mode dominates.

Several cable defects (essentially manufacturing tolerances) certainly can and do convert this "com-
mon mode" antenna current to a differential signal (that is, a voltage between the signal conduc-
tors), but that is rarely the most powerful coupling mechanism. One common defect that affects
both balanced and unbalanced cables is imperfect construction of cable shields. In even the best
"real world" balanced twisted pair cables, there are imbalances in the capacitance between "red"
and "black" conductors to the shield on the order of 5%. [B. Whitlock, JAES, June 1995] In balanced
paired cables that use "foil/drain" shields, there is even more imbalance in the inductive coupling
between each conductor and the shield. Noise (or RFI) coupled by this mechanism is called
"shield-current-induced noise," or SCIN. [N. Muncy, JAES, June 1995] All three of these mecha-
nisms convert shield current to a differential signal at system input and output terminals.

Another imperfection in shielded cable is often quantified as its transfer impedance, which is de-
fined as ratio of the differential voltage induced inside the cable to common mode current on the
shield. Its units are Ohms, a low value is better, and the lower limit is the resistance of the shield
at the frequency of interest. The overall quality, percent coverage, and uniformity of the shield
also contribute to the transfer impedance — a less dense braid or a shield with poor uniformity
raise the transfer impedance, causing more noise to couple by this method. Mass-market cables
sold to connect home entertainment systems often have very poor quality shields and high transfer
impedance. The quality of shields of coaxial cables designed for radio systems varies widely. Like
most other things, you get what you pay for.

If the cable is an unshielded pair (loudspeaker cable, for example), RF will be induced approxi-
mately equally on both conductors (but, depending what the input circuit of the equipment looks
like at RF, current flow into the equipment may not be equal on both conductors). This can also
produce a differential voltage at the input (or output) terminals.

Output Wiring is Important Too! It is well known, for example, that RF interference is often cou-
pled into the output stage of audio equipment — for example, the power amplifiers that feed loud-
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speakers or headphones. There is always feedback around that output stage, so RF present at the
output will follow the feedback network to the input of a gain stage, where it will be detected and
amplified. This problem is made much worse when parallel wire cable (zip cord) is used to feed
the loudspeakers or headphones, and can usually be solved simply by replacing the zip cord with a
twisted pair of POC (plain ordinary copper). [Pseudo-scientific advertising hype for exotic cables
notwithstanding, it was shown nearly 30 years ago that #12 copper twisted pair (or #10 for very
long runs) is a nearly ideal loudspeaker cable.] [R. A. Greiner, "Amplifier Loudspeaker Interfacing,”
JAES Vol 28 Nr 5, May 1980] As we will discuss later, the twisting of a pair greatly reduces the
level of RF that the wiring couples to circuitry.

Power Supply and Control Wiring can also act as antennas. When | bought the house | owned in
Chicago, | upgraded the electrical wiring and put all of it in steel conduit (EMT). This shielded the
wiring, so that only the short power cords between equipment and the wall outlets could act as
antennas. The house | recently bought in California is wired with no conduit, using unshielded
parallel conductors. Thanks to its length, and the fact that it is not shielded, this wiring acts as an
effective receiving antenna for the RF | am transmitting, and an effective transmitting antenna for
the RF trash generated by computer equipment, power supplies for low voltage lighting fixtures,
and even battery chargers.

Current Returns to its Source Current flows in a complete circuit that includes the source of the
current. The circuit will couple noise inductively, and also by antenna action. The cause of many
RFI and noise problems, as well as the solution to them, lies in identifying and controlling these
circuits. Always ask, "Where does the noise (or RFI) current flow?"

Loop Area One of the most fundamental laws of electrical circuits is that the current that is mag-
netically induced between two circuits is proportional to the loop area of each circuit. Making the
loop area small also minimizes the extent to which the wiring can act as an antenna. When we use
a closely coupled pair of conductors to form a transmission line, we are reducing the loop area,
which reduces the total current induced in the loop by an interfering signal, and the total magnetic
field produced by current in that loop. The transmission line, of course, has other useful proper-
ties. More on this later on.

The equipment designer can also use multilayer printed circuit techniques to place a "ground" (ref-
erence) plane next to all signal wiring, turning each circuit trace into an unbalanced transmission
line, where the return current is carried on the reference plane under wiring. A single reference
plane makes a very large reduction in the ability of that circuit trace to receive interference; sand-
wiching it between two such planes virtually eliminates it. These techniques, called microstrip (one
plane), or stripline (the sandwich), are widely used by better designers. They reject noise coupling
both inside and outside the equipment by drastically reducing the loop area of the current path
(and have the additional benefit of making high speed data circuits behave better because they are
transmission lines).

Loaded Words That Cause Misunderstandings One of the most overused and misunderstood
words in electronics is "ground" (or "earth" in British English). There are several important and
common uses of the words. One meaning is an actual connection to mother earth. Some common
earth connections include the steel structure of a building, a buried conductive water pipe, a con-
crete encased grounding electrode (called a Ufer, after its inventor, Herbert Ufer), and, of course,
one or more conductive rods driven into the earth. [Concrete mixes vary widely in their conductiv-
ity — most we are likely to encounter are highly conductive, but some are effective insulators.] The
primary function of this earth connection is lightning protection.

A second common use of the word "ground" (or "earth" in British English) is a third conductor that
is part of the power system wiring that should never carry current (except in the case of a fault) but
connects the conductive enclosures of equipment to a common point within the power system.
This "green wire" or third pin in the outlet in North American power systems, is called the "equip-
ment ground" (or "protective earth" in British English). The green wire is required to be connected
to all exposed conductive parts of electrical equipment "that might be energized" in the event of
equipment failure. The purpose of this connection is to provide a sufficiently robust current path
that a fuse will blow or circuit breaker will trip in the event of equipment or wiring failure that
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causes the chassis to be "hot," thus protecting people from electrical shock and preventing fires.

A third common use of the word "ground" (or "earth" in British English) is to describe "circuit com-
mon" or "circuit reference" within equipment. Circuit common should nearly always be connected
to the power supply reference, and to the shielding enclosure of the equipment. If the source of
noise is within equipment, circuit common is reference for the noise voltage (and current), and it is
the point to which that noise current wants to return.

A fourth common use of the word "ground" is as the "return" for an unbalanced antenna like a verti-
cal or long wire. In this application, the antenna needs some conductor to be a low impedance
"sink" for the antenna current and a return for the fields produced by antenna current. The radials
for an elevated or ground-mounted vertical antenna serve this function.

Ground Wiring Some hams like to think of the earth as if it were somehow a "sink" into which all
noise can be poured, never to bother us again. Indeed, you'll find lots of bad advice to solve RFI
problems with "a better ground." In fact, nothing could be further from the truth. An earth connec-
tion is rarely part of a solution to RF or noise problems. Rather, we need a better understanding of
the four common meanings of “ground,” that “ground” is not a single point, and that connections
between them change current paths. [There are exceptions to every "rule," and this no exception.
See "Shunting Common Mode RF to Earth" later in this tutorial.]

Consider a noise filter hanging between some piece of noisy equipment and the power line, with
capacitors from the "hot" and "neutral" to "ground." What is that "ground?" It is circuit common and
the shielding enclosure of the equipment, the green wire in the power cord, which is connected to
the equipment ground in the power system, which goes to the breaker panel, which is in turn
bonded to neutral and a real earth connection at the service entrance to our building (and, if we've
done it right, there should be a bond between the power system ground and any grounds we've
added for our radio equipment). In most systems, the green wire follows a rather long path - typi-
cally a quarter wave on 80 meters, and perhaps even on 160 meters. That current path is an an-
tenna, and any RF current flowing on that conductor will radiate! In fact, the connection to earth
may increase current flow. Like any other radiated RF signal, our receiving antennas will hear it. All
of those "ground" connections must be present to have a safe installation, but it is the combination
of the high series impedance of the filter's choke and the connection between the filter's "ground"
and the shielding enclosure of the equipment (and it must be very short) that suppresses the noise.
The earth connection provides lightning safety.

This basic scientific fact has major implications in the design of filters intended to prevent noise
coupling from noisy equipment to our ham stations. If we add a filter to wiring that enters or
leaves a piece of noisy equipment, it is the shielding enclosure for that equipment to which any
"ground" of our filter should return (and, of course, circuit common should also be connected to
that shielding enclosure). All connections between the filter and the noisy equipment should be as
short as possible (what my old EE professors liked to call "zero length" to emphasize the impor-
tance of making them short). Why? First, to minimize the loop area, and thus the inductance.
Second, to minimize antenna action. More about this when we discuss specific filter designs.

Insufficient Input and Output Filtering As hams, we know that equipment needs good input and
output filtering to prevent RF from coming in on input and output wiring. Beginning in the 1950's,
hams operating the HF bands were deluged with TVl complaints because television manufacturers
failed to include high pass filters in their sets. Likewise, audio equipment needs good low pass fil-
tering to reject our signals. Many myopic designers of "high futility" audio gear (and even some
professional gear) don't include low pass filters because they don't want to degrade the phase re-
sponse of the audio path. While good phase response is certainly important, so is RF rejection.
Good engineering can satisfy both needs without compromise. Ever since those early days, hams
have always assumed that a good low pass filter will kill RFI in audio systems, and a good high
pass filter will kill interference to FM and TV. Unfortunately, while good filtering is important, other
mechanisms are far more important in most real world situations.

Shield Resistance adds hum and buzz to unbalanced wiring (audio, video, and data (RS232). The
"green wire" at every AC outlet is at a different potential, thanks to leakage current of equipment
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plugged into that outlet, as well as other leakage current flowing on the green wires. When that
equipment is interconnected with unbalanced wiring, the difference in potential (60 Hz and its har-
monics, plus noise) causes current flow on the shield, and the IR drop is added to the signal. A
"beefy" shield (big copper) minimizes R — that's why the best video cables use heavy copper
shields! Audio transformers eliminate the hum/buzz by breaking the current path at DC and audio
frequencies, but most hum and buzz in your ham station can be solved without a transformer -
simply power all interconnected gear from the same outlet, bond equipment all chassis’ together,
and use coax with beefy copper shields for audio. An unshielded transformer can make matters
worse, coupling noise from a power transformer into its unshielded windings. See Chapter 8 for

more.
r——-SHIELDING ENCLOSURE ---+

SIGNAL CIRCUITRY ﬁi

The Pin 1 Problem: The most common way
that hum, buzz, and RF interference enters
equipment is via a design defect first widely un-
derstood by the pro audio community thanks to
the work of Neil Muncy, (ex-W3WJE). He
named it "the pin 1 problem," because it is a
mis-wiring of the shield of audio cables — pin 1
in the XL connector commonly used for pro au-
dio, but it is just as much a problem in unbal- ~ t---r|- - 4
anced interfaces of all types, as shown in Fig 2.

Fig 2 — The Pin 1 Problem

The proper connection for a cable shield to equipment is the shielding enclosure (chassis), but
products with a "pin 1 problem" connect the shield to the circuit board instead. Nearly all con-
sumer equipment, including even the most expensive "high futility" gear, is built with pin 1 prob-
lems. Virtually all computer sound cards have pin 1 problems. So do most RS-232 interfaces and
nearly all ham equipment — indeed, almost all RFI problems we describe as "RF in the shack" have
pin 1 problems as their root cause!

Fig 2 illustrates both right and wrong connection of the shield. The trouble-free connection on the
right goes straight to the shielding enclosure, so shield current flows harmlessly out the safety
ground on the power cord. Any noise (or RF) on the cable shield stays "outside the box."

The connection on the left, however, is a pin 1 problem. Current flowing on the shield bypasses
the shielding enclosure and is forced onto the "ground bus" — that is, "signal common." To get to
the power system ground, noise current must follow that "ground bus" around the circuit board —
what EMC guru Henry Ott calls "the invisible schematic hiding behind the ground symbol." The
wires and circuit traces that make up that invisible schematic have resistance and inductance by
virtue of their length, and the IZ voltage drops across those R's and L's are coupled into each "gain
stage" that connects to the ground bus! Once that happens, every semiconductor junction that
"sees" the RF will detect it, and succeeding gain stages will amplify the detected RF.

What if there is no "shielding enclosure?" Fig 3a and 3b shows how to avoid pin 1 problems with
unshielded or partially shield equipment. (Of course, unshielded equipment has other potential
problems, which we'll talk about later.)

NO SHIELDED ENCLOSURE NO SHIELDED ENCLOSURE
tSIGNAL CIRCUITRY —t’SIGNAL CIRCUITRY
1
N I 7 [ [
‘ SIG REF
WRONG SIG REF WRONG
Psu l/ e o L N RIGHT
VT AV S>——— \ STAR POINT

Fig 3a — 120VAC power Fig 3b — 12VDC power
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Why is equipment built with pin 1 problems? Three reasons. First, "fuzzy thinking" on the part of
engineers, who have lost track of where noise current flows. Second, the construction techniques
used in modern equipment, and the connectors built to support those techniques, make it more
likely that pin 1 problems will happen. In "the old days," we mounted an RCA connector or phone
jack by drilling a hole and screwing it down to the chassis. Today, those connectors come with
solder tabs for mounting directly to a printed circuit board, which is then built, tested, and fitted
into an enclosure. Screwing those connectors down to the enclosure increases cost significantly!
And FIXING pin 1 problems in equipment having this kind of construction can be quite difficult.
Third, “Balkanization” of engineering education, where those concentrating on digital systems get
little or no exposure to subjects like physics, circuit analysis, transmission lines, and antennas.

RFI and Pin 1 Problems There are three ways to cure RFI coupled by pin 1 problems. The first two
methods are obvious — modify the equipment to eliminate the pin 1 problem, or rewire the con-
nections so that the shield goes to the proper connection point, as shown in Figs 2, 3a, and 3b.
Unfortunately, the way that most equipment is built usually makes both of these methods difficult
or impossible to implement.

The third method for curing RFI coupled by pin 1 problems is to eliminate or reduce the current.
This is usually the best (the most practical, effective, and cost-effective). This is what we are doing
when we use a ferrite choke on the wiring connected to a pin 1 problem, lift the shield at the re-
ceiving end of a balanced audio cable, or bond all our equipment together with short fat wires!
We'll study ferrites in Chapter 2, and bonding in Chapter 8.

Shielding The wiring inside equipment can also act as an antenna if the designer allows it to do so.
There are several ways to prevent this. The obvious one is to shield the equipment and bond (that
is, make a solid electrical connection) that equipment shield to all cable shields entering that
equipment. Note that while we call circuit common "ground," no connection to earth (or even cir-
cuit common) is needed for shielding to be effective. (The late Neil Muncy observed that he never
saw an aircraft trailing a ground wire, but the extensive instrumentation needed to operate and con-
trol it work just fine.)

Twisted-Pair Cable is the single most important tool we can use to reduce RF pickup on an inter-
connecting cable. In many circuits, twisting is far more important in rejecting noise and RF than a
cable shield. Since this statement may seem counterintuitive, let's examine why it is true.

A cable shield prevents electric field (capacitive) coupling, but it has little effect on magnetic fields
(that is, inductive coupling). This is true at low frequencies because cable shields are not made of
magnetic material. It is true at high frequencies because of imperfections in the shield that de-
crease the uniformity of current flow on the shield.

A transmission line does reject magnetic fields, but it does this by virtue of the mutual coupling be-
tween the conductors that causes the current and voltage induced in them by an external field to
be equal and opposite, so they cancel at the input circuit to which the cable is connected. The de-
gree of this equality depends on the coupling coefficient k, which is typically on the order of 0.7
for a closely spaced pair. An ideal coaxial cable, however, has a coupling coefficient of 1 above the
cutoff frequency of the shield (see below). So, the shield of a coaxial cable is not a magnetic
shield, it is an electric shield. Magnetic noise rejection is the result of mutual coupling between the
center conductor and the shield, not because of shielding.

Another important fact explains why coaxial cables don't reject magnetically coupled low frequency
hum and buzz. Cables don't exhibit mutual coupling at frequencies where the resistance of the
conductor is greater than its inductive reactance. The low frequency at which this transition occurs
is called the shield cutoff frequency. For most cables, this is between about 1 kHz (coax with a
"beefy" double copper braid shield") and 20 kHz (coax with a foil/drain shield).

Twisting works to reject noise from the magnetic field because it causes the voltage induced in the
two conductors to be more nearly equal. It also reduces electric field coupling in balanced circuits.
In general, the greater the number of twists per inch and the uniformity of the cable’s construction,
the more equal the induced voltage will be to the highest frequency. That's because any interfering
field will vary with position based on the wavelength of the field. To understand this, consider any
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interfering source and a cable running past it. If the cable is not twisted, one conductor will be
closer to the source, so more noise will be coupled to it than the other conductor. If the conduc-
tors are twisted, one conductor will be closer at one point along the cable, but one half twist fur-
ther along the cable, the other conductor will be closer. The difference in spacing between the
conductors may not sound like it should cause much difference in level, but if we need 100 dB of
cancellation, the two voltages must be equal within .0001%, a very small margin of error.

Twisting is such a powerful mechanism for reducing noise coupling that telephone circuits have al-
ways used unshielded twisted pair. Likewise, very high speed Ethernet circuits are carried on
tightly twisted pairs manufactured to close tolerances. To further reduce crosstalk from one pair to
another, each pair in the cable is twisted at a slightly different rate. The author has demonstrated
that sensitive microphone circuits connected with unshielded CAT6 cables are actually less suscep-
tible to noise pickup than shielded balanced pairs, both at audio frequencies and at VHF/UHF!
This is true because the degradation in rejection due to imperfections in the cable tend to be
greater than the relatively small benefit of the electric shield!

CAT5/6 cables carrying Ethernet data do radiate RF trash, but most of that radiation is common
mode — that is, longitudinally along the cable — because the line drivers on either (or both) ends of
the cable have poor common mode isolation. But this is a defect in those line drivers, not in the
cable! We'll address RFI filtering of Ethernet cables later on.

RFI and Poorly Shielded Equipment There are few practical RFI fixes for poorly shielded equip-
ment. The most obvious is to shield it, but this is usually either expensive or impractical if it wasn't
built with good shielding. We could, for example, wrap it in aluminum foil, but to make that shield-
ing effective, 1) we must bond the shields of all wiring that enters and leaves the equipment to that
foil shield; and 2) any openings in the shield must be small as a fraction of the wavelength of the
interfering signal; [It is quite difficult to watch a TV set, or adjust the controls of a stereo system,
that is surrounded by aluminum foil!]; 3) Modify the defective product by adding filters (ferrite
beads, bypass capacitors) to the junctions that are detecting the RF [you may have time for a sci-
ence project like this, but | don't]; 4) use the bucket treatment.

The Bucket Treatment: Find a bucket large enough to hold the defective equipment, and fill the
bucket with water. Put the equipment in twice. Take it out once.

Summary RF is coupled into equipment on wiring that acts as receiving antennas — loudspeaker
wiring, telephone wiring, audio interconnect wiring, antenna wiring, even wiring inside equipment
that is poorly shielded. The pin 1 problem is a widespread design defect in computer gear, audio
and video equipment, and even ham gear, and is a major cause of RFl. Imperfect construction of
cables also converts RF to a differential mode signal. Once "inside the box," RF is detected by
semiconductor junctions, and added to the signal where it is heard as interference. Most antenna
action outside the box can be suppressed by suitable ferrite chokes that block the current.

Chapter 2 - Ferrites

Ferrites can be a very effective tool for eliminating RF interference between systems. To use them
effectively, we must understand them. Ferrites are ceramics consisting of various metal oxides for-
mulated to have very high permeability. Iron, manganese, manganese zinc (MnZn), and nickel zinc
(NiZn) are the most commonly used oxides. When a ferrite surrounds a conductor, the high per-
meability of the material provides a much easier path for magnetic flux set up by current flow in
the conductor than if the wire were surrounded only by air. The short length of wire passing
through the ferrite will thus see its self inductance “magnified” by the relative permeability of the
ferrite. The ferrites used for suppression are soft ferrites — that is, they are not permanent magnets.

Permeability is the characteristic of a material that quantifies the ease with which it supports a
magnetic field. Relative permeability is the ratio of the permeability of the material to the perme-
ability of free space. The relative permeability of non-magnetic materials like air, copper, and alu-
minum is 1, while magnetic materials have a permeability much greater than 1. Typical values
(measured at power frequencies) for stainless steel, steel and mumetal are on the order of 500,
1,000 and 20,000 respectively. Various ferrites have values from the low tens to several thousand.
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Fig 4 — A toroidal ferrite choke
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Fig 5 — Ferrites are made in many forms

Fig 6 shows complex permeability u's and u’’s for a ferrite
material optimized for suppression at UHF. [For the engi-
neers among us, 4 = M's + j'’s. Thus W's is the compo-
nent of permeability defining ordinary inductance, and
U"’s describes the loss component.]

Product data sheets characterize ferrite chokes by graph-
ing their series equivalent impedance, and chokes are
usually analyzed as if their equivalent circuit had only a
series resistance and inductance, as shown in Fig 7a and
7b. The actual equivalent circuit is closer to Fig 7c. We'll
learn more about it as we go along.

Fig 8 is the manufacturer’s data for a cylindrical bead of 5
mm o.d. and 23 mm long, defined in terms of the series
R and X.. Interestingly, X, goes off the graph above reso-
nance, but it isn't zero. If you have the equipment to
measure it accurately, you will see negative reactance
contributed by the capacitors in Fig 7c.

Below resonance, the impedance of a wire passing
through a ferrite cylinder is proportional to the length of
the cylinder. Fig 9 shows the impedance of a family of
beads that differ primarily in their length. There are also
small differences in their cross section, which is why the
resonant frequency shifts slightly.

Manufacturers vary the chemical composition (the mix)
and the dimensions of ferrites to achieve the desired elec-
trical performance characteristics. Fig 8 is data for a
sleeve made of a mix (#61) useful in suppressing RFI
above 200 MHz. The #43 mix used for the beads of Fig 9
is optimized for suppression at VHF (30-300 MHz).

Like all inductors, the impedance of a ferrite choke below
resonance is approximately proportional to the square of
the number of turns passing through the core. Fig 10 is
measured data for multi-turn chokes wound around the
toroid of Fig 4 (2.4" o.d x 1.4" i.d. x 0.5"). This ferrite is
optimized for the VHF range (30-300 MHz). Fig 12 shows
data for chokes wound around the same size toroid, but
using a material optimized for suppression above
200MHz. The data of Fig 11 are for toroids of the same
size, but wound on a material optimized for use below 2
MHz.
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Now it's time to account for R¢, Lc, and Cc.
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Fig 9 — Small cores of different lengths

Wel'll study the Lp Cp resonance first. A classic text (Soft
Ferrites, Properties and Applications, by E. C. Snelling,
published in 1969), shows that there is a dimensional res-
onance within the ferrite related to the velocity of propa-
gation (Vp) within the ferrite and standing waves that are
set up in the cross-sectional dimensions of the core. In
general, for any given material, the smaller the core, the
higher will be the frequency of this resonance, and to a
first approximation, the resonant frequency will double if
the core dimension is halved. In Fig 7c, Lp and Cp ac-
count for this dimensional resonance, and Rp for losses
within the ferrite. Rp is mostly due to eddy current (and
some hysteresis) in the core.

Note that there are two sets of resonances for the

chokes wound around the #78 material (Fig 11), but only one set for the chokes of Fig 10 and 12.
And for all three materials, the upper resonance starts just below 1 GHz for a single turn and moves
down in frequency as the number of turns is increased. Fig 14, the reactance for the chokes of Fig
11, also shows both sets of resonances. That's why the equivalent circuit must include two parallel

resonances!
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Fig 10 — Impedance of multi-turn chokes

Frequency (MHz)

Frequency (MHz)

Fig 11 — Impedance of multi-turn chokes on a

wound on the core of Fig 4 (Fair-Rite #43). core of the size/shape of Fig 4, but of a mate-
(Measured data)

rial optimized for performance below 2 MHz
(Fair-Rite #78) (Measured Data)

10,000 T ” :\}“}\
Jrifeh\ 10,000
T\
I s
e
/ W\ 3 turns 5 turns l 4 turns
_too 2tums T TN 3tums
a S S RN urn —. 1,000 B 2turns -
5 i X £ o
o \ 3 SN 1turn
/ e o = QR = e NS
S 3 ]
% 100 / \ c / e " n{
g AR e S T L
= e V g 100 P L
/ = ~ =
S
10 T
0.1 1 10 100 1,000 10
Frequency (MHz)
. . 1 10 100 1,000
Fig 12 — Impedance of multi-turn choke on a Frequency (MH2)
core of the size/shape of Fig 4, on a material Fig 13 — Chokes of Fig 10 with1-5 turns, mea-

optimized for performance above 200 MHz sured to 1 GHz (Fair-Rite #43) (Measured
(Fair-Rite #61). (Measured data)
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Single Values For Permability We see that u varies with frequency, and is complex, yet those who
don't understand this often use a single number for u. When a single number for u is quoted, it is
the value of u at frequencies well below resonance, where losses are small and the graph of im-
pedance is a straight line increasing linearly with frequency.

The difference between these materials that accounts for this behavior is their chemical composi-
tion (called their mix). #78 is a MnZn ferrite, while #43 and #61 are NiZn ferrites. The velocity of
propagation (Vp) in NiZn ferrites is roughly two orders of magnitude higher than for MnZn, and, at
those higher frequencies, there is too much loss to allow the standing waves that establish dimen-
sional resonance to exist.
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Fig 14 — Series reactive component of the chokes of Fig 11 (Measured Data)

Lp Lc To understand what’s happening, we’'ll return to our first order
—YY Y equivalent circuit of a ferrite choke (Fig 15). Lc, and R¢, and Cc

ANRD ANRC are the inductance, resistance, (including the effect of the u of
VC VC the ferrite), and stray capacitance associated with the wire that

| | D | | c passes through the ferrite. This resonance moves down in fre-
. quency with more turns because both L and C increase with

Fig 15 more turns. The dimensional resonance does not move, since it

A multi-turn choke depends only on the dimensions of the ferrite and its Vp.

What is the source of Cc if there's no "coil," only a single wire passing through a cylinder? It's the
capacitance from the wire at one end of the cylinder to the wire at the other end, with the ferrite
acting as the dielectric. Yes, it's a very small capacitance, but you can see the resonance it causes
on the data sheet.

Let’s talk briefly about series and parallel equivalent circuits. Many impedance analyzers express
the impedance between their terminals as Z with a phase angle, and the series equivalent Rs, and
Xs. They could just have easily expressed that same impedance using the parallel equivalent Rp and
Xp BUT — Rp and Xp will have values that are numerically different from Rs and Xs. There is also an
important analytical “mindset” we need to adopt when thinking about how series and parallel cir-
cuits behave. In a series circuit, the larger value of Rs and Xs has the greatest influence, while in a
parallel circuit, the smaller value Rp and Xp is dominant. In other words, for Rp to dominate, Rp it
must be small.

Both expressions of the impedance are correct at any given frequency, but whether the series or
parallel representation is most useful will depend on the physics of the device being measured and
how that device fits in a circuit. We've just seen, for example, that a parallel equivalent circuit is a
more realistic representation of a ferrite choke — the values of Rp, Ly, and Cp will come much closer
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to remaining constant as frequency changes than if we use the series equivalent. [Rp, Lp, and Cp
won't be precisely constant though, because the physical properties of all ferrites — permeability,
resistivity, and permittivity — all vary with frequency.]

— ke j

a P Rs _iXs
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11,
Ce 4 Input —~ Output Noise

) Input —— Output Noise @Noise
Noise J/ J/

Fig 16a — Series element of divider is a par-  Fig 16b — Series element of divider is series
allel resonance circuit equivalent circuit used for ferrite data sheet

But virtually all product data for ferrite chokes is presented as series equivalent Rs and Xs. Why?
First, because it's easy to measure and understand, second, because we tend to forget there is
stray capacitance, and third because ferrite chokes are most often used to reduce current in a se-
ries circuit! Fig 16a and 16b are both useful representations of the voltage divider formed by a fer-
rite choke and a small bypass capacitor across the device input. Which we use will depend on
what we know about our ferrite. If we know Rp, Lp, and Cp and they are constant over the fre-
quency range of interest, Fig 16a may be more useful, because we can insert values in a circuit
model and perhaps tweak the circuit. But if we have a graph of Rs and Xs vs. frequency, Fig 16b
will give us a good answer faster. Because we will most often be dealing with Rs and Xs data, we
will use the series circuit for our remaining examples. Another reason for using Rs and Xs is that the
impedance of two or more ferrite chokes in series can be computed simply by adding their Rs and
Xs components, just as with any other series impedances! When you look at the data sheet plots of
Rs, X, and Z for a standard ferrite part, you are looking at the series equivalent parameters of their
dominant resonance. For most MnZn materials, it is dimensional resonance, while, for most NiZn
materials, it is the circuit resonance.

Antenna : _____________ ! E Audie t
Current | R X | quipmen
Mic Cable I S i |
——f ptesme POl WA
Cant i |
1 |

=

L ——Ferrite Choke - ——!

Fig 17 — The choke interacts with the cable

Fig 17 shows how a choke might be used to reduce common mode current flow on a cable. Be-
cause that cable is also an antenna, it will have some impedance of its own, depending on its
length and the frequency of the interfering signal. If the antenna is shorter than a quarter-wave it
will look like a capacitance, and can resonate with the inductance of the ferrite choke. When this
happens, the current is limited only by the resistance of the circuit — in this case, the loss compo-
nent of the choke plus R and Ry (the radiation resistance and the input resistance). The choke can
also be capacitive, and the antenna can be inductive, as it would be if it were longer than a quarter-
wavelength. Antenna theory tells us that these impedance relationships will repeat in increments of
1. wavelength. The last thing we want is to increase the RF current, and we would prefer to not
have to worry about how long the antenna (mic cable) is.

Thus we state three general rules about the use of ferrites as chokes. 7) More impedance is better.
2) All ferrite chokes should be designed to operate in the frequency range where their series equiva-
lent resistance is large and their series equivalent reactance is small. 3) These conditions are satisfied
at or near the choke's resonant frequency. We do this by selecting a suitable material, core size,
and number of turns. These rules apply to both single turn and multi-turn chokes, and they apply
to chokes (but not transformers) used for transmitting as well.

#31 Material is a Problem Solver Fair-Rite’s relatively new #31 material (introduced around 2004)
is extremely useful, especially if some component of your problem is between 1.5 — 150 MHz.
Measured data for this material is displayed in Figs 18a and 18b. Compare it with Figs 19a and
19b, which are corresponding plots for the older #43 material. We'll discuss baluns and chokes in
detail in Chapter 6.
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The new #31 material is useful because it exhibits both of the resonances in our equivalent circuit
— that is, the dimensional resonance of the core, and the resonance of the choke with the lossy
permeability of the core material. Below 15 MHz, these two resonances combine (in much the
manner of a stagger-tuned IF) to provide significantly greater suppression bandwidth (roughly one
octave, or one additional harmonically related ham band). The result is that a single choke on #31
can be made to provide very good suppression over about 8:1 frequency span, as compared to 4:1
for #43. As we will learn later, #31 also has somewhat better temperature characteristics at HF.
10,000 10.000

—
|4‘.|l‘1rns i 14 turns
\.‘

T N e -t
— 1 -t \\ s [ Tt
TR T
1,000 -~

Bl
|

I
|

-
g
=
3

NI

T 3tums | T

|
|

A
{

Il 2turns

100 ——2tumns

N

Impedance (Ohms)

Resistance (Ohms)
w
£
S
S
@

1turn

10 10 ‘

1 10 100 1 10 100
Frequency (MHz) Frequency (MHz)

Fig 18a — Impedance of multi-turn chokes on
a 2.4" o.d. toroidal core , but made of Fair-

Rite's new#31 mix (Measured Data)
10,000

Fig 18b — Equivalent series resistance of the
chokes of Fig 18a (Measured Data)

10,000 14 turns

[ 14 turns

|
A
A VATYY
NSRS
\
N

TN &\\ oo

—3 turns ||
T 1

1,000 =

\
\
\

|2 turns

Resistance (Ohms)

o~ t

\

100

T I
‘ ‘ - 1turn i
// |
I /
/ 10 5 .
10 t 1 10
1 10 100 Frequency (MHz)

Frequency (MHz) . . . .
Fig 19a — Impedance of multi-turn chokes Fig 19b — Equivalent series resistance of the

like those of Fig 16a, but on a Fair-Rite #43 chokes of Fig 19a (Measured Data)
core. (Measured data)

Impedance (Ohms)
\ \
\
\
\ | \
T X
| \ Y \
\\ ‘

— 1tu
\

100

A simple design problem Now let’s do some engineering work using what we’ve learned so far.
Suppose that we have an Ethernet router that is radiating trash as a common mode signal on the
Ethernet cable that we're hearing on 30-10 meters (as it turns out, this is a very common problem).
Figs 18 and 19 tells us that 9 turns of the Ethernet cable around a 2.4" o.d. toroid made of Fair-Rite
#31 or #43 material will give us at least 2k ohms choking impedance between 10 MHz and 30
MHz. How much that choke reduces the radiated noise will depend on a lot of factors, including
the common mode output impedance of the router, how long the Ethernet cable is (and thus its
impedance), and the common mode input impedance of the Ethernet device on the other end.

Fig 20 is a simplified equivalent circuit for our Ethernet problem. Note that it's drawn as if one de-
vice is a transmitter and the other is a receiver, but any box that includes digital or RF circuitry is a
potential generator of RF trash. The common mode input and output impedances of the Ethernet
boxes are unknown, and they have at least some connection, maybe DC, maybe capacitive, to the
green wire at the AC outlet. Without the choke, the impedance of the antenna circuit (the Ethernet
cable and its return path) determines the current. So to achieve good suppression, we simply need
the impedance of the choke to be much higher than the series combination of the antenna and the
paths to "ground." But — hold on a minute — what's hiding behind that ground symbol?
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Ethernet = ; Ethernet
Transmitter | Receiver
1
Ra i Xa H Rs iXs
| |
Ethernet Cable L _ _Ferrite Choke — — —

Fig 20 — Ethernet circuit

Fig 21, which includes the impedance of the path to "ground," makes it clear that there can be a lot
of variables in this simple problem. Each of the X terms may be capacitive or inductive, and they
will have different values at every frequency. Every wire in that series circuit will function as an an-
tenna, radiating any noise current that it carries. Does that mean we must throw up our hands? Of
course not. But it clearly shows why coming up with a number for how much suppression a given
choke will yield is not a simple matter. Indeed, the best way to learn that for any given circuit is to
wind a choke that provides the greatest impedance in a practical package and try it!

Ethernet e f Ethernet
Transmitter Receiver
RA j xA : RS i XE
|

-
Re2 S

:

Do we need chokes on both ends of that cable? The answer is, it depends. The Ethernet devices
on each end of the line are both potential generators of RF trash (because they both include digital
electronics). We also need to look at the length of the series circuit that includes the Ethernet ca-
ble. If the cable is shorter than about A/10 at the highest interfering frequency, a choke roughly
near the center of the cable may be entirely sufficient. A cable that is electrically longer than /10
(or is radiating VHF trash) is far more likely to need chokes at both ends. And the chokes that
work at VHF are very different from the toroidal chokes that work at HF.

Fig 21 — Ethernet circuit, including "ground"

In the simple circuit above, the Ethernet transmitter can be seen to feed an unbalanced dipole,
where the Ethernet cable is half of the dipole and a connection to "ground" via the power supply is
the other! Fig 21 makes it clear that the current path is also a loop. We must never forget that our
invisible "ground" circuit can be part of the antenna circuit, contributing both its length and radia-
tion to the problem. And if the Ethernet device is a switch or hub that has multiple outputs, the
Ethernet cables connected to each port become part of the equivalent circuit, and because each
output includes a line driver, the cables connected to each output need suppression.

The dc power supply for that Ethernet router may also be a source of noise, and there are two an-
tennas connected to it — the AC power line and the dc power cable going to the router. Are either
or both of these cables likely to need treatment? To answer this question, let's look at their likely
behavior as antennas. In a typical home, the AC power line is probably 30-50 ft long by the time it
reaches the breaker panel that feeds it, which is long enough to be a pretty good antenna on 10-30
MHz, so my next choke would go on the power line side of that power supply. On the other hand,
the cable between the power supply and the router is only 3 ft long, which means that it is unlikely
to be a good antenna below 30 MHz. So if | hear any noise on 10 meters after I've put chokes on
the Ethernet cable and the power line, I'll try a fairly small choke (7 turns around #31 or #43) on
the dc power cable.

Ethernet trash comes in (at least) two common forms — multiple carriers of relatively constant am-
plitude, but with some modulation (birdies), and broadband hash. The clocks are generated within
the Ethernet hardware, so frequencies vary slightly from one Ethernet box to another. In almost
any residential neighborhood, you'll hear clusters of Ethernet birdies around 10,107 kHz, 10,122
kHz, 14,030 kHz, 18,106 kHz, 18,120 kHz, 18,167 kHz, 21,052 kHz, 21,113 kHz, 21,174 kHz,
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21,221 kHz, 21,282 kHz, 21,343 kHz, 24,878 kHz, 24,945 kHz, 28,016 kHz, 28,060 kHz, 28,120
kHz, 28,182 kHz, 28,244 kHz, 28,304 kHz, 28,366 kHz, 28,427 kHz, 50,044 kHz, 50,058 kHz,
50,105 kHz, 50,120 kHz, 50,148 kHz, 50,166 kHz. There are certainly more, but these are some
I've found (nearly all of my operation is CW).

In any cluster, some birdies will be louder than others, depending on the behavior of the Ethernet
cables as antennas, the nastiness of the Ethernet boxes, and the proximity to your antennas. Be-
fore you begin cleaning up your own trash, identify which signals are yours by killing power to your
own router, switch, or hub. This is important, because even after you've killed your own trash,
you're likely to hear your neighbors (hopefully at much lower levels). If you don't know which are
yours, you can end up chasing your tail. And you may not be able to completely kill your own -
most of these boxes are poorly shielded, so some trash can be radiated by internal wiring.

Chapter 3 — Back to the Basics

Threshold Effect Looking again at the series circuit of Fig 21, let's say that for a particular antenna
(Ethernet cable) working into a particular piece of gear, the series impedance at the frequency of
the interference is 300 Q. If we are able reduce the RF current by 6 dB, (one half), the interference
radiated by that cable will also drop by 6 dB in our ham receiver. To do that, a choke must add
enough resistance to double the total impedance. In other words, we need to end up with 600 Q.
But what if the antenna circuit is capacitive and our choke is inductive at that frequency? Some of
the impedance we are adding will increase the current because it resonates with the antenna, so
we may need to add more than 300 Q to hit 600 Q! How many times have you heard someone
say, "ferrite beads don't work on this problem — | added one and nothing happened." In fact, they
were simply below the threshold impedance needed in that particular circuit! Once we've hit that
threshold, adding more series impedance continues to reduce the current flow. RF current is re-
duced by the ratio of the "before" and "after" values of the total series impedances. Since power is
proportional to the square of the current, RF noise falls 6 dB per halving of the current flow. If the
choke is suppressing the detection of RFI in other equipment (telephones, hi-fi systems, etc.), 6 dB
less RF translates into a 12 dB reduction in detected RF (because all detection is square law).

Threshold effect is the reason why adding a few clamp-on beads doesn't make a dent in RFl at HF—
you need turns to hit the threshold!

Human Perception and Level Changes When a sound is not near the noise floor (or much louder
than other sounds), 1 dB is approximately the smallest change in loudness that most people can
hear, and a change of about 10 dB will be perceived as half (or twice) as loud. When a sound is
close in loudness to other sounds, (room noise, or the band noise when we're trying to copy weak
DX), a change of a few dB in one of those sounds may be heard as half (or twice) as loud.

Chokes May Be Used in Series and their impedances will add algebraically (that is, taking the sign
of the reactance into account). For many years, "current baluns" have been made of many ferrite
cylinders at the end of piece of coax. This so-called “current balun” is really a common mode
choke, and its common mode impedance is simply the impedance of one cylinder multiplied by
the number of cores. Baluns and chokes are addressed in detail in Chapter 6.

Suppression at VHF Let's suppose that we have a problem with RFl on 2 meters. The most com-
mon way to provide suppression at VHF is with one or more clamp-on cores like those of Fig 8 or
Fig 22. A good "rule of thumb" is that it usually takes at least 500-1,000 ohms to get far enough
above the threshold to "make a dent" in RFI, and more is better. Using that guideline, three of these
cores would be needed for a problem on 2 meters if there isn't already another choke in line. Like-
wise, two chokes in series, each with two turns through one of these cores would be a good start-
ing point for a problem on 6 meters (but not two turns through two cores).

To see graphs like Fig 22a and 22b, click on their part number in Fair-Rite’s online catalog. From
the home page, click on Products, then Suppression Components, then Cable Components, then
either “Round Cable Snap-Its” or “Round Cable EMI Suppression Cores.” Limit your choices to
#31 material with the drop down selector just above the table.
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Note: All of the data presented up to now applies to chokes wound with small diameter wire.
Chokes wound with cable diameters larger than about 0.2" (RG58) have more stray capacitance,
moving the resonance down in frequency to a greater extent than those wound with small wire. See
the data in k9yc.com/2018Cookbook.pdf

Using Different Chokes in Series All ferrite chokes along a cable do not need to be identical - in-
deed, in broadband suppression applications it may be necessary for them to be very different.
But we must remember that the complex impedances of these chokes (that is, their resistive and




Understanding and Solving RF Interference Problems Page 16

inductive or capacitive elements of their series equivalent circuit) will add algebraically, so we
must consider the magnitude and the sign of the reactive components of each choke. Again, the
fundamental principle of using ferrite chokes for suppression comes into play — resistance always
helps us, but reactance may make things worse. When adding up the total impedance of multiple
chokes, the safest approach is to count only the series equivalent resistance of each choke.

For example, consider a cable wound 5 turns around a toroid to provide good suppression for the
HF ham bands. Fig 23a and 23b show measured series resistance, while Figs 24a and 24b clearly
show that the impedance of these chokes is capacitive above resonance, just as we would expect
from Fig 15. Now, we add one or more of the clamp-ons shown in Fig 22. Between 30 and 100
MHz, the clamp-on is below resonance, so it looks like a lossy inductance. Thus, with both the
VHF clamp-ons and the toroid in series on a cable, there will be some cancellation of their reac-
tances in this range, but their resistive components will always add (improving the suppression).

When using multiple chokes to cover different frequency ranges, always place the choke covering
the highest frequency range nearest to the equipment being protected. The wire between the
equipment and that choke can still function as an antenna.

Large Signal Performance Up to now, we've talked only about the "small signal" behavior of ferrites
— that is, the field produced by current in the ferrite material is too small to cause heating or non-
linearity. We can define a linear device as one that has the same impedance for all values of ap-
plied voltage and current. Like other magnetic materials, ferrites will saturate at some high level of
current. In other words, the ferrite behaves linearly if the field within it is small, but becomes non-
linear as it begins to saturate.

DC Bias As a magnetic material approaches saturation its permeability decreases, approaching
zero at saturation. Consider a ferrite surrounding a conductor carrying both signal and a DC cur-
rent. The total field at any instant is the result of the instantaneous current, so if the DC current is
large, it can move all or part of the signal into the non-linear region of the ferrite. The DC bias can
also cause heating.

Non-Linearity is generally a bad thing, because it causes distortion. That distortion will take the
form of harmonics for a simple waveform (a constant sine wave of a single frequency) and both
harmonics and intermodulation products for a complex waveform (a keyed sine wave, or transmit-
ted audio). We'll talk more about this in our discussion of transmitting baluns and chokes.

Non-Linearity as a Tool Non-linearity isn't always bad. Bob Kavanagh, VE3OSZ, showed how the
inductance of a coil wound around a toroid could be varied by controlling DC bias applied to the
coil. In this application, both the bias and the signal were sufficiently small that non-linearity was
also small. ['Remote tuning of a low-frequency loop antenna," QEX May/June 2003]
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Fig 25 — Impedance vs. Frequency and Temperature as a percentage of impedance at 25°C

Temperature The permeability of ferrite materials varies as a function of both frequency and tem-
perature, and different mixes behave very differently (Fig 25). Any RF current that produces a field
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in the ferrite will cause heating in the ferrite (and IR losses in the wire). If the current is small
enough, the heat will be radiated and/or conducted as fast as it is produced. Larger currents, how-
ever, can cause temperature to increase. At some high temperature (the Curie temperature), the
ferrite will temporarily lose its magnetic properties (until it cools). The Curie temperature is differ-
ent for each mix. In the #43 and #73 materials, this will in turn cause permeability to fall, which
in turn allows more current, which produces more heating. In other words, thermal runaway can
occur if the current is large enough and the core is small enough.

The #31 material has somewhat better temperature characteristics, especially on the lower HF
bands, where impedance actually increases with temperature up to about 100°C, but a rather low
Curie temperature. Thermal runaway can still occur, but is a bit less likely. In general, it is impor-
tant to use ferrites in a manner that 1) saturation is avoided, and 2) permeability does not signifi-
cantly drop with temperature. See also Power Handling in k9yc.com/2018Cookbook.pdf

Total Field A ferrite sees the instantaneous algebraic sum of the fields produced by the currents in
all the conductors that it surrounds (or that are wound through it). If, for example, a ferrite sur-
rounds two conductors carrying currents that are equal and opposite, (for example, "hot" and "re-
turn" of a power circuit, loudspeaker line, or RF transmission line), the total field will be zero.
When the currents are not equal and opposite, the ferrite sees the field resulting from that differ-
ence (that is, the common mode current). This means that we can use relatively small ferrites to
suppress small common mode currents on paired cables that are carrying large differential currents
as long as the ferrite surrounds all the conductors. We'll show applications of this later on.

Chapter 4 — More Suppression Applications

Mobile Operation Common mode noise on the DC power line can be suppressed by winding
turns of both conductors around a ferrite core. But: if DC return current divides between the dedi-
cated DC negative lead and the shield of the coax going to the antenna, the DC component of the
flux in the ferrite core will not be zero, and if it is large enough, the choking impedance is reduced.
Note that paired cable should always be used to power radio gear in a vehicle, and twisted pair is
best. Never use the vehicle chassis as a return for DC current.

Ferrite chokes can also be used on only the positive DC conductor to provide differential mode
suppression. In a modern vehicle, we have two very different problems. When receiving, we are
concerned with noise from the vehicle's electronics causing interference to our radio, but the DC
current to the radio is small (typically 1-2A). When transmitting, we may be concerned with our
radio causing interference to the car's electronics, and in this condition, our 100 W radio is draw-
ing 15-20A. In Chapter 3, we learned that DC current can cause some reduction in the impedance
of a ferrite choke. The obvious question is, "How much is the impedance reduced?"

Quantifying the Reduction in Impedance with DC 100

Current The Fair-Rite catalog provides data for the H- = 90

field in Oersteds for 1 Ampere-Turn for many of their 3

products. The applications section at the end of the & \\

catalog includes families of curves showing how the & N

impedance of each material (mix) is reduced as a = AN

function of field strength and frequency. (Fig 26) £ %0 \\\:\

A Design Example: Ten turns of the positive DC lead 2 0 VN G

for a mobile transceiver is wound around our stan- g NN
dard #31 2.4" toroid, and the DC current for our mo- & 20 Su 1®\0M =
bile transceiver is 1A on receive. The catalog tells us 10 — T
that H is 0.09 oe for 1 Ampere Turn, so H = 0.9 oe in 0

our 10-turn choke, which reduces impedance to 40% © 1 2 3 4 5 6 7 8 9 10
of the measured value at 10 MHz and 50% at 25 . H(oersted) .
MHz. If we were to re-plot the data with H as con-  Fig 26 — Reduction of Impedance W!th DC
stant and frequency on the horizontal axis, we could Current (Bias) Fair-Rite #31 Mix

extrapolate impedance of about 32% at 5 MHz. Applying these correction factors to the data of Fig
18a tells us that with 1A of bias, we could expect our 10 turn choke to look like about 1,100 Q at 5
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MHz, 1,600 Q at 10 MHz, and 2,000 Q at 20 MHz. This is still a fairly reasonable choke, and
should provide reasonable noise suppression for receiving. When transmitting, however, this
choke will be severely saturated, reducing its impedance to about 250 ohms at 10 MHz. Thus, if
we suspect transmitter RF coupling via the radio's power lead to the automotive electrical system,
we would use a larger ferrite part — one that has a much larger cross sectional area for flux, like the
"big clamp-on" of Fig 38. -

A Home Entertainment System What if the problem is RFI to a home audio system from operation
on 80-10 meters? The first thing we should do is look at the loudspeaker wiring, and if it is zip
cord, replace it with twisted pair. 1If we still have interference, it's likely that common mode current
on one (or more) of the cables is exciting a pin 1 problem. We need to determine which frequen-
cies we're still hearing, decide which cables connected to that system are the best antennas at

those frequencies, and add chokes to those cables.
Speaker
Cable

Vldeo
Cable
iXvip

Fig 27 — A simple home A/V system

In the system of Fig 27, the cable between the CD player and the receiver is probably quite short,
and if both units are plugged into the same outlet, the loop through the power system is likely to
be fairly short. Depending on how the system is set up, the video cable may be long or short. On
the other hand, the coax coming from rooftop TV antenna of the CATV system (including the
downlead for the CATV system) may be fairly long. Both are likely to be pretty decent receiving an-
tennas. In this system, | would first try 8-10 turns of the coax around a #31 toroid, because it
looks likely to be the most effective receiving antenna for my 3.5-30 MHz station. But don't rule
out shorter cables for the higher bands — the cable connecting the CD player was the culprit for
10M RFI in my own living room.

CATV and Rooftop Antenna Downleads Tom Rauch, W8]JI, has outlined an excellent (and very sim-
ple) strategy for llghtnlng protection that also puts an effective band-aid on pin 1 problems when
the interfering signal is on the HF bands and is being coupled by coax from a roof-mounted an-
tenna or CATV system. Tom bonds the coax shield to the green wire of the power cord at the
power outlet for the entertainment system, then extends it to the A/V system. This causes the pri-
mary path to "ground" for shield current to bypass the home entertainment system and go straight
to the power system "ground." The only problem with this approach is that you probably need to
build some sort of simple connector box to implement it.

Interference At VHF is always coupled either directly into unshielded equipment, or onto wiring
that is very close to the equipment. Fair-Rite #43 or #31 materials are the best choice up to about
200 MHz. Above 200 MHz, Fair-Rite #61 material or Steward HF material are the weapons of
choice. The resonance of a single turn through a #43 or #31 core is typically about 150 MHz ; 2
turns brings the resonance