
' I 

RF:~M✓ / 
Cost-hfective EMC filter

ing has (o stajt with system 
planning~ has to include 
all frequencies. Specific filters 
differ significantly from con
ventional filters because they 
have to work under different 
operating constraints. Filter
ing problems are categorized 
into four groups according to 
criteria distinguishing noise to 
be suppressed and information 
or energy to be passed. Reso
nance phenomena in tricky 
power-line filters and ceramic 
filters made of ZnO are given 
special consideration. 

Great progress is being made in the 
economic production of reliable solid
state devices in two areas: a) micro
wave devices for amplification and fast 
switching (resulting in smaller and 
more sophisticated communications 
equipment); and b) micro-processors 
on a chip (most likely resulting in an 
unprecedented penetration of auto-

. matic control in many areas of our 
lives not previously envisaged). 

Assuming continuing economic 
growth, these developments will en
courage a proliferation of communica
tions, of automated equipment, and of 
combinations thereof. This in turn will 
lead to a considerable increase in EMI 
(electromagnetic interference). 

We can expect a widening of the 
scope of "electromagnetic compatibil
ity" to include both the specification
oriented military EMC and the cost
dominated industrial and commercial 
EMC. And beyond tha st 
cern ourselves wi· side effects of elec
tromagnetic radiation. Present know
ledge hes put us only at the threshold' 
of understanding these phenomena. 
For example, the enzyme ATP.that 
does our digestion, resonates at 
380 MHz. Hence, irradiation at these 
frequencies can be fatal. •1 

THE SYSTEM AS FILTER 

In this short paper we shall not con
cern ourselves with well known prac
tices of designing and applying im
pedance-matched microwave filters. 
Rather, we shall confine ourselves to 

* Cooperating with a group of Interference 

Associates, 8220 North Poplar Drive, Mil· 

waukee, Wisconsin 53217. 

** Eicher multilayered ones for lower fre

quency cut-off, or cascaded single layered 

ones, containing ferrites, for VHF cut-off 

frequencies. 

highlight the often vexing problems 
encountered in EMI filtering and to 
single out the most economic solu
tions. Moreover, our considerations 
will emphasize the most critical condi
tions; namely impulsive noise in solid
state digital systems because it is here 
where the uninitiated often meets the 
greatest and unexpected difficulties. 

In order to immunize economically 
any solid-state system against impulsive 
noise, one has to use a 2-pronged 
approach: 1 

•
2 

1. The system's architect e has to 
be carefully planned fro 
beginning, both from electrical and 
mechanical points view (retrofitting 
can be a rather e nsive affair). 

2. Specifi nexpensive noise-reduc-
tion devi must be introduced in crit-
ical pat during system planning. 

Th. approach applies to all solid-state 
stems, with inter-system interference 

being particularly critical for life-affect
ing installations, and intra-system inter
ference being dominant in those sys
tems which combine high, sensitive 
logic with the switching of large blocks 
of power. 

System Architecture 
We have, so to speak, to consider 

the whole system as a complex filter 
and separate what is wanted and what 
is not wanted with re-spect to space, 
frequency, amplitude, and time: 

a. Design, by proper shielding, 
grounding, and filtering, a quiet space 
for the unavoidably sensitive devices 
(fast speed, low voltage logic devices 
or analog sensors, for instance). 

b. Consider immunization against 
noise by optimum signal design (e.g., 
F .M. modulation or error-correcting 
coding). 

c. Create a semi-quiet buffering 
space between the quiet space contain
ing the sensitive logic, and the noisy 
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outside world. Here two 
are particularly effect' e: 1) Such in
terfaces should con in unidirectional 
(!) optoisolators, r preferably, at very 
high frequenci , optical waveguide 
links. They 1minate many a costly 
shieldin nd grounding problem. 2) 
Use h- voltage, low speed logic, wher

applicable . 

ow Cost Anti-Interference Devices in 
Specific Critical Places 

a. Filter a// low frequency lines 
that enter shields with ceramic feed-. 
through filters.*; . 

b. Slip cable bundles through fer
rite cores to flatten common mode 
pulses. 

c. Suppress voltage spikes by ZnO 
varistors (suppression at source is often 
most economical if sufficiently large). 

d. Use properly designed, prefer
ably lossy power feedline filters that 
do not ring. Keep in mind that partic
ularly power feed-lines spread interfer
ence through the whole system. We 
shall discuss this in more detail. 

e. Use overdesigned (energy storing) 
ferroresonant transformers as filter
regulators to eliminate notching of 
60-Hz voltages caused by pulse opera
tion;3 but watch for magnetic leakage. 

f. Protect transistors against volt
age reversals of the supply line by 
blocking diodes. 

g. Protect transistors against exces
sive current spikes by FET's connected 
as constant current sources.4 

OPERATING CONSTRAINTS & 
ANALYSIS 

We shall now take a bit closer look 
at EMI filters specifically. In the rather 
ubiquitous field of EMC, filtering (for 
eliminating or reducing conducted in
terference) plays a significant role. Ex
cepting active, digital, and praetersonic 
filters, filters seem to be "old hat" with 
a great deal of theory well developed. 



Unfortunately, filtering for EMI is not 

i filtering as normally treated in text

books because the simplified assump

tions underlying conventional filter 

theory are not..,.val id. Let us indicate 

the most critical aspects of this contra

distinction (later referred to as "oper

ating constraints") encountered in 

EMC filters: . 
a. "Unpredictably" mismatched 

conditions (resulting often in highly 

detrimental resonances). 

b. Very wide frequency ranges. 

(Over such wide frequency ranges, the 

filter components change characteris

tics drastically.) The system as a whole 

rontains or is subjected to many other 

frequencies below microwaves. 

c. The often great discrepancy of 

the energy levels between what is to be 

filtered and what has to pass (bias ef

fects degrading the filter performance 

drastically unless properly compensat

ed for, e.g., airgaps in case of magnetic 

materials; in the case of high-€ dielec

tric there is no practical equivalent to 

an air-gap except "diluted" material 

with lower e). 
d. Sometimes the power spectra of 

noise and non-noise overlap (then con

ventional frequency domain filters are 

inoperative and other means must be 

applied). 

Consequently, before elaborating 

more on the means to overcome such 

adverse conditions under which EMI 

filters must often operate, an analysis 

of the specific underlying filtering 

problem is necessary. Without a basic 

problem analysis, one can easily arrive 

at a "right" solution to a wrong 

problem. 
In approaching any filtering prob

lem, then, we first have to identify the 

relationship between noise N to be fil

tered and information or energy / to be 

passed. Four categories are involved in 

the distinction between N and/ with 

each requiring rather different reme

dies; some of them, though, quite often 

complement or reinforce each other as 

t It may happen that N passes through the 

filter at the peak value of the power cur

rent saturating the inductor. 

tt In this survey paper we tacitly assume 

that the reader is aware of the need (par

ticularly in the higher frequency ranges) 

of separating and shielding input and out

put leads, by using feed•thru capacitors 

fed through the shield. This is particularly 

true for the miniature ceramic filters 

(with and without ferrite) for VHF, UHF, 

and micro wave frequencies. For details, 

see manufacturers' catalogs. 

I. FREQUENCY-DOMAIN ANALYSIS 

• If I and N have clearly distinct 

power spectra, conventional filters are 

applicable but the operating constraints 

a., b., and c. hold and must be overcome . 

(see how later). 
• If the frequency spectra of I and N 

overlap (operating constraint d., the con

ventional frequency domain filters are 

useless. Two cases are involved: 1 l For 

band-limited white noise, correlation 

techniques5 are clearly indicated; and 

2) For impulsive noise, clipping and/or 

blanking often help (see II). But in all 

such cases proper signal design in the 

system planning stage is most advisable, 

particularly to take into account the 

statistics and time distribution of the 

noise (see also 11). 

II. TIME-DOMAIN ANALYSIS 
(Impulsive Noise) 
(Operating Constraints c. and d.) 

• Again, if impulsive interference can 

be expected, proper initial system design 

particularly with respect to timing on 

time sharing between I and N and/or 

coding is the most economic way to . 

eliminate interference, unless the pulses 

are random. 
• Often clipping, or other non-linear 

filtering, or slew--rate reduction of op amps 

and/or blanking alleviates the effects of 

impulse noise to an acceptable level. 

• Serious trouble may come from 

impulsive load currents causing inverted 

voltage spikes. Then in 60--Hz supplies, 

clipping is not possible, but a 1: 1 con

verting parametric amplifier3 is often 

appropriate. (This is another but rather 

clarifying description of the ferroreso-

nant transformer we already mentioned.I 

shown in the box. With the problem 

analysis shown and with the hints of 

applicable, low-cost remedies we in

cluded in the analysis, most of the 

task of selecting the right filter is al

ready met.tt 
There are, however, puzzling, and 

often highly disturbing phenomena oc

rurring in EMI filtering that do not 

exist in conventional filtering. They 

are based on the existence of operating 

constraint a., causing pronounced reso-

11ances in filters. Such resonances can 

make filters ineffective in portions of 

the stop band or can even cause exces

sive gain (up to 30 dB) in the passband. 

The latter is called ringing or negative 

insertion loss which can cause severe 

malfunction of the system or destruc

tion of the filter or other components. 

Since such resonance phenomena 

are so unsuspected and often so misun

derstood, we shall briefly explain their 

occurrence and their remedies by two 

examples: power feed-line filters and 

ceramic feed-thru capacitors. 

For de lines, the effect of excessive im

pulse current drains can be negated by 
active random-pulse filters described in 

reference 6. 

ill. AMPLITUDE-DOMAIN ANALYSIS 
(Operating Constraint c.) 

For achieving small fiiter size, high-µ 

magnetic and high~ dielectric materials 

are preferred where applicable. Bias ef

fects caused by such non-linear mated• 

als result not only in reduced Lor C re• 

spectively, particularly by the current 

or voltage respectively of power feed

lines (/), but also in distortion and cross

moduiation.t Linearization and proper 

material selection are indicated (sea 
comments under Operating Constraint 

c.l. For the same reason, the ·amplitude 

of the interfering pulse N must be taken 

into account. The FAT question (fre

quency, amplitude, time) should always 

be raised. Impulsive noise, then, can bo 

corrected in all three domains .. 

IV. MODE (OF PROPAGATION) 

ANALYSIS 

I operates in the normal mode, N often 

in the common mode or a mix of both: 

This mode difference can be exploited 

in filtering. Moreover, for the common 

mode, inductors (for the "forward" and 

"return" wire of the normal mode) can 

be wound.bifilarly, eliminating operat

·ing constraint c. for the inductor v.hich· 

can now be made much smaller in size. 

Unfortunately, this common-mode bias 

cancellation does not apply to hign,e 

ceramic capacitors v.hich are highly· 

voltage (and temperature) sensitive and 

always referred to ground. Optoisoia- · 

tors or, even better, light guides are ex

cellent common-mode suppressors for 

signal and control I ines. 

THE TRICKY POWER FEED-LINE 

. FILTERS 

., 

Operating constraint c., the biasing 

effect, can be quite consequential for 

the filter performance if disregarded 

(as we already mentioned). Yet, the 

overridi.ng operating constraint is a.; 

the mismatch that unavoidably exists 

I . 
and must be accepted. Power lines have 

to meet only one requirement: to be 

efficient at the power frequency. Gen

erator and load impedances are de

signed for optimal power-frequency 

operation without any consideration 

being given to the impedance problem 

for any other frequency the filter has 

to work in. j 
The author has for years pointed f' 

out the inadequacy of Mil-Std-220A 

which requires power-line filters to be · 

measured in a 50-ohm system.6 ·• 
1 But ' 

for lack of information on the range • 

of impedance values (as function of· ~j 
frequency) with which filters are ac- .

1
_; 

tually interfaced, only imperfect an- I 
swers could be provided so far. , 

j. 

I 

l 
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Fig. 1 Normal and common-mode impedances of 60-Hz outlets. Fig. 2 Common-mode impedances of filtered power supplies. 

What is meant by inadequacy of 

Mil-Std-220A? It is a fact that "good" 

RFI filters complying with Mil-Std-

220A, for a complex system have 

failed in operation because the filters 

did not work in the system as they 

were supposed to. It is not so much the 

stopband that causes trouble, but the 

passband of the filters where interfacial 

and eigen resonances6 cause ringing. In 

this context, we must not forget the 

power feed-lines penetrate the whole 

system and carry interference nearly 

everywhere in the system. Now, what 

can be done about it? A universal fil

ter that would accommodate all pos

sible interfacial impedances without 

ringing would be rather uneconomical 

and monstrous (like a car that carries 

all its spare parts with it). Luckily, in 

the meantime, a rather broad statistical 

data base on load and generator imped

ances has been created slowly. This 

data base involves a broad variety of 

installations, and establishes for the 

first time the fact that for the critical 

low-frequency region (where ringing 

occurs), the impedances of generators 

and loads do not vary all "over the 

map" (Smith Chart) but are relatively 

confined (clustered) if one appropriate

ly classifies them. Figures 1 and 2 are 

typical examples .. 
The statistical interfacial impedance 

data base (including simple classifica

tions) and its application to economic 

filters that perform in the real world 

are currently being worked on by heu

ristic methods requiring rather exten

sive computer applications (to be re

ported in a subsequent publication). 

But it can be stated now that, by prop

er damping, economic filters can be 

designed that do ring only inconse

quentially. And, furthermore, reason

able and realistic interference-filter 

test methods can now be developed 

that are predictive. This is now possible 

by modifying the V110rst-case meth-

ods1 ° ,1 1 which, to be safe, assume 

"all imaginable" interfacial impedances. 

Now, with the data base on hand, 

much more constrained worst-case 

methods are practicable. 

CERAMIC FEED-THRU 

CAPACITORS 

The resonance phenomena occur

ring in ceramic feed-thru capacitors are 

treated in reference 12, page 114, etc. 

These so-called "suck-out" points can 

cause considerably reduced filter effec

tiveness or filter destruction (heat). 

The critical range is from 100 MHz to 

20 GHz. It must be realized that such 

undesirable parallel resonances occur 

in the ceramic structure proper and 

have nothing to do with incorrect in

stallation. (With incorrect installation 

we mean that the feed-through config

uration is soldered or screwed into the 

shield such that an opening, however 

small, remains between the outer elec-

trade of the filter and the shield.) 

Serious thought presently is given to 

the idea of using ZnO in discoidal or 

tubular feed-thru capacitors for a dual 

role, particularly in connector filters: 

• As a limiting device for "high" 

voltage spikes utilizing the very pro• 

nounced non-linear voltage/current 

characteristics of ZnO (limiting) 

• As a filtering device for VHF, 

U_H F, and microwave frequencies at 

lower voltage levels, thereby exploiting 

the very high dielectric constant of this 

material. Figure 3 shows the insertion 

loss of a 0.5-cm long (electrode length) 

tubular feed-through capacitor mea• 

sured in a 50-ohm system. It resonates 

(dips) rather drastically at 500 MHz. 

That means the particular ZnO material 

ha~ a dielectric constant of 

€ = [(v/f)t'Xmatl 2 = 01.airt'Xmatl2 ,;, 

[3. 1010 (cm sec·1 )/5. 188 (sec·1 ) 

x 2 x 0.5 (cm)] 2 = 602 = 3600 
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Fig. 3 Tubular ZnO feedthrough capacitor (measured in 50-ohm system). 

(continued on.page 52} 
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(from page 51) FILTERING 

This first resonance occurring at the 
· half-wavelength frequency of the 
equivalent transmission line (0.5 cm 

long) can be eliminated by providing 
cross-slots in the electrode.1 3 This 
is particularly easy in this case since 
the temperature dependency of this 
material is rather small. 

CONCLUSION · 
We have highlighted some of the 

key problems of EMI filtering and indi
cated some of their most economic 
solutions. It is hoped that sufficient 
information has been presented to in
dicate the need for EMC planning in 
the design stage of a system to include 
filtering, shielding, and grounding (the 
two latter are discussed in other papers 

of this series). 
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