FILTERING

Even when a system has been well designed and incorpor-
ates proper shielding and grounding considerations, unde-
sired energy can still be conducted through the system to
degrade performance or cause malfunction. Filters can re-
duce this unwanted conducted energy to levels at which the
system can function satisfactorily. Because of this role,
filters are important in contributing to electro-magnetic
compatibility.

An electrical filter can be defined as a network of lumped
or distributed constant resistors, inductors, and capacitors
or their equivalent, or any combination thereof; that offers
comparatively little opposition to certain frequencies or to
direct current while blocking the passage of other frequen-
cies. The design of filters is an art as well as a science since
much depends on the judgment and techniques used by the
filter design engineer.

The purpose of this article is to provide the EMC design
engineer with general filter design information that can be
useful in the development of compatible equipment. How-
ever, some overall comments on EMI filtering are first con-
sidered appropriate.

First of all, it is important to point out that filters are
often used only as stop-gap measures to problems that
might have been resolved in a different way earlier in sys-
tem design. For example, improved circuit linearity require-
ments might have obviated the need for a harmonic filter.
Similarly, improved isolation of a relay circuit could have
resolved a problem that later had to be attacked with trans-
ient suppression filters. An initial engineering effort should
be made to design circuits that are inherently free of EMI.
As part of this engineering effort filters should be consid-
ered to limit the magnitude of EMI currents and to confine
the currents to the smallest practical physical area, but the
decision to use a filter should be made at a stage of develop-
ment that provides maximum choice in alternative EMC
approaches.

The impetus to the establishment of equipment filtering
requirements (or shielding or grounding requirements for
that matter) are the formal and informal specifications im-
posed on the designer. Thus, formal interference specifica-
tions such as MIL-STD-461A limit the amount of conduct-
ed interference that may be introduced on a power line.
Tolerable interference levels on critical internal equipment
leads must be defined during an early stage of EMC design
so that circuit designers know the conditions their subas-
semblies must meet. The ability to comply with these speci-
fication limits can then be continuously assessed in the
bread-board stage, at the points when subassemblies are in-
terfaced, in the prototype stage, etc. Discrepencies between
design objectives and actual EMI levels can often be most
easily resolved by adding or modifying filters, particularly
as portions of the design are frozen.

While filters are necessary and should be placed where
needed, care should be taken to avoid redundant filtering
caused by uncoordinated efforts of separate design groups.
Redundancy usually occurs when each ‘‘black box’’ is re-
quired to meet an interference control specification regard-
less of final location. Although trade-offs must be made,
there is no substitute for a well thought-out system EMC
control plan. If formulated well ahead of the system design,
filter duplication can be avoided.

The effectiveness of any EMI filter is greatly influenced
by the impedance of its source and load terminations. Man-
ufacturers of EMI suppression filters normally specify the
filter characteristics with fixed source and load impedances,
usually 50 ohms. The actual characteristics may be different
when used in a circuit that requires other terminations, or
when used in circuits whose impedances are not fixed. This
aspect must be taken into consideration when designing,
specifying or using EMI filters.
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Certain guidelines are helpful in deciding what type of
filter circuit to apply in any given instance. For example, if
it is known that the filter will connect to relatively low im-
pedances in both directions, then a circuit containing more
series filter elements is indicated (a T-circuit, for instance).
Conversely, a high-impedance system calls for a n-filter. If
the filter is connected between two severely mismatched im-
pedances, then an asymmetric filter circuit such as two L-
section elements can be used. The series element faces the
low-impedance side of the system.

The basic characteristic used to describe filter perfor-
mance is its insertion loss. Insertion loss is defined as the
ratio of voltages appearing across the system terminals im-
mediately beyond the point of insertion of a filter, before
and after insertion. It is represented as the ratio of input
voltage required to obtain constant output voltage, with
and without filter in the system. This ratio is expressed in
decibels (dB) as follows:

Insertion loss = 20 log —!

E,

where:

E, = the output voltage of the signal source with the filter
in the circuit.

E, = the output voltage of the signal source with the filter

not in the circuit.

2

A number of other filter characteristics are important.
The input and output impedance requirements have already
been cited. Others include the attenuation in the pass-band,
the skirt falloff characteristic (rate at which the filter inser-
tion loss changes as a function of frequency), steady-state
and transient voltage ratings, etc.

FILTER DESIGN*

As indicated previously, filters are designed to attenu-
ate at certain frequencies while permitting energy at other
frequencies to pass unchanged. Reflective filters do this by
using combinations of capacitances and inductances to set
up a high series impedance or a low shunt impedance for
the interfering currents. Lossy filters do this by absorbing
the interference energy.
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Figure 1. The Four Basic Classes of Filters

*Only lumped constant filters are considered in this design
guide.
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The passband of a filter is the frequency range in which
there is little or no attenuation. The stopband is the fre-
quency range in which attenuation is desired. The attenua-
tion may vary in the stopband and is usually least near the
cutoff frequency (the frequency at which a 3 dB insertion
loss is obtained), rising to high values of attenuation at fre-
quencies considerably removed from the cutoff frequency.

Filters can be grossly classified according to the relative
positions of the passband and stopband in the frequency
spectrum. There are four classes: low-pass, high-pass,
band-pass, and band-reject, and the discussions to follow
will deal with these classes. Attenuation as a function of
frequency for each of the classes is shown in Figure 1.

2.1 Low-Pass Filters

EMI control usually requires filters of the low-pass type.
Power line filters are low-pass filters that pass DC or power
frequency currents without significant power loss, while at-
tenuating signals above these frequencies. Filters incorpor-
ated in amplifier circuits and transmitter output circuits are
usually of the low-pass type so that the fundamental signal
frequency can be passed while harmonics and other spuri-
ous signals are attenuated.

2.1.1 Shunt Capacitive Filters, and
General Capacitor Characteristics

The simplest low-pass EMI filter is a shunt capacitor con-
nected from the interference-carrying conductor to ground.
It serves to bypass high-frequency energy, as indicated in
the ideal representation of Figure 2. Under these circum-
stances the insertion loss of a shunt capacitor filter is de-
fined by the relationship:

IL(dB) = 10log (1 + F?) )

where
F = nfRC
= frequency, in Hertz
R = driving or termination resistance, in ohms
C = filter capacitance, in farads

c
—O0— I O

Figure 2. Capacitor Low-Pass Filter
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An actual capacitor incorporates both resistance and in-
ductance. These effects are due to such factors as the foil
inductance of the capacitor plates, lead inductance, foil re-
sistance, and lead-to-foil contact resistance.

The variations in these inductive and resistive effects de-
pend upon the type of capacitor. Metalized paper capaci-
tors, while small in physical size, offer poor RF bypass
capabilities because of high resistance contact between the
leads and the capacitor metal film. They are also a source
of radio noise as the dielectric punctures and self-heals by
burning away the metal film. This effect is indicated by the
switch in the equivalent circuit shown in Figure 3. The stan-
dard wound aluminum foil capacitor may be employed as a
radio frequency bypass in the frequency range up to 20
MHz. Its useful frequency range of operation is a function
of capacitance and lead length. Its equivalent circuit is the
same as that of the metallized paper capacitor, but R and
S of Figure 3 are not in the circuit.

As a result of these mduct&ve effects, a capacitor will ex-
hibit a capacitive reactance at low frequencies, and this
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L Lead Inductance

R Lead 10 Forl Contact Resistance

R'  Resistance of Motatlized Foul

€ Capacitance

L' Foil Inductance

S Short Crrcunt due to Voltage Puncture

Rg Short Circwrt Resastance

Figure 3. Metalized Capacitor Equivalent Circuit

situation will be maintained until its self-resonant frequen-
cy is reached. Above this frequency, the capacitor behaves
like an inductive reactance. This effect is illustrated in
Figure 4. Also note the effect of changing capacitor lead-
length on this self-resonant frequency.
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Figure 4. Insertion Loss of an 0.05-uf Aluminum Foil
Capacitor

Mica and ceramic capacitors of small values are useful up
to about 200 MHz. A capacitor of flat construction, if the
capacitor plates are round as in a ceramic disc capacitor,
will remain effective to higher frequencies than one of
square or rectangular construction.

Other factors must be considered in selecting ceramic fil-
ter capacitors. A ceramic capacitor element is affected by
operating voltage, current, frequency, age, and ambient
temperature. The amount the capacity varies from its nom-
inal value is determined by the composition of the ceramic
dielectric. The dielectric composition can be adjusted to ob-
tain a desired characteristic such as negative temperature or
zero temperature coefficient, or minimum size. In obtain-
ing one characteristic, othe characteristics may become un-
desirable for certain applications. For example, when the
dielectric composition is adjusted to produce minimum size
capacitors, the voltage characteristic may become negative
to the extent that 50 percent capacity exists at full operat-
ing voltage, and full ambient temperature may cause an ad-
ditional sizeable reduction in capacity. Also, from the time
of firing of the ceramic, the dielectric constant of the ma-
terials used may decrease; after 1000 hours, the capacitance
may be as low as 75 percent of the original value. The de-
signer should make ceramic capacitor selection based on re-
quired capacity under the most adverse operating condi-
tions, and taking into account aging effects.
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Capacitors of short-lead construction, and feed-through
capacitors, are three-terminal capacitors designed to reduce
inherent end lead inductances. Figure 5 shows the con-
struction of these three-terminal types. In each case, the
inductance of the lead is not included in the shunt circuit.
The wound foil short-lead capacitor is made with an ex-
tended foil type construction so that each plate of the ca-
pacitor can be soldered to a washer-shaped terminal. One
washer is, in turn, soldered to the center lead, while the
other is soldered to the case that is the ground terminal.

Theoretical insertion loss of three-terminal capacitors is
the same as for an ideal two-terminal capacitor. However,
the insertion loss of a practical three-terminal capacitor
follows the ideal curve much more closely than does a two-
terminal capacitor. The useful frequency range of a feed-
through capacitor is improved further by its case construc-
tion, enabling a bulkhead or shield to isolate the input and
output terminals from each other.

While the short-lead construction capacitor is ideally
suited for EMI suppression in the frequency range of 1 to
1000 MHz, feed-through capacitors are available with a
resonant frequency well above 1 GHz. The feed-through
current rating is determined by the stud diameter. Figure 6
shows the insertion loss characteristics of typical feed-
through capacitors, while Figure 7 indicates the construc-
tion details of a feed-through unit.

Capacitor selection for shunt capacitive filters, or any
other filter application, is determined in part by the voltage,
temperature, and frequency range in which the filter must
operate, For 28 VDC applications, capacitors rated at 100
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Figure 7. Construction of Feed-Through Capacitor

working volts DC (WVDC) are adequate. Metallized my-
lar capacitors offer the most compact design and good re-
liability. Their dissipation factor is very low, and lead
length can generally be kept short to improve high frequen-
cy performance.

Wet-type electrolytic capacitors are used for dc filtering
and sometimes used in EMI filters. They are single polarity
devices, and their high dissipation factor or series resistance
make them poor rf filters. An rf bypass capacitor should
be placed across the output of DC supplies using electro-
lytics. The dissipation factors of electrolytic capacitors in-
crease, and their capacitances decrease with age.

If a large value of capacitance is required in a small
space, tantalum capacitors may be considered. Because tan-
talum capacitors are electrolytics, they are more sensitive
to over-voltages, and are damaged by reverse polarity. The
dissipation factor is considerably higher than for mylar or
paper capacitors, and high frequency characteristics are
poor. A large tantalum capacitor reaches its minimum im-
pedance at 2 to 5 MHz or less, depending upon construc-
tion and capacitance value.

Capacitors for 120 VAC applications should be rated at
400 WVDC and be suitable for AC use. A unit of mylar and
foil or of paper-mylar and foil is recommended. Dissipa-
tion factor is low and high frequency performance is good.
For 240 VAC applications, an oil-impregnated paper and
foil unit is recommended.

If good capacitor performance is to be expected above
about 50 MHz, it is necessary to use designs incorporating
feed-through techniques. As noted previously, lead induc-
tance in a feed-through capacitor is not part of the shunt
circuit, so that, compared to capacitors with leads, its in-
sertion loss is not degraded as rapidly with increase in fre-
quency.

2.1.2 Series Inductive Filters, and General
Inductor Characteristics

Another simple form of low-pass filter is an inductor
connected in series with the interference carrying conductor.
It is ideally represented in Figure 8. In practice, its insertion
loss can be defined by the relationship:

IL(dB) = 10log (1 + F?) (3)

where

F=an-‘——
R

L = filter inductance, in henries

e
\J

Figure 8. Inductor Low-Pass Filter
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In practice, an inductor exhibits inductive reactance only
until its self-resonant frequency is reached. Above self-
resonance, it appears as a capacitive reactance, with the
inter-winding capacitance becoming dominant.

Filter inductors are usually toroidal, wound on cores of
powdered iron, molybdenum permalloy, or ferrite materi-
al. The size of the core is determined by required induc-
tance and current rating. The magnetic flux (number of
turns multiplied by the peak current) should not drive the
core to more than 50 percent of magnetic saturation.

The choice of core materials is determined by operating
frequency and current rating. Powdered iron cores can be
used for all DC applications and for most 60 Hz applica-
tions. For high current 60 Hz devices, and for all 400 Hz
applications, molybdenum permalloy cores should be used.
For extremely low current applications of less than 0.1
ampere, ferrite materials can be considered.

Stray or distributed capacitance in a filter mductor has
two detrimental effects: EMI may be coupled from input
to output of the filter via the capacitance; and the capaci-
tance may cause the filter.to become self-resonant at one or
more critical frequencies. Windings should be placed on the
coil so that input and output turns are separated as much as
possible to keep stray capacitance low. Distributed capaci-
tance effects may be reduced by a careful arrangement of
turns. In some cases, two or more coils wound on separate
cores are connected in series to raise the self-resonant fre-
quency.

Coil loss resistance is.a measure of all power losses, hys-
teresis losses, and frequency-dependent absorption losses in
the core. Loss resistance increases with frequency because
of skin effect in the conductor, and due to changes in core
loss with frequency. An increase in loss resistance repre-
sents an increase in attenuation in the filter passband. Loss-
es in the core are not particularly detrimental, except that
the insertion loss in the passband must be kept low.

2.1.3 Low-Pass ‘‘L’’ Section Filters

A primary disadvantage of single element filters is that
their out-of-band falloff rate is only 6 dB per frequency oc-
tave (20 dB per decade). By combining both a shunt ca-
pacitor and a series inductance single element filter into an
“‘configuration’’, a falloff rate of 12 dB/octave can be
obtained.

The two possible representations of low-pass ‘L’ sec-
tion filters are shown in Figure 9. In one representation
the capacitor shunts the source impedance, while in the
other the capacitor shunts the load impedance. The inser-
tion loss for the ¢‘L’’ section filter is independent of the
direction of inserting the ‘L’ section into the line, if source
and load impedances are equal. When source and load im-
pedance are not equal, the greatest insertion loss will usual-
ly be achieved when the capacitor shunts the higher impe-
dance. N

{ 1.
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Figure 9. Low-Pass ¢“L’’ Section Filter
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BUTTON FILTERS

The insertion loss of an ‘‘L’’ section lumped-constant
network into 50 ohm resistance source and load impedances
is:

IL(dB) = 10log (1 + F*D*/2 + F¥) )
where
D = 1-d

Vd

d = L/CR? = damping ratio

w, = \2R/L = V2/RC(ifd = 1)
w, = V2/LC(ifd # 1)
F =%

w

o

The ‘“damping ratio’’, d, relates the magnitudes of the
filter elements to the magnitude of the source and load im-
pedance. It is defined so that setting d equal to one (ideal
damping) results in the elimination of the squared frequen-
cy term from the insertion loss equation and produces an
abrupt transition from the pass-band to the stop region.
The equations for Butterworth filter designs are obtained
when d is set equal to one.

Values of d less than one result in insertion loss curves
identical to those obtained when d is greater than one. That
is:

IL (ford = n) = 1L (ford = 1/n) &)

for two element filters. The insertion loss of a two-element
filter is not changed when it is ‘‘turned around’ so that
the source and load terminals are transposed, so long as the
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Figure 10. Example of Commercial *“L’’ Section Filter
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source and load impedances are equal.

The physical size of an “‘L’* section filter depends upon
insertion loss requirement, current rating, and voltage rat-
ing, with the first two usually predominant. The “‘L’’ sec-
tion type of filter may give poor high frequency attenuation
because of stray inter-turn capacitance. In some cases, the
““L”> type may resonate and oscillate when excited by
transients.

Figure 10 provides an example of a commercially avail-
able “‘L’’-section low-pass filter. This type of configuration
enables a unit to be manufactured that can maintain an
adequate rejection level to 1 GHz.

2.1.4 n-Section Filters

The “‘pi’’ section filter is the most common type of radio
frequency interference suppression network. Figure 11
shows the circuit of the ‘‘pi’’ section filter. Advantages are
ease of manufacture, high insertion loss over a wide fre-
quency range, and moderate space requirements. Although
voltage rating must be considered, current rating and atten-
uation are the most important factors in determining the
size of the filter.

The insertion loss of a lossless ““pi’’ section network op-
erating with 50 ohm source and load impedances is:

IL (dB) = 10log(l + F*D* — 2F*D + F¥) (6)
where
D =1-d
3\/‘d
d = L/2CR*® = damping factor

Figure 11. Low-Pass = Filter
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w =V 2/LC = 2R/L =T1C—(ifd =1

.= V2/RLCT(ifd#1)
F =

£|€

[+

Unlike the ‘‘L’’ section filter case, overdamping or un-
derdamping of n-section (and T-section) filters result in en-
tirely different affects. This is discussed further in Section
2.1.6 of this article.

A typical attenuation curve of a ‘“pi’’ section filter has a
slope of approximately 18 dB per octave; the high frequen-
cy performance can be improved by internal shielding with-
in the filter case. However, the ‘‘pi”’ circuit is very suscep-
tible to oscallatory ringing when excited by a transient.
Representative data on a series of commercial low-pass “‘n’’
filters are shown in Figure 12.

The multiple ““pi’’ section filter (cascaded n-sections) has
characteristics identical to those of the multiple ‘L’ sec-
tion filter. The attenuation curve of the theoretical multi-
ple ‘‘pi’’ section filter rises at a rate of 20 dB more per
decade of frequency than does a multiple ‘L’ filter of the
same number of sections. Although this may not be a sig-
nificant factor when three or more sections are used, it
does provide a capacitive input at both ends of the filter
that is sometimes advantageous. An extensive use for this
type of network is as a power-line filter in large installa-
tions, and for shielded enclosures where high attenuation is
needed at very low frequencies.

2.1.5 ‘T’ Section Filters

The ““L”’ type low-pass filter can also be improved by the
introduction of another series inductor. This addition
forms a ‘““T’’ section filter, which consists of two inductors
in series with a shunt capacitor connected from the junc-
tion of the two inductors to ground (see Figure 13). Inser-
tion loss is given by:

IL (dB) = 10log (1 + F?*D? — F*D + F%) 7
where
_1-d
J\/'d
d = R*C/2L = damping factor
w, = 2 R _2 Gfa=-1
\/— LC L RC
w_ = V2R/LIC(ifd # 1)
L L

Figure 13. Low-Pass ‘T’ Filter

The ““T”’ type of filter is a very effective form of the
lumped-constant type of filter for reducing transient inter-
ference. Its major disadvantage .is the requirement for two
inductors, which under some circumstances may present a
size penalty. It provides the same out-of-band falloff rate

-as the n-section filter, that is, 18 dB/octave (60 dB/decade)

for a single section.
Figure 14 provides representative information on com-
mercially available T-section low-pass filters.

2.1.6 Insertion Loss Calculations for ‘‘n’’ and ‘‘T’’ Section
Filters
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Figure 14. Representative Commercial Low-Pass T-Section
Filter Characteristics
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The equations for the insertion loss of a T-circuit and a 0.4 w
pi-circuit as given by Equations (6) and (7) are seen to be
identical. The equation has three modes of response. When 03 - 30
d equals one, the response is optimally damped and is the L d R
ideal (Butterworth) response curve. When d is greater than 02 Lam 11
one, the response is in an overdamped mode. When d is " ON 130 WiRE G | [T\,
less than one, the response is in an underdamped mode. In ¥
the underdamped case, the curve has a maximum in band o1 » N 10
loss of: i 11 0

3 1 2 35 7 10 20 3050 7C 100
IL = 10log (1 + 22> (8) FREQUENCY - Wtz
27

at the frequency where F = D/3. A minimum loss point T o oy
will also occur at the frequency where F = D. 10 ferrite beads.
2.1.7 Lossy Line Filters

While the input and output impedances of some filters TYPICAL PROPETIES
can be expected to match their intended source and load Flux Density (8} at 5 O, 2400 G
impedances over a fairly broad frequency range, it is more Coarcive Force (Hc) 056 0,
often the case that such matches will not occur. For exam- Hysteres:s Factor (h/u2) 22106
ple, the input impedance of a powerline filter almost never Initiat Permeabitity (uo) 450
achieves a match with the impedance of its associated Permasbiity (x) at 250G 900
power line. As another example, a transmitter harmonic fil- Resistivity - Oh - cm 2107
ter is generally designed to match the transmitter output Curie Temperature 21857
stage over the fundamental frequency range, but not neces-

sarily at its harmonic frequencies.
Because of such mismatch situations, there have been Figure 16. Filter Characteristics of Ferrite Beads
many cases when the insertion of a filter into a line carry-
ing interference has actually resulted in more, rather than
less, interference voltage appearing on the line beyond the

point of its application. This deficiency in all filters com- SIZES AVAILABLE
posed of low loss elements has led to the development of
dissipative filters that take advantage of the loss-versus- Inside | Outside Tolerance
frequency characteristics of magneti aterial h Lundy Diameter | Diameter | on 1.D. & OD.
! equency ¢ s o gnetic materials such  as Part No. (Inches) | (inches) {Inches)
errites.
One form of dissipative filter uses a short length of ferrite LST-060 060 150 =.004
. . . . . . 7 *.
tube with conducting silver coatings deposited on the inner it Pt o ot
and outer surfaces to form the conductors of a coaxial LST-125 125 225 = 006
transmission line. The line becomes extremely lossy at radio tg;:gg :f;g -ggg = 88;
frequenc1es, that is, it has high a.ttenuatlon per unit lengt'h LST.200 200 325 - 008
in the frequency range where either electric or magnetic LST-225 225 350 +.010
losses, or both, become large. An example of the perfor- tgggg g?g %g 38:8
mance of a lossy line filter of this type is shown in Figure LST-300 300 450 =010
15. LST-325 125 475 =010
P , . . LST-350 350 500 =010
Dissipative filters of this type are pqcessarlly low-pass. LST-375 375 505 <010
One of the large uses of such filters is in general-purpose LST-400 400 550 + 010
power-line filtering, in which the dissipative filter is com- t:l::g :gg gég fglg
bined with conventional low loss elements to obtain the LST-475 470 650 <010
necessary low cutoff frequency. LST-500 500 700 + 010
lhd T T 177 R T
FERRITE TUBE 50D 2 3/8.'0! ATTENUATION CURVES
a ATTENUATION VS LENGTH
60 | T MEASURED IN 4 SO-OnM SYSTEM PER MIL-STD-2204
g €" LENGTH =
o uo
é 50| 00 ABOVE 40008
P . [ Jeoisiel S
o i, sy
3 2 [/
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o
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Figure 15. Insertion Loss of a Ferrite Tube Low-Pass EMI Figure 17. Typical Characteristics of Lossy Line
Filter Suppressant Tubin
, g

134 ITEM - 1978



et

2

Another method of achieving a dissipative filter is by use
of lossy beads. Tubular ferrite toroids offer a simple, eco-
nomical method for attenuating unwanted high frequency
noise or oscillations. One bead slipped over a wire produces
a single-turn RF choke that possesses low impedance at low
frequencies and moderately high impedance over a wide
high frequency band.

Ferrites are inert ceramics containing granulated iron
compounds. They are free of any organic substances, and
are not degraded by most environments. Generally, their
inductance is small. Because of the high resistivity of ferrite
beads, they may be considered insulators for most applica-
tions.

The presence of a ferrite bead on the wire causes a local
increase of series impedance (largely resistive) presented to
currents in the wire, Figure 16 illustrates the effects of one
ferrite bead on a length of wire. Adding more or longer
beads provides additional units of series inductance and re-
sistance in direct proportion. Extra turns of wire can be
passed through the bead, increasing both resistance and in-
ductance in proportion to the square of the number of
turns. Because of distributed winding capacitance, this
technique is most effective at the lower frequencies.

High amplitude signals below 50 MHz may cause some
reduction in the suppression effect due to ferrite saturation.
However, as long as only one turn links the core, fairly
high currents can be tolerated using representative materi-
als before saturation is approached. At saturation, induc-
tance and resistance will be low, but will return to normal
values upon removal of the high field.

Lossy line suppressant tubing also provides an efficient
means for suppressing undesired EMI and other spurious
signals. The tubing can be slipped over standard wire and
cable and suppresses both radiated and conducted energy.
It can be used in environments from —55° to +250° C
without electrical or mechanical degradation. The tubing
will provide shielding from low frequency electrostatic
interference and magnetic fields, and will not cause dc or
low frequency ac losses. RF power handling capability is in
excess of 10 watts/inch of tubing. Representative data on
this type of tubing is shown in Figure 17.

Lossy line coaxial cable can also serve as a dissipative
low pass filter. Data on such cables are provided in Figure
18. The lossy media have high rf attenuation and low Q.
Short lengths of this cable (perhaps only a few inches long)
may be adequate for achieving the desired suppression.

Still another form of ferrite filter that extends the ferrite
bead concept is the filtering connector. Lossy filters are
built directly into a male connector assembly, and offer
low-pass filter performance as shown in Figure 19.

Improvement of high frequency rejection characteristics
of a conventional low-pass filter may be obtained by em-
ploying a conventional reactive filter in cascade with a lossy
line section. This arrangement can provide an overall char-
acteristic having both a rapid cutoff slope and a high-stop
band attenuation. An example of the improvement in stop-
band attenuation that can be gained by preceding a reac-
tive filter with a lossy line section is illustrated in Figure 20.

Typical Attenuation Curves

HELIX WOUND CONDUCTOR

(ATTENUATION ve LENGTHM)

BEYOND RANGE OF INSTRURERTANCH
f

°
o

-
o

WEASURED W &
0 0nm SYSTEN
MR WILSTO 2200

. /////

' " o R

-
o

>
o

INSERTION LOSS (dB)

FREQUEN(Y (MEGAMERTR)

STRAIGHT CONDUCTOR

(ATTENUATION vs LENGTH)

BEYOMD RANGE OF WSTRUMENTATION (P TO 100 Gz

o
S

-
o

WEASURED I &
Y-ONN SYSTER
PLA BIL STO 1208

o
o

»
o

INSERTION LOSS {¢B}

~
o
T

" o o

PREQUENCY (MEGAWHERT S

* Note: Attenuation characteristics vary stightly with different voltage ratings and shielding.

SHIELOING
BRAIOS

L0SSY
MATERIAL

CoRt

DUTER INSULATING
JACKET

INSULATING
WRAP

CONDUCTOA
" (HELIYY

OUTER INSULATING
JACKET

INSULATING
WRAP

comoucToR

SHIELDING
BAAIDS

LOsSY
MATERIAL

Basic Construction Features of Helix Conductor Flexible Filter

o e B s
~

e T et i R
w‘ lundv Flectronics & System

Basic Construction Features of Single Conductor Flexible Filter

Figure 18. Typical Characteristics of Lossy Coaxial Cable

136

ITEM - 1978



GASKET

HARD : )
INSERT " T T T
ENCAPSULATION TYPICAL ATTENUATION, dB
100
CONTACT 9
FILTER e
ASSEMBLY Z /
9 ¢0
- /
<
FERRITE = 40
w /
-
L wof—4
]
‘ \ 10° 10’ 102 10® 10
/| DIELECTRIC MHZ
INTERFACE 10 TRANSFER
SEAL  sHELL GROUND PLATE IMPEDANCE, n
10 -
Minimum Attenuation from —55°C to 4 125°C and
100 MHz 10 10 GHz . o . . . 50 db d ol \
D.C. Working Voltage (inctudes summation of the D.C. and ‘ )
low tevel A.C. superimposed peak voltages) 200 VOC @ +125"C ‘?“
Dielectrnic Strength (for 5 sec. with charging current of 50 N
milbamperes maximum) 500 VDC ‘.'— ([}
s roeg y Iy o 75 Amporen N
tnzulabinn Boeasmtanoa H Cagaohims 10 e e § —— e e
R1 Cunrgnt 025 Amperes
Operating Temperature Range -55"C to +125°C R
Capacitance (pf) . R B 6500 pt Nominal 0 00° IO' '02 '05

MHZ

Figure 19. Typical Characteristics of Lossy Connector

Figure 20a shows the performance of a reactive low-pass
filter constructed with lumped constant elements. The rapid
cutoff at 400 MHz is followed by a high attenuation region
between 400 MHz and 3 GHz, but at frequencies above 3
GHz the attenuation is greatly reduced. If the same low-
pass filter is preceded by a section of coaxial line whose
dielectric space is filled with a 6:1 ratio of iron-to-epoxy
dielectric material, the attenuation characteristic is altered
to that shown in Figure 20b. The addition of the lossy sec-
tion has increased the passband attenuation only slightly,

INSERTINN 1L0SS N &8

but the stop band attenuation has been increased to greater R R S Ry w—er el
than 60 dB. SREQUENCY 1N Ciy
When a lossy line section is used in cascade with a con-
ventional low-pass filter, the passband insertion loss can be Figure 20a. Typical Low-Pass Filter Loss Characteristics
minimized by the proper choice of the dielectric material. Low-Pass Filter Only ’

However, there is always some passband loss introduced by
the lossy dielectric. Such passband losses can be reduced by
designing the reactive filter to have as wide a region as pos-

sible between the low-pass cutoff frequency and the first LIMIT OF MLASUREMERT
spurious passband, so that a minimum of lossy material is 1o I
needed to provide the required stopband attenuation. sl

2.2 High Pass Filters

Although not as common as the low-pass type, high-pass
filters also have an application in EMI reduction. In partic-
ular, such filters have been used to remove ac power line
frequencies from signal channels and to reject particular
lower frequency environmental signals.

40

INSTRTION LOSS I @8
5
T

Highpass filters can be designed by inverting the high P Al e 1 e o
pass filter response requirements, so that they become re- FREQUENCY Ih s
quirements on a low-pass filter. Low-pass filters meeting
this new requirement can be readily transformed back into Figure 20b. Typical Low-Pass Filter Plus Lossy Filter
the highpass filter of interest. Section
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The low-pass filter transforms into a highpass filter by
replacing each coil with a capacitor, and vice versa, and
by replacing the element values by their reciprocals. Thus,
2 henries become 0.5 Farad, 10 Farads become 0.1 Henry,
etc. The attenuation given by the low-pass filter at w, is
now given by the highpass filter at 1/w.

For example, a Butterworth low-pass, n-section has the
element values shown in Figure 21. The cutoff frequency
is 10 kHz. The filter is shown transformed into a highpass
filter. A similar transform relative to a T-section filter is
also provided.

ISOO,JH 750}1H 750}|H
. VgV —g
- 3 "=
033 1 068 ’lF
..._.LF, ....._..,,..‘.Jk..,,..,_._.
LOW PASS PI LOW PASS T
1863 ¥
o] —eo
HIGH PASS Pi HIGH PASS T

Figure 21. Lowpass to Highpass Transforms

2.3 Bandpass Filters

Each low-pass filter can also be the basis for defining a
unique family of symmetrical bandpass filters with known
characteristics, and vice versa. Thus, the requirements of a
bandpass filter (a filter designed to pass an arbitrary fre-
quency band and reject signals outside that band) can be
readily established by use of the following transformation
procedure:

a. Convert the desired bandpass filter requirements into
low-pass filter requirements. The low-pass prototype
has the same 3 dB bandwidth and insertion loss as the
bandpass filter.

b. In the case of single section L, T and = filters having 50
ohm input and output impedances, select a low-pass
filter with the required attenuation using the two and
three element filter design equations discussed.

c. Establish the filter element values in the manner previ-
ously described using the rf 3 dB bandwidth value.

d. Resonate each L and C at the required bandpass center
frequency.
As an example of this procedure, consider a bandpass

filter requirement of a center-tuned frequency at 1.0 MHz,

and a skirt roll-off rate of at least 15 dB/octave. The re-
quired impedance level is 50 ohms input and output. There
is to be no ripple in the pass-band; that is, response should
at all points be monotonic. Bandwidth is to be 100 kHz
between the ~ 3 dB points.

A three element, Butterworth, low-pass pi-network is
selected as the prototype low-pass filter. From Equation
(6), it is found that the L and C values for such a filter,are
160 uH and 0.03 uF, using a cutoff frequency of 100 kHz
and a damping factor of unity.

Each of the above components are next resonated at 1.0
MHz using the relationship

f = 1
2n/ LC ®

The result is a 150 pF capacitor in parallel with L, and
a 0.8 uH inductor in series with C. The final filter configu-
ration is shown in Figure 22.

Note that the rf filter response is log-frequency symme-
trical. That means that the response on a logarithmic fre-
quency axis at some displacement above f,is a mirror image
of the equivalent displacement below f_. Alternatively if the
attenuation at a frequency xf_, is N dB, then the attenua-
tion will be the same at f/x. For the example above, the
band-pass filter cutoff frequencies are shown in Figure 22
as 0.95 and 1.05 MHz, since the logarithmic effect is not
evident at frequencies close to the tuned frequency of the
filter.

Transformation is thus the essential principle in the de-
sign of bandpass filters. It reduces the design to a proce-
dure of specifying the element values of a low-pass filter
section and transforming this section into a bandpass filter.
In this transformation, a capacitor is added across each coil
of a size to resonate the coil at f_. A coil is added in series
with each capacitor of the low-pass filter of a size to reso-
nate the capacitor at f .

160 pH
B —
74
) - 0.8 pH
O8pH 150 pF 8y
0.03pF 0.03 pF
O -0
1.0 MHZ
z 3d8 3d8
= 095 1.05
o ¢
p R e ¢]
2 0
V7]
[
[
<
A d -
T’o

LOG FREQUENCY

Figure 22. Example of Band-Pass Filter Design

ITEM - 1978



The above approach is conceptually the same for multi-
ple-section bandpass filters, or for filters whose input and
output impedances differ, but the process becomes much
more complicated. Tabular techniques are available to sim-
plify the process under these circumstances. They are based
on first converting the filter requirements to per-unit values
(per cycle, per ohm of input impedance, etc.) designing the
low-pass filter on that basis, and then converting back to
the bandpass equivalent.

Butterworth filters have a maximally flat bandpass re-
sponse. If some ripple within the pass-band can be toler-
ated, then a steeper descent into the attenuation band can
be obtained. Tchebyscheff filters have a greater roll-off
rate than do Butterworth filters for the same number of
components, and are generally used in bandpass designs
where bandpass ripple can be tolerated. Tabular approaches
to the design of Tchebyscheff bandpass filters are also
available.

2.4 Band-Rejection Filters

Band-rejection and notch filters are networks that, from
an EMC standpoint, are designed to attenuate a specific
narrow band of frequencies that may be causing interfer-
ence problems. This type of device is normally used as a
series rejection device between the interference source and
the load. An alternative is to use a bandpass configuration
that shunts the interference to ground.

Typical applications and locations of band-rejection
notch filters include the following:

eAt input terminals to reject strong out-of-band interfer-
ence that would otherwise cause overload.

*At receiver input terminals to reject troublesome image
frequencies.

®At receiver input terminals to reject IF-feedthrough
signals.

®At transmitter output or interstage terminals to reject har-
monics.

*In ac or dc power distribution leads to reject radar PRF,
computer-clock surges, or rectifier ripple.

eAt audio amplifier input or interstage terminals to reject
IF or BFO feedthrough, unwanted heterodynes, signal
tones, radar PRF.

A notch filter or wavetrap may take the form of a lumped-
constant inductor-capacitor circuit, or it may be a shorted
quarter wave coaxial or waveguide stub, or a crystal or
ceramic filter lattice. The inductive characteristics of ca-
pacitor leads and foil can be planned so that the capacitor
acts as a self-contained wavetrap. For frequencies below
about 1 MHz, a twin-T resistor-capacitor filter is often
found to be an acceptable configuration.

The simplest types of wavetrap are a parallel or series
resonant circuit such as those shown in (a) and (b) of Figure
23. The configuration of Figure 23(a) will give a high im-
pedance at the resonant frequency, while the configuration
of Figure 23(b) provides a low impedance at resonance.
The disadvantages of these circuits are that their skirt fall-
off rates are low (6 dB/octave), and they do not present a
good impedance match to either the source or load. Band
reject performance can be improved by using parallel and
series tuned elements in L, n or T configurations, as also
illustrated in Figure 23.
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Figure 23. Band-Reject Filter Configurations
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The details on the design of the above types of band-
reject filters are available in many filter textbooks and
handbooks, and will not be discussed here. However, some
additional comments are considered appropriate on one
particular type of notch filter, because of its wide use in
this type of application.

The twin-T notch filter shown in Figure 24 is useful as a
band-reject filter in the lower frequency ranges. At low fre-
quencies, the twin-T filter can achieve a circuit Q on the
order of 100, which would not be economically feasible for
a wavetrap or inductance-capacitance type filter at the same
frequency. Shunting effects reduce its usefulness at high
frequencies. The notch frequency is determined by:

f o 01592K (10)
(RR,C,C)
where
R Ra
A A
o—4d b—— o
¢ C2
|k I
LA 11
4
R3 T Cy
o— . o
L GtC L RiRy we K
Cs Ry(R, +R,) R RaC) C2
R
Ry: 7x (. 01892 K
RR,C C
i+ VRiRRC G
K

Figure 24. Twin-T Notch Filter

Three special cases are of interest. The case when K = 1
gives the symmetrical form of Figure 25. WithK = 1/2, a
circuit with three equal resistances as shown in Figure 26 is
obtained. In Figure 27, with K = 2, three equal capaci-
tances result.

It should be pointed out that the twin-T notch filter pa-
rameters must be accurately selected to obtain attenuation
at the null frequency. Getting the best possible null requires
careful balancing in network tuning; a convenient way to
do this is by use of trim capacitors or potentiometers.

The above article was extracted from NAVAIR AD 115, Chapter 7.
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Figure 25. Twin-T Network withK = 1
R R
| O——"g Lo 3
¢ ¢
— — —
R '1: ac
2 O O 4
K=+ 05
|
“* ReB
. 0u2s
RC
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See LMI on back cover.

. Twin-T Network withK = 2
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