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EMI FILTER AND FREQUENCY FILTERS

HAVING CAPACITOR WITH INDUCTANCE

CANCELLATION LOOP

This invention was made with the assistance from a grant

by the National Science Foundation (EEC-973677), and the

US. Government may have certain rights in this invention.

FIELD OF THE INVENTION

The present invention relates generally to electromagnetic

interference (EMI) filters. More specifically, the present

invention relates to an EMI filter with a capacitor having an

extra current loop for canceling parasitic inductive coupling

between capacitors. With the inductive coupling between

capacitors weakened, the EMI filter provides an exception-

ally high attenuation.

BACKGROUND OF THE INVENTION

Electromagnetic interference (EMI) filters are commonly

used throughout the electronics industry. EMI filters are

typically placed on input power lines of electronic equip-

ment so that high frequency electromagnetic noise does not

enter or escape the equipment.

It is desirable for EMI filters to attenuate high frequency

noise as much as possible. Typically, noise that must be

attenuated is in the frequency range of about 10 kilohertz or

150 kilohertz to 30 megahertz. Noise in the frequency range

of about 1730 Mhz is particularly problematic because it can

propagate across a circuit board via inductive coupling.

FIG. 1 shows a typical conventional EMI filter circuit.

The filter has common-mode capacitors 10 that attenuate

common-mode noise. First capacitor 12 and second capaci-

tor 14 are connected in parallel on either side of coupled

inductors 16 18. The coupled inductors 16 18 are coupled by

a toroidal ferrite core 20. The power input can provide DC

power, or 120 volt 60 hz conventional line power, for

example. The power output can be connected to a computer,

telecommunications device or any other electronic equip-

ment.

In a conventional application, coupled inductance offers

common mode attenuation and the leakage inductance offers

differential mode attenuation.

Aproblem with the circuit of FIG. 1 is that the attenuation

of the filter decreases with increasing frequency. This deg-

radation in filter performance occurs because of parasitic

inductive coupling (i.e., mutual inductance) between filter

components. The parasitic inductive couplings allow high

frequency signals (e.g., above about 1 Mhz) to jump

between components and appear at the filter output. FIG. 2,

for example, show plots of insertion voltage attenuation in

dB versus frequency for an ideal circuit without parasitic

inductive couplings, and for a real circuit. The parasitic

inductive couplings cause an enormous degradation in filter

performance that increases with increasing frequency.

With modern electronics operating at ever-increasing

speeds and ever-decreasing voltages, it is becoming more

difficult to protect sensitive circuits from damaging and

disruptive electrical noise. Consequently, EMI filters must

be improved to provide increased attenuation of electrical

noise, particularly at high frequencies.

It would be an advance in the art to provide an EMI filter

having increased attenuation at high frequencies. Such an

EMI filter could be widely used in protecting sensitive

electronic circuits operating at high frequencies and low

voltages.
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2

Additionally, it would be an advance in the art of fre-

quency filtering (e.g. high or low pass filtering, band pass

filtering or band reject filtering) to provide filters having an

improved response at high frequencies.

SUMMARY OF THE INVENTION

The present invention includes a filter circuit with reduced

mutual inductance between capacitors. The filter has a first

capacitor, a second capacitor, and a first inductor. The

capacitors are connected to opposite ends of the inductor.

Input signals can be applied across either the first capacitor

or second capacitor. In the present invention, an inductance

cancellation loop is connected to the first capacitor. The loop

is oriented so that current in the loop travels in a direction

opposite from current traveling through the capacitor. There-

fore, the loop tends to reduce the inductance of the first

capacitor and reduce the mutual inductance between the first

capacitor and other components. The loop is connected to

the capacitor so that it is in series with the capacitor in a high

frequency circuit model (i.e., when inductors can be mod-

eled as open circuits with infinite impedance).

The inductance cancellation loop can be a wire or metal

strip disposed on the first capacitor.

A second inductor can be provided coupled to the first

inductor. Both inductors can be oriented horizontally with

respect to a circuit board so that inductive coupling between

the inductors and circuit board traces is reduced.

The first and second capacitors can be physically oriented

in parallel.

The first capacitor and second capacitor have a mutual

inductance Mc, and the inductance cancellation loop and

second capacitor have a mutual inductance Ma. In the

present invention, Mc and Ma are preferably equal to within,

for example, 25% or 15%.

The present invention also includes an embodiment hav-

ing a third capacitor and third inductor connected to form a

two-stage filter. A fourth inductor coupled to the third

inductor can also be present.

The present filter circuit can be an EMI filter, a band pass

filter, a low pass filter, or a band reject filter. All these filters

will have high attenuation of unwanted high frequency

signals.

The present invention also includes filters in which the

inductance cancellation loop is not present, but the inductors

are oriented horizontally with respect to circuit board traces.

The inductors can be coupled by, for example, a toroidal

magnetic core (e.g. made of ferrite).

In the present invention, the combination of inductance

cancellation loop and horizontally oriented inductors pro-

vides exceptionally high attenuation of high frequency sig-

nals.

DESCRIPTION OF THE FIGURES

FIG. 1 (Prior Art) shows a conventional single stage EMI

filter according to the prior art.

FIG. 2 (Prior Art) shows a plot of EMI filter performance

versus frequency for an ideal filter with no parasitic induc-

tive couplings, and for an EMI filter having parasitic induc-

tive couplings.

FIG. 3 illustrates inductive coupling between capacitors

in the circuit of FIG. 2, as discovered by the present

inventors.

FIG. 4 shows a circuit diagram of an EMI filter according

to the present invention.
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FIG. 5 shows a perspective view of an EMI filter accord-

ing to the present invention. The EMI filter has an induc-

tance cancellation loop 36.

FIG. 6 illustrates the superior performance of the present

EMI filter compared to the filter of the prior art.

FIGS. 7A77L illustrate various embodiments of the

inductance cancellation loop according to the invention.

FIG. 8 shows a high frequency model of the present EMI

filter, illustrating the most important mutual inductances,

Ma, Mb, and Mc.

FIG. 9 shows an alternative embodiment of the present

EMI filter in which both capacitors of the filter have asso-

ciated inductance cancellation loops 36 38.

FIG. 10 shows a high frequency model of the EMI filter

having two loops 36 38.

FIG. 11 shows a two-stage filter according to the present

invention. Preferably, in the two-stage embodiment, only

one of the three capacitors has an inductance cancellation

loop.

FIG. 12. (Prior Art) shows a prior art filter, illustrating

inductive coupling problems caused by the leakage induc-

tance field Lk.

FIG. 13 shows an embodiment of the present invention in

which inductors are horizontal (i.e. parallel with circuit

board 25) so that inductive coupling between the leakage

inductance field Lk and capacitors is minimized.

FIG. 14 show plots of attenuation versus frequency,

illustrating the effect of horizontal orientation of the induc-

tors.

FIG. 15 shows a low pass filter according to the present

invention.

FIGS. 16A716C show band pass filters according to the

present invention.

FIGS. 17A717C show band reject filters according to the

present invention.

DETAILED DESCRIPTION OF THE

PREFERRED EMBODIMENTS OF THE

INVENTION

The present invention provides electromagnetic interfer-

ence (EMI) filters and frequency filters (e.g., high or low

pass filtering, band pass or band reject filtering) having a

capacitor with an inductive cancellation loop. The inductive

cancellation loop is connected to the capacitor and provides

a current flow that is anti-parallel to current flowing in the

capacitor. The loop greatly reduces the mutual inductance

between the capacitor and other filter components. Prefer-

ably, the inductive cancellation loop is in close proximity to

the capacitor (e.g., the loop can be disposed on the capaci-

tor). With the present inductive cancellation loop, the EMI

filter has a much greater attenuation at high frequencies.

Also, the present invention includes filters with inductors

oriented horizontally with respect to a circuit board or circuit

board traces. Horizontal orientation reduces coupling

between leakage inductance and circuit board traces and

between leakage inductance and capacitors.

In order to more fully describe the effects of coupled

inductances in an EMI filter as discovered by the present

inventors, FIG. 3 shows a typical physical layout of the

capacitors 12 14 of the circuit of FIG. 1 (and the new

understanding as deduced by the inventors). The capacitors

12 14 are spaced apart and oriented in parallel. Inductors 16

18 are illustrated, but the toroidal ferrite core 20 (normally

located between the capacitors 12 14) is not shown for

brevity. The capacitors 12 14 are essentially parallel con-

ductors, and so have a mutual inductance Mc. The mutual
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4

inductance Mc is modeled by the inductive coupling

between two parallel virtual conductors 11 13 extending

through the centers of the capacitors. When high frequency

signals flow into the first capacitor 12 or second capacitor

14, the signals are inductively coupled by the mutual induc-

tance Mc to the other capacitors. The high frequency signals

thereby propagate through the filter, resulting in lowered

high frequency attenuation.

The present inventors have discovered that in order to

increase the attenuation of high frequency noise by the filter,

the mutual inductance Mc between the capacitors must be

cancelled or reduced.

FIG. 4 illustrates the present EMI filter. The present EMI

filter has a first capacitor 26 and a second capacitor 28. The

first capacitor 26 and second capacitor 28 are connected in

parallel on opposite ends of first inductor 30 and second

inductor 32. The first inductor 30 and second inductor 32 are

preferably coupled by a toroidal ferrite magnetic core 34.

FIG. 5 shows a perspective view of the filter according to

the present invention. The toroidal core 34 is not shown. The

capacitors 26 28 are spaced apart and preferably oriented in

parallel (because parallel orientation provides a small physi-

cal size); the capacitors comprise parallel conductors. The

capacitors 26 28 and inductors 30 32 are connected by

circuit board traces 21 23. The capacitors 26 28 and traces

21 23 can be disposed on a circuit board 25.

Common-mode capacitors (e.g., capacitors 10 of FIG. 1)

for attenuating common-mode noise are not shown, but may

be included.

The capacitors 26 28 can be wound foil capacitors,

ceramic chip capacitors or any other kind of capacitor.

Preferably, the capacitors 26 28 have a dielectric material

capable of responding to high frequency signals. The circuit

is preferably symmetrical so first and second capacitors 26

28 may be interchangeable. First and second capacitors 26

28 may be identical.

Significantly, in the present invention, the first capacitor

26 has an associated inductance cancellation loop 36. The

inductance cancellation loop 36 is necessarily connected the

first capacitor 26. Also, the inductance cancellation loop 36

is necessarily oriented so that current flowing through the

cancellation loop 36 flows in a direction opposite to current

flowing in the first capacitor 26 (i.e., flowing through virtual

conductor 11). Hence, the inductance cancellation loop 36

reduces the inductance of the first capacitor, and reduces the

mutual inductance Mc between the first capacitor 26 and

second capacitor 28.

It is important to note that the loop 36 is connected in

series with the capacitor 26 for high frequency signals. The

first inductor represents a very high impedance (approxi-

mated as infinite) to high frequency signals. So, for high

frequency signals, the loop 36 is considered to be connected

in series with the capacitor.

Of course, since the circuit is symmetrical, and capacitors

26 28 are interchangeable, the inductance cancellation loop

36 can be connected to the second capacitor 28 instead ofthe

first capacitor 26.

The inductance cancellation loop 36 can comprise a wire,

or a strip of copper foil disposed on (e.g., adhered to) the first

capacitor 26.

It is noted that the circuit board traces 27 adjacent to the

loop 36 should be close together so that they are not

inductively coupled to other components.

In a specific experiment performed by the present inven-

tors, the inductance cancellation loop 36 was added to an

EMI filter in which first and second capacitors are 0.47 uF

foil wound capacitors spaced apart by 2.2 centimeters. The
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loop 36 was made from a strip of adhesive-backed copper

foil. In this specific case, the mutual inductance Mc between

the capacitors was reduced from 249 picoHenries to 19

picoHenries, about 92%. The equivalent series inductance of

the first capacitor was reduced from 12 nanoHenries to 4

nanoHenries by the loop.

FIG. 6 shows a plot of attenuation versus frequency for a

conventional EMI filter (e.g., the filter of FIG. 1) and the

present EMI filter with the inductive cancellation loop 36.

The attenuation at high frequencies is greatly increased as a

result of the reduction in mutual inductance Mc between the

capacitors 26 28. At frequencies of several Mhz, the present

inductive cancellation loop 36 increases the attenuation by

about 20 dB, a surprising and dramatic increase.

The present inductive cancellation loop 36 can have many

different forms and shapes, and can be located in different

places on or in the capacitor 26. FIGS. 7A77L show the first

capacitor 26 and loop 36 in isolation, illustrating several

different embodiments of the inductance cancellation loop

36. FIGS. 7A77L are described below:

FIG. 7A: The inductance cancellation loop 36 is disposed

on a rear (the side opposite the second capacitor 28) side of

the capacitor 26. The loop 36 extends down a rear side

corner of the capacitor.26. The loop 36 extends across a top

surface of the capacitor 26.

FIG. 7B: The inductance cancellation loop 36 is disposed

on a front (the side closest to the second capacitor 28) comer

of the capacitor. The loop extends down a front side corner

of the capacitor 26. The loop 36 extends across a top surface

of the capacitor 26.

FIG. 7C: The loop 36 extends across a rear surface

(farthest from the second capacitor 28) of the capacitor 26.

FIG. 7D: The loop 36 extends across a front surface

(closest to the second capacitor 28) of the capacitor 26.

FIG. 7E: The inductance cancellation loop comprises two

loops 36a 36b. One loop 36a is disposed on the rear surface,

and one loop 36b is disposed on the front surface.

FIG. 7F: The loop 36 is disposed on a bottom surface of

the capacitor 26.

FIG. 7G: The loop 36 extends through the interior of the

capacitor. In this embodiment, a hole may be provided in the

capacitor to accommodate the loop 36. Reference can be

made to US. Pat. No. 5,910,879 for details on how to

construct a capacitor with a hole, and the complete contents

thereof is herein incorporated by reference.

FIG. 7H: The capacitor 26 comprises two separate capaci-

tors: capacitor 26a and capacitor 26b. The capacitors 26a

26b are connected in parallel. Loop 36 is disposed between

capacitors 26a 26b.

FIG. 7I: The capacitor 26 comprises two separate capaci-

tors: capacitor 26a and capacitor 26b. The capacitors 26a

26b are connected in series. Loop 36 is disposed between

capacitors 26a 26b.

FIG. 7] shows a circuit diagram for the embodiment of

FIG. 7H.

FIG. 7K: The capacitor 26 comprises two separate capaci-

tors: capacitor 26a and capacitor 26b. The capacitors 26a

26b and loop 36 are connected in series. Loop 36 is disposed

between capacitors 26a 26b.

FIG. 7L shows a circuit diagram for the embodiment of

FIG. 7K.

In the practice of this invention, the loop may positioned

on the capacitor or within 5 to 10 millimiters of the surface

of the capacitor.

In the present invention, the inductance cancellation loop

36 is preferably designed to cancel the mutual inductance

Mc between the capacitors. The cancellation of the mutual
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6

inductance Mc should be as complete as possible. The best

design and placement of the inductance cancellation loop 36

can be found empirically by measuring the mutual induc-

tance between the capacitors 26 28.

FIG. 8 shows a high frequency model of the present EMI

filter. The inductors 30 32 are not illustrated because they

have very high impedance (assumed to be infinite) in the

high frequency regime. In the high frequency model, the

inductors are approximated by open circuits. The loop 36

(illustrated as inductance Llp) is necessarily connected in

series with the capacitor 26 in the high frequency model.

High frequency models are well known in the art.

In FIG. 8, Lc1 and Lc2 are the equivalent series induc-

tances (ESL) of first capacitor 26 and second capacitor 28,

respectively. Llp is the inductance of the inductance cancel-

lation loop 36. Mc is the mutual inductance between the

capacitors 26 28. Ma is the mutual inductance between the

loop 36 and second capacitor 28; Mb is the mutual induc-

tance between the loop 36 and the first capacitor 26. In the

present invention, the mutual inductance between the

capacitors is minimized, and the EMI filter has a maximum

attenuation when Mc and Ma are equal and opposite (i.e.,

when Mc+Ma:0). Therefore, the present EMI filter should

be designed so that Mc and Ma are as close as possible in

magnitude. The mutual inductances Mc Ma can match to

within 25% or 15% or 10% for example (e.g., with 25% or

less).

Also, it is preferred for the mutual inductance Mb to be as

close as possible to the value of Lc1 (the equivalent series

inductance of the first capacitor). The equivalent series

inductance of the first capacitor 26 will be approximately

equal to the quantity Mb—Lcl. hence, a close match between

Mb and Lci will provide a large reduction in the ESL of the

first capacitor 26.

In the present invention, it is preferred to have only a

single inductance cancellation loop 36. In other words, it is

generally not desired (though it is within the scope of the

invention and appended claims) to have cancellation loops

on both capacitors 26 28. This is because only a single

inductance cancellation loop 36 is needed to completely

cancel the mutual inductance Mc.

FIG. 9 illustrates an embodiment in the invention where

both capacitors 26 28 have associated inductance cancella-

tion loops 36 38. In this embodiment, two additional mutual

inductances are created that must be cancelled: Md, the

mutual inductance between the first capacitor and loop 38,

and Me, the mutual inductance between the loops 36 and 38.

These mutual inductances are illustrated in FIG. 10 (a high

frequency model diagram). In order to provide maximum

attenuation at high frequency, all these mutual inductances

must cancel so that Ma+Mc+Md+Me:0. While it is possible

to design the loops and capacitors to achieve this cancella-

tion (and such embodiments are within the scope of the

present invention and appended claims), it is generally more

difficult and complex to do. For example, mutual inductance

Me might create a new inductive coupling that is not

cancelled. Hence, one loop 36 is preferred because two

inductance cancellation loops 36 38 can make it more

difficult to cancel all the mutual inductances between the

capacitors 26 28 and loops 36 38.

Also, it is noted that if two loops 36 38 are employed, it

is particularly important for the circuit board traces 27 and

circuit board traces 37 (adjacent to the loops 36 38) to be

close together, as illustrated in FIG. 9.

FIG. 11 shows a two-stage EMI filter according to the

present invention. The two stage EMI filter has a third

capacitor 46, and a third inductor 40 connected between the
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second capacitor 28 and third capacitor 46. Also present are

a fourth inductor 42, and a toroidal magnetic core 44

coupling the third and fourth inductors 40 42. The capacitors

26 28 46 can be identical. Also, the inductors 30 32 40 42

can be identical.

In the two-stage embodiment of FIG. 11, either the first

capacitor 26 or third capacitor 46 should have the inductance

cancellation loop 36. The second capacitor 28 preferably

does not have an associated inductance cancellation loop.

Also preferably, the first capacitor 26 and third capacitor 46

do not both have inductance cancellation loops. This is

because multiple cancellation loops create many more

mutual inductances that must be cancelled for optimum

performance, as noted above in reference to FIGS. 9 and 10.

However, it is well within the scope of the invention and

dependent claims for both the second capacitor 28 and/or the

third capacitor 46 to have inductance cancellation loops.

Though it may not provide optimal filter performance,

multiple inductance cancellation loops will provide signifi-

cant improvement over prior art filters that do not have

inductance cancellation loops.

FIG. 12 illustrates another deficiency of prior art EMI

filters discovered by the present inventors. In typical prior

art EMI filters, the inductors 16 18 are disposed vertically

(i.e. “vertically” means an inductor axis extends in a direc-

tion perpendicular to the plane defined by the circuit board

traces 21 23, 27a, 27b, 37a, 37b). As a result of the vertical

orientation, leakage inductance field Lk from the inductors

16 18 cuts across circuit board traces 27a 27b 37a 37b and

capacitors 12 14. The leakage inductance field Lk therefore

is coupled to both capacitors 12 14, which allows high

frequency components to traverse the filter. Hence, the

vertical orientation of the inductors 16 18 results in reduced

attenuation of high frequency signals.

It is noted that the traces 21 23 are in series with the

inductors 16 18 and so are effectively part of the inductor.

Coupling between the leakage inductance field Lk and the

traces 21 23 does not create propagation paths for the high

frequency signals.

FIG. 13 illustrates an embodiment of the present inven-

tion that solves the problem of leakage inductance coupling

illustrated in FIG. 12. In the present invention, the inductors

30 32 are oriented horizontally (i.e. “horizontally” means in

the plane of the circuit board 25 or circuit board traces 21

23). As a result of the horizontal orientation, the leakage

inductance fields Lk do not cut across the circuitboard traces

27a 27b 37a 37b or cut across the capacitors 26 28. Hence,

the horizontal inductor orientation of the present invention

prevents high frequency signals from propagating across the

filter by means of the leakage inductance field Lk. Conse-

quently, the attenuation of high frequency signals is

increased by the horizontal orientation.

FIG. 14 shows plots of attenuation versus frequency

illustrating the beneficial effect of horizontal inductor ori-

entation. The horizontal inductor alone (without the induc-

tance cancellation loop 36) provides an improvement in

attenuation of about 5710 dB compared to the prior art (i.e.

a circuit with vertical inductors) over the high frequency

range. When both the inductance cancellation loop 36 and

horizontal inductors are present in the same filter, the

attenuation becomes extremely high over the entire high

frequency range (1730 Mhz). In the experiments used to

generate the plots of FIG. 14, —90 dB was the highest

possible attenuation measurement because of the noise floor

ofthe measurement apparatus. The attenuation ofthe present

filter may in fact be higher than —90 dB, but noise in the.

measurement apparatus did not permit a higher measure-
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ment. Hence the attenuation of the present EMI filter likely

exceeded the measurement capability of the experimental

apparatus.

The present invention is also applicable to frequency

filters such as low pass filters, band rejects filters and band

pass filters. The present frequency filters provide excep-

tional attenuation of undesired frequencies as a result of

reduced inductive coupling between components.

FIG. 15, for example, shows a low pass filter according to

the present invention. The filter has the first inductor 30, and

the second inductor is not present. The inductance cancel-

lation loop 36 is connected to the first capacitor 26. The low

pass filter of FIG. 15 provides very high attenuation of

undesired high frequency components as a result of the

reduced inductive coupling between the capacitors 26 28.

Alternatively, the loop 36 is connected to the second capaci-

tor 28.

FIG. 16A shows a band pass filter according to the present

invention. An inductor L3 is connected in parallel with the

second capacitor. Alternatively, the loop 36 is connected to

the second capacitor.

FIG. 16B shows an alternative band pass filter according

to the present invention in which the inductor L3 is con-

nected in parallel with the first capacitor 26.

FIG. 16C shows a band pass filter according to the present

invention in which a capacitor C3 is connected in series with

the first inductor 30. Alternatively, the loop 36 is connected

to the second capacitor 28.

FIG. 17A shows a band reject filter according to the

present invention in which a capacitor C4 is connected in

parallel with the inductor 30. Alternatively, the loop 36 is

connected to the second capacitor 28.

FIG. 17B shows a band reject filter according to the

present invention in which an inductor L4 is connected in

series with the second capacitor 28. Alternatively, the loop

36 is connected to the second capacitor 28.

FIG. 17C shows a band reject filter according to the

present invention in which the inductor L4 is connected in

series with the first capacitor 26. Alternatively, the loop 36

is connected to the second capacitor 28.

It is important to note that, in the circuits of FIGS. 15,

16A, 16B, 16C, 17A, 17B, and 17C, the loop 36 can be

connected to either the first and second capacitors 26 28.

Also it is noted that, in any of the circuits of FIGS.

15717C, the inductors can be disposed horizontally with

respect to the circuit board so that coupling to the leakage

inductance field is reduced.

The filters of FIGS. 15717 will provide enhanced perfor-

mance, particularly in the high frequency range (above about

1 Mhz). Attenuation of undesired high frequency signals

will be increased compared to circuits lacking the induc-

tance cancellation loop 36 or circuits having vertically

oriented inductors.

The present invention provides electromagnetic interfer-

ence filters and frequency filters with exceptionally high

attenuation of undesired high frequencies. The combination

of the inductance cancellation loop 36 and horizontal induc-

tor orientation can boost attenuation by 30 dB. Hence, the

filters of the present invention are well suited for use in

protecting sensitive high speed and low voltage electronics

of electrical noise.

It will be clear to one skilled in the art that the above

embodiment may be altered in many ways without departing

from the scope of the invention. Accordingly, the scope of

the invention should be determined by the following claims

and their legal equivalents.
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What is claimed is:

1. A filter circuit with reduced mutual inductance between

capacitors, comprising:

a) a first capacitor;

b) a second capacitor;

c) an first inductor, wherein the first capacitor and second

capacitor are connected to opposite ends of the induc-

tor, wherein there is a mutual inductance between said

first and second capacitors and their connection to said

first inductor; and

d) a mutual inductance cancellation loop connected to the

first or second capacitor, wherein the loop is oriented

such that it conducts current in a direction opposite the

direction of current within the first or second capacitor,

whereby the filter circuit filters signals which are

applied across the first capacitor or applied across the

second capacitor, and wherein the mutual inductance

cancellation loop is connected in series with the first

or second capacitor in a high frequency model of the

filter circuit.

2. The filter circuit of claim 1 further comprising a second

inductor connected between the first and second capacitors,

wherein the second inductor is coupled to the first inductor.

3. The filter circuit of claim 2 wherein the first inductor

and second inductor are disposed on a toroidal magnetic

core, and wherein the first inductor and second inductor are

oriented horizontally on the toroidal magnetic core.

4. The filter circuit of claim 2 wherein the first capacitor

and second capacitor are positioned on a circuit board, and

wherein the first and second inductors are oriented horizon-

tally with respect to the circuit board.

5. The filter circuit of claim 1 wherein the first capacitor

and second capacitor are spaced apart and oriented in

parallel.

6. The filter circuit of claim 1, wherein the first capacitor

and second capacitor have a mutual mutual inductance Mc,

and wherein the inductance cancellation loop and second

capacitor have a mutual inductance Ma, and wherein Mc and

Ma are equal to within 25%.

7. The filter circuit of claim 1, wherein the first capacitor

and second capacitor have a mutual mutual inductance Mc,

and wherein the inductance cancellation loop and second

capacitor have a mutual inductance Ma, and wherein Mc and

Ma are equal to within 15%.

8. The filter circuit of claim 2 further comprising:

e) a third capacitor;

f) a third inductor connected between the second capacitor

and third capacitor,

whereby the filter circuit comprises a two-stage filter.

9. The filter circuit of claim 8, further comprising a fourth

inductor connected between the second capacitor and the

third capacitor, and wherein the third inductor and fourth

inductor are coupled.
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10. The filter circuit of claim 1 wherein the mutual

inductance cancellation loop comprises a wire disposed on

the first capacitor or second capacitor.

11. The filter circuit of claim 1 further comprising another

inductor connected in parallel with the first capacitor or

second capacitor, whereby the filter circuit is a band pass

filter.

12. The filter circuit of claim 1 further comprising a

capacitor connected in series with the inductor, whereby the

filter circuit is a band pass filter.

13. The filter circuit of claim 1 further comprising a

capacitor connected in parallel with the inductor, whereby

the filter circuit is a band reject filter.

14. The filter circuit of claim 1 further comprising another

inductor connected in series with the first capacitor or

second capacitor, whereby the filter circuit is a band reject

filter.

15. A filter circuit with reduced mutual inductance

between capacitors, comprising:

a) a first capacitor disposed on a circuit board;

b) a second capacitor disposed on the circuit board;

c) a first inductor, wherein the first capacitor and second

capacitor are connected to opposite ends of the first

inductor, wherein there is a mutual inductance between

said first and second capacitors and their connection to

said first inductor wherein the first inductor is disposed

horizontally relative to the circuit board;

d) an inductance cancellation loop connected to the first

capacitor or second capacitor, wherein the mutual

inductance cancellation loop is oriented such that it

conducts current in a direction opposite the direction of

current within the first capacitor or second capacitor,

whereby the filter circuit filters signals which are

applied across the first capacitor or applied across the

second capacitor, and wherein the mutual inductance

cancellation loop is connected in series with the first

capacitor or second capacitor in a high frequency

model of the filter circuit.

16. The filter circuit of claim 15 further comprising a

second inductor connected between the first capacitor and

second capacitor, and wherein the first inductor and second

inductor are coupled, and wherein the second inductor is

disposed horizontally relative to the circuit board.

17. The filter circuit of claim 15, wherein the first capaci-

tor and second capacitor have a mutual mutual inductance

Mc, and wherein the inductance cancellation loop and

second capacitor have a mutual inductance Ma, and wherein

Mc and Ma are equal to within 15%.


