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(57) ABSTRACT 
A cancellation circuit removes interfering signals from 
desired signals in electrical systems having antennas or other 
electromagnetic pickup systems. The cancellation circuit 
provides amplitude adjustment and phase adjustment to 
electrical signals induced in an electrical system by received 
electromagnetic signals. The amplitude-adjusted and phase 
adjusted signals are combined to cancel the effects of 
electromagnetic interference. In an electromagnetic receiver, 
a plurality of receiver elements provide the cancellation 
circuit With different proportions of desired and interfering 
signals to enable removal of the interfering signals. An 
electromagnetic-Wave transmitter having multiple transmit 
ter elements is provided With a cancellation circuit for 
canceling electromagnetic signals in at least one predeter 
mined region of space. A compensation circuit enables the 
cancellation circuit to compensate for frequency-dependent 
phase and amplitude differences in received signals and/or 
transmitted electromagnetic Waves having multiple frequen 
cies and/or broadband characteristics. 
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METHOD AND APPARATUS FOR A 
FULL-DUPLEX ELECTROMAGNETIC 

TRANSCEIVER 

[0001] This application is a division of Ser. No. 08/279, 
050, ?led Jul. 22, 1994, now US. Pat. No. 6,208,135, Which 
is related to application Ser. No. 08/097,272, ?led Jul. 23, 
1993, now US. Pat. No. 5,523,526. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to electromagnetic 
shielding for shielding electromagnetic pickups, other types 
of electronic equipment, and speci?c regions of space from 
electromagnetic radiation, and more particularly to active 
electromagnetic shielding for providing an electrical can 
cellation signal for canceling electromagnetic radiation or 
canceling the response of an electronic device to electro 
magnetic radiation. 

[0003] It has long been knoWn that voltages are induced in 
all conductors eXposed to changing magnetic ?elds regard 
less of the con?guration of such conductors. Electromag 
netic radiation Will induce electrical signals in electronic 
devices according to the laWs of magnetic induction. Thus it 
has been desirable in some applications of electronic instru 
mentation to reduce the inductive noise caused by electro 
magnetic radiation. 

[0004] A common method for providing electromagnetic 
shielding involves the use of passive electromagnetic shield 
ing. A passive shield consisting of layers of high and loW 
permeability material may be used to attenuate electromag 
netic radiation passing through it. HoWever, this passive 
electromagnetic shielding adds substantial bulk and Weight 
to the system that it shields. 

[0005] Another method for providing electromagnetic 
shielding is to utiliZe cancellation coils for generating a 
canceling electromagnetic radiation in opposition to incident 
radiation produced by eXternal sources in order to cancel the 
effects of the incident radiation. In US. Pat. No. 5,066,891, 
Harrold presents a magnetic ?eld sensing and canceling 
circuit for use With a cathode ray tube (CRT). Magnetic ?uX 
gate sensors provide output signals that are functions of 
detected ?elds. These signals are then used to control the 
current in cancellation coils that produce a cancellation 
magnetic ?eld. Harold eXplains that it is of great importance 
that the CRT in a color monitor be protected from the effects 
of external magnetic ?elds, and, in particular, time-varying 
magnetic ?elds. HoWever, this method provides no compen 
sation to the frequency-dependent amplitude and phase 
responses of the sensor that picks up incident electromag 
netic radiation and the device that generates the cancellation 
radiation. 

[0006] Likewise, in US. Pat. No. 5,132,618, Sugimoto 
shoWs a magnetic resonance imaging system that includes 
active shield gradient coils for magnetically canceling leak 
age ?elds that Would otherWise produce eddy currents in the 
heat-shield tube. 

[0007] A common method for providing shielding to an 
electromagnetic pickup is to utiliZe identical pickup coils 
connected in series or in parallel so as to cancel the effects 
of uniform electromagnetic radiation. PiZZarello shoWs such 
a system in Us. Pat. No. 5,045,784 for reducing inductive 
noise in a tachometer coil. An electric tachometer is a coil 
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of Wire that may be attached to a moving part of a motor that 
passes through a stationary magnetic ?eld. The motion of the 
Wire through the magnetic ?eld induces a voltage that is 
indicative of the motor’s speed. HoWever, if the motor is 
poWered by electricity, changes in the current poWering the 
motor Will cause a magnetic ?uX that also produces a voltage 
in the coil. PiZZarello shoWs a stationary pickup coil that is 
responsive to magnetic ?uX, and a means for subtracting the 
pickup voltage from the tachometer voltage. 

[0008] LikeWise, in US. Pat. No. 4,901,015, Pospischil 
shoWs a cancellation circuit for canceling the response of a 
magnetic pickup to ambient electromagnetic ?elds. Pospis 
chil describes ?rst and second pickups that are positioned in 
parallel With the Wavefronts of an interfering electromag 
netic ?eld. With such placement, the electromagnetic ?eld 
impinges simultaneously upon the ?rst and second pickups. 
The pickups are connected in opposition. Thus, simulta 
neous impingement of the electromagnetic ?eld upon the 
pickups is eXpected to produce a 180-degree phase displace 
ment of the received signals. 

[0009] If the electrical path lengths of the received signals 
in Pospischil’s cancellation system are different Where they 
are combined (summed), the relative phase difference 
betWeen the received signals Will not have 180-degree phase 
displacement. Thus, the signals Will not cancel. Pospischil 
shoWs that differences in the electrical path length occur 
When the propagation path lengths of the signals received by 
the pickups are different (e.g., the signals do not impinge 
upon the pickups simultaneously). These differences in 
propagation path lengths can result from re?ections, multi 
path delay, superpositions of multiple received signal com 
ponents, or received electromagnetic signals having non 
perpendicular angles of arrival. 

[0010] Pospischil does not identify nor compensate for 
electrical path-length differences (e. g., differences in imped 
ance) that occur betWeen different electromagnetic receivers 
(pickups). Such pickup assemblies are also used With elec 
tric guitars and are knoWn as “hum-bucking” pickups. This 
technique is not effective for providing a high degree of 
cancellation because slight differences betWeen the pickups, 
even pickups that are substantially identical, cause the 
frequency-dependent amplitude and phase response of the 
pickups to differ signi?cantly from each other. Thus the 
pickup signals Will not be exactly out of phase and equal in 
amplitude When they are combined. 

[0011] A prior-art method for providing shielding to an 
electromagnetic pickup from an electromagnetic source that 
produces a non-uniform ?eld is to “unbalance” either the 
pickup device or the electromagnetic source. Such a method 
is described by Hoover in US. Pat. No. 4,941,388. Hoover 
uses amplitude-adjustment techniques to compensate for 
amplitude variations betWeen the responses of separate 
pickups to electromagnetic radiation generated by an elec 
tromagnetic sustaining device that drives the vibrations of a 
string on an electric guitar. HoWever, Hoover does not 
compensate for differences in the pickup coils Which cause 
the amplitude-variation of the responses of the pickups to be 
frequency-dependent. Thus, Hoover’s proposed solution 
results in poor cancellation over a broad range of frequency. 
Furthermore, Hoover does not compensate for phase-varia 
tions that occur betWeen different pickup coils. The resulting 
cancellation from the unbalancing method is poor. 
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[0012] Hoover describes the operation of negative feed 
back in a system Where a magnetic pickup provides an 
electrical signal to a magnetic driver that generates an 
electromagnetic ?eld to Which the pickup responds. Hoover 
mentions that the system tends to drift from the negative 
feedback condition at higher frequencies, and identi?es the 
cause of this drift as distortions in the phase-response of the 
system resulting from the pickup, driver, and arnpli?er in the 
system. Hoover does not present an effective method for 
controlling the phase-response of the system, nor does 
Hoover present the mathematical relationships betWeen 
phase and frequency resulting from the driver and pickup 
coils. Rather, Hoover proposes the use of a loW-pass ?lter to 
reduce the gain of the system at Which the negative feedback 
condition breaks doWn. 

[0013] Methods of active phase-cornpensation are 
described by Rose in US. Pat. No. 4,907,483, US. Pat. No. 
5,123,324, and US. Pat. No. 5,233,123. Rose uses active 
circuits for determining the frequency or frequency range of 
an electrical signal from an electromagnetic pickup. Active 
phase-adjustrnent is applied to the pickup signal, Which is 
used to poWer an electromagnetic driver that generates an 
electromagnetic driving force on a vibratory ferrornagnetic 
element of a musical instrument. The purpose of the phase 
adjustrnent of the pickup signal is to provide a driving force 
to the vibratory element that is substantially in-phase With its 
natural rnotion. Because the purpose of Rose’s invention is 
to improve the ef?ciency of the electromagnetic drive force 
on the element, it is apparent that a passive phase-cornpen 
sation circuit Would be preferable to Rose’s active phase 
cornpensation circuit. HoWever, Rose does not realiZe the 
mathematical relationships betWeen phase and frequency 
that provide the basis for constructing a passive phase 
cornpensation netWork. Furtherrnore, Rose’s invention does 
not provide sirnultaneous phase-cornpensation to more than 
one harrnonic. 

[0014] Another method for providing electrornagnetic 
shielding is to orient the angle of a pickup coil to incident 
electromagnetic radiation such that the electrical current 
induced in the coil by the electromagnetic radiation Will 
substantially cancel. One application of this method is 
shoWn by Burke in the Handbook of Magnetic Phenomena, 
published in 1986. Burke uses a transrnitting coil that 
produces electromagnetic radiation and a receive coil that 
senses radiation. The tWo coils can be con?gured in such a 
Way that no energy is transferred betWeen the transmitting 
and receiving coils. Burke shoWs the receiving coil oriented 
With the axis of its turns at right angles to the direction of the 
magnetic ?eld produced by the transmitting coil. Burke 
explains that the instantaneous generated voltage of the 
receive coil is determined by the instantaneous rate of 
change of the magnetic ?ux passing through the coil. If the 
?ux is directed at right angles to the coil’s axis, none of it 
is intercepted by the coil, and the instantaneous rate of 
change through the coil is Zero. This method of cancellation 
Was used in an electromagnetic sustain device for electric 
guitars marketed by T Tauri Research of Wilrnette Ill. in 
November, 1988, and patented by Turnura, European Patent 
Application No. 923074231 ?led on Aug. 13, 1992, and 
US. Pat. No. 5,292,999. The actual effectiveness of this 
technique is limited by several factors, such as the unifor 
rnity of the pickup coil’s Windings, the uniformity of the 
electromagnetic radiation near the pickup, interference due 
to other nearby conducting materials, and the dif?culty of 
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precisely positioning a pickup coil in a ?eld Whose intensity 
varies as the inverse square of the distance from its source. 

[0015] Another method for providing active electromag 
netic shielding is the differential transforrner also shoWn by 
Burke. The differential transforrner comprises a drive coil 
for generating a magnetic ?ux, and tWo pickup coils 
Wrapped around a ferromagnetic core that includes a move 
able arrnature that, when moved, varies the reluctance of the 
magnetic path associated With each pickup coil. If the tWo 
pickup coils are identical, and if the two magnetic paths 
about Which they are Wound are identical, the voltages 
induced in each pickup coil Will be the same. HoWever, 
Burke explains that the tWo pickup coils nor the two 
magnetic paths can be made exactly the same, therefore a 
differential transforrner Will alWays have some output volt 
age under Zero stirnulus. 

[0016] Coils of Wire Whose currents support rnagnetic 
?elds in space function as antennas radiating electromag 
netic energy. There are several cancellation methods used 
With antennas that act as electrornagnetic shielding. One of 
these methods is the basis of operation for a sidelobe 
canceller that uses an auxiliary antenna in addition to a main 
antenna. Combining the outputs from the tWo antennas 
results in cancellation of the antenna beam pattern in the 
direction of a noise source so that the effective gain of the 
antenna in that direction is very small. LikeWise, the mul 
tiple sidelobe canceller addresses the problem of multiple 
noise sources. 

[0017] Delay-line cancellers are used in systems where 
multiple radar pulses are transmitted. These cancellers are 
used to detect moving objects. In a single-elernent delay-line 
canceller, a received pulse is delayed and added to another 
pulse received later so that the pulses re?ected by stationary 
objects are out of phase and thus cancel, Whereas the pulses 
re?ected by moving objects do not cancel. 

[0018] Several methods are used to alloW an antenna to 
simultaneously transmit and receive electrornagnetic radia 
tion. For example, in a continuous Wavelength radar system, 
a single antenna may be employed since the necessary 
isolation betWeen transmitted and received signals is 
achieved via separation in frequency as a result of the 
Doppler effect. The received signal enters the radar via the 
antenna and is heterodyned in a mixer With a portion of the 
transmitted signal to produce a Doppler beat frequency. 

[0019] An interrnediate-frequency receiver may use sepa 
rate antennas for transmission and reception. Aportion of the 
transmitted signal is mixed With an intermediate frequency, 
and then a narroW-band ?lter selects one of the side bands 
as the reference signal, Which is mixed With the signal from 
the receiver antenna. 

[0020] It is one object of the present invention to provide 
active electrornagnetic shielding for canceling the effects of 
electromagnetic induction in electrical circuits. It is a related 
object of the present invention to reduce interference 
betWeen transmitters and receivers of electromagnetic radia 
tion that operate simultaneously. It is another object of the 
present invention to provide a cancellation circuit that 
alloWs a single antenna element to simultaneously transmit 
and receive electromagnetic radiation. It is still another 
object of the present invention to compensate for frequency 
dependent amplitude and phase responses of electromag 
netic receivers and transrnitters. 
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SUMMARY OF THE INVENTION 

[0021] In accordance With the present invention, a cancel 
lation circuit is provided for canceling the inductive effects 
of electromagnetic radiation. The cancellation circuit com 
prises a means for acquiring or generating an electrical 
reference signal that is similar in shape to the inductive 
electrical signal produced by the electromagnetic radiation, 
an amplitude-adjustment circuit that adjusts the amplitude of 
either or both the reference signal and an electrical pickup 
signal containing an inductive noise component, a phase 
adjustment circuit that adjusts the relative phase betWeen the 
reference signal and the pickup signal such that When these 
signals are combined, the inductive noise component Will be 
canceled, and a combining circuit that combines the refer 
ence and pickup signals to produce a pickup signal that is 
substantially free from inductive noise. 

[0022] In one aspect of the present invention, the reference 
signal is obtained from an electromagnetic pickup that is 
responsive to eXternal magnetic ?ux. In another aspect of the 
present invention, the reference signal is obtained from part 
of the electrical signal that is used to generate the eXternal 
magnetic ?ux. In still another aspect of the present inven 
tion, a signal generator generates the reference signal. 

[0023] The present invention provides substantial electro 
magnetic shielding capabilities compared to prior-art shield 
ing devices. Because the present invention actively shields 
from electromagnetic ?ux, it is non-intrusive compared to 
passive shielding technologies, Which use materials that are 
heavy and bulky and require complete enclosure in order to 
provide optimum shielding. Thus the present invention may 
be used in order to reduce or eliminate the need for passive 
electromagnetic shielding in certain applications. Further 
more, in addition to being superior for shielding electro 
magnetic radiation compared to prior-art active electromag 
netic shielding technologies, the present invention may be 
adapted to prior-art shielding devices to improve their per 
formance. 

[0024] The cancellation effect of the present invention 
alloWs electromagnetic pickups to operate in environments 
containing high levels of electromagnetic noise. For 
eXample, the present invention may be integrated into a 
sustaining device for a stringed musical instrument (as 
described by Rose and Hoover) to provide a very small 
sustain device that both picks up and drives the vibrations of 
a string on the musical instrument. This sustain device 
Would be much smaller than the devices shoWn by either 
Rose or Hoover because the improved shielding capability 
of the present invention alloWs for the electromagnetic 
pickups (Which pick up string vibrations) and the driver 
(Which generates an electromagnetic ?ux to drive those 
vibrations) to be placed very close together (or even share 
the same structure) Without the effects of electromagnetic 
interference. Other applications of the present invention 
include electric tachometers that operate near devices that 
generate large amounts of magnetic ?ux, and other electro 
magnetic receivers such as radars that operate near sources 
of electromagnetic radiation. This aspect of the present 
invention alloWs an electromagnetic antenna to simulta 
neously operate as a transmitter and receiver by decoupling 
the receiver-response to the transmitted signal. The present 
invention may also be used to cancel the response of a radar 
to ground clutter. 
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[0025] Another aspect of the present invention further 
includes a compensation circuit for adjusting the pickup 
signal’s amplitude and/or phase in order to compensate for 
frequency-dependent amplitude and phase responses of the 
pickup. The compensation circuit may also compensate for 
frequency-dependent amplitude and/or phase variations of 
electromagnetic ?ux generated by an electromagnetic-?ux 
generator, such as a drive coil. The present invention may be 
integrated into a prior-art active magnetic shielding circuit 
that generates a canceling magnetic of ?ux for canceling 
external magnetic ?ux. The present invention provides a 
more accurate response to external magnetic ?ux, and 
thereby improves the cancellation effect of the circuit. Such 
a circuit may be used to provide active electromagnetic 
shielding to instruments that are sensitive to magnetic or 
electromagnetic ?elds. The invention has applications as a 
shielding device for atomic clocks, magnetic resonance 
imaging apparatus, tactical instrumentation, cathode ray 
tubes, satellites, and spacecraft. 

[0026] In another embodiment of the present invention, 
the electromagnetic ?ux generated by the drive coil provides 
a magnetic force upon a moving ferromagnetic element. The 
phase of the electromagnetic ?ux generated by the system 
may be adjusted to provide electromagnetic damping to the 
ferromagnetic element, and thus act as a stabiliZer for that 
element. The electromagnetic ?ux may be adjusted in phase 
to drive the oscillations of the ferromagnetic element (as 
discussed by Rose) The invention alloWs a broad range of 
driving frequencies to be compensated, thus alloWing for the 
driving of the harmonics as Well as the fundamental fre 
quency of the element. 

[0027] These and other aspects of the present invention 
Will become apparent to those skilled in the art upon 
consideration of the folloWing detailed descriptions of the 
preferred embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 is a schematic vieW of a prior-art cancel 
lation circuit. 

[0029] FIG. 2 is a schematic vieW of a cancellation circuit 
of the present invention. 

[0030] FIG. 3A is a schematic vieW of a phase-adjustment 
circuit that may be used in the cancellation circuit of the 
present invention. 

[0031] FIG. 3B is a schematic vieW of a phase-adjustment 
circuit that may be used in the cancellation circuit of the 
present invention. 

[0032] FIG. 3C is a schematic vieW of a circuit of an 
embodiment of the present invention. 

[0033] FIG. 4A is a schematic vieW of a cancellation 
circuit of the present invention that illustrates another 
method of phase-adjustment. 

[0034] FIG. 4B is a schematic vieW of a phase-adjustment 
circuit that may be used in the cancellation circuit of the 
present invention. 

[0035] FIG. 4C is a schematic vieW of a phase-adjustment 
circuit that may be used in the cancellation circuit of the 
present invention. 
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[0036] FIG. 5 is a plot of cancellation relative to signal 
frequency for three different cancellation circuits. 

[0037] FIG. 6 is a schematic vieW of a cancellation circuit 
of the present invention that generates an electromagnetic 
?ux in response to a pickup signal, and includes a compen 
sation circuit for compensating for frequency-dependent 
phase and/or amplitude variations in electrical signals used 
to generate the electromagnetic ?ux. 

[0038] FIG. 7 is a schematic vieW of a cancellation circuit 
of the present invention that includes a compensation circuit 
and provides an electromagnetic drive force to a ferromag 
netic element. 

[0039] FIG. 8A is a schematic vieW of a compensation 
circuit of the present invention. 

[0040] FIG. 8B is a schematic vieW of a compensation 
circuit of the present invention. 

[0041] FIG. 8C is a schematic vieW of a compensation 
circuit of the present invention. 

[0042] FIG. 9 is a schematic vieW of a cancellation circuit 
of the present invention Wherein cancellation of incident 
electromagnetic ?ux is achieved by generating an out-of 
phase electromagnetic ?ux. 

[0043] FIG. 10 is a schematic vieW of a cancellation 
circuit of the present invention Wherein a pickup coil and a 
drive coil are Wrapped around the same core. 

[0044] FIG. 11 is a schematic vieW of a cancellation 
circuit of the present invention Wherein pickup and drive 
coils are Wrapped around the same core. 

[0045] FIG. 12 is a schematic vieW of a cancellation 
circuit of the present invention Wherein a reference signal is 
obtained from a signal generator used to provide a drive 
signal that generates the electromagnetic ?ux. 

[0046] FIG. 13 is a schematic vieW of a cancellation 
circuit of the present invention Wherein a reference signal is 
obtained from splitting the drive signal used to generate an 
electromagnetic ?ux. 

[0047] FIG. 14A is a schematic vieW of a cancellation 
circuit of the present invention for a single-element transmit/ 
receive system that includes a harmonic-compensation cir 
cuit for canceling the non-linear response of nearby mag 
netically permeable materials. 

[0048] FIG. 14B is a schematic for a harmonic-compen 
sation circuit of the present invention. 

[0049] FIG. 14C is a schematic for a harmonic-compen 
sation circuit of the present invention. 

[0050] FIG. 14D is a schematic for a harmonic-compen 
sation circuit of the present invention. 

[0051] FIG. 15 is a schematic vieW of a cancellation 
circuit of the present invention for a single-element transmit/ 
receive system. 

[0052] FIG. 16 is a schematic vieW of a cancellation 
circuit of the present invention used in a system that com 
pensates for magnetic ?elds. 

[0053] FIG. 17 is a schematic vieW of a cancellation 
circuit of the present invention used in a system that com 
pensates for magnetic ?elds. 
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[0054] FIG. 18 is a schematic vieW of a cancellation 
circuit of the present invention used in a single-element 
transmit/receive system. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0055] A prior-art balancing device for a pair of electro 
magnetic pickups shoWn in FIG. 1 includes a tWo coil 
assemblies, 10 and 12, tWo ampli?ers, 14 and 16, and a 
combining means 18. The ?rst pickup coil 10 has values of 
resistance and inductance of R1 and L1, respectively. The 
second pickup coil 12 has values of resistance and induc 
tance of R2 and L2, respectively. The pickup coil 10 is 
connected to the input of the ampli?er 14 and the pickup coil 
12 is connected to the input of the other ampli?er 16. The 
inputs to the ampli?ers 14 and 16 each have a capacitor C1 
and C2, respectively, connected to electrical ground, as is 
commonly done to ?lter out high-frequency noise and 
interference from the pickup signals. The outputs of the 
ampli?ers 14 and 16 are combined by a combining circuit 
18, Which may be a voltage divider, a summing ampli?er, or 
a differential ampli?er. 

[0056] The pickup coils 10 and 12 are responsive to 
external magnetic ?ux that induces a ?rst electrical pickup 
signal in coil 10 and a second electrical pickup signal in coil 
12. Due to coil-positioning With respect to the external 
magnetic ?ux, coil properties, and properties of materials 
(not shoWn) Which the coils 10 and 12 may surround, the 
amplitude of the ?rst electrical pickup signal Will most likely 
differ from the amplitude of the second electrical pickup 
signal. Thus ampli?ers 14 and 16 may be used to change the 
amplitude of either or both of the ?rst and second electrical 
pickup signals. If the pickup signals are out of phase, the 
combining circuit 18 is a voltage divider or a summing 
ampli?er. If the signals are in phase, then the combining 
circuit 18 is a differential ampli?er. HoWever, the relative 
phase betWeen the ?rst and second electrical signals Will 
tend to be substantially different than 0 or 180 degrees, thus 
providing poor cancellation of the signals at the output of the 
combining circuit 18. 

[0057] The impedance Z1 of the ?rst pickup coil 10 is 
related to the coil’s 10 resistance R1 and inductance L1:Z1= 
R1+iuuL1. LikeWise, the impedance Z2 of the second pickup 
coil 12 has the value: Z2=R2+iuuL2, Where (n represents the 
frequency of the pickup signals multiplied by 2 Pi. The 
voltage V at the input of the ?rst ampli?er 14 is 

external magnetic ?ux. The voltage V2in of the second 
pickup signal is 

[0059] Where V2 is the voltage induced in the coil 12 by 
external magnetic ?ux. Incidentally, V1 and V2 are propor 
tional to the magnitude of external magnetic ?ux at the locus 
of each pickup coil 10 and 12. The gain imparted to one or 
both pickup signal voltages V1 and V2 by the ampli?ers 14 
and 16 can correct for differences in the amplitude betWeen 
V1 and V2 but can not correct for phase differences betWeen 
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those signals. The phase of the ?rst pickup signal voltage 
Vlin has the value 

[0060] and the phase of the second pickup signal voltage 
V2in has the value 

[0061] It is typical for the values of L1 and R1 to differ 
substantially from the values of L2 and R2, respectively, 
even for pickup coils having identical numbers of Windings. 
For example, tWo coils of 34 gauge copper Wire, each Wound 
330 times around identical cores yielded values of resistance 
of 16.5 and 16.7 ohms, and values of inductance of 205 uH 
and 194 uH, respectively. Thus When only the amplitudes of 
the tWo signals are adjusted so that they are equivalent, the 
relative phase betWeen the signals prevents optimal cancel 
lation of the signals. 

[0062] The expressions shoWn for the pickup voltages 
Vlin and V2in are very accurate, but not exact representations 
for illustrating the differences in the phase variations 
betWeen the pickup coils 10 and 12. The exact impedance 
relations for the pickup coils 10 and 12 should also include 
capacitive effects. Other factors that may contribute to phase 
variations betWeen the signals produced by the pickup coils 
10 and 12 include ground oscillations, complexities result 
ing from the fact that each of the pickup coils 10 and 12 acts 
as a source for the electrical pickup signals, possible elec 
trical loading betWeen the tWo pickup coils 10 and 12, and 
variations in hoW the voltage leads the current in the coils 10 
and 12 resulting from inductance and capacitance in each of 
the coils 10 and 12. Although the expressions shoWn for the 
pickup voltages Vlin and V2in do not provide exact repre 
sentations for the differences in the phase betWeen the 
pickup coils 10 and 12, these expressions are accurate to a 
great degree, and represent the basis from Which extremely 
effective cancellation circuits can be designed. It Will be 
appreciated that even more precise representations of the 
electrical signals induced in electromagnetic pickups can 
enable the design of cancellation circuits that are even more 
effective. 

[0063] An embodiment for a cancellation circuit of the 
present invention is shoWn in FIG. 2 as including a pair of 
pickup coils 20 and 22, a pair of amplitude-adjustment 
circuits 24 and 26, a phase-adjustment circuit 25, and a 
combining circuit 28. The pickup coil 20 is connected to a 
phase-adjustment circuit 25. The output of the phase-adjust 
ment circuit 25 is connected to the input of an amplitude 
adjustment circuit 24. The pickup coil 22 is connected to the 
input of an amplitude-adjustment circuit 26. The outputs of 
both amplitude-adjustment circuits, 24 and 26, are con 
nected to a combining circuit 28. The output of the com 
bining circuit 28 provides an electrical signal that is sub 
stantially free from the effects of electrical noise caused by 
the response of the pickup coils 20 and 22 to external 
magnetic ?ux. 

[0064] The pickup coils 20 and 22 are responsive to 
external magnetic ?ux that induces a ?rst signal voltage V1 
at the output of the ?rst pickup coil 20, and a second signal 
voltage V2 at the output of the second pickup coil 22. The 
phase of signal voltage V1 is Q1 and the phase of signal 
voltage V2 is Q2. Because both Q1 and Q2 are functions of 
signal frequency (n, We Will Write ®1(uu) and ®2(u)). The 
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pickup coil 20 is connected to the input of a phase-adjust 
ment circuit 25, Which provides a phase-shift F(u))=(®2(uu)— 
®1(u))) to V1 that compensates for the phase-difference 
betWeen signals V1 and V2. The nature of the phase-adjust 
ment circuit 25 is determined by the frequency range of 
signal cancellation required. The output of the phase-adjust 
ment circuit 25 is connected to the input of an amplitude 
adjustment circuit 24. The pickup coil 22 is connected to an 
amplitude-adjustment circuit 26. Both amplitude-adjustment 
circuits, 24 and 26, may provide amplitude-adjustment to the 
pickup signals V1 and V2, respectively. In an alternative 
embodiment, only one of the amplitude-adjustment circuits 
24 or 26 may provide amplitude adjustment While the other 
circuit 26 or 24 acts only as a buffer. Because phase 
adjustment circuits (such as phase-adjustment circuit 25) 
typically change signal-amplitude as Well as phase, it is 
preferable that the amplitude-adjustment circuits, 24 and 26, 
have little effect on signal phase. Thus the amplitude 
adjustment circuits, 24 and 26, may comprise non-inverting 
ampli?ers. The outputs of the amplitude-adjustment circuits, 
24 and 26, are combined in the combining circuit 28 in order 
to cancel the effects of external magnetic ?ux picked up by 
coils 20 and 22. Depending on Whether the output signals of 
the amplitude-adjustment circuits, 24 and 26, are in phase or 
out of phase, the combining circuit 28 may comprise a 
voltage divider, a summing ampli?er, or a differential ampli 
?er. It Will be appreciated that the coils 20 and 22 may be 
Wrapped around a core (not shoWn), such as a core com 
prising a ferromagnetic material. It Will also be appreciated 
that one or more additional phase-adjustment circuits may 
be included in series With coil 20 and/or coil 22. Further 
more, it Will be appreciated that amplitude-adjustment cir 
cuits such as amplitude-adjustment circuit 24 may precede 
phase-adjustment circuits, such as phase-adjustment circuit 
25. 

[0065] Several phase-adjustment circuits shoWn in FIG. 3 
may be used in the circuit shoWn in FIG. 2. The circuit in 
FIG. 3A is commonly referred to as an “all-pass ?lter.” The 
all-pass ?lter provides a phase-shift of ®=180°—2 ArcTan 
(00R6 C3) While producing little amplitude-variation With 
respect to signal frequency. The circuit shoWn in FIG. 3B is 
also an all-pass ?lter. It produces a phase-shift of ®=2 
ArcTan (00R8 C4). The all-pass ?lters in FIGS. 3A and 3B 
may be preceded by a buffer ampli?er (not shoWn). 
[0066] It is sometimes desirable to have substantial noise 
cancellation over only a narroW frequency-range. This is 
called “notch-cancellation” and may be used in a single 
frequency or band-limited system. One application for 
notch-cancellation is When an external magnetic ?ux con 
tains a Weak signal having a signi?cantly different frequency 
than the noise that accompanies it, then a cancellation circuit 
that cancels a narroW frequency range including the noise, 
but not the desired signal, is preferable. Ferromagnetic 
materials used for pickup cores have the property of non 
linear responsiveness to magnetic ?ux. This non-linear 
responsiveness is observed in a pickup signal as a higher 
harmonic or intermodulation product of the frequency of the 
magnetic ?ux. In order to observe the extent of the core 
material’s non-linearity, it is preferable to cancel only the 
primary pickup signal, Which has the same frequency w as 
the applied magnetic ?ux. Typically, the higher harmonic 
signatures caused by a core’s non-linearity is at least several 
orders of magnitude less than the intensity of the primary 
signal induced in the coil. Thus the method of notch 
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cancellation provides an advantage over conventional elec 
trical ?ltering techniques in both simplicity and perfor 
mance. 

[0067] FIG. 3C shoWs another embodiment for a cancel 
lation circuit of the present invention. TWo pickup coils 30 
and 32 are each connected to a phase-adjustment circuit 35 
and 37, respectively. The phase-adjustment circuits 35 and 
37 are each connected to the input of an amplitude-adjust 
ment circuit 34 and 36, respectively. The outputs of the 
amplitude-adjustment circuits 34 and 36 are combined by a 
combining circuit 38. The output of the combining circuit 38 
is substantially free from inductive noise. The phase-adjust 
ment circuits shoWn in FIG. 3A and FIG. 3B may be used 
as the phase-adjustment circuits 35 and 37 shoWn in FIG. 
3C. Furthermore, the phase-adjustment circuits shoWn in 
FIG. 3A and FIG. 3B include a means for adjusting the 
amplitude of electrical signals via adjustment of the resistors 
R5 and R7 in FIG. 3A, and resistors R9 and R10 in FIG. 3B. 

[0068] For the case of notch-cancellation in Which the 
relative phase betWeen the pickup signals from the ?rst and 
second pickup coils 30 and 32 is very small, such as When 
the coils 30 and 32 are very close to being identical or When 
a phase-adjustment circuit (not shoWn) has already created 
this condition, it is preferable to select types of phase 
adjustment circuits 35 and 37 that cause a very narroW 
frequency-range in Which the cancellation is substantial. If 
the pickup signals from the tWo pickup coils 30 and 32 are 
in phase, this may be accomplished by selecting the all-pass 
?lter shoWn in FIG. 3A as one phase-adjustment circuit 35 
and selecting the all-pass ?lter shoWn in FIG. 3B as the 
other phase-adjustment circuit 37. This selection is sug 
gested because as the signal-frequency ( changes, the phase 
of the pickup signal of one of the phase-adjustment circuits 
35 increases While the phase of the pickup signal of the other 
phase-adjustment circuit 37 decreases, thus causing a rapid 
change in the relative phase With respect to frequency 00. To 
maXimiZe the change in the relative phase near the “notch 
frequency” Where the cancellation is most substantial, one 
could select values of R6 and C3 in FIG. 3A and values of 
R8 and C4 in FIG. 3B such that (nDRGC3 and uunR8C4 are 
nearly equal to 1 for the notch frequency nun. To further 
narroW the cancellation notch about the notch frequency run, 
the phase-adjustment circuits 35 and 37 may each include 
multiple all-pass ?lters as shoWn in FIG. 3A and FIG. 3B. 

[0069] For the case in Which cancellation is desired over 
a broad frequency range (such as When the pickups 30 and 
32 are part of a feedback circuit that is prone to oscillate, 
making it necessary to cancel the higher harmonic terms that 
Will accompany the primary signal), phase-adjustment cir 
cuits 35 and 37 may be selected to broaden the cancellation 
notch about the notch frequency nun. For example, the choice 
of phase-adjustment circuits 35 and 37 for tWo pickup 
signals that are in phase may both be of the type of all-pass 
?lters shoWn in FIG. 3A or FIG. 3B Where the values of 
resistance R6 or R8 and capacitance C3 or C4 are chosen to 
minimiZe the relative phase and amplitude variations With 
respect to frequency betWeen the tWo pickup signals. 

[0070] FIG. 4A shoWs hoW tWo phase circuits may be 
integrated into a circuit comprising tWo pickup coils 40 and 
42. Coil 40 is connected to series element 45, Which may 
include resistors and/or inductors (not shoWn) connected in 
series With the coil 40. LikeWise, coil 42 is connected to 
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series element 47, Which may include resistors and/or induc 
tors (not shoWn) connected in series With the coil 42. Series 
element 45 is connected to the input A of an amplitude 
adjustment circuit 44 and series element 47 is connected to 
the input B of an amplitude-adjustment circuit 46. Input A 
includes a resistor R3 connected to electrical ground, and 
input B includes a resistor R4 connected to electrical ground. 
Together, the series element 45 and resistor R3 form one 
phase-adjustment circuit, and the series element 47 and the 
resistor R4 form another phase-adjustment circuit. The out 
puts of the amplitude-adjustment circuits 44 and 46 are 
connected to the input of a combining circuit 48 that 
combines the output signals of the amplitude-adjustment 
circuits such that the noise-signal caused by external mag 
netic ?uX substantially cancels. 

[0071] The effective impedance of the coil 40 at the input 
A of the amplitude-adjustment circuit 44 includes the actual 
impedance of the coil 40 added to the impedance of the 
series element 45, and is represented by Z1=R1+iuuL1. The 
effective impedance of the coil 42 at the input B of the 
amplitude-adjustment circuit 46 includes the actual imped 
ance of the coil 42 added to the impedance of the series 
element 47, and is represented by Z2=R2+iuuL2. The voltage 
of the pickup signal induced in the coil 40 by eXternal 
magnetic ?uX having frequency 00, measured at the input A 
is 

[0072] Where V1 is the voltage-magnitude of the signal 
induced in the pickup coil 40 by the eXternal magnetic ?uX. 
The signal voltage induced in the coil 40 by eXternal 
magnetic ?uX having frequency 00, measured at the input B 
is 

[0073] Where V2 is the voltage-magnitude of the signal 
induced in the pickup coil 42 by the eXternal magnetic ?uX. 
The phase of the voltage of the pickup signal at the input A 
is 

[0074] and the phase of the voltage of the pickup signal at 
the input A is 

[0075] In order that ®1=®2 for a broad range of signal 
frequencies 00, it is necessary that the series element 45 
and/or series element 47 be adjusted such that L1/(R3+R1)= 
L2/(R4+R2). This may also be accomplished by adjusting 
resistors R3 and/or R4. HoWever, if We look at the equations 
for signal voltage at the inputs A and B of the amplitude 
adjustment circuits 44 and 46, respectively, We note that 
equivalence of the ratios just discussed does not, by itself, 
provide the condition Whereby the magnitude of the voltage 
difference V1A—V2B remains substantially constant as 00 
changes. Thus, in order to assure optimal cancellation over 
a broad range of signal frequencies, it is necessary that the 
series elements 45 and 47 are adjusted such that the effective 
resistances R1 and R2 are equivalent and the effective induc 
tances L1 and L2 are equivalent. It is also necessary that 
resistance R3 equal resistance R4. It is possible to replace 
resistors R3 and R4 With capacitors (not shoWn) for ?ltering 
out high-frequency noise, HoWever, for optimal cancellation 
over a broad range of signal frequencies, it is necessary that 
both capacitors (not shoWn) have substantially equal values. 
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[0076] It Will be appreciated from the equations represent 
ing the voltages V1A and V2B at the ampli?er inputs A and 
B, respectively, that the series elements 45 and 47 may each 
include a large value of series resistance so as to increase the 
effective resistances R1 and R2 of the pickup coils 40 and 42, 
respectively. This reduces the frequency-dependent ampli 
tude and phase variations of the pickup signals V1A and VB. 
HoWever, it is preferable that the increase in the effective 
resistances R1 and R2 of the pickup coils 40 and 42, respec 
tively, not be the only means of phase-adjustrnent used in the 
circuit as other phase effects that are unrelated to the 
signal-voltage equations for V1A and V2B tend to occur. 

[0077] Consider the circuit shoWn in FIG. 4A for a case 
in Which it is not optimized for canceling the effects of 
external magnetic ?ux. An applied phase shift betWeen 
voltages V1A and V2B that matches their phases is 

[0078] A phase-adjustrnent circuit that provides the 
required phase-shift may include a buffered input and pre 
cede either or both arnplitude-adjustrnent circuits 44 and 46, 
or may folloW either or both arnplitude-adjustrnent circuits 
44 and 46. The components of this phase-adjustrnent circuit 
are shoWn in FIG. 4B and FIG. 4C. 

[0079] The phase-adjustrnent circuit shoWn in FIG. 4B is 
a passive lead netWork. An input voltage Vin is applied 
across terrninals C and G. The output voltage VOut of this 
circuit is measured across terrninals D and G. The output 
voltage is 

[0080] If R11>>R12, then the phase-shift is ®=ArcTan 
((DR11C1O)' 
[0081] The phase-adjustrnent circuit shoWn in FIG. 4C is 
a passive lag netWork. An input voltage Vin is applied across 
terrninals E and G. The output voltage VOut of the circuit is 
measured across terrninals F and G. The output voltage is 

[0082] If R14>>R13, then the phase-shift is ®=—ArcTan 
((DR14C15)~ 
[0083] The circuits in FIG. 4B and FIG. 4C provide the 
basis for constructing The passive lead netWork 
shoWn in FIG. 4B can be combined in series With the 
passive lead netWork shoWn in FIG. 4C and use appropriate 
buffering betWeen the lead and lag netWorks (such as a 
buffered arnpli?er (not shoWn)). Values of R14 and C15 are 
preferably selected such that R14C14=L1/(R3+R1) and values 
of RM and C10 are preferably selected such that R11C1O=L2/ 
(R4+R2). 
[0084] It should be appreciated that the phase-adjustrnent 
circuits shoWn in FIG. 3 and FIG. 4 are only a feW of the 
many phase-adjustrnent circuits that can be used in a can 
cellation circuit to substantially elirninate electrical noise in 
a pickup signal caused by external magnetic ?ux. The 
phase-adjustrnent circuits shoWn, as Well as other phase 
adjustrnent circuits, may be used in combination for either 
broadening or narroWing the frequency range Where a high 
degree of signal cancellation occurs. Phase-adjustrnent cir 
cuits may also be used for adjusting amplitudes of electrical 
signals, and thus may be employed as cornbined phase and 
arnplitude-adjustrnent circuits. 
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[0085] A graphical analysis of different types of cancel 
lation is shoWn in FIG. 5. This graph shoWs three plots of 
cancellation (in decibels) of a combined output of tWo 
pickups at an output of a cornbining circuit For example, one 
or more plots in FIG. 5 may shoW the voltage rnagnitude 
V0m of combining circuit 48 shoWn in FIG. 4A, divided by 
the voltage magnitude of the pickup signal at one of the 
inputs to the combining circuit 48. The graph in FIG. 5 
shoWs cancellation plotted relative to signal frequency 

[0086] Plot 1 of FIG. 5 represents cancellation obtained 
by a circuit that does not compensate for phase-differences 
betWeen tWo pickup signals, such as the prior-art circuit 
shoWn in FIG. 1. Plot 2 of FIG. 5 illustrates “notch 
cancellation” as explained above With reference to the 
cancellation circuit shoWn in FIG. 3C. The frequency at 
Which the notch occurs can be changed by adjusting the 
phase-adjustrnent circuits 35 and 37. Plot 3 of FIG. 5 
represents cancellation obtained by a cancellation circuit 
(such as the cancellation circuit shoWn in FIG. 4A) that 
provides substantial cancellation of external magnetic ?ux 
over a relatively broad range of frequency. This curve 
illustrates a very broad notch centered at a notch frequency 
(on. At frequencies beloW and above the notch frequency (on, 
the degree of cancellation begins to diminish. In the case 
Where one uses a cancellation circuit, such as the one shoWn 
in FIG. 4A, it is possible to improve the cancellation at 
frequencies beloW the notch frequency (on by adjusting the 
resistance in either or both series elements 45 and 47 so that 
R1 better approximates the value of R2. Thus, Z1 better 
approxirnates Z2 at loW frequencies. It is also possible to 
improve the cancellation at frequencies above the notch 
frequency (on by adjusting the inductance in either or both 
series elements 45 and 47 so that L1 better approximates the 
value of L2. Thus, Z1 better approxirnates Z2 at high fre 
quencies. Furthermore, the overall level of cancellation over 
the entire frequency range may be improved by adjusting the 
values of resistors R3 and R4 such that the values of these 
resistances better approxirnate each other. It Will be appre 
ciated that additional phase circuits (not shown) may be used 
to provide cornpensating phase-shifts at loW and/or high 
frequencies in order to broaden the notch centered at the 
notch frequency (on. 

[0087] FIG. 6 shoWs a cancellation circuit of the present 
invention that includes tWo pickup coils 60 and 62, phase 
adjustrnent circuits 65 and 67, arnplitude-adjustrnent circuits 
64 and 66, a cornbining circuit 68, a prearnpli?er 74, a poWer 
arnpli?er 76, and a drive coil 70. The pickup coils 60 and 62 
and/or the drive coil 70 may also include one or more 

ferrornagnetic cores (not shoWn). 

[0088] Pickup signals are induced in the pickup coils 60 
and 62 by external magnetic ?ux. In this case, the external 
magnetic ?ux is generated by the drive coil 70. The phase of 
the pickup signal from the ?rst pickup 60 is adjusted by the 
phase-adjustrnent circuit 65. The phase of the pickup signal 
from the second pickup 62 is adjusted by the phase-adjust 
rnent circuit 67 such that the phases of the tWo pickup 
signals are substantially in phase (0 degrees) or out of phase 
(180 degrees) for a broad range of signal frequencies. The 
amplitude of the ?rst pickup signal is adjusted by the 
arnplitude-adjustrnent circuit 64. The amplitude of the sec 
ond pickup signal may be adjusted by the arnplitude-adjust 
rnent circuit 66. HoWever, the arnplitude-adjustrnent circuit 
66 may act only as a buffer and provide no arnplitude 
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adjustment to the second pickup signal. It Will be appreci 
ated that the amplitude-adjustment circuits 64 and 66 may 
provide either gain or attenuation to the pickup signals. It 
Will also be appreciated that the amplitude-adjustment cir 
cuits 64 and 66 may be replaced by a means for adjusting the 
position and/or orientation of the pickup coils in order to 
provide adjustment to the amplitude of the pickup signals 
induced in either or both pickup coils 60 and 62. The outputs 
of both amplitude-adjustment circuits 64 and 66 are received 
by a combining circuit 68 that combines the pickup signals 
such that the pickup signals induced by the external mag 
netic ?ux generated by the driver 70 substantially cancel. 
The output of the combining circuit 68 is ampli?ed by a 
preampli?er 74. The output of the preampli?er 74 is ampli 
?ed into a drive signal by a poWer ampli?er 76. The drive 
signal is an ampli?ed pickup response of pickup coils 60 and 
62 to an external magnetic ?ux other than the external 
magnetic ?ux generated by the drive coil 70. This other 
external magnetic ?ux may be from an electromagnetic 
source, such as another drive coil (not shoWn), or may be 
caused by the motion of a ferromagnetic element (not 
shoWn) in a magnetic ?eld. The drive signal ?oWs through 
the drive coil 70 and generates an external magnetic ?ux that 
cancels the magnetic ?ux generated by the other magnetic 
source (not shoWn). The drive coil 70 may generate a 
magnetic ?ux in response to a magnetic ?ux caused by 
motion of a ferromagnetic element (not shoWn). The drive 
coil may either drive or damp the motion of the ferromag 
netic element (not shoWn). 

[0089] For the circuit shown in FIG. 6, it is necessary that 
a high degree of cancellation is obtained for a broad range 
of frequencies, else the circuit Will undergo oscillation due 
to direct magnetic feedback. In general, a circuit Will oscil 
late at a frequency at Which the feedback gain is positive 
(i.e., When the circuit gain exceeds the circuit losses). If the 
circuit in FIG. 6 achieves a cancellation pro?le similar to 
plot 3 in FIG. 5, the circuit may oscillate at a relatively high 
frequency Where the cancellation is not as effective. HoW 
ever, a loW-pass ?lter may be included in the feedback 
circuit to reduce the feedback gain of the circuit. For 
example, preampli?er 74 may comprise an active loW-pass 
?lter. LikeWise, one or more high-pass or bandpass ?lters 
may be used to eliminate circuit oscillation. It is also 
possible that the phase-adjustment circuits 65 and 67 and/or 
amplitude-adjustment circuits 64 and 66 of the cancellation 
circuit may be designed speci?cally to ?lter certain frequen 
cies. 

[0090] The phase-adjustment circuits 65 and 67 are 
designed speci?cally for compensating for frequency-de 
pendent phase-variations betWeen the pickup signals from 
the pickups 60 and 62. HoWever, the phase-adjustment 
circuits 65 and 67 may provide an overall phase-shift to the 
combined pickup signal at the output of the combining 
circuit 68. This overall phase-shift may compensate for the 
phase shift introduced to the drive signal as a result of the 
frequency responses of the pickups 60 and 62 and the driver 
70. The phase-adjustment circuits 65 and 67 may also be 
used to compensate for phase shifts in the circuit caused by 
other circuit elements (not shoWn) that may precede the 
drive coil 70. The phase-adjustment circuits 65 and 67, are 
preferably preceded by a buffer (not shoWn), and may 
precede or folloW the amplitude-adjustment circuits 64 and 
66. 
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[0091] An embodiment for a cancellation circuit of the 
present invention is shoWn in FIG. 7. The circuit in FIG. 7 
includes a magnetic element 81, a ferromagnetic core 83, 
tWo pickup coils 80 and 82 Wrapped around the core 83, and 
a phase-adjustment circuit 85. The input to the phase 
adjustment circuit is shoWn connected to electrical ground 
by a resistor R3. The output of the phase-adjustment circuit 
is shoWn connected to the input of an amplitude-adjustment 
circuit 84. The pickup coil 82 is shoWn connected to the 
input of an amplitude-adjustment circuit 86. This input also 
includes a resistor R4 connected to electrical ground. The 
outputs of each amplitude-adjustment circuit 84 and 86 are 
connected to a combining circuit 88. The output of the 
combining circuit 88 is connected to a compensation circuit 
89. The compensation circuit 89 is connected to an ampli?er 
96 that ampli?es an input signal into a drive signal that ?oWs 
through a drive coil 90 Wrapped around a ferromagnetic core 
93. 

[0092] The pickup coils 80 and 82 are shoWn approxi 
mately equidistant to the drive coil 90, Which generates an 
external magnetic ?ux F. The pickup coils 80 and 82 receive 
approximately equal intensities of the external magnetic ?ux 
F generated by the drive coil 90. Amplitude adjustment of 
the pickup signals induced in the pickup coils 80 and 82 by 
the drive coil’s 90 generated external magnetic ?ux F 
compensates for differences that may occur betWeen the 
pickup signals, such as differences in the intensities of the 
drive coil’s 90 generated magnetic ?ux F at the location of 
each pickup coil 80 and 82, distortions in the drive coil’s 90 
generated magnetic ?ux F resulting from nearby conducting 
or magnetically permeable materials (such as ferromagnetic 
element 95) and differences in the amplitude-responses 
(including frequency-dependent amplitude responses) of the 
pickup coils 80 and 82 to magnetic ?ux. LikeWise, the 
pickup signals induced in the pickup coils 80 and 82 by 
uniform external magnetic ?ux and magnetic ?ux generated 
by other magnetic sources (not shoWn) disposed in the plane 
that is the perpendicular bisector of the height dimension of 
the drive coil 90 are also substantially equal in amplitude. 
Thus, after phase-shifting by the phase-adjustment circuit 85 
and combining by the combining circuit 88, the signals 
induced in the pickup coils 80 and 82 by uniform external 
magnetic ?ux, the magnetic ?ux F generated by the drive 
coil 90, and magnetic ?ux generated by any other magnetic 
sources (not shoWn) disposed in the plane that is the per 
pendicular bisector of the height dimension of the drive coil 
90 cancel. 

[0093] The cancellation of the effects of the drive coil’s 90 
generated magnetic ?ux F on the combined pickup signal is 
altered if either a permeable or conducting object enters the 
space shared by the ?eld patterns F of the drive coil 90 and 
the pickup coils 80 and 82. If the intruding object is 
permeable, the ?eld pattern F surrounding the pickup coils 
80 and 82 is distorted, and energy passes directly from the 
drive coil 90 to the pickup coils 80 and 82 through the 
distorted ?eld. Thus if the ferromagnetic element 95 
vibrates, the frequency of its motion is reproduced in the 
combined pickup signal. Because of the cancellation of 
external magnetic ?ux, the output of the combining circuit 
88 comprises only the pickup signals induced by the motion 
of the ferromagnetic element 95. 

[0094] The compensation circuit 89 provides a phase-shift 
to the output signal of the combining circuit 88 in order to 
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compensate for the frequency-dependent phase variations 
between the magnetic ?uX F applied to the ferromagnetic 
element 95 and the response of the pickups 80 and 82 to the 
motion of the ferromagnetic element 95. The output signal 
of the phase-adjustment circuit 88 is ampli?ed by the 
ampli?er 96 into a drive signal Which ?oWs through the 
drive coil 90 and generates the magnetic ?uX F. This 
magnetic ?uX F may be used to either drive or damp the 
motion of the ferromagnetic element 95 depending on the 
phase of the drive signal. It is preferable to provide drive 
forces to the ferromagnetic element 95 such that the phase 
relationship of the drive force to the motion of the ferro 
magnetic element 95 is not changed by the frequency of the 
element’s 95 motion. This is particularly important if the 
motion of the ferromagnetic element 95 comprises a plural 
ity of different frequencies. 

[0095] For the circuit shoWn in FIG. 7, the signals from 
the pickup coils 80 and 82, after being combined, may have 
a total phase-shift of 

[0096] The phase-shift of the drive signal at the drive coil 
90 is 

[0097] Where Rd and Ld are the resistance and inductance, 
respectively, of the drive coil 90. Ignoring any phase-shifts 
caused by other elements in the circuit, the total phase-shift 
betWeen the magnetic ?uX F generated by the drive coil 90 
and the response of the pickups 80 and 82 to the magnetic 
?uX F generated by the drive coil 90 is ®t=®p+®d. By 
adjusting the values of resistances R2, R4, and Rd, and/or the 
values of inductances L2 and LP, or combinations thereof, it 
is possible to cause the ratios L2/(R4+R2) and Ld/Rd be 
substantially equal. Thus, the value of Q can be made 
substantially Zero for a broad range of signal frequencies, 00. 

[0098] The circuits shoWn in FIG. 8A and FIG. 8B may 
be used in a cancellation circuit as phase-adjustment circuits 
(such as phase-adjustment circuit 85) for providing phase 
shifts to pickup signals before they are combined. The 
circuits shoWn in FIG. 8A and/or FIG. 8B may be used in 
the feedback loop of FIG. 7 as a phase-compensation 
circuit, such as phase-compensation circuit 89. The circuit 
shoWn in FIG. 8A is a inverting ampli?er. Abuffer ampli?er 
94 may precede the ?rst impedance element Zn. The second 
impedance element Z12 provides feedback betWeen the out 
put and inverting input of ampli?er 98. The gain resulting 
from this inverting ampli?er is G1=Z12/Z11. Thus the ratio 
Zlz/Z11 may be adjusted to compensate for phase-shifts. The 
circuit shoWn in FIG. 8B is a non-inverting ampli?er 
comprising an ampli?er 99 and gain-control impedance 
values Z13 and Z14. The gain of the non-inverting ampli?er 
is G1=1+Z14/Z13. LikeWise, the ratio ZM/Z13 may be 
adjusted to compensate for phase-shifts. 

[0099] The circuits shoWn in FIG. 8A and FIG. 8B also 
provide a means for compensating for frequency-dependent 
amplitude variations in the feedback signal caused by the 
frequency response of the pickup coils 80 and 82, the drive 
coil 90, and any other circuit elements in the feedback loop. 
For eXample, the circuit shoWn in FIG. 7 Will produce a 
pickup signal voltage Vp=VBR/(R2+R4+iu)L2) at the input of 
ampli?er 86, Where VB is the voltage induced in the pickup 
coil 82 by eXternal magnetic ?uX B. The voltage VB is 
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proportional to the magnitude of the magnetic ?uX B. The 
magnitude of magnetic ?uX B is proportional to the ampli 
tude of drive current Id in the drive coil 90, Where Id=Vd/ 
(Rd+iu)Ld) and VD is the drive voltage. Thus, the pickup 
signal voltage Vp is proportional to VBR/(R2+R4+iuuL2) 
(Rd+iu)Ld). One can observe from the equation for Vp that as 
00 increases, the pickup signal voltage Vp decreases. 

[0100] An eXample of a circuit design that can compensate 
for the frequency-dependent amplitude variation of the 
pickup signal voltage Vp includes tWo inverting ampli?ers 
(as shoWn in FIG. 8A) connected in series. The impedance 
element Z12 of the ?rst ampli?er 98A comprises a resistor 
R12 (not shoWn) and inductor L12 (not shoWn) connected in 
series. The value of the resistor R12 is (R2+R4) and the value 
of the inductor L12 is L2. The value of the impedance 
element Z11 of the ?rst ampli?er 98A is otR4, Where 0t is a 
scalar constant. The impedance element Z12 of the second 
ampli?er 98B comprises a resistor R22 (not shoWn) and 
inductor L22 (not shoWn) connected in series. The value of 
the resistor R22 is Rd and the value of the inductor L22 is Ld. 
The value of the impedance element Z21 of the second 
ampli?er is otR4. The gain G1 of the ?rst ampli?er is 
(R2+R4+iu)L2)/otR4. The gain G2 of the second ampli?er is 
(R+iu)Ld)/otR4. The total gain of this circuit is Gt=G1G2. The 
gain Gt multiplies the pickup voltage Vp so that the fre 
quency-dependent nature of the pickup voltage amplitude is 
compensated. It should be noted that the values of R2, R4, 
and Rd may be increased to reduce the frequency-dependent 
effects on the pickup signal voltage VP. HoWever increasing 
the value of Rd substantially reduces the magnitude of 
magnetic ?uX generated by the drive coil 90. 

[0101] The frequency-dependent phase-shifts and ampli 
tude variations that typically occur betWeen a pickup coil 
and drive coil may be substantially compensated over a 
broad range of signal frequencies 00 via the selection of the 
values for electrical components in the compensation cir 
cuits that adjust both amplitude and phase-response. Typi 
cally, for a feedback system (such as shoWn in FIG. 7) in 
Which the motion of a ferromagnetic element is driven by an 
external magnetic ?uX generated by the drive coil 90, the 
frequency-dependence of the phase of the drive signal is of 
more interest than the frequency-dependence of the ampli 
tude of the drive signal. HoWever, for a feedback system in 
Which a drive coil generates a speci?c magnetic ?uX in 
response to an eXternal magnetic ?uX, such as in order to 
cancel an external magnetic ?uX in a speci?c region of 
space, it is important to control both the phase and amplitude 
of the drive signal. 

[0102] Another embodiment for a cancellation circuit of 
the present invention is shoWn in FIG. 9. The circuit in FIG. 
9 includes a pickup coil 104 Wrapped around a pickup core 
105. The pickup core 105 may be made of a ferromagnetic 
material, and the core 105 may be magnetiZed. The pickup 
coil 104 is connected to a compensation circuit 106 that is 
connected to a splitting circuit 108. The splitting circuit 108 
has a ?rst output connected to a ?rst phase-adjustment 
circuit 109 and a second output connected to a second 
phase-adjustment circuit 110. The ?rst phase-adjustment 
circuit 109 is connected to the input of a ?rst ampli?er 111 
and the second phase-adjustment circuit 110 is connected to 
the input of a second ampli?er 112. The output of the ?rst 
ampli?er 111 is connected to a ?rst drive coil 100, and the 
output of the second ampli?er 112 is connected to a second 




















