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(57)  An active noise cancellation system (20) in-
cludes using a frequency domain response of a second-
ary path (44) of the system. The frequency domain re-
sponse information provides an indication of a desired
magnitude and phase of a reference signal that is used
for generating a cancellation signal that drives a speaker
(28) to achieve the desired amount of noise cancella-
tion. Using a frequency domain response greatly reduc-

L

Active noise cancellation using frequency response control

es the number of computations required and the amount
of memory used within the system controller. In one ex-
ample, a reference signal adjustment module (40) ap-
plies the desired magnitude and phase adjustments to
areference signal having a known frequency. In another
example, the referenced signal tone generator (22, 40)
incorporates the desired amplitude and phase in the ref-
erence signal.
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Description

1. Technical Field

[0001] This invention generally relates to active noise
cancellation systems. More particularly, this invention
relates to frequency response control for generating ref-

erence signals in a noise cancellation system.

2. Description of the Prior Art

[0002] Noise cancellation systems have a variety of
uses. One example use is on automotive vehicles for
reducing noise propagation into the passenger compart-
ment.

[0003] Modern day vehicles typically include an air in-
duction system. One drawback of air induction systems
is that engine noise frequently travels through the air
induction system and emanates out of the mouth of the
air intake such that the noises are noticeable in the pas-
senger compartment. This is particularly true under wide
open throttle conditions. Various efforts have been
made to reduce the amount of engine noise traveling
through the air induction system. Some arrangements
include using passive devices such as expansion cham-
bers and Helmholtz resonators. Other efforts include ac-
tive methods such as anti-noise generators.

[0004] Othersources of noise may be associated with
a vehicle exhaust or a supercharger, for example. Re-
gardless of the particular application, various challeng-
es exist when designing an effective and economical
noise cancellation system.

[0005] Typical active systems include a speaker that
generates a sound to attenuate the noise. The sound
from the speaker typically is out of phase with the noise
and combines with the noise such that the result is a
reduced noise, which results in less noise transmission
into the passenger compartment, for example. The
speaker sound can be referred to as a noise cancellation
signal.

[0006] Digital signal processors such as microproces-
sors typically generate cancellation signals for driving
the speaker to achieve the noise cancellation. The mi-
croprocessor typically requires some input from the rel-
evant environment to adequately address the need for
noise cancellation. In some examples, computer mod-
eling is used so that the microprocessor is able to pro-
vide a desired level of noise cancellation.

[0007] While such systems are useful, they do not ad-
dress all difficulties associated with operating an effec-
tive noise cancellation system. Further, such systems
often rely upon signal processing techniques that tend
to require undesirably high amounts of multiplications
or other signal processing techniques along with storing
large amounts of data, which tends to place limitations
on the microprocessor. In many situations it is desirable
to minimize the amount of memory required in a micro-
processor so that less-expensive electronics may be
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used or a faster system response is possible.

[0008] Thisinvention provides an enhancementto ac-
tive noise cancellation that reduces the burden on the
processor within the system and provides a more accu-
rate and reliable method of canceling noise. One partic-
ular application for a system designed according to this
invention is for canceling engine noise in a vehicle air
intake assembly.

SUMMARY OF THE INVENTION

[0009] In general terms, this invention is a system for
canceling noise that includes using a frequency domain
response of a portion of the system and then modifying
the amplitude and phase of a reference signal based
upon the frequency domain response information.
[0010] A system designed according to this invention
includes a speaker. A microphone is arranged to detect
a combination of a sound from the speaker and noise in
the system. A controller has a first module that provides
a frequency domain response of the portion of the sys-
tem associated with the speaker and microphone (i.e.,
the secondary path) for at least one known frequency.
A second module provides a reference signal having an
amplitude and phase that are set based upon the fre-
quency domain response information. The reference
signal is then used by another portion of the controller
for generating a cancellation signal, which drives the
speaker.

[0011] Applying the frequency domain response infor-
mation to the reference signal in one example is accom-
plished by multiplying the amplitude of a reference sig-
nal and shifting the phase of the reference signal in
amounts corresponding to the frequency domain re-
sponse information. In another example, the reference
signal is effectively broken down into sine and cosine
components. An appropriate gain is then applied to each
of the components to achieve the desired amplitude and
phase adjustments based upon the frequency domain
response information. Modulating the sine and cosine
components provides the desired reference signal char-
acteristics.

[0012] Inone example system, the module of the con-
troller that provides the frequency domain response first
determines a time domain response of the portion of the
system including the speaker and the microphone. The
first module then applies a Fast Fourier Transform to the
time domain response to determine the frequency do-
main response information.

[0013] A system designed according to this invention
greatly reduces the amount of computation required
within a controller of an active noise cancellation sys-
tem. One significant benefit of this invention is that it re-
quires less memory within a controller, which allows for
a greater variety of electronics to be utilized. Another
advantage is that the controller is able to provide a faster
response during active noise cancellation.

[0014] A method according to this invention for gen-
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erating a reference signal in a noise cancellation system
having a path associated with a speaker and a micro-
phone includes determining the frequency domain re-
sponse of the path for a reference signal of a known fre-
quency. The phase and amplitude of the reference sig-
nal are adjusted responsive to the determined frequen-
cy domain response.

[0015] The various features and advantages of this in-
vention will become apparent to those skilled in the art
from the following detailed description of the currently
preferred embodiments. The drawings that accompany
the detailed description can be briefly described as fol-
lows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Figure 1 schematically illustrates selected portions
of an active noise cancellation system designed ac-
cording to this invention.

Figure 2 schematically illustrates an alternative ar-
rangement to the embodiment of Figure 1.

Figure 3 graphically illustrates a time domain re-
sponse of a secondary path in an active noise can-
cellation system.

Figure 4 graphically illustrates an example ampli-
tude adjustment based upon the frequency domain
response of the system from which the information
in Figure 3 was obtained.

Figure 5 graphically illustrates a phase adjustment
based upon the frequency domain response of the
system from which the time domain response of Fig-
ure 3 was achieved.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0017] Figure 1 schematically shows selected por-
tions of an active noise cancellation system 20. This sys-
tem may have a variety of uses where active noise can-
cellation is desired. For purposes of discussion, the sys-
tem 20 will be assumed to be part of an active noise
cancellation system for canceling noise in an air induc-
tion system on a vehicle that is useful for reducing the
level of engine noise that propagates into a passenger
compartment. The invention is not limited to such an en-
vironment.

[0018] Atone generator 22 generates a reference sig-
nal responsive to information from a sensor 24. In the
illustrated example, the sensor 24 comprises a tachom-
eter that provides information regarding the rotations
per minute (RPM) of a vehicle engine. The tone gener-
ator 22 preferably includes programming to provide a
plurality of discrete tones each having a known frequen-
cy, which tones are selected based upon the information
regarding the engine RPM. The particular frequencies
and the number of tones generated by the tone gener-
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ator 22 preferably are selected to meet the needs of a
particular situation. Those skilled in the art who have the
benefit of this description can use known techniques for
deciding how the tone generator 22 should respond to
the different inputs available from the sensor 24.
[0019] A cancellation signal generating module 26
modifies the reference signal tones from the tone gen-
erator 22 and provides a cancellation signal for driving
a speaker 28. A noise cancellation signal (i.e., sound)
30 emanates from the speaker 28 responding to the
cancellation signal from the module 26.

[0020] The noise cancellation signal 30 preferably at-
tenuates noise within the system to a desired level. A
microphone 32 provides modeling and feedback infor-
mation regarding the results of the noise cancellation
signal 30. The microphone 32 detects the combination
of noise within the system and the noise cancellation
signal 30. Under ideal circumstances, the noise cancel-
lation signal 30 has the effect of minimizing the noise to
a desired level.

[0021] The signals from the microphone 32 preferably
are processed, using a summer 34 for example, to de-
termine whether the desired noise cancellation effect is
achieved. The desired level of noise cancellation in the
illustrated example is provided to the summer 34 by a
desired signal generator module 36. The results of the
comparison between the desired signal and the infor-
mation received by the microphone 32 provide an error
signal that is input to a convergence module 38. The
illustrated example utilizes any one of a variety of known
convergence techniques such as an LMS algorithm so
that repeated modifications to the noise cancellation sig-
nal eventually result in the desired noise reduction in the
system.

[0022] A reference signal modifying module 40 pro-
vides modification to the reference signal from the tone
generator 22. This allows continuously modifying the
reference signal information using the convergence
module 38 to repeatedly update the effects of a cancel-
lation signal generated by the module 26 so that an ideal
cancellation signal for a given input may be determined.
Those skilled in the art who have the benefit of this de-
scription will realize that a variety of convergence tech-
niques may be used as known to accomplish the results
needed for this portion of a noise cancellation system
designed according to this invention.

[0023] The reference signal modifying module 40
preferably operates based upon a frequency domain re-
sponse of the portion of the system that includes the
speaker 28 and the microphone 32 (i.e., the so-called
secondary path). In the illustrated example, a frequency
domain response modeling module 42 provides infor-
mation regarding the frequency domain response of the
secondary path 44 to the reference signal modifying
module 40.

[0024] According to one example implementation of
this invention, the reference signal modifying module 40
multiplies the amplitude of a reference signal from the
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tone generator 22 using an amplitude adjustment factor
that is determined based upon the frequency domain re-
sponse information. The reference signal modifying
module 40 preferably also adjusts (i.e., shifts) the phase
of the reference signal in an amount that corresponds
to the frequency domain response of the secondary path
44.

[0025] There are a variety of ways to implement the
adjustment of amplitude and phase in a system de-
signed according to this invention. In one example, a
multiplier is applied to the amplitude of the signal and a
phase adjustment amount is applied to the phase to
achieve the desired phase of the reference signal prior
to that reference signal being fed to the cancellation sig-
nal generating module 26. According to the example of
Figure 1, the tone generator 22 generates a plurality of
reference tones having known frequencies with a unity
amplitude and zero phase that is adjusted by the refer-
ence signal modifying module 40.

[0026] In the example of Figure 2, the tone generator
22 includes the reference signal modifying module 40
so that the reference tones are generated with the
known frequencies and include the desired phase and
amplitude, which were determined based upon the fre-
quency domain response information.

[0027] The various modules discussed above and
schematically illustrated in Figures 1 and 2 comprise
software within a controller in some example systems
designed according to this invention. The various mod-
ules may not necessarily require distinct or separate
portions of software code to achieve the results accom-
plished by each of the modules. The module distinctions
within this description are schematic and for illustration
purposes only as those skilled in the art may realize that
there are functions of one or more of the modules that
may be accomplished within another module designed
according to this invention. Additionally, while software
modules are utilized in one preferred implementation of
this invention, various microprocessors or dedicated
portions of controllers may be used to perform the same
functions. Additionally, custom designed circuitry may
accomplish one or more of the functions of the modules
described in this specification. Those skilled in the art
who have the benefit of this description will be able to
decide what combination of software and hardware will
work best to meet the needs of their particular situation.
Given this description, those skilled in the art will be able
to develop the necessary software code to achieve the
results provided by this invention.

[0028] Achieving the frequency domain response of
the secondary path 44 in one example is accomplished
by first obtaining a time domain response of the second-
ary path 44. Figure 3 graphically illustrates an example
output 50 of a finite impulse response filter, which is ob-
tained using known techniques. Finite impulse response
(FIR) filters provide a time domain response of a sec-
ondary path and provide an output similar to that illus-
trated in Figure 3, depending on the particular configu-
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ration of a given system. In the illustrated example, the
FIR filter has 126 taps, which provides the controller of
the system with 126 numbers that would be used within
the controller for filtering a reference signal, for example.
In some prior systems, the FIR filter was used to filter
the reference signal to achieve the desired reference
signal needed to accomplish the noise cancellation for
a given situation. Such filtering techniques require a rel-
atively large amount of computation and memory. For
example, each reference tone would be multiplied 126
times using the FIR filter.

[0029] Thisinvention provides animproved system by
operating based upon a frequency domain response of
the secondary path rather than the time domain re-
sponse. Figures 4 and 5 graphically illustrate a frequen-
cy domain response of the secondary path 44 that cor-
responds to the time domain response of Figure 3. Fig-
ure 4 graphically illustrates the amplitude 52 of the fre-
quency domain response while Figure 5 graphically il-
lustrates the phase 54 of the frequency domain re-
sponse. According to this invention, the values from Fig-
ures 4 and 5 are preferably stored within memory in the
system controller so that the desired amplitude and
phase adjustments are accomplished. In this example,
each reference tone is multiplied twice (rather than 126
times) to achieve the desired adaptation.

[0030] In one example, the time domain response of
Figure 3 preferably is converted into the frequency do-
main response of Figures 4 and 5 using a Fast Fourier
Transform. This provides the value by which the ampli-
tude of the reference signal preferably is multiplied and
the amount by which the phase of the reference signal
preferably is shifted. According to one example, the
complex frequency domain response equation A’ =| ¢

()| XA, is used where ( (o) is the complex frequency
response of the secondary path. The following equation:
0',=0,+Z ¢ (w) represents an example phase adjust-
ment technique used in one example system designed
according to this invention.

[0031] In another example system designed accord-
ing to this invention, a quadrature method is applied for
achieving the desired modification to a reference signal.
In this example, the reference signal preferably is bro-
ken down into sine and cosine components. An appro-
priate gain is applied to each of the reference signal
components to get the effect of amplitude multiplication
and phase shifting according to the determined frequen-
cy domain response of the secondary path. Known mod-
ulation techniques also may be used on the sine and
cosine components to yield the desired reference sig-
nal.

[0032] Whether a quadrature method or phase shift-
ing and multiplication method are applied, they may be
used in a module 40 that is separate from (i.e., down-
stream) the tone generator 22, which generates a refer-
ence signal having a unity amplitude and zero phase.
Alternatively, as shown in Figure 2, for example, the ad-
justment to the phase and amplitude of the reference
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signal may occur in the tone generator, itself, so that a
separate computation need not be applied once the ref-
erence tone is generated.

[0033] In a system designed according to this inven-
tion, the modeling that provides the frequency domain
response preferably is accomplished with the system
controller operating in a modeling mode. A separate
control mode preferably is used for generating the noise
cancellation signal from the speaker 30 during active
noise control. The controller preferably operates in
these two different modes at different times so that the
available memory and processing time is not compro-
mised.

[0034] In one example system designed according to
this invention, the modeling mode includes using an FIR
filter to obtain a time domain response of the secondary
path using known techniques such as an LMS algorithm.
In this example, there preferably is a delay between the
modeling mode and the control mode. During this delay,
the inventive system applies a Fast Fourier Transform
to the model of the time domain response. This provides
the amplitude and phase adjustment information that
can be stored in the controller for later use during the
control mode.

[0035] In another example system designed accord-
ing to this invention, during the modeling mode, the con-
troller makes a direct measurement of the frequency re-
sponse of the secondary path using a known technique.
The frequency domain response information can then
be applied to the reference signal similar to the exam-
ples described above.

[0036] The preceding description is exemplary rather
than limiting in nature. Variations and modifications to
the disclosed examples may become apparent to those
skilled in the art that do not necessarily depart from the
essence of this invention. The scope of legal protection
given to this invention can only be determined by stud-
ying the following claims.

Claims

1. A method of generating a reference signalin a noise
cancellation system having a path between a gen-
erator of a noise cancellation signal and a sound
detector that detects the effect of the noise cancel-
lation signal, comprising the steps of:

determining a frequency domain response of
the path for at least one signal of a known fre-
quency; and

adjusting the phase and amplitude of the refer-
ence signal responsive to the determined fre-
quency domain response.

2. The method of claim 1, including generating a plu-
rality of reference signal tones each having a known
frequency and adjusting the amplitude and phase

10

15

20

25

30

35

40

45

50

55

of each tone, individually.

3. The method of claim 1, including using the adjusted
reference signal to generate a noise cancellation
signal.

4. The method of claim 1, including determining an
amplitude adjustment value and applying the deter-
mined value to the reference signal amplitude and
determining a phase shift amount and shifting the
phase of the reference signal by the determined
amount.

5. The method of claim 1, including applying a gain
factor to each of a plurality of components of the
reference signal comprising a sine component and
a cosine component to achieve the adjusted phase
and amplitude of the reference signal.

6. The method of claim 1, wherein the system includes
a tone generator that generates the reference sig-
nal and wherein the adjusting occurs in the tone
generator.

7. The method of claim 1, wherein the system includes
a tone generator that generates the reference sig-
nal with a consistent phase and amplitude and
wherein the adjusting occurs subsequent to the
tone generator generating the reference signal.

8. The method of claim 1, wherein the system includes
a tachometer that provides information regarding
an RPM value of a vehicle engine and wherein the
reference signal frequency corresponds to the RPM
value.

9. The method of claim 1, including determining a time
domain response of the path and determining the
frequency domain response by applying a Fast Fou-
rier Transform to the time domain response.

10. The method of claim 1, including operating in a first
mode for determining the frequency domain re-
sponse and operating in a second mode while ad-
justing the phase and amplitude of the reference
signal and including a delay between the first and
second modes.

11. An active noise cancellation system, comprising:

a speaker;

a microphone that detects a combination of a
sound from the speaker and noise in the sys-
tem;

a controller having a first module that provides
a frequency domain response of the portion of
the system associated with the speaker and mi-
crophone, a tone generator that generates at
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least one reference signal having a selected
frequency and a second module that adjusts
the phase and amplitude of the reference signal
responsive to the frequency domain response
information.

The system of claim 11, wherein the tone generator
generates areference signal having unity amplitude
and zero phase and wherein the second module ad-
justs the amplitude and phase of the reference sig-
nal subsequent to the reference signal being gen-
erated by the tone generator.

The system of claim 11, wherein the tone generator
includes the second module such that the reference
signal provided by the tone generator includes the
desired amplitude and phase.

The system of claim 11, including a cancellation sig-
nal generating module that utilizes the reference
signal to provide a cancellation signal for driving the
speaker.

The system of claim 11, including a Finite impulse
response filter that provides a time domain re-
sponse of the portion of the system associated with
the speaker and the microphone and wherein the
first module applies a Fast Fourier Transform to the
time domain response to provide the frequency do-
main response.

The system of claim 11, wherein the controller op-
erates in a first mode for determining the frequency
domain response and operates in a second mode
at a different time for applying the phase and am-
plitude adjustments to the reference signal.

The system of claim 15, including a delay between
the controller operating in the first mode and the
second mode and, wherein the controller converts
between a determined time domain response of the
portion of the system associated with the speaker
and the microphone and the frequency domain re-
sponse during the delay.
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