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ABSTRACT

In a conventional narrowband active noise control system,
each reference cosine wave has to be filtered by an estimate
of the secondary-path. We call this part x-filtering block. The
number of x-filtering blocks is equal to the number of tar-
geted frequencies. The computational cost of the system due
to the x-filtering operations may form abottleneck in real sys-
tem implementation. In this paper, we propose a new nar-
rowband ANC system structure which requires only one x-
filtering block regardless of ¢. All the cosine waves are com-
bined as an input to ax-filtering block whose output is decom-
posed by an efficient bandpass filter bank into filtered cosine
waves for the FXLMS that follows. As a result, the com-
putaional cost of the system is considerably reduced. The new
structure is further implanted in a recently developed ANC
system that is capable of mitigating the frequency mismatch
(FM). Simulations demonstrate that the new systems present
robust performance very similar to that of their counterparts,
but enjoy considerable advantagesin system implementation.

1. INTRODUCTION

Noisy sinusoidal signals generated by rotating machines, such
as diesel engines, motors, fans, factory cutting machines, etc.
may be effectively reduced by narrowband active noise con-
trol (ANC) systems, especially the lower frequency portion.
For example, high-power cutting machines used in factories
generate such noise signals which are harmful to their oper-
ators. Narrowband active noise control (ANC) systems have
been utilized in reducing these annoying noise signals.
Asiswell-known, research and development in the ANC
area has been carried out since the early 1970s, and many
promising system structures and adaptive al gorithms have been
developed, see [1]-[8] and the references therein. The finite-
impulse-response (FIR) filters adapted by a filtered-x least
mean square (FXLMS) algorithm are usually used inthe ANC
systems [3]. Other techniques using recursive least squares
(RLS) and Kaman filtering based algorithms have aso been
developed for the FIR-type ANC systems[3],[6], which gen-
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eraly provide better noise reduction performance at the ex-
pense of more computational cost.
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Fig. 1 The conventional narrowband ANC system ( i-th
channél).

Several conventional narrowband ANC systems have been
found effective in suppressing sinusoidal noise signalsin dif-
ferent scenarios for many real-life applications [3]. Fig.1 de-
picts a block diagram of such a typical parallel form ANC
system that uses a two-weight FIR-type magnitude/phase ad-
juster (MPA) as controller in each frequency channel. The
FXLM S algorithm has been used to adapt all the parallel chan-
nels simultaneously. In each frequency channel, one (1) x-
filtering block (S‘(z)) is required. If ¢ becomes large, the
number of x-filtering blocks will increase. Because the or-
der M of the estimated FIR-type secondary path (S(z)) can
be as large as 128 or even higher in practice, the complexity
due to the x-filtering blocks may become a real burden and
bottleneck in system implementation. This has motivated us
to explore new system structure that has less computational
requirements but enjoys performance similar to that of the
original systemin Fig.1.

A new narrowband ANC system structure is proposed that
requires only a single x-filtering block regardiess of q. The
computaional cost of the new system is significantly reduced
particularly for large ¢ and/or M. In the new system, all the
reference cosine waves are added together as an input to a x-
filtering block whose output is decomposed into separated fil-
tered cosine waves for the FXLMS by a bandpass filter bank.
The cells of the bandpass filter bank are bandpass filters de-
rived from 1IR notch filters with constrained poles and zeros

[9.



The new structure is also transplanted to a recently devel-
oped ANC system capable of mitigating the frequency mis-
match (FM) that might exist in rea-life applications due to
sensor aging and fatigue [8, 10].

Extensive simulations are provided to demonstrate that
the new systems present performance that is extremely simi-
lar or almost identical to that of the conventional system, but
enjoy great cost merit in system implementation.

2. NEW NARROWBAND ANC SYSTEMS

2.1. Conventional system

The primary noise signal in Fig.1 is given by

d(n) = Z {ap,; cos(wp in) + by ; sin(wp ;n)} + v(n) (1)

i=1

where ¢ isthe number of frequency components of d(n), wy, ;
is the frequency of the i-th component, v(n) is a zero-mean
additive white Gaussian noise with variance o2. The i-th ref-
erence cosine waveis given by

z;(n) = ar;cos(win), ar; #0 2

where frequency w; is derived from the synchronization sig-
nal in aregression fashion [3]. Speed sensor such astachome-
ter isusually used as the reference sensor. If the sensor works
perfectly, w, ; will be exactly the same as w;, and no FM ex-
ists. The output of the i-th channel is expressed by

yi(n) = hio(n)zi(n) + hi1(n)zi(n —1) (€]

The block S(z) is the secondary-path or error-path and is
modelled as an FIR filter with coefficients {s; jj‘igl, whileits
estimate 5(z) (:{3,};") is assumed to be known a priori or
estimated in some way in advance. The FXLMS algorithm
is utilized to update the two FIR weights in each channel as

follows[3].

h@o(’n + ].) = hlo(n) + ,U/ie(’I'L){i'iys(TL), (4)
hi,l(n + 1) hiyl(n) + ,uz-e(n):i:i’s(n — 1) (5)

where y; is apositive step size parameter, and

M—1
:%Z}S(n)zzgjxi(nfj)a i:1327"'aq (6)
=0

M-—1 q

e(n)=d(n) = Y _ s { yi(n — j)} (7)
=0 i=1

Here, one x-filtering block ( S(z) ) must be placed in each
channel. Asthe number of frequencies targeted increases, the
number of x-filtering blockswill go up and the computational
cost involved may become a serious cost issue in system im-
plementation.
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Fig. 2 A new narrowband ANC system structure ( i-th
channel).

2.2. A new system structure

To reduce the number of x-filtering blocks, we resort to an
ideaof first filtering all the cosine waves by asingle x-filtering
block and then decomposing the block output into separated
elements by a proper bandpass filter bank. Such anew system
structureis given in Fig.2, where

8jxs(n — j) 8

and the transfer function of i-th filter of the bandpass filter
bank is given by

(p—Deiz "+ (p* —1)272
Hy,, =
bpz(z) 1 +pci271 +p2272 ’ (9)
¢ = —2cos(w;), (10)

and p is a pole attraction factor (or pole radius) over (0,1).
This bandpass filter is derived from an IR notch filter with
constrained poles and zeros [9]. The filtered signals &; ;(n)
for FXLMS that follows is the output of the above bandpass
filter.

&is(n)=—pcit; s(n —1) — pQ@-,S(n -1 (12)
+(p—1)ciZs(n—1)+ (p2 — Dis(n—2),

where four (4) multiplications are involved. It is not difficult
to prove that Hp,, (e"“) = 1 (v = /—1) for any p, which
implies that the proposed system will have properties very
similar to those of the conventional system. p may be chosen
according to the spacing of the signal frequencies considered.
If they are closely spaced, some p very close to unit may be
selected to allow the bandpass filters to produce clean refer-
ence waves for the FXLMS. However, this may bring some
delay to the system’s dynamics, because the bandpass filter
with larger p has alonger time constant. Note that this delay



Table 1 Comparison of complexity between the conventional
and proposed systems shown in Figs. 1 and 2 ( blk: number
of x-filtering blocks, mult: number of multiplications).

Conventional Proposed
blk | mult | blk | mult
q, M ‘ q ‘ qM ‘ 1 ‘ M + 4q ‘

qg=3,M =41 3 123 1 53
q=3,M =64 3 192 1 76
q=3,M =128 3 384 1 140
q=10,M =41 10 410 1 81
q=10,M =64 10 640 1 104
g=10,M =128 | 10 | 1280 1 168

does not directly contribute to the dynamics of the system and
thus will not be so severe. See simulation results in next Sec-
tion for the resultant delay that is actually quite small even for
ap very closeto unit.

The number of x-filtering blocks and the corresponding
multiplications is compared in Table 1 for the new and the
conventional systems. The computational merit of the new
system is obvious and significant.
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Fig. 3 A robust narrowband ANC system in the presence of
FM, recently developed in [8] (i-th channel).

2.3. A modified system structurein the presence of FM

When there is a frequency mismatch (FM) between the ref-
erence waves and the primary noise due to the sensor aging
and fatigue, the performance of conventional system will de-
grade severely [8, 10]. To make the system robust to the ex-
istence of FM, we have recently proposed an ANC system
shown in Fig.3, where the frequency-related coefficient ¢;(n)
is updated by an LM S-like algorithm as follows [8].

ci(n) — pe,e(n)hio(n)i; s(n — 1) (12)

where p., is a positive step size parameter, and the update
implements the minimization of the remaining error signal

ciln+1) =
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power (e?(n)). The idea used in the new system of Fig.2 is
simplely introduced to the system in Fig.3 to obtain a modi-
fied system given in Fig.4 which is not only computationally
efficient but also robust to the FM. The computational advan-
tage of the modified system over that shown in Fig.3 is still
preserved to the same extent. Only two (2) additional mu-
tiplications for each bandpass filter are required as ¢; is now
adaptively updated (see (11) for the number of multiplications
involved in a bandpass filter).

Sync
Sigljal

Fig. 4 A modified robust narrowband ANC system in the
presence of FM ( ¢-th channel).

3. SSIMULATIONS

It has been made clear that the two proposed systems have sig-
nificant computational advantages over the conventiona sys-
tem [3] and arecently developed system [8], and are expected
to possess very similar performance astheir counterparts. Ex-
tensive simulations have been performed. Here, we provide
some representative simulation results.

Fig.5 presents acomparison between the conventional sys-
tem of Fig.1 and the new system in Fig.2. Obviously both
systems indicate very similar dynamics and almost identical
steady-state remaining noise power. The convergence of the
new system is delayed alittle bit, and thisis the only sacrifice
we have to make.

Comparisons between the systems shown in Figs.1-4 are
provided in Fig.6, with Fig.6(a) and (b) being the remaining
noise signals produced by systems of Figs.1 and 2, respec-
tively, and Fig.6(c) and (d) being the same signals generated
by systems of Figs.3 and 4, all in the presence of an FM. From
these simulation results, the proposed and modified systems
work almost the same as their counterparts do. Systems in
Figs.1 and 2 failed completely due to an FM of 1%. The
modified systems of Figs. 3 and 4 have the capabilities of
mitigating the influence of the FM very effectively.

4. CONCLUSIONS

In this paper, two narrowband ANC systems with new struc-
tures have been proposed, which provide performance very
similar to that of the conventional and a recently established



systems, while requiring considerably less computational cost.
Extensive simulations have been conducted to demonstrate
that the proposed systems are very promising even in the pres-
ence of FM. DSP-based implementation of the proposed sys-
tems and their detailed performance analysis are remaining
research topics.
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Fig. 5 Comparisons between systemsin Figs.1 ((a)) and 2
((b)) (signal frequencies: 0.10w, 0.207, 0.307; ay = 2.0,
bl = —1.0, ag = 1.0, bg = —0.5,0,3 = 0.5, bg =0.1; M1 =
p2 = piz = 0.015; 0, = 0.33, M = 256, M = 128,

p = 0.985, 100 runs).
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Fig. 6 Performance comparisons among systemsin Figs.1
(@), 2 ((b)), 3 ((c)) and 4 ((d)) that were all simulated in the
presence of FM (frequency mismatch

(Aw; = === % 100%) is 1% for all the frequencies
targeted; o, = 0.00005, e, = 0.0001, yic, = 0.00015;

M = 64, M = 41, p = 0.985, other simulation conditions
thesameasin Fig.5).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


