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ABSTRACT: Previouswork has shown that active noise control technologymay improve the low frequency
performanceof noise barriers. In thispaper,sucha possibilityis confirmed. A multi-channelactivecontrolsystemhas
been used to create quiet zoneson the top ofabarrier in order to reducethe diffractionalong the top, and to increase
the insertionloss of the barrier. Both the simulationand experimentalresultsobtainedshowedthat a barrierassisted
withan activenoisecontroldeviceachievesextranoiseattenuationwhenthecontrolsystemis optimallyarranged. The
results also demonstratethat activenoisecontrolisparticularlyeffectiveat low frequenciesin increasingthe insertion
lossofanoisebarrier. This featureof activenoisecontrolovercomestheweaknessofnoisebarriersatlowfrequencies.

1. INTRODUCTION
Barriers are classical devices in the field of noise control.
When a noise barrier is interposed between the noise sources
and the receivers, the direct sound wave will be blocked. Only
the diffracted sound wave will contribute to the noise level in
the area behind the barrier. Behind the barrier, the contribution
of the diffracted field is relatively weak compared with that
from the original direct field. Therefore, an area of quiet, ora
'dark' area, can be created.

The effectiveness of a barrier in blocking the noise
depends upon many factors such as the characteristics of the
noise source, the shape and dimensions of the barrier, and
environmental conditions. It has been found that while the
barrier is very effective in attenuating high frequency noise, it
becomes ineffective at low frequencies where the wavelength
of the noise is comparable with the height and length of the
barrier. Increasing the height of the barrier can improve the
low-frequency performance of the barrier, but it is usually not
practical. As a result, the improvement in the performance of
a barrier, especially in the low-frequency range, has been a
research topic in the field of acoustics for more than 20 years.

Although the concept of using noise to cancel noise is not
new [1], the recent developments of the control technique have
made the implementation of active noise control practically
possible. Since active noise control (ANC) is very effective in
attenuating low frequency noise [2], it is reasonable to believe
that the low-frequency performance of a barrier can be
improved by this technique.

Ise [3] applied an adaptive control system into a half-scale
modelofapassivebarrier.InIse'ssystem,aspeakerwasused
as a monopole control source and positioned on the top of the
barrier. The error microphone was set in the desired space
behind the barrier. He was able to create a quieter area around

the error microphone at very low frequencies (125 Hz or
lower).Omoto[4]usedamultiplechanneladaptivecontroller
in his control system. In a different approach from Ise's
arrangement, Omoto put all the error microphones on the top
of the barrier. As the sound pressure at the top behaves like
virtual sources of the diffracted field, the mechanism of this
arrangement was to cancel the sources of the diffractive noise
around the top of the barrier. For his specific configuration,
Omoto concludes that when the interval of the error
microphones on the diffraction edge is less than ha1fofthe
wavelength, the active noise barrier works effectively.

The present authors [5,6] have thoroughly investigated
active noise control in open space. It is found that a large
volume (in terms of the wavelength) of noise attenuation can
be obtained when the control system is optimally arranged. In
this paper, we apply our findings about active noise control in
open spaces to a noise barrier, and illustrate the effectiveness
of ANC in improving the low-frequency performance of noise
barriers.

2. INSERTION LOSS OF NOISE BARRIER
Many theories may be used to predict the sound insertion loss
of noise barriers. The basic ones are the Huygen'sprinciple
and the Kirchhoff's diffraction formulation [7, 8]. For the
reflective noise barrier shown in Fig. 1, and using a point
noise source with pressure field of

Po_~eikr, (1)

the diffracted field can be approximately expressed as [9]

Pd--~e-iKI4{sgn(n;+a-I/J)~Fr~]
'V~ vl«R1+R) t

~' (2)

+sgn(n;-a-I/J) ..Jk(R
l

+R') 1~k(Rl-R')]}
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f;~I . Sd>etnalic ofl noiw barrier.

for~ .. .. t . w here " il the WIve lIumberofthe lOund,R
and R'arerelp«llvelyth e diJwlc nfromtbere«ivu di t«tly
tothc~andlolhe1OUl'ClCmim:lJimageiJI tbebcrier.

RI"'· ", il the Ulortest dilWlCe from lhe lOUfl:elo the:m:civa"
over the barrier lOp. A . _i4q ..-bcTe.,is the:IOW'Ce urength.
z..ru'p" ..... and

F~) .['~tlx (3)

is the FtnnC l inlegnl. Tbel)'lJlbollpl il the lip funrnon.
anda andt an:thcangindefinedinFis,. t.

Tbt soundu-nion 10SlcalUlldby !hebmier lhm tan be
given by

6L...20IosJOqp~/Pop . ("')
whcn: P, is the IOIIlld pressure at the reo:ei"llf'lpooaitioa "'iIm
thcbarrieri,.t-enI..cxpra.sedby Eq.( I ). A wldely lUlld
ensmeenng ~imation for !he MJUnd inwrtiOClMJ oflbe
barrier is Maebwa'l .)'tIlI*ltic cxpcaHoa [10)

6L...-I0IoJIO(J+20N). (5)

....bere N is FfftMI'l zane number oflhe barrier . "prnlCd II

,,, . ~ , (6)

whe re 6 ...,..'o-R ilthe path differe nce and k lhe.nve­
ICIIlllhofthtdiffrKllVClOund

The il\1CrtiOCl Iossn of the barrier described by Eqs. ("'J
and (5) an: dlow n U I functio n of fTcqllCnty in fi g. 2 for I
typical noile bani er ofhcia:hl ofl m. LocalCdondiffcrcnl
lidesoflhcharrier. lhenoiIll1OUl'ClC11Idrcaivnan:bothO.$
mhigh,andbothatl distan«o( 2 ma.....yfromlheburier

It is shm.1l in f ig. 2 tluit !he sound Itlc1Iuatiol'l oflhe
barrier I I I poinl in !he quiel am il only 5 dB It the low
freqllCncics. while eeinSC'rtionlosa I I the high lTcqucncicsi s
more than 10 dB. These iedlce te lhal the effort of improving
the performance of the noise barrier should be focused 011lhe
low frequency range.

3. ACTIV E 1'l00SE CONTROL IN OPEN
SPACE

Active noise con trol in I n open space can be implemented by
either global control or localconlrol. lthas~nfound thlt

global con.trol Clll only be tc hil:ved when lhe 'llntrollOlU'Cn
Ill d the prilTW)' IOUJ<:narc d OIely locll ed. In rnany pnctical
app licat ions. this condition may llOl be sal;l f llld, in .....hich
ease. thelocl l con trDl l lJ1lkg)' seeml to be thc only choice.
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I1ha1bcallhownl5JthalthekltalaowodJlO""ftllUlp\dof
tbc local control syRtm IISIlalIy iDl;rease$ Iftet conttol. .. bich
mnns IIw ...bil e I 'quie1er' am can be craled in some placn.
there musl be otheran:1$ wiltl an u.ern.w in sound prnsure.
TheobjectiVllll of local control ofthe sound~ field are

(I) 10 cmo lC lar; e quiC'l ZOIln I t required poIitions (where
error seMOnan: 1oc.Iled), and (2) 10 min imise the inaeue of
!he sound pru$Ill'e I I other Iocalions (or 10 minimise lhe
inctuse in the Iotal power flow from IU1O\ll'I;C1). The qWC'l
zoncis defi nedulhelftawhcn:tht primarylOUlldpreuure
~l illttcn\llted by more tlwlIOdB.

Figure 3 il I typical control lys lCm eonfi gunlion., where
tbe equallyspacedNl«Ondarysoun:esandNerrDl'lClUOtI
are p1ac«1 iJl lWOpml llel linCl. A monopol e primary llDUn:e
is loca ted on the centra l axis o f tile amys of 1Ct0ndlry
SOurcC1and error sensors, The dis tance between the primary
source and thesecolldary solll ce arrly intheydirel:tion ll,.!1"
and that betwe en the secondary source arra y 10 the error
sensor arra y is r... The secondary lOun:el and the error
Ic nson arc separau:dn: lpe ctivelyby,... and,.. . willl,. ...,... in
thi l arrangemen t The sunt of the lq\llred IOundpn: llure s al
lhemitrophone poli tionl ilscleclCd l1lheroltfunctiOll.Our
research on thil con trollyslem has found that ....hen boIhthe
disl4nces from the noise IOII/'te 10 lhe conlrOlsourcel. and
from the:con trol sourcel to the error miaophoncl arc liven.
there exisll III oplimal rana:e ofinlervals amooilbeadjacen t
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eontrol~ andetTOfmicrophonn. WithintbilDllJe., ee
macue ofthetotaJ -..nd powcr outpuc ilminimisoed, aDdtile
1afB«I areaof quiet zonealn be obUi ned, wttich I'CItmbles a
~withihedee .lonldwenwm~ lbel.lppcr
andlOl>U limill olthisranltlrC~s.scd16Jas
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It h. I . 11Obeen found th.t for the to nfigur. tion with the
intcrvaiiouisidclhc abovcrangcof limils. lhe ly , lcm is nol
able to ercatca laraclrc.ofquiclzo llc.and a lq cso und
power output is often obse rved.

Fi8un: 4aivesuamplclof quielroncllloClivelyc realcd in
nee lp4C C (no blU'rien) by. rnul tiplcC{)ntrol 1)'1tt"mwith 21
control fOurCes and 2 1 error micro phones. The system is

arrangedwilh Ihcprimary 1OUf« It tbe posirion (O, O, O),thc
21 secondary IOUn:CIIt (S)., ( j· l 1y O)( ... I,2 ...•21), .ndlhc
21 error sensors at ( IC»., (j· l ly 0) (;.1. 2.. .•21). where

, .. - SA and ' .. .. S>.. The upper limit Ind ee iO'W'tT limit for
opIimumperformance of !he sYI~m CUI be clllculltM by &[s.

,
Figure S. Active ..m. comroI lyuem ... I Daise bPoief.

(.,

(7) and (8) lOeonespond to r ..-mill-GSA and '_-0.715>"
Fig. 4(1) is the conf iguc.l ionwilhin the op lirnl lnni e
('..- '-J &Dd Fig. 4{b) il the tofIfig.ntion OVUMX1M
optimal range(r.-G. 88).> , --J.

h C&lI be seeD wtlhc quiet ecee ern tM by the optimAl

eonfiguntion is quilC large, with no sip irlCUll increase of
IOIlndprnsuce~l owidc:thcquietZOllC (accpl: forlM

.adCKe lO riud~, wbcrelhe .ccondary lIO\1l'tnare
klc:ated ). For!he configlltllUm jllJl ouuidc lhc lim ill., then is
bardlyanycvidmtquic1.zone,Mdmosloflhcareu sulfcr
from I lacae iDerease oftoOU1l4prtsillft level, II shown in
Fig. 4{b). lt CUI also be Ken thallhcara ofquiet lODe c:fe* IN

by !be optimallyarranged controIl)'skm is k alcd in Iam5 of
ee wn'dcngth of lhc noise. .. i1id l mons. in I pl'IClieal
applieatiorl,lhe~ thefrcqucneyoflhc noise.the lqer lhc

iIml ofquiet ZOllC..

4. ACT IVE SOISE BARRIE R
As the IlIUDd arowxI lhc lOp of the banief contri bula I
diffraaed.5OWIdrteld inlhcquietlrnbehindlbe burier, iti l
reuonable lObd~lhatif lhe lOUlld O'VCftbc lOpcan be

c:aJlCellcd,tbediffrxte4lO1lndinlhequiClareabehilldthe
barrief5bouId alsobe Itlmlllkd. Th is approKh 5houId ba~

the cquivUmt effect to an incrux of height of the noise
barrier. Consequently the insenior! 10u oflhe barrier CUI be

"""""-
The multi-channel system used for open 'PI" noise

OOIItrol is appl ied here 10 I noise barrier , Theeontrol l)'SlCm
cons ists of N con lrol SOlll'CCI and the " me number of errer
microphones, as shown in Fig. S. The COlluol5OU/'(;Cl ind CrT'Or

mierophollesareequally ~ced in two parailellinn. The11ft)'

ofe rror microp hones isloclled jusl OnlhclDpoflhcbarrier.

Thecontro l source array is locatedbetwe en tbeprimary IOUTCC
and error microphon e arTa)'. and in the wnc plaroe contlinina
bolhprimar)' source and crrormi crophone arra)'.

When the ANC system il on, the sound pressure II Ihe

error microphon es is cance lled, and I quiet zone.lnllg the lOp
of the barrier is then created . Thi s . 150 increa ses the noise
attenuation in me receivingarea behin d the barrie r. The 10111
diffracted sound pressure becomes

~,

(.,
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p~ ia !hediffnction caused by the primary noise source only,

which al&O ~sepu the di lJ'ractM: WW1d ....hile the active
control .y~ern il off, and ~) tbe difffICtion cauK<! by the I
ecetrol source. Both P~ and ~J are elpre.sed ia thc fonn

of Eq. (2). The elllrll sound insert ion lou erealed by the . d lve
multiple contro l lyslern can lbellbe desaibed u

4L oo20Iog ll'«: I WP~I). ( 10)

When applying the rn\llti-dlanncl active noise et'IlItroI
I)"IIClnlOthellOise barrier .theconfiguntiOll oftheeontrol
l)"IImI,lUC:hu the inlenialsoftheadjlCClllc:ontrollOUteeS
and the ad~enl oftk error mieTopbone.. is ntrmlcly
imporunt. II has been found thai tbt' optimal configurations
oflhe eonlroll)'ltml in opal lI*e also apply 10 the actIVe
IlOdeboatrier!bawn in Fig. S. Thespeei rlCIC1ivePOise barrier
lIKdinlhi.analysis islm highandloeated.lon.theyuis..
The loeatiOCl of the primM)"IOU1'Ce i. (-1.376, 0, O.S) and the
eontrolllOUltn are Iocaled al (-0.688, (1-(N+ IY2)r.. 0.7S).

The error miaophone:$ are loca ted . t (0, (i-(N+IY2Jroo, I).

For tile:conaolSYJlern with J eontrolllOU1'Celand J error
microphones and an ope~lini frequency of SOD Hz. the
oplima l ran,e of roo is (0 .22)., 0.98),] aeeord in, to Eq• . (7)­
(8). 1be elfn JOund attenu.atlons oftwoconf II Ullllion.J(one
witb r.. "'i thin the limils .. r.. ..O.75)., anolher w,th r.. ouUlde
the Iimiu as r. - 1.7S).) are given in Fi, . 6. Forlhi. c.se, the
ground 011both . ides of tile burier il auumed 10 be non­
refl ecti ve.

II i. clear that an active noise con lf'ol . yll em can
efTe<:ti\'ely improve the inserti on klu of the barrier if the
1)'1'lem i. opti mally arran ged. When the i1Il~ls of the
oontrollOlatnare "'ithin th:opt imal range,theCll;tralOUlld
.n enua lionofthe barrier duclo tbecontroll)'lUmeanbe
more than 10 dB in the area behind the barrier , II shownin
Fig. 6(a). lf the intau.ls of the con tml source s are ouuide lhe
optimal Bnle. the large el tra sound ancnual i<mm.y not be
achieved, and the COlltrotsystem m.y dea:rade the insenion
loss of the barrier. II shown in f ia:. 6(b). Thne eump ln
dcmooItrate thai the eonfigunlion o f the contro llYStcm is
most impofWIl for the active noise Nrricr .

Allbaugh the ~ conc lusions an: made from the
observation of a simple ease of mulli·dwmel anivt: contro l
J)"Ilem (J C(IfltrollCJUlttt and J error microphones are used in
tIlis . imuJ. tion), it can be !Ihownlhal !heyan: al", app lieable
IOtheease.ofrnorccOfltroIJOUrCts.ndtrrormierophonn.

S. EXPERIME:\'TS
E:opcri menll wen: carried OUI in an anechoic chambe r with
the liz c of 4.2mx.Umx4.2m . The barrier consilii of 2 pieces
of plywood pl. lc. sandw iching a foam . The barrier of size
O.OSrn thick, I.Orn high and 4 .2m long, wu pUl on the
s~ melal grid floor of the anechoic chamber. To
ptevent the IOIUldpropaptinl Wldemeath the t.nicr, and to
prevent n:flcetioa from the t1(l(ll'1on bothside" the meta l pid
fI~ WI1 CO\feftdwith thick carpe1. TheprimaryDOise source
wuaboutl .4maway from the barrier ,0.S mabovelhetloor
and on the crrllral line o f th(o chambtt. The control s)'ll tm
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Figuft 6. u uasound ........tion do.ot 10 1M Il:\i... noi.K
oonrroli)'IltIl1 whm(.)r • ..o.1S)' -..d (b) r..- U k

Fi, u:e 1. Elperirncnl KlUp in In on«hoi c clwnbn.

ecestsu of J half-enclosed. speakeB as contro l llOWCes, J
microphones II error selUOn . and a multi·channe l EZ· AN C
II the controller. The IITIlIgemen t of the control ' yl tern i.
d lOwT! in Fig. 7. The soun d .i gn. l used in the expe rimenl WII
a JlUR'loneofSOO H;t. Tht pure sene signal wu fed inlOthe

primary sovn:e direedy. and WI1 also pr ovided to the
con troller II • ~fermce signal Threecon trol channe l. of the
CODtroIler ~UledIOc:anetltbe totaIlO\InCIprnIlU'e al !he
position of J errorm icrophonn .



Filure 8, Insertion louofthc: barrier from eo.perimenw
measurement

The experime ntal insertion loss of the noise barrier
withou t active oontrol in a measurin g plane {O.S m above the

floor) iii shown in Fig. 8. It can be seen that due 10 the
Il'flC(:tion~ from the floor carpet and the wall~ of the anechoic

chamber, the insertion loss of the barri er is not as large and
5moolhu predictedbythelheory. ltwillbe5h0'WTlIatcrlh3t

thesereflections .l so decreas e lhe elTectiveness of the aetive
noisebarrier.

The coor dinates of the control sources and error
microphones are the same as in the computer simulation
discu ssedpl'C'Viowly ( -o.6g8, (i-( N+I}'2>r .., 0.75) and (0, (t­
(N+IY2>r... I) resptCl ively, where p I,2.3. and N>-3J. Two
diffcll'nt intcrw.lsof thccontrolsourecswereuscdtotestthe
effectivenessofth e active nois e barrier . One was within the
optimal range at r.... 0,7SiI.. and the other was outside the

optimal range at r ..-1.7S).. The extra sound attenua tion
achil."Vedbythcsetwoconf iguration sofsetivenoi5e control
5)'Stemu chosen in Fig. 9.

Figure 9 shows a significant differenc e in the exira 50Und

attenuation of the active noise barrie r for the different
cc nflgurauens of the con trol Sy5tCTn . When thc system is
optimally arranged, the exira sound artcnuationhu been
achieved er every position in the measuring plane, as shown in

Fig. 9(1). When the syste m iii arrang ed outside the optimal
rani e, the aClive noise control S~ICTn may even decrease the
insert ion loss of the passiv e barrier in some locations, as
shown in Fig. 9{b).

Comp aring Fill. 9 with Fig. 6. it c.u be easily seenthat Ihe
exlrasound.tlenualion ofthe .c tive noise barrier in the

experime nts is not as signi ficant IS that of the theoretical
analysis. Th is is due to the re flection from the carpet, II well
as from the walll of the anechoiecllamber. Practical silUahont
suchas a highwaybanierand an indus trialbarricroftenhave
the reflections fromthe groundsand nearbyreflectiveobjeet s
It is expected that the chaeecterisrics of the quiet zone and the
optimal arrangemen t of control sources will relate to the

groun d impedance and propertie s ofthc nearby reflective
objects_ further investigation in those aspects is underway.

Fil u:e 9. E>c lnl . llenull ions due to the lCI;venoi seton!rol
I)'ltern when (.)r_-o .7S" . nd (b) r.. .. U >...

6. CO~CLUSIO~S

The effectiveness of applying active noise contro l system to
improvcthe sound inseni on loss of the Mrrie r has been

demoesunedia this paper. To create a large areaof'quiet zone
around the difTraction edge of the barrier is a good Ipproach

10 increase the sound insert ion loss of the barrier. An optim al
multi-channel active contro l system developed for active noise
cOfItrolinfn: e spacecanbesuece5sfullyappliedto the barrier
Similar 10 the uses of ANC in open space, theconfiguration
of the activc noise eoe trol system used with noisebarriers is
extremely important in terms of opt imising perfcrmaece. 'The
extrasound allenuationduetotheaclive noiscoontrols~tem

can be signifi cant only when the system is oplimally arra nged,
othcrwise,the active control system may be ineffect ive or
evenreduce the insertion loss of the barrier.

The size ofthc improved quiet area is proportional to the

nwnberofconuo lc hannelsusedintheactive eOfltrolsyst em.
As the size of the improved quiet are. is scaled in Iennsofthe
wavelenglh of the sound, it ean he conc luded that the active
noise barrier is moll' useful in the low freq uency range where
the passivenoise barri er is not as effective.

Although the results of the analysis presented in this paper

ere explained in terms of single frequency sound waves, the
optimalarrangernentdisroveredcanbeusedforthedesignof
a control eystem forpraetical source with multiple freque ncy
compoeents Isuch es thcse from powerlransfontlC'rs). Taking

VOl, 25 (1997) No, 1 - 15



1M steady state primary sources as an cxamplc, thc optimal
separa tion distance between con tro l SOutC CS ls determined by
thc shortest wavelength of the noise component to be
controlled and itis also important to arra nge control syst ern sc

that wavelength of the dominan t Irequeecy component is
within the optimal range. For those frequency compone nts
with wavelength outsid e the optimal range, ban d-pa ss

fil tning can be used 10 avoid the cffectofconlrOl on mese
compone nts and conseque nt unn« e u ary illCrcase of sound
level.

In this research, a good cohere nce betwee n the primary
source signal (reference sig nal) and tbe crror sipal is
assumed In all the pract ica l applications of ANC, this is the
basic requirement for achieving any signi ficant noise
reduct ion. In the case when the coherence lime of wavetrains
is not very long, spatia l causality will set a limit 10 the

arrangement of the control sources and 10 the processing lime
of lhe conlroller [ l lJ.
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