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ABSTRACT

A new method for globally reducing the amount of
unwanted rower radisted by acoustic sourcess by means of
active devicesr is rrorosed. After examining rpreviousls
rerorted rassive and active noise attenuasting technicuess and
firding them to be unsuitable for some arelicationsy 2 new
method is rroeosed., The scheme involves slacing an
atternuating source close to the rioise sourcer driven in such
3 waw as to form 3 dirole out of the two sourcess thus
reducing the acoustic rower radiated.

Equations are derived relating the total rower radiated
to the vaolume velocities of acoustic roint sources.
Bedinming with the simelest caser that of 2 single
atterusating sourcey 3 sustem is derived which produces the
recuired volume velocity 3t the sttenusating scurce» and an
electrical model of this swustem is created, The model is
used to verify sustem stability snd to rredict the asmount of
rnoise reduction that mas be obtairmed. A laboratory
realization of the sustem is constructed having rerformance
closeluy matching that of the model. When tested under ideal
conditionsy the sustem provides 16 db of noise reductions
Wwithin 2 db of the caslculsted theoretical maximum. For
turical noise sourcesy the reduction drors to 8 db.

The need for multirle roise attenusting loors is
discussed. Eauations are derived sredicting the rerformance
of such 3 sustem., A comruter model is built to answer
auestions of stabilitw amd rerformance. A laboratory sustem
is constructed which verifies the comruter model. A second
attenuating loor increases the roise reduction from 8 to 12
dbh for one turical noise source.

Thesis surervisor! Frof. Amar G. Boser Frofessor of
Electrical Engineering. .
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Charter 1

INTRODUCTION

As a result of the exrlosion in the uses and numbers of
machines in this Industrial Adey reorle have been rlagued bw
unwantedvacoustical enerdy in the environment, both irmdoors
ang out, Onlg in this century have the necessary scientific
and endgineering discirlines been dev;IOPed sufficiently to
allow control of this noise enerdgs., Yetr noise continues to
be 3 serious rroblemy not only in the working envirorments
but in the home envirorment ss well. The art of controlling
noise has not kert race with the demand for better noise
control. Ledislated limits to rnoise exrosure continue to
become tighter in order to better srotect the rorulacer but
rnoise control schemes have denerally remained the same.

Noise exrosure has mang detrimentzl effects on humans.
It can cause mentsl fatidue and discomfortr andr over a
reriod of times can increase hearins threshol§ levelsy
resulting in 811 the discomfortss costsy and inconveniences
associated with hearindg loss.

In the course of a dagr one can easily observe a3 variety
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of locations where noise reductior could be beneficizllu
arrlied, In the turical city environmentr traffic roise
(both wheel rumble and endgine exhaust roise)r could be
reduced, In the tyrical home or arartmenty rioise from
arrliancess or from addoining rooms or residences can be
obJdectionablesy and misght be amenable to better roise control.
In the workelaces the arerlication of noise control would be
of sgreat benefit for silencing 3 wide varietw of machines--
from machime tools to air comrressors.,

Desrite the wide varietw of osrortunities to arely roise
controly the state of the art is rmot very advanced.
Turicallyr rassive elements are used for roise control.
élthoush these methods work in a3 satisfactorw manmer at mid
and high freauencies: 3t low frecuencies thew reauire an
inordinate amount of mass in order to do an effective .Job.
Such rassive devices for low frecuency rnoise atterwuation aré
bulkyy costlyy and difficult to arrly,

Since rassive methods seem incarable of satisfactorily
reducing low freduencs noiser an active method should be
investidated., Such a suystem migsht include a3 microrhone or an
array of microrhoness 3 loudseeakers or an arraw of
loudsreakerssy rlus associsated electronics for signal
Frocessing. An active swstem might be develored having lower
costr lower masss and drester ease of use tharn 3 rassive
sustem with similar reduction. Since rassive methods are

carable of mid and high freauencs,attenuationy then it would
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seem reasonable to confine the exsmination of active sustems
to low frecuencies, Besides beind better able to comrete
with rassive ssstems at these freauenciesr the associsaled
rrocessing electronics are likelw to be much simrler at Jow
frecuencies than highr due to the lower rhase shift
associated with time delaws in the sustem at low frecuencies.

The discussion below will show that reasonsble rassive
methods are not carsble of adecuately surressing rnoise st low
frequencies. Some zctive methods of roise control which have
beer rerorted in the literature will be examined, but these
methods will also be shown to be inadecuate for various
reasons. A new method of sglobally reducing noise radiated
from 2 locslized noise source through the use of a2 closed
loor sustem containing acousticals mechanicalsy and electrical
elements will be Proposed.’ The theoretical limitations of
such a8 system will be examined, followed bw an examination of
the epractical limitstions. Finallws the rractical limits

will be wverified exrerimentallwu.
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Charter 2

FREVIOUSLY REFORTED

NOISE CONTROL METHODS

I. PASSIVE METHODS

A widely used method for reducing unwanted acoustic en-
ersgy is throusgh the use of rassive devices., These rassive
devices mayw be used to reduce the amount of acoustic enerdgw
rut out by the sourcer or thew mavy attenuate the energy after
it has been dHenerated a3s it rroradates throush the air or
throusgh so0lid members directly connected to the noise source.

In 3 number of industriessr studies have been made of
rarticular machines in order to reduce the noise denerated by
those machines. Examrles include the studws and redesign of
noisv gesr trains in some machinesr and the redesidn of
#articularle roise rotating or recirrocating members. This
redesign can significantly reduce the amount of noise gener-
ated by the machine and reduce the difficulty of externallwu
citieting the machiné. An insrection of the Fatent Review
section of the Journal of the Acousticsal Societw of Americs
will usually turn ur several satents esch month for rassive

rnoise astternuators arrlied to srecific machines.
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Ify as is usually the cases machine redesidm can not
sufficiently auiet the roiser noise reduction must be arrlied
external to the source. Such an arrlication is not without
its rroblemss however.

Consider 3 model for a turical rassive noise surprression

suystemy shown in figure 2-1.

Generator Fassive t.oad
Network

Figure 2-1. PFassive atternuator model.

A source of noiser modeled hw the dermerator» is to be con-
nected to the listenindg environment» modeled by the
imredancer throush some network of rassive elements. This
network should be designed to rrevent enerdgy transfer from
the source to the load at frecuencies of interest.

Howeversy mechanical and acoustical circuits are
constrained by the fact that mass elements must be referenced
to dground. In an electrical model of acoustic or mechanical
circuitsy 211 masses» which are rerresented by caracitors»
must have one end connected to dround, a3s discussed in
Beranek (1). This constraint limits the tuyres of filters

that can be constructed,
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A turical filter might be modeled using lumred sarsmeter

elements as shown in figure 2-2.

. N
| | N
Gernerator Fassive Network Load

Figure 2-2, Fassive attenuator model.

The dernerator is cornnected to the source through 23 series of
comrliances and masses. Neglecting dameing for the moment
the frecuerncw below which the filter is no longer effective
in reducing enerdwy transmitted is Frorortional to the
recirrocal of the seuare root of the sroduct of the masss and
the comrliance. If the desire is to reduce noise rroradgation
at low freauenciess either the comrliance must bhe increased:r
resulting in 3 weaksr flexible mechaniczl structure» or the
mass must be increassed.

Herein lies the rroblem with reducing noise transmission
using rassive structures, The onlyg rracticsl waw to attenu-
ate airborne low freauencyd rnoise rassively is to use lardge
masses. Larde masses tend to be bulkuy exrensiver ands
obviouslyy heavy. Such attenustors aré inconvenient to use
in many arrlications.

As an examrler surrose 3 noise reduction of 20 db at S0
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Hz is desired. If 2 single walledsy solids damered eartition

is used to ernclose the noise sources fTigure 10-26 in Beranek

(1) shows that 3 surface density of 14 rounds/sceuare foot is
reauired. Thuss 8 rartition made from orme inch thick
alumirum wallsy or from ome cuarter inch thick lead walls
would be needed to dgive the recuired attenuation.

If the noise source is contained within 3 two foot cubes
then 336 rounds of material are recuired to obtain the
desired noise attenusation. Such 38 weidght would sreclude this
noise attenuator from being used in anwy rortable asrlication.
And even 3 small hole or leak in the rartition would greatlwy
diminmish the noise attenuationr so the structure must
comrletelw seal the noise sourcer eliminating any access to
it arnd eliminating the rossibility of ventilating it. At
current sricessy the recuired aluminum stock would cost
arrrodimately $700. And, if one wanted to decrease the
cutoff frecuency by an octave to 29 Hzs the weight would
auadrurle to over half 2 tons, a3nd the rrice of materials
would increase to nearly $3000. Additionallsr this noise at-
tenuator would only quiet 3 machine enclosed in its small two
foot cube volume., Finallyr the eauation taken from Beranek
used in calculating these fidures contains some
arrroximations and assumrtions and vields 38 result which is
indicative of the best rerformance one could exrect.
Tericaller one would not obtain as dreat 3 noise reduction as

that calcoculated using this formula.,
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Noise reduction may also be achieved through the use of
scoustic resistances which ashsorb ernergy. However: larde
auantities of materizls are recuired in order to obtain
significant low frecuerncw stterwation. For exameler in order
to schieve 20 db of attenuation at S0 H=s Beranek (1) shows
that 80 feet of 4 inmch thick fiberdlass baffles located on 8
inch centers are recuired.

If the rnoise ererguy is esredominatelws at ome freauerncy:»
an scoustic resonator could be used to reduce the noise level
at that freauencw, However: such a3 structure would be lardey
due to the high comrliance»r and thus larde volume recuired.

The effectiveress of rassive attenustion sustems can be
imrroved by using multirle walled sustems with air dars.
Howevers it is easy to see that if sidnificant noise
reduction a3t low frecuencies is recuired, rassive sustems are
simrly too exrensiver too heavyr and too inconvenient. The
imrortarce of controlling low frecuency noise should not be
underestimated, Temrest (30) showed that rnoise below 100 Hz
was annosfns far in excess of what its A weighted level would
rredict. Sos there exists a3 meed to reduce low frecuency

rnoise which rassive sustems camn not fulfill.

II. OFEN LOOP ACTIVE METHODS
Sirce rassive methods have been shown to be

unsatisfactory for atternusating low freauencws noisesy active
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methods need to be investidgated., The first reference to the
use of asctive methods to reduce unwanted sound seems to be a
ratent dgranted to Lueg (17) in 1936. A search of the
literature shows that more recentlyr two arrrosches have been
used?! oren loor methods» in which the amount of attenuation
is not monitored bw the sustem,» and closed loor methods,
where feedback is utilized, so that noise reduction is
constantly ortimized by the sustem.

Turicallyy the oren loor sustems divide srace into two

redionsr as shown in fidure 2-3.

. 7 S~a
Imasdinary y \\
Closed Surface W/ A
(Encloses noise 1
redion) | ¥ > 4 Fickus microrhones
M &\t covering surface
\ Y
\ a&'a .
1 Y- Attenuating sources
[ aa covering surface
Noise sources-—z_%—vx ‘
\ x 0
/
\ R4 Observer O
‘oo LT (located in the

attenuation redgion)

Figure 2-3, Attenuation by HuusSens’ Sources.

Orne region contains the noise sourcesy and the other contains
the listeners, It is imn this second redion that noise atten—
wation is desired, Serarating these two redions is an

imadginarw closed surface. 0On this surface sre rlaced the
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devices which rroduce the noise reduction.,

Such 3 sustem relies om Huudgens’ eprincirler better known
im orticss but here aerrlied to scoustics. The erincirle
states that 2 wavefront sroduced by a2 rrimary source maw also
be considered 3s the sum of wavefronts rroduced by an
infinite mumber of simrle secondary sources. In noise atten—
uation devices» the acoustic sources on the closed surface
act a2s the secondary sources referred to by Huwgers., The
noise sourcess which are the rrimary sourcer 3are enclosed bu
the surfacer a2nd create some wavefront on the surface, If
the secondzry attenusating sources on the surface sre srrro-
rriately driven» thew can sum to create 3 wavefront having
the same madnitude but orrosite sign to that generasted by the
grimarsy noise sources. Thussy in the redgion oytside the
surfaces the two wavefronts sum to zeror and the noise
sources enclosed by the surface are cuieted.

This arProach to the rroblem has been used by a rumber
of investidgators, rarticularly in France and the Soviet
Union. Mangiante (18)» and Canevet and Mandiante (4) in
earticulary a3long with Jessel and Mandgisrmte (12) and Fedorwuk
(10)» have investidgated the tures of sources recuired on the
surface for ortimal roise attenuastion. Jessel and Mandgiante
(12) determined that the recuired sources are directionszl,
with s cardioid rattern, This pattern is generated using
*trirple" sourcess each consisting of a2 dirole source and 3

monorole source. The sources are oriented so that they
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radigte maximum rower to the outside region of srace. Thew
are driven by sisnals derived from the sressure as heasured
Just inside the surface. The eressure measurement is made
using trirole microrhores lwing inside the surface in the
redion of the noise sourcesr and sensitive onlw in the
direct?on of the noise sources. Since the attenustinsg
sources rut out sound only in the noise attenuation regiony
and since the rFressure microrhones rick ur sound only from
the noise source redions the microrhores are insemsitive to
the outrut of the roise atternusting sourcess and the sustem
orerates in an oren loor manner.

Mangiante (18) investigated the sroblems encountered
when the infinite rumber of attenusating sources recuired to
cover the imsginare surface are rerlaced with 3 finite rumhber
of sources. This constraint limits the amount of noise
reduction and the bandwidth over which reduction may be
obtained.,

Mangiante (18) exrerimentally examined this technigue.
Twentw stteruating sources were located on 3 0.8m diameter
imasginary srhere, Twelve noise sources were located on 2
concentrie 0.2m srheres A far field reduction in sound
rressure level of 15 to 30 db was obtaired for sine waves in
the randge of 250 to 500 Hz» 3nd 2 reduction of 10 to 15 db
for narrow band noisg was measured in this same freauency
range. The exreriment was conducted in an arechoic chamber.

Howeverr the signals fed to the sttenustinmg sources were rnot
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derived from a2 microrhone rickurr but from the actual signal
exciting the noise sources. In Ppracticer the fact that a
fimite number of microrhones would be used would tend to
decrease the zmount of atterwation obtainable.

In air ductss it is rossible to treat the rroblem one
dimensionally. The duct is divided by an imadginary rlare
normal to the air flow through which a2ll air must flow. If
the noise sources are assumed to be urstream of this rlaney
then the noise source redgion maulbe considered to be the
redion urstream of this rlane and the rnoise attenuation
region to be downstream. Canevet (3) arnd Canevet and
Mandiante (4) used this arrproach and studied noise reduction
in 2ir ducts. Acoustic waves were introduced by means of 2
loudsreaker into one end of a ducts 8cm in diameter and 3m
long., Halfuwaw down the ducty 3 trirole source wsas arrandged:s
beaming downstresmr fed bw a sidnal derived from the
electrical signal driving the noise source loudsreshker,
Urstream from the atienuating sourcer no change in sound
rressure was rerorted by Canevet and Mangiante (4), but
downstreams 3 50 to 70 db dror in level was observed for sine
waves, Since the suystem was orerating in an oren loor
manners this reduction was criticalls sensitive to
temrerature changes and drift in the electronics. Canevet
(3) refined the sustem bz using better trirole sources driven
by an urstream microrhone, Downstream» noise was reduced by

A0 dbh fTor sine waves and 13 db for marrow band noise.
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Swinbanks (27) examirmed the ore dimensional rroblem and
calculated that attenustions of us to 50 db were rossible
over 3 wide range of frecuencies. Instead of using trieole
sourcesr Swinbanks determired that a unidirectional rlane
wave source made ur of 3 small rnumber of simrle sources on
the surface of the duct could =roduce this desgree of attenu-
ations A similar arrangement of microrhones urstream could
detect the oncoming noise wavefront. Foole and Levernthall
(23) exrerimentally verified this technieue and rerorted 50
db of noise reduction for sine waves.

Other oren loor techniaues have been rerorted for use in
situations where the noise waveform is sufficiently well
krnown that esickur microrhones are unnecessarg. Conover (6)
and Hawlew (11) have both discussed systems in which the at-
tenuating sources are driven from 2 signal derived from the
electrical sidnal which excites the noise source. Such 3
sywstem could be used only where the noise is denerated by 3
device excited by a3 known electrical sidgnal. Conover (4)
described such 3 sustem which was tested wusing a2 high rower
eglectrical transformer. Transformers amd similar electrical
arrparatus are excited bw the 60 Hz current flowing throusgh
them and turiczlluw denerate acoustical ernergy 3t frequencies
of 120 Hz and harmonics of 120 H=z.

Conover rlaced a3 sindgle loudsreaker next to a 15000 KVA
transformer. A microrhone was placed 30 to 60 feet awawr on

axis in the far fieldy to monitor the amount of noise attenu-
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atiorn obtzined. The sreaker was fed with sine waves at 120,
240, a3nd 360 Hzy of adJustable amelitude and rhase. The amr-
litude and shase of each freeuency sine wave was manually
adJjusted to mirnimize the sound pressure as measured by the
far field monitor microrhone. A rolar rlot of noise attenu-
ation was ther made., 20 db of attenustion was rerorted on
axisy but for most andglesy significantly less attenuation was
recorded. Ands for many andgles» increased sound FPressure was
measured. Howevers due to the changing nature of the
electrical load on the tramnsformer and the changing wesather
conditionss the sidgnal driving the attenuating source had to
he ad.usted freauentluss bw as much 35 6 db rer hours to
maximize nrnoise attenuatior.

One can clearly see the disadvantade of the oren loor
sustems thus far rerorted., Once the noise atternuation sustem
is set ur and ortimized, rerformance is desraded by chandes
in the sustem which are certain to occur. Thuss in most
arrlicationsy an oren loor sustem does not suffices and a

more comslem sustem is required,

III., CLOSEI' LOOF ACTIVE METHODS
Since orern loor methods lack the sbilitw to addust to
meet changing corditionsy the arrlication of feedback to

active noise atteruation methods should be considered. Ew

utilizing feedback: the sustem can be made to monitor its own
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rerformancer and the effects of chandging orerating conditiorns
can be minimized.

Several schemes have been resorted in which closed loor
technicues were used for reducing vibration in solid obdects
such a3s beams or rlates., Farers bw Tartzkowski (29)r Knuasev
and Tartakowski (13 14), and Rockwell and Lawther (23) have
discussed the use of feedback to reduce vibration at sudio
freauencies. These sustems twrically measure the velocity or
force at4a roint or array of roints on the beam or eplate and
use 3 feedback loor with a3 velocituy or force transducer to
minimize the disturbance measured, By setting the velocitwy
of 3 roint on 8 beam to zeros Rockwell and Lawther (25)
rerorted a reduction of 30 db in vibration level over a wide
range of fre@uencies.

These sustems have sractical uses as noise sbatement
devices in locations where sound transmission along solid
memberss such as 3 beam or 3 rlater is 3 problem. For

amrles if such 3 sustem were arsrlied to 3 mounting elate
for a2 riece of heavw machinery, less roise would be trans-—
mitted to the floorr and the overall noise level in the room
would be decreased,

An additionasl ture of closed loor noise attenuation
sustem also exists., Such a syustem reduces airborne noise as
it travels from the noise source to the listenery using
closed loor technicues. Howevery little has been rerorted in

the literature on such a3 system. 0Olsorn (20 21) and



coworkers at RCA wrote about such 2 sustem in the early 350’s.
Their sustem attemsts to minimize the sound in 3 redion
arournd 3 roint due to 3 distant noise source. This
mirimization is accomrlished by using a3 feedback sustem to
set the incremental eressure of 2 roint to zero. If ang
theoretical work was dome to determinme the desirabilitw of
this areproach to the eroblemy it was not rerorted. Fidgure

2-4 shows a schematic rerresentation of the sustem.

X
nearby observer ,J
hears reduced distant roise
roise level sources scattered
in srace
loudsreaker
¢ (attenuating
microrhone source)
(and roint T
of =ero
imcremental o
Fressure) distant observer
hears no chanse
in noise level
signal
X Frrocessing
electronics K

Fisure 2-4. QOlson’s active noise attermation sustem.

A microshone is rlaced in close sroximity to 2 loudsreaker,
The microrhone feeds electronic circuitrye contsining 3 high

dain ammlifiers comrensation electronicsy and 28 sower

amrlifiery which drives the sresaker. This sustem forces the
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incremental sressure a3t the miecrorhone to become close to
zero for freauencies at which the loor orerates. As 2
resulty 3n observer close to the microrhone would hesar 3
reduction in noise from 3 distant noise source.

Olson (20) used an esrecizlly desidgned loudseesaker and
microrhone which were serarated bw a8 distance of
areroximatels one inch. The sustem decreased the sound
sressure level at the microrhone due to distant rnoise sources
by 3 maximum of 25 dbs over 3 range from 20 to 200 Hz. Four
inches from the microrhorer the maximum stternusation drorred
to 15 dbsr 3nd at ten inches away from the microrhoner maximum
attenuation became 12 db.

Since this technique works only wheﬁ the listener and
microrhone are sersarated by 3 small fraction of 2 wavelength
of sound, the device cuiets onlwy 2 small volume of srFrace
directly around the microrhone, However: even with this
limitations the sustem can be useful. Simshauser and Hawlew
(26) rrorosed that this techrnicue be used in noise reducing
headsets» which could rrovide better ear rrotection than
~a3ssive headsels in noisvw environments. Thew rerorted that
a8s much as 15 db of attenuation could be obtained a3t low and
midband frequencies.

While these technicues are carable of rroviding signifi-
cant noise attenustions themw do so only over 3 limited volume
of srace. There remsined 2 need for a sustem which would

allow dglobal noise reduction when 3 noise attenuating device
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was arrlied locslly to 3 roise source. It was from this

roint that mew work on the rroblem of active noise atteru-

ation bedgan.
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Charter 3

A GLOBRAL

NOISE ATTENUATION METHOD

The rrorosed device would orerate in 3 different manmmer
than those sreviously described in the literature. It would
be rlaced close to 2 moise source» and would sctivelw process
and modifw the rnoise dgerersated bw the nmoise source in such 8
waw 35 to reduce the totzl rower radizsted by the combination
of the rnoise source and attenuating source when comesred to
the moise source orerating zlone.

The gernersl form that such 8 device would take is shown
schematically im figure 3-1., A microrhone is rlaced close to
hoth 3 noise source and an atternuating sourcer which could be
a loudsreaker. As will be shown belows if the attenuating
source is forced to have the same magnitude of volume
velocity as the noise sourcer but with orrosite sidny then
the noise source and attenuating source effectivelws become a
dirole source; and the total rower radiated is reduced. This
situation may be obtained bw suitable desisn of the sisgnsl
srocessing electronics, The rower reduction occurs only for

freauencies where the seraration betweer the noise source and
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loudsresker
(attenuating

noise source)
source \\(\\‘ : '

X

microrhone _/’1//'

O
signal distamt observer
FrrOcessing hears reduced
electronics noise level

Figure 3-1. Frorosed sttenustion sustem. Microrhones noise
sourcer and loudsreaker are 3ll closeluy sraced.

the stteruating source is small comrared to 3 wavelensgth of
sound, Therefores for low frecuenciess the sound rressure
level heard by a3 distant observer is much less for the
combinatiorn of noise and 3ttenuating sources than for the
noise source 2lone.

At higher freauenciesr where the serarstion between the
noise source and the attenusting source becomes comrarable
tor or larde comrared to the wavelength of soundr no sound
attenuation can be exrected. Stability constrazints on the
feedback loors howevery require that the sustem g3in be lows
and thus the outrut of the attenuating source is also be low
at these frecuencies., As 3 resultr the noise attenustor has
little effect on the overall rioise level at hisgh frecuencies.
This limitatiomn need not be 2 eroblem in eractical

arrlicationsy since sournd at these freaquencies can be
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satisfactorily attenuated bw rassive devices.

This ture of device is carable of reducing the total
rower radiasted at low freauencies by noise sources small
comrared to a8 wavelensth of sound. For noise sources
comerarable to or lardger than 3 wavelendgths several such
attenuating sources are reauired,

Firsts the form of the noise attenuation device must be
examined, The simrlest rossible sroblem is that of 3 simrle
roint noise source and 3 simrle roint attenusting source. If
the rosition and volume velocits of the noise source are
krowns thern itlshould be rossible to determime 3 rosition and
volume velocitw for the attenusting source which minimizes
rower radisted.

In order to undertake this rroblems a2n exrression for
the rower radiated by two roint sources which are closelws
sraced comrared to 3 wavelendth must first be derived. The
geometre of the sroblem is shown in figure 3-2, The noise
source is located at the oridgins and has volume velocity Vv
with s maSnitudg Vvn and zero rphase andgle. (Throughout this
rarers the convention that underlined variables rerresent
comelex quasntities will be used.) The attenuating source is
located at 3 roint (rcyec) in rolar coordinatesr and nhas

volume velocity VUvcy of madnitude Vve and rhase Y.

The distarnce from the origirn» and thus from the rnoise
sourcer to a2 distant observer is rerresented bw r. Making

the assumrtion that r is sufficiently larde comsared to bcr
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¢« (198)
distant
observer

Figure 3-2. Geometrw of the two roint source attenuation
Froblems Noise source with volume velocitw Yvn is located at
the origins and atternuating source with volume velocits Yve
is located at (rc,ec).

the distance from the asttenuating source to the noise sourcer
so that r and rco are nearly rarallel, then the distance from
the atternuating source to the observer can be written

rco= r - rc(cos(9~ac )) (3.1)

The rressure due to 3 roint source having volume velocity Vv

and rhase ¢ is (Beranek’s (1) ecquation 4-3)

Blr) = J 2 we (—dkr + Jy) (3.2)
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where T is the freauencsypo is the densitw of airy and k is
the wavenumber. Surerrosition masw be used to write the far
field esressure due to the noise source and attenusting source

a%

glr) = Y-S T G X + Jy)
2 r co
co
J Uun f po
F o e exp (—-.Jkr) (3.3)
2r

Adainy making the assumetion that r is larde comrared to rcv
Teo Mad be rerlaced by r in the deromirnator. Regrouring

terms gives
le) . .
BOP) = exr(-Jdkr){ Vvn +

+ Vve exs(J(y + krc cos(8-8 )))} (3.4)
c
Irn order to find the totzl rowerr the madnitude scuared

of the pressure is needed, It maw be written

. _ T Pg .
el = e {:tVvn + Vvc cos(yP+kr_cos(B-8 )))°
+{(Vve sin(w+krccos(8~90)))2} (3.5)

Ry makind the substitution

o = P+ kr cos(8-8 ) (3.6)
c c
arnd obtainind
fzpz
|g|2 = O (Uvh + Vve cosad? + (Uve sing)? -
4r? : (3.7)

the exeression reduces to
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2 .2
=2 = _f.._fi’ (Vvn? + VUve?2 + 2 Vve Vvn cosq)  (3.8)
The total rower radiatedy Py bwy this combination of
sources is rrorortional to the intedsral of the madgnitude
sauared of the rressures evaluated over a surfasce enclosing
the two sources.
mam
Fae fg |p|?r2sind d8 d¢ (3.9)
00 -
Since the madgnitude scuared of the eressure is not a3 function

of ¢» the intesral becomes

)

oo

P aer? [ ‘[=|? d8 (3.10)
0
Substituting in the exrression for =ressure dives

P o« p?2 [ 2 UVRZ + Yve? + 2 Uve Yun cosalde
0 4p2 (3.11)
which reduces to
27
o f {VUvn? + VYve? + 2 VUve Vun cosoldB (3.12)
0
The =roblem row becomes orme of integrating the exrression for
the sauare of the erressure magnitude with resrect to theta.

This integration may be dome term bw term. The first two

terms are trivial.
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2T
S Wvn? 4 VYye?) d48 = 21 (Vvn® 4+ VYve?) (3.13)
0

The second term is of the form! cos(cos 8)

™
2 Uve Vv cos(y + krc cos(Q—Sc) dg (3.14)

Ok

This intedral can be rewrittern ass

27
2 VYve Vvn J {coasy cos(kr, cos(8-8,))
)
+ sind  sinChkr, cos(B—Bc))}dB (3.15)

Fortunstelwy because of the recuirement that the two rpoint
sources be closelwy sraced in terms of wavelendgthss the term
krc will be small a3t frequencies of interest., Thussy the

cosine term maw be exranded in 3 series

cos(krc cos(8~9c)) = ] e ———————— + s
2 (3,16)
and_the sine terme similarls;
sin(kr cos(8-8 J)) = kr cos(B8-8 ) + +.. (3.17)
c c c c
Drorring the higher order termss the intedral becomes
2m kZr cos?(8-8 )
2 Uve Vun cosP S {d = C_ lde
0 2
2q
+ siny [ kr_ cos(8-8 ) d8 (3.18)
v 0 c c

which reduces to
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2 Vve Vvn cosP (27 = cmmeel e ) (3.19)

The final result is a3 rrorortionalitws for total rower
radiated, F» of the form
. 2
F o= Yvn? 4+ Uve? + Yve Vvn cosy (2 - .S )
2 (3.20)

From this exrressionrs orne can see that rower radiated
decreases as the sracing between the two sources decresasesy
as their volume velocitw magnitudes become more aliker and as
their rhase difference more closelw becomes 180 dedrees. In
the situation where the sracinsg becomes zeror and the volume
velocities become identiczal with 3 180 dedgree rhase shift.
thern the total rower radiated becomes zero.

Standard minimization technicues show: as exrecteds that
the more the two sources become like 3 dirole» the less rower
is radiated bw the pair. This minimization can be confirmed,
and 3 determination made of how much rower reduction can be
exrected by using 3 computer simulation. Fidure 3-3 shouws
the reduction in rouwer radiated for two Point sources. Zero
db is the level of the rower radiated bw 3 sindle roint
source having volume velocity magnitude 1 and rhase 0. In
gernerating these curvesr the noise roint source was set to

1y and zhase = 0. The attenuating roint source had a

i

Vv
variable magnitude and rhases as shown on the =lot. The
sources were located one twentieth of a wavelendgth arart.

Note that maximum attenuation occurs for the dirole
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conditions that isy VYvn = -Vve, For this dirole situations 3
~lot of rower attenustion versus freauencw is shown in figure
3-4 when the noise and attenuation saurce are located O.lm
arart. The rrodrams used to denerate these rlots are shown
in Arrendix 4. Nét surprisingly, 3t low frecuencies» the
atteruation is dgreatests where the sracing of the sources is
the smallest fraction of & wavelength. As this fraction
becomes lardery less and less astternusation is observered. At
frecuencies near 500 Hz» the seraration becomes sidnificant
come=ared to 3 wavelensgthy and the arrroximastions used in
deriving the rower radistion ecuations are no londger valid,
fis 3 resultrs the results shown in the #lot can not be
redarded as reliable above 3500 Hz, Howevers; significant
attenuation can not be exrected when the sources are
serarated bw 3 larde fractionm of 3 wavelength. In additions
the stability constraints imrosed on the sustem will rrevent
the stteruating source from havindg significant outerut at
these frecuencies» and so the addition of the attenuating
source will have little affect on rower radiated at midband
and high freauencies.

In generals acoustic sources are not roint sources. One
might exrecty thoushs that by using reasonably sized
loudsseskers 3s sttenuating sourcess each may be modeled
accurately a3s a3 rpoint source at frecuencies where the
attenuator functioms. However» manw noise sources can not be

modeled accurately using roint sources. Buty any noise
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source maw be redarded as a3 collection of roint sources» each
having 3 different location» and comrlex volume velocitu.
The total rower radisted by M nmoise sources and one

attenuating source is shown in equation 3-21 helow.

M N k2r2
P <yye? + r Vvn? + VYyve o T VUvn, (2 - el ) cos ¥
i=1 1 i=t % 2
M M k2 rij
+ z X Vv, Vvn (2 - .Y Y cos(y, -y, )
i=1 =1 i3 2 i
i f J (3.21)

Power radiasted by M noise soﬁrces at distance r_ »r with
masgnitude Vvn, and rhase y_ » and one attenuatiok source at
the orisgin havins masnituddé Vve and rhase 0,

This exrression is derived in Arrendix 1y and follows sters
similar to those in the derivation shown in this charter.
This exerression turns out to be not rarticularley informative.
However:» one can note that as noise source to attenusting
source sracings become smallerr» the dirole situstion céuses
increased rower reduction. The Hoal adgain becomes making the
attenuating source and each noise source as much like a
dirole as rossible., Buw doing soy the total rower radiated

can be reducerd.
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Charter 4

SINGLE LOOF ATTENUATION

OF SINGLE SOURCES

From the derivations of the previous chasters the
deneral form of the atternuation sustem is known. AS was
showrn in that chartery the attenuating sources for 3 single
roint noise sourcer should take the form of 3 roint sourcer
having volume velocitw Yvg(s) = ~Vvn(s)y and located as close
85 rossible to the noise source. The next rroblem is to
develor 3 sustem that dgenerates this volume velocitw.

It is exrected that 3 closed loor sustemr» 35 shown in
figure 4-1» can fulfill the recuirements. VYvn(s) is the
volume velocitw of the noise sourcer and Yve(s) is that of
the attenusting source. H(s) is the transfer function
between the rressure at the microrhone and the outeut device.
The transfer function between the volume velocits of the
rnoise source and sound rressure at the microrhore is
rerresented by nfn(s)» the near field trénsfer function of
the rioise source. Similarlyy nfc(s) rerresents the transfer
function from the attenuating source volume velocitw to the

gsourid eressure at the microrhone. The swustem is assumed to



Fadge 37

noise micro- atternuating
saurce rhone source

YWD (8) e 11P11( ) fp | H(s) Vve(s)
— 1
nfc(s)

Figure 4~-1., Closed loor sttenuation sustem. Vvn(s) and
Yve(s) are the volume velocities of the noise source and the
attenuating sources resrectivelu. nfn(s) and nfe(s) are the
near field transfer functions of the rnoise and attermatinsg
sourcesy resrectivels, H(s) is the transfer function of the
microrhones electronicss and sresker,

be linear and time invariant. The transfer function between
Uvel(s) and Yvn(s) can be written

H{s) nfn(s)

Uvel(s) = e Vvn(s) (4.1)
1 - H(s) nfe(s)

When nfrn(s) = nfci(s)y and when H(s) nfeds) >>1s then this
eauation reduces to Yve(s) = -VUvn(s), which is rrecisely the
transfer function desired. Sos in order to obtain the rrorer
attenuator action» H(s)» and thus the oren loor dgains of the
sgstem must be larder and the rmear field =ressure transfer
function must be the same for both the noise source and the
attenuating source.

The rractical restrictions om the near field transfer
functionsy nfn(s) and nfc(s)» and on the sustem transfer
functions H(s)r» must be determined to ensure that Vvnis) =
-Vve(s) in 3 Practical sustem, Before investigating the

reauirements on H(s)y the near field transfer functions
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should be examined., The simrlest cases 3 roint rnoise sourcer
imrlies a8 eoint attenusating source at an ecual distance from
the microrhones so that nfn(s) = nfe(s)s For freauencies of
interesty it is rossible to build 3 loudsrezker sustem which
will act a3s 8 roint source in both the near and far field.
The sresker enclosure must be sealedy» and 3ll dimensions of
the loudsreaker enclosure must be small comeared to a
wavelength at the highest freauencye of interest, If» for
exampler the highest freauencs of interest is 500 Hzs the
wavelendgth is 70cmy» and all dimensions of the loudsresaker
must be small comrared to 70cm.

In order to examirne further the rear field srorerties of
a8 loudsreakers some pressure measurements were made of 3
loudsreaker in an snechoic chamber., A loudsresakers
consisting of 8 6 inch diameter high disrlacement woofer
enclosed in 3 sealed box havind sreroximate dimensions 20 ¥
23 % 30cmsy was excited by swert sine waves. At various
distances from the sreaker» 3 microrhone measured the on-axis
sound rFressure. The amplitude and rhase of this rressure
comrared to the loudsresker excitation is shown in fidure
4-2, The tor rlot shows the magnitude of the loudsreazker to
microrhone transfer fumctionm for microshone to sresker
distances of Sem and 100cms The battom =lot shows the rhase
function for both distances., The only sidnificant difference
at low freauencies betweern the two curves in each rlot is the

added freauency derendent shase term due to the transit time



Fazge A9

T TTI] |

L _gis

|
; -
' h s S LI 1 B R | bl LV 813 e
& 7 8 =+ |f-‘j_‘ 2 ] 4 5 ] A ‘1 I‘)(‘. 3 4 5 6 7 8 ﬂl&n mzm
- — FREQUENCY IN CYCLES PER SECOND
°
=77 ¥ 80

J—

.§_+ _

|
l
|
1
T
|
7

-
|

i
T
|

|

)

a

) _ ;go'

|
|
I
2

| E;
‘11 I |
3 5 6 )

12 FREQUENCY IN CYCLES PER SECOND
Figure 4-2. Masgnitude and rhase measurements of the
exrerimental sreaker in an anechoic chamber. Tor rlot!?
magnitude curves, Tor curve! 100cm microrhore to sresker
sracing. BRottom curve! Scm sracindgr scale shifted bu 30 Ab.
Eottom =lot! =mhase curves. Tor curve! Scm seracing. ERottom

curve?l 100cm seracing.,



Fade 40

delay, These rlots indicste that like a3 roint sources the
loudsreaker has a8 far field transfer function which is the
same a3s its near field transfer furction at low frecuencies,
wvhere dimensions are small comrared to 3 wavelensgth,

The noise sourcer 35 discussed earliers> mas not be
#articularly well modeled 38 3 roint source. Howevery ang
nolise source may be considered as a8 collection of roint
sourcesy in which cases the effect of the atternuator is to
tre to make the collectiomn of resrbw roint sources and itself
into 3 dirole, Significant attemnuztion can be sttained even
wher the noise source is not a roint sourcer 2s is shown
theoretically in Arrendix 2y and exrerimentally below.

Assumingy for the moments that the noise source is a3
oint sourcey them in order to make nfn(s) and nfc(s)
identicaly the distance from the microrhorne to each of the
sources must be the samer 35 shown in Charter 3+ This
condition will ensure that the two tramsfer fumctions are
erual.,

The first conditions that nfrni(s) = nofg(s)r has been
satisfied. The nextr that H(s) be lardes must be examined.
H¢s) is the transfer function from the rressure at the
microrhone rosition to the volume velocitw of the attenuatinsg
loudsresker., It includes the frecuency resronse of the

microrhories the electronicsy and the loudsrezaker.
For the sustem under considerations which is oren loor

atabley ard whose madgnitude curve rasses through unity only
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oncey or remains less than unitws esch time the shase curve
rasses throush 180 dedgreesy the closed loor sustem is stable
if the loor dg3in is less than unitw a3t the frecuencies where
the rhase rasses through 180 degrees. Both the microrhone
and the loudseeaker contribute to the magnitude and rhase of
the swstemr so models of these two devices must be obtained
before the electronics can be designed.

The sreaker used for the sttenuator source was the same
one as used in the anechoic mesar field measurements discussed
sbove., As described in Arrendix 3I» measurements of the
loudsresker were mader and am electrical model was
constructed. In order to verify the sccurascy of the models
the measured driving roint imeredance was comrared to that
rredicted by the model, The comruter circuit analusis
rrograms TWEAKs develored at RBose Corrorations was used to
generate an imredance curve for this srezker model. This
comruted imredance curve matches auite well the méasured
imredance curve of the sctuzal sreskerr as shown in figures
4-3 arnd 4-4, The erimary redion of disadreement is in the
high freauency ends due to the skin effect in the sresker
role riece. Since this effect occurs onlwy at frecuencies
above those of interesty it was left out of the model.,

The analusis rrogram was also used to denerate a dgz3in
arnd rhase curve for the transfer furction of the loudseeshker,
The imrut rarameter is the voltade driving the sreakers andg

the outrut is the far field rressurey which for freauencies



Fade 42

¢ W W W W W W W W W W ¥ W W W W W 9P 9P w T w w w W W W W W W w w w - = = =-p
Bassise Tr E jiiiim ag; =
goaaitaniiny T " b Joset e b )
e ame = T : it :
- et S
T ‘l t T T
b 7 o ] £ o =
T 1 ! B Loty e . -
- :%]u o T v \ﬁ—-‘: 'ﬂlx T
- + foee it | e et it F —T
b £ HiamE oo ass:
= ‘ SR,
=i P = +
: L - .
7 ER T -
= FH it -
o i :
e - 1=
1 -l'lr l‘
474 e -
o i i
st = et =3
i e
Sdb =
B :
s - + -
- : i : : ‘ = :
: = t : : = 1.
32 s = = : o
S ’ : ; S R ]
T 7 8 91
) 3 ¥ * LA * 1000 10000
FREQUENCY IN CYCLES PER SECOND /
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of interesty is srorortional to the near field rressures as
verified in the exreriment used to dHenerate fidure 4-2. The
rlots are shown inm figure 4-5., Listings of the comruter
files used as inrut to the circuit analusis program are shown

irn Arrendix S. The zero db level of the magnitude rlot is
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Figure 4-5, Calculated madgnitude and shase curves for
exrerimental sresker., Voltade arrlied to the sreesker is the
inFuty and far field eressure is the outrut.

relative and does rot refer to ane rarticulasr level of
interest.
The microrhone used in the exreriments was 3 small (7

7 # Smm) electret microrhorne with an integrated sreamelifiers
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Krowles Electrormics model CA~1832. The frecuency resronse of
the actusl microrhone used was measured to verifuy its
rerformance. The low freauency cutoff of the microrhone was
fourd to be 25 Hz bw another investisator in the lab» and was
confirmed using oren loor dgain and ~hase measurements of the
caomrleted sustem. A zero at the originy and 2 real role at
25 Hz was added to the loudsrezker model to include the
effects of the microrhone in the sustem. The comruter
calculasted masnitude and rhase resronse of these two elements
is shown in fidgure 4-6.

The only remsining non—electronic element in the sustem
was the air serarating the microrhone and loudsresker. The
gairn of this element is a constants derending on the
serarations but the rhase is & strond function of freguency:s
due to the time delaws. In order to model this delawsr an
all-rass filter was added to the comrputer model which» over
the frecuencies of interestr arrroximates the rhase regronse
of the delsu corresronding to Scm of air. This distance was
selected becasuse it was thousht to be rerresentative of the
turical distance that might be used in 38 rractical sustem.
The resulting calculsted dgain and shase curves are shown in
figure 4~7. The 3ll-rass filter adds 180 dedrees of rhase to
the sustem that does mot exist in the air rath. Thus» the
~hase snsle marked zero desrees actually rerresents & rhase
angle of 180 desgrees. Sor for stabilitwr the electrondcs

must have 3 gaim of less than one st the frecuencies where
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the rhase curve crosses the =zero desree line on these

comruter lots, This error continues for the remainder of

the comruter genersted rlots shown in this charter.
In order to verify the accuracy of the computer models

oren loor Hain and rhase measurements were made on the sctuszl
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The results of those meassurements are shown

arnd a2 Scm
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air rath.

1E S

Calculated magnitude and srhase curves for
Note that rhase
curve is incorrect by 180 dedrees a3s exrlained in the temt.

in

arnd seem to match the comsuter model wells

rarticularly the two imrortant rarameters of crossover
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frecuency and maximum oren loor g€a3in.

The ozl is to make the oren loor gain zs large as

rossible over 3s wide 3 frecuency randge as rossible while

keering the dgain less than one where the rhase cCrosses
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through 180 dedrees. This go0s3l can be schieved through the
use of comrensation in the electronics rath, After some
calculsation and 3 serieg of trizls, it was found that a
single real role 3t 25 Hzy amd 3 double lesad/ladg metwork:s
rroviding two real roles at 80 Hzy» two a3t 3000 Hzs a3nd two
real zerns a3t 160 Hz and two at 1500 Hzy seemed to srovide as
muuch oren loor gain over a3s wide 3 freauencw as anw of the
other comrensation schemes modeled on the computer. The oren
loor magnitude and rhase rlots as calculated bw the computer
are shown in fidgure 4-9, This comrensation gives 3 maximum
oren loor d€a3in which is 1é db sbove the dHain at the crossover
frequencyr with crossover occuring at 15 and 300 Hz.

Orne disarrointment is the fact that the maximum oren
loor dairn is rnot 25 high 35 ome might like. This oren loow
dgain gives 3 measure of how much rpressure reduction at the
microrhone can be exrectedy which inm turny indicates the
amount of rower reduction that can be achieved. This maximum
oren loor dain is limited bw the fact that the sustem dain
must fall off asumrtoticslly no faster than second order:s
thaet iss 12db rer octaver st the crossover freauenciesy in
order for the sustem to be stable. Sor in order to increase
the maximum oren loor dHain while keering 3 ressonable amount
of Zain throughout the redion between crossover frecuencies:
the crossover frequencies should be serarated as much as
rossible. By rutting the low end crossover freeuencs 3s low

as mossible and the high end crossover frequency 3s high as
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Figure 4-9, Calculzted masnitude anrnd rhase curves for the
comrlete oren loor sustem.

rossibley & higher maximum oren loor ga3in can pe achievedy
and significant g3iny and thus significant atteruations can

occur over a8 wider band of frequercies.

However, several rhysical constrzirnts srevent this
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imerovement, On the hish endy the crossover freeuencs can
not be extended too fary since the rhase shift due to the
time delaw in 3ir becomes sigrificsnt and causes instability,
300 Hz is 3 reasonable urrer limit to the high end crossover
frecuencue, (At 500 Hz, 0.1 meters corresronds to 3 rhase
shift of 50 dedreesr slreads 3 significant fraction of the
maximum 3llowable 180 dedrees.’) At the low end, howevers it
might seem that there would be mo limitation to how low the
crossover freauency could be set. Umfortunateluwr this
thoudght is incorrect, The system attemsts to set the
Fressure 3t the microrhone to be zero. BRelow loudsreshker
resornancey (which is arFroximatelu 80 Hz for the sreaker used
im these exreriments) the sereaker disrlacement must cuadrurle
each time the freauerncy is cut inm half for constant rressure
outrut, BSo for each octave the cutoff freuencw is
decreasedr the sresker must be able to move four times as
far. At some roint, the srezbker becomes monlinears and
additional disrlacement can not be obtained, Thuss 3 limit
on the low frecuencs cutoff is imrosed bw the sractical
constraints of the loudsresker. This rroblem is exscerbated
by the high level of very low frecuencws noise rresent in most
roomsy which gets ricked ur by the microrhone and fed to the
sreaker, Thusy even in the absence of a2rny noise sources to
atternuatey the sweaker maw be travelind bevond its linear
range.

I'ue to the lzrde smount of ambient rnoise encourtered
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between 5 and 10 Hzy the low freacuency cutoff frequercy had
to be held above 10 Hz for the sreaker used inm these
exreriments in order to avoid saturating the seeaker
disrlacement in mormal oreration., The low frequerncy cutoff
frequency might be imrroved bw using 3 larser loudsreaker
ernclosed in & larder boxe. The larder loudsreaker would not
fhiave to have a3s lond 3 linear travel in order to obtzin the
same volume velocitwy and since its resonant freeuencys would
be lowers the sroblem of extending its resronse by increasing
gdisrlacement 3t decreasing frecuencies would be less severe.
Howeverr» as the sreaker swstem becomes lardgerr the
stiteruating source looks less and less like & roint sources
which violates erreviously stated assumetions. For this
reasony the smallers six inch sreaker was used.

Ariother solution to the sreaker disrlacement =roblem is
the use of a rort in the lowudsreaker box., Such a2 rort can
gsreatly decrease loudsreaker disrlacement a3t the freauerncys of
the rort. However: such a rort would comslicate the desidgn
of the servo sustem» since below the rort resonancer the rort
radiatesy adding an additional source which must be tasken
into sccount in the servo analwsis. Alsor the rort
introduces an additionsl 12 db rer octave rolloff in rFressure
resronse a3t low frequencies., Asgziny this altermative was not
used in contrast to the simrlicits of 3 sealed enclosurer
which helrs to limit extreme low frecuency excursion and

decreases the rossibility of sresaker damade due to excessive
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disrlacement.

Whern the loor is closeds the comruter model sredicts a
decrease in rressure 2t the microrhone as shown in fidure
4-10, If roint noise and ztterusting sources are assumed:
the comsuter model epredicts 2 globsl decresase in roOwWwer as
shown in figure 4-11. Adzain» due to the asrrroximations used
irn deriving an exeression for rower radisteds the rower rlot
is not accurate abhove serroximatelw 500 Hz.

Over the range of freuencies from 20 to 300 Hz»
according to the models the rower radiated by the noise
source is decreased significantly by the addition of the
sttenuating sustem. This sttermustion is maximum a3t 80 Hz»
havimg 2 value of 21 db. At the low and high end of the
orerating range of the atternusting loorsy the rower is
actuzlly increasedy due to the resking in the closed loor
resronse of the servo as the oren loor rhase rasses through
180 desgrees, At low frecuencies» this increase ca3n be made
to occur well below audible frecuenciesr esrecially if the
orerating rande of the sustem is extended as described above.
At the high endr the increase is at a3 sufficientls hidgh
frecuency that it could be sttenuated rassivelg, Thuss an
increase in rower radisted at these frecuencies need not
necessarily he a sroblem.

In the lzboratorgy the desired electronic comrensator
was constructeds as shown in Arrendix 4. The attermating

sustem was set ursr 3nd its zbility to reduce noise was
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measred. In order to dget an idesa of the rerformance of the
sugstem in a8 reasonable roomr 35 orrosed to am snechaoic
chambersy the sustem was set ur in 3 room with the floor rlan

showrn in fidure 4--12.

ceiling ventilator orening
heidgnt I 1
gs o | — K 3
12.5
monitor
microrhone
turical location
noise source
location + 00 &% 7
r*f"—'} r
51
4 l
| | i
" 4
18,57

Figure 4-12, Floor slan of room in which astterustion
wreriments were conducted,

The room had been treated to reduce sound tramsmission from
the outside of the room and to ortimize its inmterior for
these sorts of reverberant field sound measurements. The
rnoise source was excited with wide bamd rink noise. The
attenuating sustem was located rmesr-bwy with arrroximately 3
Sem seacing between the microrhone znd both the noise and

atternuating sources., A monitor microrhone measured the
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reverberant field sound rressures which is derendent om the
Fower radisted by zcoustic sources into the rooms. Thuss the
mornitor microrhone dave a2 measure of the rower radisted hy
the sources. The microrhone signal was filtered by 2 swest
tenth-octave filters and the outrut of the filter was rlotted
orn 8 grarhic level recorder.
The amount of attenustion the sustem rrovided is shown

im the rmnext four figures for various rioise sources.
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In figure 4-13y the noise source was 3 loudsreaker identicsal
to the one used as the stternusatindg source. The =lot of

reverberant field sressure shows 3 maximum reductiorn of 16 db

occurring st 100 H=z, If this atternuation is comeared to that
calculated for roint sources shown in figure 3-4y one sees

that the attenustion srovided by this sustem is sbout two db
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away from the theoretical maximum. At freeuencies below 80
Hzy the sound level of the.attenuator and noise sSOUTCEeS Was
close to that of the room with no sources orersting., Thuss
the additionzl asttenuation sredicted by the comruter model at
these frecuencies may have been hidden by the room noise.

For figure 4-14, the roise source was 3 Fose model 802
loudsreakers 2 sresker measuring asrrroximatels 30 2 25 i
Z0cmy contzining eisht full ramdge four and ome hslf inch
diameter drivers on one surface. The attenuating source was
located orrosite this face. Althoush the measured
atternuation is not as sreat as the first exreriment:»
significant atteruation was realized over the band From 40 to
250 Hzs with 3 maximum of 8 db at 70 H=.

The bottom trace in these two ®lots is the sound level
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mezsured by the monitor microrhore with both the roise source
and the attenusating source turrmed off. There is significant

enerdy 3t 30 Hzr and at 40 Hz and its multirles., It is
likelw that 3 larde rortion of the 40 Hz erergy is due to
rower line hum rickur in the instrumentation electronics: but
a2 lot of the 30 and 60 Hz enerdgy was introduced into the room
by an oren ventilation ducts, Since the noise was troublesome
while making other measurementsy an attemrt was made to auiet
the duct using the atteruastor sustem.

The duct orerned into the room throush the walls
srrroximately 1.8m from the floory and had dimensions of
roughly 45 % 30eme The attenuasting loudsreaker was rlaced
directlys below it» rointing ur into the azir flow. The
microrhone was rositioned halfwaw hetween the sresker and the
center of the ducts and shielded from the direct flow of azir
out of the duct bw a riece of closed cell foams to rrevent
wind noise from overloading the electronics. The reverberant
field Fressure measurements with and without the noise
atternuator orerating are shown in figure 4-15, The rlots
show that significant noise attenuation was achieved: with 3
maximum attenuation of 15 db at 50 H=z.

Finallyy in whai was thought to be a3 most difficult test
of the sttenuator’s zbilities, a smalllmotor driven air
comFressor was brought into the room. The comerressor
consisted of 2 one third horserower motor driving 3 two

czlinder air compressor sutting out zir directly imto the
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Figure 4-15. Measured reverbersnt field Frressure for
ventilator rnoise source., Tor curve! ventilator zlore.
Bottom curve! wventilator and attenuator sustem orerating,
room through 3 one eishth inch diameter orifice. The
CoOmFressor was arrroximatelw 40cm long and 20cm im diameter.
The attenuating sresker was rlaced close to the culinder head
of one of the cylinders. The rlot of reverberant field
rressure with and without the astternuator sustem in orerastion
is shown in fisure 4-16, Atterustion of 5 db over 3 wide
band was achieved,

There z2re several rossible exrlanations for the
disraritw between the rpredicted smournt of roise reduction asnd
that sctually obtzirned, Firstluys for some tures of roise
sourcesr such a3s a diroley significant stternuastion cam ot be
obtainedr 35 shown in Arrendix 2. The 2ir comerressors havinsg
two orrosed culinderss rrobasbly had 2 significant dirole

comz=onent., Thusys the noise reduction observed was
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Figure 4-146, Measured reverberant field sressure for
comFressor noise sources, Tor curve! comrressor zlorne.
Eottom curve! comrressor and atterustor sustem orerating.
considerably less than that rredicted assuming =oint sources.
In the case of the Bose 802 loudsreakers which at frecuencies
of interest can be modeled as 3 rumber of in-shase rsoint
sourcesy the atternuator sustem is most effective for those
#oint sources sraced the same distance from the microrhone as
the attenuator seeaker, For an extended roise sources such
as the 802, having sources with significant volume velocities
at & verietw of distances from the microrhoner only those
sources sraced the correct distarnce from the microrhone Qould
be mamimally atternuateds while the others would pe astterusted
to 8 lesser dedree. Thus: the observed moise reduction with
this rnoise source is less than that rredicted,

These exreriments indicate that the rnoise stternuating

sustem constructed in the lzb rerformed a3t levels close to
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the theoretical limits calculated earlierr when used under
idesl situations. Buty even under rionideal situtatiornsy much
more like those likelw to be encountered in eractices the
attenuator rerformed surrrisingly well» reducing the noise

generated by severasl tusrical noise sources.
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Chaerter 3

MULTIFLE LOOF ATTENUATION

OF NOISE SOURCES

The work of the srevious charters has shown that it is
rossible to reduce the acoustic rower radiated by small
sources. Howeverr there exist mamy roise sources whose
dimensions are not small comrared to 3 wavelendth. At 80 Hz»
the frecuencw Tor which the single loor attenuator has the
best rerformancer 3 wavelendgth is arrroximatelw 4 meterss so
2 noise source must have dimermsions significantly smaller
tham this figure in order to cbltain reasonsble noise
attermiation. This restrictiorn severelw limits the usefulmness
af the noise sttenusting scheme. Howevery for lardge rnoise
sourcesr it might be rossible to use several attenusting

loorssy located around the noise sourcer to rrovide better

atteryation than one loor z2lorne could Frovide. Additiomalluy
there is the rossibilitw that there might be several discrete
roise sources in 3 roomr each having its own asttemnusting
loor. In either caser 3 multirlicity of attenusting loors
might rrovide better rerformance than one. However> multirle

loors in close rroximity could create stability difficulties.,
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The simrlest case to cornsider is that of 8 single roint
rnoise sourcer and two roint attenuating sources, A measure
of the increase in attermuation that this swstem can srovide
comrared Lo 8 sindgle attenuating source swstem is rneeded,
The equation develored in Arrendix 1 can rrovide this
Mmeasure.

F e Uvm?2 + Yyve?2 + yye?2

1 2

[,2 T'22
‘. 1

+ VYve, Uveo, (2 = e Yy cos{y,~P,?

1 Yveg 5 cos ¥y -V,

e 2 ri

+ Vvn VUye (2 = e } cosy

1 5 1

k.2 ré

+ Vv Uvez (2 = e ) coswz (5.1)

The eauation assumes a3 noise =oint source located 3t the
oridiny with volume velocity masgnitude 1 and rhase 0., 0One
roint attenuating source is located at (rlyO)y with magnitude
chl and =hase wl' The other is located at (rzsa Yr with

2

magnitude chz and Phasewz. T49 is the distance between

attenuating source 1 and 2.
The rower radiated carm be minimized bw setting VUve, and

1

Uve, to 0.3 ¥y and wz to 180 dedgrees» and r =2 r Under

2 12 1’
these conditionss the ecuation rredicts 2 totsl radisted

rower of zero. In fzcty the small amount of rower actuazally

radiated by the sources is hiddern in the arrroximations used
in deriving ecuation ¢5,1). If an additional term in both

the sime and cosine exransions is retained» as shown in
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Arrendix 1y 3 more accurate measure of rower is obtained.
Under the deometric conditions used to dgenerate figure 3-3» 3
dirole wields a8 14 db rower reductions while a trirole
rrovides 26 db.

The addition of the third source incresses the order of
the resulting multirole source. For three sourcess it has
Just been shown sbove that a trirole minimizes rower
radisted., Using equations derived in Arrendix 1y it can be
shown for the four source case that a3 cuadrirole minimizes
rower radisted, It is exrected that in an n-source caser 3
rn-role would minimize rower radiated.

The increase in noise attenuation that is achieved in
the three source case as the trirole condition is arrroached
is shown in the rlots of fidgure 5-1. In each of the rlots:s
the volume velocity magnitudes and rhases are as described
agbove. In eachy rl and ry aTe set to Qslms but r12 varies
from O to 0.2m. Zero db refers to the rower radiated by a
single roint source with 3 volume velocity madnitude of 1.
For the tor rloty the second attenuating source is located at
(0.150)s go that it is surerimrosed uron the first
atternuating source, This situation is identical to the
single stternuating source situstion described in the rrevious
charter, In the middle rlots the second attenuating source
has heern moved to (0.1y 7/2). Some increase in sttenustion

is ohserved. In the bottom rplots the second atternuating

source is located at (0.1s ). The radiasted sower should be
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pear zerosr and the rlolt shows nothing other than the roundoff
error of the comruter.

Evernr with a roint noise sourcer 3 second stternusting
source can #rovide significant reduction in radiated rower,
The next sroblem is to determine the sort of sustem that is
needed to eproduce the recuired volume velocities.

Agziny 2 closed loor sustem is ewrected. The most

gernerazl form of that sustem is shown in fidure 5-2.
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Figure 5-2, Two loor attermuating sustem disgram.

Refering to the figurer the transfer function from the volume
velocitey of the noise source to the rressure at sach of the
two microshones is nfrnl(s) and nfrnl(s)s the near field sound
rressure due to the rmoise source., Linking microrhone 1 with
attenuating source J is the transfer functionm Hid(s)r which
rerresents the freaquencw resronse of the microrhoney suwstem

electrornicsy and loudsereabker volume velocitws:s From the
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atternuating source i to microrhorme 4 is the tramsfer function
nfij(s)» the near field rressure of atteruatins source i as
measured a3t microrhore Jd.

Eauations can be written relatimsg the sttenustindg source
volume velocities with that of the noise sources but such
equations do mot rrovide anyg insight to the eroblem. In
additions there is 3 much more sisgnificant rroblem to be
answered firsty namelwr the cuestion of stabilitw. The
conditions that make this entire sustem stable need to be
fourd,

Classical control theorwr a3s used in the rrevious
chartery is unable to rrovide an answer to this auestion.
Althoush in theorwe it is rossible to write the ecuation
doverning the loor in the form 1 + F(s) = 0 and use this
eauation to studg stabilitys in practicer this Job would be
extremely difficult; It was hored that modern cormtrol theorw
could srovide some helr, However: due to the time delsus in
the suestemy the rroblem is an infinite dimensional rroblem.
In order to comrletely characterize the state of the sustem:s
the rressure must be known for an infinmite of r=oints between
each of the sources and the microrhornes. Seversal recent
rarers andg texts on this toricy» such as those by Willsky
(34)y Wolovich and Ferreira (36)» Wolovich (35)s Davison and
Warng (8: ?)» ared Kwakernachk and Sivan (13)» rlus discussions
with several workers in this field, lead to the realization

that in order to solve the central rroblemr techrnicues still



Fadge &7

being develored in the control theorw field would have to be

emrlowed, Such techmicues would reauire 2 significant

investment in time and 2ffort in order to exrlore this riew
field. Rather than turn this work into one srimarily
concarned with control theorys it was decided to see if some
other method of answering the stability ruestion could be
found,

Ore method that could answer the cuestion with 3
reasonable effort was the use of a2 time domain comeruter
simulatiorn of the svstem. It was decided to use this
arproach to trw to #gain some insisgsht into the various asrects
of the multirle loor atterusation rroblem., Althoush the
comruter simulation could hnels answer the auestion of
stability, it was rnot intended that the model rredict
detailed behavior of the actual sestem. It was intended oﬁls
to give 8 comparative indication of stability and serformance
as the various loor dains were chandged. As 2 results the
model is an extremely simrle oner with 2 rnumber of
arrroximations. Point noise snd attenusting sources are
assumed., Blocks which model the microrhoner electronics: and
loudsreaker of the actuzsl sustem were simrlified to the roint
where thew contain onlwy a3 sindgle real role and 3n addustable

S3in. The model used is shown in figure 5-3y zslong with 2

listing of conditiomns assisned to the model, In order +o
imelement this model on 3 comrutery 3 second order sredic-

tor-corrector algorithmy 35 discussed inm Chua and Linm (S5)s
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 Aril/r1l €
i 4 Uvel
Gi1 FP(sll)> d/dt[{ L s
| , A
Arnl/rnl | 512 F(s12) d/dt | >
Ar21/7v21 ¢
Uvnm d/dt
1 Ar12/v12 <
+ + jl\
P APR2/TR2 z G21 F(s21)| o/t v
+ 4 {UVCQ
1 1G22 F(g22)p d/dt z .
Ar22/722 <€
Y
= ArnQ/rr0 | <

t Arc2/Te2

b Arcl/rel

F,

far field
Fressure

Arid/rid rerresents the delaw and sttenuation in rath lendtin
riJdse Gid rerresents the dgainy ard F(sid) the roler in
feedforward rath iJ.

rll = 0.2m rinl = 0.2m sll = =600 rad/sec
rl2 = 1.0 rm2 = 1.0 s12 = =400
r2l = 1,0 r0 = 4,0 521 = 4600
r22 = 0.2 rcl = 4,1 522 = ~4600
rce2 = 4.2

Figure 5-3. Two loor attenusting swstem comruter model.

was used. A second order Adams—~Eashforth sredictor was usedy
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3
b¥¢ = o+ h{ - t
n+l n b - 4 D, n)
1
- o T t ) P
5 n«l' nel } (5.2)

and 3 second order Adams—-Moulton corrector.

1
b = x_+ h{ - X t
n+1 T Fp TR S PO g
1
+ - flx s b )} (5.3)
2 n n

Since it was desired that each time delaw in the sustem be
rerresented by 3t least several time samelesy the time
between samrles was set to 0.0001 seconds. This rate
rovided for 3 to 4 samrles in the shortest delsu.

The comruter model was checked for correct oreration by
comraring its rrediction to the known behavior of some simrle
systems» with satisfactory results. In order to éxamine
sustem stability with the modelr the sustem imerulse resronse
was fourd. UWith the sustem at resty the noise source volume
velocity was assidgned to be am imrulse function. The sustem
outrut was the far field rressure., Using the bounded irmeputs
bounded outrut criterion for stabilityr the sustem was
considered stable if the far field sressure tended toward
Tero.,

Flots of the far field rpressure for amn imrulse noise
source are shown below for 3 number of different conditions

of sustem H#ain, Whern Gl1l is set to -5000» and 31l the other
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gains to 0» the outrut is that shown in the tor rlot of
figure 5-4, This suystem is the éingle loorr single noise
source casey discussed in the rrevious charters where the
rnoise sources microrhone and attenuating source are zll
closelw sraced, The middle slot of figure 5-4 shows the far
field rressure when G22 is set to -3000, and the remaining
gains set to 0, This situastion is adgain the sindle
attenuating loor sustemr with the microrhone to atternuating
source sracing the samer but locsted 3 distance from the
noise source. The mardin of stabilitw should remsain the
samer but the sttenustiorn should be much less. The rlot
shaws that stabilite is unchangeds but does not dive any
indication of the amount of attenuation achieved. That
auestion is addressed later in the charter.

wheq both G611 and G622 are set to -5000y and the other
dzins to Oy‘the curve shown in the bottom =lot of figure 5-4
results. Using the number of oscillations recuired for the
swstem outruyt to return to zero 3s 3 criterion for stabilityy
this sustem seems to have 8 smaller mardin of stabilitwy than
the single loor suystems. This sustem corresronds to the
situation in which two attenusting sustems are rlaced in
close sroximity to one anothers with ro electrical connection
between them, The curves indicate that the brinding together
of two stable asttenuating loors tends to make them less

stable.

There exists the rossibility that by cross cornnecting
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the two sustems, better rerformance and stabilite might
results This cross connection is rrovided by means of G612
arnd G21. This rossibilite can be tested using the comruter
model. First examining the cross loors individuslls, G112 is
set to -25000y which gives the same loor dain as the rrevious
loorsy due to the additiomnal attenustion in the longer cross
loor air raths, The svstem is clesarls unstabley a3s shown by
the tor rlot in figure 5-5. This imstabilitw is not
surrrisingy considering the sdditiomal rhase introduced in
the loor by the londger 3ir rath lengths., If G112 is reduced
to -5000;5 the sustem imrulse resronse is shown in the middle
#lot of figure 5-5. The swstem is row stable. Whern G21 is
set to ~5600» with the other dgains set to 0r a3d3insy 2 stable
sustem results. However: if both G12 and G621 are set to
~5000y the the two mreviously stable loors become unstable.
Evern when both G12 and G21 are reduced to -1730y the sustem
remains unstabley 3s shown in the bottom rlot of figure §5-5,
If a3ll four d3ins are made nom—zeror 3 better ides of
the effect of the cross connections on stabilitw can be
obtained., Fidure 5-6 shows 3 series of imrulse resronses for
this sustem. G111 and G22 are held at -5000, while G21 and
G12 a2re set a3t values from -1000 to +2000., In esch caser the
effect of adding the cross loor da3in is to reduce stabilitwu,
Soy while the cross connections do not helr stabilituy
there is the rossibilitw that thew midght imerove the amount

of atteruation realized. In order to arswer this cuestion:
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the noise source excitation was chanded to a3 sine wave at 2
frequency of 300 radians/second,

Flots of the far field rressure are shown in fidgures 5-7
and 5-8. The tor rlot in fidgure 5-7 shows the outrut with
811 sustem dains set to =eroy resulting in no atternuation.
The middle rlot shows the far field rressure when Gl1 =
~-5000» which rerresents one atternusting loor orerating on the
rnoise source. The bottom slot in figure 5~7 shows the outrut
when G22 = -3000r a3g3in 8 single loor situation, but one in
which the noise and atternuating source are serarated. In the
first casey a reductiorn of 15 db is obtasined, while in the
secondy onlwy 1 db, Iiue to the source seraration: little
attenuation is achieved,

Wher both Gll and G22 are set to -5000y the far field
sressure is shown in the tos slot of figure 5-8. The
sddition of the second sttenuating loor has 8 significant
effect on the far field rressures increasing the amount of
attenuatiorn from 135 to 18 db. With Gl11 and G22 set to -5000:
and rositive Hains assigned to the cross loorsy less
attenustion is obtsineds a3s seen in the middle rlot of fisgure
5-8., If medative ga3in is used in the cross loorss some
additional attenuation is achieveds but 3t the cost of
dgreatly reduced stabilitwr 2s shown in the bottom rlot of
figure 9-8, Nearlu 20 db of attenuation can be realized with
G12 and G21 set to —-1000y but even 3 small amount of

sdditional d#ain causes the suystem to become unstable.
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In summaryy the additiorm of 3 second atternuasting loor
tends to make the comrplete sustem more unstable while
improving the amount of attenustion that camn be eprovided., If
s sindgle loor sustem is designed using classical control
methodssy 3s described in the rreviows charterr and then
#laced im oreration mear 3 similar loors the stabilits of the
two sustems will be imrazired., If the individusl loors are
desidned with a8 reasonable stabilite mardgines howevers this
imrairment need not be 3 sroblem.

The model =2lso shows that the 2ddition of cross
cornections between the two loors rrovides little additionsl
sttermuation. These results asre not unexrected, As shown
@arliery a3 second attenuating loor can srovide a8 substantisl
imrrovement in atteruation. However: the cross #g3ins creste
loors with long time delays, resulting in less stabilituy and
less rotential for atternusation, Therefore, there seems to be
little reason to emrlow the cross loors.

So fary the ruestion of locating the sttenuating sources
has not been discussed. A detailed answer derends completely
on the gesometrw of the rroblem at handr a5 can be seen from
the equation Tor radiation from sources develored in Arrpendix
1. Howevers the closer the sttenuating source cam be rlaced
to the rnoise sourcer the better the attenuation that can be
Frovided.

To verifw that two atternuatindg loors can be stable and
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effective with larde noise sourcesr 8 second attenusting
sustem was built in the laby identical to the one described
in Charter 4, Todgethers these two loors were used to
attenuate noise from several sources. The exreriments were
done in the same room 35 described rreviouslygs with the same
sourcesy and in an identical manner.,

The first noise source was the Bose model 802
loudsreaker,. One attenuasting source was rlaced O.1lm in front
of one grour of four drivers in the loudsresker: znd the
other O.,1m from the other dgrour of four drivers, The
messured reverberant field rressure is shown in fTigure 5-9.
A maximum of 12 db of stternustion wass a2ttsinedr a3t 40 Hz»r as
comrared to the 8 db of atterustion obtzirned with 2 single
atterustion loor, Noise reduction was observed over 3 wider
frecuerncy band a3s wells with atternustion from 40 to 200 H=.

The 3ir comFTessor waes also messured adgain. One
attersating source uas rlaced mext to each ecxlinder heads
arrroMimately O.1lm from the surfasce of the machine. The
measured reverberant field rressure is shown in figure S-10.
In this caser the asttenuation incressed from § db using one
attenuator to 8 db using two. Ag3iny attenustion was
observed over 3 wider band of freauencies.

In the laboratorgs exrerimental results tend to back ur
the results rredicted bw the derivations and comruter models
used im this charter, The a2ddition of 3 second atternuating

source can sigrnificantly imrrove the smount of atternuation



Fadge 80

. - s s o e N o - - - - < @
[ THII ®__OCTAVE BAND CENTER FRE k. [
2-20\c Ssn Em A T T e TTT IRFRNAREN]
k2 T ' ‘
HH 1 HE
BANDWIDTH - e
O 1/3 OCTAVE I -
OCTAVE w
K110 g
Q
Qo
H
a_8
H=H
RECORDER m b,
CHART SPEED %% i85
ozs Da2s o
X7s O7s 6a
IN/MIN Bzs
-]
-
ﬂg
]
H
RECORDER . q : : ]
WRITING SPLE! 4 i 8 i R i B g
o1 awe [ EOPES IS, i MR
N3 dzo | ) R T
IN/SEC T Ni —+
M WYL 1N T
_J'-f 8 T AII

_FREQUENCY MULTIPLIER (11 X 10 [OJ100 [O 1000

. a & - - - - 2 AN S E e . =
Figure 5-9. Measured reverberant field rressure for Bose 802
srezler rioise source. Tos curvel rnoise source orerating
alone. Middle curve! nroise source snd two atternuating

sources orerating. Eottom curve! no sources orerating,

' ATV ) ] [
oampressac ° ® THIED o OCTAVE o BAND o CENTER o FRE o P
a- a0l A ' T
%0 - : H
ANALYZER 1, | ™ {'5
A 1 L
O 1/3 OCTAVE AT 5 P
I o &
R /10 OCTAVE I ! gﬂ' iRy A %
T g &
=it RN (I TS 1 : z
/ aul "r-‘]'-- : ko
yi A i : Th i iEs
RECORDER = H I 1] 1 {4+ 1 o
CHART SPEED » 1 i 1N RN ;M HEH 1
025 O25w . i if - i B : igded
- - - YA : S E
P’.imf ® = (T t ! %%?
i T N ! g
T T 1 S5
1 H 33
i = Hat
1 L] ]
RECORDER .
WRITING SPEE ]
gr ol H
B3 a2 I T
n/sEC !
BLYS: i
1T T
25 1 r 15 <
FR!QUENCY "UL“H.IER D 1 E ‘|° U 100 D IOOO
aneaaaanaa ¥ R

Figure 5-10., HMeasured reverberant field rressure for air
comeressor rnoise sources. Tor curve! noise source orerating
2lone. Middle curve! noise source a3nd two attenuating
sources arerating. Rottom curve! no sources orerating.

obtained from a8 larde noise sources 3nd can do so without

significantly comerromising the stability of either individusl

loowr.
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Charter 6

SUMMARY

AND CONCLUSIONS

A new method for g#lobally reducing the rower radiated by
2 noise source has been examined, Ecuations dgoverning this
method were derived. For 3 simrle sustems 3 model was
develored in order to predict sustem rerformance. PBased on
this model, 3 device was comstructed and tested im the labs
which rerformed to within 2 db of the theoretical maximum for
this sustem. A more comrlicated sustemr using multirle
atternuating loorss wss rrorosed, and 3 model develored to
study system stabilitwy and rerformance. BRased on this model»
a multirle loor gustem was built and tested, showing that =
multirle loor sustem could be stable amd could imerove
rerformance.,

A number of rractieal limitations which could limit the
rassible arrlications for this sustem have been noted
throusghout this work, The Tirst is the limited smount of

noise reduction this swustem cam Frovide. Urnder idesl
conditionsys this suystem is limited to abhout 20 db of

attenuation at 50 Hz for 3 O.1lm source sracing. While this
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amount of attenusation is hardly insignificants esreciallu
when one considers how difficult it is to attenuate moise to
this desiree rassively, it does rerresent an absolute maximum,.
Turical sustemsy such as the ones built in the labs only
arrroach this limit for turical noise sources:» due in larde
rarts it is susrected, to the size and zcoustic comrlexity of
the noise source.

Another difficulty thaet was exrerienced in the lab was
the limitation that loudsreaker disrlacement rlaces on the
sustem., If 3 loudsreaker with either dgrester disrlacement
carabilities, or with the carsbility to create more volume
velocity with the same disslacement, could be used;
attenustion could be obtzined to 3 much lower freguency:
imereasing the usefulness of the sustem,

Alsor both sreaker disslacement and available amrliftier
rower limit the intermsity of sounds that canm be attenusted.
In the exreriments rerformed with the sustemr the rioise
sources used created sound sressure levels of 70 to 80 db in
the reverberant field. O0Obtaining noise attermation using the
exrerimentsl sreshker and rower amelifier described above was
not a problem a3t these sound levels. As discusseds most of
the loudsresker disrlacement was caused bw the sustem
attemprting to reduce the 5 to 10 Hz'noige rrasent inm the room
rnot due to snu localized noise source. S0 sresker

disrlascement due to the level of the rnoise source being

gtternuasted was ot 2 serious difficultw, Howevers for the
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case of the air comrressors amrlifier rower was. When the
comeressor wWwas turned ons the rower amrlifier would
frequently clir while treing to drive the atteruating
loudsreaker sufficientls to sttenuate the noise., The ten
watt amrlifier being used had to be rerlaced with an
ame=lifier carable of arerodimatelw 30 watts in order to
comrlete the exreriment.

If the noise source were rroducing in the range of 90 to
100 db SFL in the reverberant fieldr 3 not unreasonasble level
for marnye arrlicationsy significantly higher rower amrlifierss
armd loudsseabkers carable of higher volume velocities would be
needed. Fortunatelyr these recuirements cam be reduced by
using 3 number of attenusting loors. Not only would thew
rrobabley rrovide bhetter attenuatiom for 8 turical source» but
the recuirements on rower and disrlacement for each loos
would be relaxed.

Another factor which limited the amount of attenustion
realized in the lab was the swstem comerensation used. No
claim is made that the comrensatiorn used is ortimal. Retter
comrensation might exist which could rrovide sidgnificantly
more orFen loor dazin. Whereas this dgzim might mot incresse
the maximum amount of atternustionr which alreads asrroaches
the theoretical maximums it could increase the amount of
attenuation for freguencies above snd below that for which
the maximum occursy thus imrroving the overasll sustem

rerformance., In additiony no really Hood method of



Fadge 84

develoring 3 comrensation scheme for multirle loor sustems
was develored, This ster will rrobably have to awzit further
develorments in the control theorw field, But it seems
likely that imeroved rerformance is rossible by develoring 3
comrensator esrecially for multirle loor sustems,

lesrite these limitsy it is believed that the sustem
#rorosed here could have practical arrlications for

atternuating low frequency noise.
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Arrerndie 1

MULTIFLE SOURCE

RADIATEDR FOWER DERIVATION

In Charter 3y an eauation for the rower radiated from
two arbitrary roint sources was derived. In this arrendix
the rower radiation ecuatioms for three roint sources will be
derived, and then denerzlized to N roint sources.

The deometry of the rroblem is shown in figure Al-1ly and
follows that of the eroblem of multirle sttenuating sources
discussed in Charter 5. A roise rFoint source is located at
the originy having volume velocitw Vvny of magnitude Vvn and
rhase andle zero. 0One sttenusting roint source is located at
{(r_s0) in rolsr coordinstess and the other at (r »8_.)., The

1 2 72
sources have volume velocity magnitudes of chl and chz
resrectivelyr and rhase andles wl’ and wz. A distant
observer is located at (rs8),

As beforey the rressure at the observer can be written

as the sum of rpressures due to the three sources:
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J f Py Yvr exe (~Jkre)

E B o mmcstome oo evee e s e 20me o7 e 000 ovos s S0 o
2 r
N chl exp(dwl) exp(wdk(r~r1c058>)
r - rl cos8
Uve, exer(dy,) exr(~dk(r-r_cos(B8-8,)
g 2 TrY o oz 2 (AL.1)
r - rz cos (8~82)
&
to distant
observer located
at (rs 8)
Uve e b r
2
(r = S
Uvnr 0 chlr wl
(O O (Plr 0)

Figure aAl-1., Geometrs of the three roint source sroblem.

Arrroximating the dernominator terms bw ry» and regrouring

dives
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M o pxE{—glkr2

EE e {Yvrm + Yvey exeGi(yqthrycose))

. N N ; . — ‘,:)
t Uve, exs(i(y throcos(8-8,)) (A1.2)
Serarating into real and imsginsrye rarts and seuaring Lo find

masnitude squared wields

£2,.2
- Yo .. .
2|2 = ~—meme { {Vvn + chl cos(wlfkrlcosg)
4r2
Y e . 2
t Vve, costy, + krocos(d 82;)}
+ { chl 51”<w1 + krlcosa)
- . - 2 A
t Vv, sin(y, + krocos(8 92>>} } | (A1.3)
Making the substitutions
o = k rl cosel (Al.4)
and
g = k "o cos(8~82) (Aal.3)
gives
2.2
Ps )
B2 = —eeeZee {¢Vvn 4+ Voo, cos{y_+a)
- 4r2 1 1

2 ir .
+ch2 cos(¢2+3)) + (Uvelsmn(w1+u)

tVve, sin(¢2+s)>2} (ALl.4)

which reduces to
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f2 52
o [ — O { Vvun2 + UYve2 + Uvcl
- 4r2 1 2
+2 chl chz cos(¢1~¢2+a~3)
b
+ 2 Vvn chl cos(w1+a)
+ 2 Vvn chz cos(w2+8)} (Al.7)

Fower is related to the surface intedgral of the sressure

magnitude sauared

m

F o« =% r? sing 48 d¢ (A1.8)

O A
O R

Since there is no ¢ derendencer this reduces to

2

=T
o [ |g|? d8 (A1,9)
0

which becomes

am
Poe f {Vvn? + uvel 4 Yveil o8
0]
2m
+ é 2 chl chz cos(wlmw2+a—8) a8
2m
+ [ 2 Vvn chl ccs(w1+a) g
0]
2m
+ [/ 2 Vvn VUve, cosiy,+B) de (Al1+10)
0 2 2

This intesral can be evaluated term bw terms The Tirst

term reduces to
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-

T

So(Vvn?2 4 Uye?2 4 U2 ) df

0 1 2

= 21 (Uvn? + chi + ché ) (AL.11>

The second term

27

S 2 VUvn VUve, cos(y,+ta) o8 (Al.12)

may be rewritten

2m
2 Vvn Uvey { J cos picosa o468 -
0

w
sin ‘.Pl sino 48}
(A1.13)

[T Ny IV

Substituting for o gives
am
2 sk
2 Vvn chl{ cosy é cos(kr, cos@) d8

27

=sin ¢y J sintkr, cosé) d8 I (ALl.14)
0

As in Chaster 3y the term kr is 3lwasus small at freauencies

of interesty so the series exransions fTor sine and cosine may

e useds and the hidgher order terms drorred,

H
[y

t
-
-
*

cos({kr cosB) (Al.15)

e thor s Gest sase taie dms saba snms sam P

br cos8 + 44 (A4l.16)

sin(kr cos8)

This substitution dives
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2 kzri cos?8
2 Vv Vve { cosy, f (1 = e ) o8
1 1 ~
0 2
27
- gin wl 6 (krlcosa) d8 } (Al.17)
which reduces to
k2p2
27 Vvn Yve, cosy ( 2 - ___.1__ ) (A1.18)
1 1 n
The third term
2%
S 2 Vvn chz cos(w2+8) 8 (A1.,19)
0

maw be handled in am identical manner: znd reduces Lo

k2rp2
2m Vvn VUve, cos P2 - ____g__) (Al.20)
, 2 2 5
The fTourth term
2
;2 chl Vveg cos((w1~w2)+(a—8)) 48 (Al1.21)
0
can be rewritten
2m

2 chl chz {cos(wl—wz) é cos(a~B) d8

™

- sin(w1~¢2) Csin(g-g) 48 } (A1.22)

O g

These two intedrals camn be evaluated inderendentlw. The

first one
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2T
J cos(yg-g) o8 (Al.23)
0

@exrands to

]

cos{k{r_cos8 - (88 ) de (Al.24)
é lc =3 rzcos 2

whern the substitutions are made. Usimg the series exransion

for cosime and drorring higher order termss

27 k2
- 2 2 2 s 2(8~
é 1 “;m ( rl cos 48 + rz cos <(8 82)
-2 - .2::'
hrlrz cosB cos(8 82)) a8 (A1.25)

This integral becomes
.k. 2

BT = e ( P2T 4 2T - 2T vyrs cOS84) (Al.,248)
o 1 2 1'2 2

whichn reduces to

T k2
2T ™ e (r2.) (A4l1.27)
5 12

where r12 is the distance between the first and second

attenuating source.
The second intesgral in the Tourth term is

T

i - - Al 2
51n(kr1c058 krzcos(a 92)) de (Al.28)

St

Using the series exransion for sine dives

T
. (rl cosg - rz 005(8*82)) o8 (A1.29)

O, P

which has the solution zeros. Thusy the entire fourth term

becomes
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2 chl chz (27 = X ) cos(wl-wz) {(A1.30)

FPutting 311 four terms togetherr the finsl exeression

for rower radiated becomes

FreVvn2 + Uvec2 + Yyp2
1 -2

ST
+ Y Uve (2 - .. 2. Y cosf{y.~y.)
VE1 TV 5 V1"vo
b2 “p2
+ Vv Vve (2 - -__*-3;_) cos y
1 2
22 p2
. 5 A
+ Y V) (2 = 2 ) (A1.31)
v vcz 5 cas wz

This rrorortionality solves the rroblem of chaster 5
with two atternuating sources and ome noise source. A sroblem
in charter 3r however: involved N noise sources and one
attenuating source. The exrFrression Just derived maw be
exranded to solve this sroblem.

Comsider amn attenualting source at the origin with volume
velocity magnitude Vve znd zero rhase andgle. Throughout
sracey at distances r are noise sourcesy having volume

1

velocits magnitude Vvn  and rhase y_ . By exsminind the three
i i

roint source solution and exrsnding it to M roint sourcess

the rower radiated canm be written
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M M
FaelUvp?2 + T VU2 4+ Uve o T Uvun, (
i=y 1 i=y 1
M M k2p2
+ 3 T VUvnm. Vvn (2 - ___2J
i=1  J=1 i J 2
iF

This solution mas 3lso be exranded to include

atteruating sources by relabeling some -of the

as atterniasting sources.

In Chaster Sy

arprodimations used in

Ify in the derivation

eauatians arn additionsl term is retaimed in

the cosine expansions» the exrression

hecomes

(A1.32)

additional

roise sources

the accuaracy of some of the

the derivations sbove was guestioned,
of the three source rower radiated

poth the sine and

for rower radisted
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) 2 2 2
F e Uvn+ + chl + Ovcz
k2 r2 k4 b
+ Vv Uve (2 = e %__ S R 1 ) cos ¥
1 2 16 1
‘ |22 ré lkt B
+ Yvn Vve, (2 = 2 b 2__) cos ¥
2 14 2
2 p2
12
+ Vvql chz (2 - mm e
T4 Ty r3or r,r3
P o+ 2oy 22412 ) coss
16 16 4 4 2
3 r? r2 cos?8
R S T 2+ 1)} ) costy, )
g 2 1ad.33)

In deneraly the additional terms srovide little
imerovement in accuracyr but for some situstions» such as the

geometry discussed in Chaster 5» those terms are essential.,
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Arrendix 2

ATTENUATION OF MORE

COMPLEX SOURCES

Throughout much of the discussiony roint acoustic
sources have been assumed. It was shown that a3 loudsreasker
can be reasonably modeled by a roint source for frecuencies
over wnhich the atteruator sustem orerates. Howeversr noise
sources mavr not be so conveniently modeled. The device
sroducing the noise maw be much lardger tham 3 wavelendgths in
which case 3 single attenuasting sustem camn not rroduce much
attenuation, A more interesting situation is one in which
the noise source may be modeled by a8 ruumber of roint sources
a3t varwing small distancesy and with varwing rhases and
magnitudes.

To det an indication of the smourmt of noise attermwastion
that can be ewrected Tor some collectioms of soimt sourcess

the equation develored in Arrendix 1 maw be used.
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M M p2r2
PaUve?2 + 2 Vum?2 4 Uve o T VUvn, (2 - 2. ) cosy
i=1 i=g 1 2 +
M M k2p2,
+ I p Uvn. Vvn (2 - __ cos(yP, -P. )
i=1  J=1 J 2 Tcazd
if o

Fower radiasted by M noise sources st distance r » with
magnitude VYvn, and rhase ¢.» and one sttenustion source st
the origin having mesnitudd VUve snd m=hase 0.

This ecuation will be aerrlied Tirst to a3 dirole source. The
dirole consists of two roint sourcess each having volume
velocity magnitude ecual to ones but with 3 rhase difference
of 180 dedreesr serarated by one twentieth of 2 wavelendth.
Substituting these values inmto ecuation (A2.12» 3 radiated
rower of —-13 db is obtained» where zero db refers to the
rower radiated by 3 sindle roint source having 3 volume
velocity of ome. If an stternusting source havinsg vblume
velocite magnitude Vve and shase y is rlaced eauidistant from

both of the sources making ur the diroler the rower radiated

becomes

2
1 4+ 1+ Uve2z + Yve (2 - Ty cos(i80~ W
200

- (2 - .z2) + Vve (2 - 1) cosy (A2.,2)
200 200

which reduces to
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2

Uve + T {(AZ2.3)
200
The mimnimization in this case results in setting VUve = 0. 8o

in the situation where an atternusating source is slaced at the
midroint between two sources making ur 3 diroler no
attenuation can be exrected using this sustem.

A different attersation source rosition maw provide more
interesting results. Assume that the dirole remzins
unchanged, but that the attenuator source is slaced one

twentieth of a3 wavelength awayw from one of the sources making

ur the dirole such that the three sources form 2 line. Nows

the ecuation for rower radisted becomes

1 4 1 4 Uve? - Yye (2 - _12) cosy¥
50
- (2 - _T2%) + VUye cosy (2 - _12» (A2.4)
200 200
which reduces to

32 12

Uve cos¥V () 4 el + Yye (AZ2.5)
200 200

Minimizing this equation gives a3 volume velocity
37?2
Uve = .
400
and z shase of 180 dedgreesy which wields & rower of =13.1 dby
or one ternth of orne db less tham the eprevious case.
From these calculatioms: it becomes arrarent that using

this attenuation scheme on dirole sources will rot sroduce

any significant attermuation. Since the atterwuzator sustem
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attemsrts to make 3 dirole out of the noise source and the
atteruating sourcer thern if the rinise source is a3 diroler
this scheme will mot significantls reduce the rower radiasted
by the dirole.

A collectiorn of roint sources for which the attenustor
is effective is a set of four in rhase roint soucess each
equidistant from the originy and eeualls sraced sbout it. IFf
each source has 3 volume velocitw masnitude of 1 and 3 rhase
sndgle of O» and each is locasted one twentieth of a wavelensgth
from the nexts then the total rower radiated is

b2
4 + 12 - - (A2.4)
200

which is 12.0 dbk. If an atternuating source of magnitude Vve

and rhase is located at the origirms the rower radiasted is
b7 ? T2
Yve2 + 4 + 12 + — .+ 4 (2~ ) VUve cosy (A2.7)
200 400

Mimimizing this eauation gives 3 volume velpcitw

2
Uve = 4 - _T_

100
and rhase of 180 dedreesy wielding a2 total rower radisted of
~-13.1 db., Thuss in this situations 3 rower reduction of 25
db can be attzined.
These calculations show that the attermation scheme
mrorosed can effectively reduce acoustic rower radisted for
at least some mon-roint sources of noise» but that for

otherss such a3s a2 diroler little or no attenustion can be
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exrectedr due to the method of atteruation that is used.
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Arrendix 3

ELECTRICAL MODELS

OF LOUDSFEAKERS

In order to model the attenusation sustem so that its
rerformance may be rredictedr an electrical model for the
various elements of the sustem must be develored., For the
loudsmeakers the model develored in Beramek (1)s as shown in

figure A3~1s will be used,

Re Le

— AN~ Y

B-1:1
_ 1
1 e
v{t) gg HT C§ R Ra ~{L)

Figure A3-1, Loudsreaker model.

Re and Le rerresent the electrical resistasnce and
“inductance of the sreaker’s voice coil and electrical wiring.
Mr» O and R rerresent the mechanical masss comrlisrcer and
resistance of the loudsreaker coner sridery and air loading
due to the enclosure. Ra and Ma resrresent an aserrodimation
to the scoustic imredsance seen bw the sresaker, A transformer

with 2 turms retio of B+l to 1y the eroduct of the magnetic
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flux times the lendgth of voice coil wire in the air sasy
connects the electriesal and mechanical sections of the model.
The scoustic rarameters mayw be calculsted using

EBeranek’s (1) table 5-1» but the others must be measured.
Measurement of some of the rarameters might be difficultr, but
fortunatelwr 311 of them mav be derived from two simrle
electrical measurements, Firsts the model can be redrawn 3as
shown in fisure A3-2y removing the ascoustic elements snd the

transformery and scalihg the other elements as needed.

-
vit) e C (B-1) R (B-12 wit)

Figure A3~2. Simelified loudsreaker model,

For the exrerimental loudspeaker used 35 the attenusting
SOUPéEv a8 DC resistance of 3.5 ohms was measured. Thus» Re
can be immediatelw set to 3.5 ohms. An imredance curve was
runy wWhich is shown in fidure A3-3. (The curve with the
hisher freacuerncy realk is the ome of interest st the moment.
The other curve will be used later in these calculations.)
The imredance resks at the resonsnt frecuencus fo = 74 Hz.

At some freauencys the curve bedgims to rise with 3 slore of

arrroximately 4 db rer octave. (The slore is 4+ rather than

& b rer octaver due to the skin effect in the role riece.
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R, b i 3 B it T e s CONR St . T T i W e B B

4T4a

sof

B :ﬂ
115;-:

Figure AZ-3, Measured imredance curves for the exrerimental
Ioudsreaker,
This effect was nedlected in making the electriczl model
since the model was used only at frecuencies below those for
which the effect is imrortant.) The rise in imredarnce is due
to the imteraction between Re and Le. The breask freacuencw
can be read off the imredance curve as being 500 Hzy and Le
can be calculsted to be 1.22 mH.

The resonant reshk is due to the intersction betweer M

and C. The frecuency of this rezks fo may be written

'f"o T (A3.1)

If additiorna2l mass is added to the coner the resonant

frequency will decrease to
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o (A3.2)

These two equations maw be combined to dgive am exsrression for
ma3ss which derernds only on the two resonant frequencies and

the sdded mass.

M= Mmoo (A3.3)

The second curve in figure 3-3 is the imredance of the
sreaker with an additional ten grams of mass added to the
cone, From the two curves fo is found to be 74 Hzy and fO’
S6 Hz. These values result in 3 mass of 13.44. Substituting
this wvalue back into the sxrression fTor resonant frequency
gives 8 comrliznce value of 3.45 o 10_4 m/nt .
The Q@ of the loudsresaker can be written as
A T e e e e e s e e (A3.4)
Reeak (f _g - f_g )
Reesgk is the value of the imredance a3t the resonant
frecuencyr which is 41.98 ohms according to the imredance
curve, The freguencies f_jssre those for which the imredance
is 3db helow that a3t resomance. For this sreakers the
freauencies are 64 and 80 Hx, Substituting these values into
the exsression dives 3 value of 0.4%20 for B Since Q may

also be written



A = . (A3.5)

the E-l rroduct seusared is be fournd to be 49.5, The reshk
resistance may be written
Reeak = R (E-1)% + Re (A3.6)
Sor the value of Ry mechanical resistancer maw be calculastedy
which is 0.77 mechanical ohms.
Lastlys the values for scoustical elements mag be
calculsted using RBeranek’'s (1) table 3-1, Summarizingr the

values for the electrical model of the atternuztor loudsreaker

ares

Re = 3.89 -3
e = 1.23 ¢ 10

B 1 =7.03

R o= Q.77 -2
M= 1.34 10_4
0= 3.45 » 10

Ra = 1.17 x 107
Ma = 6.74 ¢ 10

If this electrical model is analuzed using the comruter
circuit analdsis rrodgramy the imredance curve shown in figure
A3-4 is obtsined, This curve very closelw matches the
measured impedance curve Tor this loudsreskery indicatins
that the model accurstelw reflects the sctusl sreaker.

At extreme low freeuenciesy 3ir leaks in the sreaker
enclosure hecome imrortant,. In order to determine if the box
lealk was a3t 2 sufficientlw high frecuency to be significant

some additional measurements were made,
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mAzZovama
<

—12.8 /
LN ,
ol AN L

12 1 12 2 1£3 12 4
FREQUENCY —— HERTZ

Figure A3-4, Calculsted imredance curve for the exrerimental
loudsreaker.

The evrerimentazl sreaker was excited mechanicallsy then
releasedr and zllowed to relax to its neutral rosition with
its electrical terminals oren circuited. The disrlacement
was measured and disrlaved on an oscilloscorey resulting in
the disrlacement curve shown in figure A3-5. The horizontsl
scale is 0.5 seconds rer division» and the vertical is lmm
rer divisiorn. Zero disrlacement is one division from the
bottom. The time constant for the box leak can be seen to be
arrroximately 2 secondss corresronding to 3 box leshk
frequerncye of 0,08 Hz. This frecuency was sufficientls low

that the box leask was left out of the model.
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Figure A3-5, Disrlacement curve for exrerimental
loudsreshker,
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Arrendix 4

COMPUTER FROGRAM

SOURCE LISTINGS

FROGRAM TO VERIFY THE MINIMIZATION OF ATTENUATOR OUTFUT.
CALCULATES THE PFOWER OUT FOR A NOISE SOURCE AND ATTENUATING
SOURCE OF VARYING MAGNITUDE AND FHASE.
DIMENSION FPSI(101),A1(101),A2(101),A3(101),A4(101),AS(101)»VV(T)
PI=3,141359
RK2=2,~FIXFI/200
UU(1)=0.5
VW(2)=0.89
VU(3)=1.0
VWW(4)=1.,12
UV(5)=2,0
0 100 I=1.101
FSI(I)=2.%FIXFLOAT(I)/101.
ALCI)=10,XALOGLOC(ARS (1. +UV{L1)XVV (1) +COS(PSI(I) )RVV (1) XRK2))
A2(I)=10,.%ALOGLO(ABS (1., +VV(2)RVV(2)4+COS(FSI(I) yRkVV(2IXRK2))
AZ(I)=10.%ALOGLO(ARS(1.+VV()IRVV (3 +COSIPSI (I )XV (IIXRK2))
A4(I1)=10,%ALOG1O0(ARS(1.+VV(4)XVV(4)+COS(FEI(I) I%RVV4)XRKZ))
AS(I)=10.XALOG1OC(ARS (1., +VVU(E)IXVV(T)I+COS(FSI (I )IXRVU(TIXRK2))
CONTINUE
FRINT 112 -
FORMAT (/PLOT=1y CRT=0")
READ (1s-%) IF
CaLL ATPL(101,PSIsAl»A2,AZyA4rATy 'FHASE (RADDY7y "FOWER X LEY7»IF)
STOF
END



SUBROUTINE ATFLI(Ns XYL s Y2rY3rYAsYSsLXy LY IF)
SUEBROUTINE TO PLOT 5 CURVES ON SAME SET 0OF AXES
DIMENSION X(N) s YL(N) »Y2(N) s YI (NI YA4(N) s YS(NIsDO(2)s8R(10)
0¢1)=0,13

02)=0.1

X=0.85

nY=0.8%

FTX=0,0

PTY=0.0

CALL REST

IF (IF LEG. 1) CALL Viou(1,0)

CALL BOUND(NsXsSXsEBX-UXsFTX)

CALL BOUNDI{N»Y1»SB(1)»SR(2)sUYsFTY)

CALL BOUND(NyY2ySH(3)+SE(4):UYFTY)

CALL EBOUND(N:Y3:SE(S)SRB(&)+sUYFTY?

CAlLL BOUND{(NsY4ySR(7)sSBE(B)sUYFTY)

CALL BOUND(NyYSsSE(?)sS5R(10)»UYPTY)

CALL BOUNDC(10,S5BySYsBY UYFTY)

CALL AX(OsOsDXySXsBX»UXs DY FPTX)

Calll. LABEL(O»0OyDIXs LX)

CALL AX{1+0sDY»SYsRBY»UYOX»FTY)

CALL LABELC1»0»DYsLY)

CALL XYDAT(NsXrY1leSXyBEXryUXsSYsBYsUY O DX s Y+ FTXFTY)
CALL XYDAT(NsXsY2»SXyBXyUXsSYrBY»UY 0 IXsRY»PTXFPTY)
CALL XYDAT(NsX»Y3»SXsEBXsUXs8YsBYsUY s Qs DX DY FTXSFTYD
CALL XYDAT(NsXsYArSXyBXsUXsSYyRBY s UY Qs DX DY s PTXFPTY)
CALL XYDAT(NsXs S SXoBXsUXsSYyRYUYsOsUX DY »PTXyFTY)
CALL DRAW(0.021.090)

IF ¢IPF JEQs 1) CALL VIOU(~1+0s 'CRFLOT")

RETURN

END
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FROGRAM TO PLOT TOTAL FOWER RADIATED RY TWO FOINT SOURCES
RADIATING WITH SAME VOLUME VELOCITY BUT OFFOSITE SIGNS:
LOCATED 0.1 AND 0.2 M AFART, COMPARED TO ONE FOINT SOURCE
HAVING SAME VOLUME VELOCITY.

DIMENSION FREQ(200)yFWR1(200)yFWR2(200)

DO 100 I=1,200

FREQCID)=10%X(1.4+(FLOAT(I))/100,)
FPURI1C(I)=10.XALOGI10(ARS(2,~2+X(1+~8,30E-7XFREQ(I)>%X%2})))
FWR2(I)=10.XALOGI10(ARS(2,-2. X {1 ,-3,.32E-4XFREQ(I)%XX%X2)})
CONTINUE

FRINT 110

FORMAT (/1=FLOTs O=CRT‘)

READ (1-%x) IF

IF (IF JEQ. 1) CALL V10U(1:0)

CALL PLOT2(200,FREQ>» FwﬁlvkaB»’FREGUCNCY”' ‘POWNERXDOE~ ‘)
IF (IP LEQ. 1) CALL VIQU(-1yQs “CRFILLAT’)

STOF .

END
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FROGRAM TO DETERMINE TOTAL FOWER RALIATED RASED ON SPEAKER
VELOCITY OUTFUT OF TWEAK
¥KXCURRENTLY SET UFP FOR SF201 FILES. NOTE THAT SFECIAL
FILES MUST BE USED FOR TWEAK.

DIMENSION FREQC250) rAMAG(250) s FHASE (250) »FWR1(250) »FUWR2(250)

READ (79+%)

READ (79+%)

N=0

READ (7yXs END=200,ERR=300) FREQ(N+1)» AMAG(N+1)y FHASE(N+1)

N=N+1

GOTO 100

WRITE (1310) NsFREQ(N) s AMAG(N) yFHASE(N)

FORMAT ('ERROR ‘»I553F8.2)

GOTO S00

PI=3,14159

M=N

DO 400 N=1l:M

FHASE (N)=(FHASE(N))XFI/180,

VU=10XX ( (AMAG(N)+19.28)/20.,)

FWRL(N)=10.XALOG1O(ARS (1. +VVXX2+(COS(FHASE (N) ) XVUVX

1 2X(1.~8B+30E-7XFREQ(N)XX%2))))

FWUR2(N)=10.XALOG10 (ARS (1., +VVUXX2+ (COS(FHASE (N) ) kVVUX

P 2X(1+~3.32E-6XFREQ(N)%XX%2))))

CONTINUE

FRINT 110

FORMAT (‘PLOT=1,CRT=0")

READ (1s-%) IF

IF (IF.EQ.1) CALL Vi0OUC(1,0)

CALL PLOT2(NsyFREGsFUWRLsFWR2y ‘FREQUENCY~ "’y POWERXDE~ )

IF (IP.EQ.1) CALL V1i0U(-1s0,»/CRFLOT")

CONTINUE

STOP

END - ’



Oaan

109

100

110
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FROGRAM TO FLOT TOTAL FOWER RADIATED RBY THREE FOINT SOURCES

LOCATED 0.1 M APART, COMFARED TO ONE FOINT SOURCE

HAVING SAME VOLUME VELOCITY,.

VOLUME VELOCITY AND FHASE OF TWO SOURCES ADJUSTAELE.

DIMENSION FREQ(200)FWR1(200)

FRINT 109

FORMAT (/ENTER VVC1,VUVC2yFSIL1sPSIZIR127)

READ (1yX) VVUCL,»VVC2HyFSIL,FPSI2R12

o 100 I=1,200

FREQ(I)=10X%%k(1.+(FLOATC(I))>/100.)

PWRL(I)=1,+VVUCIXVVCLHVUVC2XVUVC2+VVCLIRVVC2X (2, ~1 . S4E-4X (FREQ(TI ) %
RIZIRX2)XCOS(FEIL-FSIZ2)HVVCIXR (2, -1 46E-S6XFREQ(IIKFREQRC(I) )%
COS(PSIL)HVVC2%(2.~1,66E-SXFREQCIDKFRER(L) ) XCOS(FSI2)

FWRI(I)=10.%XALOGLO(ABS(FWR1I(I)))

CONTINUE

FRINT 110

FORMAT (/1=PLOTs O=CRT")

READ (1,%) IF

IF (IF JEQ., 1) CALL V10U(1,0)

CALL PLOT(200,FREQy FWRLr’ FREQUENCY*’ s FOWERXDE~ )

IF (IF JEQ, 1) CALL VI10U(~-1,0y’CRFLOT* )

STOF

END
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10 REM NOISE ATTENUATOR SIMULATOR USING TWO CANCELLING LOOFS
20 DIM R(222)s8(292)5G(2+2)

30 DIM W(L1000)»X(1000Q)»Y(1000)»ZC1000)
40 DIM V(1000)2L¢(1000)

S50 MAT W=ZER

60 MAT X=ZER

70 MAT Y=2ZER

80 MAT Z=ZER

20 MAT VU=ZER
110 MAT S=CON
120 MAT S=(-600)%8
122 DEFINE FILE #1="FFQUT’s BIN

124 DEFINE FILE #2=‘TIME’s BRIN

130 FRINT “G(Lls1)y G(1:2)y G(2s1)r G(2s2)7
140 INPUT GCle1)sG(1s2)sG(251):G(2y2)
142 MAT G=(.094)%6
160 PRINT “INFUT STEF SIZE» LIMIT-
170 INFUT HsM
180 LET C=344.,8
190 LET R1=,2
195 LET R2=1
200 LET R3=4
205 LET R4=4.,1
210 LET R5=4,2
215 LET R(1s1)=.2
220 LET R(1s2)=1
225 LET R(2,1)=1
230 LET R(2+2)=.2
235 LET DI=INT(R(1:,1)/(CxH))

237 LET D2=INT(R{1y2)/(CXH)})>

239 LET D3=INT(R(2s1)/(CXkH)?>

241 LET D4=INT(R(2»2)/(CxH)>)

243 LET DS=INT(R1/(CXH))
245 LET D&6=INT(R2I/(CxH)?
247 LET D7=INT(.1/7(CXkH)?
249 LET D8=INT(.11/<CxH))
251 LET D9=INT(.12/(CxH))>
252 FPRINT D1,D2+D3»D4+05Dé6D708,09
254 PRINT “INPUT STARTING TIMEs IMFULSE TIME’
255 INPUT 0OsN
2896 LET V(N)=1/H
258 LET M1=0
239 LET M2=0
260 FOR N=0 TO M
261 LET Li=M1
262 LET LZ2=M2
265 LET A=(W(N=-DL))X/(R(1s13)

270 LET B=(X{N=-D3))}/(RC{2+1))

275 LET C=(Y(N-D1))/(R(1+1))

280 LET D=(Z(N-D3))/(R(2+1))

283 LET M1I=A+B+C+I4+(V(N-IIS)/R1)



290
295
300
303
310
313
320
325

330

335
340
345
350
360
3635
370
375
380
385
390
393
400
4095
410
415
420
425
430
435
440
445
455
4460
4465
472
474
480

LET
LET
LET
LET
LET
LET
LET
LET
LET

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
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A=(WIN=-D2))/(R(1s2)2)

B=(X(N~-D4))/(R(2+2))

C=(Y(N-D2))/(R(1:2))

D=(Z(N~-D4))/(R(2+2))

M2=A+B+C+O+ (VIN-TI6) /R2)
RI=3X(G(1s1IXKMI+S (1 1IXKWINII-G(Lr1IXKLLI-S(1y1)RKWIN-1)
Ql=W{N)+HXQ1/2

Q2=3% (61 2)KkM1I+S (1 s 22X KX (NI I =G (Lo 2)KL1-S(1s23%KX(N-1)
Q2=X(N)+H%Q2/2

Q=3 (B2 1) KM24S (22 1KY (N) I =G (2y 1) KL2-G (25 1 1KY (N-1)
Q3I=Y(N)+HXQ3/2 .
R4=3K(G(2s2)KM24S(2y2IXRZ (NI I -G(2» 22 XL2-G(2y 22 XKZ(N-1)
R4=Z (N)+tHXR4/2

A=(WILHEN-DLY ) /7(R(1s1))

B=(X(1+N-D3))/(R(2»12)

C=CY(IEN=-DL))/(R(1s1))

D=(Z(1+N-T13))/(R{(2»1))

M3=A+B+C+D+(V(1+N-D3) /R1)

A=(WOLEN-DZ2) ) /(R(1¢2))

B=(X(1+N-T114) ) /(R{(2:2))

C=(Y(L1+N-D2I)/(R(1:+2))

O=(Z(1+N-D4) )/ (R(2+2)2

Ma4=A+B+CH+I+H(V1+N-116) /R2)

WN+1)= G(l!l)*ﬁ3+5(1!1)*Q1+G(171)*M1+5(171)*W(N)
WIN+1)=W(N)+HXW(N+1) /72
XIN+1)=G(Ly2)XMI+S (123 XQ24G (1L y 2)KkML+E (1 y2) XX (N)
XIN+1)=X(N)+HXX(N+1) /2
Y(N+1)=G(2y1)%M44+S (22 1I)XA3+G(2» 1) XKM2+5 (27 1) XY (N)
YIN+1)=Y(NI+HXY(Nt+1) /2
ZINF1L)=G(2y2)XMA+S (2 2)XQ4+G( 2 2)kM2+E(2y2IXZ(N)
ZIN+1)=Z(N)+HXZ(N+1) /2
LINF1)=C(W(N+LI-D7)+Y(N+1~-D7) ) /R3
LIN+1L)=(X{(N+1-DI8)+Z(N+1-08)) /R4+L (N+1)
LON+LIY=VI(N-D?)/RS+L(N+1)

WRITE #1sL(N+1)
WRITE #2» (HXN)
NEXT N



NODES 4
INFUT 1
OUTFUT
R
R2
L1
L2
c1
R3
c2
R4

DN
CHLOOOULNO

4

1E-3
7+86E~2
2.48E~-5
3.45E-4
1.34E-2
7.70E-1
b6+74E~4
1017E“1
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Arrerndix 5

CIRCUIT MODEL

SOURCE LISTINGS

Model of ewxrerimental loudseezber,
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NODES S

INPUT 1

QUTFUT S

R1 1E-3

R2 7.86E-2
L1 2.48BE-5
L2 3.45E-4
Cl 1.,34E-2
R3 7.70E-1
C2 4.74E-4
R4 1.17E-1
IZ 1 40
RS 1

LS 6.37E-3

RGNS ORARTRIAN AR
COUMOCHOTOLRNO

Model of loudsresker and microrhone.



NODES 8
INPUT 1
OuUTrFUT
R1
R2
L1
L2
Cl
R3
c2
R4
IS
RS
L3
14
Ré
R7
R8
c7
C8

CNOGNOGUUMODHMLMINEE
COCHONNOCSCUHOLEOOOUWMNO

Model of loudsresahker:

8

1E-3

7 +86E-2
2.48E-3
3.45E-4
1,34E-2
7+.70E-1
6.74E~4
1.17E-1
140

1

6 * 37E"’3
150

1

1E3

1E3
1.56-7
1.56~7
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microrhicne:s

and air rath.



NODES 16
INFUT 1
QUTFUT
R1
R2
L1
L2
c1
R3
c2
R4
I5
RS
L5
16
R6
Cé
17
R7
c7
I8
RS
10 k9 1E3

0 R10 1E3

10 €8 1.5E-7

0 C9 1.5E-7

11 I11 1 10 0
11 0 R11 1

11 12 R12 2,7E4
11 12 Cl1 4.7E-9
12 13 R13 2.7E4
13 0 C13 4.7E-8
0 14 I14 1 12 0
14 0 R14 1

14 15 R15 2.7E4
14 15 C14 4,7E-9
15 16 R16 2.7E4
16 0 Clé 4.7E-8

15

1E-3
7.86E-2
2.48E-5
3045E“4
1.34E-2
7+70E-1
b+74E-4
1. 17E".’.
1 40

SN
i
0Ol

i od

o

O <
oo OO O in

-

NV OONOQOAHROOUNOMDOOLIMNO
N O

COWV OOV NNSOHEROUUOC UGN R=
bt O3 b O b O

Model of comrlete oren
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loom sustem,
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NODES 164

INFUT 6

QUTRUT &

I1 0 15 0
R1 1E-3

R2 7.86E-2
L1 2.48E-5
L2 3.45E-4
Cl1 1.34E-2
R3 7.70E-1
C2 6.74E~-4
R4 1.17E-1
IS 1 60
RS 1

LS 6.,37E-3
I6 1 4 0
Ré&
I7
R7
c7
I8
R8
10 R? 1E3

0 R10 1E3

10 €8 1,5E-7

0 C? 1.5E-7

11 I11 1 10 0
11 0 R11 1

11 12 R12 2.7E4
11 12 C11 4,7E-9
12 13 R13 2.7E4
13 0 C13 4.7E-8
0O 14 T14 1 12 0
14 0 R14 1

14 15 R15 2.7E4
14 15 C14 4,7E-9
13 16 R16 2.7E4
16 0 Cl16 4.7E-8

-

45
<

+ 006
7 0

NVNIOOONOSOIrOSOUNODOOOLINO

COEVVVONNTSOCUHUCHLHMUWNN=R=O
b O ek e

Model of complete closed loor sustem,
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Arrendis &

ATTENUATOR SYSTEM

CIRCUIT DIAGRAMS

ANA

ook *ti2v

Fower amelifier circuit.
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.‘-
1K
KNowLeES ol
CA-1932 e__
\ ar
K * - HIK V] Hioee
L L | T
- - 470
M +
100K —
IM So0 Kk
io —
YO
PoOwWER
Ame

Microrhone srezmrlifier and comrernsation circuitry.
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