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ABSTRACT

The princÍpal axis frequency response of a loudspeaker

ís compensated using standard synthesis techniques and the

desired flat response is obtained. The technique is based

on a pole-zero cancellation of the loudspeaker response usíng

integrated circuit operational amplifiers and resÍsËance

capacitance components. subjective tests with both male and

female listeners confirm that the response is greatly improved.

rt is anticipated that in order to approxi_mate an ideal fre-
quency response for good listening, this type of compensator

should be incorporated inËo the preamplifier.
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CHAPTER I

ÐESTGN OF COMPENSATING NETWOR.KS

1.1 TNTRODUCTION

The aim in reproducing speech and music is to obtain the

original sound. The louclspeaker is the weakest link in any

sound system for a desired reproduction of sound. It may be

compared to a sounding board of a musícal instrument which

ís excited into a multiplicity of resonances by an electro-

meehanícal vibrator. In order to provide natural sound, it

would have to be an ideal transducer - a piston of zero maSS 
'

stif:Êness and frietion.

Æ*!:;z!'&ií2;:â+?a:-.ffi ,::t:'*;+æij?|!.!f,;.:il!j

The frequency response of a loudspeaker is used to assess

the loudness of transmitted speech or music, quality of re- i

:

prodr-rction, and the abílity of the loudspeaker to produce intel-

ligible speech in a given acoustic environment. It is a measure ,,,,.,,i,i,
.,'.':.,, 

.

oi the sound pressure amplitude on a designated axis, and at ..: :j:
:::'r:::.::-'al:

specified distance, as a function of freq.uency For a constant

electrícal input. Having obtained the frequency resPonse ' the

logarithm of the magnitude is taken to obtain a Bode plot ,r: ''

From the Bode plot the transfer function of tire loudspeaker

can be approximated. Thus the frequency response Ís the most
:

signiiieant síngle críterion upon which to base a judgment on 
,,'
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the merits of a loudspeaker.

Tt is the purpose of thÍs tl'resis Eo provide a circuit ap-

proach to the compensation problem when given any loudspeaker

frequency response, obtained under any acor-lstical environment,

wittr ar'y type of excítation. From this frequency response a

Bode plot may be derived, and a compensating circuit synthe-

sized to provide the desired response.

Three steps are needed in any frequency response compen-

sation: the approximatíon by a Bode pi-oti the determination

of Lhe actual response desired; and the synthesis of the com-

pensator network

Having obtained the frequency response in Bode plot form,

one must try to compensate in some meaningful way. For thís,

approximation Ëechniques are available to locate the most sig-

nificant poles and zeros. The resulting píecewise linear res-

ponse is then represented by a certain polynomial having the

expected order, degree and break frequencies.

Loudspeaker and psychoacoustic theory provide the condi-

tions for a desired frequenc)z response. Beranekl states that

for proper sound reproduction, a flat response over the fre-
quenc)/ range 70 - Toaa Hz is desirable for most listeners.

Loudspeaker theory statesl that the frequency response begins

with a + 2 slope. rn maËhematical form this is described



by the relation:

cD(S) - KD 32

(s + al)

where Gp (S) is the desired response, KD is a constant and

^L = 21 70 radians f second.

In order that the desired response, described by equation

1.1, be obtained, a netrnrolrk called the compensator can be syn-

thesLzed from the loudspeaker transfer function and the

equation of the desired response. Thus, by use of synthesis

Ëechniques a compensating network may be built which, when

cascaded with a loudspeaker will provide a pleasing sound to

the ear.*

1.2 COMPENSATION BY OPERATIONAL AMPLIFIERS AND

CONVENTIONAL RC COMPONENTS

Integrated círcuit operational amplifiers and RC compo-

nents are used for synthesizing the loudspeaker simulator and

compensator. Passive RLC networks have been used for compen-

sating loudspeakers14 ho*".r"r the inductors r/ere Largerheavy

and lossy at these frequencies. Acti-ve RC networks províde

almost every desirable feature of passive RLC networks and

provicle more f lexibilíty in circuit design.

t'c See Ref. 2 and 3 for previous work on active circuit loud-
speaker compensatíon.

:.:-::

lt



A model of an ideal operational amplifier is shown in

Fie. 1.1.

FIG. 1.1 IDEAL MODEL FOR AN OPERATIONAL AMPLIFIER

This di.fferential inputloperational amplifier may be

described as an ideal voltage amplifier of very low output

ímpedance (assume zero), very high input impedance (assume

infínite) and very high gain. The outpu¡ voltage as seen

from Fig. 1.1 is proportional Ëo the difference in the vol-

tages applied to the t\^Io input terminals. The oPeratíonal

amplifier may also be used Ëo approximate ideal voltage

amplifiers of low gain, negative impedance converters, or

4

gyra.tors.

The basic active RC feedback configuration of

voltage amplifier with high gain is shown in Fig.

input, output anci feedback netwo¡rks.

an

r.2

Ídeal

with

+

Et" qfiz
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FEEDBACK

of the

.3 is used.

5

FIG. L.2 AN ACTM RC NETI,,IORK CONFIGURATION IIIITH

In order to uËí1-i.ze the low outpuË impedance

operational amplifier, the circuiË shown in Fig. 1

FIG. 1 .3 CIRCUIT

The voltage rel-ationship
5,

v z :- =Yrzavl YtÅø

USED FOR SYIVTHESIS

of this circuit can be shown

to be
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Tdhere YLZ^, and YtzO are the short circuit admittance para-

meters for the tT¡7o ports a ancl b, respectively.

The advantages of using the circuit shown in Fig. 1.3

are: the impedance level (and thus the D.C. gain) may be

varied without varying the position of the poles and zeîos;

positive and negative feedback may be used; loading effects

are negligible when this type of circuit is cascadéd, as the

input impeclance can be made very high and output impedance

is almost zero. All of these advantages aTe integral to our

compensation problem.

Since high order polynomials may be factored into first

and second order terms, any transfer function may be wriËten

as a product of first and second orcler poles and zexos of any

deþree. Thus in general for a loudspeaker, the Following

transfer function can apply.

cL(S) = KL 52 G+ €rZ) (S2+ fZt +\t22 )..... ---(1.3)
(s'f al) (s2 + z,P tt + \d12 ).....

where 
"l and ^2 are a pole and zeto respectively, wl and w,

a.re the natural frequencies of the poles an¿i zelos, ft and

f, are the damping factors, and. K¡ is a constant.

This typical loudspeaker transfer function may be com-

pensated by pole - zero cancellation to provide the desired

response. The desired response describec by equation 1.1 is
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a:

obtained by cascading the compensator and the loudspeaker.

1.3 CTRCUIT DESIGN

Upon obtaining the transfer function of the ciesired com-
::-.a: l:-t:

pensator, mean,s of synthesi:zíng this function are investigated i ' ''

Synthesis of fírst and second order poles and zeros are consider-

ered. using standard synthesis technj-ques . 
r:,,,,:..,,:..

Several considerations must be accounted for when design- l-:.':r"'ì'r.'

ing the requíred circuits. Stabilit;v must be insured; the

inherent poles of the amplifíer must be accounted for when de-

signing the network; and the D.C. gain of the compensator should

be approximateLy one, So that the attenuation is not too great.

The networks should be designed to provide flexibility of ad-

iustment of poles and zeros to accomodate a shift Ín loudspeaker

poles and zeros or use vrith other loudspeakers.

Standard formulas from Fifer6 and the Burr Brown Handbook

of Operational Amplifier Active RC NetworksT ^r. used for syn-

thes i:zj:ng the derived Lransfer functions. The transfer func-

tions used ín this design, r,viËh their short circuit parameterst

circuít configurations and design _formulas are shown in Appen-

dix A.

1.4 LTMITATIONS 0F THE TECHNIQUE

The techniques described in the previous sections have

certain dísadvantages. Besides the limitations of operational
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amplifier circuíts, as described in the Handbook of Operational

A.mplifier ApplícationsS, there are further disadvantages of

compensation:

a) PoIe and zero loeations of the Bode plots are es-

timated from F,hysical measurements, and they are n.ot precisely

known. These poles and zeros may shift with ti.me due Ëo envíron-

rnental changes. It is noË possible to realize exact cancellation

in tirese cases . In the case of a pole or zeto near the jw axis,

if cancellation is not exact, very grea"t errors may be caused

on ttre derived Bode plot.

b) The frequency response is taken at one levgl. If

the lcudspeaker is grossly nonlinear, cancellation may not occur

but an undesi.red singularity may be introcluced.

_ c) An error is introduced in approximatÍng the loud-

speaker frequencj/ response b5' straight lines of integer s1ope.

RC components usecl Eor synthesis also introduce an error as

the;' cannot provide a network to fit the loudspeaker apÞroxim-

ation exactly. Care must be taken thet the compensaËor agree

with the initial clesired curve.

d) A Bode plot anal-ysis is adequate for a one dimen-

sional case, but does not provide any information for the

three ¿1Ímensional case. Therefore, in the case of the loud-

speaker the directivity is not consídered.

i.:ra!:.rr; ;.; i:al
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None of the limitations mentioned above are restrictive,

as will be seen later. Flowever, they should be kept in mind

when thÍs problem is approached.

:,. i r::
i::. ..'r-:



CHAPTER II

EXPERIMEMAL CONSIDERATIONS

2.I PSYCHOACCUSTIC CONSIDERATIÛNS

In order to apprecíate the approach to thre design and

performance of the compensator, it ís necessary to discuss

subjecËive ef:fects oÊ hearing.

The subjective effects that need be consirJered axei dif-

ferential thresholds, masking, critical bands and phase effects.

As most of the research carried out in the psychoacoustic

fÍeld has been und-er monaural condiËions, these results shall

be presented, and where known, binaural effects will be given.

It is known that the variation in the intensity and fre-

quency enables us to detect changes in the stimulus. Knudsen9

and Rieczl0 determined the differential threshold or difference

limen intensity.

The differential sensítivity of the ear ranges from 0.25

to 1.0 db depending on the frequency and sound intensity leve1.

Beranek and Pet"rsonll state that binaurally a change of 1 db

is hardly noticeable, and 3 db is usually sÍgnífícant. It is

a change in this intensíty which provides us with the design

limits of the possible variation of the compensation circuit.

That is the frequency response may be regarded as flat as long

)¡:t!!;i;t



11

as the intensity fluctuations about a desired response c1o not

exceed 3 db.

A phenomenon similar to the d:l-fference threshold of i-nten-

sity is masking. rt is definecl as the number of decibels by

which a listenerrs threshold of audibility is raÍsed by the

pressure of, another masking sound. Fletch"rL2 found that only

the noise in a narro!ì/ frequency band on either side of the

pure tone serves to mask the tone. over this critical band

the ear acts like a filter. critical bands for listenÍng are

shown in Fig. 2.L for monaural and bínaural listening. i,tihen

the critical band is zero, the masking in db will be zero.

As the bandwidth is íncreased the masking in db will increase

in clirect proportion to the logarithm of the bandwidth up to

the eritical value Afc. Above this width no further masking

of, pure tones occurs.

Bruel and tcjaer13 state Ëhat, rrAccording to existing

theories of hearing the ear responds to the sound much in tire

same lfay as a constant percentage bandwidth anaLyzer having a

bandwidth of about L/s octaverr. This allow us to approximaËe

the critical bandwicith of the ear with L/s octave readíngs.

rdea1ly, the detectorts bandwidth should equal the critical

banclwidth of the eaî.

Mathes and Milr.rL4 performed experiments to Ëest the
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effects of phase on monaural perceptíon. They found that the

stimulus pattern which dífferäd only in phase was readíly dis-

tingr-rishable by the ear. However, Licklider in his Basic cor-

rsþtes gf. Ar-rditory stimulus15 states three necessary condi-

Ëions for monaural phase effects. These are:

a) rmportant components in the stimulus must be c10se

together in frequency,

There may not be too many frequency components, and

The phase changes musË make clear cut differences

in the envelope of the wave form.

I¡Ihen using a loudspeaker for sound or music, the above

conditions would not be noticed by the- ear. rt is for this

reason that a minimum phase network can be assumed. Thus if

the svstem is stable, all the poles are in the left hand plane

and the gain response or Bode diagram specifies the phase res-

ponse.

2.2 RADIATION CHARACTERISTICS OF

LOUDSPEAKER IN FREE SPACE

The radiation íntensity along the principal axis of the

loudspeaker is known as the frequency response. For the sake

of convenience, the response is discussed using a loudspeaker

in an infinite baffle with readíngs taken in free space.

standarci piecewise linear approximations are used 
fo "n-

b)

c)
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proximate the loudspeaker frequency response. Below the fund-

amental resonânce of the loudspeaker, v¡hich occurs in tl're typ-

ical range (30 - 25A Hz), the slope of the response íncreases

by 12 db per octave as shown in Fig. 2.2 region A.

If the louclspeaker is assumed to be acting as a rÍgid

piston in an inEínite baf f le, the pressure produced at the mid- 
:.:.,r

frequencies at distance r depends only on tile pov/er radiated ',t.
i::':and the clirectivity factor. Over the midfrequency range C, i,,'.:,,',

the frequency response is almost constant. Corringtonl6 showed 
',

that in practice the diaphragm starts to break Lrp into varia-

tions along the diameter. Due to this, sma.ller resonances

usr-rally appear along thís portion of the curve.

At higher frequencies a second resonance may occur as

shown in region D. Above th.is region the diaphragm breaks up

and vibrates wi.th modal circles. These vi.brations introduce

very sharp and di.stinct resonances. Tirese resonances decrease "'
. .,i,',...

for a loudspeaker in an inf inite baff.Le wíth a L2 db per octave .:':::';

overall slope, as shown in region E.

The baffle has a very notable efÊect on the response of 
::,::;:i:ii
i.:l:rirì::,a loudspeaker system. An unbaffled speaker has a pressure in- i::,'.Ë

crease of 18 c1.b per octave below the f irst r"ror-rrrr""l. Above

the iirst resonance the pressure increases 6 db per octave.

The baff le introduces a resonance oL" its own which is usually
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quite large ancl lies in the mid-frequency range. Further

information on the baffle effect may be founcl in Beranekl and

NicholslT article.

¿.3 EFFBCT OF ENCLOSURES ON SOUND

It is necessary to mini-míze the reverberation in any

enclosure for the sound to be pleasing. Tn order that free

space be simulated, a large enclosure is necessary. The fol-

', lowing requirements must be met for an enclosure to be ttlargert: 
ì

', â) ffte ratio of the mean free pathtk to the wavelength

must be large.
I

] fr) ffre enclosure musË be an irregular shape or contain 
i
I

, reflecting objects which set up many reflections ì

,i

' per second. l

c) The enclosure should have a variable angle of in- l

cidence and varÍable absorption coefficients.

'l Ir, t large enclosure, standing ü/aves are set up at all
,:: -: ângles of incidence and the sound field in the room may be

described as a difÊuse sound field. In Ehis diffuse sound

field the peaks of the standing \,ìraves lie very near to each

.Ì other and an average reading may be obtained.

* 
Mean free path is defined as the average distance a sound
\^rave travels in a room between reflectÍons from the bound-
ing surfaces.
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A convenient quantity to describe an enclosure is known

as the reverberation time. This is Ëhe time required for the

sound to decay Ëo 10-6 of its original value. rt ís known Ëhat

Ëhe reverberation tíme of an average living room is 0.5 seconds. ,' . ', 
'

Psychological studies indicate that if a room has a reverbera-

tion time of 0'3 seconds then most listeners are not disturbed 

"';"''';;,';":u"'";""'by the echoes (or overhang) of sound. Studi"al6 show that ,11,',,,..'...',.

echoes occur íf. the isolated reflecËed wave returns after more 1i.;,r,.,,...,,,,,,,:-.:_1::.;:..-: :;a

than 67 msec. These echoes or reverberations may be elÍmínated 
I

I

by acoustically treaËing any enclosure. I^lith the enclosure 
,

Iproperly treaËed only the loudspeaker characËeristics have to l

I

be considered. 
i

l

i

I

i

l



CHAPTER III

ACOUSTIC MEASUREMEI\IIS FOR LOUDSPEAKERS

3 .1 IMRODUCTION

The frequency response measurements for loudspeakers

are discussed in the subsequent sections. In this way the

characteristics of two loudspeakers were Ínvestigated.

The enclosure used for measuring the frequency response

of the loudspeakers was the University of Manitoba micror^rave

anechoic chamber. This was the trlargesttr enclosure available.

Care was taken to locate the microphone in the free f.ax fíe1d.

Beranek 18 states |tassuming a source radiating wideband noise

and assuming an analyzíng filter one octave wide, it is good

engineering practice to place the mícrophone at least l/4

feet av¡ay from all room surf aces. The \^ravelength is evaluated

at the centre of the lowest frequency band of Í.nterest.rr It

v/as assumed that Ëhe listeners will use the loudspeaker in

the free far fie1d. Tests \^rere carri-ed out with two types of

frequency inputs: pure sine wave and white noíse inputs. For

all cases the microphone was placed perpendicular to the axis

of the loudspeaker. si-nce dÍrectívity is natural to a person

iistening, it was sufficient to measure only the princípal axis

response.
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3 .2 MEASUREMENTS FOR FIRST LOUDSPEAKER

Various tests were performed on the first loudspeaker to

obËain a meaningful basis for compensatÍon. The object of

these tests is to obtain the loudspeaker frequency response

and transfer funcËion. From the transfer function a network

may be synthesi.zed approximating the loudspeaker, and the loud-

speaker may be studied elecËrically.

The following are Ëhe physical characteristics of Ëhe

first loudspeaker:

g" (height) x 9rr (width) x 42" (depth)

closed box baffle,

5tt diameter speaker,

5 watt output,

Fiberglass behind speaker in baffle to damp out

víbrations,

4 ohm impedance.

To obtain the frequency response with sine r^rave exciËation,

the following apparatus l{as used:

Heathkit sine generator,

502 A Oscilloscope,

Low output impedance (arfr- rr ) poÌ^rer amplif ier

50 volt 1 .5 amp po!ùer supply.
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1560 P3 GR microPhone

1551C GR sound leve1 meter

50t cable (attenuaËÍon 6.7 db over audio frequencies)

The white noise excítation tests employed apparatus as ," ,r','

follows:

1390 B GR random noise generator 
;,,,,,,,,:

1560 P3 GR microphone ,,,,,:,:,,

:

1554 A GR vibratÍon analyzer 
,-',.,r1,,

.'

L52L A GR graphic leve1 recorder

50r cable (attenuation 6.7 db over audio

frequencies) 
i

Low output impedance tt# -CL ) pos/er amplifier.
'

50 volt 1.5 amp power supply.

For the sine hrave excitation the frequency lrras varied i

manually in the range 40 to 101000 Hz. The equípment setup

is shown in Fig. 3 .1. The input to Ëhe loudspeaker v¡as kept i,,,,'.',r¡,

:.,-, ,

consËant by means of a monitoríng oscilloscope and Ëhe principal 
,,, , ,:.
i. . ;'

axis frequency response vtas obtained. The equipment layout in

the microwave anechoÍc chamber is shov¡n in Fig . 3.2

20

: ì.: ii::l
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For the random white noise tests, a white noise source

ín the 20 - 2Ar000 Hz frequency rânge \,ras applied to the loud-

speaker. The block diagram of the set up is shown in Fig. 3.3.

The response r¡ras detected by a sound level meter. For all white

noise measurements 6.7 db musË be subtracted from sound pres-
I

i sure values on the curves to account for the cable attenuation.

, The vibration analyzer was set to provide eíther an octave,

, a L/Z octave or an 8 percent narrowband readout. The graphic

fevel recorr1er was mechanically linked to the vibraLion anal-

i 
tzer and plotted the frequency response. Both the L/Z octave

j and the narrowband detection were used to approximate the hearíng

I of the ear. The f ollowing tests \^tere made:

TEST 3.1 SINUSOIDAL FREQUENCY RESPONSE

oF I,'UDSPEAKER 
.;..;..::'.'::.::

The frequency response of the f irst loudspeaker ' '. ', ,

1,,',, _,,r,,,.,.,.

$/as obtained using a sinusoidal excítatíon, three :::':::1:r:':'

different input levels were used.

TEST 3.2 SINUSOIDAL FREQUENCY RESPONSE :ìr.,.r,,::..:.:.:; :.,.i:::.rirt.i

OF LOUDSPEAKER T/üITH VARIED

MICROPHONE POSITION

The frequency response of the first loudspeaker

23
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r¡ras obtained as in Test 3.1, but a different

microphone location vras used.

TEST 3.3 I/üHITE NOISE FREQUENCY RESFONSE

OF LOUDSPEAKER

The frequency response of a loudspeaker was

obtained using a white noise input. Eight dif-

ferent locations of the microphone v¡ere used.

The matehed impedance amplif ier l^ras used.

TEST 3.4 T,IHITE NOISE FREQUENCY RESPONSE

OF LOUDSPEAKER IüITH VARIED ETWIRONMENT

The frequency response of a loudspeaker was ob-

taíned using a whÍte noíse excitation. The en-

vironment was changed from the previous three

tests, but separation between loudspeaker and

microphone r,.ras the same as in Test 3 .2. A low

output ímpedance amplifier was used.

3.3 RESULTS OF MEASUREME}ÍIS FOR FIRST LOUDSPEAKER

The data for Tests 3.1 and 3.2 is listed in Tables I

and II, and shown in Figure 3.4 and 3.5' respectively. The

results for Test 3.3 are provided in Appendix B. The results

of Test 3.4 axe shown on Fig. 3.6.

Several observations lrere made from these results. The
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26TABLE I

STNUSOIDAL FREQUENCY RESPONSE OF FIRST

d - L26tl
Vpwr supply = 40V
a) Vin = 2V peak to peak

LOUDSPEAKER

requency

Hz

40
62
70
87
93

100
105
115
L34
160
r87
200
216
22s
240
2s4
268
298
310
331
36s
4LL
428
480
501
545
600
640
700
740
810
840
880
920
950

1000
1040

Sound Pressure
Level

Re 0.0002 ubars
db

43.s
44.4
46.0
47 .0
43.0
50.4
55.7
52.0
58.0
62.2
70.2
67 .5
62.9
63 .0
51.0
61 .5
47.L
63 .0
52.0
62.4
67 .0
59 .1
65 .8
69.s
65.9
7L.L
62.5
72.2
65 .6
72.5
63.L
69.5
62.7
72.8
66.6
74.0
7L.2

Frequency

Hz

1100
1140
t260
1430
161-0
L7 60
1800
1870
1980
2020
2rto
2220
2260
2320
2400
2550
2620
2680
2900
3160
3250
3420
37 20
3990
47LA
4800
5200
5800
6890
7000
7 600
7800
8200
I 650
9300

10000

Sound Pressure
Level

Re 0.0002 ubars
db

75.8
75.9
7L.2
52.0
66.8
s9.9
64.2
sl .6
55.2
52.6
61 .5
65 .0
60 .0
63.4
52.t
60.6
57 .L
65.2
70.4
57 .5
67 .0
72.4
67.6
69 .8
60.8
6s .6
67 .6
73.0
64.2
69.6
63.6
69.L
54.9
62.5
51,,2
44.8
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b) Vin =

Frequency

Hz
40
70
97

110
L20
130
L4A
150
165
17s
L87
200
2L2
225
240
250
265
289
300
310
320
342
360
400
410
445
4s0
460
490
502
540
600
640
700
740
760
78s

lV peak to peak

Sound Pressure
Level

Re 0.0002 ubars
db

45.0
46.0
51 .1
48 .0
sl.6
52.0
52.0
55 .0
55 .0
60.0
62.L
46.O
58 .0
44.s
56.0
47 .0
5s .0
58.1
45.0
s4.3
55.4
55 .7
s9.7
48.7
6L.L
59.L
s3 .0
63 .1
59.0
64.6
59.8
66.0
59.0
65 .5
49 .L
63.L

Frequency

Hz
820
840
86s
890
920
950
990

1150
1380
1480
1560
1650
1860
1880
1900
2020
2200
2650
2800
2970
3040
3400
3600
3700
4000
4150
4500
4800
s800
7000
8000
8400
9500

10000

Sound Pressure
Level

Re 0.0002 ubars
db

49.0
63.5
55 .0
62.L
66.3
s9.0
67 .r
70.2
57 .O
48.0
5 6.0
57 .8
49.s
47.0
50.0
52.O
57 .0
50.5
60.8
61 .0
58.2
6L.5
45.0
52.8
64.0
67 .8
58 .6
62.L
65.9
62.6
56.r
s3.2
44.0
42.0

¡'l:t:i
i:::-ri:.:
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c) Vin

Frequency

Hz

40
64
88

105
110
L20
135
160
190
2LO
220
240
250
264
280
300
316
340
370
397
4L0
430
440
490
520
580
620
700
740
790
840
920

= 1.5V peak to peak

Sound Pressure
Level

Re 0.0002 ubars
db

45.0
44.0
46.0
51 .9
53.2
47 .0
55 .0
58.7
69.0
s9.2
61 .0
51.6
59.2
45.0
56.0
6L.2
s4.2
57 .3
58.7
63 .0
60 .0
63.4
s8.8
65 .0
63.7
61 .0
66.8
61.0
67 .2
6L.6
65.9
68 .2

Frequency

Hz

1050
1150
L250
1350
r4s0
1s00
1600
17 10
1890
2100
2200
2400
2500
2660
2820
3020
3100
34s0
3600
3800
4290
4s00
4980
5200
5620
6250
6800
7000
7600
8400
9s00

10000

Sound Pressure
Level

Re 0.0002 ubars
db

7L.3
75.6
67 .8
66.9
47 .8
s9 .8
59.7
63.1
54.5
57 .8
60 .5
52.0
s7 .L
64.6
66 .6
58. I
64.L
69.5
66.L
65 .0
7L.2
66.L
s7 .9
65.2
69.t
7t.0
63 .8
68 .3
65.1
s9 .0
47.0
45.0
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TABLE II

SINUSOIDAL FREQUENCY RESPONSE OF FIRST LOUDSPEAKER

!ùITH VARTED MICROPHONE POSITION

29

d = 14311

Vpwr supply = 40V
Vín = 2V peak to peak

Frequency

Hz
20
40
60
70
75
80
90

100
110
L32
140
185
200
208
2t3
23s
250
265
270
295
310
345
350
370
390
410
450
s00
580
630
660
720
780
830
860
920

1000

Sound Pressure
Level

Re 0.0002 ubars
db

39.0
39.0
40.0
40.0
41 .0
43.O
43.5
48.0
43.7
s6.0
44.2
59 .8
62.8
61 .0
50 .0
69 .0
60.5
26.s
53.2
62.8
57 .L
62.7
64.s
55.2
62.8
67.6
67 .2
64.0

, 67.4
66.4
62.0
72.6
65.9
66.L
69.2
67 .8
68.6

Frequency

Hz
1060
1180
1200
1280
1400
1500
1 600
1680
L7 50
1840
L920
2000
2080
2100
2L40
2200
2340
2550
2740
2850
3000
3r20
3400
3800
4000
4100
4300
4900
s000
5400
5800
6600
7 100
7300
I 150
8850

10000

Sound Pressure
Level

Re 0.0002 ubars
db
62.0
66.5
62.3
74.s
47 .0
68 .0
59.7
s4.8
64.0
60.0
63 .8
62.8
62.7
49.2
60.5
s3 .8
67 .2
62.5
57 .9
67 .2
63.2
68.0
67.5
62.5
69 .6
65 .1
68.9
68 .1
65.7
68.6
69 .6
69.2
64.2
63.2
67 .L
58.0
49.6
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data plotterl on Fig . 3 .4, f or 2 voLt s peak to peak input, and

was approximated by piecewj-se linear approximations. Three

resonâ-nce points \^rere chosen for the approximation.

Gain at resonance

10.5 db

16 db

These second order poles are not shown on the figure.

!,IiËh the piecewíse linear approxímations and second order sin-

i gularities, a good approximation r^74s obtained to the loudspeaker i

:

tesponse.

Since the ear does not detecË every resonance shown in

Ëhe curve, &fl average response vras used f.or simulation of a

loudspeaker.

:. A + 2 slope initiates the f requency response. The reaclings ,,:,,,.:...,:
':..'

at the very low frequencies (< 80 Hz ) were largely due to the .:..:',r
. -', t;,-,'

ambient noise level. At the high frequencies () 8000 Hz ) ttre

frequency response dropped because of the microphone frequency

) response characteristicl9 . ,,,,,.,,..,.,
, :.:. :.:..t:i:

33

fraronance

L90 Hz

1150 Hz

4O00 Hz 8db



The linearity of the speaker was determined from curves

a and b when the input vras doubled. At low frequencies (up

to L200 Hz) the loudspeaker was approximately linear as Ëhe

trnro curves varÍed by approximately 6 db. At higher frequencies

the response became very erraÈic and the loudspeaker seemed

to be non-1inear. Further tests using white noise excitatíon

T^rere requíred to show when the loudspeaker is linear to the

ear.

The results from Test 3.2 are shown on Fig. 3.5. Upon

comparing Fig. 3.4 and Fig. 3.5 iË was evident that Ëhe over-

all frequency response was similar. This indicated that the

Ëransfer function of Ëhe loudspeaker remains fairly constant

for different locations of the loudspeaker, and different

distances between loudspeaker and microphone.

The frequency response in Fig. 3.5 was also approximated

with piecewise linear approximatÍons having integer slopes

and the following second order poles:

F resonance

225 Hz

L20O Hz

4000 Hz

GaÍn at resonance

11 db

L7 db

8db

curve the transfer function of the

34

From this approximated
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loudspeaker was obtained and a simulati.ng network synthesLzed.

From the results of Test 3.3 a stucly was made of the

variation of resonances in the loudspeaker when subjected to

a white noÍse excitation. Narrowband and one-third octave

reading \^7ere obtained to approximate the earf s response with

critical bands of hearing. A flat response on åny of the

eight graphs shown in Appendix B for this test was provÍded

by a line having a 3 db per octave slope since the readings

were ma¿1e with narroband and one third - octave detection.

This line was chosen to pass through 2700 Hz in order to Pro-

vide a reference for the resonances. Table III shows the

variation and maximum magnitude of peaks and depressions of

Ëhe eight curves. The peaks occured in the vicinity of 900

1400 Hz and 2800 - 8000 Hz. Depressions \^7ere located in the

neighbourhood of 25O ' 400 Hz and 1500 - 270A Hz.

In Test 3.4 the input voltage into th-e amplif ier was

C.08 volts rms. The results on Fig. 3,6 indicated Ëhat the

resonances ín the loudspeaker response do not shift with a

change in environment. Thís was expected since when whíte

noise excitation was used, a diffuse field was initiated.

Thus, in the free field only the resonances of the loudspeaker

\^/ere measurable.

f:,;,t..
iii
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From the tests conducted it was seen thaË the average

loudspeaker frequency response did not vary with Ínput leve1,

change of microphone and loudspeaker position. Due to these

tests, linearity can be assumed for the loudspeaker and the

effect of the environment disregarded. Hence the loudspeaker

frequency response may be used to simulate a loudspeaker by

use of a synthesis technique.

3.4 MEASUREMEI\TIS FOR SECOND LOUDSPEAKER

The frequency response of a second loudspeaker was ob-

tained. The apparatus, test setup and method were the same

as for tests conducted with the first loudspeaker. The Phys-

ical characteristics of the second loudspeaker were:

11rr (height) x 1-ztt (wídth) x 8rr (depth)

open back baffle

8tr speaker

8 ohm impedance

The following test T^/as performed with this loudspeaker:

TEST 3 .5 T^IHITE NOISE FREQUENCY RESPONSE

OF LOUDSPEAKER

The frequency response of the loudspeaker was

obtained using a white noise excitation. A low

impedance amplifier was used.

rl.::-.'r'
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3 .5 RESULTS OF MEASUREMEI\ITS FOR

s'EcoND LouDSPEAKER

The frequency response of the second loudspeaker is

shown on Fig . 3.7 The input voltage of the random noise

generator ltas 0.2 v rms and measurements T^7ere conducted with

a separation of L65 inches between the microphone and loud-

speaker.

A peak was noticeable in the frequency range 2OOO Hz

to 5000 Hz and, a depressíon existed uP to 500 Hz. There ft7ere

noE as many resonances as in the first loudspeaker and the

response T¡Ias more linear than f or the f irst loudspeaker.
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CI{APTER IV

SIMULATOR AND COMPENSATOR DESIGN FOR LOUDSPEAKER

4.T SIMULATING NETI^IORK OF A LOUDSPEAKER

From the pure tone frequency response measurements in

Chapter 3, the simulator of the loudspeaker was synthesized.

The pure tone frequency response ratas initially approximated

by piecewise linear approximations of first order zeros and

second order poles, as described j-n sectÍ-on 3.3. Taking into

consideration the psychoacoustic effects listed in Chapter II,

the loudspeaker was then simulated.

Initially the sinusoidal excitation response of the

f irst loudspeaker, as shown on Fig. 3.5, \^7as approximated by

first order zeros and second order poles. Instead of approx-

i-mating the loudspeaker by both complex poles and zeros, only

complex poles T,vere used. Three main resonance frequencíes

\,,üere f ound in Chapter 3, Test 3 .2 at 225 Hz , LZAA Hz and

4000 Hz, with respective gains of 11 db, L7 db and I db refer-

red to the gaín at 180 Hz-. The response rose rvith a .,. 2 slope

up to the first resonance (225 Hz) then remaíned ETat up to

the next resonance (f200 Hz). Beyond I2AA Hz the gain

decreased at a -Z slope up to 1850 Hz, from where it flat-

tened out. At 2340 Hz the plot again had a + 2 slope up

till the next resonance at 4AA0 Hz. Beyond this resonance
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frequency the response v/as considerecl f1at. This response

r^ras described by an approximated transfer function of the

símulator as:

Gl, = KL Nt 4.r
Dr-

I(l- = CoftS tant

NL = s?(s+2rr re5o) 2 (s+zrt z:,4c¡2

DL =þz+z( . r41) zrt 225 s+(2TtzzsrlÉr*r(.c7) z.,,Lzlo s+(zt,Lllo) 2]

[tt* 2(.224)2d 4000s + (zfaooo) f
The equations For synthesLzi-ng, these first order zeros

and second order poles axe lisËed in Appendix A. A FairchÍld

uA709C hígh performance operational amplifier vras used for de-

signing the various netr^rorks.

Although equation 4.1 could be synthesi,zeð in one stage

by methods employing negative impedance converËers, three

stages vrere chosen, one for each resonance. The neËwork simul-

ating the loudspeaker is shown in Fig. lr.L. Each network syn-

thesized was checked for stability. fn this consideration, the

pole inherent to the integrated círcuit operational amplÍfier

must be taken into account.

4.2 COMPENSATING NET!,IORK FOR LOUDSPEAKERS

Having obtained the eqlration and network of the simulator

t: r:, r.i

where
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the compensator lrTas synthesLzed next. Beranek stated that

a f.Lat frequency response from 7O Hz to 7000 Hz is desired.

For our loudspeaker a tLat response aË 70 Hz would require

a large amount of power and signíficant distorËion would

result from obtaíning this loudspeaker response at these low

frequencies. For these reasons the desired flat Ëransfer

funcËion was taken above 180 Hz as described below.

cD(S) = Kp- 52, 
^(s+Zrr 180) ¿

---4.2

where G¡ = desired frequency response

KP = CoûStânt

From pole zeto cancellations of equations 4.2 and 4.L

the transfer function of the compensator \^ras given by:

GCt = KCr N!.1, ---4.3
Dct

where f.Cf = constant

NCt = DL

Dcr . (s+2tl1s0) 23+2rt 18s0) Zçs+zrf ?34clz

Three stages r^lere used to synthesí-ze this function.

These provided isolation between the three resonant points

and allowed for variation of the resonances.

Two types of parameter variation were provided for the

compensator. The parameters of Ëhe twin T circuít (circuit 6,
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App. A Table VI)

províded vüith the

used to synthesize

varíations shown

the resonance point erere

in Fig. 4.2.

¡FIc. 4.2 CIRCUIT FOR TRANSFER FUNCTION: S2+o¿S+ 1

-T
Variation of R3 from the calculated value provided a

change in the dampí.ng factor of the cÍrcuit . This ; Í's. anal-

ogous to varying the Q of a circuit (Q and damping factor

are inversely proportional). The change ín R3 shífted the

zero <rn the pole - zero graph parallel to the real axis.

This changee 9( in the Èransfer function and thus onLy the

Q of the circuit is:, changed

Variation of R5 provides a change in the voltage divi-

sion ratio aË the input. The resístor R5 -'is chosen ap-



proximately ten times as great. as R4. As R5 decreases, the

decrease in V2 shifts the neËural frequency oE the resonance

ro the input. The q of the circuit is slightly degraded,

however the desirable value of Q can be obtained by varying

R3

\^Iith the above tvro types of adjustments, the approximated

compensator i^7as varied to provide better eompensation for the

loud-speaker and was utilized for other loudspeakers. Also,

by cascading Ëhe simulator and compensator the behaviour of

the compensated assembly was tested electrically.

I¡lith a minimum of adjustment of parameters for the first

loudspeaker compensator, the second loudspeaker was comPen-

sated.

Each stage of the compensator should have approximately

a uniiy D.C. gaín. A gain greater than unity woulcl not allow

higher input voltage levels fo be used as the output voltage

swing of the u A 709 C operational amplifier is about 5 volts

peak to peak. A much lower gain would necessitate the use of

a very high output po\^7er amplifier with the loudspeaker to

províde audible output of the loudspeaker.

As Lhe low :Erequency response (less than 180 Hz) is un-

changed, the distortion of tire compensaËed loudspeaker assembly

would not be increased.

4s
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A change of pole position of. the .Eirst loudspeaker com-

pensator from 1500 Hz to 185CI Hz and variation of parameters,

as described above, providecl compensation for the second loud-

speaker. The equation of the compensator transfer function

T¡7AS :

Gcz : Itz IcZ
Dcz

constant

DL

4.4

where Rcz :

Ncz :

Dcz - $+2'F(1Bo¡ 2 G + 2rr1s00) 2 ß * zl zs+a¡z

The approximated compensator for the first loudspeaker

is shown in Fig. 4.3 and for the second loudspeaker is shown

in Fig. 4.5. Upon variation of parameters, as described above,

when cascaded with Ëhe loudspeaker, Ëhe desired frequency res-

ponse v¡as obtained. The netT^7orks obtaÍned are shown on Fig. 4.4

and Fíg. 4.6.
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4.3 FREQUENCY RESPONSE MEASUREMENTS OF SIMULATOR AND

COMPENSATOR E'OR FIRST LOUDSPEAKER

4.3.1 FREQUENCY RESPONSE OF STMULATOR

The frequency response of the simulator shown in Fig. 4.L

\^ras obtained by standard experimenËal methods. The data ob-

tained from these measurements is listed in Appendix C and ås

also plotted in Fig. 4.7. Initially the frequency resPonse

had a + 2 slope. Three resonances were obtaíned at 220 Hz,

1330 Hz and 4000 Hz with approximaËe gains of 9 db, 20 db and

I db referred to the gaín at 180 Hz.

4.3.2 FREQUENCY RESPONSE OF APPRoXTMATED

COMPENSATOR

The frequency response of the compensaEor net\¡¡ork vTas

obtained as shown in Fig. 4.2. Two different input levels

were used to test the linearity of Ëhe círcuit and to check

whether the circuit introduced intermodulation noise.

The data obtained from these measuremenËs is listed in

Appendix C. A plot of the values obtained is shown in Figures

4.7 and 4.8. As can be seen from these curves, three resonan-

ces ürere present at 2L0 Hz, L2O0 Hz and 4000 Hz. Since the

curve in Fíg. 4.8 was fairly linear, intermodulation producËs

r^7ere negligible.
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4.3.3 FREQUENCY RESPONSE OF ACTUAL

COMPENSATOR

The frequency response of the circuit shown in Fig. 4.4

Tdas obtained and the data, given in Appendix C, Ís plotted

in Fig . 4.7. Upon comparing this frequency response and that

of the approximated compensator, it became evident that the

damping factor vras greater at 225 Hz, and L200 Hz for the ac-

tual compensator. Also, in order to provide a desÍred flat

response, the third resonance ü7as shifted from 4000 Hz to

6 1800 Hz. Hence this network would provide a pleasing sound

to the ear when cascaded with the lor-rdspeaker.

4.3.4 FREQUENCY RESPONSE OF CASCADED SIMULATOR AND

ACTUAL COMPENSATOR

The frequency response of the simulator and actual com-

pensator r/üas obtained and the results are listed in Appendix C

and plotted in Fig. 4.9. As the curve vüas not flat as desired,

some error \^Ias involved in approximating the loudspeaker Lrans-

fer funcËion and then synthesLzi:ng this function. The variation

from f latness r^7as up to 6 db. This indicates that some error

T¡¡as involved in approximating and synthesizi.ng the simulating

network.
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4.4 FREQUENCY RESPONSE MEASUREMENTS OF

COMPENSATOR FOR SECOND LOIIDSPEAKER

4.4.1 FREQUENCY RESPONSE OF APPROXIMATED COMPENSATOR

The frequency response of the approximated compênsator

\'ras measured and is shown in Fig. 4.5 . The compensator r,ras

also Ëested f.ox linearíty. The results are listed in Appendix

and. plotte<l in Fig. 4.10. Three resonances T^7ere present at

2L0 Hz, 2T0a Hz and 4000 Hz, The results arso indicate that

intermodulation prod.Llcts would be mínimal as the network was

almost perfectly linear.

4.4.2 FREQ'IJENCY RESPONSE OF ACTUAL COMPENSATOR

The frequency response of the actual compensator shornm

in Fig. 4.6 was obtained. The data is listed in A.ppendix D

and plotted in Fig . 4.rL. comparing this resurt iøith the

previous test, certain observations Ì,üere apparent. The natural

frequency at 225 Hz was shifted to 250 Hz and the damping fac-

tor was greater, the resonance at T20a Hz was eli_mÍnated, and

at the higher frequencies the shape remained the same but there

r/tas a loss of about 7 db.
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CHAPTER V

COMPENSATED LOTIDSPEAKER TESTS

5.1 TESTS FOR FIRST LOUDSPEAKER

In order to study the operation of the compensated loud-

speaker assembly, a white noÍse excitation frequency response

curve was obtained for the compensated loudspeaker. The meËhod

hras identical to that of Test 3.3 in Chapter 3. The block

diagram of the setup is shown in Fig. 5.1.

IJUOSPEAKÊR

FIG.5.1 EXPERIMEMAL SETUP FOR I^IHITE NOISE

COMPENSATED LOUDSPEAKER FREQUENCY RESPONSE

The amplifier shown in Fig. 5.1

Ëhe required pov/er supply voltage

ís a low impedance type

is 40 V D.C. The pol^rer

60, CABLE

and
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supply voltages for the operational amplifiers r^/ere t 15 V O.C.

The compensator used in the Êollowing tesËs ís shown in

Fig. 4.3" Different conditions \^rere introduced to study the

behaviour of the compensated assembly. The graphs providing

the results are included in Appendix E. Table IV lists all

tire tests conducted. The results \^7ere as follows:

TEST 5. 1:COMPENSATED AND UNCOMPENSATED LOUDSPEAKER

FREQUENCY RESPONSE

This test shows the uncompensated and compensated loud-

speaker freqr-rency response. There was a marked improvement

ín flatness for the compensaËed frequency response. The

resonances at 225 Hz, LZA} Hz and 4000 Hz were f,lattened.

The reading was obtained using L/S octave bands, and from the

:,': "':: r:

compensated loudspeaker readings, a definite change in fidelity 
i

of the loudspeaker is observed.

TESTS 5.2 AND 5.3:COMPENSATED LOUDSPEAKER

LINEARITY TESTS

Two tests of the compensated loudspeaker assembly for

linearity Ìizere carried out. They indicated that the loudspeaker

r,ras approximately linear over the frequency band of interest. iia.itt'':.-. :

It was noteC that since a white noise excj-tation was used, the

effects of the enclosure !úere negligible for these measurements.
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TABLE IV

TESTS FOR FIRST LOUDSPEAKER

Test Figure Distance from Vin SpecÍal condiËions
loudspeaker Ëo Vrms.

mícrophone

5.1 E 1 143fr .09

5 .2 E 2 L43" a) .08

b) .16

5.3 E3 L43" a).08

b) .16

5.4 E4 L7gt, .L6

5 .5 E 5 111r .L6

5.6 E 6 70" .16

5.7 E 7 TOtt .L6 Ambient noise

5.8 E 8 130tt .16 Loudspeaker posirion
changed.

5.9 E 9 130tr .16 Loudspeaker positíon
same as 5.8
3 chairs Íntroduced

1 behind microphone

2 on side of mi.crophone
Loudspeaker position
same as 5.8

5.10 E 10 130'' .L6 3 chairs introduced

1 - 2 yards in front
of speaker

2 - on side of micro-
phone.
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Al1 levels of excitation may hence be compensated, since the

loudspeaker is approximateLy 1ínear.

TESTS 5.4,5.5 AND 5.6 - COMPENSATED L0UDSPEAKER

TESTS FOR MICROPHONE POSITION VARIATION

These tests cletermíned the effect of changing the listening

position on the frequency response. It may be concluded from

the results that the listening Position clid not affect i,r'hat

the ear detects. This was expected, as the effect of Ërre en-

closure was negligÍb1e

TEST 5.7 AMPIENT NOISE LEVEL IN ENCLOSURE

This test províded the level of the ambíent noise in the

r 1 . 1 ^ 1 ^ Â - I ^ -L -----,^ J Lf-^ ^--LJ^.-Lmicrowave anechoic chamber. As can be observed, the ambienL
l

i noise in the chamber was of such low level that other readings

were not affected.

TEST 5.8 CCMPENSATED LOUDSPEAKER TEST FOR

LOUDSPEAI(ER PCISITION CHANGE

In this tesE the loudspeaker position was changed. The

compensated frequency response tvas still, however, very close

to the ciesired response.

TESTS 5.9 AND 5.10. COMPENSATED LOUDSPEAKER TESTS

FOR ENCLOSURE CHARACTERISTTCS CHANGE

In these tests nerrr objects $rere introduced into the en-
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closure at varÍous positions. The compensated loudspeaker

response still remained the same as before - very close to

the desired flat response.

The fact that the loudspeaker was approximately linear

meant that only the Bode plot was requirecl to specify the

louclspeaker transfer -Eunetion, as the phase is related Ëo the ..:

gain plot. Thus a flat frequency response indicated a fast 
"t"t'
i:., '

transi-ent response, wirich is very desirable in a loudspeaker i:

5.2 TESTS FOR SECOND LGJDSPEAKER

In order to show the flexibility of the methoC, the
l

second loudspeaker was tested. The flat frequency response

oÊthesecond1oudspeakerisshorn'nonFig.5,2.Inorderto

compensate the second. loudspeaker, the compensator of the 
l

:

first loudspeaker was initLaLLy cascaCed with the second loud-

speaker. The f requency response obtained, as shown in Fíg . 5 .2, 
, ,. ,,,
. 

I r. :'

was much worse than f or the uncompensated loudspeaker. Para- ',',i',
,. -, ., .,

meters ,i^rere varied, as described in Section 4.2, and a ne\^I com-

pensated f requency response \^ras obËained and shown in Fíg. 5 .3 .

As can be seen from Fig. 5.3, a flat response \^/as obtained 
,.,,,:'.

above 150 Hz, approximately. The response above 4000 Hz drop-

ped below the reference line and there was a depression in
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the f requency response betl/'reen 1500 - 2OOO Hz. Although the

variatíon was greater in some cases Ëhan the allowable 3 db,

the response approximated the desired response much closer

than the inítial uncompensated response.

5.3 PSYCHOACOUSTIC TESTS

Subjectíve tests r^rere conducted to provide another

. measure of the validÍty of our approach.

The f ollowing apparatus r^ras employed in the measurements:

Turntable.

Amplifier with voltage gain of 10

Actual compensator for Second Loudspeaker

Heathkit 25 watt amplifier with A A compensator

Second loudspeaker.

Record - ttcetting Romantictr Síde 1, by the

Swingle Singers. 
l

The equipment $ras set up as shown in FÍg . 5.4. :,:' ,.,..,,1 ,;,,

t.t,' ' 

" 

.

Eight listeners r^7ere brought in, one or tr^io at a time, 
.,,,, ,',,,,.','-a ' . .:

and asked to judge the quality of the sound. The compensator ' :.

T¡7as switched in manually without knowledge of the observers ' 
":,.,.,: ,.. . _

ìr":rr: . . -..:.::_-:...
i: :ri r"::::- :r":-_:: l : :
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The listeners r^rere asked whether the sound was of equal loud-

ness in both cases before makÍng Ëheir decision. The results

obtaíned are shown in Table V.

The listeners were able to distinguish the compensated

assembly and to make definite comments about its performance

as shown in Table V. The unanimous decision of all listeners

r,l/as that the compensated resporlse was much more pleasing to

Ëhe ear.
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TABLE V

PSYCHOACOUSTTC TEST RESULTS

Lis teners Comments

Dr. R. LI. Menzies Shov¡ed a marked increase in bass.
The sound i,üas more pleasing.

Mrs. R. iü. Menzies Better bass response. Sound is
much better.

I grarJuate stuclent Much better response with compen-
sator.

Dr. G. Id. Swíft Resonances not present, better bass
response.

2 graduate students Much better bass. Better articul-
at ion .

1 grartruate student

Ðr . H. K. Kim

Much better response.

ImmediaËe cirange in lisrening lvith
compensator, for the better. Res-
ponse much better. High frequencies
not as pronounced.



CHAPTER VI

CONCLUSIONS

It has been demonstrated that a loudspeaker may be com-

pensated by means of active circuit synthesis employing RC

elements and integraËed circuits.

Three operational amplifier stages r^7ere used in the com-

pensator mainly to provide isolation and inciividual adjustment

of the damping factors of the resonant twin T circuits and

shifting of their natural frequencies. These features r^rere

important to provide the desÍred frequency response and design

Êlexibilíty whích cannot be achíeved by a smaller number of

stages.

Since the compensaËed loudspeaker was approximately lÍnear,

íts flat frequency response meant that it had a fast transient

response. This characteristic is very desirable for loud-

speakers.

By means ot objective and subjective tests, it has been

shown that the compensated response is more natural and pleasing

to the ear. A compensator r^/as built f or one loudspeaker and

afLer adjustment oi parâmeters ü/as applied to another loud-

speaker to provicle the clesíred. f latness.

It is concludeci thaË this type of compensator should be

incorporated with preamplifiers to improve the frequency res-

ponse of loudspeakers.
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APPENÐIX A

DESIGN EQUATIONS FOR SYMHESIS OF POLES AND ZEROS

The networks shown in Table VI were coTlsidered when 
::,:,.,:,

designing the loudspeaker simulator and- compensator. This

table shows the transfer function to be compensated, its

short circuit admÍttance parameter, circuit configuration 
,,t 1,,

1., -,,

and design formula.
I ,:',:, l:

Further information for designíng a complex ¡:a.ír of zeros ::;::,:,.,:

or poles of a certain damping factor and natural frequency ís

provided in Fig. 4.1.
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APPENDIX B

FREQUENCY RESPONSE OF THE FIRST LOUDSPEAKER

USING I¡THITE NOISE EXCITATION

The following data was obtained from Test 3.3. A matched

impedance amplífier was used and the input volËage was measured 
,

at the input to this amplifier. The following vrere the con-
i

ditions under whích the readings v¡ere obtained

Vo.c. pohTer supply = 40 v

Vin = .015 Vrms

Figr-rre Distance
to microphone

B1 119 rr

È2 130 |l
R3 93 |l
Bh 69 il
B5 97"
86 49 n

B:t 67 u,'
B8 LzL ''
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APPENDIX C

SINE I,.JAVE EXCTTATION FREQUENCY

RESPONSE ÐATA FOR SIMULATOR AND

COT'IPENSATOR OF FIRST LOUÐSPEAKER

Sêction 4.3 .1 Frequency Response of S j-mulator

VÍn = I x .5v Peak to Peak

Pourer Supply Voltages for Operational Amplifier

Vout
v peak
to peak

20 1og Vo/Vin

=t
20

15V

1og Vo/Vín

2A 0.
50 .003
7A .ALz

r00 .020
r50 .47 5
180 .L7 A
2A0 .300
zLA .44A
22A .500
25A .380
28C .28A
350 .200
400 .190
500 .180
600 .180
700 .22a
800 .260
900 .320

1000 .400
1100 .625

!OO

-44.43
-32.40
-27 .9 r"

-2t.92
- 9.37
- 4.44
- .11

0.00
- 2.38
- s.04
- 7.96
- B.18
- 8.87
= B.87
- 7.10
- 5.68
- 3.BB
- L.94

L.94.

Hz'

1200
r330
1500
1800
2000
2300
2_500

3000
3500
4000
4300
5000
6000
7000
8000
9000

10000
12000
15000

6.44
11 .00
4.08

- .92
- 3.94
- 2.5t
- 2.54
- 1.41

0.51
0.99
0.34

- 2.38
- 5.04
- 7.L3
- 8.40
- 8.87
- 9.90
- 9.90
-Lt.46

Hz

Vout
v peak
to peak

1 .050
L.775

.800

.4.s0

.400

.37 5

.37 5

.425

.530

.s60

.520

.380

.280

.220

.190

.180

.160

. 160

.150



Sectíon 4.3.2 Frequenc¡z Response of Approximated Compensator

a) Vin = 1 volt peak to peak

Power Suppl-iz Voltages for Operational Amplifier = + 10v

2A 1og Vo/VinVout
v peak
to peak

20 1og VolVin

o1OI

Hz

20 1.50
30 L.45
s0 r_ .35

100 .90
1s0 .42
180 .22
200 .L4
zLO .r4
22A .18
24A .26
250 .30
300 .45
3s0 .39
400 .6tr
500 .68
600 .64
700 .56
800 .48
900 .3{}

1000 .26,

3.52
3.23
2.6A

- 0.92
- 7.54
-T3.r7
-17 .08
-17.08
-L4.87
-11.70
-10.04
- 6.93
- 4.88
- 3.84
- 3.L6
- 3.84
- s.04
- 6.37
- B.89
-rL.70

Hz

1100
L200
1300
1500
1800
2000
2300
2500
3000
3500
4000
4s00
5000
6000
7000
8000
9000

10000
1 2000
15000

Vout
v peak
to peak

.L6

.08s

.11

.25

.395

.465

.48

.48

.40

.31

.26

.27

.29

.4A

.50

.54

.60

.60

.64

.60

-L5.92
-2L.
-L9.L7
-T2.A4
- 8.07
- 6.65
- 6.38
- 6.38
- 7.96
-10.02
-11.70
-LL.372
-LA .7 5
- 7.96
- 6.L9
- 5.35
- 4.44
- ¿r.44
- 4.44
- 4.44



8B

b) Vin : .5 volt peak to peak

Power Supply Voltages for Operational Amplifier =

20 1og Vo/Vin

+

Hz

2A
30
50

100
150
180
200
2t0
224
240
250
300
350
400
500
600
700
800
900

1000

Vout
v peak

to peak

.7 5A

.750

.700

.47 s

.24A

.r20

.070

.070

.095

.130

. 160

.245

.300

.340

.360

.345

.300

.255

.LgA

.140

3.52
3.52
2.92

- .46
- 6.38
-r2.39
-17 .08
=17"09
-r4.42
-1r.70
- 9.90
- 6.20
- 4.43
- 3.3s
- 2.85
- 3.22
- 4.43
- s.83
- 8.40
-11 .05

Hz

1100
1200
1300
1500
1800
20aa
2300
2500
3000
3500
4000
4s00
5000
5000
7000
8000
9000

10000
12000
15000

-r7 .70
-20.45
-r8 .42
- 9.00
- 7.85
- 6.38
- 6.02
- 6.38
= 7.96
- 9.90
-LL.37
-11 .06
- 9.90
- 7.96
- 5.68
- 4.58
- 3.6L
- 3 .61-
- 3.22
- 2.38

V
to

10v

20Vout log Vo/Vin
peak
peak

.080

.047 5

.060

.L67 5

.2025

.240

.250

.240

.200

. 160

.135

.L4A

. 160

.200

.260

.29s

.330

.330
,345
.380 .'..'i



Section 4.3.3 Frequency Response of AcÈua1 Compensator

Vin = 1 x .5v peak Ëo peak

Power Supply Voltages for Operational Amplifier = +

'i ; :,i: iì: ì

B9

f Vout 20 log Vo/Vin
v peak

Hz to peak

Vout
v peak
Ëo peak

.24

.28

.39
,45
.48
.48
.46
.44
.38
.32
.30
.24
.20
.19
.20
.24
.30
2.t

.36

.46

.46

15V

20 log Vo/Vin

-L2.39
-11.10
- 8.18
- 6.9s
- 6.37
- 6.37
- 6.75
- 7.L4
- 8.40
- 9.81
-L0.47
-L2.40
-T3.99
-L4.4s
-13.99
-12 .38
- r0 .48
- 9.81
- 8.48
- 6.75
- 6.75

20
50
70

100
150
180
200
2l-0
220
250
300
350
400
s00
600
700
800
900

r000
1100
1200
1300

L.2
L.2
1.1

.65

.32

.22

.20

.20

.24

.32

.42

.49

.54

.55

.32

.45

.38

.28

.24

.16

.15

.19

15 .90
ls .90
I .40
3.75
9 .8r

-T3.L7
-L3.99
-r3.99
-L2.39
- 9.81
- 7.75
- 6.24
- s.35
- 5.1_9
- 5.68
- 6.95
- 8.40
-11 .08
-L3.99
-T5.92
-16.50
-L4.42

Hz

1400
1500
1800
2000
2300
2500
2800
3000
3500
3800
4000
4500
5000
6000
6500
7000
8000
9000

10000
12000
15000
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Section 4 .3.4 Frequency Response of Cascaded Simulator

Actual Compensator

Vin = lv peak to peak

Power Suppl¡r Voltages for Operational Amplifier = * 10v

Hz

2A
30
50
70

100
150
180
20a
2LA
224
2so
300
350
400
500
600
700
800
900

1000

Vout
v peak
to peak

0.
.004
.oLz
.018
.030
.052
.050
.056
.088
.r25
.160
. 160
.165
.L7 A
.180
.L825
.185
.185
.180
.L65

20 log Vo/Vi

oo
-47 .96
-38.42
-34.89
-30.46
-25.68
-26.02
-25.04
-2l.LL
-t8.27
-L9.92
-T9.92
-15.65
-ls .39
-T4.89
-L4 .7 5
-L4 .66
-L4.66
-L4.89
-15.65

Vout 20
v peak
to peak

.L45

.L45

.300

.370

.324

.260

.260

.260

.285

.390

.250

.2L0

.200

.200

. r90

.190

.190

.190

.200

.200

1og Vo/Ví

-L6.77
-L6.77
-L0.46
- 8.64
- 9.85
-11.70
-LL.7A
-11.70
-10.90
- B.18
-L2.04
-13.56
-13.98
-13.98
-L4.42
-L4 .42
-L4.42
-L4.42
-13.98
-13.98

Hz

1100
1200
1300
1400
1550
2000
2200
2500
3000
3s00
4000
4500
5000
6000
7000
8000
9000

10000
12000
15000
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APPENDIX D

STNE I\TAVE EXCITATTON FREQUENCY

RESPONSE DATA FOR COMPENSATOR OF

SECOND LOUDSPEAKER

91

SectÍon 4.4.1 Frequency Response of Approxímated CompensaËor

a) Vin = 1v peak to peak

Power Supply Voltages for Operational Amplifier = *

Hz

20
50
70

100
1s0
180
200
2LO
220
250
300
3s0
400
450
500
600
700
800
900

1000
1100
1200

Vout
v peak
to pea.k

1 .10
1 .00

.90

.65

.32

.16

.10

.10

.L4

.23

.35

.44

.48

.48

.52

.50

.42

.38

.28

.20

.T2

.06

20 log Vo/Vin

.84
0.00

- .92
- 3.75
- 9.89
-r5.92
-20.00
-20.00
-17 . r0
-L2.7 6

- 9.11
- 7.L4
- 6.37
- 6.37
- 5.67
- 6.02
- 7.36
- 8.20
-11.10
-L3.99
-L8.44
-24.40

Vout
v Peak
to peak

.09

.L4

.T9

.32
-34
.38
.38
.34
.32
.26
.2t
.22
.26
.32
.35
.4s
.50
.58
.62
.68
.70

l5v

20 log Vo/Vin

-20.90
-17 .10
-L4.45
- 9.89
- 9.35
- 8.40
- 8.40
- 9.3s
- 9.89
-11.70
-13.60
-13.16
-11 .70
- 9.89
- 9.L2
- 6.94
- 6.02
- 4.72
- 4.L6
- 3.36
- 3.10

Hz

1300
1400
1500
1800
2000
2300
2500
2800
3000
3500
4000
4300
s000
5500
6000
7000
8000
9000

10000
r2000
r5000



fa-=.8:5âi.tr

92

b) Vin : .5v peak to peak

Power Supply Voltages for Operational Amplifier =

f. Vout 20 1og Vo/Vin

+ 15v

2A log Vo/Vin

-20.92
-17.10
-L4.44
- 9.81
- 8.88
- 9.20
- 8.40
- 8.68
- 9.60
-11 .40
-13 . r0
-13 .10
-11.10
- 9.81
- B.88
- 7.L2
- 5.16
- 4.72
- 4.40
- 3.60
- 3.10

Hz

20
50
70

100
150
180
200
2L0
220
250
300
3s0
400
4s0
500
600
700
800
900

1000
1100
1200

v peak
to peak

.550

.47 5

.400

.300

. 160

.080

.047 5

.050

.060

.115

.L7 5

.20

.24A

.240

.260

.250

.220

.180

.140

.095

.060

.030

.84
- .40
- 1.9s
- 4..4A
- 9.89
-1s .91
-20.40
-20.00
-L8.44
-L2.7 6

- 9.L2
- 7.r2
- 6.36
- 6.36
- 5.67
- 6.02
- 7.L2
- B.88
-11 . l0
-L4.43
-LB .44
-24.44

Hz

1300
1400
1500
1800
2000
2300
2500
2800
3000
3500
4000
4300
5000
5500
6000
7000
8000
9000

10000
12000
15000

Vout
v peak
to peak

.04s

.070

.095

. 160

.180

.190

.190

.17 s

.165

.13s

.110

.110

.140

.160

.180

.220

.260

.290

.30s

.330

.350



Secti.on 4 .4.2 Frequency

Vin : .1 V peak to peak

Power Supply Voltages for

Response of Actual Compensator

Operat ional Amplifier = t 15v

20 log VolVí

93

Hz

20
50
70

100
150
r80
240
2sa
300
35s
400
500
600
700
900

1000

Hz

1300
1500
1800
2000
2200
2s00
3000
4000
5000
6000
7000
8000
9000

10000
12000
15000

Vout
v peak
to peak

.090

.085

.080

.065

.050

.035

.029

.016

.02L

.02L

.024

.028

.032

.432

.031

.029

20 1og Vo/Ví

- .92
- r.43
- L.95
- 3.75
- 6.02
- 9.L2
-T0 .7 s
-15 .90
-L3.54
-13.54
-L2.40
-1r.04
- 9.90
- 9"90
-10.16
-T0 .7 6

Vout
v peak
to peak

.022

.019

.016

.0r7

.016

.015

.013

.010

.0L2

.016

.020

.024

.024

.426

.032

.032

-13.16
-L4.43
-15 .90
-L5.37
- 1s .90
-t6.47
-t7 .70
-20 .00
-18 .40
-15.90
-13.98
-L2.40
-L2.40
-11 .70
- 9.90
- 9.90
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APPENDTX E

TESTS FOR COMPENSATED FIRST LOUDSPEAKER

the

to

Various tests v/ere conducted to

compensated loudspeaker. Special

a personts listening. The various

study the behaviour of

consideration was given

tests conducted were:

Test 5.1

Test 5,2 and 5.3

Compensated and Uncompensated Loud-
speaker Frequency Response.

Compensated Loudspeaker LÍnearity
tests.

Compensated Loudspeaker Tests for
Microphone Position VariatÍon.

Ambient Noise Level in Enclosure.

Compensated Loudspeaker Test for
Loudspeaker Positíon Change.

Compensated Loudspeaker Test for
Enclosure Characteristics Change.

|: ::
r-t::

Tests 5 .4,

Test 5.7

Test 5.8

5.5 and 5.6

Test 5 .9 and 5 .10

The various conditions under which the above tests r¡¡ere

performed are lÍsted. in lable IV.
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