Laser interferometric characterization of a vibrating speaker system
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An experiment that combines opto-mechanical and electrical measurements for the characterization
of a loudspeaker is presented. We describe a very simple laser vibrometer for evaluating the
amplitude of the vibration(displacement of the speaker cone. The setup is essentially a
Michelson-type interferometer operated by an inexpensive semiconductor(dasge laser. It is

shown that the simultaneous measurements of three amplitddgdacement, electrical current,

and applied voltageas functions of the frequency of vibration, allow us to characterize the speaker
system. The experiment is easy to perform, and it demonstrates several useful concepts of optics,
mechanics, and electricity, allowing students to gain an intuitive physical insight into the relations
between mathematical models and an actual speaker systerroo3Camerican Association of Physics
Teachers.
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[. INTRODUCTION with a description of the experimental setup and components

) , . (in Sec. Ill). The results are presented and discussed in
Since the advent of the laser in the early 1960s it has beeggc. |v.

natural to study vibrations by means of the Doppler effect.
The idea is to use an optical interferometer to measure the
frequency shift of a coherent laser beam that is scatterel THEORY
from a small area of the vibrating object. The interferometer

mixes the scattered light with a reference beam, resulting i
an optical signal whosébea} frequency is equal to that of

the difference between the mixed beams. By using this pro- A |oudspeaker is a device that converts electrical energy
ject can be precisely measured. Several variations of the lasgpne firmly cemented to a small light cylindrical coil in its
Doppler technique have been developed for applications igenter, as depicted in Fig. 1. The coil is in a strong magnetic
control, industrial plants, and medical diagndSi$As a con-  field lie in a plane perpendicular to theaxis shown in Fig.
sequence of the wide acceptance of the technique, the relatgd Ajternating current through the coil causes the speaker
instrumentgusually called Laser Doppler Vibrometgisave  cone to vibrate, thus producing sound waves to the air.
become important tools for those involved either in research consider a loudspeaker in which the coil is fed with a
or applications involving experimental vibration and dy- steady sinusoidal voltage/, of amplitudeV, and angular
namic system analysis. However, despite the fact that there ﬁequency . The alternating electric currenit flowing
extensive coverage on this subject in the technical Iiteraturqhrough the coil has amplitude. The forceF on the coil
glere Iaret relﬁ':\ti.vely few pg\pers gevtoteldgo ”}e?t‘ge of the Ias%Lnd the resulting motignis in théx axis direction and can

oppler technique in undergraduate laboratoties. . Lo o

This work presents a very simple laser vibrometer suitabl eevg(r)litltegnggt:h_e ?e“n mtgf I\?vitrgemnlﬁgng:f gzléjaig:rt]ﬁtehcgt”
for qhalrac(:j'cerizinl(g; eIe%romgchanic tyans;iucerz such as d noves berpendicula?ly to the magnetic fiéld and the wire is
namic loudspeakers. The aim is to give the student a gener . 4 - ; .
introduction to the Doppler effect, optical interference, andperpendmular to t_he field aqd to the motion, there_ IS an in-
vibration analysis, by illustrating an application of the Iaserggﬁi(:):éeogtlroomowe force given liy=Blu, whereu is the

Doppler technique in the field of acoustics. Vibration mea- . _ . .
PP que | I Ut orat Jf the loudspeaker vibrates with small amplitudew in-

surements on a speaker system are one of the typical case

where, because of the speaker cone lightness, optical tecRYt POWel, we may think of it as a linear systeffiThus all

niques are much preferred over the usual instrumentatiofScillatory quantities can be expressed by sinusoidal func-
(such as accelerometgrs tions with temporal angu_lar frequeney. Let us callx the

We consider one of the most common speaker modeld0Sition of the central point of the speaker cone alongxthe
which consists of a light coil suspended on a strong perma@Xis, and defin&=0 as its equilibrium positiottwhich oc-
nent magnetic field fixed on the center of the moving coneCurs in the absence of any external applied voltagée
In Sec. I A the basic theoretical expressions relating electriamplitude of the displacement g . As will be shown, it is
cal and mechanical quantities of the vibration of the coil inpossible to characterize the speaker system by fitting the ex-
the magnetic field are derived. Section Il B presents a generderimental data of the current normalized amplitude of vibra-
explanation of the Doppler effect and optical interferometry.tion, Xo/iy, and the impedance&,=V,/i,, as functions of
It is assumed that the student has a thorough knowledge of, using the corresponding theoretical expressions. A classi-
the fundamental laws of mechanics and electromagnetisngal approach to obtain these expressions makes use of com-
and is familiar with calculus and complex numbers. Emphafplex numbers to represent the physical parameters that oscil-
sis has been given to explaining the basic concepts togethtate. We write a little caret () over the parameter to

'\ The dynamic loudspeaker
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Permanent magnetic field, B

Coil: wire length, /
resistance, R . ? vV
inductance, L X-axis

Mass (cone + coil), m < moving T [N J—————

Overall elastic constant, &

&
g
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Fig. 2. Equivalent all-electrical network to a loudspeaker. The resistance of
the wire isR andL is the inductance. The impedance inside the dashed box
is called “motional impedance,” witlC,,=m/(B1)?, L,=(Bl)?/k, andR,

Fig. 1. Speaker parameters and physical cross section. =(BIl)?%/b. The applied voltage i% andE is the induced electromotive
force (in volts).

Dissipation constant (friction + sound), b

represent that it is a complex number; the corresponding An important conclusion that may be drawn from E§).
physical quantity being the real part of the expression. Thuss the existence of a resonance ab=[(k/m)

we may write, —(b%2m?)]1*¥2. In practice, the damping constant is gener-
R ~ ally small (b<ykm), so the resonance occurs ai
F=BIi (1)  ~k/m. Also, as we might expect, a strong magnetic field

B, a long length of the wire in the coi] and a small elastic
. coefficientk, result in greater motion, and the terBi/k
E=Blu=]jwBlIX, (2)  appears naturally in the numerator of Ef).

The |mpedanca7_ V/i can be calculated by solving si-
multaneously Eqs(1)—(4). We el|m|nateF E andx:

and

where the temporal derivativelX/dt was replaced by
jox (d/dt—jw),*with j= J— 1. Because the produBt is

real, thej in Eq. (2) simply means thaE and u lead the 2

displacemenk by 90°. Zo—|2)- Vo _ R (B1)?/b

We now write two more equations for our analysis. Ret io 1 K2 m\ 2
and L be the electrical resistance and the inductance of the 1+ —2—2(1—0)2?)
coil, respectively. The coil and the speaker cone altogether b

have massn, the overall suspension elastic constark, iand

the dissipation constarftlue to friction plus useful sounds

b. We assume that the speaker cone and the coil move to- (B)?/k

gether as a “rigid piston,” which is a good approximation for +w? L+

low frequencies, at which the sound wavelength is long com- 1— wzm + 1

pared with the diameter of the speaker cone'? For the k 1 K2 m

electrical part of the speaker, the applied voltagemust 2( —wz—)
. . w2 b k

overcome the induced electromative force, the voltage across

the resistor and the inductor, (6)

AA A with three more independent parameters=R, as=L, and
V=E+Ritjoli, ag=(BI)%/b [the last parameterB()%/k, can be calculated
with the voltage across the inductot.di/dt) written as  from the previous ongslt is clear that the determination of
ijf. On the mechanical side, the force accelerating théhe parametera, 10 a, represents a solution for the speaker
massm can be expressed as problem because the produBi=asag/a,, and therefore

the parameterb, k, andm, can be easily calculated.

In the analysis of loudspeakers it often is convenient to
replace the actual speaker system by an equivalent motional
where —kx— —kX is the elastic force,—bu=—bdxdt electrical system.By writing Z=R+jwlL+2Zy, it is pos-

— —jwbX is the frictional plus air resistance force, and sible to show that a parallel combination of a resistor, capaci-
md’x/dt?>— —mw?X is the mass times acceleration. Note tor, and inductor can represent the tefijy, sometimes also
that the problem expressed by H¢) represents a damped called motional impedance. The equivalent electrical net-
oscillator subjected to an external forEe with b the damp-  work is depicted in Fig. 2, wher€,,=m/(BI)? is the analog
ing constant(which depends on the characteristics of bothof m, L.=(Bl)%k is the analog ok, andR,=(Bl)?/b the

the speaker and the surrounding)alf we eliminateF in  analog ofb. (This circuit is but one of a number of circuits
Egs. (1) and (4) and calculaté/i, we obtain that can be devised from the rationalization of the complex

impedance functioZ.) From inspection of Fig. 2 we can tell
that the frequency of resonance is defined primarily(y

F—kX—j wbX= — me2X, @)

Xo_X_ BI7k - (5) andL, (indeed,m/k=L,C,). The termb/k=L,/R, which
lo i ,M 2 2b2 appears in Eqs(5), and (6) has dimension of time, and is
1-w K T F related to the sharpness of the resonance peak. Of the total
resistive componenR+ R, in this analogy, only that part
with the parametera;=BIl/k, a,=m/k, andas;=b/k. given by R, is associated with the transfer of electrical en-
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ergy to acoustic energiplus losses due to friction in flexing —
the speaker congwhereas the energies storedLipandC,, 01
correspond, respectively, to the mechanical potential and ki-
netic energy of the system. The average poWadissipated
as sound (plus frictional losses is then given by W x,(1)
=EZ2 JRy=bu?,, with E,ns and u,s the rms(root mean
square amplitudes of the voltag& and the velocityu, re- / Laser ; [ N
spectively. Note that ab= /1/L,C,,,, the same current flows BS
throughR and R, (the currents througlh, and C,, cancel
each other, and the ratio of the radiated sound powvelus b [K
T

frictional losse$to the total power dissipated by the speaker
system is simphR, /(R+ Ry). As we might expect from the

analysis of the electrical network depicted in Fig. 2, the
power dissipated bR, is greatly attenuated at low frequen- Oscilloscope
cies due to the shunting effect bf, and at high frequencies

due to the shunting effect &, (and also because the input
current is blocked b)V_) Fig. 3. Experimental setup, illustrating the interferometer and electrical in-

struments. BS: beam splitter, D: photodetectoy; Gtatic reference plate,
. O, loudspeaker, A: milliammeter, G: function generator. The applied volt-
B. Doppler effect and wave mixing age to the speaker I, the current id, the detector output i¥p,, andx, ,

The Doppler effedtcan be used to measure the velocity 3¢ 1€ 8 lengths of the interferometer.
(and/or the displacemensf an object that scatters light. The
idea is to detect the change in the frequency of an electro- . .
magnetic wave due to the relative motion of the object and"/een the signal and rgference beams wh.en they Fecomb'“e
the receiver. Consider a light beam sent out from a laser to aff, 2¥1~ 2X2, and anything that changes this path difference
object moving with velocityu in the direction of the beam. Will cause a change in the output voltagg . Each complete

To first order inu/c, with ¢ the speed of light, the fractional C€Yycle (27 phase shift on the alternating component ¥

shift in frequency of the backreflected bearh2si/c. Thus, ~ €Orrésponds to an object movementd? and the frequency
for an object moving at 1 mm/s, the frequency shift is 1 part®f this modulation is the Doppler shift, given byp
in 1.5x 101L. Although extremely small, this shifusually ~=2WA\. Thus, by counting the number of complete cycles
called the Doppler shiftcan be precisely measured by mix- through which the movement of the_z object causes the output
ing the reflected light from the object with a reference beanoltage to change, we can determine the total distance trav-
from the same laser. eled by the object. _ _ _
A common problem in the laser Doppler technique is the If the test object oscillates harmonically with amplitude
discrimination of the direction of the velocity. This problem and angular frequency, we may letx, = X,q+ Xq Sin(wt), so
is usually solved by employing optical devicésuch as the total phase excursion in one period of vibratidn
Bragg cell$ to shift the frequency of the reference behm. =27/ is 16mx,/\. Therefore, ifx,>\ andn is the num-
However, when only the amplitude of a sinusoidal vibrationper of complete cycles described by the voltage a time
is of interest, all we need is an ordinary Michelson-typeinterval T, we may write 2rn=16mx,/\, or
interferometer:? which is the basis of the setup used in our
experiments(Fig. 3). In this configuration, a laser beam is — S
divided into a reference beam and a signal beam by the cube Xo=NA/8  (Xo>}). ®
beamsplitter BS. The reference beam is directed onto a sta-
tionary object, Q, and the signal beam is directed onto the?"' EXPERIMENTAL REALIZATION
vibrating test objectloudspeaker O,. The retro-reflected We used a 3.5 mW optical output power semiconductor
beams return to the beamsplitter, where part of the bearaser diod&* operating ah=0.65 um for the light source of
coming from Q is transmitted, and part of the beam comingthe setup illustrated in Fig. 3. The diode laser module incor-
from O, is reflected toward the photodetector D. When theporates a mounted laser diode, adjustable focusing lens, and
test object moves, the frequency of the signal beam iglriver circuit into a compact cylindrical packagé2 V dc
shifted, resulting in an optical power modulation of the operating voltage The cube beamsplitt€rtransmits and re-
mixed wave due to interference between the reference arftects approximately 50% of the incoming light and the in-
signal beams. terferometer arms were set for equal lengths to within a few
The expression for the output voltayg from the photo-  millimeters (;~x,~15cm). The laser coherence length

detector can be derived from the well-established wavavas about 10 cm, much larger than the beam’s path imbal-
analysis of two-beam interfererfc€ and may be written as ance. The laser beam is focused onto the referengp §@i

test (Q) objects: a small metallic plate and a low-powr

W) loudspeaker, respectively. The loudspeaker has nominally
]1 @) 8 () impedance, with a speaker cone 60 mm in diameter. In

order to measure the vibration of the coil, the laser beam is
with « the voltage responsivity of the photodetect®s, the  made normally incidentin the x-axis direction in the center
average optical powem the modulation depth) the light  of the speaker cone. The photodetectd) consists of an
wavelength, and; andx, the optical path lengths of the two inexpensive silicon photodiode connected to a transimped-
arms of the interferometer. Note that the path difference beance amplifier integrated on a single monolithic clfigt

47
Vp=«kPgj1+mco T(xl—xz)
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Fig. 4. Typical figure observed on the oscilloscope screen. Curve 1 shows B
the applied voltag®/, and curve 2 shows the ac component of the detector
output voltageVp(ac). Each complete cycl@r peak of the Vp(ac) curve ~ 30
corresponds to a speaker cone displacementZfor 0.325um. The am- c
plitude of the vibration is obtained by counting the number of peaks in one vo
(or half) period of vibration. The arrows on the time axis show the locations iy
that correspond to instantaneous zero veloaity,0 (and the positionx 82 20
=*Xo). I
N
: : : — 10 =
was enclosed in a small aluminum box, which has a small
hole for collecting the incoming light beam. The output volt-
age,Vp, is the product of the photodiode current and an 0
external feedback resistoRr, and is proportional to the 10" 10° 10° 10
radiant power falling on the photodiode’s active areé®a (
=5.2mnf). At the wavelength of 0.65um and Rg v(H2)
= 10_ MQ, the full photodetector VOltage responsivity Is ap- Fig. 5. Experimental resul{gloty and fitted curvessolid lines. (a) Current
proximately k=4.5 V/uW. normalized amplitude of vibration, /iy, and(b) amplitude of the imped-

All components, with the exception of the loudspeaker,ance,z,=V,/i,, as functions of the vibrating frequency.
were mounted on a small aluminum breadboard. The bread-
board was placed on a foam sheet to reduce the noise in-
serted by mechanical vibrations in the optical setup. A dropAll our measurements involved more than 25 peaks in a
let of reflective inR’” was placed on the illuminated areas of half-period fi/2>25), sox, was always calculated with a
both objectgreference plate and loudspeakerincrease the precision better than 4%. Three arrows mark on the horizon-
collected light power, and the detected voltage accordinglytal axis of Fig. 4(time axis: 1 ms/divisionthe locations that
The loudspeaker is fed with a steady sinusoidal voltage oforrespond to instantaneous zero veloaity,0 (and the po-
amplitudeV, and frequencyv=w/27 from a function gen-  sjtion x=+x,). Note that the amplitude of th¥y signal
erator (G).'* An ammetet® (A) measures the curreriy, drops as the Doppler shifand the velocityu) increases due
=io/2 through the speakésee Fig. 3 The input imped- to the finite frequency bandwidth of the photodetector. It is
ance of the oscilloscope is set to lMmuch higher than the not a problem as long as the maximum Doppler shift is not
impedance of the loudspeaker. The voltagéhat feeds the far beyond bandwidth. If desirable, larger bandwidths may
loudspeaker, and the ac component of the output voltagke achieved at the expense of lower responsivity by reducing
from the photodetectofVp(ac)], are visualized on an the resistance of the feedback residRerof the photodetec-

oscilloscopé® screen(triggered usingV as reference tor. In Fig. 4, the number of complete cycl@s peaks in a
half-period of vibration isn/2=28, which results inxg
IV. RESULTS AND DISCUSSION =n)\/8=4.6,um. Thus atv=125 Hz, XO/i0:1.93 mm/A,

andVO/i(): 8479

A typical measurement is illustrated in Fig. 4, where little  The current normalized amplitude of vibratieg/i, was
more than one vibrating period was acquired in the oscillomeasured for frequencies ranging from 25 to 500 Hz, and the
scope. The experimental input is the sinusoidal applied voltimpedancez,=V,/i, was measured up to 30 kHz. The re-
ageV (curve 1 in Fig. 4. In the example, the frequency sults are illustrated in Fig. 5. The dots represent the experi-
v=125 Hz and the amplitud®,=20mV. The measured mental data whereas the solid curves correspond to the fit-
currentip=2.36 mA. The amplitudex, is determined by tings with Eq.(5) in Fig. 5a), and Eq.(6) in Fig. 5b). The
counting the number of peaksomplete cyclesin a half-  fittings were performed using a least-squares routine and the
period of theV(ac) signal(curve 2 in Fig. 4. This number  uncertainties were estimated by calculating the variafices.
can be underestimated by a maximum of 1 peak, so higkrom the first fitting[Fig. 5@] we geta;=BI/k=(1.15
precision demands a large number of peaks to be counted:0.04) mm/A, a,=m/k=(6.23+0.02)x10 ' &, and a;
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Table I. Computed values of the speaker systei{S units). Definitions of electrical devices, such as multimeters or osci”oscopesy can
the parameters are given in the text and are summarized in Figs. 1 and 2na ysed to measure the current and the applied voltage. The
amplitude of the vibration is evaluated by using a very

Bl b m k ; X h i .
(Txm) (NXs/m) (%103 kg) (X 16° Nim) simple laser vibrometer operated by an inexpensive diode
laser at the wavelength=0.65 um. The vibrometer is com-
1.73+0.16 0.16-0.02 0.94:0.13 1.56-0.19 pact, robust, and also easy to assemble and disassemble. The
R L Cm Lk Ry technique has been experimentally verified on a simple case
Q) (X107*H)  (X10°°F)  (X10 %H) (V) study, a small low-power loudspeaker. The structural param-
7884014 1502 31619 108-012 29104 eters of the speaker were determined, as well as the com-
ponents of an analog all-electrical network to the speaker
system.

=b/k=(6.8+0.3)x10 °s. Note that each variable plays a

different role in the behavior ofy/iy: At low frequencies ACKNOWLEDGMENTS
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resonance peak. paro aPesquisa do Estado dedSRaulo, Brazil(Proc. 97/
The calculated values ofik=a, andb/k=a; were then 13231-6 and CNPg—Conselho Nacional de Desenvolvi-

substituted into Eq(6) to perform the second curve fitting Mento Cienfico e Tecnolgico, Brazil (PROFIX, Proc.

[Fig. 5b)], resulting in a,=R=(7.88-0.14)(), as=L 540294/01-2

=(0.15£0.02) mH, andas= (B|)2/b= Ry=(29.10.4) 0. dElectronic mail: afreschi@rc.uncsp.br
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It is important to mention that some care is required when ggg (1985
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controller can be mounted to gggduce a frequency-stable out®Part D32,505, Edmund Scientific(Industrial Optics  Divisioi

put beam from the laser diodé&2* However, satisfactory re- <101 Eé"St 5'030339;1 Pike, Barrington, NJ 08007-1380, U.S.,
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V. CONCLUSIONS has immersed on it a large amount of spheres, with diameters of some
tenths of micrometers. The surface treatment increases the detected signal
We have shown that a speaker system can be characterizeﬂ”e to the high reflectivity of this ink and because the incident light is

. L . . . backreflected over a small angle.
by measuring three quantities as functions of the VlbratmggModel CFG253 Function Generator, Tektronix, 14200 SW Karl Braun

frequency: the amplitude of the electrical current through the pe p0. Box 500, Beaverton, OR 97077, U®mw.tek.con.
speaker coil terminals, the amplitude of the applied voltageisvodel TX3 Digital Multimeter, see Ref. 18.
and the amplitude of the vibratio@isplacement Ordinary  ?Model TDS420A Digitizing Oscilloscope, see Ref. 18.
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Free Fall Apparatus. The Wm. Gaertner Company of Chicago was usually regarded as a source for good-quality optics apparatus, but in the nineteen
twenties it made a line of general laboratory equipment, such as this free-fall apparatus. The glass plate at the bottom was covered with wige liquid s
polish, and allowed to fall past the electrically-maintained tuning fork of known period that can be seen, tines downward, in the upper half oathe appa
A stylus attached to one tine scratched a trace down the shoe polish layer. From the trace a record of position vs. time could be obtained, fronalwhich the v
of “g” could be found. The apparatus is in the Greenslade CollectiPhotograph and notes by Thomas B. Greenslade, Jr., Kenyon Qollege
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