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A common way to measure submicroscopic motion of the organ of Corti is heterodyne
interferometry. The depth over which vibration can be accurately measured with heterodyne
interferometry is determined by both the optics, which controls to what extent light from nonfocal
planes reaches the photodetectors, and demodulation electronics, which determines to what extent
signal generated by out-of-focal-plane light influences the measurements. The influence of a second
reflecting surface is investigated theoretically and experimentally. By reviewing the theory of FM
demodulation and showing tests with a Revox FM demodulator, it is demonstrated that the influence
of a secondary signal on a measurement depends on the modulation index. Both high- and
low-modulation index signals are encountered in heterodyne interferometry of the cochlea. Using a
He—Ne-like diode laserN=638 nm), the border between low- and high-modulation signals is at a
displacement of about 25—-100 nm. Confocal interferometry reduces the magnitude of out-of-focus
signals, and therefore their effect on vibration measurement. The response of the confocal system to
reflected signals from two surfaces separated by distances encountered within the cochlear partition
is shown. The results underscore the benefit of steep optical sectioning for intracochlear
measurements. @005 Acoustical Society of AmericdDOI: 10.1121/1.1848177

PACS numbers: 43.64.Kc, 43.64.Yp Pages: 1267-1284
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I. INTRODUCTION guencies have been shifted from each other by an amount

Heterodyne interferometry has been the primary techihat can be resolved by standard electroi=5 kHz in our
niqgue for measuring cochlear motion for some timeSystem. The velocity of the test object shifts the f_requency
(Willemin et al, 1988, Nuttalletal, 1991, Ruggero and pf the object beam due to 'Fhe Doppler effect and is encoded
Rich, 1991, Cooper, 19984aThe technique uses interference IN the frequency modulation of the 455-kHz heterodyne

between two laser beantebject and referengevhose fre- “carrier” signal. The heterodyne signal is decoded using a
frequency demodulatofEquivalently, the displacement of

the test object changes the distance through which the object
dAuthor to whom correspondence should be addressed. Electronic maibeam travels, thus modulating the phase of the object beam
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corresponds to displacements less than 25 nm. Both high-
Hensen's cell and low-modulation-index signals occur in heterodyne inter-

7 \\s\\ pé/ ! ferometry of the cochlea. For high-modulation-index signals,
/ ° ‘!\! i /ll"b (\Q’ the fundamental component of the output of the FM demodu-
Ly SN o olololaYgfowss lator is not affected by a secondary signal unless the second-
BM ary signal’'s power is nearly as large as that of the primary
~~~~~~ signal. However, the output waveform can be distorted. For a
e low-modulation-index signal, a secondary competing signal
can have a relatively large effect on the fundamental compo-

Reissner membran€
: B

—

— |

St nent of the output signal, but the output signal waveform is
— e not distorted. Cells and structures in the cochlea have a wide
-~ - Velocity C range of reflectivities, and steep optical sectioning is neces-

sary to reduce contamination by out-of-focus signals.
FIG. 1. The organ of Corti consists of several cellular and acellular layers. Detailed discussion on the spatial resolution of intraco-
The measuring laser beam of the interferometer is therefore reflected fro . .
several surfaces. When sound is applied to the cochlea, these suftaces rEhIear VeIOCIty measureme_nts appgared in two 2001 letters to
example,A: basilar membranéBM); B: inner hair cell(IHC); C: lamina the Journal of the Acoustical Societyhese are Ren and
vibrate with different amplitudes and phases. Individual reflections fromNuttall, 2001, “Recording depth of the heterodyne laser in-
these surfaces produce carrier signals of different amplitudes, phases, af@rferometer for cochlear vibration measurement,” and Dal-
Doppler shifts at the photodetector. The relative magnitude of the optical “ .
signals reaching the detector depends on the plane of focus of the interfehOff etal, 2_001’ Remarks _abOUI the dgpth .resqluuon of
ometer, reflectivity and orientation of the surface, and on the optical sectionheterodyne interferometers in cochlear investigations.” Our
ing characteristics of the interferometer. The frequency demodulator deteeontribution concerns optical sectioning and FM demodula-
mines how much the out-of-plane reflections affect the vibration beingtiOn and continues the discussion of those letters
measured. ! . .

In the article by Ren and Nuttall, a heterodyne interfer-

ometer was used to measure the velocity of a vibrating mir-

crease the power in the Object beam, reﬂecting beads afér The Optical Sectioning curve shows the decrease of the
often placed on the sensory tissue and the motion of th@ower in the carrier signal as the distance between a reflec-
beads measured. A bead is a retro-reflector and the light réive plane and the focal planghe defocus distanges in-
flected from it comes from a well-defined depth_ However,CreaSEd. The FWHM is defined as the full width of the car-
measurements with beads also have disadvantages: The pgé&r power curve at half maximum. The recording depth can
sition of measurement is restricted to that of the bead, anBe defined as the defocus distance at which the reported ve-
holes must be made in the overlying tissue in order to placéocity of the reflective plane decreases to 50%. Ren and Nut-
the bead. The bead might or might not move with the undertall reported that the carrier power decreased to 50% of its
lying tissue (Khannaet al, 1998, Cooper, 1999bOn the =~ maximum at a distance of +9.5um from the focal plane
other hand, for measurements made without a bead, the lasgrWHM=19.5um), and to approximately 10% at a dis-
beam goes through the tissue and means have to be providtance of =25 um. At larger distances there was no further
in order to select the depth from which the reflection is acreduction of carrier power. In contrast, the measured velocity
cepted by the interferometer. For example, in Fig. 1 differendid not change with defocusing distance40 to +25 um.
parts of the sensory tissue are imagined to move with differAt distances of-60, +35 um the velocity had dropped to
ent amplitudes and phases. We would like to know undeb0% of its maximum. Because this total distar(é& nm)
what conditions reflections from out-of-focus surfaces affectvas much larger than the FWHM of 19:8n for the carrier,
the measured velocity of the in-focus surface. the authors noted that the FWHM for the carrier power could
The accuracy with which vibration at a selected planenot be used to determine the FWHM for the velocity. Below,
can be measured in the presence of reflections from secondke further explore the relationship between depth resolution
ary surfaces is determined by the optical sectioning charagnd optical sectioning.
teristics of the interferometer and the signal processing of the  The letter by Dalhoffet al. discussed the effect of a
FM demodulator. By reviewing the theory of FM demodula- signal from a secondary reflector. As the letter states, the
tion and describing tests with our FM demodulator, we showlight waves from the primary and secondary reflectors will
that the influence of a secondary signal is qualitatively dif-add at the input to the photodetector. In this contribution we
ferent depending on whether the modulation index is higkextend the discussion of Dalho#t al. by considering the
(greater than Por low (less than 0.5 The modulation index, subsequent processing of the summed signal. When reflec-
B, is the ratio of the frequency deviation to the modulationtions from two objects contribute to the light input to the
(stimulug frequency B=Af/f,). For perpendicular inci- photodetector, the output signal from the photodetector at the
dence, the frequency deviation is related to the magnitude dfieterodyne frequency that feeds the FM demodulator is the
the velocity via a Doppler shiftAf=2V,/N, where A sum of two signals, each with amplitude proportional to the
=638 nm for our laser. When the response to a pure-tonequare root of the light power from one of the reflectors.
stimulus is linearV,= wX,, where X,=displacement and Each signal is frequency modulated by the Doppler shift that
=2 multiplied by the stimulus frequency, and thys is proportional to the velocity of its reflector. The purpose of
= 47 X,/\ . Therefore, high modulation index correspondsFM demodulation is to extract the instantaneous frequency
to displacements greater than 100 nm, low modulation indewf the frequency-modulated signal. Therefore, to analyze the
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summed signal analytically, the instantaneous frequency o
the summed signal is the quantity of interest. The analytic
section of this paper shows the instantaneous frequency ur
der various conditions and leads to the low-modulation-@
index, high-modulation-index classification of results. Tests 3
with our FM demodulator with input signals produced with §
two signal generators are shown, and confirm the analyticg
results. Finally, we show the response of our integrated op-§
tical and demodulator system when the two competing sig-2
nals are produced optically, by reflecting surfaces with real-o
istic cochlea-like separations and motions. First we review
the optical sectioning of the split-aperture system developec !

by Khannaet al. (1996, as the conclusions of the demodu- |

lation analysis and tests will point to the importance of steep A% B0 <2 Dist;]"ce fromf’me foc;?plane (i?m) S0 40
optical sectioning for reducing the contamination from sec-

Ondary reflectors. == data: interferometer with split aperture, NA 0.35
—— theoretical: interferometer without split aperture, NA 0.35
_____ envelope of above
— theoretical: interferometer without split aperture, NA 0.25

Il. MEASUREMENTS AND DISCUSSION 77 envelope of above

A. Optical sectioning FIG. 2. Optical sectioning curve as a function of the distance of the reflector
. o . . . from the focal plane. The optical sectioning curve was measured by the
The optical sectioning capability of an optical system iScarrier power in the heterodyne interferometer signal. We shiowMea-

its ability to select light from one plane in the illuminated sured optical sectioning curve with split-aperture objective ENA3S5,
sample and reject Iight from out-of-focus planes The Shapg'iCk black ling. (ii) Calculated optical sectioning curve due to objective

fth tical tioni . db | fact ens without split aperture (NA0.35, solid black ling (iii ) Corresponding
0 € optical sectioning curve Is governe y several fac OrSenvelope(dashed black line (iv) Calculated optical sectioning curve due to

(1) The objective lens’s numerical apertuié.A.) determines  opjective lens without split aperture (NA0.25, solid gray ling (v) Corre-
the shape of the optical sectioning curve near the plane afponding envelopédashed gray line Near the focal planed< + 10 xm)
focus. (1) Light returning from out-of-focus planes can be :Ee ‘t’}ftica't_seftioningfcur‘@ %f;ge ?E_‘“‘?F’z”“fe 'entshm?l’f) mattCheS

. . . P . e eoretical curve 1or 29, IS IS because e Split aperture re-
re_duced by directly blocking it. This is how a slit confocal duces the effective aperture of the lens. However, away frgm thF:a focal plane
microscope workgKoesteret al,, 1994. (lll) A low coher- (d= =10 um) the rejection of the split-aperture system is greater than that
ence sourcésuch as a low coherence diode laser or a superef the other systems.
luminescent diodecan be used to reduce the contribution of

light returning from out-of-focus planes. This strategy wasfalls off smoothly with distance but then rebounds due to

described by Dalhofét al. (2002. diffraction sidelobes. It is the envelope of the curve that is
The approximate analytic expression for the optical secrelevant in practice, and therefore the envelopes of the theo-

tioning curve due to the objective lens’s N. A. is retical curves have been included in our Fig. 2. The opaque
V(2)={sinZ)/Z}2, Z=mu(N.A)%In\, (1) strip in the split-aperture system provides steep fall-off away

from the focal plane. The experimental curve shown in Fig. 2
whereV(z) is proportional to the light power as a function of goes not represent a theoretical limit, and improvements of
Z, n is the refractive index of the medium, N.A. is the nu- the Sp”t_aperture system are expected to extend the steep
merical aperture of the lenk,is the wavelength, andlis the  fa|l-off even further. A disadvantage of the split aperture is
distance from the focal plang¢Dalhoff et al. discuss the that the effective numerical aperture of the lens is reduced in
limitations of Eq. (1) and reference Wilson, 1990[As a  one dimension. Thus, in the region of the peathere the
Clarifying note: When the ObjeCt beam interferes with a ref-N_A_ governs the curve Shapﬂ']e data are very close to the
erence beam in a heterodyne interferometer, the voltage oyfeoretical results for a lens with N.A. 0.25, although the
of the photodetector at the heterodyne frequency—the heiy A. of the lens when fully illuminated is 0.35. The split-
erodyne signal—is proportional to the square root of @%.  aperture arrangement offers substantial and increasing im-
as only the object beam is passed through the objective lengrovement in sectioning when the defocusing distance is
The power in the heterodyne signal, the “carrier power,” greater than 10—1am. Table | compares the optical section-
which is proportional to voltage squared, is proportional tojng properties obtained with the split-aperture arrangement

Eq. (2).] In Fig. 2, we compare the theoretical objective lensgf Khannaet al. with that of several other interferometers.
optical sectioning dictated by E@l) with the optical sec-

tioning realized by the Koester/Khanna interferometer withg gpm interferometry
split-aperture objective. ]

The split aperture is made by placing an opaque verticaf- 1€ demodulation process
strip close to the back aperture of the objective lgtmester a. Theory In heterodyne interferometry a laser beam is
et al, 1994. The optical system is arranged so that the illu-divided into two beams: object beafinequencyf,) and ref-
mination beam uses one half of the lens and the reflectedrence bean{frequencyf,). One or both beams are fre-
light uses the other half. Figure 2 shows that without the spliquency shifted so that the frequency differen€g<f,) be-
aperture, the theoretical optical sectioning curve initiallytween the two beams ik, (carrier frequency In our case
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TABLE |. First column: (i) Paper from which the data are quotéii) Magnification and numerical aperture
(NA) of the objective lens usediii ) Full width at half maximum(FWHM), the distance inum between the two
points where the carrier level drops to half power. Columns 2-5: distances from the focal pjamewhere
the carrier power drops by factors of 10, 100, 1000, and 10 000, respectively. Symbdicates that the level
was not reported.

Carrier power/maximum light rejection 1b 1072 1073 1074

Ren & Nuttall, 2001 +25
20 X, NA 0.42
FWHM=19.5um

Dalhoff et al, 2001 —28, +26 —44, +41 —60, +51 —75,+63
(using the short coherence length laser djode

NA 0.14

FWHM=27 um

Cooper, 1999a —-82,+65 —146,+156

5X, NA0.13

FWHM=75 um (with respect to carrier powgr

10 X, NA 0.25 -16,+16 —40,+35 —83,+97 —272,+265
FWHM=16 um (with respect to carrier powgr

Khannaet al, 1996 -5, +3 -11, +4 —16, +10 —40, +20
20 X, NA 0.53

FWHM=4.2 um

Figure 2 data above -9, +8 -13,+12 -21,+13 -33,+30
20 X, NA 0.35 Nikon lens in air

FWHM=9 xm

fo— f, =455 kHz. The object beam is focused on the surface  xa(t)=acog w t— B cog wnt+ ¢d,))

to be measure¢for example A in Fig. 1). The object beam

reflects from the surface and is combined with the reference with B= 2mAf , (3)
beam. The photodetector measures light power—the sum of Om

the object and reference waves, quantity squared. When the . i

sum is squared a term at the difference frequefigy,f, , is wheref, is the mod_ulatlon fre_quency and corresponds to the
producedalong with terms at the frequencies§g, 2 f, and  frequency of the object's motionu(=2mf ). ¢, is the phase
f.+f,). f, andf, are too high in frequency to be resolved by _of th_e object's movemenif is th_e frequer_wy deviation and
the photodetector, and the photodetector’s ac voltage outplit directly related to the velocity amplitude/,, as Af

is at the difference frequency (= f,— f,). The amplitude of =2Vo/?\, where\ is the Iqser_wavelength. This is the Dop-
this ac signal is proportional to the product of the referencePl€r shift. 8, the modulation index, can be expressed as a
and object wave amplitudes, or equivalently, to the producfunction of velocity amplitude g= 2V, /A fy) or displace-

of the square root of the reference and object beam power31€nt amplitude g= 4mX,/\). .

(See Willeminet al, 1988 and Cooper, 1999a for more de-  1he sSpectrum ofx, can be expressed in terms of
tails) When the objectA) is moving, f, is changing in time Bessel’s_fu_nptlonan(B)._ It contains a carrier component
due to the Doppler shift, anl(t)—f,=f.+f(t), resulting and an infinite set of sidebands located symmetrically on

in the frequency-modulated@M) signalxa(t) either side of the carrierf(=nf;). For small modulation
index, only the Bessel's coefficiendg(B) andJ.(B) have
_ 2 £t —f , significant valugs, so that _the FM _signal_ is effectively com-
Xalt) acos{ Trf( ot~ frydt ) posed of a carrier and a single pair of sidebandk, atf,.

First, consider the velocity of a single surface. At what
=acos( wct+277f f(t’)dt’>' (2)  defocus value would the demodulator fail to accurately re-
port the velocity? The ability to measure vibration depends
wherex,(t) is the voltage input to an FM demodulator tuned on the carrier to noise rati@/N) at the input of the demodu-
to 455 kHz. Demodulation is accomplished by detecting thdator. In the most sensitive detection method, the noise level
phase of the signal,«{;t+2=[f(t')dt’), taking the time at the photodetector output is determined by the shot noise
derivative to find the instantaneous frequency and subtractN, which is directly proportional to the reference beam
ing the carrier frequency. For an unchallenged signal, thipower.(The reference beam is made powerful enough so that
results in a perfect extraction &ft). Further along we will  this condition obtain$.For the FM demodulator to function
consider the effect of applying this simple algorithm to athe C/N must exceed 10 dB with the full 150-kHz bandwidth
signal that is challenged by the signal from a secondary obef the demodulato(Willemin et al, 1988. This is known as

ject. the “threshold effect” in the FM literaturéPanter, 19656 As
When the modulating signal is sinusoidaf(t) the surface is moved away from the focal plane the light in
=Af sin(wyt+ ¢a), the FM signal can be written as the object beam will decrease, and so the carrier power will
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decrease while the shot noise will remain constant. As longituation with two competing FM radio signals. There will be
as the carrier power remains at least 10 dB above the noise third ac component due to interference of theand C
power, the demodulator will continue to measure the vibrawaves with each other, but its frequency will be far from the
tion of the object. For example, when measuring from acarrier frequency the FM demodulator is tuned to and will
naturally bright reflector such as guinea pig Hensen’s cellpot influence the demodulation. Therefore, the relevant ac
the maximum carrier power in our system is10 to voltage at the demodulator will beg(t) =xa(t) +Xc(t). The
—20 dB. Shot noise is-68 dB. With a 0.35 numerical ap- mathematics involved in adding the two signals is just like
erture objective lens, the optical sectioning of the split-that used to discuss “beats” in the general case in which the
aperture systenfFig. 2) will decrease the carrier signal to two signals that make up the beat are not of equal amplitude.
—58 dB at a distance of +/—25 um from the focal plane. Using phasor algebra(t) is written as
Because the FWHM of the optical sectioning curve with this_, . >
lens is only~9 um, the recording depth—the defocus valuex(t)_a[\/1+p *2p cod ) JeoS weal = fa COL wpil) + ),
for which the velocity is accurately reported—can be broader c
than the FWHM. This is the same effect that was discusseWith p=_;  ¢=(wcc= wca)t+ o= (Bc— Ba)COS wil),
by Ren and Nuttal(2001). The defocus distance over which
the vibration can be measured depends on the interferometer p sin(¢)
optical sectioning, the incident light power, and the reflectiv-and tari ) = 1+pcodo)’
P ¢
ity of the surface. The steeper the optical sectioning, the ) ) )
narrower will be the allowed defocus distance. Lower inci- '€ @mplitude of the signal(t), ayi+p®+2p cosf), is

dent light and lower reflectivity also narrow the allowed de-mOdUIat?dh TOFI?/I first gpproIX|(rjnat(|jond th|s er:l n(;)t affgc: the
focus distance. In summary, the relatively broad allowed gelutput of the receiver. Indeed, during the demodulation

focusing distance can be understood in terms of the FIPYOCess, the signa{(t) Is glipp(_ad .in °Tder to remove any
demodulator’s threshold C/N ratio. amplitude modulation. This clipping is performed by the

The relatively large defocus distance over which veloc- limiter. . : .
ity can be measured accurately will not influence the resulé _The demodulation process _con3|sts of the extraction of
when measuring the motion of a single surface. However, th he |Estantaneous frequeneay,(t)=_ difdt, from th? phase,
observation does raise gquestions about the effect a seconda n= (“.’CAt_ﬁA cos@mt)-i-_a). Finally, the carrier fre_-
surface, which is within the allowed defocus distance of ag ency is subtracted to give the demodulated output signal,
primary surface, would have on a measurement of the pri- (t)
mary surface’s motion. In brief, when measuring through ]
multiple surfaces, it is important that the interferometer mea- E(t)=wi(t) — wca=27AfpsiN(0nt) + at’
sures the vibration of the surface that is in focus. This de-

4

pends both on the optical sectioning and how the demodula- . B psin(e) _C
) X . - with g=arctan ——~|, p=—,
tor responds to competing signals. The optical sectioning 1+pcog o) a
determines how much the competing signal is reduced, and _
the demodulator determines how much the residual compet- ¢=(wcc 0cp)t+ o= (Bc— Ba)COL wpt). ®)
ing signal affects the measurements. [A generalization of Eq(5) for which ¢+ 0 is included in

Therefore, we take up the question of competing signalsa footnote'] Equation(5) is useful to study the theoretical
Returning to Fig. 1, assume that poAitmoves with velocity  influence of a competing signak(t) on the output of the
Va(t) upon sound stimulation, and poi@ on the lamina FM receiver. The first term gives the output in the absence of
moves with velocityVc(t). If A is at the focal plane, light the competing signal. The second term shows the effect of
reaching the detector from surfaCewill be attenuated ac- competing signals. This “error” in the instantaneous fre-
cording to the optical sectioning characteristics of the interquency depends on the modulation indiggs, 85, on the
ferometer. How will the signal fron@ influence the reported ratio p of the amplitudes of the secondary and primary sig-
velocity? The photodetector output will contain an ac com-nals, on their relative phasg,, and on the difference of
ponent from the interference of tewave and the reference their carrier frequencies. The time derivative of the angle
wave: Xa(t) =acos@at—BaCosyt)). The photodetector in Eq.(5) can be calculated directly by usimpTLAB . Alter-
output will also contain an ac component from the interfer-natively, an expansion of this term in Bessel's functions is
ence of the C wave and the reference wave(t) presented by Pantgil965. When w.c# w.a (as for two
=C COS(cct— Bc COSwnt+ ¢dpc) + ). The amplitudess and  competing radio stationghe relative phase between the two
a are proportional to the square root of the light power in thesignals changes with time and the value of the phage
C andA waves.¢¢ represents the phase of the movement atdoesn’t matter—it can be neglected. When both carrier fre-
C relative to atA. i is the relative phase between theand  quencies are the same, as for optical interferometry, the
C light waves, due to the optical path length differengg. phasey, depends on the distance between the two surfaces
depends on the distance at rest between the two surfaces. Without stimulation and is an important parameter.
order to reduce the number of parameters we will only treat  In practice, FM receivers include a cascade of nonideal
the casedc=0. w.c=w.p=w:, but we write them with limiters and bandpass filters. In contrast, the theoretical ex-
different symbols to discuss signal competition more generpression Eq(5) corresponds to an ideal limiter without filter.
ally. For example,w.c not equal but close taw.a is the  The cascade of limiters and filters was developed in part to
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reduce the effect of competing signals and, in addition to Eqrelative interference amplituden [ m represents wavefront
(5), a computer model has been developed that probes thdistortion and takes values less thatKhannaet al., 1996 ];
effect of the cascade. on the distance between the object and the plane of focus

b. How the FM receiver works—Principle of the madel (d), and the valuek) the carrier power takes at this distance
One step of the FM receiver is to shift the carrier frequencydue to the optical sectionind?, m, andd depend on the
to an intermediate frequencyll MHz, IF bandwidth cochlea and depends on the interferometer optics. The het-
=150 kHz for our receiver Then, the signal goes through a erodyne signal power from the surfagewill be proportional
limiter: An ideal limiter clips the signal in order to eliminate to (miRAkA) and the heterodyne signal voltage ffom the
any amplitude variations. Due to the limiting process, theabove to \/mAZRAkA, Finally, the ratiop=c/a is found by
spectral components of the signal are spread out. A bandpagsking the ratio of signal voltages from two surfaces. Con-
filter following the limiter passes spectral components censider the following example, in which the motion of the or-
tered about the carrier frequency and removes their harmomyan of Corti is probed in guinea pig from the scala vestibuli
ics. The bandwidth of the bandpass filter is the IF bandwidthside. Physiologically it is an interesting approach as mea-
Baghdady(1956, 1961 discusses the competing signal prob- surements of several key cochlear structures—Hensen's
lem, and how the size of the bandwidth should depend on theells, hair cells, and basilar membrane, can be nigtanna
ratio of signal strengths. The limiter bandwidth must be wideand Hao, 200D In order to measure basilar-membrane mo-
enough to pass a sufficient number of sideband componenti®n from scala vestibuli adjacent to the Hensen’s border re-
to add up to a resultant signal whose average frequency gfon, the incident laser beam passes through the Reissner’s
the input of the discriminator is equal to the frequency of themembrane, through Claudius’s cells, and is focused on the
stronger of the two competing signals. During the process of.m. (Khanna and Hao, 2000For the b.m., which is in
amplitude limiting followed by a filtering, a reduction of the focus,k=1. The reflectivities and relative interference am-
effective amplitude of the competing signal is achieved. Foplitudes of the b.m. in the tunnel region, outer hair cells,
more details see Middletoi1981, 1996. The way we imple- Hensen’s cells, and Reissner's membrane were measured
mented the computer-model FM demodulator was as folwith an apical turn approach, and the values reported in
lows: We started with the signad(t), clipped it to retain Khannaet al. (1996.
only the zero-crossing times, and then bandpass filtered it. The values in the table below are from that reference. In
The filter was a window applied in the frequency domainguinea pig, Hensen’s cells are quite reflective due the lipid
with a bandwidth of 150 kHz. The clipping and filtering was droplets they contain. The relative sizes of the signal from
repeated five times. Finally, the instantaneous frequency wage target(basilar membraneand the competitor§Reiss-
found with the zero-crossing times of the processed signaher’s membrane or Hensen’s c¢llsre found by comparing
[Zero crossings were found with software; the way that an/m?Rk for the three. The ratio of th¢gm?Rk values gives.
electronic circuit figures zero-crossing times was describedhe relative interference amplitudenf depends on the state
in Cooper(19993.] Our objective with this simple model of focusing. The representative value of a tissue is found
was to demonstrate the basic method by which FM demoduwith the surface in focus. When the surface is out of focus,
lator electronics can reduce the effect of competing signaléhe m value might change because the tissue surface is not
beyond what Eq(5) predicts, and for that it was useful. flat. The change im with defocus has not been measured,

c. Realistic parameter value®efore delving into the andm is treated as a constant in Table Il. Therefore, ghe
analysis of Eq(5), it is useful to consider th@, X,, andp  values listed and competition indicated are upper bounds.
values that normally occur in an intracochlear measurementhis ratio, listed in the final column of Table 1I, will guide
The division between high- and low-modulation index is at athe interpretation of the studies on competing signals below.
B value of ~0.5-2, corresponding to displacemenktg, In this example the reflective Hensen'’s cells, witp galue
=25-100nm (using a He-Ne-like diode laserh  that varies between 0.06 and 0.13, pose the most serious
=638 nm). The measured range of displacement depends @hallenge to a measurement of b.m. motion from scala ves-
cochlear positior(apical vs basa) the structure considered tibuli.
(basilar membrane, Hensen’s ¢elind on species. For basal In summary, both low and higjg are found in intraco-
basilar-membrané.m,) measurements in chinchilla¥, ex-  chlear motion measurements. Regardingnost major sur-
tends from 0.1 to 200 nm. For guinea pigs, basal b.m. disfaces in the cochlea are separated by at leastd@0With
placements range from 0.05—-40 nm. For tectorial membranthis separation, in the special case of two surfaces with equal
measurements in chinchillas, the measured displacements exeflectivity, thep values are less than 0.1 for all the systems
tend from 0.7 to 200 nnfe.g., the reviews of Robles and in Table I. When the surfaces do not have equal reflectivity,
Ruggero(200)) and Ulfendahl1997]. For apical b.m. mea- steep optical sectioning is needed to redpcas the example
surements in guinea pigs, the displacement extends from 6 tbove makes clear. As cochlear measurements begin to probe
36 nm (Khanna, 1998 Clearly, the intracochlear measure- motion at the cellular level, steep optical sectioning becomes
ments extend into both high and low modulation cases.  even more essential.

p=Cclais the ratio of signal coming from the secondary d. Numerical resultsin this section the ideal demodula-
surface(C) to signal coming from the primary surfa¢d).  tion described by Eq5) and the demodulator cascade model
To be precise, the signal strenditarrier level of the inter- are used to study the influence Bt, Ba, p, and ¢y on
ferometer signalfrom an object in the cochlea depends onE(t). Results obtained with both methods are compared. We
several quantities: the object’s reflectivitig; the object's only show results for the case in whighyc= w.p= w. be-
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TABLE II. Calculation of relative signals from b.m, rm. and H.C. when laser beam is focused on thd b.m.
=distance from b.m., % optical sectioning factorR=reflectivity, m=wavefront distortion factorm?Rk
=relative carrier powerp=square root of the ratio of carrier power of out-of-focus structure to carrier power
of in-focus b.m.

d k Rx 1075 m mRkx 1077 p
Basilar 0 1 2.1 0.14 4
membrane
Reissner’s ~290pm 1074 35 0.13 0.0006 0.012
membrane
Hensen’s cells ~60um 104 38-89 0.19-0.28 0.014-0.07 0.06-0.13

(lipid droplets
shoulder region

cause this applies in heterodyne interferometry. We studiedascade. The cascade of limiters and filters produced no
in depth the case in which the competing surface was stazhange for the low-modulation-index cagbe dashed curve
tionary: Bc=0 and B,# 0. This corresponds to the experi- is superimposed on the thick gnevhereas at high modula-
mental condition of Fig. 1, in which the stationary, highly tion index the distortion in the time domain was reduced.
reflective bone is the competing signal. We also considere@he characteristics of the spectrum of an FM signal are help-
the case that corresponds to the primary surface stationaful to explain this observation: The limiter, which spreads the
and the secondary surface moving:#0, Bo=0. Results components of the spectrum, has more effect at high modu-
from this case can be used to understand the interference tHation index, where the spectrum contains a carrier compo-
arises when a competing surface moves much more than theent and an infinite set of sidebands, compared to the low-
in-focus surface. modulation case, where the significant components are at
Figure 3 show€(t) using Eq.(5) (ideal limiter without ~ f. = f,,. The filter removes more sidebands for the high-
filter) for both low and high modulation indexipper curve:  modulation-index case.
Ba=0.2; lower curve;Ba=4; Bc=0 for both curves Re- Figure 3 showed the influence of a competing signal on
sults without competing signdthin line: p=0) are com- E(t) in the time domain. In Fig. 4 we look at the same
pared to those with competitiotihick and dashed curves: results in the frequency domain, and consider the amplitude
p=0.6 andi,=0 deg). Based on the section above, the ratioof E(t) at the stimulus frequency,,. Difference in the am-
used for this plot is much larger than what would normally plitude of E(t) at frequencyf,, is compared to the case with-
occur in the cochlear experiments; the purpose of the plot isut a competing signdivherep=0). The result is shown as
to clearly illustrate the differing effects of a competing signala function of the ratig for different values of phasej,.
when the modulation index of the primary signal was lowFigure 4A) shows the effect of an unmodulated signgk(
compared to when it was high. At low modulation index the =0) of amplitudec on a low-modulation-index signalB(
output signal was reduced in size but undistorted. The high=0.2). The modulation frequency was 9.6 kHz. This panel
modulation-index signal was distorted but the amplitude ofillustrates the strong dependence of the output on the relative
the fundamental frequency was unchanged. The dashquhase between competing signals. When the phase between
curves in Fig. 3 illustrate the effect of the FM demodulatorthe signals was equal to 0 deg, the output decreased as the

FIG. 3. Comparison of calculated results using Ej.
(thin and thick linegwith simulated model FM receiver
results(dashed ling with and without a competing sig-
nal. The top panel shows demodulator output for low
modulation index B,=0.2, f,=9.6 kHz, Af
=1.92 kHz, /p=0 deg), while the bottom panel shows
results for high modulation index ga=4, f,

! ! ! ! y ! L =4.8 kHz, Af=19.2 kHz, ;=0 deg). The thin line

“o 002  0.04 0.06 0.08 0.1 0.12 014 016 018 0.2 ] .
on both panels shows output without competitign (
Time (ms) =0). Thick and dashed lines on both panels show de-
modulator output with competitionp=0.6). For low

8o ' ' ' ' ' ' ' ' ] modulation index(top), a strong competing signal re-
duces the amplitude of the output by 4 dB, but the
waveform remains unchanged. The results using(Bqg.
are very close to those obtained with the simulated FM
receiver. For high modulation indgkottom), the time
waveform is distorted by the strong competing signal.
The results from Eq(5) are close to those obtained by
simulated FM receiver. The distortion predicted by the
latter is slightly lower.

A (kHz)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (ms)
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Low Modulation index High Modulation index

T T T A T T T B
15p Bc=0 1 15p Bc=0 1
Ba=0.2 Ba=4

FIG. 4. Changes in the demodulator output amplitude
due to the presence of a competing signal as a function
of the ratio (p=c/a) and for different values of phase
o (x) 0 deg;(0) 90 deg; and-) 180 deg. PandlA),
low modulation index of 0.2 ,=0.2, Bc=0, f,
=09.6 kHz). Demodulator output can decrease or in-
crease substantially depending on the relative phase of
the two competing signals and their relative amplitudes.
———————————————— The worst case is when the two signals are 180 deg out
of phase. Pane(B), high modulation index of 4 g
W =4, Bc=0, f,,=4.8 kHz). The demodulator output at
—o—o—4 the stimulus frequency remains substantially unchanged
¥o=90° even in the presence of a strong competing carrier.

[y
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T
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(=]
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o
T

Difference (dB)
[é,]

Difference (dB)

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
p=cla p=cla

ratio increasedas the relative size of the unmodulated signaltection of distortion must be treated with caution when com-
increasedl When the ratio was equal to 0.9, a decrease of Jetition from secondary signals is a possibility and displace-
dB was observed. This result suggests that in the lowments are relatively large.
modulation-index case the effect of a competing signal can  To summarize the theoretical section in the casgef
be thought of in terms of a weighted average: The output is=0: The theoretical effect of competing signals at the input
approximately equal to the amplitudstrength of each sig-  of the receiver was described first in the time domain. At low
nal (a or ¢) multiplied by its own frequency deviation modulation index, there was a change of the amplitude of the
(which in the case of the cochlear experiments is proporsignal but it was not distorted. The design of the receiver
tional to the velocity, and in the case at hand was zero fofcascade of limiters and filterslid not reduce the effect of a
signal C), and divided by &+c). An expansion of Eq(5) competing signal. At high modulation index the competing
for <1 confirms this. When the phase between the signalsignal produced distortion in the output that could be reduced
was equal to 180 deg the weighted average idea still appliedy the processing of the FM receiver. In the frequency do-
except the divisor is equal toa(-c), which produces the main the theoretical influence of a competing signal on the
observedncreasein output. The result highlights the strong receiver output at the fundamental frequency was shown in
effect of the phase. In terms of an optical experiment, 180rig. 4. For low modulation index, an increase or decrease of
deg phase will occur when twice the distance between théhe output was found, depending on the relative phase of the
two surfaces isr{+ 3) \, wheren is an integer. The 0 deg two signals. The simple notion of a weighted average gave a
phase will occur when twice the distance between the twaeasonable estimate of the effect of competing signals. At
surfaces isn\. With ¢,=0deg, to have an error on the high modulation index, with respect to the amplitude of the
output less than-/—3 dB, the ratio of the interfering signal fundamental component the output error was always less
over the modulated signal needed to be less than 0.4 anthan 1 dB, even when the competing signals were nearly
when ¢,= 180 deg, this value was smaller, 048, of 0 and  equal[Fig. 4B)]. However, the theoretical output waveform
180 deg were worst cases, and intermediate phases showeds distorted in the presence of the competing signal.
smaller errors. In general, harmonic distortion was small for ~ We began with the casg-=0 andB,# 0. Equation(5)
low modulation index: FoiB,<0.5, with a ratio of 0.4 or is now used to explore the opposite cage,#0 and B,
less, the amplitude of harmonic components was at least 36 0. When the input is the unchallenged sigAalthe output
dB down (with 8,=0.2, Bc=0, /=90 deg) compared to is zero. The time-domain plots in Fig. 5 show the effect of
the fundamenta{not shown. either low-modulation (left column or high-modulation
Figure 4B) shows the change iE(t) with p at the (right column competing signalC. The top panel in each
frequency f,, due to a competing signal in the high- column shows the frequency deviation of the competing sig-
modulation-index case Ay=4, Bc:=0, f,=4.8kHz). nalC—the output if signalC was the sole input. The middle
Changes in the output at the stimulus frequency were lesand bottom panels show the effect of this competing signal
than 1 dB for all ratios and phases. However, as shown imhen it is combined with signah (8,=0) at ratios of 0.3
Fig. 3, the output was distorted in the time domain. In orderand 0.05. The low-modulation/high-modulation classification
to have the harmonic components at least 25 dB down, thef results found above still applies. The low-modulation
ratio needed to be less than @ribt shown. Based on they competitor leads to an undistorted, but nonzero output that is
values in Table I, even with steep optical sectioning a dedike the output for the competing sign@lalone shown in the
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Low Modulation index High Modulation index

By =02 f =9.6kHz, y=0° B =4, =48kHz, y,=0°
2 20
1 __ 1o
N N
z o : o0
< 1 < -10 FIG. 5. Results calculated from Ed5) with i,
=0deg. This experiment simulates the influence of a
25 05 1 15 > 29, o8 ; s 5 vibrating surface when the interferometer is focused on
a stationary surfaceB,=0). The unmodulated carrier
2 20 is larger than the competing modulated carrier signal.
1 p=03 10 p=03 The upper curves correspond to the competing signal

itself (a=0). The middle and lower panels show the
effect of a modulated signal combined with sigmal
(Ba=0, Bc#0) for a ratio p=c/a) of 0.3 and 0.05.
For the low modulation index#-=0.2, left column

Af (kHz)
L o

Af (kHz)
=)

-20 Y ; s > -20o Y ; e 5 even when the competition is we&.05 the demodu-
’ ’ ’ ’ lator output contains a modulation component. For the
2 20 high modulation index caseB¢=4, right column the
} p=0.05 10 p=0.05 demodulator output is highly distorted.
= =
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top panel but with a substantially reduced amplitude. This igared with the predictions of Fig. 4,, andAf were chosen
as expected since the unmodulated sighas$ stronger than to represent different values of the modulation index (0.04
C. The size of the output scales with the relative strength <pg<4). f,, values were 4.8 and 9.6 kHz add was from

of competing signalC, and as above, a weighted-average200 to 38 000 HZso that in terms of a cochlear experiment,
rule of thumb applies for the low-modulation case. The high-the velocity amplitude V,” was 0.06—12 mm/s and the dis-
modulation competitor leads to a highly distorted output. Theplacement amplitude X,” was 2—200 nm. The output of
distorted output has odd symmetry and possesses only odde FM demodulatorE(t) (the subscriply designates the
harmonics because it was calculated withequal to zero; in  generator experimentsias measured first with just signal
general, the output is composed of both even and odd hagnd then as the level of sign@l was increasedincrease of

monics. the ratiop). For each ratioE4(t) was measured and stored.
The amplitude oEy(t) at the modulation frequendy,, was
2. Electronic experiments with two generators determined by Fourier transforFT). The FT was per-

formed over a portion oEg(t) where the two signals were in

To simulate competing signalg, and xc were gener- phase (o= 0 deg) and out of phaseyf— 180 deg), as well

ated with two signal generators. Again, we begin with the )
case B,#0, Bc=0. The first generator produced a as over the whole S|gnal.. )
frequency-modulated signal with a carrier frequency 455  1he Upper curve of Fig. 6 shovi,(t) as a function of
kHz, corresponding to interference between the referenchmMe (Ba=0.2,f,=9.6 kHz, p=0.6).(Note that this ratio is
beam andA (xa(t) = a cos@eat—BaCos@1))). The second much larger than what is expected tp occur in cochlear mea-
signal generator produced a signal at 455 kHz with no freSurements. As gbovg, the Igrge rat|0'|s usedi for illustrative
quency modulation, corresponding to interference betweeRUrPOSes.The signal in the time domain contained regularly
the reference beam ar@ (xc(t) = ¢ cos(.ct)). To test the spaced peaks. We could interpret these peaks in terms of the
above theoretical results, the sunit)=x,+xc was fre- time-varying relative phasej. At the time of the maxima
quency shifted to 100 MHz and then applied at the input ofin Eg(t), the input signals were out of phase and at the time
our demodulator and the output was measu(@“e shift in of the minima, the signals were in phase. The time between
frequency is a processing detail that is not important to théwo maxima was the period of the frequency difference,
message of this papeAlthough both signal generators were 1/(fcc—fca). The lower curve of Fig. 6 is a zoom on a small
set with f,=455 kHz, in fact the two generators were not portion (0.2 mg of the upper curve, at a time when and
phase locked and their carrier frequencies were slightly difXc were in phase. The theoretical output was calculated us-
ferent. They were close in frequency, so the resulting suning Eq.(5) (dashed line; lower curve Fig) @nd compared to
can be thought of as the sum of two signals with the samé&he experimental ong¢solid ling). The two figures agreed
carrier frequency and a slowly varying relative phasgdt  well, indicating that=(t) resulting from the theory was use-
=(weat dw)t=wat+ ho(t)). Thus, the experimental setup ful to predict the receiver outpuEg(t).

could be compared to the theoretical situation of G&with Figure 7 shows a high-modulation-index caBg(t) is
wee= wea aNd i slowly varying. Asyy, varied slowly from  shown as a function of time as the bold cung@,E&4, f,

0 to 180 deg to 360 deg, the effects of the phase were com=4.8 kHz, p=0.6). The 1-ms periodicity is due to the time-
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Bc=0, Ba=02

FIG. 6. Upper curve: Experimental output of the FM
receiver as a function of timepB,=0.2, B.=0, f,
=9.6 kHz, p=0.6). Lower curve: superposition of the

5 ; : : : . : : . theoretical instantaneous frequen@ashed ling and

the experimental onésolid line) over a short period of
time. The generators producing the FM and the compet-
ing signals were not phase locked. Their relative phase
changed with time and, as a consequence, the demodu-
lator output amplitude fluctuated with time increasing
to a peak when the phase difference was 180 deg, and
decreasing to a minimum when the phase angle was 0
deg[see Fig. 4A)].

Time (ms)

Af (kHz)

1 1 1 1 1 1 1 L 1
0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2
Time (ms)

varying relative phase between the primary and secondaryompared toEy(t) without competing signal (=0) is
input signals. We include two other curves for comparisonshown as a function of the ratjo For each of the curves, the
The dashed curve shows the unchallenged output due to sigourier transform is performed in a different part of the time
nal A (when signalC was off. The bold curve is distorted domain of a curve like Fig. 6, which allows us to infer the
relative to the unchallenged signal. During the course of thénfluence of the phase. Pan@\) corresponds to the low-
measurement, the relative phase between the two signalsiodulation-index caséanalysis of experimental data like
changes and this is reflected in the changing wave shape tiat of Fig. §. When the Fourier transform is performed in
the bold curve. Its overall size does not change. The thinnethe part of the time domain wheEg(t) is peaked at a maxi-
curve shows the predicted effect of the competing signal usmum, corresponding tg,= 180 deg(plain curve, the com-
ing Eqg.(5). It is slightly more distorted than the output of the peting signal caused an increase in the receiver output of 7
demodulator, confirming that the actual workings of the FMdB for a ratio of 0.6. When the FT was done whéig(t)
demodulator reduce the effect of competing signals in thevas minimum, corresponding t@,=0 deg (curve with
high-modulation-index case. crossey then there was a decrease of 4 dB for the same ratio
Figure 8 presents an analysis of experimental data likef 0.6. Figure ) can be compared to the theoretical results
that of Figs. 6 and 7 for a wide range of ragioln Fig. 8, the  shown in Fig. 4A) (low modulation of 8,=0.2, f,
change inE4(t) (amplitude aff ;) due to a secondary signal =9.6 kHz). They agree well. When the FT was done over

FIG. 7. Effect of a competing signal on the demodula-
tor output (high modulation index;B,=4, Bc=0, f,
=4.8 kHz, p=0.6). The bold curve was measured ex-
perimentally and is compared with calculated curves:
The thin curve is the theoretical result using Ef),

F whereas the dashed curve is the expected curve without
|

Af (kHz)

competing signal. Both experimental and theoretical re-
sults show distortion of the sinusoidal waveform. The
distortion in the experimental results is slightly less
than that predicted by Ed5).

Time (ms)
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Low Modulation index High Modulation index

A Ba=02, Bc=0 8 Ba=4 Bc=0

15} . 15+ —— FTwhere y,=0° | 7
— FTwhere y, = 180°

FIG. 8. Change in demodulator outp(@mplitude at
fm) with different magnitudes of competing carrier lev-
els (p). Experiments were similar to those described in
Figs. 6 and 7, but with rati@ ranging from 0 to 0.9.
The values in the solid curve were derived from the
peak region of the demodulator time varying output
(where ¢,= 180 deg). Values in the curve with crosses
were derived from the valley region of the curves
|+ (where y=0 deg). Pane(A) corresponds to the low-
modulation-index case A,=0.2, B¢=0, f,
yo=10° . =9.6 kHz) and pane(B) to the high-modulation-index
os-&(——)\(”x/t case Ba=4, Bc=0, f,=4.8 kHz). Results are similar

yo=180° to those predicted by theof¥ig. 4).

Difference (dB)
Difference (dB)
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the entire signal, there was an average over the phase, aid. (5) is an upper bound, as the FM demodulator did offer
the output, even for a ratio of 0.9, was close to the output oBome improvement in reducing distortion.
the signal without competitiotnot shown. Therefore, when The study with signal generators and FM demodulator
signals have different carrier frequencies, a time average caabove concerned the cage=0 and 8,#0. The opposite
minimize the effect of competing signals. However, in thecase,Bc#0 and B8,=0, has also been explored. Curves
case of the interferometer, both secondary and primary sigsimilar to those of Fig. 5 were obtainédot shown. These
nals have the same carrier frequency, and time averagingsults confirm the low-modulation/high-modulation classifi-
does not reduce the effect of competition. cation of results that was noted already, and also confirm the
Figure 8B) presents an analysis of experimental data ausefulness of Eq5) for predicting the demodulation.
large B (Ba=4, f,=4.8 kHz). It illustrates the weak depen-
dence of the amplitude at the stimulus frequency on the rela- ) , , ,
tive phase between carrier signals for the high-modulations: OPtical experiments with the interferometer
index case. The error is withir-/-1 dB for all phases and Above we compared the theoretical predicted effect of
ratios. Figure 8) can be compared to the theoretical resultscompeting FM signals to experimental results using gener-
shown in Fig. 4B). They agree well. ated FM signals and our REVOX FM demodulator. Below
To summarize the experimental results with generatedve complete the study by measuring the effect of competing
signals in the cas@,# 0, Bc=0 (secondary signal not fre- signals that were produced by reflective surfaces, using the
quency modulated confocal-heterodyne interferometer developed by Khanna
At low modulation index ,) when two signals with et al, 1996. We explore first the case in which the secondary
approximately the same carrier frequency were summed aurface was fixed3.=0, B5# 0, and then the case in which
the input of the receiver, and when they were in phase, théoth surfaces were moving3,#0, Bc#0. The setup is
error due to the competing sign@l produced a decrease of shown in Fig. 9. The system was composed of two surfaces:
the demodulator output. When they were out of phase, thé glass tube with a semitransparent thin plastic membrane at
error produced an increase in the demodulator output. Thigss end was used as a vibrating object. It was fixed to a stiff
FM demodulator output depended strongly on the ratio of thesteel rod. The back surface was a polished steel fiber, fixed
amplitude of both signals and their relative phase. The outputigidly to a micropositioner. The position of this fiber was
waveform was not distorted by the competing signal. adjusted by using a calibrated piezoelectric translator. Vibra-
For high modulation indexf&,), the output of an FM tions were measured for several separations of the front and
demodulator at the stimulus frequency was not influenced byack surfaces. The fiber was inserted at a distance as close as
the competing signaC even when the secondary signal was 22 um from the front surface. The front surface was vibrated
nearly as large as the primary signal. However, the outpuby driving it with a speaker ab,,,=2#f,,. The back surface
signal was distorted. was stiff and did not vibrate with the sound stimulation. The
The most important conclusion from these results is thataser’s object beam was focused at the center of the mem-
the theoretical expression f&(t) in Eq. (5) was very useful brane. The primary signaka(t), was produced by interfer-
for predicting the output of the FM demodulatéiy(t). In  ence between the object beam that reflected from the mem-
the high-modulation-index case, the distortion predicted bybrane and the reference beam. The secondary sigrél),
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carrier power (dB)
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¢ 2 Back Surface (C): ®Spea er at fi

; polished steel fiber Af
Piezo. translator )

=constant- 10 logyo(a®+ c?+2ac co o)), (6)

where a and ¢ were functions of distancea=a(z), ¢
(2 wabe with 2 plastc Dbiective Lens of =c(z). We have assumed that each could be described by
embrane 1 00 the imerferomecer the square root of the carrier power vs distance curve with
shape as in Fig. 2y, was fixed, depending only on the

FIG. 9. The setup shown was used to optically simulate the multiple reflecdistance between the surfaces. The theoretical two-surface

tion conditions that might be encountered in the cochlea. A thin plastic : :
membrane at the end of a glass tube (diamete? mm) was used as one of carrier power was calculated using E), and compared to

the partially transmitting/reflecting surfaces. This membrane could be vithe measured two-surface carrier level vs distance curve. The
brated with the sound from a speaker placed near it. By changing the frepositions of the front and back surfaces were known roughly
quency and intensity of sound, the frequency and amplitude of membranei 1 um) but could be adjusted slightly to improve the fit of
;nbratlon could be controlled. The V|brat|_ng membrane produced thel.f_q. (6) to the measured data. The pha,‘.&,ewas a fixed but
requency-modulated component of the carrier. A polished surface of a stee . .
fiber inserted in the tube provided the second reflecting surface. This surfaddNknown value that was freely adjusted for the best fit. From
was considered stationary and provided the unmodulated component of tiéis fitting procedurea(z), c(z), and, were found. Equa-
Dosiioned precisely ith fespect 1o the piastic mombrane. Mechanical rans C!| () S then used to predict the receiver outiit),
r;(zilréoir;ethg inten‘grometer Svere used F;o position the w.hole assembly toiNhere the SUb_SC“ptd" dg&gngtes the optlcal experiments.
gether with respect to the objective lens. This allowed the position of the ~ T€n experiments with a fixed back surface were per-
focal plane to be changed and measured wigliniresolution. Carrier level  formed with different distances between the two surfaces
(measured u_sing a spectrum analyzerd demodulator_ outpuproportional (from 22 to 66,um). For half of them the back surface was
to the velocity were measured as a function of distance from the front . . .
surface. more reflective than the front ortearrier level higher when
focused on the back surface than on the front sujfade
brations were measured for eight frequendigem 1 to 8
was produced by interference between the object beam ré&Hz). Theoretical results from E@5), E(t), were compared
flected from the fixed back surface and the reference beanto the data,E,(t), and agreed well. Results from several
The relative phase between the two signals was constant amokperiments are presented below. The first two correspond to
depended on the distance)(between the two surfaces with- low-modulation-index cases, one with a back surface of
out stimulation:y=2d2=/\ , with \ the laser wavelength. higher reflectivity than the front surface and one with the
Measurements were made at different positions of the plan&ont surface more reflective. We have seen that the effect of
of focus: from 10um in front of the membrane to 10m  competition in the low-modulation-index case is on the fun-
behind the back surface. For each position, the carrier levaelamental frequency component, without introducing distor-
and the demodulator output were measured. tion. This held true in the optical experiments, and therefore
First, the vibration of the membrane aloffeont sur- we emphasize the fundamental component in the analysis of
face was measured. The measured carrier level was alwayhese two experiments.
at least 30 dB above the shot-noise levelG8 dB), and, In the first, the front surface was positioned an
consistent with the discussion of single-surface vibration=0 um and the back surface was at 2@&n behind ¢=
above, there was no change in the reported vibration ampli-23 um). The measured carrier level as a function of the
tude as a function of the distance from the membr@diroam distance is presented in Fig. (20 (thick curve. It is the
—32 to +32 um). composite curve due to the two surfaces. The back surface
The predictions of Eq(5) were compared to our experi- had higher reflectivity than the front surface. From this curve
mental data obtained with two surfaces. The values needezhd knowing what the curve is like for a single surféo®a-
for Eq. (5) were the modulation inde¢determined from the sured data in Fig. )2 the amplitudes andc were extrapo-
vibration of the front surface when focused op the ampli-  lated. The dashed line is the theoretical carrier level obtained
tude ratio of the two signaléwhich varies as the laser is from Eq. (6) with ,=100 deg. The ratipp changed from
focused at different plangand their relative phasej,. The  0.04 at the front surfacez&0 um) to 0.9 atz=+13 um
distance between both surfaces was known within a preciand to 1 atz=—12 um. For a ratio of 1, the amplitudes of
sion of +/—1 um, which was not accurate enough to deter-the two signals are equal.
mine the phase. The phase was a free parameter in the analy- When driven with the loudspeaker at 7 kHz, the motion
sis, chosen in order to fit the experimental data. of the front surface was measured and the modulation index
The ratioc/a was found using the measured carrier lev- 8, of the front surface was determined to be 0.043. As
els from the two surfaces together, and the measurement pi{z) =c(z)/a(z), Bc=0, andy, and B, were known, the
the optical sectioning curvécarrier level as a function of theoretical expressiofEq. (5)] could be used in order to
distance from the focal plahérom a single surfacéFig. 2). predict the demodulator output, and this prediction could be
The ac signal at the demodulator is givenx{y) of Eq. (4), compared with the actual demodulator output. FiguréB10
and the carrier level corresponds to the power in this signahssembles experimentdine with circles and theoretical
[proportional tox(t)?]. In the case at handw.c= wca. (crossesdemodulator output. Theory and data were similar.
Therefore, the theoretical two-surface carrier power as a Inthe second experiment, the distance between the front
function of distance from the focal plari¢heoretical two- surface g=0 um) and the back surface was 3in. The
surface optical sectioning curyes measured carrier level as a function of distance is presented
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FIG. 10. Interferometer experiment with a vibrating membrane and a sta- Distance (um)

tionary back-reflecting surface. The membrane was locatee 8tum and

the back surface a=—23 um. The reflectivity of the back surface was FIG. 11. A second interferometer experiment with a vibrating membrane
higher. Pane(A): Measured carrier level as a function of distance is shownand a stationary back-reflecting surface. The membrane is located at
with a thick line. The carrier level rises and reaches a peak as the plane 6f O um and the stationary back surface is locatedzat—31um. The

the membrane reaches the focal plane. It decreases between the surfaces Egftectivity of the front surface was higher. Patg): Measured carrier level
reaches a maximum again as the back surface reaches the focal plane. T function of distance is shown with a thick line. The dashed line is the
measured optical sectioning cur(féig. 2) was used to extrapolate the am- theoretical carrier level obtained from E®). The crosses correspond to the
plitude of the signals from the two surfaces individua(ljhe crosses cor-  extrapolated amplitude of the modulated sigadland the circles to the
respond to the extrapolated amplitude of the modulated sighalnd the ~ amplitude of the unmodulated signef. For this experiment3,=0.038,
circles to the amplitude of the unmodulated sigedl. The phase angley, fm=7 kHz, d=31pum, =166 deg. PangB): Experimentalo) and the-
between the two carriers could not be measured experimentally and it wagretical (x) frequency deviation(Hz) as a function of distance B
selected for best fit. The dashed line is the theoretical carrier level obtaineer 0.038, f,,=7 kHz, d=31 um, ¢,=166 deg). The theoretical results fit
from Eq. (6). Panel(B): Experimentally measured change in the frequency the experimental data well, and in particular can account for the peak at
deviation at the modulation frequency as a function of distance from the—19 um.

focal plane(line with circles. Theoretically fitted curvgusing Eq.(5)] is

shown (line with crosses (B,=0.043, f,=7 kHz, d=23um,

=100 deg). The theoretical curves fit the measured data quite well. shown in Fig. 5, and reinforces the finding that both relative

signal strength and relativ@ size determine the degree of
in Fig. 11(A). The back surface had lower reflectivity than competition.
the front surface. From the extrapolated amplitudesdc, With the membrane at the end of a narrow glass tube as
the theoretical carrier levdlEq. (6)] was determined with a front surface, the modulation index was always g8 (
o= 166 deg(dashed ling The ratio went from 0.004 on the <0.1). In order to study a high-modulation-index case, a
front surface ¢&=0 um) to 0.1 atz=+ 16 um and to 0.64 at plastic tube with a bigger diameter membrane was used. We
z=-19um. When driven with sound, the front surface showed above that when the modulation index of the signals
moved with a small displacement, and produced a lowds high a competing signal introduces distortion while leav-
modulation-index signal £,=0.038, f,,=7 kHz). Figure ing the fundamental component unaffected. This held true in
11(B) compares experimentéine with circleg and theoret- the optical experiments, and therefore we emphasize the dis-
ical (crossep data obtained from EqJ5), knowing ¢, the  tortion in the analysis of these experiments. When the sur-
modulation indexB,, Bc=0, and the values op. An in-  faces were alone, the motiégmeasured frequency deviatjon
crease of the output of 7 d@ompared to the vibration of the was almost undistorte@istortion was at least 50 dB down
front surface,z=0) is observed orz=—19um. This in- relative to the fundamentaland therefore we attribute the
crease is well explained by the theory. It is due to the relativalistortion measured when both surfaces were present to the
phase of 166 deg between the signals coming from the twoompetitive interaction of the two signals. For this experi-
surfaces. Also of note is that even when focused on the baakent, the distance between the two surfaces wé&é um;
surface, the reported frequency deviation, both theoreticdhe modulation index of the front surface, measured at a
and experimental, although small, was not zero. Thereforestimulus frequency of 4 kHz, was 1.77. Figure 12 shows the
the mobile surface exerts an influence on the measurement tatne-domain signals measured when focused on the mobile
the fixed surface even when the fixed surface has a muckont surfacq panel(A)] and on the fixed back surfagpanel
larger signal strength. This result is consistent with what was$C)]. The ratio of back/front signal strengths was 0.016 when
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Focused on the vibrating membrane
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A p=0016 B
5 eor 42dB
. 40
§ ok 2 FIG. 12. High-modulation-index casé (=4 kHz, B
5 20r =1.77). A larger membrane was used in order to in-
ok crease its vibration amplitude. The distance between the
-5r membrane and the stationary back surface wag®6
20 The upper left curvgpanel(A)] is the signal obtained
-10 when focused on the front surface, as a function of
0 05 Ti ! 5 2 0 10 20 80 time; panel (B) is its Fourier transform. The lower
ime (ms) Frequency (kHz) - . - . .
, curve is the signal obtained with the back surface in
Focused on the stationary back surface focus in the time domaifpanel (C)] and in the fre-
01 c 80 » =0.0063 D qguency domainpanel (D)]. The stationary back sur-
60k face, even though it is far away and its contribution to
0.05 the total carrier level is smallp(=0.016), can introduce
< 40} distortion in the demodulator output. Measuring
T o ] through the vibrating membrane, the stationary surface
5 20 also appears to vibrate with a distorted waveform.
-0.05F 0
-20
-0.1 . e :
0 0.5 1 1.5 2 0 10 20 30
Time (ms) Frequency (kHz)

focused on the front surface, and the ratio of front/back sigtal results by including a more general case. In Fig. 13, the
nal strengths was 0.0063 when focused on the back surfackack surface had8c.=1.14. The front surface hagB,
Again, we see that the relatively large motion of the front=1.05. The ratio of back/front signal strengths was 0.014
surface is able to influence the back surface measurementhen focused on the front surface, and the ratio of front/back
even with a small ratio of signal strengths. The spectra fosignal strengths was 0.032 when focused on the back surface.
these two signals are shown in pan@s and(D). The back  Panel(A) shows the front surface alone; pa€) shows the
surface introduces only a small amount of distortion to theback surface alonéo illustrate the low level of mechanical
front surface measurement. This is consistent with our exdistortion. Panels(B) and (D) show the distortion intro-
pectations, since the back surface is-eferoB, and the duced by the competing signal of the other surface, when
ratio of signal strengths is small. they were separated by 1Q8n. [The small change in the
We conclude the optical experiment section by showingfundamental component is difficult to interpret, as the exact
one case in which both front and back surfaces were movingposition where the motion is measured on the membrane
This was accomplished by threading a glass tube with memmay have changed between pan&s and(D).] The degree
brane into the larger plastic tube with membrane and stimuef distortion introduced by the competing signals depends on
lating at 2 kHz. There are no surprises with the results undeboth the strength of the competing signal and the modulation

these conditions, and they serve to round out our experimerB of that signal.
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FIG. 13. Two vibrating membranes separated by 108
um were used in this experiment. Parfd) shows the
Fourier transform of the signal from the front surface
alone; panelC) shows the back surface alone. When
measured alone the front membrane vibrated with ap-
proximately 11 dB higher amplitude than the back
membrane. The second harmonic distortion was low, 60
dB below the fundamental. It was not measurable on
the second surface. Pané®) and (D) show the distor-
tion introduced by the competing signal of the other
surface Bo=1.05, Bc=1.14,f,=2 kHz). Panel(B):

The front surface is in focugy=0.014; panelD): The
back surface is in focug=0.032. When the vibration

of each membrane was remeasured with the two mem-
branes in place, the measured amplitude of the first
membrane was lowered by about 7 ¢ierhaps due to
not measuring the same location on the membrand

its second harmonic distortion increased by 15 dB. The
measured amplitude of the second membrane increased
by 5 dB and its second harmonic distortion was in-
creased to a level 34 dB below the fundamental. These
observations are qualitatively consistent with the theo-
retical predictions.
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o« i FIG. 14. Effect of a competing signal on the fundamen-
0002 oz o6 8052 oz oo %" o2 o0z oo tal and harmonic output of the FM demodulator.
B,= 0.5, Bc=0.005 By= 05, B=0.6 B,=05,8.=5 Change in demodulator output in dB is calculated for
20 20 20 . . - )
& . variousp=c/a values and for nine differen® combi-
% 0 0 nations. The calculations have been made fhy
Ba=0 55 20 20 =0deg. The demodulator output at the fundamental
% frequency can increase, remain unaffected, or decrease
- I -0 sharply depending on the parameters. Only odd har-
e = -60 -60 monics are present wheti,=0 deg. Harmonics are
0 G2 04 o 0 02 04 o6 0 02 04 o6 lotted in dB relative to the fundamental level in the
By= 4, Bo=0.04 By=4 B=48 By=4,B,= 40 plo V€
0 20 20 absence of competition.
o
A 2 o — 0 0
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—fm |2 7/
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Ill. BACK TO THE THEORY tance between surfaces. Most surfaces in the cochlea are

From the above, Eq(5) is very useful to predict the sepgrated by at least 1Q0n, so from Table which repo.rts
output signal of the FM demodulator when two signals con-CarTier power, so the square root is the relevant quaniity
tribute to its input. We conclude the Results section by using@n see expectegvalues depend on the interferometer and
Eq. (5) to generate some useful experimental guidelines reWill span values as high as 0.3, and as low as 0.01, with the
garding signal competition. Above, realisjicand 8 values  lower value possible with the low-coherence diode laser of
were gleaned from the literatur@ values extended from Dalhoff et al. and the divided aperture system of Koester
very low modulation index(for low to moderate stimulus et al. When the competing surface is of relatively high re-
levels to modulation indices at high stimulus levels up to flectivity (bone, for exampleor is closer,p will be accord-
~10. Chinchilla had largep values than the other species jngly higher. Future measurements that attempt to separate
looked at, and guinea pig measurements were always withifhe motion of, for example, tectorial membrane and reticular

a Iow—modu!atlon case, although getting close to the boundFamina, will encounter more serious signal competition. The
ary at the highest stimulus levels. Many surfaces in the co-

L ; . .—other important parameter is the modulation index ratio.
chlea are of low reflectivity, the Hensen'’s cells of guinea pngh t al. (200 d vibrati fH : I
being a notable exception. If the reflectivities of different annaet al. (2000 measured vibrations of Hensen's ce

surfaces are close to being equal, then the ratids deter- and basilar membrane in am vivo preparation: The basilar-
mined largely by the optical sectioning curve and the dis-membrane velocity was 10 times smallfensed Bem= 10

Bc/ Ba=10.01 Bc/Ba=1.2 Bc/PBa=10
B,=0.05, B_= 0.0005 B,=0.05, B = 0.08 B,= 005, .= 05
20 20
)
g —_— 0
:
By =0.05g 20 -20
L -40
o - =
-60 -60
0 02 04 06 0 02 04 06
B,=0.5, b= 0.005 B,= 0.5, B,=0.6 o .
20 20 FIG. 15. As in Fig. 14 except calculations have been
g 0 0 made for,=90 deg. The fundamental component is
= I ——— " .
2 not affected appreciably except when the modulation
Pa=0.5 i P _] ; index of the competing signal is much higher than that
§ a0l -7 e - a0 i of the primary signal 8- / Bo=10). Distortion contains
N AT N Bt - ; both even and odd harmonics.
0 02 04 06 o 02 04 o6 o 02 04 o6
B,= 4, .= 0.04 B,=4,p.=4.8 B,=4,p5 =40
5 A C 20 A C 20 A (~]
o
B 2 o0 0 0
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2 o0 A o—\ [ FIG. 16. As in Fig. 14 except calculations have been
|3A=0.5§ 20 Phd 0 0 / made for ¢,=180 deg. The competing signal intro-
2 - duces the biggest changes for this phase.
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(their Fig. 3. In order to address a full range of experimental14), 90 deg(Fig. 15, and 180 dedFig. 16. Note that the
conditions, we present guidelines that cover a large range afven harmonics are absent when the phase is 0 deg or 180
p values and three differemc /B, ratios. deg. This is due to the symmetry of this condition. The 90
In Figs. 14, 15, and 16 we show the effect of a compet-deg case shows the more general result, in which both even
ing signal as a function gf, and for three differen8-/8,  and odd harmonics are present.
ratios (left: Bc/B,=0.01; middle,Bc/BA=1.2; and right The results from Figs. 14—-16 have been distilled in Figs.
Bc!Ba=10). This generates three plots. These three plotd7-19, by presenting results in terms of nominally accept-
are shown for three values @, (top: B,=0.05; middle: able levels of error in the fundamental and distortion. The
Ba=0.5; and bottomB,=4). What is plotted is the change acceptable levels chosen wete3 dB for the fundamental
in output,E(t), due to the competing signal, reported in dB. response, and harmonic levels at least 30 dB down relative to
The harmonics were zero without competition, and what ighe unchallenged fundamental. These “threshold” curves are
plotted is their level relative to the fundamentalithout  shown for the same three valuesgy as in Figs. 14—16. On
competition. We have seen the strong effect of phasg, the left axis ispj,, the p value for which acceptable levels
on the results. Recall that the phase is not under experimentate obtained(To have a smaller errop has to be less than
control; it depends on the distance between surfaces. Thergy,,,.) If we examine Figs. 17-19 for a ratio of 0.1, we see
fore, we present results for three phase values, O(Bag  that for low modulation index 8,=0.05) the errors are ac-

\|1°=0°
T T T T T T T
0.8
5 06 By=0.05 — fundamental J
B —<—_harmonic
£ 04F 7
< o2 0<p,/By<56 i
0.1
0 1 1 1 1 1 1 Il 1 Il
0 1 2 3 4 5 6 7 8 9 10 FIG. 17. Ratio pyy,) for which the change in the fun-

damental is+/—3 dB and the level of the harmonic
components is- 30 dBre: fundamentalpy;, is shown

as a function ofBc /B4 for three values of3, (upper
panel, B8,=0.05; middle panelB,=0.5; and lower
panel, B=4). The phase is equal t¢,=0 deg. To
have an error less thaii/—3 dB for the fundamental
or to have the harmonic component more than 30 dB
down compared to the fundamentalpeeds to be less
than py, -

Pym (c/2)

Piim (C/2)

Be/By
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Py (C72)

4 FIG. 18. As in Fig. 17 excep,=90 deg.

Piim (0/2)

Bo/B,

ceptable as long ag-<3.58,, and for high modulation from measurement to measurement, due to slightly different
index (B,=4) the errors are acceptable #; is between sites and distances. The distortion pattern, as well as the
0.584 and 1.58,, and again are acceptable for large valuesvalue of the fundamental, will change between the measure-
of B¢ (Bc>7.58,). Comparing Figs. 17-19, it is clear that ments if they are produced by competing signals from out-
errors in the fundamental component are much greater in thef-focus planes.

case ofiyy=180 deg. Note that if two surfaces vibrate with

an arbitrary p, with approximately the same amplitude

(Bc!Ba~1), and the distance between surfaces is such thg, concLUSIONS

¥o=0deg, no errors or distortion are obser€igy. 17). In

most cases the phase will not be exactly 0 deg, and the One factor that governs the optical sectioning capability
phase, being related to distances between cochlear structure$,an optical system is the objective lens’s numerical aper-
is not under experimental control. However, the physiologi-ture. Its effect can be described analytically and compared to
cal basis of measured harmonics could be confirmed by thethe split-aperture objective developed by Koegtal. The
reproducibility. Comparing Figs. 14—-16, the harmonic struc-optical sectioning is greatly improved by the split-aperture
ture is very sensitive to thg, value. They, value will vary  system.

wo=18°°
T T T T
0.8 — fundamental 7
= 06 —=— harmonic ]
S .
£ 04 1
o

0<B/B,<3.5

Piim (¢13)

FIG. 19. As in Fig. 17 excepy,=180 deg.
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We investigated the effect of a competing signal on thé'whenA andC move with different phases/(: #0), the anglep in Eq. (5)
measured vibration. The investigation used both a purely theis ¢=(w.c— wca)t+ o~ Bc COS@ L+ Pe) +Ba COSE,L).
oretical treatment of FM demodulatigresulting in Eq.(5)]
and a simulation of an FM receiver, as well as tests with our
FM receiver using competing FM signals that were electroni-
cally generated, and finally tests with our entire
interferometer/receiver system using optical signals thaBaghdady, E.J1956. “Interference rejection in FM receivers,” M.I.T. Res.
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