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Abstract.Areal-timedisplacementmeasurementsystemusingasinu-
soidalphasemodulatinginterferometerisproposedanddemonstrated.
Thesystemutilizesthefrequencycomponentsoftheinterferencesignal
todetectthedesiredphaseorthedisplacementinrea川me.Thereal-
timephasedetectorisconstructedwithsimpleelectroniccircuits.The
systemalsohasafeedbacklooptoeliminateexternaldisturbance.ltis
easytomeasuretherelativelylargedisplacementthatexceedsahalf

wavelengthofthelightbecausethecompensationcircuitisincorporated
intothesystemtoobtaincontinuousphaseoutsidetheregionfrom0

to2iT.
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1Introduction

Opticalinterferometryisanadvantageoustechniqueforpre-

ciseandnoncontactmeasurements.Variouskindsofinter-

ferometry・suchasheterodyneinterferometryandfringe-

scanninginterferometry,havebeenproposed.Recently.

thelaserdiode(LD)hasbeenwidelyusedasalightsource

完causeofitsim

neinterfer。metSrovedc

rs8and呂herenceandreliabil

hase-shiftinginterfe忠Hetcro-

eters9'10

canbeeasilyconstructedusingthetunabihtyottheLD

wavelength.
Anothertypeofinterferometry

ulating(SPM)interfer。metry."Tこssinusoidalphas

emodulation。f㌫mod-

eLD

inanSPMinterferometerisverysimplecomparedwiththat

inotherinterferometers,wherethemodulatingcurrentsmust
becontrolledaccurately.InanSPMlaserdiodeinterfer-

ometer,asinusoidalmodulatingcurrentisinjectedintoa

constantfrequencyLD.Feedbackcontrolcanとilsobeeasily
introducedtoeliminateexternaldisturbances.1-Thephase

detectioninSPM

transf。rm13and霊rferometersisperform

egrating-bucket14'15霊ththeFourier

。dsusinga

computer.

Recently,real-timemeasurelllentsbecamemoreimpor-

tantbecausemachinecontrolinprecisemanufacturingre-

quiresthedetectionofmicroscopicmovements.Wehave

proposedmethodsofreaトtinleprecisemeasurementinSPM
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interferometryin

l。ck17J8isinc。r霊霊ynchronoussampling''orthephase

Thesynchr。n。ussamplingmethodusesapeak-holdcircuittoobtainanormalizedinterference

signal.Whentheinterferencesignalamplitudeischanged

bytheexternaldisturbances,theresetcontrolofpeak-hold

circuitisrequired.Butitisdifficulttoresetthiscontrol

exactly.Ontheotherhand,thephase-lockmethod,which

ismainlyusedforsurfaceprofilemeasurements,requires

complexelectroniccircuitsforthefeedbackcontrolsystem.

Inthispこiper.weproposeanothertypeofreal-timedis-

placementmeasurement.Thedetectionol'theSPMinter-

ferencesignalissynchronizedwiththeSPMsignaltoobtain

thefirst-andsecond-orderharmonicsoftheSPMfrequency.

Thephaseoitheinterferencesignaliscalculこitedfromthese

componentsindigitalcircuits・Theprincipalofthismethod.

asreportedinRet.13,usesthefastFouriertransformwith

acomputer.Inthisinterferometer,moreover.theexternal

disturbancesthatcausevariationsintheinterferencesignal

anddecreとisemeasurementaccuracyareeffectivelyelimi-

natedbyusillgthefeedbackcontrolfortheLDinjection

current.

2PnncipleoftheReal-TimeDisplacement

Measurement

2.1ConfigurationoftheSinusoidalPhase

ModulatingInterferometer

Figure1showsthesetupoftheSPMlaserdiodeinterfer-

ometerforreal-timedisplacementmeasurement.ATwynun-

Greeninterferometerisusedastheopt-calsystem.The
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Fig. 1 SPM 一aser diode interferometer and a synchronous detector

optical path difference between the two arms is 2D¥. The

injection cu汀ent of the LD consists ot dc bias cu汀enりo and

modulation cu汀ent /…(/), which are supplied by the laser

diode modulator (LM). Cu汀ent lo determines the central

wavelength ¥o of the LD. The modulation current I,,,(t) is

Im(t)-a Coscoc-/.　　　　　　　　　　　　　　　　　(1)

Because the modulation current changes the wavelength by

β√川(/), sinusoidal phase modulation is achieved, where β

is the modulation efficiency. The interference signal is de-

tected by photodetector PDl. The time-varying component,

or ac component, of interference signal is given by

S(t)-S。 cos[z coscoc/+αo+a(/)] ,　　　　　　　(2)

where z-4TaSD¥l人言the constant phase α。 is given by

α0- 4ttDi/ho, and So is the amplitude of the ac component.

The phase α(∫) is given by

α(0-4irr(/)/入O ,　　　　　　　　　　　　　　　　(3)

where r(t) is the displacement of an object.

2.2　Principle of Synchronous Detection

The interference signal S(t) and the modulation current /, (/)

are led to the synchronous detector (SD) to obtain the or-

thogonal components, or sin∝(りand cosα(けThe block

diagram of the SD is shown in Fig. 1. Expanding Eq. (2)

by ignoring the constant phase αO, we obtain

S(t)-So cosα{t)[Jo(z)-2J2(z) cos2cM+ - ・ 1

-So sin∝(t)[2Ji(z) cose山L・t-2h(三) cos3wc/+ - ・1

m

where J′～(三) is an ′/'th-order Bessel function. Multiplying

S(t) byJm(∫) and passing itthrough the low-pとiss filter(LPF),

we obtain the signal associated with the frequency com-

ponent of co, as follows:

Ys-A∫ sina(/) ,
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(5)

whereAs=-2K¥SotiJ¥(:)

ing/,(/)andsuppressing霊Scl霊eLPFlgain,

p。nent。f/,-(ヲquar-

),vve

obtainthesignal

lmi{t)-{a-!2)cos2w(/(6)

ByusingIm2(t),thefollowingsignalassociatedwiththe

frequencycomponentof2cdisobtainedinthesamemanner

asEq.(5):

Yc-At-cosα0,(7)

whereA<---KzSqctJヱ(-)andK2istheLPF2gain.The

signalprocessingtoobtainthesignalofEqs.(5)and(7)

aretheso-calledsynchronousdetections.WhenK¥andK2

aresetsothat/¥-As-A`,thephaseα(/)iscalculatedfrom

α(/)-tan-'(K5/Kc)(8)

2.3　Principle of Real-Time Phase Detection

To obtain α(∫) in real time we use the digital circuit and

the arctangent conversion table instead of a computer. The

block diagram of the phase detector is shown in Fig.2. The

signals ㌔ and K are converted to 8-bit digital values by

8-bit analog-to-digital (A/D) converters. The sampling clock

for the A/D converters is generated from the modulation

current /, (/) using the zero-cross circuit, so the sampling

frequency is equal to the modulation frequency叫!2-n. The

outputs of the A/D converters, say digitized /.～ and KL・,こIre

used as the row and column addresses, respectively, ot the

8-bit read-only memory (ROM). The contents of the ROM
are shown in Fi^. 3. The desired α's hとIve been calculated

in advance using Eq. (8) for all the combinations of Y∫ and

Yc and written in the ROM. The dataO and 25:> in the ROM

are equivalent to 0 rad and 2T rad, respectively, so the

phase resolution is 2tt/255 rad. Because α is defined in the

region ofO t0 2tt, the detected phase should be compensated

to be continuous when the change in α exceeds 2tt. This

process is carried out with the compensation circuit (CC).

The procedure for the compensation is shown in Table

The detected phase α becomes discontinuous at α-0 or in

the region of Yc>0. as shown in Fig. 3. In that region,

the sign of Ys changes from minus to plus, we judge that

the phase increases and add 2tt to α. Inversely, if the sign

or y∫ changes from plus to minus, we judge that the phase

decreases and subtract 2tt from α　The block diagram of

the CC is shown in Fig. 4. It is constructed with flip-flops

(FFs) and a 4-bit binary up-down counter, which is gated

by Yc. The FFs latch the sign of Ys synchronously with the

sampling clock. The signs of K.v and Yc arejudged by their

most significant bit (MSB), and FFl and FF2 detect the

positive and negative edge, respectively. The outputs of the

FFs are led to the up-down counter only when the sign of

Y'is plus. Consequently the CC acts according to the pro-

cedure shown in Table 1, and the 4-bit digital value is ob-

tained for compensation when the phこuse changes outside

the region ofO to 2ir. The 8-bit datとI From the ROM and

the 4-bit data front the CC are fed toとi 12-bit di∈ital-to-

analog (D/A) converter and the phase change can be ob-

served in real time. The 12-bit data represents the phase 0
to 2ttx24.
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Fig. 2 Block diagram of real-time phase detector
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Fig. 3 Contents of the ROM.

Table 1 Procedure for the phase compensation.

Sign ofcosu Changeofsign

ofana
C om pensative value

+

●∫ 十
+2it

十 1 ー
-2 k

Fig. 4 Block diagram of the phase compensation circuit.

3 Influence of the LPF in Synchronous
Detection

Although the maximum value of the n-easurこible phとise chとinge

is expanded to 2¶×2　using the CC, it is limited by the

cutoff frequency of the LPF used in the synchronous de-

tection. To consider this limitation, we suppose that the

displacement r(りis

r{t)-d s¥x¥iiirt

From Eqs. (3) and (5), the signal Y,～ becomes

Y*-A sin(rr sinajr/).

(9)

where二,-4Td/入O.Theexpansi川-ofEq.(10)isgivenbヽ,・

ys-A[2Ji(二r)sine小t+2Jn(zr)sin叫t+1・(ll)

whereYTcontainsthehigh-frequencycomponentwhose

amplitudedependson二′.Sin-ilarly.K,isrepresentedby

Yc-A【Jo(ニr)+2J2{二r)cos21i)rt+2JA(Z,I)cos4叫/+1

12)

BecausethesynchronousdetectionusesanLPFwhosecut-

offfrequencyisa>/,thefrequencycomponentsthatare

higherthanoo/areelii一一inとitedfromYsandY`.Sothesignals

ysandYcbeconledistorted,Y言indV′Then,thedetected

vibrationr(/)isgivenby

r'(/)-(入o/4¶)tan」(y:s/y;.)(13)

Weestimatedthemeasurementaccuracyusingtheroot一

mean-square(rms)errorcalculatedfromthedifferencebe-

tweenEqs.(9)and(13)overoneperiodofthevibration.

ThecalculationresultsareshowninFig.5.Althoughthe

rmserrorisconsiderablyaffectedbytheehminaledire-

quencycomponents,itconvergestozerorapidlyasthe

frequencyratiotur/w/becomessmall.Forex

wr/w/=10-',wecanaccuratelymeasurethe霊,whe

i。nsu呂tod-400nm.Consequently,thecutofffrequencyoo/must

beselectedbyconsideringthefrequencybandwidthsofYs

andYc.

4Experiments

TheexperimentalsetuplsshowninFig.6.Thesystem
containstwoTwyman-Greeninterferollleters;one(SYSl)

isusedforthedisplacementnleasurementsystemandthe

other(SYS2)isusedforthefeedbackcontroltoeliminate
theexternaldisturbance.Theopticalpathdifferencesbe-

tweenthetwoarmsare2D¥andIDコ.respectively,andthey

aresetto2D¥-2D2-100mnlAbeamsplitter(BSl)sep-

aratesthetwointerferoilleters.AGaAIAslaserdiode

(HITACHIHL7801E)isused.Its一一1こiximun-outputpower

is5mWandthecentralwavelenuth入ois780nm.The

modulationefficiencyβoftheLDis6.0×10-nm/mA.

Thefrequencyofphasemodulation叫/2ttwassetto10kHz.

Thecutofffrequencyco/72-oftheLPF、vassettoonetenth

ofmodulationfrequencytoeliminatethecarriercomponents

sufficiently.

Theexternaldisturbとincedヱ(/)isdetectedasaphase

changeintheinterferencesignalS二(∫)inSYS2.Theteed-

backsignalYf(t)-Ajsinb2(0isproducedinafeedback

signalgenerator(FBSG)bythesynchronousdetectionpro-

cedure.TheY/(t)isfedtotheamplifier,whosegainisKp,

andthecontrolcurrent/`(/)isproduced.Consequently,the

phasechangeintroducedbythecxter一一aldisturbanceiscom-

pensatedbythechangeinwavelengthβ/.I(り.Theprinciple

andtheeffectofthefeedbackcontrolareshowninRef.12

andarenotexplainedindetailhere.

Nowweshowsomeexpenmentalresultsusirmthesetup
ヽ..′showninFig.6.Theobjectisn-irrorM2mountedona

piezoelectrictransducer(PZT).

First,mirrorM2wasdriverlbvthePZTsinusoidally.Its

amplitude and frequency were 400 nm and 100 Hz, re-

spectively. The amplitude of the vibration has been call-

(10)　brated by another method, which is described in Ref. 12.
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Fig. 5 The rms error calculated from the difference between original

sinusoidal vibration r(t) and detected vibration r'(t). The horizontaJ

axis shows the ratio between the vibrating frequency and the cutoff

frequency of the LPF.
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Fig. 6 Experimental setup of the real-time displacement measure-

ment system with feedback control.

The results of the measurenlent are shown in Fig. 7.

Figure 7(a) shows the driving signal for the PZT. The ver-

tical axis is converted from applied voltage to displacement.
The results of measurement when teedback control, or SYS2,

was used are shown in Fig. 7(b). Figures 7(a) and 7(b) agree

well, which shows that a large displacement, more thとIn

入/2, can be measured with high accuracy in our system.
On the other hand, when the feedback control was not used,

the displacement detected was as shown in Fig. 7(c), where

the sinusoidal form can be observed, but the externとil dis-

turbance is superimposed with a low frequency on the de-

sired signal. A comparison ofFigs. 7(b) and 7(c) shows the
effect of feedback control.

Next, we measured the triangular vibration whose ai一一一

plitude and frequency were 400 nm and 100 Hz, respec-

lively, using the feedback control. The results are shown in
Fie. 8. The external disturbとinccs are almost eliminated and

the 【nangle vibration is detectedとtccurately.

5　Conclusions

We proposed and demonstrとited a real-time displacement

measurement system that usesとi simple circuit. Although
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Fig. 7 (a) Sinusoidal vibration applied to PZT, measured vibrations

with our system (b) when the feedback control is used and (c) when
the feedback control is not used.
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Fig. 8 Triangle vibration measured using the feedback control.

the measurable range and frequency in the sinusoidとil signal

mainly depend on the cutoff frequency of the low-pass仙er
in the synchronous detector, it is easy to measure a l叩e
vibration, exceedin望入/2.とit the appropriate cutol'f tre-

quency. Highly accurate i一一Cとisurement, free from external

disturbance, can be carried out usins the feedback control

in this system. It is useful for the relatively large displace-

ment measurement.



REAL-TIME DISPLACEMENT MEASUREMENT

Referenc es

I K. D. Stumpf, HReaトtime interferometer," Opt. Eng. 18, 648-653
(1979).

2 K. A. Massie, HReaトtime digital heterodyne interferometry: a sys-
tern." Appl. Opt. 19, 154-160 (1980).

3. G. E. Sommargren, ‥Optical heterodyne prohlometry, Appl. Opt.

20, 610-618 (1981).

4 D. Pantzer, J. Politch, and L. Ek, ‥Heterodyne pro filing instr=一一ent

for the angstrom region." Appl. Opt. 25, 4168-4172 ( 1986).

5 J. H. Bruning, D. R. Herriott, J. E. Gallagher, D. P. Rosenteld,
A. D. White, and D. J. Brangaccio, HDigital wとivefront measuring

interferometer for testing optical surfaces and lenses." Appl. O/n. 13,
2693-2703 (1974).

6. J. C Wyant. =Use of an ac heterodyne lateral share interferometer
with real-tii一一e wavefronl correction systems," Appl. Opt. 14, 2622-

2626 (1975).

7　B. Bhushan. J. C. Wyant, and C. L. Koliopoulous. ‥Measurement

of surface topography of magnetic tapes by Mireau interferometry.

Appl. Opt. 24, 1489-1497 (1985).
8. K. Tatsuno and Y. Tsunoda. ‥Diode laser direct modulation hetero-

dyne interferometer, Appl. Opt. 26, 37-40 (1987).
9. Y. Ishii, J. Chen, and K. Murata, ‥Digital phase-meaゝunng inter-

ferometry with a tunable laserdiode," Opt. Lett. 12, 233-235 (1987).

10. P. Hariharaり・ "Phase-stepping interferometry with laser diodes: effect
ofchanges in laser power with output wavelength. A/I/'/ Opt. 28,
27-28 (1989).

ll. 0. Sasaki and H. Okazaki, ‥Sinusoidal phase modulating interfer-

onldry for surface profile measurei一一cnt." Appl. Opt. 25, 31 37-3 140

(1986).

12. 0. Sasaki, K. Takahashi. and T. Suzuki. ‥Sinusoidal phこise nlodu-

lating laser diode interterometer with a feedback contrc-1 systenHo
eliminate external disturbance," Opt. E/Jg. 29, 151 1-1515 (1990).
13. 0. Sasaki and K. Takahashi. ‥Sinusoidal phase modulating interfcr-

omcter using optica川bers for displacement measurement." Appl. Opt
27, 4139-4142 (1988).

14. 0. Sasaki, H. Okazaki, and M. SakiJi, ‥Sinusoidal phこIゝc modulating

interferometer using the integrating-bucket method.‥ Appl. Opt. 26,

1089-1093 (1987).

15. 0. Sasaki. T. Okamura. and T. Nakamura, ‥SinuSoi山I phとlSe mod-

ulaiing Fizeau interferoilleter," Appl. Opt. 29, 512-515 (1990).

16. T. Suzuki, O. Sasaki, K. Higuchi. and T. Maruyanlil, ‥Reこil tin-e

displacement measurement in sinusoidal phase modulこiting interfcr-

ometry," Appl. Opt. 28, 5270-5274 (1989).

17. T. Suzuki, O. Sこisaki, and T. Maruyama, ‥Phase locked laser diode

interferometry for surface profile measurement," Appl. Opt. 28, 44O71
4410 (1989).

18. T. Suzuki, O. Sasaki, K. Higuchi, and T. Maruyama, ‥Phase l∝ked

laser diode interferometer: high speed feedback control 、yStcnlr Appi
Opt. 30, 3622-3626 (1991 ).

Takamasa Suzuki received the BE degree

in electrical engineering from Niigata Uni-

versity in 1982 and the ME degree from

Tohoku University in 1984. Since 1987 he

has worked on interferometers using laser

diodes and applications of phase conjugate

optics at Niigata University.

Osami Sasaki received the BE and ME

degrees in electrical engineenng from Nu-

gata University in 1972 and 1974, respec-

tively, and the Dr. Eng. degree in electrical

engineering from Tokyo Institute of Tech-

nology in 1981. He is an associate profes-

sor of electrical engineering at Nugata Uni・

versity, and since 1974 he has worked in

the fie一d of optical measuring systems and

optical information processing.

Shuich Takayama received the BE degree

in e一ectrical engineering from Niigata Uni-

versity in 1992. He was involved with sin-

usoidal phase modu一ating interferometers.

Since 1992 he has worked on (he deveト

opment of electrical commodities at Twin

Bird Corporation.

Takeo Maruyama received the BE degree

in electrical engineering from Niigata Uni-

versity in 1965 and the Dr. Eng. degree in

electrical engineering from Nagoya Uni-

versity in 1979. He is a professor of elec-

trical engineering at Niigata University, and

since 1965 he has worked in the field of

the physics of ionized gasses and optical

metrology.

OPTICAL ENGINEERING/May 1993!Vol. 32 No. 5/1037


