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Abstract: This paper reviews the development of a new configuration of interferometry, Self-mixing Interfer-
ometry (SMI). SMI is attractive because it doesn’t require any optical part external to the laser and can be em-
ployed in a variety of measurements, ranging from the traditional measurements related to optical path length
like displacements, small-amplitude vibrations, velocity; to sensing of weak optical echoes, like return loss
and isolation factor measurements; and also to a special feature for the interaction with the medium, measure-

ments of physical parameters, like laser line width, coherence length, and the alfa factor. Because it is also a
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coherent detection scheme, the SMI operation is close to the quantum limit of received field and the minimum

detectable amplitudes of 20 pm/ +~/Hz or better are currently achieved upon operation on diffusive targets,

whereas a corner cube allows half-wavelength counting mode or 0. 5 pum resolution on a dynamic range up to

2 m. SMI has a compact setup, and is easy to deploy in the field and can interface a variety of experiments

from MEMS testing to rotating machine vibration testing to pickup of biological motility as described in the

paper.
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Fig. 1  Basic scheme of a self-mixing interferometer
(a). The rotating-vector addition model ('b)
explains how AM and FM modulations are gen-
erated, respectively by the in-phase ( cosd )
the in-quadrature( siny) components. ¢ =2ks
is the optical phase shift of path to the remote

target and back
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SMI waveforms for weak to moderate level of cou-
pling: up to C=0.05 the waveform is much a co-
sine function of the optical phase shift, then at
increasing C it becomes progressively distorted
until at C =1 a switching appears in the trailing
edge, marking the onset of ECM (external cavity
mode). Regimes shown are those used in;two-
channel interferometer, LDV ( C<1), fringe-
counting SMI(1 < C <4.6), and also alfa-fac-
tor, line width measurement, and angle measure-
ments. At still larger values of C, the SMI wave-
form first displays more than one switching per
period of 2ks, and then multiple switching soon
becoming erratic, entering the chaos regime of
oscillations, no more convenient for SMI but use-

ful for cryptography
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Fig.3 Experimental signals of the SMI(lower traces) ,

(b)C=22

obtained in response to sinusoidal drive s(¢) of
the target(upper traces). Left; at C=0.6, the
2ks waveform is slightly distorted, with falling
semi-periods somewhat faster than the rising
ones; right:at C =2.2, a switching occurs in
the fall semi-period. Wavelength is 850 nm,
time scale:2 ms/div. Note that the waveform
detected by the photodiode has switching every
A/2 displacement of the target. The switching is
negative going (lower trace) when the target is
receding (upper trace ) and is positive-going

when the target is approaching. (Ref. [6])
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Fig.4 Schematic of an SMI for measuring displacement

with A/2-resolution from the waveforms with

C > 1. the photodiode signal is passed through a

trans-impedance  op-amp, time-differentiated

and pulses rectified and sorted to the Up/Down

input of a decimal counter. A multiplier ( not

shown) is used to bring the accumulated count-

ing to metric decimal on the display. Typical

resolution is 0. 5 wm, and maximum speed of

the target, with a pulse width of 300 ns, is a-
bout 1.2 m/s
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Fig.5 Results of measuring a 65 c¢m displacement ex-
hibit a roll-off as a function of diode laser tem-
perature ( open circles of (a)). After tempera-
ture is stabilized, data return around zero ( full
dots of (a)). The spread over a N =60 sample
of measurements lasting 4 hours is about *2 X

107%(b) (see Ref. [16])
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Fig.6 In the technique called Bright Speckle Tracking
(BST), the objective lens is moved slightly a-
long the X and Y axes by a pair of PZT actuators
so as to track the local maximum of intensity
scattered by the diffuser back into the laser(a).
In an experiment demonstrating BST control, a
dark speckle affecting a counting loss at s =76
cm is avoided and the corresponding error is re-

moved(b). (see Ref. [19])
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Fig.7 Linear processing in a small-amplitude vibrome-

ter: to lock the quiescent point at the middle of
the signal swing(a) , the half-fringe voltage lev-

el V _is used as the reference of the difference

ref

amplifier receiving the preamp signal V,

op —amp *
Output is then converted to current and feeds the
laser diode. To a phase variation —2sAk due to
target motion, the electronic feedback loop re-
acts with a wavelength change giving an equal
and opposite phase —2sAk. The vibration sig-

nal 2kAs is then found at the output V,, of the

out

difference amplifier A(b). (see Ref. [23])

s it v, (L7 (b)), 302 i KA PR 5 1 AL
o VA FE BV, ., Z EAR/N S R
PRV, T AR T E R o, GV,
i B PR DTG TR A AL A5, B 2kAs =0, BT LA
BRBCKA N AV, SRR IR G TN
AV, = [a,G, 17" (A/s)As . (6)
AR ZO AR 155 1, 1 IRAE L B
Hoipeh (A48 H bn J5 B B FURCRE A8 16 ) 7Y
o, ME— SRR 5 G, R,
7,5 48%% Gy, =RAa, G, (s/A*)aP , HhoP, =
1o e GHLARIE B, o 2O A 35 %
o TE—MRMIRAL S 2R vh AT LA 25 3K

% G,,,~500 ~1 000, 5 4E R ik A A L, 76 A3
Hh R A 10l FRARUS 0 1T 5 PR 25 R A5 1) R
55, TR 2 B P AR I R B2 [ 500 ~ 1 000 B
R EASFEXTIN A 5, SR i o — MEHT
HF G, W4 m LRSS 3T sl
B, ShE B RO A 5] AR 25, Br A
IMES IR A R BR TR IR < 280 (8 > A/2)
PTG, BEZ (55 035 ot 48 Tl iz 480, )k
B BRIk, BT RAREIING,, . 15
TWHA G, A2, B 200 ~500 pm,

Vibrameter performance

1 mm
=
L+
‘E 10 um
&
&
S 100 nm
v
=
=~
2  Inm
o
e b
10 pm . . . . . .
0.01 Hz | Hz 100 Hz 10 kHz 1 MHz
Frequency
(a)
10 pm
] _'_L
I um r' .[
100 nm ! ! ' ENGINE
PNl AN 0 @2100 RP M
10 nm ulh L l]"" | P
(VA T WM Encine
(V] 1 |f| @2100 RPM
1 nm + ! .
| 1
100 pm -
P 1 40 80 120 160 200
Frequency/Hz
(&

K8 (a)BEFRLMIRNUNERE : /MU S

J& 100 pm(B =1 Hz) , e KIE{EH 500 wm, 4t

M 0.1 Hz ~80 kHz( WICHER[23]) 5 (b) B
PRVRZETT E/NR B ALES

Fig. 8  Performance of a half-fringe locked vibrometer

(a): minimum displacement signal is 100 pm

(B=1 Hz) and maximum amplitude 500 pm,

frequency from 0. 1 Hz to 80 kHz (see ref.

[23]). The instrument at work detecting small

vibrations on the door, as produced by the en-

gine of the car(b)
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Fig.9  Reconstruction of the s(¢) waveform from the measured F(1) = Al (1)/1,,. For a2 pum peak-to-peak signal, error

keeps < +£2 nm. (see Ref. [21])
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Fig. 10

(a) Reconstruction of displacement with the cos/sin signals: (b) a HeNe laser with transverse Zeeman effect is used

to create a pair of orthogonal, linear-polarized modes. A polarizer at the target output selects one mode for self-

mixing effect, while the other is kept unaffected in the cavity. A 45° oriented polarizer at rear mirror allows beating

of the two modes (one carrying the SMI signal, the other a fixed reference) on the photo-detector. (c¢) Amplitude

and frequency demodulation reveals the 2ks and 2ks signals. The cross product of signals and their derivatives are

made to free out v and then integrate v to obtain s(see Ref. [7])
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Fig. 11  Distance measurement with a SMI; by a bias
current sweep applied to the laser diode,
wavelength is modulated with a triangular
waveform, and phase ¢ =2ks exhibits a num-
ber N of 2-periods variations ( the small ripple
on waveform). The SMI signal is time-differ-
entiated and the periods N counted. Unit of
scale distance is A?/2kAX and accordingly
distance is s = NA*/2kAX. Diagram at bottom
is the spread of measurements on a s =1.3 m

distance( see Ref. [3])
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Fig. 12 Alignment and angle measurement with a SMI: when a remote mirror is well aligned, the SMI signal due to ambient

microphonics is maximized (a). In an improved setup, the angle is modulated by an XY piezo actuator slightly

moving the objective lens. The resulting SMI signal is sensed in amplitude and phase respect to the drive signal

( +/ - sign for phase/antiphase ). The parabolic-like response curve(b) is thus transformed in a quasi-linear

passing through the zero(c¢). Angles down to a fraction of arc-sec can be measured on a dynamic range of a few

arc-min( see Ref. [35])
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Line width measurement by SMI; the laser is set to a C >1 regime, then the jitter of the switching transient appearing

Fig. 13

in the self-mixing waveform is searched(a). The variance of the associated phase fluctuation A2ks =2kAs +2sAk,

has a first term which is kept constant, and a second term 2sAv/c proportional to the line width Av. The quadratic

sum of variance contributions is fitted to obtain the line widths of different laser specimens(b). (see Ref. [36])
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Fig. 14 Hysteresis of SMI signal with € =2 and a =5.
Looking at the zero-crossing points ¢, . and
&, , and at the switching points ¢, , and ¢ ,,

the a-factor can be determined ( see Ref.

[37]).
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Fig. 15 Transparent slab thickness measurement with SMI; a laser diode acts as a self-mixing sensor( output on photodiode

PD, ) and as a source of a lateral shear interferometer( output on photodiode PD, ) (a). Subtraction of the fringes of

the two outputs gives kdcosa(b) , and it is the function of tilt angle & and independent from n. Range of thickness

is measured about from 5 to 1 000 um(see Ref. [427])
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Fig. 16

Test of the mechanical properties of Si-machined MEMS with SMI. (a) Light from the laser is focused on the small

vibrating mass of the chip through the glass wall of a vacuum chamber. The vibration of the mass is viewed at an

angle( =20°) , and the appropriate correction is applied to the SMI fringe signal. (b) As drive voltage is in-

creased, a drift of resonant frequency can be found and then incipient hysteresis shows up at 8 ~9 V, indicating

incipient fatigue and creep. (c) At increasing chamber pressure, the Q-factor of resonance is damped because of

residual air friction(see Ref. [43]).
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Fig. 17 In a Si-machined MEMS, micro-mirrors are
tested by using a single mode fiber as the
probe pinpointing the mirror. The fiber has a
tilted splice at the laser coupling end, and is
tapered and lensed at the other end to sense

the mirror movement ( see Ref. [44]).

Xt F MEMS Z5#4 (1 %5 —Z%81, V. Annovazzi %5
N SE T M L S B S B A L A SMI
ity rhim AL AT (WL 17) 18 BAntin 2 5
R LGN R B R B S 4 DT 38Dl
F e o AR AR
6.3 NA/METE

TE3.2.1 735 SMI IR 4S5 2 34 I A [a] 1)
PRS2 T — 20 By & J AT DL £ 2 in )
KWILELIE Bl R0 MRS

T ARG T WA AT 22 4 D0 6 38 T]
DIFHIZHE NG ¢, - b, =2k(s, —s,) o SR,
TNCRAE BN H bR 2 1w b AT I &, WO SE 1 ml e
SSARRLZE I — MR R AIR Z A ¢ .
A SR B 8 ST I HR AL, I %68 e 9 AR AR 7 5
ST RLGRE, T LAHBR IR 220 ¢, HRE
W T 220 MR IS — AW ES W]
IS LGS, OF iR E — > XUE I SMI 4R {X
e 2, Horh— AN TGS s, 73—
T sen +sp, TS T 2G5 s, BT L
g g EL A A [P B ) R 3 (e 9 AN DR C 58 <
0. 1% , M5 -5 MBS H 2 <5% ), BT
AR 22 53 FOG 2 AR AL 28 43 T WA BORAH 2, #8
AT AL 3L

Brake testing machine

B 18 P4 L0A2E 1 SMI MRS AT LA 22 43 A58 =Ll
B BAR, X B R X — AR AR AL B ik i 3 1
T BT 2B AT R, PSR B2 B8 3 ik
SEASE) FERAR L (DU EE)
Fig. 18 ~ SMI half-fringe stabilized vibrometer can also
work in differential mode on a diffuser target,
here the damper bead of a turbine motor
brake. The two beams point at the base of the
shaker ( common mode) and the bead body

(' measurement )
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Fig. 19  Strain-stress diagram is measured optically for
the first time with the SMI differential vibrome-
ter, and reveals the Newtonian regime where
hysteresis is negligible (F <7 N), and the
plastic regime where the hysteresis loop opens
(F=8.15 N) and the bead dissipates energy,
before the breakdown occurs (at F=17.5 N).
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Fig.20 Two samples of biomedical signals measured by

the He-Ne SMI, (a) pulsation of blood on a

, (a) T8RN

finger tip (0.5 pm/div, 0.3 s/div), (b)re-
spiratory sounds detected on the back of a pa-
tient, with the acoustical signal of a stetho-

scope (top) compared to optical waveform

taken by SMI( hottom) (see Ref. [3]).
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Fig.21 Relationship between total field attenuation and relative photodetected signal (a). As an echo detector, the SMI
can sense returns as small as 10 ™ of the output power(b). To measure the return loss or the isolation loss, a mod-
ulation of the path-length at a carrier frequency w, is added, through a coiled PZT phase-modulator or a target-end
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Fig.22 A SMI can be used in connection to a confocal
microscope layout with the advantage of self-a-
lignment of the detector. Scanning the speci-
men generates an image with a spatial resolu-
tion r =1/mNA=~1 pm and a typical depth res-
olution Az=30 nm (see Ref. [53])
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