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Laser Diode Feedback Interferometer for
Measurement of Displacements
without Ambiguity "

Silvano Donati, Guido Giuliani, and Sabina Merlo

Abstract— We repert what, to our knowledge, is the first
example of laser feedback interferometer capable of measuring
displacements of arbitrary form using a single interferometric
channel. With a GaAlAs laser diode we can measure 1.2-m
dlsplacements, with interferometric resolution, simply by means
of the backreflection from the surface (reflective or diffusive)
under test. The operation is performed at moderate (i.e., not
very weak) levels of feedback, such that a twe-level hysteresis
is found in the amplitude modulated signal. This is shown to
allow the recovery. of displacement without sign ambiguity from
a single interferometric signal, Experimental results are reported,
which are found to be in good agreement with the underlying
theory. Performances of the developed feedback iinterferometer
are finally presented.

I. INTRODUCTION

HEN a small fraction of the power emitted from a

single frequency laser is allowed to reenter the laser
cavity, as in the case of a remote surface either reflective or dif-
fusive illuminated by the laser spot, an injection modulation of
the cavity field is generated, both in amplitude and frequency.
The driving term of the modulation is the optical pathlength
2 ks of light to the remote . target and back, where k = 21/ )¢
and \g is the emission wavelength of the unperturbed laser.
At very weak levels of feedback the modulation indexes are
in quadrature, that is cos 2 ks for the amplitude component
and sin 2 ks for the frequency component. By means of
these two signals it is possible to recover the displacement
As = s(t) — s8¢ from an initial position so to the current
position s(t) without ambiguity, as in the standard double-
beam laser interferometry.

Observation of amplitude modulation due to injection dates
back to about 25 years ago [1], [2] when the effect was
first noticed in HeNe and CO; lasers and then proposed as a
principle for measuring remote vibrations of sub-wavelength
amplitudes. The theory of injection modulation was developed
shortly later by Spencer and Lamb [3] who showed that
injection  gives also frequency modulation and bistability.

In 1978, one of the authors [4] demonstrated the principle of
injection interferometry for arbitrary displacement waveforms
s(t), using a dual-frequency Zeeman He-Ne laser to recover
the frequency modulation: component sin 2 ks by heterodyne
detection with the second (fixed-frequency) mode, in addition
to the amplitude component cos 2 ks available on the intensity.
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Later, even though several examples of feedback interfer-
ometry [5]-[12] applied to small vibrations detection, ranging,
and velocimetry have been reported using laser diodes, the
efforts of developing a true unambiguous interferometric read-
out of ks have been hindered by the excessive frequency
linewidth of laser diodes {even in stabilized units), and by the
requirement of having a second identical source (unperturbed
by feedback) to be used as theé local oscillator for the detection
of the frequency deviation of the perturbed source.

Thus, up to now, the ‘only available signal in an injection
interferometer was the amplitude component cos 2 ks, easily
picked out from the intensity, and sufficient for measuring
vibrations of small (<A/4) amplitudes. To this end, the inter-
ferometer is stabilized at the half-fringe condition-through an
added s/, so that s = As + &', s’ = A/4 and cos2 ks = sin 2
kAs =~ 2kAs for small As.

Now, an interesting -question can be raised: which class
of functions s(t) can be reconstructed exactly (at least in
principle) from a measured function F(t) = cos 2 ks(t)? Let
us exclude the linearity error of the cosine function, easily cor-
rected by post-distorsion through the arccosine function, and
focus on the ambiguity which occurs when the argument of co-
sine reaches 7 or multiples of it, where onie cannot tell whether
the signal is increasing or decreasing. Reversing the argument,
a class of signals excaping the ambiguity is clearly that of
monotonic signals, for which one can get the true signal as

s(t) = (1/2k)[arccos F(t) + nw] (1.1)

where n is increased or decreased by one at each zero-
derivative point found in F(¢), for posmve or negative slope
signals, respectively.

Developing this point further, it is straightforward to think
of a'scheme for circumventing the ambiguity: we add a ramp
signal r(t) = Ht to s(t) in order to have a monotonic result
7(t) + s(t), and after reconstruction we will subtract r(t) to get
the result. In principle, this leads'to the correct reconstruction
of all waveforms belonging to_the class of s1gnals with slope
less than H.

To avoid the practical difficulty of r(t) getting too large,
we can use a triangular waveform tr(t) = Ht (0 < t < T/2),
= H(T -t) (T/2 < t < T) of period T and of large
amplitude, HT/2 > 1/2k. Now, (1.1) should be modified
by reversing the sign of the added counting at each zero-
derivative point in the alternate semiperiods (odd or even) of
tr(t). This scheme again leads to the reconstruction of signals
with slope less than H. The above scheme identifies a sort
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Fig. 1. Scheme of the feedback interferometer with semiconductor laser.

of dithering of the pathlength ks. Dithering can take different
forms and can be implemented by mounting the laser diode
on a mechanical actuator (e.g.;. a piezoceramic) to which the
dither signal is applied or by modulating the injection current.
The dither avoids-ambiguity and the added signal is canceled
by -electronic processing of the measured signal.

However, it-would be :even more interesting if the laser
diode itself could perform a sort.of dithering. This can indeed
be dore in the feedback modulation regime, by moving. away
from the very weak level, which gives a signal approximately
of the form F cos2 ks(t), up to the moderate level
where the function. F' becomes more and more distorted
(already noted in [13]) and similar to a sawtooth, until it
exhibits fast switchings with hysteresis. These switchings
occur. periodically, with a period As = \g/2, and are upward
and downward for, respectively, decreasing and increasing As.
Therefore, it is easy to recover As in steps of Ap/2 without
ambiguity through an up/down counter. It is worthy to note
that the transitions are independerit from the signal slope, so
that no constraint is imposed on the rate of rise of s(t) up to
the limit of the switching time.

If D(2ks) is the distorted cosine function relatmg the
optical pathlength to the measured signal amplitude F', and
if we-assume that the function D is bounded between —1 and
+1 and is periodic, in particular D(2 ks) = D(2 ks + n2n),
then Eq. (1.1) modifies as follows:

s(t) = (1/2k)[D~Y(F) + n2x] (1.2)

where now n is the number of counted switchings (taking the
downwards as positive and the upwards as negative).

In the following, we will review the relevant injection
modulation theory, find the analytical expression for D!,
show the range of feedback levels which give the desired
hysteresis operation, report. data on the feedback modulation
of our laser diode, and show the. performances of the feed-
back interferometer for displacement measurements both on
reflective (mirror and comer-cube) and diffusive targets.

II. THEORY OF OPERATION OF DIODE
LASER FEEDBACK INTERFEROMETER

We represent the feedback interferometer with a semi-
conductor laser as in Fig. 1. Radiation emitted by the laser
propagates freely in -the external cavity up to the remote
reflecting (and movable) target, which injects a fraction of
the output power back into the laser cavity. The photodiode

at the rear mirror monitors the output power by means of

the photogenerated current 1 = oP, o being the photodiode
spectral responsivity. Modulation of the laser electric field
Eo(t) is induced by the variations of the external cavity length.
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The dynamics of the system is-described by the well-known
equations derived by Lang and Kobayashi [14}:

%Eo(t) = l[GN N(t) - No) = 1/7p1Bo(t) + %Eo(t -7

X coslwoT + ¢(t) — ¢(t — 7)] 2.1
4 4(t) = 2aGNIN(:) ~ V1]
& Byt —71)
- E-——_OE 0) sinfwor + @(t) — (¢t — 7)] (2.2)
4w = re~ 20 _Guive) - NBe) @)

where we have neglected- conwibunons coming ' from" non-
linear gain suppression, spontaneous emission, and multrple
reflections, and where we have uysed the followmg standard
symbohsm

-~ E(t). " laser electric ﬁeld expresmd as E(t) = Eo(t)
x exp|j(wot + ¢(t))] with Eo(t) normalized so that
E}(t) is the photon density in the laser cavity;

wo  angular frequency of the unperturbed laser;

. Gy  modal gain coefficient (typical value...

Gy =8-10713 m3s71);

N(t) average carrier (electron—hole palrs) density in
the active layer;

Ny carrier density at transparency (typical value
No=14-10*m™3);

N carrier density .at threshold for the unpertu:bed
laser (typical vaiue Np = 2.3- 10%* m~3);

TP photon lifetime (typical value 7p = 1.6 ps) and
1/mp = GN(Nr ~Np);

TL diode cavity roundtrip time: (for our lascr
71 = 8.3 ps since the mode spacmg is

. 120.41 GHz);

T . external cavity round trip time;

TS carrier lifetime (typical value 75 =2 ns);

Rp - electric pumping term, which is: given by
Rp = Jn/ed, with J injected current density,
7 conversion efficiency; e electron charge, d
active layer thickness;

a linewidth enhancement factor deﬁned as
a = (Oxr/ON)/(8x1/ON) with x = xr — 1X1-
complex susceptibility (o is usually between.3
and 7: we assume o = 6 [15]);

K feedback: parameter which: is given, for a

Fabry-Perot laser, by K = eK.xt Where

kext = (1 — 13 )rext/rr. with.-rr laser-facet
field-reflectivity (T .= 0.56);, .

Text €xternal mirror reflectivity, and ¢ is the
coupling efficiency: which- takes into account the
mode mismatch and the finite coherence length
(typical values £ = 0.1+ 0.6).

We now find the analytical expression which relates the laser
output power (proportional to Eo()?) in presence of feedback
to the external cavity round trip phase woT = 2 ks.

Stationary solutions of (2.1)~(2.3) are found by taking
Ey(t) = Er = constant, N(t) = Ny = constant, More-
over, since the instantaneous optical frequency is given by
w(t) = wo + [dé(t)/dt], the contribution d¢(t)/dt represents
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"y deviation.and we can tkus take dz(t) = (lt)p*ﬁdq)t

c=vite® Vi’f" ) (2.6)
L .

Equation (2.5) can be rewritten as follows

WoT = WpT + @7

C
: ﬁ.(a COSWpT + SinwrT)

or

woT = wpT + C'sin(wpr + arctan a) 2.8)

As already reported by other authors [15], [16], (2.8) has just

one solution for wr when C < 1 and multiple solutions when

C > 1; thus we can take the condition C = 1 as the boundary

between the weak and thé moderate feedback regime. =
We now obtain the expression for the electric field £, from

(2.3) usirig (2. 4)

Rp — (N, F/ Ts)

GNn(NFr - Np)

RPTS - Np+ G COS WFT (1P 9

1- 2£-‘3-(:080.)1:”1' (Ts)' 29)

Lumtmg our treatment to the practlcal case £ < 0.01, (2.9)
can be -approximated as follows

E} =

2K
g2 =TF _
Fa 7s Rprts NT + e COSWET

X (1 + 2r7p C()SU.)FT).
TL

Indicating with Euf the stationary electric field in case of no
- feedback, which is given by

Eip = (Nr/7s)] 2.11)

and neglecting second-order contributions, we obtain from
(2.10) the output power variation AP due to feedback with
respect. to the. unperturbed laser

(2.10)

TP[RP -

AP x E} — E}p = 7p(Rp — No/Ts)QETP

coswpt, (2.12)

which can be better written, assummg that £ does not depend
on the external cavity length as

AP = APpay COSWFT (2.13)

(In practice, a weak dependence of . from 7 does exist through
the coupling efficiency €).

The analytical expression for the laser autput power vari-
ations-in presence of feedbdck, as-a fmi,ttiﬁn; of the external
cavity round-trip phase w7, can then be obtained by combi-
nation of (2.7) and (2.13):

T—al'CCOS( AP ) C
W= APoa) Vit o2

X a( AP )+ —(i)z + m2r
APrax APprax
O<wprT<T (2.142)
) AP c
weT = —arccos(m) + ﬁ
) -G
AP,y APnax /) |
+ (m+1)2n
- <wpr<0 m=0,1,2,--- (2.14b)

Equations (2.14) have been found as stationary solutions and
give the output power for different values of the extérnal cavity
length. We suppose now to change the cavity length in a
quasi-stationary way, by imposing to the external reflector a
slowly varying displacement waveform s(t). From the vari-
ation AP(t) in the output power we determine the function
F(t) = AP(t)/APpax and use (2.14) to reconstruct s(t) as
follows:

= () st + -

X [@F(t) + /1= Fz(t)j + m21r}
dF ds
(@) (@) <

(1 C .
0= (g ){ -+
x [@F@®) — /1 — F2(t)] + (m + 1)21r}

dF\ (ds "
(£)(£) >0 meors
In (2.15), m is increased or decreased by 1 if ds/dt > 0 or
dsfdt < 0, respectively, and m is updated every two zero

crossings of F(t). The mformatlon about the 51gn of ds/dt is
also contained in “F(t).

(2.15a)

. (2.15b)

III." EXPERIMENTAL RESULTS -

Experimental results  were obtained with a Mitsubishi
ML2701 AlGaAs Fabry-Perot (single longitudinal mode)
laser, with threshold current of 18 mA, emission wavelength
854 nm at a biasing current of 43 mA yielding up to 8 mW
output power..The laser, was usually operated at Ipi,s = 40
mA (output power 6.7 mW) since at that current no mode
hopping beiwéen longitudinal modes: was observed in the
working range of feedback levels.. :
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Fig. 2. Schematic diagram of the experimental optical set-up.
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Fig. 3. The theoretical function AP/APyax
C = 06.

The optical set-up presented in Fig. 2 was used. Light
emitted from the laser was collimated on the refiecting target
(which for this set of measurements was either a mirror or
a corner-cube) by means of a high numerical aperture (N.A.
= 0.45) objective lens with antireflection coating at 850 nm.
An attenuator with variable transmittance from 0.01 to 0.8
was inserted in the optical path so that various feedback
levels could be obtained. Therefore, for this set-up Kext
includes attenuator trasmissivity as well as target reflectivity.
Backreflections from the attenuator were never coupled back
into the laser cavity since the attenuator was slightly tilted.
For the photodetection we used the photodiode incorporated
into the laser package.

The comparison between the experimental and the theoret-

ical results is now reported for weak (C < 1) and moderate
(C > 1) feedback.

Weak feedback level: For C < 1, (2.8) yields a single-valued
function wrT versus woT with period 27. As a consequence,
also AP/APy.y as a function of w7, defined by (2.14),
is single-valued, has a 27 periodicity, and assumes all the
values between —1 and 1. As an example, in Fig. 3 the ratio
AP/AP,,.x versus woT is plotted for C' = 0.6.

Experimentally, when a displacement s(t) is applied to the
reflecting target, the photodetected current [(¢) has the same
waveform as the theoretical function F'(t) given by (2.15)
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Fig. 4. Experimental results for weak injection (C' < 1). Upper trace:
drive signal s(t), 20 mV/div corresponding to 1.25 pm/div; lower trace:
photodetected signal of the distorted cosine without switchings, 5 mV/div.
Time base: 2 ms/div.

with a peak-to-peak amplitude Alpp = 20 A Ppax. Since I(t)
is not symmetric, we can distinguish between ds(t)/dt > 0
and ds(t)/dt < 0. For a ramp-like displacement, s(t) = h ¢,
F(t) is proportional to (AP/APp,x) (woT) and is periodic in
time with period T = = /kh.

In Fig. 4, a picture taken from the oscilloscope is pre-
sented, which shows I(t) when s(t) is a sinusoidal waveform.
These data were collected by attaching a small mirror onto a
loudspeaker, driven by a generator at f = 50 Hz.

By comparing experimental waveforms of the photodetected
current for different attenuation levels with the theoretical
behaviour at different values of C, we found that the condition
C = 1 corresponds t0 Kext = 1- 1073 and Ley = 0.6 m,
which yield ¢ =~ 0.34 and & 3.4- 10~ Measurements
of Kext under various coupling conditions were carried out
by means of an optical power meter placed alternatively at
both sides of a beamsplitter inserted between the lens and the
attenuator. In this weak feedback regime, the value of C' was
evaluated from the shape factor ' = AC/AD of the function
AP/AP,,x shown in Fig. 3.

We also verified that Alpp increased when x was increased,
as predicted by (2.12). This observation was done by reducing
the attenuation, without leaving the weak feedback regime.
Moreover, the peak-to-peak current followed small variations
of injection current around the biasing condition.

Moderate feedback level: For C > 1, the function wpT ver-
sus w7, exhibits bistability (and for C > 4.6 multistability).
For 1 < C < 4.6, there is an interval of w7 in which the
ratio AP/AP,,,, may assume three different values: two of
them are stable points for the system and one is unstable. As
an example, in Fig. 5(a) the theoretical function AP/APp,x
versus w7 is plotted for C = 3.

Actually, the waveform of the photodetected current follows
the evolution depicted in Fig. 5(b). Starting from point A,
as wo7 increases, the signal increases along the theoretical
solution until it reaches point B, where it switches downward

o~
~
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Fig. 5. (a) The theoretical function AP/ AP, .« versus woT is plotted for
C = 3. (b) Signal path with hysteresis.

to D and starts to increase again until the next B point (after
2m). On the other hand, as wo7 decreases, the signal exhibits
upward switchings from E to A. Such a hysteresis means that
the photodetected signal will be different for increasing or
decreasing s(t). We have investigated these characteristics for
different feedback levels and various displacement waveforms
s(t). The ac-coupled photodetected current exhibits, with
periodicity 2kAs = 2w, zero crossings with a very steep
slope, negative if s(t) is increasing and positive if s(t) is
decreasing. Since this switching occurs every time the external
cavity length is changed by A¢/2, by differentiating the
photogenerated signal, we can obtain a positive pulse if the
external cavity length is decreased by A¢/2 and a negative
pulse if it is increased by Ao/2.

In Fig. 6, we present a picture from the oscilloscope which
clearly shows the sawtooth-like behaviour of the photogener-
ated current and the strong hysteresis when s(t) is a sinusoid.
Because of the hysteresis, when the displacement is oscillating
around a fixed position, it is possible to identify in the
photodetected current an upper signal level (corresponding
to the path DB in Fig. 5(b)) which is the stable solution

Fig. 6. Experimental results for moderate feedback. Upper trace: drive signal
s(t), 20 mV/div corresponding to 1.25 pm/div; lower trace: photodetected
signal of the distorted cosine with switchings and hysteresis, 10 mV/div.
Time base: 2 ms/div.

for increasing cavity length and a lower signal corresponding
to the path AE which is the stable solution for decreasing
cavity length. If we now take Alpp as the difference between
the highest peak of the upper level and the lowest peak of
the lower level, we easily verify again that Alpp increases
when & is increased. By comparing experimental waveforms
of the photodetected current with the theoretical behaviour
at different values of C, we have found that the condition
C ~ 4.6 is obtained for Key, =~ 4.7- 1073 and L.y = 0.6
m, that is s ~ 1.7- 10~3. (The value of the C parameter
was obtained by taking into account the relative amplitudes of
upper and lower signal level, and the hysteresis width.)

Therefore, if C > 1 the photodetected current, normalized
to the peak-to-peak value, might be used to reconstruct s(t)
through (2.15), increasing m for every negative pulse and
decreasing it for positive pulses.

More interesting for practical applications, when C > 1
the value of a displacement As(t) with sign can be easily
estimated with a resolution of A¢/2 by counting the pulses, that
are generated when the photodetected signal is differentiated,
with an up-down counter according to the polarity of the
pulses. This system will be described in detail in Section IV.

We now wonder which is the highest value of C that
will assure the presence of a pulse for every Ao/2 change
in external cavity length. When C > 4.6, multistability is
predicted by the theory and the function AP/APy.x as
given by (2.14) assumes five different values. This situation is
depicted in Fig. 7, where in addition to transitions BD and EA,
also the transitions BD’ and EA’ are possible. However, we
observed experimentally that such transitions did not occur if
# was smaller than a critical value x*, even though C > 4.6.
Our results are in agreement with the observation [15] that
for k < k* only the external cavity mode with the lowest
spectral linewidth can oscillate. A further increase in feedback
brings the laser in the regime where multistability does occur.
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Fig. 8. Experimental results for AIpp /Ip;as versus feedback parameter &,
showmg the saturation for high x.

We found that for k > k* ~ 3. 103, zero crossings with a
very steep slope do not occur every time the external cavity
length is changed by Ao/2, but randomly some switchings are
lost. We also observed that as soon as multistability shows
up, the peak- to-peak current saturates, as shown in an 8.
Therefore, the saturation is reported at the highest feedback
level that can be tolerated in the interferometer in order to
have a number of switchings which actually corresponds to
the overall displacement.

Iv. SmGLEQCﬁANNEL DlSPLACEMENT MEASUREMENTS

Using the diode. laser feedback interferometer working in
the bistable regime with. hysteresis, we have implemented a
compact instrument that is able to measure the value of a
displacement As(t) with sign in steps of Ay/2. The interfer-
ometer sets no constraints on the waveform of displacement
(that can be also nonmonotonic) and supplies the sign of it.

~ The optical set-up used for displacement measurements
is simply  made ‘by -the laser, a collimating. optics, and a
variable attenuator (Fig. 9). The electronic circuit for signal
processing includes a differentiator (high-pass filter), which
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Diode Lens

Fig. 9. Block diagram of the feedback interferometer wnh semiconductor
laser for displacement measurements.

provides positive and negative pulses at the fast transitions
of the photodetected signal, and an amplifier capable of
discriminating the pulse polarity. An up-down counter with a
S-digit display accumulates the countings which give the dis-
placement in Ao /2 units. With this experimental configuration,
we investigated the range-of operation in terms of working
distance and required attenuation, as well as the accuracy.

First, we tested the interferometer onto a small mirror
mounted on a loudspeaker, driven by a generator. The variable
attenuator was adjpsted” in order te obtain a photodetected
signal in the typical range € = 1 + 46 so that.the hysteresis
error in displacement is less than \o/2.. Correct operation of
the interferometer was verified by checking that the average
value on. the display remained ‘constant while the optical
pathlength was modulated by means of the loudspeaker.

Then, we . mounted the reﬂectmg target, eithér a small
mirror or a comer-cube, on a movable holder, actuated by
a high-precision micrometer with 1-um resolution and 11-
mm dynamic range with side stops. A 10-mm displacement,
aligned parallel to the direction of propagation of the laser
beam, was performed several times forward and backward at
different distances, and the number of countings was recorded.
The total number of countings. resulted £23420, thus yielding
an experimental resolution of Ag/2 ~ 427 nm. The interfer-
ometer worked properly for target distances up to 2.5 m.

Smce the rate of switchings to be courited is ‘proportional
to the derivative of 3(t), the maximunmi ~working frequency -
Fmax of the electronics determines an upper limit to the target
velocity, as Vmax = fm,\o/2 (in olr ¢ase frax = 50 kHz

. 80 that vya, = 21.35 mm/s).

An important feature of the iriterferometer is the dynamic
range, that is the maximum displacement of the target that
allows proper operation without ‘changing the attenuation or
the focusing distance. With the reflecting target, we have
obtained a maximum. dyhamic range of about 1.2 m.

We ‘tested the instrument also on a diffusive target for
whiich the backreflected field is‘in the speckle-pattern regime.
Since speckle dimensions, longitudinal ‘and trasversal, have
respectively a dependance D~2 and P!, where D is the
spot. diameter on the diffusive- surface, the best coupling is
obtained when the laser beam is focused on the target. This
condition corresporids also to minimizing the speckle-induced
random- error- on ks [17]. In this case, we obtained suitable
feedback levels in ‘absence of the attenuator. Experimental
working distances were in the range 0.1 + 1 m with a:dynamic
range of about 20 cm. :
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The accuracy of the laser diode interferometer is limited by
the dependence of the emission wavelength on drive current
and temperature. From the supplier specifications, our laser
exhibits a dA/d] = 0.014 nm/mA and a d\/dT = 0.05 nm/°C.
For a distance L = 50 c¢m, when current is stabilized within
+10 pA and temperature within £0.01°C, the combined effect
is a total error of £1 counting (= 0.4 um). Although a much
better result can be obtained by He-Ne based interferometer,
the achieved level of accuracy (1075) is suitable for most
industrial applications. A possible improvement may consist
in using a DFB laser for which a long-term stability of 107
has been proved [18].

V. CONCLUSION

We have demonstrated a new approach to laser diode
feedback interferometry. Displacement measurements without
sign ambiguity are performed by counting the fast switchings
in the photodetected current when the laser is operated in
the moderate feedback regime. Our instrument is based on a
very simple optical set-up and straightforward electronic signal
processing. This compact system has a sufficiently wide range
of operation to ensure measurements of 1.2-m displacements
on distances up to 2.5 m. We foresee interesting applications of
this instrument in industrial environment for accurate control
of machinery movements.
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