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A self-mixing interferometer is proposed to measure nanometre-scale optical path length changes in the interferometer’s ex-

ternal cavity. As light source, the developed technique uses a blue emitting GaN laser diode. An external reflector, a silicon

mirror, driven by a piezo nanopositioner is used to produce an interference signal which is detected with the monitor

photodiode of the laser diode. Changing the optical path length of the external cavity introduces a phase difference to the in-

terference signal. This phase difference is detected using a signal processing algorithm based on Pearson’s correlation coef-

ficient and cubic spline interpolation techniques. The results show that the average deviation between the measured and ac-

tual displacements of the silicon mirror is 3.1 nm in the 0–110 nm displacement range. Moreover, the measured displace-

ments follow linearly the actual displacement of the silicon mirror. Finally, the paper considers the effects produced by the

temperature and current stability of the laser diode as well as dispersion effects in the external cavity of the interferometer.

These reduce the sensor’s measurement accuracy especially in long-term measurements.

Keywords: self-mixing interferometry, laser diode, external cavity, Pearson’s correlation coefficient, cubic spline inter-
polation.

1. Introduction

Self-mixing interferometry, also known as optical feedback
or injection interferometry, is a promising technique for a
variety of measurement applications involving interferome-
try [1]. Using a laser diode (LD) with an external cavity as
interferometer, the technique offers several advantages
over traditional interferometric configurations, such as
Michelson, Mach-Zehnder and Sagnac. For example, the
setup is very simple, compact and part-count-saving. More-
over, it does not require an external photodetector, because
the interference signal can be picked up by the monitor
photodiode of the LD package. In optical path length mea-
surements, the technique offers subnanometer sensitivity,
limited by the quantum detection regime [2]. Finally, the
use of laser light also allows remote measurements.

The first demonstrations of this technique used a gas la-
ser to detect the movements of a remote target [3]. Later on,
LDs based on AlGaAs and InGaAs semiconductors operat-
ing in the 630–1600 nm wavelength range have been the
most common light sources in self-mixing interferometry.
One recent development involves using a blue wavelength
GaN LD as light source [4]. The blue wavelength is a highly
interesting alternative for future measurement applications in
biotechnology and nanotechnology, since blue light is more
responsive to different biomaterials than longer wave-

lengths. Additionally, blue light can also propagate through
smaller apertures without diffraction. Self-mixing interfer-
ometry is a useful technique for MEMS applications to col-
lect information from surrounding media or to operate as an
internal sensor for moving parts in micro machines. A good
example of using self-mixing interferometry in optical micro
systems is the miniaturized multidirectional optical motion
sensor introduced by Liess et al. [5].

Earlier papers on self-mixing interferometry have re-
ported an accuracy of 40 nm in displacement measure-
ments [6,7]. However, a double structured external cavity
enables accuracy better than 10 nm [8]. In this paper, a
self-mixing interferometer (SMI) based on a GaN LD is ap-
plied to nanometre-scale displacement measurements in the
external cavity of the SMI. An external reflector, driven by
a piezo (PZT) nanomover, is used to generate an interfer-
ence signal between the laser cavity and the external cavity.
This signal is detected using a monitor photodiode located
at the back of the LD package. By varying the length of the
external cavity, a phase difference is introduced into the in-
terference signal. This phase difference can be detected us-
ing Pearson’s correlation coefficient and cubic spline inter-
polation techniques. Results obtained from displacement
measurements of the silicon mirror in the 0–110 nm range
show that, in this displacement range, the average deviation
between the measured and actual displacement of the mir-
ror is 3.1 nm. Moreover, the results also show good linear-
ity. Finally, the paper discusses the effects produced by the
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temperature and current stabilization of the LD as well as
dispersion effects in the external cavity, which degrade the
performance of the sensor, particularly in long-term mea-
surements.

2. Self-mixing interferometer

Figure 1 presents the schematic arrangement of the SMI,
consisting of an LD package with the LD cavity enclosed
by the laser mirrors M1 and M2, a monitor photodiode and
an external reflector, Mext. Light emitted by the LD is
guided to the external reflector, which reflects it back to the
laser cavity, where this reflected light interacts with the
original laser light, producing an intensity modulation in
the output of the laser light. Intensity modulation caused by
a movable external reflector is similar to that produced by a
conventional optical interferometer, such that the fringe
shift corresponds to an optical displacement of l/2 [3]. The
interference signal is detected using a monitor photodiode
located at the backside of the LD cavity.

An analytical steady-state solution for the self-mixing
signal can be written as [9]

P P mF( ) [ ( )]f f= +0 1 , (1)

where P0 it the power emitted by the unperturbed LD, m is
the modulation index and F(f) is the periodic function of
the interferometric phase of the period 2p. The modulation
index and F(f) depend on the strength of the optical feed-
back, which differs from conventional two beam interfer-
ometry. The feedback parameter C is defined as [10]
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where a is the LD linewidth enhancement factor, s is the
distance to the target, d is the length of the LD cavity and
nlas is the cavity’s refractive index. The coupling coeffi-
cient is defined as
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where A represents total optical power attenuation in the
external cavity, R2 is the power reflection coefficient of the
LD output mirror M2 and e is the factor accounting for the

mismatch between the reflected and lasing modes. Differ-
ent feedback levels are defined as a function of the parame-
ter C as follows [1]. A very weak feedback regime occurs
when C < 1 and the self-mixing signal is sinusoidal in
shape. When C is in the range 0.1–1, SMI operates in the
weak feedback regime, where the self-mixing signal gets
slightly distorted and shows a non-symmetrical shape. In
the moderate feedback regime, when C reaches values in
the 1–4.6 range, the self-mixing signal becomes sawtooth-
like and exhibits hysteresis. In the strong feedback regime,
C > 4.6, the operation of the LD is no longer stable, lead-
ing to increased noise and mode hopping. In this case, the
SMI is used in the weak feedback regime, where the shape
of the interference signal is sinusoidal or slightly distorted.

Power fluctuations in the steady state operation of the
LD in the weak feedback regime follow the equation [11]

DP g g
d

c th ext» - = – cos( )
k

pnt2 , (4)

where gc is the compound threshold gain of the external
and LD cavities, gth is the threshold gain without feedback
and n is the optical frequency. text is the round-trip delay
time in the external cavity defined as text = 2l/c, where l is
the length of the external cavity and c is the speed of light.

When the external target starts to move towards the LD
with a constant velocity text changes as

t next l t c= -2 0( )T , (5)

where nT is the velocity of the target and t denotes the time.
The DP function is now

DP g g
d

t c l cc th T» - = - -
k

pn p ncos( )4 4 0 . (6)

On the other hand, if the direction of the movement is
towards the positive z-axis, the minus sign inside the brack-
ets changes to a plus sign. When the fixed distance, l0,
changes to l1, the phase term in Eq. (6) changes and can be
detected as a phase shift in the self-mixing signal. This is
illustrated experimentally in Fig. 3.

Nanometer-scale displacement sensing using self-mixing interferometry with a correlation-based...

130 Opto-Electron. Rev, 14, no. 2, 2006 © 2006 COSiW SEP, Warsaw

Fig. 1. Schematic arrangement of the SMI.

Fig. 2. Image of the SMI sensor head.



3. Materials and methods

3.1. Measurement set-up

The SMI was constructed on a 12´8 cm aluminium board
and consisted of a laser diode (LD) and its driver, amplifi-
ers, a temperature controller and a digital computer inter-
face. The laser was a commercially manufactured GaN LD,
which emits blue light at 405 nm and has a threshold cur-
rent of 47 mA at 21.0°C. To amplify the interference sig-
nal, the setup employed a DC-coupled preamplifier and an
AC amplifier with a total transimpedance of 90 kW and a
bandwidth of 13–40 kHz. A temperature controller stabi-
lized the LD’s operating temperature with a resolution of
0.1°C. Within the 1.5–10.6 mW power range, the sensor’s
optical power stability was better than 0.2%. The LD
driver, the temperature controller and the sensor’s data ac-
quisition were all controlled by an ATMEGA128 on-board
microcontroller, connected to a computer via an RS232 in-
terface. In addition, the sensor had a wireless Bluetooth™
link, enabling remote control via a computer or a mobile
device. For the purposes of this study, data acquisition was
accomplished using an external 12-bit data acquisition
card. Figure 2 shows an image of the SMI sensor.

Light emitted by the LD was first collimated and then
focused on a mirror with a reflectivity of 96% at 405 nm,
attached to a piezo (PZT) nanomover. The total length of
the LD’s external cavity was 11.5 cm, and the PZT was
driven by a signal generator via a high power PZT driver.
The signal generator, in turn, was monitored by a computer
via a GPIB bus.

The computer started the measurement procedure by
initiating both the SMI and the signal generator. The signal
generator drove the PZT with a 10-Hz ramp signal whose

amplitude was set to a voltage corresponding to a 630-nm
displacement of the PZT. Next, the offset voltage of the
PZT was changed such that it either pushed the mirror to-
wards the LD or pulled it away from it. In other words,
changing the offset voltage of the PZT allowed the fixed
distance of the external cavity to be varied. As a result, the
phase of the interference signal changed, as illustrated in
Fig. 3, which presents the ramp and interference signals
generated by the PZT with and without a l/4 offset. The
SMI signal is a periodic function showing a complete
interferometric fringe each time the optical path length of
the external reflector is varied by l/2. In this case, when
the length of the external cavity was changed by l/4, ~100
nm, the interference signal with an offset was in the inverse
phase relative to the signal without it.

3.2. Correlation-based signal processing technique

Several different methods have been used to detect phase
information between two interference signals. For example,
correlation studies involving self-mixing interferometry
[12] have applied phase-locked [13] and fast Fourier trans-
form techniques [14] to resolve phase information of the
interference signal. In this study, a signal processing tech-
nique based on Pearson’s correlation coefficient and cubic
spline interpolation is utilized to determine the phase dif-
ference between two interference signals produced by
changing the fixed distance of the external reflector in the
external cavity of the LD. If one of the signals is a delayed
version of the other, we may detect the delay by shifting
one of signals and calculating the correlation coefficient for
the overlapping parts of the two signals for every shift. As
a result, we get a correlation of the signals as a function of
lag, and the delay, or phase difference, between the original
signals can be determined from the abscissa value of the
correlation maximum. For the signals x and y of the length
N, the equation for the correlation as a function of lag can
be described as
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where á ñ á ñx y x, , *s and s y
* are the mean and standard devia-

tion of the overlapping parts of x and y. For Eq. (7), it is
necessary to calculate the values only for t tc < max ,
where tmax lies between the assumed maximum shift value
and N-1. This eliminates unnecessary calculations, since
only the maximum of cxy(tc) is needed.

Interpolation is used to obtain values between the sam-
ples. This enables a better positioning of the correlation
maximum, thereby improving the technique’s phase detec-
tion resolution. The cubic spline interpolation technique
used in this study involves fitting polynomial functions of
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Fig. 3. Ramp signals which drive the PZT (a). Interference signals
with and without a l/4 offset (b). Ring-ring at the beginning of the
interference signals is caused by the rapid return of the PZT back to

start position.



the third degree between the observed data values so that
their first and second derivatives are the same at given val-
ues of f(xi), i = 0…n. The polynomials are

p x a x b x c x di i i i i( ) = + + +3 2 , x x xi iÎ -[ , ]1 , i = 1…n (8)

and

p x f xi i i( ) ( )- -=1 1 , i = 1…n

with the constraints

p x f xi i i( ) ( )- -=1 1 , i = 1…n

p x f xi i i( ) ( )= , i = 1…n

p x p xi i i i
' '( ) ( )= +1 , i = 1…n

p x p xi i i i
" "( ) ( )= +1 , i = 1…n–1

p x ki
' ( )0 0=

p x kn n n
' ( ) = .

For each interval [xi–1, xi], the coefficients ai, bi, ci, and
di are calculated and the maximum determined. Figure 4
presents the correlation coefficient as a function of phase
for the signals shown in Fig. 3(b). Maximum correlation,
0.94, is obtained when the phase is 1.52 rad. At 405 nm,
this corresponds to 98 nm, which is in good agreement with
the measured signals.

4. Measurements and results

In the first experiment, the SMI was used to detect mirror
displacements in the LD’s external cavity. The offset volt-
age of the PZT was varied in the 0–15 V range with one
volt steps. This voltage range corresponds to a 0–110 nm
displacement of the external target. In terms of time, the
offset voltage was altered at one second steps. All in all,
the total measurement time was 15 seconds, during which
time 10 measurements were conducted at each voltage step.

After the measurements, the recorded analogue data were
processed in the computer using the signal processing algo-
rithm described earlier.

Figure 5(a) presents the measured average displacement
using the SMI as a function of the PZT offset voltage. It
also presents the actual displacement of the PZT, obtained
from the PZT monitor output. In the 0–110 nm displace-
ment range, the average deviation between the measured
and actual displacement was 3.1 nm with a maximum devi-
ation of 6.7 nm.

Figure 5(b) presents the measured displacement as a
function of the actual displacement in the same offset volt-
age range. A linear fit using a linear mean square approxi-
mation is fitted to the data. The slope of the linear fit was
1.08, which is close to the unity and demonstrates that,
within this range, the measurements follow the actual val-
ues linearly. The average deviation from the linear fit was
0.92 nm.

The next experiment illustrates what happens when the
length of the external cavity is changed sinusoidally. In this
experiment, the PZT offset voltage was varied in the
0–15–0 V range during a 10-s time period. Figure 6 pres-
ents the recorded interference signals. As the figure shows,
when the offset voltage of the PZT was increased, the
fringe pattern started to move left. Even in the opposite
case, when the offset signal reached its maximum and
started to decrease, the fringe patterns still moved to the
left.

To better understand the behaviour of the SMI during
long-term measurements, a set of experiments were carried
out with measurement times exceeding a few minutes. It
became apparent that in longer measurements the SMI sys-
tem becomes vulnerable to several effects which reduce the
sensor’s performance. Among such effects are the LD’s
temperature and current stability as well as dispersion ef-
fects in the external cavity. Of these, temperature and cur-
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Fig. 4. Correlation of two interference signals.

Fig. 5. Measured and actual displacements of the mirror as a
function of the PZT offset voltage (a). Measured displacements as a

function of the actual displacements and the linear fit (b).



rent stability are directly related to the lasing properties of
the laser and have a clear effect on the SMI signal. In the
free space setup, the SMI is sensitive to dispersion changes
in the surrounding air caused by temperature variations in
the measurement environment.

To demonstrate what effects these factors have on the
stability of the interference signal, Fig. 7 displays the phase
of the fringe maximum during a ten-minute measurement.
During this measurement, only the ramp signal was applied
to the PZT. As it can be seen, the phase of the fringe maxi-
mum drifts as a function of time. For the entire measure-
ment, the standard deviation of this phase drift was 0.18
rad, corresponding to 11.7 nm at 405 nm. During measure-
ment the period (a) the average change in the phase was
less than 0.16 rad. On the other hand, during the period (b)
the phase of the fringe maximum shifted approximately
0.78 rad, creating an error of ë/8. Thus, the success of mea-
surements using this sensor depends strongly on this varia-
tion, particularly as the measurement time increases. How-

ever, for short-period measurements lasting less than a few
tens of seconds, this effect is small. Consequently, it does
not affect the detection of nanometre scale displacements
in the external cavity of the SMI.

5. Discussion and conclusions

This paper studied nanometre-scale displacement sensing
using self-mixing interferometry in a GaN laser diode. In
addition, the paper described the operation of used the SMI
sensor. Processing of the measured signals was performed
using Pearson’s correlation coefficient and the cubic spline
interpolation technique. The target of the displacement
measurements was a silicon mirror moved by a PZT
nanomover, whose offset voltage was varied in the 0–15 V
range in one volt steps. This voltage range corresponds to a
110-nm total displacement of the PZT. The average devia-
tion between the measured and actual displacement was 3.1
nm. It was also found that the displacement measured using
the SMI follow linearly the actual displacement of the PZT.
In addition, the experiments demonstrated that the dis-
placement of the target can be detected regardless whether
the length of the external cavity increases or decreases.

This paper also showed that the phase of the measured
interference signals drifts even in the absence of a stimulus.
In our experiments, the average deviation of the phase of
the fringe location was 0.18 rad. The greatest shift in the
fringe location, ë/8, was obtained with a time constant of
250 s. Limits on the accuracy of the self-mixing interfer-
ometer are imposed by the fact that the LD’s emission
wavelength depends on its drive current and temperature.
For example, Ref. 15 reports achieving an accuracy of ap-
proximately 0.4 µm in displacement measurements using a
single-mode Fabry-Perot type laser diode with a tempera-
ture of 0.01°C and a current stabilization range of ±10 µA.
Due to manufacturing reasons, the coefficients of the drive
current and temperature stability of the used GaN laser di-
ode were unknown to us. Nevertheless, the temperature sta-
bility of the GaN laser should be improved for better
long-term stability.

Another factor with an adverse affect on the stability of
the interference signal is the dispersion of air in the exter-
nal cavity. To provide an estimate of the refractive index of
air, we may utilize an updated Edlén equation [16]. Based
on this equation, it has been calculated that a one-degree
variation in temperature causes a one-ppm change in the re-
fractive index at 15°C and 760 mbar [9]. For a 10-cm exter-
nal cavity, a one-degree temperature variation changes the
optical distance by 10 nm.

Self-mixing interferometry offers an interesting readout
technique for different interferometric measurement appli-
cations in MEMS, biotechnology and nanotechnology.
Moreover, blue light allows the measurement of smaller
objects than longer wavelengths. Also, many biomaterials
show an increase in activity as the wavelength decreases.
One disadvantage of using GaN lasers is that they are still
relative expensive. In addition, as monitor diodes, they use
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Fig. 6. Shift of the interference signal when the PZT offset voltage
is changed sinusoidally.

Fig. 7. Phase fluctuations of the fringe maximum during a
600-s-long measurement.



standard silicon photodiodes, which have a rather low sen-
sitivity, approximately 400 nm. As a result, GaN lasers re-
quire high gain electronics, which increases noise and may
cause stability problems.
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