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Low cost velocity sensor based on the self-mixing effect in a laser diode
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In this paper, a low cost velocity sensor based on the self-mixing effect in a laser diode is described. Theory of the self-mixing
effect in the laser diode is shortly presented. Experimental velocity measurements are presented in order to evaluate the opera-
tion of the velocity sensor. In the design, the attention is focused to develop a budget sensor, which frequency response of the
detection electronics is up to 85 MHz. This limits the maximum measurable velocity to 27.5 m/s. The total material costs of the
velocity sensor were 234 euros. The experimental measurements conducted so far show that the linearity of the developed ve-
locity sensor is at least as good as that of a mirror moved by a translation stage with velocities ranging from 1.0 to 48.5 mml/s.
The velocity of the translation stage was controlled by a computer. When the mirror velocity is lower than 20 mm/s, the maxi-
mum relative precision with the mirror velocity is less than 3.5%. When the mirror velocity is higher than 20 mm/s the relative
precision with the mirror velocity is below 0.5%. In an additional experiment with a vibrating loudspeaker’' s membrane, it is

also demonstrated that a maximum Doppler frequency is clearly detectable over the noise level at 12.5 MHz.
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1. Introduction

Measurement of a moving object’s velocity has always
been a very important factor in engineering. Different types
of velocity sensors based on various physical mechanisms:
mechanical, electrical, acoustical and optical have been in-
vented. The challenge in the development of different ve-
locity sensors is that the sensor should be able to measure
the object’s velocity from a far distance. On the other hand,
it should be able also to detect very small changes in the
velocity due to, e.g., vibration. Optical techniques offer a
lot of potential to this challenge because their response to a
stimulus is very fast and measurements can be performed
from a far distance allowing contactless measurement. This
is especially important in a turbulent industrial environ-
ment, where electromagnetic interference, heat, moisture or
other factors do not allow using other type sensors.

One optical technique is interferometry that can be ap-
plied to velocity measurements by detecting the Doppler
shift of the light scattered or reflected from the moving ob-
ject. This so called laser Doppler technique is typically
based on the use Michelson, Mach-Zehnder or Sagnac in-
terferometer configurations or their modifications. The dis-
advantage of these configurations is that they comprise
many optical components, which increase the price of the
measurement instrument. Moreover, this also increases the
size of the instrument. One very useful technique to imple-
ment a laser Doppler device is to apply the self-mixing ef-
fect that occurs in a laser in an optical feedback. The basic
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idea of self-mixing interferometry is to couple the light
scattered from the moving object back into the laser cavity.
In the laser cavity, the coupled and original laser beams in-
teract with each other and cause the power fluctuations in
the output optical beam of the laser. These fluctuations can
be monitored using a photodetector placed on the back side
of the laser cavity.

The self-mixing effect was discovered soon after inven-
tion of laser in 1960 [1]. It was noticed that external feed-
back into the laser cavity induces intensity modulation in
the output of a gas laser [2]. A few years later, the first la-
ser Doppler velocimeter implementing optical mixing in
the laser cavity was presented [3]. It was also noticed that
the fringe shift caused by an external reflector corresponds
to the optical displacement of A/2, where A is the operating
wavelength of the laser. In addition, the intensity modula-
tion was noticed to be comparable to conventional interfer-
ometers. After this the self-mixing effect in a laser has been
used in many different measurement applications for veloc-
ity [4-6], displacement, distance and vibration measure-
ments [7-11] and ranging [12,13]. The self-mixing tech-
nique is also used for 3D imaging of a vibrating target [14].

In this paper, the velocity sensor that is based on the
self-mixing effect in a 650-nm laser diode is presented. The
theory of the self-mixing effect in a single mode laser diode
is shortly presented. The results of velocity measurements
in a velocity range 1.0-48.5 mm/s are also shown. The de-
signed sensor is able, in principle, to detect the Doppler fre-
quencies up to 85 MHz, which is limited by the frequency
response (3 dB) of the detection electronics. 85 MHz corre-
sponds to 27.5 m/s velocity. However, due to lack of an ap-
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propriate velocity reference, the measurements were lim-
ited to the velocity range 1.0-48.5 mm/s. A mirror
mounted to a translation stage, which velocity was con-
trolled by a computer, was used as the velocity reference.
In this paper, it is shown also that a distinct maximum in
the Doppler spectrum measured from a vibrating loud-
speaker’s membrane is detectable at 12.5 MHz. This equals
to 4.1 m/s velocity.

2. Materials and methods

2.1. Self-mixing effect in a laser diode

A three-mirror Fabry-Perot cavity is used to demonstrate
the self-mixing effect in a single mode laser diode as pre-
sented in Fig. 1. The laser cavity, which length is L, is en-
closed between mirrors M, and M,. The external target M,,,
is located along the optical z-axis at the distance of L. La-
ser light in the external cavity E, interacts with the external
target and is reflected or scattered back to the laser cavity.
Inside the laser cavity, E, interacts with original laser light,
E;. If coherence conditions are fulfilled, interference be-
tween E; and E, occurs. The interference field £ of E; and
E, can be detected using a monitor photodiode (PD) that is
placed behind the laser cavity on the opposite side to the
primary light output of the laser diode.

M M, Mex
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E E, E,
e
M— =
L L z

ext

Fig. 1. Schematic arrangement of the self-mixing effect in a laser
diode.

The basic theory of the optical feedback effect in a laser
diode is considered in detail in reference [15]. It can be de-
rived that the optical power fluctuations AP of the laser di-
ode are related to gain variations and follow the equation

AP = = _Ke 60 1
- g(,' - glh - L COS( ﬂvrex[)a ( )

where g, is the threshold gain in optical feedback and g, is
the threshold gain without optical feedback. x,,, is the cou-
pling coefficient, which varies between zero and unity, de-
fined as K, = (1= |*)rpuf/1os. Parameters ry, and ry,,, are
the amplitude reflection coefficients of an effective mirror
M, and external target M,,. M,, is the effective mirror,
which combines the laser cavity and the external cavity. 7,
is the round trip time through the external cavity
(Tox = 2L,/c). The gain in the laser diode is produced by
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driving a high current density into the active area. Because
external optical feedback causes gain variations, the
self-mixing phenomenon can also be measured from the
pump current of the laser diode [16].

A very important consideration in the optical feedback
of a laser diode is the strength of the feedback. The feed-
back parameter Cy, of the self-mixing effect is defined as

Cy = K
fb T, ext

T
—ext. l+o?, )

where 7; is the round trip time thorough the laser cavity
and « is related to the amount of stimulated emission. It is
a ratio of the real to imaginary parts of the variation in the
complex refractive index of the laser cavity [15]. When Cp,
is much smaller than unity, the function AP varies sinusoi-
dally. When Cﬂ, increases, AP becomes more saw-tooth-
-like. When Cy, > 1, the operation of the laser is no longer
stable, leading to increased noise and mode hopping [17].

When the external target moves with a uniform velocity
v in the positive direction along the z-axis, then 7,,, varies
as

Toq =2(Loy +V0)/ c, 3)

where L,,, is the length of the external cavity at zero time
and ¢ denotes the time. Substituting this equation into Eq.
(1), the power fluctuations become [18]

K,
AP=g.—gy = —%cos(47rvrvt/c +anl, . v/c), (4)

When the target moves, the reflected or scattered light
contains a frequency shift, which is proportional to the ve-
locity of the moving target. According to the Doppler ef-
fect, the Doppler frequency vj is

o

VD A COS((p)v (5)

where v is the velocity of the moving target, A is the oper-
ating wavelength of the laser diode and ¢ is the angle be-
tween the velocity vector of the moving target and the laser
beam. If the measurement is perpendicular to the target,
Eq. (5) is reduced to vp = 2v/A and further, solving the ve-
locity, v = vpA/2. Substituting this to Eq. (4) it can be seen
that the power fluctuations of the laser diode are related to
the Doppler frequency. Thus, it is possible to determine the
velocity of the target measuring these power fluctuations.
Moreover, when the velocity profile of the target is known,
the displacement can be solved integrating the velocity pro-
file as function of time.

The self-mixing interferometer is constructed into a
budget (21 USD, June 2003) red laser diode (Toshiba
TOLD9442M). The exact emission wavelength of the laser
was measured using optical spectrum analyser (OPHIR
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WaveStar V) and was equal to 648 0.5 nm. The optical
power of the laser in continuous mode is 5 mW and it pro-
vides good single mode operation at this power. Laser di-
ode and monitor diode pin connections are also suitable to
obtain the self-mixing effect. The threshold current at
5 mW power without optical feedback is 35 mA.

2.2. Detection electronics and velocity sensor
construction

The self-mixing signal that includes the Doppler frequency
is picked by the photodiode detecting back laser beam.
Very weak changes of the photocurrent are amplified in the
broadband transimpedance preamplifier. This is DC-coup-
led structure consisting of three stages: transimpedance
amplifier, voltage gain amplifier and output stage. Sche-
matic diagram is shown in Fig. 2. The circuit is built of dis-
crete components to avoid expensive and noisy high-fre-
quency operational amplifiers.
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Fig. 2. Schematic diagram of the preamplifier.

The first stage (Q;, O») uses the cascade voltage ampli-
fier with negative feedback — a structure widely used in
high frequency circuits. Such construction guaranties low
noise and low input capacitance. Transimpedance is de-
fined mostly by the feedback resistor Rr which in this cir-
cuit is around 6.8 kQ . The bandwidth is defined by the
feedback loop. The cut-off frequency is around 50 MHz
and can be accurately adjusted by capacitor Cr. The output
of transimpedance amplifier is DC-coupled to the input of
the second stage via temperature compensation network
(D1, Rg, C3). The second stage (Q3, Qy4) is also cascade
structure but working as voltage amplifier. The cut-off fre-
quency of this stage can be adjusted by capacitor C4. To
avoid gain reduction due to external load, which can be
connected to the amplifier, the separation stage is needed.
It is built using high-frequency MOSFET transistor Qs
working as voltage follower (common-drain configura-
tion). The gain of the whole preamplifier is 9.2 V/mA
(79 dBQ ) with bandwidth ranging from 0 to 85 MHz. The
measured frequency response of the amplifier is shown in
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Fig. 3. Measured output noise was around 1.1 mV ¢, with-
out laser. The input current range is from 0 to 250 pA that
results in output voltage swing from —1.4 V to +0.9 V with
nonlinearity less than 1%. The preamplifier is built of dis-
crete surface-mounted components and enclosed in a
shielding box.
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Fig. 3. Measured frequency response of the preamplifier.

Laser diode is driven by the constant current supplied
from a regulated source. To avoid laser damage and guar-
antee good result repeatability, the temperature controlling
must be provided. It is implemented using a Peltier
thermo-electric element together with suitable heatsink and
controller. Temperature controlling accuracy is +1°C.
Preamplifier and current source are mounted on a small
printed circuit board close to the laser diode. Diode itself is
mounted on a small metal holder and attached to the Peltier
element. Such construction results in a compact sensor,
which is easy to attach to any optical system. Power supply
unit is built as a separate block connected to the sensor by a
cable.

2.3. General measurement setup

The block diagram of the measurement setup is shown in
Fig. 4. The velocity sensor was mounted on a precision
XYZ-translation stage controlled by micrometers, which
allowed accurate collimation adjustment of the laser light.
After passing through the collimator (Melles Griot
06GLC003), the beam was directed to the mirror (Newport
10D10ER.1, reflectance >96% at 650 nm), mounted on the
translation stage (Newport M-ILS200PP, precision of the
stage satisfied ISO230 standard) controlled by PC via mo-
tion control unit (Newport ESP300). The mirror was posi-
tioned at the right angle to the beam direction, so the whole
light was reflected back to the laser cavity. The length of
the external cavity at zero time was fixed to 10 cm. The
output signal from the velocity sensor was further ampli-
fied in the external precision amplifier (ORTEC Precision
ac Amplifier 9452). Bandwidth of this amplifier could be
adjusted to remove noises, e.g., floor vibrations. During the
measurements, the low and high cut-off frequencies were
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Fig. 4. The diagram of the measurement setup.

set to 100 Hz and 1MHz respectively. The analogue signal
from the output of the precision amplifier was acquired by
PC data acquisition card (National Instruments PCI6110E).
The whole signal processing was made using LabView™
and Matlab™ softwares.

The mirror on the translation stage was driven follow-
ing the pulse pattern shown in Fig. 5. The acceleration and
retardation of the translation stage was 200 mm/s2. The ac-
celeration and the velocity of the mirror determine the rise
time of the pulse. The constant velocity occurs during z,,,,.
The fall time equals to #. The mirror is moved back and
worth 10 times. More detailed parameters of the movement
of the mirror are presented in Table 1.

The acceleration and retardation phases were cut off
from the measurement data during data processing. Only
the constant velocity that occurs during ¢,, was processed.
Signal processing is based on calculation of discrete Fou-
rier transform (DFT) that follows the equation

N-1
Xw= Z x(kye™ I2mnIN (6)

where x(k) is the discrete time domain data sample and N is
the length of this data vector [19]. The DFT is calculated
with 512 points. Before applying DFT, the self-mixing sig-
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Fig. 5. Pulse pattern to control the movement of the mirror.
316

nal is divided to appropriate time windows. Absolute val-
ues of the complex data points are calculated and squared
and a power spectrum of the signal is determined. After the
power spectrum is calculated, the frequency component
that corresponds to maximum power, which equals to the
Doppler frequency in the case of uniform motion, is se-
lected and the velocity of the target is resolved using Eq.
(5). Each scan of the mirror yields more than 300 power
spectra. When the scans are repeated 10 times the total
number of power spectra is more than 3000 in each mea-

Table 1. The parameters of the mirror movement. The mirror ve-
locity v is shown in the first column. Then the displacement of the
mirror d, the rise time f,, and ¢,,, which is the time when the ve-
locity is constant, are shown. Last column is the sampling fre-
quency F of the data acquisition board in the measurement.

v (mm/s) d (mm) t,(s) ton () F (kHz)
1.0 10 0.005 10.000 15.5
2.0 10 0.010 5.000 31.0

48.5 100 0.243 2.062 500.0
4.0 10 0.020 2.500 62.0
8.0 10 0.040 1.250 124.0
12.0 10 0.060 0.830 186.0
16.0 10 0.080 0.625 248.0
20.0 10 0.100 0.500 310.0
25.0 10 0.125 0.400 387.5
30.0 50 0.150 1.227 500.0
35.0 50 0.175 1.429 500.0
40.0 50 0.200 1.250 500.0
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surement. Thus, each result is an average of large number
of data. Average Doppler frequency {(fp), is calculated us-
ing equation

1 m

<fD>:%l£1ij’ (N

where m is the number of power spectra in the measure-
ment and fp; is the Doppler frequency of j-zh measurement.
The standard deviation s of the maximum Doppler frequen-
cies is also calculated using equation

1 m 2
s=\/m_1j);“l(fa,~—<fp>) : ®)

If the motion of a target is uneven, the averaged power
spectra of the signal comprise a superposition of different
Doppler spectra corresponding to different velocities.
However, when an appropriate time-gaiting is performed, a
distinct maximum can be observed in the Doppler spectra.
For example, the power spectrum of a vibrating loud-
speaker’s membrane is shown in Fig. 6. The Doppler fre-
quency peak can be located to 12.5 MHz, which corre-
sponds 4.1 m/s velocity. The frequency peak is clearly visi-
ble 20 dB above noise level. Signal digitalisation in this ex-
periment was done using a high-speed digital oscilloscope
(Hewlett Packard Infinium) directly from the velocity sen-
sor without using the precision amplifier. The loudspeaker
was driven using a sinusoidal signal. The digital oscillo-
scope was triggered so that it recorded the power spectrum,
when the driving signal had the highest gradient. This
equals to the highest velocity of the loudspeaker’s mem-
brane.
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Fig. 7. Time domain Doppler signal (a) and corresponding Doppler
spectrum (b). The mirror velocity is 40 mm/s.

target but there is no information about the actual velocity
of the membrane. This is why only its Doppler spectrum is
shown in Fig. 6.

The time domain Doppler signal and the corresponding
Doppler spectrum are illustrated in Figs. 7(a) and 7(b). The
time domain signal has a nice sinusoidal oscillation with
approximately 1V, voltage amplitude. The corresponding
Doppler frequency can be obtained at 123 kHz about 40 dB
above noise level. The measurements are summarized in
Table 2. The total number of measurements was 12 from
the previously mentioned velocity range.

Table 2. Summary of the velocity measurements. The second col-
umn indicates the velocities of the reference mirror v;,, and third
one presents the corresponding theoretical Doppler frequencies
frn- The measured Doppler frequencies {fp), are shown in the
fourth column, and the last one presents the standard deviations s,

o
© —201
Nt of the measured Doppler frequencies.
$ -0
g co0. Meas. no. | vy; (mm/s) | fy, (kHz) | {fp) (kHz) | s (kHz)
1 1.00 3.09 3.16 0.24
BT T T 15 20 25 |2 2.00 6.18 6.38 033
Frequency (MHz) 3 40 12.36 12.12 123
Fig. 6. Doppler spectrum from the vibrating loudspeaker’s 4 8.00 24.72 24.87 2.47
membrane. 5 12.00 37.08 37.20 2.08
3. Measurements and results 6 16.00 49.44 49.92 2.76
. . ‘ 7 20.00 61.80 62.00 2.94
Velocity measurements were performed in the velocity
range 1.0-48.5 mm/s. To obtain a good velocity reference, 8 25.00 77.16 77.34 2.30
the before mentioned translation stage was used to yield 9 30.00 92.59 92.14 343
constant velocity for the mirror. However, the properties of |1 35.00 108.02 107.77 3.42
the tr?mslatlon stage limited the maximum gvallable mirror 1 40.00 123.46 123.11 131
velocity to 48.5 mm/s. Measurements of higher velocities
can be performed using the loudspeaker’s membrane as the 12 48.50 149.69 148.45 372
Opto-Electron. Rev., 11, no. 4, 2003 L. Krehut 317



Low cost velocity sensor based on the self-mixing effect in a laser diode

The linearity of the velocity sensor compared to the
mirror velocity set by the computer is shown in Fig. 8. The
standard deviation is shown as vertical bars on each data
point. The measured velocity is calculated from the mea-
sured Doppler frequency using Eq. (5). The trend line, fit-
ted to the measured data points using the linear mean
square approximation, follows the equation

measured velocity = 0.9965 x mirror velocity + 0.0754, (9)

where velocity is in millimetres per second. This result
shows that the linearity of the measurement sensor within
this velocity range is good and the velocity sensor can be
easily calibrated using Eq. (9). If the linearity of the veloc-
ity sensor is also valid at 12.5 MHz, which was the Doppler
frequency from the loudspeaker’s membrane shown in
Fig. 6, this correspond to 4.09 m/s velocity.

D
o O O

—
o

Measured velocity (mm/s)
n w B [6)]
o o o

10 20 30 40 50 60
Mirror velocity (mm/s)

o

Fig. 8. Linearity of the velocity sensor.

Precision of the measurement sensor compared to theo-
retical one as a function of measured velocity is show in
Fig. 9. It is calculated using equation

error(%) = (WJZ % 100. (10)
Trn
4-
3.5 1
3-

1.5 1

Precision (%)
N

0.5 A

0_

10 20 40 80 120

It can be seen that the relative error is higher at lower
velocities and decreases when the velocity increases. Simi-
lar results were also obtained by Bosch et. al. [20]. The rel-
ative error is around or less than 1% when the mirror veloc-
ity exceeds 4.0 mm/s velocity. Above 20 mm/s the relative
error is less than 0.5%.

4. Discussion

The self-mixing effect is a very useful phenomenon and it
offers a lot of potential to different velocity measurement
applications. There are several special features that are ad-
vantages for this effect. Firstly, the interferometer is easy to
use because there is only one optical axis to control. Sec-
ondly, it is simple because basically only laser itself is
needed. Thirdly, it is a cheap technique and the interferom-
eter can be build into a small size and a compact package.
Self-mixing technique offers a lot of potential to velocity
and displacement measurements, especially fascinating, in
different Micro-Electro-Mechanical System (MEMS) and
BioMEMS applications. When using a self-mixing interfer-
ometer one must be very careful with optical feedback to
the laser. As it was discussed in section 2.1 the shape of the
self-mixing signal depends on the strength of the feedback
field. Too strong feedback causes unstable operation of the
laser. So the optical properties of the measured target must
be carefully considered. An interesting situation occurs,
when the self-mixing signal has the saw-tooth behaviour.
Then it changes its inclination in respect to the phase of the
external target. Thus, this phenomenon can be used to de-
tect the direction of the moving target [21].

In this paper, the self-mixing effect in a laser diode was
used to develop a budget velocity sensor, which frequency
response (3 dB) is up to 85 MHz. Theoretically, this Dopp-
ler frequency corresponds to 27.5 m/s velocity. Total mate-
rial costs of the developed sensor were 234 euro, which in-
cludes power supply, temperature controller, current source
to laser and preamplifier with the laser diode. Due to lack

16.0 20.0 25.0 30.0 350 40.0 48.5

Mirror velocity (mm/s)

Fig. 9. The relative error of the measurement sensor as function of the mirror velocity.
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of appropriate velocity reference, the measurements in this
case were limited to the velocity range 1.0-48.5 mmy/s.
However, it was shown that, when using appropriate
time-gating, the Doppler frequency at 12.5 MHz is detect-
able from the moving loudspeaker’s membrane, and its
maximum velocity can be determined. It was found out that
the velocity sensor has a very good linearity compared to
the mirror velocity set by the computer in the velocity
range 1.0-48.5 mm/s. The precision with the mirror veloc-
ity is higher, above 1%, at low velocities, while at veloci-
ties above 20 mm/s it is less than 0.5%.

In future, measurements will be performed in a much
wider velocity range with corresponding Doppler frequen-
cies is up to 85 MHz. The length of the external cavity will
be increased so that the velocity measurement will occur
from a distance of several tens of meters. In addition, dif-
ferent velocity profiles will be measured. It is also interest-
ing to show that this sensor is capable of measuring dis-
placements of the target of order A/2. The transimpedance
amplifier will be also developed so that the frequency
range of the sensor will be doubled to 170 MHz. This cor-
responds to 55 m/s velocity.
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