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Abstract—Laser-diode self-mixing interferometry is a noncon-
tact technique widely used both in industries and laboratories.
In this paper we propose to extend the self-mixing approach
to low-coherence sources such as superluminescent diodes. In
particular, we present a fiber-based common-path interferometer
exploiting a single mode pigtailed super-luminescent diode. The
developed measuring system has been demonstrated to be able to
directly measure the flow in pipes. To the best of our knowledge,
it is the first time that flow measurements have been performed
by a single-arm self-mixing pigtailed super-luminescent-diode.
The measuring system exploits the Doppler interference pattern
produced by the light back-reflected from the inner facet of the
pipe wall and the light back-diffused by the moving particles.
Then, the use of a low-coherence source allows to measure
the velocity of the scattering particles in a fixed and well
defined region located close to the pipe wall, thus providing good
robustness to variations of scatterers concentration and allowing
to easily estimate the flow under the laminar flow assumption.
Experimental results demonstrated a high linearity (Pearson
coefficient of about 99%) and sensitivity of about 16.62+1.1 cm ™2,
with flows ranging from 1 cm®/s to 15 cm®/s and scatterers
volume concentration ranging from 0.015% to 0.36%.

Index Terms—optical velocity measurement, flow measure-
ment, optical interferometry, low-coherence interferometry, op-
tical feedback.

I. INTRODUCTION

HE laser-diode (LD) self-mixing (SM) (or feedback)

interferometry is a noncontact method widely used both
in industrial and laboratory applications to measure quan-
tities such as velocity (of both solid targets and fluids),
displacement, vibration and distance [1-3]. In SM systems,
no external photodetector is required, because the signal
is directly analyzed by the back facet monitor photodiode
(MPD) usually contained in the LD package. Moreover, the
same optic acts as both illumination and collection optics,
allowing to obtain a much simpler and robust system and
lower associated costs. Furthermore, to reach the back facet
monitor photodiode the detected fields have to retrace back
the active region of the used light source, thus the sensitivity
of the scheme is improved by the amplification provided by
the active region itself. Nevertheless, despite great progress in
the development of SM-LD interferometer based technologies,
there remains significant interest in further development of
applying the same approach in low-coherence sources like
superluminescent diodes.
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Indeed, the common-path setup exploited in SM-LD can be
applied also with super-luminescent-diode (SLD) sources if
at least two external cavities are present [4]. In such simple
optical design, the sample and reference arms share a common
path. A common-path interferometer based on a SLD and
exploiting a free space interferometer multiple paths has been
reported [4].

In recent years we have been exploiting SM effect in the
SLD cavities to measure the fluid-velocity profile in pipes
[5]. In this paper we present for the first time a fiber-
based interferometer to measure directly the flow in a pipe
based on a single-arm approach. The system exploits the SM
effect in a single mode pigtailed super-luminescent diode. The
interferometer recovers from the Doppler signal the velocity
of the scattering particles flowing in a fixed and well defined
region located close to the pipe wall and, under the laminar
flow assumption, it provides a first estimation of the flow-rate.

The article is divided in four parts. In section II we present
the measuring principle and outline its main features. The
developed measuring system and the performed experimental
activities are described in the section III. Then, preliminary
measurements demonstrating the applicability of the proposed
measurement system are reported in section IV and discussed
in section V.

II. THEORETICAL MODEL

The primary objective of this section is to describe the
fundamental concepts and the theoretical model of the optical
feedback interferometry in a super-luminescent diode and its
application in recovering the velocity of scattering particles in
a laminar flow exploiting the Doppler signal.

A. Self-mixing effect in a superluminescent diode

Superluminescent diodes are known to be non-
monochromatic sources. Like laser diodes (LD), SLDs
have a monitor photodiode placed in the same case of
the optical source on the emitting junction backface. As
in self-mixing laser diode (SMLD) interferometry, this
photodiode is used to detect the variation of the emitted
optical power induced by any light back-reflected back to
the superluminescent diode. A conceptual optical scheme
describing the SLD optical feedback in our setup is shown in
Fig.1. In the figure two semitransparent flat surfaces define
the section of an ideal pipe containing flowing particles. The
light from the SLD, collimated by the lens L, illuminates the
two surfaces S; and Sy and the particles flowing in the pipe.

The surfaces and particles act as several external cav-
ities where the light is more or less confined depending
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S1 52 where Pgs is the guided power component of the sponta-
MPD L9 neous emission; Gg, 8 and [ the single pass gain, the propa-
l_‘ SLD Cavity‘ I P 12 gation constant and the length of the SLD cavity, respectively.
! le e Under the condition of weak feedback, the term / Royr-Gs
photocurent —d multiplying the cosine function represents the optical ampli-

Fig. 1. Conceptual optical scheme describing the SLD optical feedback. S
and So are the two interfaces of the duct where particles P1 and P2 are
flowing. Lens L collimates the beam from the SLD and collect the back-
reflected/scattered light.

on the reflectivity/diffusivity of the surfaces/particles. The
returned optical power decreases rapidly as the number of
reflections/transmissions increases [4] and away from the
SLD. The higher contributions derive from the light back-
reflected/diffused by the first interface S; and particles close to
it. Neglecting homodyne effects between light back-diffused
by the flowing particles, main interference effect derives from
the optical beating between the light back-reflected by S; and
the light back-diffused by the particles at a distance from S
shorter than the coherence length Lo of the emitted radiation.
Similar situation happens at the second interface So, however
since the distance from the SLD is much larger, the amount
of light back-reflected/diffused in the cavity can be neglected.

Considering only the particles that can generate interference
phenomena with the light back-reflected by Sq, i.e. d<L¢ ,
and assuming the single scattering regime, the total light power
diffused back to the SLD cavity is given by

Pi=1I;- R(X, ¢)-Q2-Vs D

where:
o I; is the illumination irradiance;

o R()\, @) is the Rayleigh ratio of the particles sample that

depends on the wavelength A and scattering angle ¢ = 7;

w-D?

4-d?

diameter of the collimating lens L and d its distance from
the duct (where d >> L has been supposed);

« O~ is the observation solid angle. D is the

L D\2 . . .
o Vinm: 70 . (5) is the scattering volume of interest
assuming a beam size similar to the collimating lens
diameter D.

Therefore S; and these particles act as an external mirror with
equivalent reflectance:

2. BOL9)- 0V
D 2
~(3)

L
Rixr = Rs +m(1-Rs)* RO 2

Repxr=Rs+(1-Rg 2

D2

— 3

) @
where Rg is the reflectance of surface S;.

Assuming Royr the reflectivity of the SLD emitting junction

interface and R., = VRex7 - Rour, the power emitted by
the SLD is [4]:

(1 - Reg)?
1+R%-G%-2-Req-Gg-cos(2-3-1)

“4)

Psip=PFPs-

fication of the modulation index of interferometric signal due
to the SM-SLD scheme. Typical values for G and Royr for
commercial SLDs are 5000 and 1-1073 to 4-1073, respectively;
thus, with respect to the standard Michelson interferometer the
signal enhancement factor for the interferometric signal is on
the order of 158 + 316.

B. Theoretical Doppler Spectrum

As shown in Fig.2, let’s consider a single particle in a
flowing fluid moving in a direction parallel to the duct axis
at a distance r from the wall interface S; (i.e. interface tube
material-flowing fluid).

st |§

Fig. 2. The scattering particle flows along a streamline close to the duct wall
S1 with velocity v. The wavevector of the illumination light is k. We assume
the laminar flow regime in the duct.

The optical path difference between the light back-reflected
by S: and back-diffused by the particle is:
n-r

OPD =

&)

senf
where n and @ are the refractive index of the flowing
fluid and the Doppler angle respectively. Under the weak
feedback condition, neglecting the DC terms and considering
the effect on the beating signal of the SLD limited coherence,
the detected optical power can be written as [5]:

n-r

T ( senf - c

where g is the SLD complex degree of coherence, k is the
wavevector, c is the speed of light in vacuum, v is the velocity
vector of the particle and ¢ is the initial interferometric phase
that will be omitted in the following discussion. The complex
degree of coherence g, given as the inverse Fourier transform
of the spectral density of the emitted light, is expected to have
a Gaussian shape [6]:

Poc(t,r) =2

)|-P5-G5-Req-cos(2~t-v-k+<po) 6)

2 In2

_(M) 7

n-r senf

|%(m)‘=%'€ (7

Extending Eq. (6) to N identical particles acting as a contin-
uum with linear density px = N/2R over the duct diameter
2R, the detected interferometric signal may be written as:
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where:
R +: PoGs R RA
2 ner A:n-%p 0GsEXT 0 7 (16)
Pu.(t) :2pxPSGSREXT'f %TJ(M)" 2n v cost
) 09 ®) 4 vg cosl sinf L.
0' = . =
-cos(4wn-w-t)dr ! nR g V2In2
Ao = & in(26) (17)
Considering the laminar flow regime, all velocity vectors v are " nRS AoVInd s

aligned with the duct axis, and their modulus may be simply
written as:

R-7r\2
v(r):vo(l—( 7 ) )
where v is the speed along the duct axis. Thus, if S is the

flowing area of the duct section, the volumetric flow rate ()
is:

€))

1
Q=<8

5 (10)

Since

'ysp(T)| decreases rapidly as the value of r
send - ¢

increases, the function v(r) can be approximated with its first
order Taylor polynomial:

(1)

-
v(r):Q-vo-E

Therefore, in the laminar flow regime, the single particle at
the position » moving along a streamline close to the internal
duct’s wall S; generates a Doppler frequency tone:

v(r) cost vg cost
- RXo

thus, the position r can be written as a function of the
generated Doppler shift:

fo(r)=2n- (12)

R X
4n vy cosh

r(fp) = Ip (13)

As a result, changing the integration variable in Eq. (8) from
rto f = fp, the detected interferometric signal becomes equal
to:

Pou(t) = Y0Pz PoGs Rexr R
aers T 2n Vg cosl

Vo cosO‘
RXo (T

Ofe

Such power arises from all the intensities scattered from any
of the particles moving along the optical axis, weighted by
the |ys| function, whose spatial extent along the r direction is
limited by Lo from the interface Sj.

Concluding, the integral argument indicates that the spectrum
of the monitoring photodiode photoelectric current is Gaus-
sian:

8n- (14)

n R\o )an2
L2

4 vy cosfsinb f

Q

-cos(2m ft)df

2
Iac(t) ~A-e 2.0‘?

(15)

and 7 is the monitoring photodiode responsivity.

III. EXPERIMENTAL SETUP

The activity objective is the measurement of the Doppler
spectrum associated to a certain flow-rate through the hy-
draulic system, for a given set of scatterers concentrations. As
shown in Fig. 3, this flow was finely controlled using a faucet
with a multi-turn valve (MTV). The scattering fluid was a so-
lution of water and Intralipid (Fat Emulsion, Fresenius Kaby)
mixed in several concentrations, to evaluate the behavior of
the system while changing the fluid optical characteristics.

Front-end
Electronics

Fig. 3. Experiemental setup: the scattering fluid flows through the cuvette,
whose axis is tilted of an angle 6 with respect to the optical one. Flow between
the upper and lower tanks (UT and LT) is finely controlled using a faucet with
a multi-turn valve (MTV). Scattered light is collected by the collimator L and
a photocurrent is generated by the MPD. Custom front-end electronics handle
the Doppler signal, that is then acquired by the DSA.

The optical system is based on a low cost superlumi-
nescent diode (SLD-381-MP-DBUT-SM-PD, Superlum). The
SLD was controlled by using a thermoelectric temperature
controller (TEC, model TED200C, Thorlabs) and fed by using
a diode controller operating in constant current mode (DE,
model LDC200C, Thorlabs). The SLD was powered with a
constant current equal to 90.48 mA and the package temper-
ature was kept at 25°C. In order to estimate the coherence
lenght of the emitted radiation in water, according to Sheu
and Luo [7], both the central wavelength \g and the spectral
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bandwidth A\ are needed: their nominal values are equal to
830 nm and 15 nm, respectively. It is known that a large
variation of these two parameters can be observed from device
to device, therefore a measurement of the optical spectrum
was performed using an optical spectrum analyzer. The spec-
ifications provided by the manufacturer were confirmed by
the measurements (A\p=833 nm and AM=15 nm), thus the
coherence length was calculated:

0.44- A3
n- A\

The light beam generated by the SLD is guided through
a single mode optical fiber (SMF), which is connected to
a non contact-receptacle style collimator (HPUCO-23-850-S-
2.7TAS, OZ Optics). This fiber collimator has an aspheric lens
with focal length of 2.7 mm and a central wavelenght of 850
nm. The cuvette was mounted on a XYZ stage in order to
allow the user to align the system, as well as to change the
Doppler angle when needed (Fig. 4). This tilt regulation is
fundamental to allow both the light reflected by the inner wall
S of the cuvette and the light scattered by the particles in its
proximity (within L /2) to be collected by the collimator and
then guided through the fiber to the MPD, as shown in Fig.2.

The current photogenerated by the monitor photodiode
was processed by a custom made front-end electronic circuit
and then acquired by the digital spectrum analyzer (DSA,
SR785-Stanford Research). The scattered light collected when
the fluid was filling the cuvette but not flowing through it,
generated a photocurrent equal to 203 s A, whereas fluctuations
related to Doppler signal are 5 orders of magnitude smaller.
Hence it was important to remove this DC current in order to
perform a suitable amplification of the AC signal components
by a transimpedance amplifier. A current sink was realized
by using a 2N2222 BJT with emitter degeneration to reduce
its temperature sensitivity and allow finer tuning of the sink
current by means of a variable resistor. Simulations showed
that in this configuration the BJT current could vary from 175
1A to 255 pA . The photogenerated current may change as a
result of a variation of the Doppler angle or to modifications of
the fluid optical parameters (such as absorption or diffusivity).

The hydraulic system consisted in an upper tank (UT), filled
with 12 liters of water and a lower tank (LT) to collect the fluid
flowing through the system. The flow was regulated by mean
of a multi-turn valve (MTV): a pump (P) was placed in the LT
to mantain the water level in UT almost constant. Using this
system, the flows were changed from 1.1 cm®/s to 15 cm?®/s,
while Intralipid was mixed with distilled water at increasing
concentrations, from 0.015% to 0.36%. To confirm the laminar
flow hypotesis, the Reynolds number was calculated. Since the
cuvette has a square cross section, the hydraulic diameter is
going to be equal to the side dimension (R=1 cm). Thus, for
the highest flow rate considered (15 cm?/s) we obtained a
Reynolds number of 73.5, which is well below the threshold
value for turbulence (4000) [8, 9].

L.= ~ 15.3um (18)

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The Doppler spectra were acquired at different flow-rates,
varying from 1.1 cm?/s to 15.0 cm®/s, and scattering particles

——
CUVETTE

CL o

LW L LLb
FIBER + L

COLLIMATOR >

L

p ¢ 5

e Lottt |

SLD

N

Fig. 4. Picture of the experimental setup. DSA is the digital signal analyzer,
SLD is the superluminescent diode.

concentrations. A higher flow-rate means a greater speed of the
scattering particles along the cuvette, hence a broader Doppler
spetrum is expected according to Eq.(12). Different scattering
particles concentrations were obtained by preparing solutions
of Intralipid in water, which concentrations were ranging from
0.015 % to 0.36 %.

The signal amplified by the front-end electronics was
acquired using the DSA. For each concentration and flow,
three signal acquisitions were performed. Moreover, every
single acquisition is the result of 50 acquisitions that are
automatically averaged by the DSA.

A. System calibration, uncertainty and Doppler angle deter-
mination

To determine the doppler angle 6, the system was calibrated.
We acquired 20 Doppler spectra for each of the three reference
flow-rates (Q1=2.1 cm®/s, Q2=7.5 cm?3/s and Q3=15 cm?/s).
Reference values for 7, @2 and Q)3 were determined by
measuring the time needed to fill a graduated beaker up
to a fixed volume. The flowing solution had an Intralipid
concentration equal to 0.06% during the calibration. According
to our theoretical model, the higher the flow-rate the broader
is the Doppler power spectral density (PSD). Each of the 60
acquired PSDs was fitted by a Gaussian function to calculate
the best gaussian amplitude and variance that minimize the
mean squared errors. As an example, Fig. 5 shows the experi-
mental data acquired at (3 and the corresponding best fit. The
average normalized PSDs and their Gaussian fits for each of
the three flow-rates are shown Fig. 6.

For each of the three flow-rates, the average o and its
standard deviation were calculated over the 20 acquired spec-
tra. Fig. 7 shows the resulting values as a fuction of the
flow-rate. Error bars show as the standard deviation increases
linearly with the flow-rate. As predicted by our theoretical
model, when the flow increases the frequency components
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Fig. 5. Gaussian fit (bold curve) example of an acquired PSD, referred to a
fluid flow rate equal to @3 with an Intralipid concentration of 0.06%. The
calculated value of o is 306.1H z, and the goodness of fit, R2, is 96%.

0.8

0.6

0.4

Normalized Amplitude

0.2

400 600 800
Frequency (Hz)

Fig. 6. Averaged normalized power spectral densities, acquired at the flow-
rates Q1 (squares O), Q2 (asterisks *) and Q3 (triangles 7). Dashed curves
represent the best Gaussian fit.

become weaker since the signal power is spread over a broader
spectrum. Therefore signal-to-noise ratio decreases at high
flows, hence leading to a greater uncertainty when computing
o. The slope of the linear interpolation shown in Fig. 7
represents the sensitivity of the system with an Intralipid
concentration of 0.06%. The best linear fit provides a slope
equal to 20.2 cm™3.

According to Eq. (17), the value of the Doppler angle theta
can be calculated as:

3
Mear N R Ao \/ln4) (19)

ALo

where m.q; is the calibration curve’s slope at the reference
concentration. The calculation returns 6.19° as result.

1
0 = 3" arcsin(

B. System Linearity and measurement error

System linearity was verified by acquiring the Doppler
spectra for ten different flow-rates ranging from 1.1 cm®/s to
15 cm?®/s. The Intralipid concentration was kept constant to
0.06% for all the measurements. The measurement procedure

400 r
Q3
300 I
N
T
g 200 Q2
20
@ (1
100 | Ql
z
0 L L L L L L L )

0 2 4 6 8 10 12 14 16

Flow Rate (cm 3/s)

Fig. 7. Calibration at the reference Intralipid concentration of 0.06% . For
each flow, the average value of ¢ is represented with a dot (e) and the standard
deviation with an error bar (I). The linear interpolation dashed line has a
goodness of fit equal to 99.79%. Standard deviation values are 4.0 Hz, 8.2 Hz
and 16.1 Hz for Q1, Q2 and @3, respectively

consisted in the acquisition of three PSDs for each flow-
rate (each obtained as the average of 50 acquisitions), then
the average spectrum for each flow-rate was calculated as
the average of these three PSDs. By performing the best
Gaussian fit of each averaged spectrum, the value of o was
computed for every flow-rate. Then, by using the calibration
constant obtained in the previous section, the estimated flow-
rate was calculated. The comparison between reference flows
and estimated flows is shown in Fig.8. Linear interpolation of
the experimental data (bold line) exhibits a slope of 1.088 and
a Pearson coefficient of about 99%. Fig. 9 shows the absolute
error as function of the reference flow-rate. The measurement
absolute error in the range 1.1 cm®/s to 15 cm?/s is, in
modulus, less than 0.8 cm?®/s.

16 1

—_ —_ —_
(=] \S] ~
T T T

Estimated Flow Rate (cm3/s)
[ee]

0 2 4 6 8 10 12 14 16
Reference Flow Rate (cm3/s)

Fig. 8. Estimated flow-rates with respect to the reference ones. The bold line
is the linear interpolation of the experimental data.

C. Effects of the multiple scattering on the system sensitivity

According to our theoretical model, system sensitivity
shouldn’t be dependent on the scatterers concentration. How-
ever, while increasing scattering particles concentration, multi-
ple scattering can occur. Since photons walk between scatterers
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Fig. 9. Absolute measuring error as a function of the reference flow-rate.
Dashed lines represent the maximum and minimum error, while the bold line
is the average error value.

is random, the Doppler contribution of the single particles
becomes non-predictable thus increasing the noise and re-
ducing the useful signal. As an example, Fig.10 shows three
different spectra acquired at the same flow-rate but at differ-
ent intralipid concentrations, i.e. C1=0.06%, C2=0.12% and
C5=0.36%. Note as, increasing the scatterers concentration
the high frequency components of the acquired spectrum tend
to disappear, thus collapsing the spectra obtained at different
flows in the low frequency region by reducing the possibility
to discriminate them. Basically this results in a reduction of
the system sensitivity.

0.8
o
]
2
£06
<
=]
N
= 04
B
S
Z
0.2
0 ?
0 200 400 600 800
Frequency (Hz)
Fig. 10. Three normalized PSDs obtained at three different Intralipid

concentrations (C'; < C2 < C3). In particular, the red curve (0O) is for Cq,
the blue one (v) is for C2 and the green one (¥) is for C3

To verify the robustness of our system to this effect, the
system sensitivity has been measured at six different Intralipid
concentrations from 0.015% to 0.36%. Measurements at even
higher concentrations are possible, however the performance
of our front-end electronics could not assure a suitable signal-
to-noise ratio. Calibration curves were calculated as described
in section IIIA for all of the six Intralipid concentrations and
the corresponding sensitivities have been calculated.

Tab. I reports the sensitivities of the measuring system with

respect to the Intralipid concentration. After increasing at very
low scatterers concentrations, the sensitivity decreases of about
32% in the considered range of Intralipid concentration. This
trend confirms our prediction and is consistent with possible
occurrence of multiple scattering.

TABLE I
SYSTEM SENSITIVITY AS A FUNCTION OF THE INTRALIPID
CONCENTRATION

Concentration (%)  Sensitivity (1/ cm?)

0.015 18.02
0.03 18.48
0.06 20.19
0.12 15.02
0.24 13.94
0.36 13.86

V. CONCLUSION

To perform flow measurements, SM-SLD can be imple-
mented using a pigtail device with a simple design in which
the reference arms is defined by the inner interface of the duct.
The advantages of this common-path geometry include greater
ease of alignment, reduced sensitivity to vibration and greater
stability. Low-coherence approach allows considering effort-
lessly a small well-defined scattering volume thus reducing the
probability of multiple scattering. Future developments include
the exploration of the system behavior at higher flow-rates, up
to the lower bound where turbulent flow begins to occur. In
addition, to test the system at higher scatterers concentrations
an improved electronic circuit with a better noise performance
is under development.
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