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Abstract: Self-mixing interferometry (SMI) is a promising sensing technology. As well as its compact
structure, self-alignment and low implementation cost, it has an important advantage that conven-
tional two-beam interferometry does not have, i.e., SMI signal fringe evolves into asymmetrical
shape with increasing optical feedback level, which leads to discrimination of target movement
directions for unambiguous displacement measurement possible by a single-channel interferometric
signal. It is usually achieved by using SMI signals in moderate feedback regime, where the signals
exhibit hysteresis and discontinuity. However, in some applications, e.g., in biomedical sensing
where the target has a low reflectivity, it is hard for the SMI system to operate in a moderate feedback
regime. In this work, we present comprehensive analyses on SMI signal waveforms for determining
system parameters and movement directions by a single-channel weak feedback SMI signal. We first
investigated the influence of two system parameters, i.e., linewidth enhancement factor and optical
feedback factor, on the symmetry of SMI signals. Based on the analyses on signal waveform, we then
proposed a method of estimating the system parameters and displacement directions. The method
was finally verified by experiments. The results are helpful for developing sensing applications based
on weak feedback SMI systems.

Keywords: self-mixing interferometry; optical feedback interferometry; linewidth enhancement
factor; laser sensor

1. Introduction

Self-mixing interferometry (SMI) has been studied as a promising non-destructive mea-
surement technology in the last several decades for various applications, e.g., measurement
of displacement [1], distance [2,3], velocity [4,5], vibration [6,7], material parameters [8],
acoustic emission [9], and biomedical signals [10,11]. The sensing mechanism of SMI
technology is the self-mixing effect, which occurs when a portion of emitted laser beam is
back-reflected by a remote target and is allowed to reenter the laser internal cavity. The
back-reflected laser beam carries the information of the external optical path and mixes with
the laser beam in the laser cavity, which modulates the laser output power and laser optical
frequency in the form of interferometric signals [12,13]. Compared with the conventional
two-beam interferometers like Michelson or Mach-Zehnder interferometer, SMI has unique
advantages, e.g., the structure is compact, the implementation cost is low, and SMI signals
can be collected anywhere the laser beam can reach [12]. More importantly, SMI signals
may involve into asymmetrical sawtooth-like shapes with the change of the operation
parameters, which makes unambiguous displacement measurement possible using a single
interferometric channel [12].

In an SMI sensing system, linewidth enhancement factor (LEF) and optical feedback
factor C are important. LEF is also known as « factor or Henry’s factor and was first found
by Henry in 1982, characterizing many properties of a laser, e.g., the linewidth, the chirp,
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and response to optical feedback [14]. Optical feedback factor C influences the operation
of a laser [15,16]. Its value discriminates the feedback regime of an SMI system, i.e., weak
feedback regime with C < 1, and moderate/strong feedback regime with C > 1 [12]. For
SMI-based high-resolution displacement measurement, « and C are often needed, e.g.,
using phase unwrapping method [17]. As a result, many works have developed various
methods to determine the LEF or/and optical feedback factor [18-23].

For SMI-based sensing and measurement, many works have investigated the influ-
ences of optical feedback factor on the shape of an SMI signal, and demonstrated that it
evolves from being symmetrically sinusoidal to sawtooth-like with increase of C [12,24].
Due to the hysteresis of SMI signals with C > 1, unambiguous displacement measurement
has been developed [21,25]. Recently, the influence of LEF on shapes of SMI signals has also
been explored when C > 1 [12,26]. It has been found that directions of the target movement
are difficult to determine even when an SMI system is in moderate/strong feedback regime
with small LEFs, e.g., in quantum cascade lasers [12]. The work in [26] explored the effect of
LEF on the high and low peaks of SMI signals with hysteresis. However, in many practical
applications, e.g., biomedical applications [10,11], the reflectivity of the target surface is
low, which makes it difficult for the optical feedback factor in such SMI systems to reach
values larger than 1. As a result, the behavior of an SMI system in a weak feedback regime
is also of significance to analyze. Some works [7,27,28] have already demonstrated that
SMI signals show asymmetric shapes with C < 1, which makes estimation of the target
movement direction possible even in weak feedback regime [27]. However, the detailed
influence of LEF and noise on the waveform of SMI signals in a weak feedback regime
has not been discussed [7,27,28]. Although LEFs of semiconductor lasers often range from
3.0 to 7.0, some other lasers with small LEFs have been also applied for SMI systems, e.g.,
quantum cascade lasers [12] and solid-state lasers [1,28], since the self-mixing effect is a
common phenomenon in lasers regardless of type. Additionally, noises are inevitable in
practical applications. Therefore, we discussed the influence of LEF and noise on shape
of SMI signals and proposed a simple method to determine LEF, C and displacement
directions. The results are useful for designing weak feedback SMI systems for sensing and
measurement applications.

2. Theory
2.1. Fundamentals of SMI Theory

A typical SMI system is composed of a laser diode (LD), a photodiode (PD) integrated
in the LD package, a lens and a target to be measured [4,9]. Because of the simple structure
and low cost, LDs are usually used as the laser sources, but some other types of lasers, e.g.,
quantum cascade lasers [12], solid-state lasers [1,28], and fiber lasers [2], have also been
used in some applications. The widely accepted mathematic model for describing an SMI
system is shown as follows [12,24].

¢r(t) = ¢(t) — Csin[¢pp(t) + arctana], (1)
g(t) = cos|¢r(t)], 2
P(t) = Py[1 4+ m x g(t)]. 3)

where ¢r(t) and ¢(t) are the optical phases with and without feedback respectively. ¢(t)
is expressed as ¢(t) = 4rtnL(t)/Ag, where n is the refractive index of the medium in the
external cavity; A is the laser wavelength of the solitary LD. m is the intensity modulation
index with typical values of ~1073. L(t) is the external cavity length. When the external
target moves, L(t) can be expressed as L(t) = Lo + AL(t), where L is the initial external
cavity length, and AL(t) corresponds to the movement of the target. The optical feedback

factor C is defined as [20,24]:
C = xv/1+ 227/ Ty, @
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where « is the feedback strength that is governed by the reflectivity of the laser emitting
facet and target surface; # accounts for the coupling efficiency of the re-injection; 7j, and
are the roundtrip time in the internal and external cavity, respectively. For a specific LD, T,
is a constant, and T = 2nL(t)/c, where c is the light velocity in vacuum. Although C varies
with L(t), it is often treated as a constant during the measurement since AL(t) is usually
much smaller than Ly [18]. Although the directly observed signal is the laser output power
P(t), g(t) is usually treated as the SMI signal as ¢(t) can be normalized from P(t) according
to Equation (3).

2.2. Symmetry of SMI Signals

As compared with conventional two-beam interferometers, SMI systems have an
important advantage that determination of the target movement direction is possible
by using a single interferometric channel due to the hysteresis or asymmetry of SMI
signals [25,28]. Hysteresis appears when C > 1, whereas asymmetry may even appear
when C <1 [12]. In this work, we mainly investigate the symmetry of SMI signals when
C < 1. Figure 1 presents two typical SMI signals in weak feedback regime with C = 0.50 and
a = 5.00, where Figure 1a is the SMI signal when optical phase increases corresponding
to the target moving away from the LD, and Figure 1b is the one when the target moves
toward the LD. It can be seen that SMI signal shows clear asymmetry or tilt directions. The
SMI signal leans to the right when the target moves away from the LD, whereas it leans to
the left when the target moves oppositely.

@ (b)

1 Target ' 1 Target '
© /o, w |

TU 05 Movement (_U 05 Movement
U:D direction DCD direction
‘» 0t . (1).'2 . ; (1) 4.. ‘D 0
> >
“ 05 .05

1 b 1 ‘ b 5 1 ‘ [0) 5

0 5 10 0 -5 -10
Optical phase ¢ Optical phase ¢

Figure 1. Typical SMI signal (a) when the target moves away from the LD, (b) when the target moves
toward the LD.

We pick up some feature points in the SMI signal, i.e., the peak, valley and zero-
crossing points, as marked in Figure 1, and denote the corresponding optical phases by
¢1 to ¢5. Considering the characteristics of an SMI signal in a weak feedback regime, we
introduce a ratio R13 to describe the symmetry or tilt direction of an SMI signal, which is
defined as Ri3 = ¢13/¢15, where p13 = ¢3 — ¢1 and ¢p15 = ¢5 — ¢p1. For a weak feedback
SMI signal, we have ¢5 = 27t [12]. Thus, we have Rj3 = ¢13/27. Then we can describe
the symmetry or tilt direction of an SMI signal based on the value of Ry3. The SMI signal is
symmetric or upright with Ri3 = 50%; it is right-tilted with Rj3 > 50% and is left-tilted
with Ry3 < 50%. The farther away Rj3 is from 50%, the more asymmetric an SMI signal is.

Based on the SMI model and mathematic property of trigonometric functions, we
can obtain

1 aC
Rig= »+ — o 5a
B2t v o
1 C
Riz =5+ : (5b)

mva? 41

Here, Equation (5a) is when the target moves away from the LD as in Figure 1la.
Equation (5b) is for that as in Figure 1b. It clearly shows that Rq3 can be used to estimate the
movement directions. The results of R;3 are drawn in Figure 2. The SMI signal trends more
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to be symmetric when Rj3 is closer to 50% and it is more difficult to use a single-channel
SMI signal for determining movement directions when considering the impacts of system
noise, sampling frequency of the data acquisition system, etc. It can be seen that R3 moves
away from 50% with the increase of « and C. For lasers with « = 0, e.g., He-Ne lasers, Ri3
is identically equal to 50% with any value of C < 1. In fact, for such lasers, even when
the SMI system is in a moderate feedback regime, it is impossible to distinguish the target
displacement directions using a single-channel SMI signal. For lasers with a non-zero LEF,
Ry3 never equals to 50%, which means unambiguous measurement are able to be achieved
in the whole range of weak feedback regime in theory.

0.9 (a) 0.5 (b)
C=0.20
0.8 =100 0.4
' C=0.80 ' =040
o 0 C=0.60 o o0 C=0.60
e e C=0.80
C=0.40 :
—_ c=1.00
0.6 €20.20 0.2 C=1.00
0.5 0.1
0 4 6 0 2 4 6
LEF a LEF o

Figure 2. Degree of symmetry of SMI signal with different LEFs and feedback factors, (a) for right-
tilted signals, (b) for left-tilted signals.

3. Method and Discussion
3.1. Linear Movement

According to the analyses above, displacement directions of the target can be estimated
with the value of Ry3. The target moves away from the LD with Ry3 > 50% and it moves
toward LD with Ry3 < 50%. Furthermore, based on the values of Ry3, « and C can also be
determined. The measurement principle is presented by taking the right-tilted SMI signal
as the example. It is similar for left-tilted SMI signals. As in Figure 1a, we define another
ratio, i.e., the ratio of phase difference between two zero-crossing points in a whole SMI
fringe, as Ros = o4/ P15 with ¢4 = ¢4 — ¢. Then we have:

e 1. C
S I/

In fact, Equation (6) is also valid for the left-tilted SMI signals. Combining Equations (5) and (6),
we get:

(6)

_ |Ry3 — 0.5

YT Ry-05 @

According to Equation (7), « can be calculated once we obtain Ri3 and Rp4. Then we
can calculate C based on Equation (6). In practical fields, we usually get an SMI signal with
respect to time as in Figure 3. In this case, Ri3 and Rp4 can be obtained by Ri3 = t13/t15
and Ry4 = tp4/t15, where ty3 is the time interval between the valley and the adjacent peak
points, ty4 is that between two adjacent zero-crossing points, and #15 is the time period of a
whole SMI signal fringe when the movement is linear as in Figure 3.
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Figure 3. (a) Displacement of the target, (b) the corresponding SMI signal when C = 0.20, « = 5.00.

3.2. Nonlinear Movement

It is obvious that the movement should be linear when we use the time intervals
instead of phase differences to calculate Ry3 and Ry4. Figure 4 shows an example when
the movement is nonlinear with C = 0.40 and « = 3.00. Thus, Ry3 is 0.621 and 0.379 in
theory for the right-tilted and left-tilted fringe, respectively. We choose five different
fringes in the SMI signal, i.e., Fringes 1 to 5 in Figure 4 to perform the method. Table 1
shows the final measurement results. We use Ry, & and C to denote the estimated values.
Orys/R1z = |Ri3 — Ryz|/Ry3 is the relative error for Ry3. It is the same for a and C. It can be
seen that the estimated results from Fringe 1 have the smallest error. The reason is obvious,
in that the displacement corresponding to Fringe 1 has the best linearity. For Fringe 5, the
measurement results are almost unreliable with large errors.

2L Fringe 1 Frihgez Fringé3 Fringe4I Fringe 5 " ]
N Y i/ v
=, ™
5 0 \'///_‘_\x @)
< _2/ | a
0 0.02 (.04 0.06 0.08 0.1
_ 1 T T
8 T \
=
Z 0 Y 1)
=
(2] LE
_1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

Time [s]
Figure 4. (a) Displacement, (b) the corresponding SMI signal.

Table 1. Measurement results with different fringes.

R13 5R13/R13 113 Jaloc C (Sclc
Fringe 1 0.625 0.6% 291 3.0% 0.42 5.0%
Fringe 2 0.615 1.0% 3.29 8.3% 0.38 5.0%
Fringe 3 0.374 1.3% 2.86 5.0% 0.42 5.0%
Fringe 4 0.635 2.3% 2.70 10.0%% 0.45 12.5%

Fringe 5 0.453 20.8% 4.27 42.3% 0.15 62.5%
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Therefore, the procedure of determining «, C and displacement direction of nonlinear
movement is as follows:

1. Find the fringe corresponding to a displacement with the best linearity. It is obvious
that the displacement is with good linearity when there are at least two adjacent
fringes with the same or closest values of ¢15.

2. Use the fringe in step 1 to calculate Rj3 and Rp4, and further calculate « and C based
on Equations (6) and (7).

3. Determine the displacement directions based on Rj3 of the fringe in step 1. This
procedure is simple. For a nonlinear movement with several direction-reverse points,
we can easily localize them in the corresponding SMI signal, i.e., they are the local but
not global maximum or minimum points as T1, T, and T3 in Figure 4. The movement
direction reverses once when the SMI signal passes a direction-reverse point, e.g., we
get Rq3 = 0.625 for Fringe 1, and thus we can determine the displacement is away
from the LD at this point, and it keeps the same until passing T;. The remaining
directions can be determined by the same way.

Note that the proposed method has limitations. Firstly, displacement should be larger
than half laser wavelength. Then, there should be a piece of displacement (at least A(/2)
within the whole movement which has relatively good linearity. Otherwise, the estimated
results may suffer undesirable errors. However, this problem may be solved by linearly
modulating the laser wavelength thanks to the capability of injection current modulation
of LDs. Because the displacement is usually much smaller than the initial external cavity
length, optical feedback factor can be treated as constant during the measurement. Thus,
we can linearly modulate the laser frequency via injection current while keeping the target
static. In this way, « and C can also be estimated based on Equations (6) and (7).

3.3. Impact of Noise

In practical applications, SMI signals often suffer impacts of noise from different
sources, e.g., the laser itself, the measurement ambience and electronic components. We
first analyzed the influence of noise on discrimination of movement directions. For a given
«, it was conducted by the following procedure as shown in Figure 5.

( tart )
- )
f
’ Set an LEF and a linear displacement with ‘

explicit direction
v

Set C=1.00, SNR=0 ‘

v
Simulate the SMI model to get an SMI signal
and add additive white Gaussian noise

and valleys of SMI signals and calculate R1s for
five adjacent SMI fringes, C=C-0.01

Use the method in [28] to determine the peaks

Does all these five values of Rn
—__ indicate the same direction as the B
_ preset one7 -

iN

Record the SNR and C as the minimum optical
feedback factor ( Cmin ), SNR=SNR+2, C=1.00

7 ~

< SNR>202 >~ N
~_
A
] N
t/ End )
. J/

Figure 5. Flow chart of determining the required minimum C for different SNRs with a given a.



Photonics 2022, 9, 612

7 of 10

Changing the value of a and repeating the procedure in Figure 5, we can get the
simulation results for different LEFs as shown in Figure 6. It can be seen that C,,;, decreases
with the increase of SNR. For a given SNR, the smaller the LEF is, the larger the required
Cin is. When SNR is relatively large, C,,;, for different LEFs are close to a constant when
LEEF is relatively large, e.g., C,,;, is about 0.1 with SNR = 20 dB when LEFs is 3.0, 5.0 and
7.0, which are the commonest values for commercial LDs. However, the required C,;, is
still larger than 0.2 for & = 0.5. C,,;, increases rapidly when SNR decreases. Particularly, it
increases faster with a smaller LEF, which means C,,;,, is more sensitive to the noise for an
SMI system with a laser with a small LEF, e.g., quantum cascade lasers [12], or solid-state
lasers [28]. Thus, the larger the LEF is, the smaller the feedback factor allowed. Figure 6
is an example for the variation trend of C,,;,, with LEF and SNR by taking the method
in [28] to obtain Rj3. If Ry3 is determined more precisely, the curves in Figure 6 may move
downwards overall, which means an SMI signal with feedback factor smaller than 0.10 may
be used for determining the movement directions.

0.6

g T -v-0=05
5 05 \\ - a=1.0| 1
g R N - *~a=3.0
% 04 o, V\\ —*-a=5.0
¥ SN a AN —*-a=7.0
2 S ~a Sw
ﬁ 03t~ N = \V\\‘
R N T~
£ el Te e T v~
€ 02 S Se e e v
€ Sl e e Ve
g o BSirg
g : =3 =3 =3
« 0 )

0 5 10 15 20

SMI SNR [dB]

Figure 6. Required minimum C for different LEFs and SNRs.

We then discussed the influence of noise on the accuracy of the proposed method for
estimating & and C. We took the SMI signal in Figure 3 as the example and added different
levels of noise; Table 2 shows the results. It can be seen that a relatively high accuracy can
be achieved with an SNR larger than 20 dB.

Table 2. Impact of noise on the proposed method.

SNR (dB) Estimated « Relative Error Estimated C Relative Error
5 5.66 13.2% 0.23 15.0%
15 4.68 6.4% 0.18 10.0%
20 4.90 2.0% 0.19 5.0%

4. Experiment

An experimental setup was built as in Figure 7. Two commercial TO-Can packaged
near-infrared single mode LDs (Sanyo, DL4140-001S; Hitachi, HL8325G) were tested. A
current and temperature LD controller (Thorlabs, ITC4001) is used to drive the lasers. The
optical feedback strength is adjusted by a variable attenuator (VA) (Thorlabs, NDC-50C-2M-
B). A piezoelectric transducer (PZT) (Thorlabs, PAS005) with a mirror affixed on the surface
is assembled on a linear translation stage, which acts as the external target. Displacements
are generated by controlling the PZT driver (Thorlabs, MDT694). The integrated PD is used
to detect the optical SMI signals, which is followed by a detection circuit. Finally, we use a
digital oscilloscope (OSC) to capture and store SMI signals.
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LD Package —>
i I = . l PZT
Lens VA Mi
irror

Linear Stage

mE: |

Detection Circuit 0oscC PZT Driver

LD Current/TEC
Controller

Figure 7. Experimental setup.

The LD operating temperature was stabilized at T = 23 + 0.01 °C by using the LD
controller. Note that the system has been tested to operate with an initial external cavity
length up to 2.5 m and 1.5 m for DL4140-001S and HL8325G, respectively. During the
experiments, multi-modality of the LD should be also avoided by adjusting the operation
parameters, e.g., the injection current [29]. The sampling rate was set with 100 kHz. Figure 8
is one of the experimental signals for DL4140-001S, from which, we can get SNR ~ 21 dB.
As aresult, the required minimum optical feedback factor for determining the displacement
direction is estimated to be approximately 0.10 according to Figure 6.

— 4 : . : :
g§ | (@)
= i
)
S
1)
3
& : :
5 -2 ISR S N
0 0.02 0.04 : 0.06 50.08 0.1
2 Fri gel/jringez
§ .
(=)
3 0
=
n
-2

0 0.02 0.04 0.06 0.08 0.1

Time [s]
Figure 8. Example of experimental SMI signal, (a) displacement, (b) the corresponding SMI signal.

Based on Figure 8, « and C were estimated by using the proposed method. We found
Fringes 1 and 2 correspond to similar linearity. Hence, we used both of them to calculate
« and C, and took the average as the results for the signal in Figure 8 with Ry3 = 0.613,
& = 2.70 and C = 0.38. Then, the movement direction corresponding to these two fringes
is away from the LD since Ry3 > 50%. Afterwards, we can easily determine the direction-
reverse points in the SMI signal, i.e.,, T1, T, and T3 in Figure 8. Thus, we can say the
target moves away from the LD before Ty point. It moves toward the LD between T
and T,. After T, point, it reverses to move away and reverses again at T3 point. The
estimated displacement directions are coincident with the preset ones. Similarly, we repeat
the experiments with HL8325G. We also measured « and C by the method in [19] for
comparison. Note that we captured five SMI signals for each LD to calculate « and C and
took the average values of all these five measurments as the final results. The results are
shown in Table 3, which verifies the proposed method.
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Table 3. Estimated LEFs and optical feedback factors for different LDs.

DL4140-001S HL8352G
¢ C e c
Proposed
method 2.73 0.36 3.14 0.21
Method in [19] 2.80 041 3.10 0.17

5. Conclusions

The waveform asymmetry of weak feedback SMI signals was discussed for determin-
ing the system parameters and movement directions in this work. The influence of LEF
and optical feedback factor on the shape of a weak feedback SMI signal was investigated.
It was found that an SMI system based on a laser with non-zero LEF is able to achieve
unambiguous displacement measurement in the whole range of weak feedback regime in
theory. Based on the waveform analyses, we proposed a method to estimate LEF and optical
feedback factor and displacement directions, which was verified by experiments. One point
that needs to be noted is that there should be a piece of displacement (at least Ay/2) within
the whole movement which has relatively good linearity when performing the proposed
method. The results are helpful for designing weak feedback SMI sensing systems.
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