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Influence of system bandwidth on self-mixing signal

Abstract

Self-mixing interferometry (SMI) is a well-developed sensing technology. An SMI system can be described
using a model derived from the well-known Lang and Kobayashi equations by setting the system
operating in stable region. The features of an SMI signal are determined by the external optical feedback
factor (denoted by C). Our recent work shows that when the factor C increases to a certain value, e.g. in
moderate feedback regime with 1
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ABSTRACT

Self-mixing interferometry (SMI) is a well-developed sensing technology. An SMI system can be described using a
model derived from the well-known Lang and Kobayashi equations by setting the system operating in stable region. The
features of an SMI signal are determined by the external optical feedback factor (denoted by C). Our recent work shows
that when the factor C increases to a certain value, e.g. in moderate feedback regime with 1<C<4.6, the SMI system
might enter unstable region and the existing SMI model is invalid. In this case, the SMI signals exhibit some novel
features and contain higher-frequency components. To detect an SMI signal without distortion or take suitable correction
on the SMI signal, it is must to make an analysis on the system bandwidth and its influence on SMI signals. The results
in this paper provide useful guidance for developing an SMI sensing system.

Keywords: self-mixing interferometry, laser diode, optical feedback, frequency bandwidth

1. INTRODUCTION

As a promising non-contact sensing technology, self-mixing interferometry (SMI) has attracted much attention of
researchers in recent decades. The SMI is based on the self-mixing effect that occurs when a fraction of light back-
reflected or back-scattered by an external target reenters the laser inside cavity [1-4]. In this case, both the laser output
power and frequency is modulated. The modulated laser output is usually considered as the SMI signal. A typical self-
mixing laser diode (SMLD) sensor consists of laser diode (LD), a photodiode (PD) packaged in the rear of the LD, a lens
and external target, as shown in Figure 1. As a minimum part-count scheme, various SMI-based applications have been
developed in the industrial and laboratory environment, such as measurement of displacement, velocity, vibration, alpha
factor, refraction index, strain, acoustic emission, etc.[5-10].
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Figure 1. Basic structure of an SMLD system

Most of the SMLD-based applications are based on the stable SMI mathematic model shown in Equation (1) and (2),

@ (t) = ¢,(¢) — Csin(g. (¢) + arctan @) (N
P(t) = R (L+ mxcos(¢, (1)) (2)

where ¢, (¢) and ¢,(¢) are the external light phases at the location of the target for the LD with and without feedback
respectively, P(t) and P, is the power emitted by the LD with and without optical feedback respectively, m is the
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modulation index (with typical values ~107), C is the optical feedback level factor and « is the linewidth enhancement
factor. The modulated laser power P(t) is the SMI signal. which is derived from the steady-state solution of the Lang

and Kobayashi (L-K) equations [11], or from the classical three-mirror model [5], by assuming the SMLD system
operates in stable mode, i.e. both the electric field and carrier density in an LD with a stationary external cavity can
reach a constant state after a transient period.

The SMI signal can then be acquired by the detection circuit and used for extracting useful information. It is usually
desired that an SMI operates in a stable mode, in which case the SMI signal contains sinusoidal-like fringes or sawtooth-
like fringes. The shape of an SMI signal is characterized by a parameter called the feedback level factor which is denoted

as C and expressed as:
c=Lrll+a? 3)
T.

in

where « is the feedback strength and 7 is the external cavity light round-trip time, 7, is the internal cavity light round-

trip time, «is the linewidth enhancement factor. Based on the value of C, the SMLD system may operate in weak
feedback regime (C<1), moderate feedback regime (1<C<4.6) or strong feedback regime (C>4.6). In weak feedback
regime, the SMI signals show sinusoidal-like fringes which are similar to the tradition interference fringes. In moderate
or strong feedback regime, the SMI signal shows asymmetric hysteresis and produces sawtooth-like fringes [12-15].
Figure 2 shows typical SMI signals for different feedback level factors when the external target has a sinusoidal
displacement. Figure 2 (a) is the target displacement, (b) (c) is the corresponding normalized SMI signal with C=0.5 and
C=3.5 respectively.
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Figure 2: Stable SMI signals with different C values, (a) the trace of the target movement, (b) the SMI signal when C=0.5, (c)
the SMI signal when C=3.5.

Most of the SMLD-based applications are based on the stable SMI mathematic model. However, when the SMLD
system operates in moderate or strong feedback regime, some dynamics or new features may happen in the SMI signals
which cannot be explained by using the stable SMI mathematic model. In 2012, Teysseyre et al. [16] found damped
oscillation in sawtooth-like SMI signals. In this work, the external target is located more than one meter away from the
LD. It was found that damped oscillation appears on the discontinuous point of the SMI signal when the SMLD system
operates in moderate feedback regime and this kind of damped oscillation corresponds to the external cavity mode,
which contains information on the target distance and reflectivity. Additionally, our recent work [17, 18] shows another
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kind of oscillation, i.e. undamped relaxation oscillation (RO), may occur when the SMLD operates in moderate or strong
feedback regime. In this case, SMI signals may exhibit some new and complicate features. These features may be not
observed in the experiments although they virtually exist. Incomplete or distorted SMI signals may be captured due to
the limitation of SMI system bandwidth.

In this paper, we investigate the influence of the system bandwidth on SMI signals via numerical simulations on the
well-known Lang and Kobayashi equations. It shows that undamped RO and damped external cavity mode oscillation
may simultaneously exist in the SMI signals when the SMLD system in moderate feedback regime. The signal detection

system with different bandwidth

may detect different SMI signals.

2. THEORY

Since the stable SMI model is not able to explain the dynamics appearing in the SMI signal when the system is in
moderate or strong feedback regime, we need to start from the original L-K equations [11], which can be used to
describe the dynamics of an LD with optical feedback, shown in Equation (4)-(6). There are three main variables, i.e.
electric field amplitude E(¢), electric field phase ¢(¢), carrier density N(¢) in the equations. The laser intensity P(¢) is

usually expressed as P(¢) = E*(¢)

, which is also considered as the SMI signal.

dE() - l{G[N(t),E(t)] _L} E®) +£-E(t -7)- cos[a)or +(t)—P(t — r)]
dt 2 Tp Tin
a0 _ %a{G[Nm,E(r)]—%}—f%ﬂ)-sm[w+¢<z)—¢<r—r>]
aN@) _ J_M_G[N([),E(t)]Ez(l)
dt T

s

where, G[N(1), E(1)] = G, [N(t)- N, | [1 - E? (t)} is the modal gain per unit time. The physical meanings and
typical values of the other symbols appearing in (4)-(5) are shown in Table 1, which are adopted from [19, 20].

Table 1. Meanings of the symbols in the L-K equations

Symbol

Physical Meaning Value

E©)
)
a(t)

7,

SR A

N~

amplitude of the intra-cavity electric field

) =[o@) -,

phase of the intra-cavity electric field, ¢

laser angular frequency with feedback
laser angular frequency without feedback 2.42x10" rads™
carrier density

modal gain coefficient 8.1x107" m’s™

carrier density at transparency 1.1x10* m?

nonlinear gain compression coefficient 2.5x107 m’
confinement factor 3
photon life time 2.0x10™ 5
feedback strength

internal cavity round-trip time 8.0x10™ s
line-width enhancement factor 6
injection current

carrier life time 2.0x107 s

light roundtrip time in the external cavity, © = 2L /e

external cavity length
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The widely accepted mathematical model for describing an SMI waveform , i.e. Eq. (1)-(2), is derived from the
steady state solutions of the L-K equations by setting dE(¢)/dt =0 ,d ¢(¢)/dt = o, — w, and dN (¢)/dt = 0 . However,

this stable model is not able to describe the details of the SMI waveforms in some cases [16-18] In order to obtain
the complete SMI signal, all the simulations in this work are based on numerical simulations for L-K equations.

3. SIMULATION AND ANALYSIS

For SMI-based applications, the external target is usually moving. In this case, the external cavity length can be
expressed as L=L +AL , where L, is the initial external cavity length, AL is the displacement of the target. We assume
AL is in a sinusoidal law with a frequency of 40KHz and amplitude of 1.54,, where A4,is the unperturbed laser

wavelength. Considering a typical case for an SMI system in moderate feedback regime, i.e. C=2.5, the simulation
results is depicted in Figure 3, where Figure 3(a) is the displacement of the external target, Figure 3(b) is the
corresponding SMI signal, Figure 3(c) is the spectrum of the SMI signal. From Figure 3, it can be found the RO
frequency in the SMI signal in Figure 3(b) is about 2.3 GHz. Meanwhile, based on [16], the corresponding frequency of
the external cavity mode can be calculated as 1/(2L, /c+ 7,4, ) ,where c is the light speed in vacuum, 7, is off-set

which depends on the feedback strength, with typical values of several times of 0.1lns, e.g. for 7,4, =0.5ns, the
frequency of the external cavity mode is about 680 MHz .
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Figure 3. Simulation results for the modulated intensity scaled as £°(¢)/10* when J=1.3J,, L,=0.16 m ,a=6 and C=2.5.(a)
Displacement of target, (b) Corresponding SMI signal, (¢) Spectrum of signal in (b)

The SMI signal is usually detected by the photodiode packaged at the rear of the LD together with a trans-
impedance amplifier. The rising time of the packaged PD is usually several nano second, corresponding to a
bandwidth of several hundred MHz. However, the bandwidth of the trans-impedance amplifier is usually from
several hundred KHz to several ten MHz, e.g. the detection circuit for conventional SMI signals in work [6, 10]
has a bandwidth of 10 MHz. Therefore, we apply a low-pass filter with cut-off frequency of 800 MHz and 10 MHz
respectively on the SMI signal in Figure 3(b). Figure 4 shows the filtered SMI signals with different cut-off
frequency, where Figure 4(a) is the original SMI signal as in Figure 3(b). Applying a low-pass filter with cut-off
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frequency of 800MHz on Figure 4(a), we can obtain the filtered signal as shown in Figure 4(b). Figure 4(c) is the
enlargement of the ‘T area in (b)’. From (b) and (c¢), damped oscillation with an frequency corresponding to the
external cavity mode (around 700 MHz) is clearly shown at discontinuities of the SMI signal. Additionally, the
maximum peak-peak value of the external cavity mode oscillation is about 0.056 as shown in (c), whereas the
maximum peak-peak value of the relaxation oscillation is about 3.179 as shown in (a), more than 50 times larger
than the external cavity mode oscillation. Figure 4(d) is the filtered SMI signal with a low-pass filter with cut-off
frequency of 10 MHz, it can be seen from which the relaxation oscillation and external cavity mode oscillation are
filtered, showing a conventional SMI as in the literature[5-7].
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Figure 4 Filtered SMI signal with different cut-off frequency, (a) the original SMI signal, (b) filtered SMI signal with cut-off
frequency of 800 MHz,, (c) the enlargement of ‘T area’ in (b), (d) filtered SMI signal with cut-off frequency of 10 MHz.

From above analysis, it can be concluded that there are two kinds of high-frequency oscillations in the SMI signals when
the SMLD in moderate feedback regime with undamped RO. One is the relaxation oscillation and the other is the
external cavity mode oscillation. Furtherly, the magnitude of the relaxation oscillation is much stronger than the external
cavity mode oscillation. By applying a low-pass filter with proper cut-off frequency, the SMI signal containing damped
external cavity mode oscillation as in [16] can be got. Finally, the conventional SMI signals can be obtained by applying
a low-pass filter with cut-off frequency lower than the relaxation oscillation and external cavity mode oscillation
frequency on the SMI signals.

4. CONCLUSION

The influence of the system bandwidth on SMI signals is investigated. It is analyzed via numerical simulations on the
well-known Lang and Kobayashi equations, which shows that undamped RO and damped external cavity mode
oscillation may exist in the SMI signals when the SMLD system is in moderate feedback regime. Additionally, the
relaxation oscillation is much stronger than the external cavity mode oscillation. The signal detection system with
different bandwidth detects different SMI signals. It is demonstrated that the bandwidth of the photodetector is of
great significance for detecting the completed and true SMI signal. The results in this paper provide useful
guidance for developing an SMLD sensing system.
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