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ABSTRACT The back-reflection of emitted laser beam (optical feedback, also know as selfmixing) from
various external interfaces are sufficient to cause instability, and prohibiting its use in various fields such as
communication, spectroscopy, imaging to name a few. So it is desirable to study the laser dynamics and
the conditions causing it to be stable in spite of strong optical feedback. With the aid of mathematical
formulation, simulation and backed by experimental evidences, it is demonstrated that the frequency
deviation of the laser emission due to current (intensity) modulation alters the dynamic state and boundary
conditions of the system such that even under large optical feedback strength, the laser may attain stability
and retain single modal state. The frequency deviation resulting from former is shown to modify the phase of
the system in opposite direction to that induced by the later, showing that there exists an optimal modulation
current which compensates the effect of optical feedback and may be used to retain the laser in single modal
stationary state. The method thus provides a methodology to avoid optical feedback-induced instability in
semiconductor lasers by using the proper amplitude of current (intensity) modulation.

INDEX TERMS Optical feedback, self-mixing interferometry, frequency coefficient, intensity modulation.

I. INTRODUCTION
Semiconductor lasers are use in diverse fields from com-
munication to spectroscopy to medical imaging, surgery
and health to name a few. Even though it used in wide
range of applications, it suffers sufficient degradation in
performance; instability and chaos in case of external
perturbation such as optical feedback (OF), current mod-
ulation causing intensity modulation (IM),1 and/or com-
bination both. These phenomenons have shown that laser
maintain multiple stable states depending upon the feedback
strength (C). OF, in which the fraction of electromagnetic
radiation emitted from laser is re-injected to its cavity, has
gained considerable attention because it can cause a very rich
dynamical behaviour which may modify the laser properties
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approving it for publication was Nianqiang Li .
1through-out this paper, the current modulation of laser and intensity

modulation is used interchangeably

significantly. Authors in [1], [2] demonstrated comprehensive
analysis of the time-delayed feedback control of steady states
for large delay. Tkach and Chaprlyvy [3] classified laser
diodes subjected to optical feedback in five regimes. Lasers
in regimes I-II is sensitive to the feedback strength and the
distance; in regime III it is independent upon the distance,
however is sensitive to the feedback strength; regime IV
corresponds to coherence collapse and regime V is insensi-
tive to external perturbation. So the model presents here is
applicable to regime I-III. Further, Donati in [4] revised the
regimes depending upon the electric field and the feedback
factor. Depending upon the latter two factors and external
distance of perturbation, the author defined the region from
quasi-unperturbed, to period 1 oscillation, multi periodicity
to chaos.

The properties of the laser depend upon the feedback level,
characterized using the feedback factor C , and the phase of
the returned field (φ0) [5]. These two factors determine the
operational conditions of the laser, its spectral characteristics,
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the number of allowed modes and ultimately the stability of
the emission [6]. On one hand, OF introduces improvements
in the performance of the laser (as a decrease in linewidth),
while, on the other hand, it may severely degrade the laser
performance (by e.g. linewidth broadening and coherence
collapse) depending upon the C value [7]. A better under-
standing of the dynamical behaviour of the semiconductor
laser would be beneficial to avoid, or take advantage of such
instabilities in real world applications where OF is involved,
such as displacement, distance and velocity measurement
[8]–[16], imaging [17], [18], surface profiling [19], strain
measurement [20], or characterization of the reflectivity of
materials [21], increase its sensitivity [22]. A comprehensive
tutorial including theory, applications and future road map on
OF is presented in [8], [23].

In parallel, OF combined with the current modulation of
the laser has also shown a rich phenomenology, including
quasi periodicity, period doubling, tripling and chaotic output
depending upon the modulation frequency (fm) and amplitude
of current modulation (Am) [24]–[26]. Further, the modulated
laser under feedback has been shown to present interesting
phenomena such as enhancement of the modulation band-
width [27]–[30], modal instability [30]–[32], mode-locked
pulses [33]–[38], frequency locked state [39], or low fre-
quency fluctuations [40], [41].

Among the various types of OF, the twomain configuration
employed in this paper are (a) C-OF where the external
target is vibrated and injection current is not modulated (b)
CWFM-OF, where the external target is kept stationary and
the injection current is modulated [8], [17], [42]. In this paper,
we introduce the use of CWFM-OF to induce laser stability
even for large C values i.e. high feedback strength. The cur-
rent modulation results in modulation of carrier density and
photon density both. The modulation of carrier density mod-
ulates the refractive index of the material forming the laser
cavity (plasma loading), that in turn changes the emission
frequency [43], [44]. While IM follows the light-current (L-I)
curve of laser, Frequency modulation (FM) varies linearly
with the modulation current. FM results in a frequency spec-
trum that consists of the central modulation frequency (fm)
and a series of side-bands separated by fm. The amplitudes
of the side-band pairs are given by a Bessel function of the
first kind J1(β), where β is the frequency modulation index
defined by the ratio of maximum frequency deviation (1f )
to the modulation frequency i.e. β = 1f /fm. Since 1f =
�f Am, the amplitude of such side-bands depends upon the
amplitude of the current modulation (Am), and the frequency
coefficient of laser (�f ) [45].

In addition to IM, modulation current also the temperature
of the material forming the active layer of laser. Since, refrac-
tive index of the material that form the cavity of the laser
changes with the temperature, there is frequency modulation
due to thermal affect as well. In addition, the changes in tem-
perature change the bandgap of the junction causing changes
in the gain profile and emission frequency. This change is
different for different type of laser (e.g AlGaAs has different

shift as compared to InGaAs and so forth). Fukuda et al. [46]
has already studied various physical processes that affect
the emission frequency due to heating. Among the other
factors, they concluded the following that - (a) Joule’s heating
and (b) plasma loading (c) type of modulating waveform
(either pulsed or other) and (d) measurement time affect the
emission frequency. In the context presented in this paper in
regards to the continuous wave current modulation,

• Plasma Loading: It is not applicable as this affect is
frequency dependent observed about frequency above
1 GHz [46]

• Type of Waveform: Pulsed waveform (of short duration)
cause significant changes in temperature instantly and
hence the emission frequency. However, in our case,
due to triangular waveform, the abrupt changes in tem-
perature is also not the case here [46]. The change in
temperature with the continuous wave and compared
against the pulsed wave is comprehensively presented
by Agnew et al. in [47]. It is demonstrated that the latter
induce greater heating effect and thus greater frequency
deviation as compared to former.

However, Joule’s heating is applicable to the given con-
text of OF. In this context, it was observed that temperature
in the active layer depends on the heat conductance between
the active layer and package. They quickly spreads within
the laser chip and then gradually dissipate to the surrounding
region. Roumy et al. in [48] presents a detailed investigation
on how the controlled and joint effect of amplitude modula-
tion and temperature affect the laser behaviour such as thresh-
old current, slope efficiency, and output power subjected to in
presence of OF. However the dynamic effect of the heat intro-
duced due to current modulation was not investigated. Agnew
et al. in [47] carried the detailed investigation on variation
in temperature and emission frequency due to thermal effect;
Bertling in [49] describes variation of temperature with mea-
surement time; and the thermal coefficient variations with
the monitoring time interval after changing the magnitude of
injected current is described in [46].

Based on these extensive evidences, continuous wave cur-
rent modulation, advanced laser package to dissipate heat
and the fact that temperature stabilizer is used in most of the
experimental setup, thermal heating is unlikely to effect the
measurements. The main contributions of this research work
are listed below.

• Demonstrate by the aid of mathematical formulation and
simulations that C act as frequency deviation parameter
in the case of CWFM-OF.

• Detailed comparison between classical optical feedback
C-OF2 [6] and CWFM-OF3 [9] is made. Based on sev-
eral comparisons, it is demonstrated that the latter is
less susceptible to C . This is because of the current

2in the case of C-OF, the external target is swept and the current to the
laser is constant

3in the case of CWFM-OF, the external target is stationary and current to
the laser is modulated
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modulation induced frequency deviation (explained by
term �f Am in Eq. (2), Sec. II) act in opposite direction
to that of C-OF. It is also demonstrated that a particular
amplitude of modulating current pulls back the laser to
single mode state, even in presence of strong feedback.

• Since the frequency deviation induced due to current
modulation is proportional to �f , and is the main factor
in pulling back the laser to mono modal state, an exper-
iment is devised to measure it experimentally.

• Based on the experimentally obtained�f , an experiment
is devised to demonstrate current modulation induced
stability in laser diode under high optical feedback
strength. Unlike using Lithium Niboate (LiNbO3) as
the external modulator to modulate the intensity of laser
emission, we use direct modulation of current giving rise
to intensity modulation (IM) of laser emission thus mak-
ing the set up compact, lightweight, less expensive and
above all limiting the stability of the laser to it’s inherent
properties and not dependent upon external devices.
Hence a novel technique is proposed and demonstrated
that the laser can be driven back to mono mode state in
presence of strong feedback, opening the door to various
applications where otherwise it would not have been
possible.

The paper is organized as follows. In Sec. II, the response
of laser under the different types of OF is described, includ-
ing (a) classical optical feedback (C-OF), where the exter-
nal mirror is swept and the current to laser is constant;
and (b) continuous wave frequency modulated optical feed-
back (CWFM-OF) where the external mirror is kept station-
ary and current to the laser is modulated. Section II-A shows
howC may be understood as a frequency deviation parameter
in both cases. However, due to the different boundary condi-
tions for both cases, the role of C in determining the number
of solutions in the cavity behaves in a different manner.
In Sec. II-B, the effect resulting by the interaction of the
frequency deviation introduced due to C and that introduced
by the current modulation amplitude Am is demonstrated. It is
shown that they both act in opposite direction, helping the
laser to be in single mode state even in presence of large C
values. The optimal relationships of those parameters in order
to retain the laser in single mode state are investigated for
a number of cases. The frequency modulation coefficient of
laser (�f ), is shown to be one of the key factors in determin-
ing the laser stability in presence of high C , so it is measured
experimentally in Sec. III(III-A) followed by Sec. III-B, that
explains the experimental evidences to demonstrate that the
frequency deviation caused by the introduction of laser cur-
rent modulation pulls back the laser from multi modal state
to single mode state even under large C values. Finally the
paper ends with a conclusion and discussion in Sec. IV.

II. THEORY AND NUMERICAL SIMULATIONS
Different approaches have been used in order to explain the
dynamics of semiconductor lasers (SLs) in presence of OF,
such as the delayed difference equation [50]–[52] or the

compound cavity model [53], Lang and Kobayashi (L-K)
model [6]. Refined investigation is followed on how the
stationary state of the laser with feedback undergoes changes,
loses its stability, and with growing feedback gives rise to
more complicated behaviour again pushing the laser back to
its stable monomode state by introducing the current modu-
lation. The detailed mathematical, and theoretical description
of OF is explained in [4], [22], [23], [48], [54], [55], [55]. The
phase equations of the laser under C-OF and CWFM-OF are
given by Eq. (1) and Eq. (2) respectively [17], [42].

φv = 2π (f − f0)τext + Csin(2π(f − f0)τext + 2π f0τext
+ tan−1α), (1)

φm = 2π (f − f0)τext + Csin(2π(f − (f0 −�f Am))τext
+ 2π f0τext + tan−1α), (2)

where f , f0, τext , α, Am4 are the emission frequency of
the laser under feedback, the emission frequency of the
standalone laser, the external round trip time, the linewidth
enhancement factor, and the peak-to-peak amplitude of mod-
ulation current, respectively. For the case of C- OF, Eq. (1)
defines a nonlinear equation, whose state is dependent upon
the feedback parameter C and the initial phase (φ0 =
2π f0τext ) [56]. ForC < 1, there is only one solution to Eq. (1)
and only one mode exists in the cavity, but as the value of
C becomes greater than 1, multiple solutions to Eq. (1) may
appear and the laser behaves as a multimodal system. In the
case of CWFM-OF, defined by Eq. (2), the addition of the
modulation current changes the boundary conditions and so
the modal behaviour of the laser [17], [42].

In both OF cases, the excess phase equation in presence of
optical feedback is a non-linear transcendent equation which
cannot be solved analytically. Kliese et al. in [55] provides in
depth analysis of OF signal for arbitrary feedback strength.
In the case of C-OF (Eq. (1)), the phase of the laser is
dependent upon parameters C and τext (Lext ). In the case of
CWFM-OF (Eq. (2)), we see how the phase of the laser which
determines the number of solutions of the equation (modes) is
dependent uponC ,�f ,Am and τext (Lext ). Numericalmethods
to solve Eq. (1) and Eq. (2) will be used in coming sections.

A. FEEDBACK STRENGTH AS A FREQUENCY DEVIATION
PARAMETER FOR THE CWFM-OF SIGNAL
Heil et al. in [57] already demonstrated theoretically and
experimentally that the frequency deviation of the field emit-
ted by the laser under C-OF is proportional to the C param-
eter. Similarly, Taimre in [54] also demonstrated that C acts
as frequencymodulation parameter. In regards to CWFM-OF,
in this paper, it is shown that the beating of the time delayed
optical field scattered from a fixed, remote target, and the
standing wave inside the cavity of the laser also produces a
new beat frequency. The magnitude of the deviation from the
frequency of the standalone laser is shown to be proportional
to C described in Eq. (2). Eq. (2) may be solved numeri-

4Here (pp) is dropped for brevity, but continued elsewhere.
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FIGURE 1. Graphical solution to Eq. (2). C is shown to act as a frequency
deviation parameter in a CWFM-OF. (a) Frequency deviation increases
with increase in C . Inset shows how at low C values, the frequency
deviation shows a sinusoidal pattern increasingly departing from the
non-feedback state, while at larger C values hysteresis appears in the
form of frequency jumps; (b) The spectrum of CWFM-OF signal at
different C values, showing increased power in the new frequency
components with increased C .

cally to find the frequency of emission (f ) in presence of
CWFM-OF by equating the phase term to zero i.e. φm = 0 at
differentC values. The instantaneous emission frequency due
to triangular current modulation (of frequency fm = 100 Hz,
for example) is given by Eq. (3)

f (t) ≈ �f i(t) = �f sawtooth(Am2π fmt), (3)

The results for one period of modulation current is shown
in Fig. 1. It is shown that an increase in C brings on an
increase of the frequency of emission under feedback. It may
also be observed how at the lower C values, the frequency
deviation follows a sinusoidal-like pattern, while for the
larger values (C = 5), hysteresis with sudden frequency
jumps is observed (Fig. 1 (a)). The CWFM-OF signal may
then be obtained as Pm(t) = cos(2π f τext ). The frequency
spectrum of the CWFM-OF signal, obtained by Fourier trans-
form at the different feedback levels mentioned is illustrated
in Fig. 1 (b). It confirms the argument that new frequency
components are generated, and that power in those compo-
nents is increased with an increase in C .

B. PUSH-PULL EFFECT OF MODULATION CURRENT AND
FEEDBACK STRENGTH
The number of modes emitted for C-OF (CWFM-OF) are the
number of solutions of the transcendental equation Eq. (1)
(Eq. (2)). For C < 1, there is only one solution to Eq. (1) [6].
In the case of CWFM-OF, however, the additional frequency
shift in the field emitted from the laser because of the
frequency deviation (associated with the amplitude of cur-
rent modulation (Am) and the frequency coefficient of laser
�f ) alters the dynamics of the laser and ultimately its
number of modes. The behaviour of the laser for both

FIGURE 2. Graphical solution of Eq. (1) and Eq. (2). (a-d) Variation of
number of modes for C-OF (solid) and CWFM-OF (dash) at Lext = 0.45 m,
Am(pp) = 0.14 mA and different C values. Results show how CWFM-OF is
less susceptible to increasing C as compared to C-OF regarding single
mode behaviour.

cases (CWFM-OF and C-OF) is studied next, so comparisons
between them regarding how they behave under changing
feedback strength C , amplitude of current modulation (Am)
and external distance (Lext ) are presented.

The number of modes in the cavity in the case of
CWFM-OF is numerically obtained by simulation from
Eq. (2) by equating the phase φv to zero. First Lext and Am(pp)
are set to 0.45 m and 0.14 mA respectively. The choice of
these parameters is compatible with the experimental condi-
tions and the specification of the laser. Then C is varied from
C = 2 (Fig. 2 (a)) to C = 7 (Fig. 2 (d)) to see the phase
profile, the number of modes and its comparison with the
C-OF case under equivalent conditions. It is observed how
for these conditions the number of modes for C-OF is larger
than one (Nm > 1) when C > 1 (Fig. 2 (a)). However,
the CWFM-OF case has a wider range of C values for which
a single mode state is attained, enabling it into feedback
levels as large as C = 3 (Fig. 2 (c)). Further increasing C
enables multiple modes for CWFM-OF also (Fig. 2(c-d)). If,
under this multimodal state, Am(pp) is then increased from
0.14 mA to 0.30 mA, under equivalent conditions to the ones
in Fig. 2 (c) (for e.g. C = 6), the laser is pulled back from a
multimode to a singlemode state again (shown in Fig. 3). This
is associated to the negative frequency coefficient of laser,�f
value of the laser, i.e. to the fact that increasing the current
modulation amplitude decreases the emission frequency, act-
ing in opposite direction to C (where, increasing C , increases
the frequency deviation as shown in Fig. 1).

Hence, CWFM-OF and feedback level act as a ‘‘push-
pull’’ system, and there exists at least a theoretical value of
Am for each value of C that theoretically compensates each
other’s effects, and retains the laser in single mode state.
In practice, however, the amplitude of current modulation
becomes limited by the specifications of the laser obtained
from the manufacturer. As an example, Fig. 4 (a) shows that
at C = 2, Am(pp) of 0.14 mA, the laser is in a single
mode state; a deviation of Am(pp) value to 0.03 mA leaves
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FIGURE 3. Modal behaviour of laser under OF. The laser exhibits multiple
modes at C = 6 for C-OF (solid). When current modulation is added,
the laser is pulled back to single mode state by choosing the optimal
modulation amplitude Am(pp) = 0.3 mA (dash).

FIGURE 4. Relationship between Am and C . The amplitude of current
modulation required to bring the laser into single mode state is
dependent upon feedback strength.

it in multi modal state. Alternately, at C = 5, deviating
Am(pp) from 0.14 mA to 0.2 mA changes from multi modal
to single modal state (Fig. 4 (b)). It is to be noted that the
same value of Am(pp) = 0.14 mA causes the laser to attain
single or multimode states depending upon the feedback level
C present in the experiment. Simulations were carried out in
MATLAB to study the detailed effect of Lext , C and Am on
the number of modes Nm, and results are presented in Fig. 5.
Several applications of lasers under OF require the laser

to be in a single mode state to deliver proper results, e.g. its
use as sensors in optical feedback interferometry [10], [58].
One of the main applications of this push-pull behaviour is to
retain the laser in a single mode state under large feedback
strength values, using a parameter of the laser which may
be controlled externally. It was thus interesting to analyze
in detail the Am(pp) values required to retain the laser in
single mode state under large feedback strength. Fig. 6 shows
the relationship between them for the cases of different Lext
values ranging from 0.4 to 0.8 m. Points show the value for
which a given C value is compensated by a given Am(pp)

FIGURE 5. Number of modes in CWFM-OF case as a function of feedback
strength (C), amplitude of modulating current (Am) and external cavity
length (Lext ).

value to produce a singl emode condition. From Fig. 6,
no clear relationship or pattern appears, as each individ-
ual experimental case shows a different trend. For instance,
at Lext = 0.45 m, 0.5 m and 0.55 m, the relationship appears
to be linear, while for the Lext = 0.80m case it looks stepwise.
The optimal value of Am required to pull the laser back
into single mode state depends upon the combination of Lext
and C . However, in practice, there is a limit on the value of
Am(pp) determined by the specifications of the laser which
limits the maximum feedback strength which may be pulled
back.

III. EXPERIMENT
As explained in previous sections, frequency coefficient
(�f ) plays a significant role in pulling the laser back from
multi-modal state to single mode state, so at first step, it is
desirable to measure it experimentally. Then using this exper-
imental value, the optimal value of amplitude of current
modulation is chosen to pull back the laser to single modal
state which is explained in following subsections.

A. EXPERIMENTAL CHARACTERIZATION OF THE
FREQUENCY COEFFICIENT OF THE LASER
A simple experimental setup based on CWFM-OF was used
in order to measure the frequency coefficient of the laser, and
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FIGURE 6. Relationship between C and Am to pull laser back into single
mode state.

FIGURE 7. Experimental setup to measure the frequency coefficient of
laser using CWFM-OF. LD - laser diode, PD - photodiode.

is presented in Fig. 7. A Hitachi HL8337MG AlGaAs laser
diode (LD) was used as source. The emission wavelength,
measured with an Instrument System’s SPECTRO 320(D)
R5 unit was λ = 826.5 nm. The optical beam emitting
from the LD was focused using a Thorlabs lens 352240 (not
shown in the block diagram) with focal length of 8 mm
and numerical aperture of 0.5 at the target. The target was
a piezoelectric linear stage PI-LISA (P-753.3CD) with an
embedded capacitive sensor with a resolution of 0.2 nm. The
laser was placed at Lext = 0.1 m from the laser. The current
injected to the laser was modulated as a triangular waveform
using a signal generator, in order to introduce a frequency
sweeping effect in the emission of the laser. The number of
fringes (Nf ) formed as ripples in the linear intensity ramp are
related to the distance from the laser to the target (Lext ) and the
frequencymodulation coefficient of laser (�f ) following [17]

Lext =
λ2Nf
21λ

=
λ2Nf

2Am(pp)�λ
=

Nf c
21f
=

Nf c
2Am(pp)�f

, (4)

where λ, c, Am(pp), 1λ (1f ), are the emission wavelength,
the speed of light in the vacuum, the peak to peak modulation
current, and the peak to peak change in wavelength (fre-
quency) respectively. The parameters of the experiment are
summarized in Table 1.
Keeping Lext = 0.1 m constant and a peak to peak con-

stant modulation voltage of Vm(pp) = 700 mV, changes in

TABLE 1. Experimental parameters.

FIGURE 8. Experimental results. Measured frequency coefficient of laser
under test at modulation frequencies fm = 1− 7 kHz and amplitude
Vm(pp) = 700 mV and 1 V. The frequency coefficient of laser is obtained
to be 0.005 nm/mA consistently, equivalent to −2.2 GHz/mA.

modulation frequency fm = 1 − 7 kHz were applied, and
the frequency coefficient was computed for each frequency
value. To ensure repeatability, the same experiment was per-
formed under equivalent conditions for a different voltage
Vm(pp) = 1 V (Fig. 8). For illustrative purposes, the case
when fm = 1 kHz, Vm(pp) = 700 mV is shown in Fig. 9.
The CWFM-OF signal has Nf = 20 fringes (Fig. 9 (a)). The
peak to peak voltage change across the diode was V ′m(pp) =
278 mV (Fig. 9 (b)) and peak to peak current change was
measured to be Am(pp) = 12.63 mA (Fig. 9 (c)). Using
the known values of of Nf = 20, c = 3 × 108 m/s,
Am(pp) = 12.63 mA and Lext = 0.1 m in Eq. (4), the single
unknown �λ may be calculated. The computed frequency
coefficient �λ = 0.005 nm/mA, or equivalently �f =

−2.2 GHz/mA (negative as the emission frequency decreases
with an increase in amplitued of current modulation). The
measured value is close to the−3 GHz/mA value for AlGaAs
lasers reported in [58]. The calculated frequency coefficient
of laser (�λ) for each case is shown in Fig. 8, showing
in almost all experimental cases analyzed a very consistent
value equal to 0.005 nm/mA.

Further, the linear relationships of the external param-
eters of the laser enable a slope-based approach for the
confirmation of the measured value of �λ, while validating
the considered theoretical approach. As Nf can be changed
(Eq. (4)) by varying the values of (a) Lext and (b) Am(pp),
first Am(pp) is kept constant while Lext is varied. In this
context, themodulation voltage and frequency from the signal
generator are fixed to Vm(pp) = 700 mV and fm = 5 kHz
respectively. This gives a modulation voltage at the laser
V ′m(pp) = 210 mV corresponding to a modulation current
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FIGURE 9. Experimental results for measuring frequency coefficient (�f )
of laser under test. (a) Fringes (Nf = 20) obtained as a result of CWFM-OF;
(b) Change in voltage across the laser; (c) Change in modulation current.

Am(pp) = 9.54 mA. The distance of the external target from
the laser Lext is varied from 14 to 7 cm. The variation of
Nf with the change in Lext at constant Am(pp) is shown
in Fig. 10 (a). The experimental data shows a linear relation-
ship between them with an slope of 0.8 cm/fringe. Equating
the slope of Eq. (4), λ2/(2Am(pp)�λ) = 0.8 and placing
the value of Am(pp) = 9.54 mA, λ = 826.5 × 10−7 cm,
�λ is found again to be 0.005 nm/mA. The same result may
be reached by varying Am(pp) and seeing the changes in Nf
(Eq. (4)), provided that the distance to the external target is
kept constant at Lext = 7 cm. Fig. 10 (b) shows the linear
relationship between them with a slope of 0.9 mA/fringe.
As in the previous approach, using the equation of slope in the
model λ2/(2Lext�λ) = 0.9, the only unknown quantity�λ is
found to be 0.005 nm/mA, as in the previous experiments.
Hence, by different approaches we have confirmed the value
of the frequency modulation coefficient (0.005 nm/mA) and
the linearity of Lext and Am(pp) against Nf , which confirms
the theoretical description proposed.

At this point, it is worth summarizing the results so far.
(a) From Fig. 1, it is confirmed that the emission frequency
increases with feedback strength. (b) From the experiment
(Fig. 8 and Fig. 10) the frequency coefficient �λ was cal-
culated to be +0.005 nm/mA. This is to say that wavelength
increases with increase in current. The change in wavelength
and change in frequency is related as1f = −1λc/λ2, hence
if one of them is positive (in this case wavelength change),
other is negative (frequency change). Combining (a) and (b)
it is conclude that OF and current modulation act in opposite
direction - former cause the emission frequency to increase
while latter cause it to decrease. Based on these observations,
in the following section, experimental demonstration that
they can be used to stabilize the laser even in strong feedback
is presented.

B. EXPERIMENTALLY INDUCED SINGLE MODE STABILITY
USING CURRENT MODULATION
An experimental demonstration of currentmodulation pulling
the laser back to a quasi-stable single mode state, even under

FIGURE 10. Linear dependence of the external parameters of the setup
which enables to calculate �λ (from Eq. (4): (a) Varying Lext to vary Nf
while keeping Am(pp) constant. The �λ value computed from the slope of
the linear fit is 0.005 nm/mA. Data deviations from the fit shown in inset;
(b) Varying Am(pp) to vary Nf while keeping Lext constant. The �λ value
computed from the slope of the linear fit is again 0.005 nm/mA. Data
deviations from the fit shown in inset.

large feedback conditions, is presented next. The experimen-
tal block diagram is similar to that in Fig. 7, although now
the target (piezo) has been placed at a distance of 8 cm from
the laser. The system is perturbed by setting the piezo target
to vibration by applying a triangular voltage of Vv(pp) =
0.326 V, resulting in pp displacement of 1.24 µm (3λ/2).
Under these conditions, the C-OF signal is acquired remotely
using LabVIEW so that the experiment set-up is unaffected
by the data acquisition. (Fig. 11(a)). In the case of C-OF,
each fringe corresponds to a displacement of λ/2 so the
optical feedback signal (OFS) has three fringes in one period
as expected (Fig. 11(a)) [10]. From the triangular fringes
in C-OF signal waveform and the non-perceptible fringe-
loss condition, it is concluded that C is close to one [10].
The fringe loss criteria [59] is then taken into account i.e.
the strong feedback regime of the laser is determined by the
presence of fringe loss in the output signal. The position
of lens is tuned to focus the optical power from the laser
onto a smaller spot on the target, in order to increase C , and
the corresponding C-OF signal is acquired (Fig. 11(b)). It is
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FIGURE 11. Experimental results. Laser is progressively being forced into
strong feedback regime and then sent back to single mode. (a) Fringe-loss
still not perceptible; (b) Fringe loss and mode hopping perceptible; (c) No
fringes observable due to large feedback level. (d) current modulation
brings the laser back to single mode state under strong feedback.

observed how increasing C causes fringe loss, as expected,
pushing the laser into multi modal behaviour and hysteresis
due to a larger feedback value [59]. Further, the lens position
may be again adjusted to causemore fringe loss, consequently
increasing C value (Fig. 11(c)). It may be observed how the
increase of feedback level brings on that no fringes are visible
and hence that the laser is under strong feedback conditions
[59]. While keeping the experimental setup in exactly the
same conditions of Fig. 11(c), a triangular modulation voltage
Vm(pp) = 700 mV resulting in a current of Am(pp) =
12.63 mA is applied to the LD. The waveform for this case is
shown in Fig. 11(d). It is observed that the laser, formerly in
strong feedback regime, is now in a weak feedback regime,
as the right number of sinusoidal fringes is present over the
ramp [17], [60]. This correct number of fringes (14) over the
ramp corresponds to Lext = 7.5 cm value, in good agreement
with the actual 8 cm value. The feedback level which forced
the laser to instability in the case of C-OF has thus been
pulled back to quasi stationary state under the same feedback
conditions with the introduction of current modulation.

Modulation induced stability can thus have direct signifi-
cance in attaining stability of laser diode performance under
strong optical feedback, thus enabling it to be used even in
the case of strong optical feedback. Further, the linewidth
of the semiconductor laser is dependent upon the feedback
strength. The laser linewidth under feedback (νf ) relative to
the standalone laser (ν0) is inversely proportional to C , and is
given by νf = ν0/[1+C]2 [61]. Thus, provided that the laser
is stable at high feedback strength, it can potentially be used
to reduce line width as well, which has relevant applications
in the field of spectroscopy.

IV. CONCLUSION AND DISCUSSION
The dynamics of the semiconductor laser under optical feed-
back in the two distinct cases of C-OF and CWFM-OF have
been studied in depth. It was shown how optical feedback acts
as a frequency deviation parameter. In case of largerC values,

new frequencies appear in the cavity; the power in each of the
frequency components also increases with C and the laser
attains a multimodal state which is undesirable for several
applications. The introduction of current modulation of laser
was shown also to cause the modulation of the emission fre-
quency (and phase), with the frequency deviation in this case
being opposite to that of the optical feedback. Taking into
account the opposite trends of frequency deviation induced
in the laser because of OF and IM, an equilibrium condi-
tion that compensates the effects of each other and induces
stability in the laser even in case of strong feedback was
attained. Due to the relevance of the effects of frequency
modulation induced in laser emission because of IM, and
its significant role in determining the modal behaviour of
the laser in case of CWFM-OF, the frequency coefficient
(�f ) of the laser being considered was measured experimen-
tally out of fourteen experiments, yielding a consistent value
of 0.005 nm/mA, equivalent to −2.2 GHz/mA, centred at
826.5 nm. The response of the laser in terms of number of
modes in presence of different levels of feedback, external
distance and current modulation amplitude was then studied
and optimal conditions to retain the laser in monomodal state
were numerically demonstrated under different feedback lev-
els. Finally, it was experimentally shown how the introduction
of current modulation pulled the laser to stability even in case
of strong feedback. The practical implication of this method
is that the laser can be used inspite of the strong feedback
where the stability and monomodal state is desirable ranging
from various applications such as optical communication,
spectroscope, and sensing.

However, the frequency deviation in the laser emission
(1f = �f Am, explained in Section I) induced due to cur-
rent modulation is dependent upon the amplitude of current
modulation, which in turn is laser specific (the L-I curve).
This could be the limiting factor to the extent the laser can
be brought back to unimodal state from the multimodal state.
Further, it would be desirable to explore the joint effect of
temperature along with all the parameters experimentally to
broaden the deep understanding of the physics behind laser
stability in presence of strong OF. This requires comprehen-
sive experimental, backed by theory to characterize thermal
coefficient of laser under test (as there are various parame-
ters explained earlier) and use it in experimental real world
scenario. This would be the future work.

ACKNOWLEDGMENT
Ajit Jha also thanks Dr. Reza Atashkhooei for proof reading
and useful suggestions during his Ph.D. at Technical Univer-
sity of Catalunya during preparation of the manuscript.

REFERENCES
[1] S. Yanchuk, M. Wolfrum, P. Hövel, and E. Schöll, ‘‘Control of unstable

steady states by long delay feedback,’’ Phys. Rev. E, Stat. Phys. Plasmas
Fluids Relat. Interdiscip. Top., vol. 74, no. 2, Aug. 2006, Art. no. 026201.

[2] K. Kou, C. Wang, and J. Weng, ‘‘Influence of fluorescence to photon
lifetime ratio on detection sensitivity in laser self-mixing interferometry,’’
IEEE Access, vol. 8, pp. 10426–10432, 2020.

49544 VOLUME 9, 2021



A. Jha et al.: Current Modulation Induced Stability in Laser Diode Under High OF Strength

[3] R. W. Tkach and A. R. Chaprlyvy, ‘‘Regimes of feedback effects in
1.5 µm distributed feedback lasers,’’ J. Lightw. Technol., vol. 4, no. 11,
pp. 1655–1661, Nov. 1986.

[4] S. Donati and R. Horng, ‘‘The diagram of feedback regimes revis-
ited,’’ IEEE J. Sel. Topics Quantum Electron., vol. 19, no. 4, Jul. 2013,
Art. no. 1500309.

[5] C. Kim, C. Lee, and O. Kwonhyok, ‘‘Effect of linewidth enhancement fac-
tor on fringe in a self-mixing signal and improved estimation of feedback
factor in laser diode,’’ IEEE Access, vol. 7, pp. 28886–28893, 2019.

[6] R. Lang and K. Kobayashi, ‘‘External optical feedback effects on semicon-
ductor injection laser properties,’’ IEEE J. Quantum Electron., vol. QE-16,
no. 3, pp. 347–355, Mar. 1980.

[7] D. Lenstra, B. Verbeek, and A. D. Boef, ‘‘Coherence collapse in single-
mode semiconductor lasers due to optical feedback,’’ IEEE J. Quantum
Electron., vol. QE-21, no. 6, pp. 674–679, Jun. 1985.

[8] A. Jha, ‘‘Continuouswave frequencymodulated optical feedback (CWFM-
OF): Theory and applications,’’ Ph.D. dissertation, Dept. Opt. Optometry,
Tech. Univ. Catalunya, Barcelona, Spain, Nov. 2016.

[9] G. Beheim and K. Fritsch, ‘‘Range finding using frequency-modulated
laser diode,’’ Appl. Opt., vol. 25, no. 9, pp. 1439–1442, May 1986.

[10] S. Donati, G. Giuliani, and S. Merlo, ‘‘Laser diode feedback interferometer
for measurement of displacements without ambiguity,’’ IEEE J. Quantum
Electron., vol. 31, no. 1, pp. 113–119, Jan. 1995.

[11] A. Jha, S. Royo, F. Azcona, and C. Yanez, ‘‘Extracting vibrational param-
eters from the time-frequency map of a self mixing signal: An approach
based on wavelet analysis,’’ in Proc. IEEE Sensors, Valencia, Spain,
Nov. 2014, pp. 1881–1884.

[12] F. J. Azcona, R. Atashkhooei, S. Royo, J. M. Astudillo, and A. Jha,
‘‘A nanometric displacement measurement system using differential opti-
cal feedback interferometry,’’ IEEE Photon. Technol. Lett., vol. 25, no. 21,
pp. 2074–2077, Nov. 1, 2013.

[13] A. Jha, F. J. Azcona, C. Yañez, and S. Royo, ‘‘Extraction of vibration
parameters from optical feedback interferometry signals using wavelets,’’
Appl. Opt., vol. 54, no. 34, pp. 10106–10113, 2015.

[14] F. P. Mezzapesa, L. Columbo, M. Brambilla, M. Dabbicco, A. Ancona,
T. Sibillano, F. D. Lucia, P. M. Lugarà, and G. Scamarcio, ‘‘Simultaneous
measurement of multiple target displacements by self-mixing interferom-
etry in a single laser diode,’’ Opt. Exp., vol. 19, no. 17, pp. 16160–16173,
Aug. 2011.

[15] Z. Zhang, C. Jiang, L. Shen, C. Li, and Z. Huang, ‘‘Vibration measurement
based on the local maximum detection algorithm for laser self-mixing
interferometry,’’ IEEE Access, vol. 8, pp. 63462–63469, 2020.

[16] I. Ahmed, U. Zabit, and A. Salman, ‘‘Self-mixing interferometric signal
enhancement using generative adversarial network for laser metric sensing
applications,’’ IEEE Access, vol. 7, pp. 174641–174650, 2019.

[17] E. Gagnon and J.-F. Rivest, ‘‘Laser range imaging using the self-mixing
effect in a laser diode,’’ IEEE Trans. Instrum. Meas., vol. 48, no. 3,
pp. 693–699, Jun. 1999.

[18] A. Valavanis, P. Dean, Y. L. Lim, R. Alhathlool, M. Nikolic, R. Kliese,
S. P. Khanna, D. Indjin, S. J. Wilson, A. D. Rakic, E. H. Linfield, and
G. Davies, ‘‘Self-mixing interferometry with terahertz quantum cascade
lasers,’’ IEEE Sensors J., vol. 13, no. 1, pp. 37–43, Jan. 2013.

[19] F. J. Azcona, S. Royo, and A. Jha, ‘‘Towards atomic force microscopymea-
surements using differential self-mixing interferometry,’’ in Proc. IEEE
Sensors, Valencia, Spain, Nov. 2014, pp. 766–770.

[20] M. Suleiman, H. C. Seat, and T. Bosch, ‘‘Interrogation of fiber Bragg grat-
ing dynamic strain sensors by self-mixing interferometry,’’ IEEE Sensors
J., vol. 8, no. 7, pp. 1317–1323, Jul. 2008.

[21] R. Teysseyre, F. Bony, J. Perchoux, and T. Bosch, ‘‘Laser dynam-
ics in sawtooth-like self-mixing signals,’’ Opt. Lett., vol. 37, no. 18,
pp. 3771–3773, 2012.

[22] J. Keeley, K. Bertling, P. L. Rubino, Y. L. Lim, T. Taimre, X. Qi,
I. Kundu, L. H. Li, D. Indjin, A. D. Rakić, E. H. Linfield, A. G. Davies,
J. Cunningham, and P. Dean, ‘‘Detection sensitivity of laser feedback
interferometry using a terahertz quantum cascade laser,’’Opt. Lett., vol. 44,
no. 13, pp. 3314–3317, Jul. 2019.

[23] T. Taimre, M. Nikolić, K. Bertling, Y. L. Lim, T. Bosch, and A. D. Rakić,
‘‘Laser feedback interferometry: A tutorial on the self-mixing effect
for coherent sensing,’’ Adv. Opt. Photon., vol. 7, no. 3, pp. 570–631,
2015.

[24] S. Bennet, C. M. Snowden, and S. Iezekiel, ‘‘Nonlinear dynamics in
directly modulated multiple-quantum-well laser diodes,’’ IEEE J. Quan-
tum Electron., vol. 33, no. 11, pp. 2076–2082, Nov. 1997.

[25] E. Hemery, L. Chusseau, and J.-M. Lourtioz, ‘‘Dynamic behaviors of semi-
conductor lasers under strong sinusoidal current modulation: Modeling
and experiments at 1.3 µm,’’ IEEE J. Quantum Electron., vol. 26, no. 4,
pp. 633–641, Apr. 1990.

[26] C. Lee, T. Yoon, and S. Shin, ‘‘Period doubling and chaos in a directlymod-
ulated laser diode,’’ Appl. Phys. Lett., vol. 46, no. 1, pp. 95–97, Jan. 1985.

[27] A. J. Lucero, R.W. Tkach, andR.M.Derosier, ‘‘Distortion of the frequency
modulation spectra of semiconductor lasers by weak optical feedback,’’
Electron. Lett., vol. 24, no. 6, pp. 337–339, Mar. 1988.

[28] S. Saito, O. Nilsson, and Y. Yamamoto, ‘‘Oscillation center frequency tun-
ing, quantum fm noise, and direct frequency modulation characteristics in
external grating loaded semiconductor lasers,’’ IEEE J. QuantumElectron.,
vol. QE-18, no. 6, pp. 961–970, Jun. 1982.

[29] O. Nilsson, S. Saito, and Y. Yamamoto, ‘‘Oscillation frequency, linewidth
reduction and frequency modulation characteristics for a diode laser with
external grating feedback,’’ Electron. Lett., vol. 17, no. 17, pp. 589–591,
Aug. 1981.

[30] A. P. Willis and D. M. Kane, ‘‘Modulation induced coherence collapse in
FM diode lasers,’’Opt. Commun., vol. 107, nos. 1–2, pp. 65–70, Apr. 1994.

[31] A. Schremer, T. Fujita, C. F. Lin, and C. L. Tang, ‘‘Instability threshold
resonances in directly modulated external-cavity semiconductor lasers,’’
Appl. Phys. Lett., vol. 52, no. 4, pp. 263–265, Jan. 1988.

[32] T. Fujita, S. Ishizuka, K. Fujito, H. Serizawa, and H. Sato, ‘‘Intensity
noise suppression and modulation characteristics of a laser diode coupled
to an external cavity,’’ IEEE J. Quantum Electron., vol. QE-20, no. 5,
pp. 492–499, May 1984.

[33] N. Onodera, A. J. Lowery, L. Zhai, Z. Ahmed, and R. S. Tucker, ‘‘Fre-
quency multiplication in actively mode-locked semiconductor lasers,’’
Appl. Phys. Lett., vol. 62, no. 12, pp. 1329–1331, Mar. 1993.

[34] N. Onodera, Z. Ahmed, R. S. Tucker, and A. J. Lowery, ‘‘Stability of har-
monically driven mode-locked semiconductor lasers,’’ Appl. Phys. Lett.,
vol. 59, no. 27, pp. 3527–3529, 1991.

[35] Z. Ahmed, L. Zhai, A. J. Lowrey, N. Onodera, and R. S. Tucker, ‘‘Locking
bandwidth of actively mode-locked semiconductor lasers,’’ IEEE J. Quan-
tum Electron., vol. 29, no. 6, pp. 1714–1720, Jun. 1993.

[36] R. Nagar, N. D. T. Abraham, A. Faenkel, G. Eisenstein, E. P. Ippen,
U. Koren, and G. Raybon, ‘‘Frequency-modulation mode locking of a
semiconductor laser,’’ Opt. Lett., vol. 16, no. 22, pp. 1750–1752, 1991.

[37] R. Nagar, D. Abraham, and G. Eisenstein, ‘‘Pure phase-modulation
mode locking in semiconductor lasers,’’ Opt. Lett., vol. 17, no. 16,
pp. 1119–1120, 1992.

[38] J. Bosl, R. Bauer, H. Rauch, U. Penning, G. Weimann, and W. Schlapp,
‘‘Modelocking of AlGaAs laser diode by intracavity AlGaAs phase mod-
ulator,’’ Electron. Lett., vol. 25, no. 13, pp. 864–866, Jun. 1989.

[39] J. Sacher, D. Baums, P. Panknin, W. Elsässer, and E. O. Göbel, ‘‘Intensity
instabilities of semiconductor lasers under current modulation, external
light injection, and delayed feedback,’’ Phys. Rev. A, Gen. Phys., vol. 45,
no. 3, pp. 1893–1905, Feb. 1992.

[40] D. W. Sukow and D. J. Gauthier, ‘‘Entraining power-dropout events in
an external-cavity semiconductor laser using weak modulation of the
injection current,’’ IEEE J. Quantum Electron., vol. 36, no. 2, pp. 175–183,
Feb. 2000.

[41] Y. Takiguchi, Y. Liu, and J. Ohtsubo, ‘‘Low-frequency fluctuation induced
by injection-current modulation in semiconductor lasers with optical feed-
back,’’ Opt. Lett., vol. 23, no. 17, pp. 1369–1371, 1998.

[42] D. M. Kane and A. K. Shore, Unlocking Dynamical Diversity.
U.K.: Wiley, 2005. [Online]. Available: https://onlinelibrary.wiley.com/
doi/book/10.1002/0470856211

[43] M. C. Y. Chan, P. C. K. Kwok, and E. H. Li, ‘‘The effect of carrier-induced
change on the optical properties of AlGaAs-GaAs intermixed quantum
wells,’’ IEEE J. Sel. Topics Quantum Electron., vol. 4, no. 4, pp. 685–694,
Jul./Aug. 1998.

[44] L. A. Coldren, S. W. Corzine, and M. L. Mashanovitch, Diode Lasers and
Photonic Integrated Circuits. Hoboken, NJ, USA: Wiley, 1995.

[45] S. Kobayashi, Y. Yamamoto, M. Ito, and T. Kimura, ‘‘Direct frequency
modulation in AlGaAs semiconductor lasers,’’ IEEE J. Quantum Electron.,
vol. QE-18, no. 4, pp. 582–595, Apr. 1982.

[46] M. Fukuda, T. Mishima, N. Nakayama, and T. Masuda, ‘‘Temperature
and current coefficients of lasing wavelength in tunable diode laser spec-
troscopy,’’ Appl. Phys. B, Lasers Opt., vol. 100, no. 2, pp. 377–382,
Aug. 2010.

VOLUME 9, 2021 49545



A. Jha et al.: Current Modulation Induced Stability in Laser Diode Under High OF Strength

[47] G. Agnew, A. Grier, T. Taimre, K. Bertling, Y. L. Lim, Z. Ikonic, P. Dean,
A. Valavanis, D. Indjin, and A. D. Rakic, ‘‘Frequency tuning range control
in pulsed terahertz quantum-cascade lasers: Applications in interferome-
try,’’ IEEE J. Quantum Electron., vol. 54, no. 2, pp. 1–8, Apr. 2018.

[48] J. A. Roumy, J. Perchoux, Y. L. Lim, T. Taimre, A. D. Rakić, and
T. Bosch, ‘‘Effect of injection current and temperature on signal strength
in a laser diode optical feedback interferometer,’’ Appl. Opt., vol. 54, no. 2,
pp. 312–318, Jan. 2015.

[49] K. Bertling, J. R. Tucker, and A. D. Rakic, ‘‘Optimum injection current
waveform for a laser rangefinder based on the self-mixing effect,’’ Proc.
SPIE, vol. 5277, pp. 334–345, Mar. 2004.

[50] T. Heil, I. Fischer, W. Elsäßer, and A. Gavrielides, ‘‘Dynamics of semicon-
ductor lasers subject to delayed optical feedback: The short cavity regime,’’
Phys. Rev. Lett., vol. 87, no. 24, Nov. 2001, Art. no. 243901.

[51] D. Pieroux, T. Erneux, B. Haegeman, K. Engelborghs, and D. Roose,
‘‘Bridges of periodic solutions and tori in semiconductor lasers subject to
delay,’’ Phys. Rev. Lett., vol. 87, no. 19, Oct. 2001, Art. no. 193901.

[52] D. Pieroux, T. Erneux, T. Luzyanina, and K. Engelborghs, ‘‘Interacting
pairs of periodic solutions lead to tori in lasers subject to delayed feed-
back,’’ Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip. Top.,
vol. 63, no. 3, Feb. 2001, Art. no. 036211.

[53] A. A. Tager and K. Petermann, ‘‘High-frequency oscillations and self-
mode locking in short external-cavity laser diodes,’’ IEEE J. Quantum
Electron., vol. 30, no. 7, pp. 1553–1561, Jul. 1994.

[54] T. Taimre and A. D. Rakić, ‘‘On the nature of Acket’s characteristic param-
eter c in semiconductor lasers,’’ Appl. Opt., vol. 53, no. 5, pp. 1001–1006,
2014.

[55] R. Kliese, T. Taimre, A. A. A. Bakar, Y. L. Lim, K. Bertling, M. Nikolić,
J. Perchoux, T. Bosch, and A. D. Rakić, ‘‘Solving self-mixing equations
for arbitrary feedback levels: A concise algorithm,’’ Appl. Opt., vol. 53,
no. 17, pp. 3723–3736, Jun. 2014.

[56] G. H. M. van Tartwijk and D. Lenstra, ‘‘Semiconductor lasers with opti-
cal injection and feedback,’’ Quantum Semiclassical Opt., vol. 7, no. 2,
pp. 87–143, Apr. 1995.

[57] T. Heil, I. Fischer, and W. Elsäßer, ‘‘Stabilization of feedback-induced
instabilities in semiconductor lasers,’’ J. Opt. B, Quantum Semiclass. Opt.,
vol. 2, no. 3, pp. 413–420, Jun. 2000.

[58] C. E. Wieman and L. Hollberg, ‘‘Using diode lasers for atomic physics,’’
Rev. Sci. Instrum., vol. 62, pp. 1–21, Jan. 1991.

[59] U. Zabit, R. Atashkhooei, T. Bosch, S. Royo, F. Bony, and A. D. Rakic,
‘‘Adaptive self-mixing vibrometer based on a liquid lens,’’ Opt. Lett.,
vol. 35, no. 8, pp. 1278–1280, 2010.

[60] T. Bosch, N. Servagent, R. Chellali, and M. Lescure, ‘‘Three-dimensional
object construction using a self-mixing type scanning laser range finder,’’
IEEE Trans. Instrum. Meas., vol. 47, no. 5, pp. 1326–1329, Oct. 1998.

[61] A. M. Levine, G. H. M. van Tartwijk, D. Lenstra, and T. Erneux, ‘‘Diode
lasers with optical feedback: Stability of the maximum gain mode,’’ Phys.
Rev. A, Gen. Phys., vol. 52, no. 5, pp. R3436–R3439, Nov. 1995.

AJIT JHA was born in Nepal, in 1984. He received
the B.Sc. degree in electronics and communication
engineering, Bangladesh, in 2007, the master’s
degree in photonic networks from Aston Uni-
versity and Scuola Superiore Sant Anna, Italy,
in 2012, and the Ph.D. degree from the Technical
University of Catalunya, Spain, and the Karlsruhe
Institute of Technology, Germany, in 2016. From
2016 to 2019, he worked at various industries
related to autonomous vehicle working on innova-

tive technologies such as automotive ethernet, ADAS, surround view system,
camera mirror system, and blind sport warning to name a few. He is currently
an Associate Professor of mechatronics with the Department of Engineering
Sciences, University of Agder, Norway. He has coauthoredmore than 20 arti-
cles and two patents. His research interests include sensors, sensor fusion,
image/signal processing, ML, ADAS functionalities towards autonomous
systems, and the IoT. He has been a member and an Active Reviewer of
the Technical Program Committee of numerous international peer-review
journals and conferences. Hewas a recipient of the ErasmusMundusMasters
Course (EMMC) and ErasmusMundus Joint Doctorate (EMJD) both funded
by the European Union (EU).

MANOJ K. SHAH was born in Itahari, Sunsari,
Nepal. He received the M.Sc. degree in informa-
tion and communication engineering and the Ph.D.
degree in optical engineering from the University
of Electronic Science and Technology of China
(UESTC), Chengdu, China, in 2014 and 2018,
respectively. He is currently working as a Post-
doctoral Research Associate with the University
of Arkansas at Pine Bluff, USA. His research
interests include optical nonlinearities, indium tin

oxide, graphene and GeSn/SiGeSn alloy based optoelectronics devices,
material characterization, integrated microwave photonics based measure-
ments, and non-linear dynamics of laser. He was a recipient of the Outstand-
ing Students Award of China Scholarship Council, in 2017, and the Excellent
Academic Award of UESTC, in 2013, 2015, 2016, and 2017.

SACHIN JHA received the B.Tech. degree in
computer engineering from the National Institute
of Technology, Kurukshetra, India. He currently
works as a Software Developer with Augmented
Learning Private Ltd., (AugLi), where he is involv-
ing in data analytics and cloud computing. His
current research interests include natural language
processing, application development, and signal
processing.

LINGA REDDY CENKERAMADDI (Senior
Member, IEEE) received the master’s degree in
electrical engineering from the Indian Institute of
Technology, New Delhi, India, in 2004, and the
Ph.D. degree in electrical engineering from the
Norwegian University of Science and Technology,
Trondheim, Norway, in 2011. He worked with
Texas Instruments, where he involved in mixed
signal circuit design, before joining the Ph.D.
program at NTNU. From 2010 to 2012, he worked

with the University of Bergen, Norway, where he involved in radiation
imaging for an atmosphere space interaction monitor (ASIM mission to
International Space Station). He is currently working as an Associate
Professor with theUniversity of Agder, Grimstad, Norway. Hismain research
interests include cyber-physical systems, autonomous systems, and wireless
embedded systems.

SANTIAGO ROYO (Senior Member, IEEE)
received theM.Sc. degree in physics from the Uni-
versitat de Barcelona, Barcelona, Spain, in 1992,
and the Ph.D. degree in applied optics from
the Universitat Politècnica de Catalunya (UPC),
Barcelona, Spain, in 1999. He is currently an
Associate Professor with UPC, Terrassa, Spain,
where he is also the Director of the Centre for
Sensors, Instruments, and Systems Development
(CD6), a research and innovation center in optical

engineering with staff of 40 people, and leads projects involving adaptive
optics, 3-D imaging, and optical metrology, specializing in wavefront sens-
ing and self-mixing interferometry. He is the Co-Founder of one spin-off
company of CD6, SnellOptics. His research interests involve adaptive optics,
optical metrology, optical design and fabrication, and photometric testing.

49546 VOLUME 9, 2021


