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Abstract—When coherent laser light is used for illumination,
it produces speckles that degrade image quality. To mitigate
this effect, various strategies based on breaking the spatial
coherence of the semiconductor laser light have been proposed.
Optical feedback is known to induce different dynamical regimes
in semiconductor lasers. Depending on the laser current and
feedback parameters, it can reduce the laser linewidth but it
may also cause mode-switching, multimode emission, and chaotic
output, directly impacting the coherence of the emitted light. In
strong optical feedback scenarios, increasing the current often
leads to alternating regions of low and high speckle contrast,
being the latter associated with single-mode emission. This study
explores the effect of combining direct current modulation and
optical feedback on speckle contrast reduction. We find that
although modulation does not further decrease the minimum
speckle contrast, appropriately modulation parameters can fully
suppress regions of high speckle contrast.

Index Terms—semiconductor lasers, optical feedback, speckle

I. INTRODUCTION

Semiconductor lasers with optical feedback exhibit non-
linear behaviors that depend on feedback parameters such
as external cavity length and feedback strength [1]. Optical
feedback can either reduce or enhance laser coherence. Near
the threshold, feedback leads to low-frequency fluctuations
(LFFs), characterized by abrupt dropouts followed by gradual
recoveries, associated with mode hopping between stable and
unstable external cavity modes [2], while for pump currents
above the threshold, feedback can cause spectral broadening,
known as coherence collapse (CC) [3], [4].

When coherent waves, such as the laser light, propagates
through a diffusive medium, they produces a speckle pat-
tern [5], which contains information about both the light
properties and the diffusive medium [6], [7]. However, in
imaging applications, the speckles degrade image quality [8]
leading to efforts to mitigate them by reducing laser coherence
using diffusers and microlense by customizing the speckle
statistics or by using post processing techniques [9]-[11].
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In recent works [12], [13] we studied the impact of optical
feedback on the temporal and spatial coherence of laser light.
Strong optical feedback has been found to lead to an abrupt
transition to coherent emission when the laser turn-on [12].
Speckle analysis showed that optical feedback reduces speckle
contrast by inducing multimode emission near the threshold
or well above the threshold (in the LFF regime or in the CC
regime, respectively) which lowers the coherence of the laser
light [13].

Direct modulation of the laser current has also been found
to reduce the speckle contrast [14]; however, the effect of
the modulation parameters (amplitude and frequency), and the
effect of optical feedback combined with current modulation,
have not yet been studied. This study aims to explore whether
current modulation can further reduce speckle contrast when
combined with optical feedback, and if there are optimal
modulation parameters for this purpose.

In this contribution, we review our recent investigations
on the role of optical feedback in controlling the coherence
properties of semiconductor lasers and its impact on speckle
formation through diffusive media. We discuss how feedback-
induced dynamics, such as low-frequency fluctuations near
threshold and coherence collapse at higher pump currents,
affect the spatial and temporal coherence of laser emission. In
particular, we summarize our findings on how strong optical
feedback can trigger an abrupt transition to coherent emission
at turn-on and how it reduces speckle contrast by promoting
multi-mode emission across different feedback regimes. This
review sets the stage for our current study, which delves
into the unexplored potential of combining optical feedback
with direct current modulation to achieve enhanced speckle
suppression.

II. EXPERIMENTAL SETUP AND METHODS

The speckle contrast and optical spectrum data we analysed
were obtained using the setup shown in Figure 1. A single-
mode Edge-Emitting Laser was subjected to optical feedback
from an external mirror. The external cavity length was L.,; =
50 cm, resulting in a feedback delay of approximately 3 ns.

The laser injection current was modulated with a sinusoidal
signal, so the resulting injection current applied can be ex-
pressed as I = Ipc + Apmod SIN(2TVm0at) (here, A,noq and
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Fig. 1. Experimental setup. EEL: Edge-emitting laser, BS: Beam Splitter, M:
Mirror, OI: Optical Isolator, CL: Collimation Lens, MMF: Multi-Mode fiber,
SMF: Single Mode Fiber, OD: Optical Diffuser, SG: Signal Generator, OSA:
Optical Spectrum Analyser, CMOS camera, PD: photodetector.

Vmod Tepresent the amplitude and frequency of the modulation,
respectively, and Ipc is the dc component of the current).

For each set of injection current and modulation parameters,
both the optical spectrum and speckle images were recorded
using two identical multimode fibers (MMFs). One MMF was
used to analyze the optical spectrum of the laser, while the
other acted as a diffusive medium, generating the speckle
pattern, which was then captured by a CMOS camera. The
temporal dynamics of the laser intensity was also recorded
using a digital oscilloscope.

The amount of light reinjected into the laser was cal-
culated based on the feedback-induced threshold reduction,
(19, — I},)/19,, being IO, and I, the threshold currents of
the solitary laser and the laser with feedback, respectively. On
the other hand, for the amount of speckle in an image, we
calculated the speckle contrast (SC) as the ratio between the
standard deviation and the average of the intensity values of
the pixels within a 200-pixel radius circle at the center of the
image, SC = o /(I). This technique enables the quantification
of the coherence of the light providing, valuable insights into
the temporal spatial coherence of laser light.

Using the experimental setup shown in Figure 1, we were
able to systematically investigate the effect of the diffusive
medium (through a multimode fiber, a single mode fiber (SMF)
and an optical diffuser (OD)) on speckle formation, while
tuning experimental parameters including the pump current,
optical feedback strength, and the amplitude and frequency of
direct current modulation. It allowed us to explore a wide
range of experimental parameters of the laser and assess
their impact on the coherence properties of the emitted light.
Representative examples of the resulting speckle patterns are
presented in Figure 2.

III. RESULTS

In this contribution, we will first focus on the emergence
and evolution of coherence (i.e. amount of speckle) during
the laser turn-on transition under different optical feedback
scenarios with respect to the non feedback scenario. Figure
3 presents the SC color map as a function of both pump
current and feedback strength, the latter quantified by the
relative threshold current reduction. As feedback increases,
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Fig. 2. Speckle patterns recorded above the threshold for the solitary laser
(top) for Ipump = 48 mA and laser subjected to feedback (bottom) for
Ipump = 43 mA by using (a,d) a MM fiber (MMF), when thred=15.22%,
(b,e) a MM fiber and an optical diffuser (MMF + OD) when th,..q = 15.02%,
(c,f) a SM fiber and an optical diffuser (SMF + OD) when th,..q = 15.30%

60
0.8
55
<
£ 50 06
= 3
D 45 .
= 0.
© 40
0.2
35
30 0

2 4 6 8 10 12 14
Threshold reduction [%]

Fig. 3. Map of speckle contrast (in color code) evolution in the mirror
configuration as a function of the injected current and feedback strength.
Feedback strength is quantified in terms of threshold reduction. The white
symbols indicate the threshold current determined from the LI curves.

a corresponding decrease in threshold current is observed.
Below threshold, SC remains low because of the spontaneous
emission dominance. Under weak feedback (2-4% threshold
reduction), SC increases gradually with current, resembling the
behavior of a solitary laser. For intermediate feedback (5-9%),
SC exhibits an abrupt rise near threshold followed by a rapid
decrease, stabilizing around SC ~ 0.5. At higher feedback
levels (> 10%), a sharp transition to high SC is sustained
over wider current ranges, but eventually collapses at high
pump currents, marking the onset of coherence collapse.
After analyzing SC under different feedback scenarios, we
now study how the SC behaves under three different diffusive
media (multi mode fiber, multi-mode fiber with diffuser and
single mode fiber with diffuser). By analyzing speckle contrast
and relating it with optical spectrum measurements, we reveal
the evolution of the coherence in a solitary and optically fed
back semiconductor laser across a huge range of pump cur-
rents, highlighting the difference between temporal and spatial
coherence. When light propagates through a multi-mode (MM)
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Fig. 4. Speckle contrast (white) and optical spectra (color code) recorded for
all the range of injection currents and for the solitary laser (top) and laser
with feedback (bottom) for same conditions as in Figure 2.

fiber, spatial interference between modes generates speckle.
Introducing an additional diffusive element, such as an optical
diffuser, further scatters the light, randomizes the phase, and
reduces the speckle contrast. In contrast, a single-mode (SM)
fiber preserves spatial coherence due to its single guided mode,
producing high-contrast speckle patterns after passing through
a diffuser. The second key point relates to coherence near the
laser threshold: for injection currents just above threshold, the
coherence is higher in feedback scenarios using an MM fiber.
In the SM fiber case, both solitary and feedback configurations
maintain high spatial coherence above the threshold, with
minimal differences due to the scattering randomness of the
diffuser. Overall, these results highlight how diffusive media
and fiber type influence speckle contrast and coherence under
different feedback conditions.

Finally, in this contribution, we analyze the impact of
sinusoidal modulation in the pump current on the coherence
of semiconductor lasers with optical feedback to explore the
possibility of further reducing the minimum speckle contrast
value obtained in results presented above, focusing specifically
on identifying the modulation parameters that enable this
reduction.

Figure 5(a) presents the results related to a strong optical
feedback scenario, 17.27% of threshold reduction, when no
modulation is applied. In this case, there are regions of high
speckle contrast where the laser emits a single mode, and
regions of low contrast, where the spectrum exhibits mode-
switching or multimode emission. When modulation is applied
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Fig. 5. Effect of the modulation amplitude. Speckle contrast (white) and
optical spectra (color code) recorded when no modulation is applied (a) and
when a sinusoidal signal is applied of amplitude A,,,q =2 mA (b), 3 mA (c),
and 5 mA (d). The modulation frequency is v,,,,4 =1 MHz and the feedback-
induced threshold reduction, when no modulation is applied, is 17.27%.

and its amplitude increases, the high-contrast regions gradually
disappear, which correlates with the narrowing of the single-
mode emission regions. This behavior is attributed to the
excitation of additional modes within the external cavity due to
the modulation. For sufficiently large modulation amplitudes,
Figure 5(d) shows that no regions of high speckle contrast
remain. In this set of measurements, the modulation frequency
was set to 1 MHz.

Subsequently, we analyze the effect of varying the modula-
tion frequency while keeping the modulation amplitude fixed
at A4 =2 mA, as shown in Figure 6. For lower frequencies
(100 kHz, Figure 6(b)) and the same modulation amplitude
as in Figure 5(b), the speckle contrast is low across the
entire range of pump currents, and the spectrum is multimode.
However, when the modulation frequency is 1 MHz or higher
(Figures 6(c) and (d)), there are injection current intervals
where optical feedback does not induce multimode emission
and therefore the speckle contrast remains high.

Attending to the modulation frequency’s effect on the transi-
tion to coherent emission (i.e., the variation in speckle contrast
at threshold), we observe that the transition is sharp for higher
modulation frequencies and becomes more gradual as the
modulation frequency decreases. This behavior is consistent
with the idea that, for sufficiently fast modulation, the carrier
population remains low near threshold, exciting only one mode
and leading to an abrupt transition to coherent emission.
In contrast, with slower modulation, the carrier population
follows the modulation more closely, allowing multiple modes
to be excited and resulting in a more gradual increase in
speckle contrast.

We also study the temporal dynamics of the laser under
the different experimental parameters. For small amplitude
modulation the dynamics is periodic, but modulation of larger
amplitude induces dropouts. Similarly, at a high modulation
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Fig. 6. Effect of the modulation frequency. Speckle contrast (white) and
optical spectra (color code) when no modulation is applied (a) and when
a sinusoidal signal is applied, of amplitude A,,,q =2 mA and frequency
Vmod = 0.10 MHz (b), 1 MHz (c), and 100 MHz (d). The feedback-induced
threshold reduction, when no modulation is applied, is 17.4%.

amplitudes at low and high frequency modulation, the intensity
dynamics shows dropouts and the optical spectrum is broad,
while for intermediate modulation frequencies the intensity
dynamics is periodic and the spectrum is narrow.

IV. CONCLUSIONS

In this work, we have experimentally investigated the re-
duction of spatial coherence in semiconductor laser light by
combining optical feedback and sinusoidal current modulation.
Using speckle contrast and optical spectrum analysis, we ex-
plored a wide range of pump currents, modulation parameters,
and feedback strengths. Our study included different diffusive
media, multimode (MM) and single-mode (SM) fibers, with
and without additional optical diffusers to evaluate their impact
on speckle formation and coherence properties.

We showed that optical feedback strongly influences the
laser’s coherence depending on the feedback strength. Com-
parative analysis of different diffusive media revealed that
MM fibers combined with optical diffusers effectively re-
duced speckle contrast due to increased phase randomization,
whereas SM fibers preserved high spatial coherence, result-
ing in higher speckle contrast. Feedback effects were more
pronounced in the MM fiber configurations, particularly near
threshold.

We further applied sinusoidal modulation to the pump
current of a semiconductor laser under optical feedback.
We have compared the optical spectrum and the contrast of
speckle patterns for a wide range of injection currents across
different modulation amplitudes and frequencies, comparing
these scenarios with the non-modulation case. By combining
simultaneously the optical spectrum and the speckle contrast
study with the time series analysis, we have observed that
modulation-induced dropouts in the laser intensity correlate

with broadening of the spectrum, leading to lower speckle con-
trast. In contrast, situations where modulation did not induce
intensity dropouts showed a narrow spectrum and high speckle
contrast values. We observed that, although modulation does
not further reduce the minimum speckle contrast achieved
with optical feedback, we noted that with appropriate mod-
ulation parameters, the laser emits low coherence light in the
whole range of pump currents analyzed. In particular, small-
amplitude, low-frequency modulation suppresses the regions
of high speckle contrast. In addition, large enough modulation
amplitudes suppress the high contrast regions, regardless of
the modulation frequency.

REFERENCES

[1] J. Ohtsubo, Semiconductor lasers: stability, instability and chaos,
Springer (2012).

[2] J. Mork, B. Tromborg, and J. Mark, “Chaos in semiconductor lasers with
optical feedback: theory and experiment,” IEEE J. Quantum Electron.
28, 93-108 (1992).

[3] D. Lenstra, B. Verbeek and A. J. Den Boef, “Coherence collapse in
single-mode semiconductor lasers due to optical feedback”, IEEE J. of
Quantum Electron. 21, 674-679 (1985).

[4] T. Heil, I. Fischer, and W. ElsédBer, “Influence of amplitude-phase
coupling on the dynamics of semiconductor lasers subject to optical
feedback,” Phys. Rev. A 60, 634-641 (1999).

[51 J. W. Goodman, Speckle phenomena in optics: theory and applications,
Roberts and Company Publishers, (2007).

[6] E. Valent and Y. Silberberg, “Scatterer recognition via analysis of
speckle patterns,” Optica 5, 204-207 (2018).

[71 B. Wang, S. Li, X. Long, Z. Liu, N. Yu, and X. Wang, “Re-recognition of
the role of roughness in keloid assessment,” Burns 50, 204-211 (2024).

[8] H.Zhang, Y. Hu, S. Peng, and Y. Liu, “Study on speckle noise reduction
in laser projection displays,” in Photonics, vol. 11 (MDPI, 2024), p. 290.

[9] J. Pauwels and G. Verschaffelt, “Speckle reduction in laser projection
using microlens-array screens,” Opt. Express 25, 3180-3195 (2017).

[10] S. Han, N. Bender, and H. Cao, “Tailoring 3d speckle statistics,” Phys.
Rev. Lett. 130, 093802 (2023).

[11] S. Cuomo, M. De Rosa, S. Izzo, F. Piccialli, and M. Pragliola, “Speckle
noise removal via learned variational models,” Appl. Numer. Math. 200,
162-178 (2024)

[12] M. Duque-Gijon, C. Masoller and J. Tiana-Alsina, “Abrupt transition
from low-coherence to high-coherence radiation in a semiconductor laser
with optical feedback”, Opt. Exp. 31, 3857 (2023).

[13] M. Duque-Gijén, C. Masoller, and J. Tiana-Alsina, “Experimental study
of spatial and temporal coherence in a laser diode with optical feedback,”
Opt. Express 31, 21954-21961 (2023).

[14] D. Halpaap, M. Marconi, R. Hernandez, A. Yacomotti, J. Tiana-Alsina,
and C. Masoller, “Experimental study of speckle patterns generated by
low-coherence semiconductor laser light,” Chaos 30, 063147 (2020).



	Abstract
	I. INTRODUCTION
	II. EXPERIMENTAL SETUP AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES



