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Abstract. External optical feedback in vertical-cavity surface-emitting laser (VCSEL) is found to influence its
output intensity. We studied the effect of the amount of total output polarisation feedback and polarisation-selective
feedback on the output intensities of a VCSEL for a low-resolution sampling and for long temporal duration. A
40 μs resolution time-series correlation analysis is performed for different feedback conditions and the characteristic
dynamics is investigated. We found a correlated fluctuation in VCSEL output for a moderate amount of total feedback
and polarised feedback. The period of such fluctuations is found to be reduced from total feedback to the polarised
feedback of the system.
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1. Introduction
A laser system with delayed optical feedback is a good
test bed to understand the evolution of a nonlinear system under noise and chaos [1–3]. Such studies may
also help to gain insight into many naturally occurring phenomena such as fluid turbulence and El Niño
oscillations [4,5]. The nonlinear interaction of the laseractive medium with the feedback optical field introduces
novel features in the output of the laser [6], and is found
to influence the emission characteristics of the diode
lasers [7–10].
In vertical-cavity surface-emitting laser (VCSEL), the
optical beam is perpendicular to the cavity end faces
[11]. Due to their short cavity length, the light emitted is in one of the two output polarisation modes,
horizontal or vertical [12,13]. However, the intensities
of polarisation modes are not stable and show fluctuations and crossover with laser injection current and
other factors such as birefringence of the laser cavity, temperature, optical feedback, feedback strength,
etc. [13–18]. A number of studies have been carried
out to understand the complex phenomena exhibited by
VCSEL upon feedback [19]. Giacomelli et al [20] found

that the modulation in the laser injecting current can
cause abrupt polarisation flips between two modes of the
VCSEL. Tabaka et al [21] found that the output dynamics of VCSEL in short external cavity feedback regime
shows the emergence of pulse packages. Sondermann
and Ackemann [17] and Giacomelli et al [22] reported
a drift phenomena with optical feedback in VCSEL.
Studies are also conducted to investigate the effect of
polarisation-selective optical feedback in VCSEL [22–
24]. Such a feedback in a VCSEL can result in a strong
suppression of one of the two orthogonally polarised
polarisation modes [22]. Mulet et al [25] reported a
square wave modulation switching in the output of a
VCSEL with crossed polarisation feedback. Javaloyes
et al [26] investigated the phase dynamics with crossed
polarisation injection.
Owing to the natural dynamics time-scale of the
VCSEL under feedback, most of the work mentioned
so far investigate the dynamics at high temporal resolutions in the order of nano and picoseconds. Here,
we investigate the effects of feedback on a VCSEL at
low temporal resolution in the order of microseconds
to understand the feedback effects in a long time-scale.
In a general application point of view, the results of the
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study may help in better understanding of low-resolution
sampling of nonlinear systems under feedback, such as
rainfall correlation [27] and El Niño feedback dynamics [5].
In the experiment, we take a standard VCSEL and
divide its output into two, using a beam splitter (BS).
We monitor the output of the VCSEL using one part
and the feedback using the other part. In the first part, we
attenuate the amount of the feedback component. In the
second part, we select the polarisation of the feedback
component and also attenuate the amount of feedback.
We examined the time-averaged behaviour of the system
with total feedback and polarisation-selective feedback.
Also, we analyse the autocorrelation and power spectral dynamics of the system at a temporal resolution
around 40 μs.
We presented the paper as follows. In §2 we describe
the experimental set-up. In §3 we study the system with
total optical feedback and report a periodicity in the
dynamics of the system with mid-feedback fraction. In
§4 we study the polarisation-selective optical feedback
and the subsequent change in output intensity dynamics.
Discussion and final remarks are given in §5.

2. Experiment
Our experimental set-up is shown in figure 1. The
VCSEL (Thorlab) used has an operating wavelength
of 780 nm and an output power of 1.65 mW. The
laser driver (Thorlab, VITC002) injected suitable laser
current for the VCSEL. The output laser beam from
VCSEL is split by the 50:50 BS. One beam is directed
towards a polarising beam splitter (PBS) to measure
the laser intensity in two orthogonal polarisation directions. The VCSEL output intensity in one polarisation
direction (vertical) is measured by the detector D1
(Thorlabs SM05PD1A, responsivity 0.637 A/W) followed by the oscilloscope and associated data capture
GPIB card (NI VSB SH). The oscilloscope used (Tektronics TDS3034B) has a sampling rate of 2.5 GS/s at
300 MHz.
We recorded the data for a period of 400 ms in
10,000 bins. We performed the autocorrelation analysis
on the recorded data. Similarly, detector D2 measured
the VCSEL output intensity in orthogonal polarisation
direction (horizontal). We use detectors D1 and D2 to
measure the intensity in orthogonal directions, and from
the measurement the total laser intensity is estimated.
We use the direct beam from the BS to feed a feedback path formed by a plane mirror having reflectivity
greater than 99%. The reflected beam from the mirror
is sent back to the VCSEL through the BS. The length
of the feedback path from the edge of the VCSEL to the
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Figure 1. Schematic diagram of the experimental set-up.
VCSEL: the vertical cavity surface emitting laser; BS: the
non-polarising BS; M1: the feedback mirror; NDF: the neutral
density filter; P: the polariser; DSO: the digital storage oscilloscope; PBS: the polarising BS, combined with the photodiode
detectors D1 and D2 to measure the polarisation intensities
of the VCSEL output in vertical and horizontal polarisation
axes. D3 is the photodiode to measure the actual feedback
fraction.

mirror is 20.3 cm. We calculated the actual feedback signal intensity that goes back to the VCSEL by capturing
50% reflected beam from BS, by using the detector D3.
In order to attenuate the feedback signal, we inserted
a neutral density filter (NDF) in the feedback path. It
is possible to vary the feedback fraction by rotating
the NDF. The maximum and minimum feedback signal attenuation possible with the NDF is approximately
6 to 16 dB from the input laser intensity. The polariser
(P) in the feedback path, as shown in figure 1, is inserted
to do the polarisation-selective feedback in horizontal or
vertical polarisation directions. We aligned the optical
set-up in such a manner to avoid the maximum unwanted
back reflections even from the photodetector.
We plotted the laser output intensity at the output
of detectors D1 and D2 for different VCSEL injection currents as shown in figure 2. The intensity in
the vertical basis measurement (D1) and the horizontal
basis measurement (D2) is almost equal up to 7.30 mA.
Above this value, both the components meet and cross
at different current values. At 7.70 mA, the horizontally
resolved intensity measurement becomes greater than
vertically resolved intensity measurement. The experimentally determined polarisation state of the laser is
shown in figure 3. The polarisation visibility is estimated
around 0.62. Sondermann et al [28] reported that, at a
value slightly above the laser threshold current, if the net
gain anisotropy between the two orthogonally polarised
VCSEL modes is close to zero, the laser operates in
a partially polarised state. However, at the laser threshold, VCSELs typically emit only one polarisation mode,
i.e. either horizontal or vertical [13,15,26,28,29]. As we
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Figure 2. Experimentally determined LI characteristics of
the VCSEL used in the set-up.
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Figure 4. The signals captured at the DSO from detector D1
(vertical basis) output with different VCSEL injection currents: (a) DC level capture for 7.30 mA, (b) AC level capture
for 7.4 mA, (c) AC level capture for 7.6 mA and (d) AC level
capture for 7.7 mA.
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need not be due to temperature fluctuations. However,
the competition between the two states of polarisation
will result in fast fluctuations which cannot be measured
with the existing set-up.

Figure 3. Experimentally determined polarisation state of
the VCSEL used in the set-up.

3. Total optical feedback

are observing nearly equal intensity at the two ports of
PBS around the threshold current, the data presented
here correspond to the projected polarisation mode of
the VCSEL output in the two output ports of the PBS,
with angle of incidence approximately 45◦ . The flip in
intensities above 7.60 mA is due to the switching of
polarisation modes above the threshold as reported in
[13]. Also, Sivaprakasam et al [30] reported that for
a diode laser with feedback, whenever the laser jumps
from one external cavity longitudinal mode to the other,
there is a jump in the output intensity, recorded in an
oscilloscope. As the VCSEL operates in two orthogonal modes, any cross-over in output intensity measured
at detectors D1 and D2 is considered due to the switching of polarisation modes. The output signals recorded
at detector D1 (vertical basis) at different laser injection
currents are shown in figure 4. The DC level record of
the signal for an injection current of 7.3 mA is shown in
figure 4a. It shows no significant fluctuations, as well as
the AC level recorded signal at 7.4 mA. But the signals
recorded at 7.6 and 7.7 mA injection currents show irregular fluctuations and the amplitude of the fluctuations
found to be increased 10-fold at 7.7 mA. The fluctuations are due to competition between the polarisation
modes near (before and after) the crossover points and

The optical feedback significantly alters the
polarisation state of a general laser system and VCSELs
[3,12,31–33]. We analyse the effect of external optical
feedback on time-averaged intensity of two orthogonal
outputs at detectors D1 and D2. Regalado et al [34]
reported that VCSELs show polarisation instability with
20–30% increase in laser injection current above the
lasing threshold. As our VCSEL output shows fluctuation above 7.30 mA, the laser injection current is
set at 7.30 mA, about 30% above the threshold value
(5.65 mA). The time-averaged output beam intensity at
D1 and D2 in arbitrary units with respect to feedback
attenuation between 6 and 16 dB is shown in figure 5.
We observe no change in total intensity measured at D1
and D2 with respect to the feedback. Without feedback,
the intensity measured at D1 (vertical) is less compared
to D2 (horizontal). We observed frequent fluctuations
from without feed level for a higher feedback of 6–
8 dB attenuation, from the input field possible with
the set-up. The amplitude of the time-averaged light
intensity fluctuations is small because we are observing the projected component of one of the dominant
polarisations mode near 45◦ angle of incidence. Here
we observed that the amplitude of intensity fluctuations
in the vertical basis measurement is more compared to
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horizontal such that the fluctuations are partially mutually exclusive. We observed, for low feedback levels
above 13 dB, that there is no crossover from levels without feedback, but there are relatively small occasional
oscillations compared with the high feedback level, as
shown in figure 5. Masoller and Torre [35] reported that
the weak isotropic optical feedback does not change the
output polarisation but for larger feedback strength both
polarisations coexist, with one of the polarised mode
being the dominant one. The frequent fluctuations and
crossover in both the time-averaged polarisation components at high feedback levels and the absence of that
behaviour towards low feedback levels are due to the
polarisation coexistence and crossover at high feedback
levels.
Next, we analyse the properties of correlation and
chaos for different feedback conditions on the VCSEL
output at detectors D1 and D2. We used the correlation
function, F(τ ), to determine the time-series similarities
of the horizontal and vertical polarisations, defined as
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Figure 5. The time-averaged intensity measurement along
the horizontal and vertical bases with respect to different
amounts of total output feedback. Smooth line is for visual
indication.
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Figure 6. The signals captured at the DSO from detector D1
(vertical basis) output: (a) without feedback, (b) with total
feedback at 5.71 dB attenuation, (c) with total feedback at
10.16 dB attenuation and (d) that for 15.74 dB attenuation.
The VCSEL current is set at 7.40 mA.

random variable. Figure 6 shows the AC level signals captured at the digital storage oscilloscope (DSO)
from the detector D1 (vertical basis) output for various
amounts of total feedback into the VCSEL cavity. Figure 6a shows the signal without feedback. But the signal
captured at high feedback fraction levels at 5.71 dB from
the VCSEL output shows highly irregular fluctuations
as shown in figure 6b. The autocorrelogram of the same
signal given in figure 7a shows that the fluctuations are
independently distributed at 40 μs time bins. The power
spectra of the signals given in figure 7b also confirm a
chaotic onset in the VCSEL output at these feedback
levels. But for a feedback level of around 10.16 dB the
signals show periodic fluctuations as shown in figure 6c.
The periodicity of autocorrelogram is around 26 ms as
shown in figure 7c. The power spectra showed discrete
peaks for this case (figure 7d). We observed for a very
feeble feedback level around 15.74 dB (figure 6d), that
the fluctuations in the signal are almost reset towards the
level without feedback. The autocorrelogram and power
spectra (figures 7e and 7f) also showed characteristics
similar to a system without feedback.
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where N is the total signal duration, Ih,v and Ih,v are
the intensity in vertical/horizontal polarisations and its
time average, respectively and τ is the time lag. For our
experimental data, the minimum possible τ is 40 μs. For
a given bin size of 10,000, we calculated
√ 95% confidence
level for correlation function as ±2/ 10, 000 = 0.02,
i.e. any F(τ ) within 0.02 can be considered as a signal
which is an independently and identically distributed

(1)

Tabaka et al [21] and Ohtsubo [36] reported that for
a long external cavity with delay frequency comparable
to the relaxation oscillation frequency and for moderate
feedback levels, the output of a general laser emission
destabilises and moves to fluctuations and chaos. Our
external cavity length is 20.3 cm and the delay frequency is around 0.73 GHz, thus comparable to the
typical relaxation oscillation frequency of the VCSELs
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Figure 7. The autocorrelation and FFT analysis plots of the
signals captured at the DSO from detector D1 (vertical basis)
output for total feedback: (a, b) autocorrelogram and power
spectra plot for 5.71 dB attenuation, (c, d) that for 10.16 dB
attenuation and (e, f) that for 15.74 dB attenuation. The
VCSEL injection current is set at 7.40 mA.

as reported in [37]. Thus, our VCSEL shows the chaotic
output (figure 7b) for a laser current set at 40% above
the threshold and for a total feedback fraction around
5.71 dB from the VCSEL output. For a total optical
feedback, all the polarisation components are strongly
fed back to the VCSEL, which may chaotically change
the photon density for horizontal and vertical polarisations, which are the preferred polarisation directions for
the VCSEL. Also, in our case, this feedback dynamics
happens just near the relaxation oscillation frequency of
the VCSEL. All these factors contribute to the chaotic
behaviour of the system for strong feedback even for
our low temporal resolution analysis [11]. But, for a
mid-feedback fraction, we observe the periodicity in the
signal fluctuations for the same signal capturing conditions as above. The periodicity extends several orders of
magnitude of the external cavity round trip time. Here,
we report for the first time, such a periodicity extending over a long temporal duration and low-resolution
sampling.
4. Polarisation-selective optical feedback
We did the polarisation-selective feedback by inserting
the polariser along with an NDF in the feedback path.

Figure 8. The vertical and horizontal bases intensity measurements with respect to feedback fraction, for optical
feedback selected along the vertical polarisation.

The polariser axis is set in such a way that it is parallel
to either vertically or horizontally polarised light.
As the angle of incidence of the direct beam at the
feedback mirror is zero, for vertical or horizontal polarisation, the mirror reflected horizontal/vertical polarised
light without any polarisation rotation or birefringence
effect from reflection, and goes back to the VCSEL
cavity through the polariser. We characterised the attenuation introduced by the set-up for different NDF angles,
by measuring the feedback signal intensity using the
detector D3 as shown in figure 1. The laser current is set
at 7.40 mA. We observed that without any optical feedback, the averaged light intensity measured with our
set-up in the horizontal basis is more than the vertical
basis, as shown in figure 2. With feedback selected along
the vertical polarisation, at higher feedback levels, i.e.
around 6 dB attenuation from the laser input, the average
intensity in vertical basis measurement is found to cross
the horizontal at different feedback levels. However, the
power in the vertical basis measurement resets towards
the level without feedback with decreasing optical feedback in the vertical direction. Also, there are occasional
oscillations in both the outputs, the amplitude of which
is large at high feedback level as shown in figure 8.
We repeated the experiment by selecting the polariser
angle such that the feedback is along the horizontal
polarisation. In this case, there is no crossover between
the average polarisation intensity in two bases observed
(figure 9). Also, there are occasional oscillations in the
output, the amplitude of which is large at high feedback
level.
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Figure 10. The signals captured at the DSO from detector D1
(vertical basis) with feedback signal at vertical polarisation for
three different feedback levels from input beam (a) without
feedback level, (b) the attenuation of the feedback signal is
6.58 dB, (c) that for 9.67 dB and (d) that for 14.09 dB. The
VCSEL injection current is set at 7.40 mA.
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Here we observe that the vertical component, which
is less than that of the horizontal component in solitary laser emission, becomes more by feedback in the
vertical direction. But, for a feedback in the dominant
horizontal direction, no crossover is observed from solitary laser emission. This behaviour is similar to the
crossed polarisation injection effect reported in [25].
Also, Giacomelli et al [22] reported the polarisation
switching with respect to optical feedback along the
lower polarisation output. The VCSEL emits in the vertical polarisation direction because the modification in
the photon density is favourable to vertical polarisation
emission due to feedback along the lower vertical direction.
Next, we analyse the chaos and autocorrelation
properties of the output with respect to different types
and amounts of polarised feedback. The maximum feedback level achievable with the polarised feedback in
the set-up is 6.58 and 6.85 dB for vertical and horizontal polarization directions, respectively. The laser
current is set at 7.40 mA. Figures 10a–10d represent
the AC level signals captured at the DSO without feedback levels and feedback, along the vertical polarisation
with attenuation of 6.58, 9.67 and 14.09 dB from the
signal level, respectively. Figure 11 represents those
for feedback along the horizontal polarisation direction
and attenuation of 6.85, 10.59 and 11.43 dB from the
laser output, respectively. Comparison of figures 10 and
11 shows that fluctuations in the signal amplitude are
reduced for feedback along the horizontal polarisation
and we found that the signal outputs show correlation
in both the cases. The autocorrelogram of the same signals is shown in figure 12. The autocorrelogram shows

0.1

(d)

-0.1

Figure 9. The maximum vertical and horizontal bases intensity measurement with feedback fraction for optical feedback
selected along the horizontal basis, which is the dominant one
without feedback. Smooth line is for visual indication.
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Figure 11. The signals captured at the DSO from detector D1
(vertical basis) with feedback signal at horizontal polarisation
for three different feedback levels from input beam (a) without
feedback level, (b) the attenuation of the feedback signal is
6.85 dB, (c) that for 10.59 dB and (d) and that for 11.43 dB.
The VCSEL injection current is set at 7.40 mA.

a period of 5.32 ms. Thus, for a polarised feedback even
for higher amount of feedback comparable to the total
feedback, the output of the VCSEL shows a correlated
behaviour. We found that the period of such correlation
shows a reduction from 26 to 5.32 ms. The amplitude of the fluctuations in total feedback and polarised
feedback along the vertical direction are nearly the
same. But, for horizontal feedback, the amplitude of the
fluctuations is reduced. Thus, a moderately high feedback in the orthogonal polarisation to the solitary laser
emission (figure 3) invokes high-amplitude correlated
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Figure 12. Autocorrelation analysis of the signals captured at the DSO from detector D1 (vertical basis) with
horizontal/vertical polarised optical feedback: (a) that for
horizontal polarisation feedback at 6.85 dB, (b) that for vertical polarisation feedback at 6.58 dB, (c) that for horizontal
polarisation feedback at 10.59 dB and (d) that for vertical
polarisation feedback at 9.67 dB. The VCSEL injection current is set at 7.40 mA.

fluctuations. But, a similar feedback in the solitary laser
emission slightly perturbs the solitary laser emission,
with the same time-scale as that of orthogonal feedback. In comparison to the total feedback to polarised
feedback in a VCSEL, here we observe for the first time
a change in VCSEL output periodicity extending over
several orders of magnitude of cavity round trip time
and for low-resolution sampling.

5. Discussion and conclusions
We investigated the output dynamics of a VCSEL for
different amounts of total feedback and polarised feedback conditions for a lower time resolution around 40 μs
compared to typical dynamical scale of VCSELs. Our
cavity length corresponds to a round trip frequency of
roughly 0.73 GHz. We are sampling such a fast fluctuation around 25 kHz; hence, we observe the output
dynamics analogous to a low-pass filter. The investigated VCSEL is found to be driven into chaos for a
laser injection current of nearly 33% above the threshold. Also, we found that the VCSEL shows the chaotic
output for a higher amount of total feedback and for
a laser current set at 30% above the threshold. For a
moderate amount of total feedback, the output of the
VCSEL shows correlated fluctuations having a time
period of 26 ms. But for a polarised optical feedback, the
laser shows oscillatory output for a range of feedback
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fractions and a notable observation is a reduction in
the oscillation frequency of correlated fluctuations of
the output of the VCSEL to 5.32 ms. The frequency
reported by us is not any experimental artefact; since
we are observing it for different experimental runs and
they found change with feedback conditions. Also, we
observed that these effects are not seen without the feedback, hence are not due to any thermal variations. In
conclusion, we are observing the dynamics of a VCSEL
at a far away time-scale of the natural dynamics of the
system and our experimental data shows that at these
time-scales the VCSEL output exhibits the characteristic dynamics with respect to feedback.
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