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It is well known that optical feedback in a laser system,
such as the semiconductor laser-based one shown
schematically in fig.1, can either stabilise or destabilise its
output power and spectral characteristics. Semiconductor
lasers have a level of sensitivity to optical feedback that is
far greater than most lasers [1-3]. The current interest in
using semiconductor laser with optical feedback systems,
including versions implemented as integrated devices, in,
for example, random number generation, reservoir
computing and secure communications [1-3], sustains
vigorous research activity in the field. The high, and
increasing, potential for making strong connections
between the predictions of increasingly sophisticated
theoretical models of these complex systems and
experimental measurements also reinforces the sustained
activity in the field.
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Figure 1: Schematic of an experiment setup for studying a
semiconductor laser with delayed optical feedback from an
external mirror system (modified from [4]).
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Figure 2: Schematic of a diode laser with an external cavity
which informs the travelling wave model used-

The aspect of the optical feedback in the semiconductor
laser system that is investigated here is its coherence. There
is some ambiguity in the literature about what is meant by
coherent versus incoherent feedback. Historically, there has
been an understanding, not always made explicit, that
shorter external cavities will have coherent feedback. The
large linewidths of order 100-200 MHz for free running
Fabry-Perot-cavity-based semiconductor lasers were
surprisingly large when first observed [5]. Such linewidths
mean an external cavity with round trip length of order 1-2
metres would have an optical feedback field that was at best
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Figure 3: The optical spectrum as a function of optical
feedback level. Colour scale is proportional to amplitude on a
logarithmic scale. The spectral width of the individual modes
broadens with feedback. Two (of many) adjacent longitudinal
modes of the laser spaced by 0.3 nm are shown. The optical
feedback fraction is increased from 0 to 0.2. Top: D=10% s°'.
Bottom D=10° s°!.

partially coherent on temporal coherence grounds. Long
external cavity systems have been reported as having
incoherent feedback on this basis. It is also the case that the
optical feedback field is not an ideal plane wave after it has
been propagated through the collimating and refocussing
lens shown in Fig. 1. Differences in the wavefront shape of
the feedback field as compared to the emitted field have
been visualised through interference fringes and changes in
beam shape due to destructive interference [6, 7]. Such
variations in spatial coherence can be thought of as effective
phase shifts in the one-dimensional propagation model.

A systematic approach to achieving incoherent feedback
in experimentally studied semiconductor laser systems has



been to rotate the polarisation of the feedback field by 90
degrees so that the emitted TE mode is fedback into the TM
mode. There are many cases of this approach in the
literature, especially applied to vertical cavity surface
emitting lasers (VCSELs) where polarisation dynamics are
prevalent. Application to Fabry Perot semiconductor lasers
has shown that delayed incoherent feedback leads to
differentiable non-linear dynamics as compared to coherent
feedback, with a major feature being the suppression of the
reduced threshold current as the optical feedback fraction
increases at a given injection current [8-10]. Theory for the
system has been implemented with a modified Lang-
Kobayashi model valid for weak feedback levels [9], and a
modified travelling wave model [10]. The incoherent nature
of the optical feedback is treated by including it in the
dynamics for the carrier density only, and omitting it from
the coupled photon density rate equation (L-K model, [9])
or the slowly varying complex field travelling wave
equations [10]. In [9] experiments were completed which
aimed to investigate a mixture of coherent and incoherent
delayed optical feedback by using a quarter wave plate to
rotate the polarisation of the optical feedback field by 45
degrees using a quarter wave plate. From these results the
authors concluded that dynamics with a mixture of coherent
and incoherent feedback is most likely the dynamics that are
reported from experimental systems. This raises the
prospect that it is a differing effective coherence (partial
coherence) of the delayed optical feedback in different
experimental studies that may explain a significant part of
the differences in the details of the dynamics that have been
observed. In order to test this theoretically a model that
allows the effective coherence of the optical feedback to be
systematically varied is required and this is what is reported
here-in.

1. Travelling Wave Model

For simulations of the spatio-temporal dynamics in the
Fabry-Perot type diode laser we apply the traveling wave
(TW) model, which is a I(space)+1(time) dimensional
system of partial differential equations describing the
longitudinal and temporal evolution of counter-propagating
optical fields,E*(z,t)andE~(z,t), and the carrier density
N(z,t):
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Here, g(N) and R(N) are the linear gain and cubic
recombination functions, 4 is the linear operator describing
the (wavelength dependent) material gain dispersion,
Edenotes the complex conjugate, |E|?=|E*| 2+
[E7] 2 is the local photon density, whereast;—r,are the
Langevin noise source contributions to the optical fields.
For a detailed description of these functions and the
remaining model parameters, see Refs. [11, 12]. At the
facets of the diode, z=0 and z=L, the optical field satisfy the
reflecting boundary conditions
E*(0,t) = —1E~(0,t),E~(L,t) = ,E*(L,t).

In the presence of the optical feedback from the
conventional external cavity, see Fig. 2, the second of these
conditions is replaced by the relations

E-(L,t) =nE*(L, )+ (L= Inl HY?E(®),

E, = =7 E (L) + (L= || VZE*(L,¢),
with the reinjected and emitted fields E;and E, related
byE;(t) = ne'?E,(t — 7),where n represents the part of
emitted field intensity which returns to the laser diode, and
T is the external cavity roundtrip time.

The TW model allows moderate and strong optical
feedback regimes to be considered and has been applied
successfully to external cavity diode lasers where the optical
length of the external cavity is comparable to the diode
length [13] and also to semiconductor ring lasers [14]. Here-
in it is applied to a Fabry Perot edge emitting semiconductor
laser with one facet coated for high reflectance,r, = v0.95,
and the facet facing the external cavity coated for low
reflectance,r; = v0.05. The parameters used in the model
have been translated from those used in [15] intended to
model an APL-830-40 laser as used in the experimental
studies described in [4] and many other published studies.

The coherence of the delayed optical feedback field is
reduced systematically by introducing several levels of
phase noise to the reinjected field at the laser facet facing
the external cavity (see Fig. 2) as per the expression below:

Ei(t) = e¥®ne'E,(t — D).

¢ is the fixed phase change of the complex field amplitude
during the field propagation in the external cavity. The
Gaussian random process {(t), with zero mean, represents
the phase noise. Here we assume, that during propagation
within the external cavity the field is losing its coherence
with the rate D = 10" s”! which defines the variance of the
process. In the simulations the range r = 1-12 has been
investigated. With a value for T of 4.5 ns, the rate of 10° s°!
guarantees that the phase of the reinjected field is arbitrary.

2. Results and Discussion

The simulated quantities allow the time series, the
optical spectra of the longitudinal modes, and the power
spectrum to be viewed at different resolutions to show the
detail of the dynamics. The time series can in turn be
analysed to identify dynamical outputs such as low
frequency fluctuations, regular pulse packages, chaos and
its complexity. Figure 3 demonstrates the key initial finding
of this research. The detailed dynamics of the time varying
output power of the system (not presented) do show
demonstrable systematic evolution with increasingly
incoherent optical feedback. But the main transition to what
is consistent with incoherent feedback as achieved by using
rotation of the polarisation of the optical feedback field by
90 degrees in previous work [8-10], is shown in Fig. 3,
bottom. In the top image, for a rate of 103 s™!, the central
wavelength of the longitudinal mode increases with optical
feedback, as is expected for coherent feedback. The spectral
width also broadens with a sequence of varying bandwidth
as a function of optical feedback strength increases shown
in fig. 3 (top). The optical bandwidth of a single longitudinal
mode tends to, at best, cover the wavelength range between
the feedback-governed higher wavelength and the free-
running lower wavelength. There is an increasing trend to a
narrower optical bandwidth about the optical feedback



governed wavelength as the optical feedback factor, m,
increases. This is particularly prevalent for n greater than
0.16 in fig. 3 (top). An increase in rate D by a factor of ten
sees the wavelength remain at its free running value, with
just a small increase for the higher feedback values. Note
that an optical feedback factor of ~0.2 is about the highest
achievable in experimental systems using conventional
feedback when mode matching, coupling efficiency and
other technical limitations are taken into account. This
unchanging central wavelength is consistent with the
observation of no reduction in laser threshold current that
has been reported for incoherent optical feedback [8-10]. As
previously noted 10° s! is the rate that achieves random
phase for the reinjected field. Once this transition has
occurred the signature of the optical spectrum of a given
longitudinal mode remains as shown in Fig. 3 (bottom) up
to rates of 10'? 57!,

The form of the broadening of the optical spectrum of a
given longitudinal mode is informative. For partially
coherent feedback, as per Fig. 3 (top), most of the
broadening is on the low wavelength side of the centre
wavelength of the mode. The bandwidth of chaotic output
is primarily spreading towards the free running wavelength.
This is also observed for all rates below 108 s!. In contrast,
the bandwidth associated with increasing incoherent
feedback spreads symmetrically about the centre
wavelength. This prediction of the theoretical modelling can
now be applied to the results of experimental studies and
may ultimately become a method for indirectly determining
the coherence state of the optical feedback.

In conclusion a new method for theoretically modelling
the effective coherence of an optical feedback field has been
developed and incorporated into a sophisticated travelling
wave model of delayed optical feedback in semiconductor
lasers. The method allows the coherence of the optical
feedback field to be explored from fully coherent to fully
incoherent. The model has already given new insights into
the impact of coherence in this context. It remains to be
confirmed, but the study to date suggests that much or some
of the differences observed in detailed dynamics in
experimental systems in different laboratories may be due
to differences in the effective coherence of the optical
feedback.
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