Exploring Polarization Switching in VCSELSs
Under Signal Modulation
S. Guessoum,*? T. Malica,* A. Kyriazis,»? J. Van Erps, G. Van Steenberge,?

and M. Virte!

! Brussels Photonics, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium
2 Center for Microsystems Technology, Ghent University Technologiepark 126, 9052 Gent, Belgium

Abstract

Vertical-Cavity Surface-Emitting Lasers (VCSELs) can exhibit polarization switching between two
orthogonal states due to their circular geometry, a regime of high sensitivity relevant to optical
communication and sensing. This work numerically investigates the polarization dynamics of VCSELS close
to polarization switching points under sinusoidal modulation of the injection current using the spin-flip
model. The study reveals distinct dynamical regimes that we characterize as periodic switching,
polarization locking, and stochastic switching depending on modulation frequency and current conditions,
offering new insight into controlled polarization behavior in semiconductor lasers.

. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELSs) are widely used in optical interconnects, sensing, and
communication due to their compact size, low threshold current, circular beam profile, and ease of
integration [1-3]. Beyond acting as efficient light sources, VCSELSs exhibit an additional degree of freedom
in their polarization state, originating from the near-degeneracy of two orthogonal linearly polarized (LP)
modes. The competition between these modes gives rise to rich nonlinear dynamics, especially near
particular regimes where small perturbations can induce abrupt transitions between the two LP modes,
namely the X and Y LP states. These regimes are called polarization switching (PS) points.

Polarization switching is not only a fundamental phenomenon but also of practical relevance, influencing
stability and performance in high-speed communication and sensing systems. Previous explorations have
highlighted the role of intrinsic cavity anisotropies, spin-carrier interactions, and stochastic fluctuations in
driving these dynamics, revealing bistability, hysteresis, and chaotic polarization behavior [4-7]. External
mechanisms, including optical injection [8], optical feedback [9], or modulation of the injection current
[10], can perturb the mode balance and trigger controlled polarization transitions. Among these, sinusoidal
current modulation is particularly relevant for a large class of practical VCSEL-driven systems, as it reflects
the way many devices are electrically modulated and enables access to distinct dynamical regimes. In this
work, we numerically investigate the polarization dynamics of a VCSEL under sinusoidal current
modulation near the PS threshold using the Spin-Flip Model (SFM). By sweeping modulation parameters,
we identify distinct regimes, including deterministic switching, polarization locking, and stochastic
behavior, hence providing insights for controlled polarization operation.

I1. NUMERICAL MODEL AND RESULTS

The simulations are based on the SFM [11], which describes the temporal evolution of the right and left
circularly polarized electric field components and the carrier population parameter as a function of different
laser parameters as well as spin-flip processes. The differential equations of the SFM are given by:
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where k is the decay rate of the electric field in the cavity, « is the linewidth enhancement factor, and p(t)
represents the normalized injection current given by the expression: u(t) = p, + Asin(2rft). The
parameter y corresponds to the decay rate of the total carrier population, while y, describes the spin-flip
relaxation processes. The linear phase and amplitude anisotropies are represented by y,, and y, respectively.
The simulation parameters were chosen such that the VCSEL operates close to the polarization switching
point, as can be seen in Figure 1. It shows the polarization-resolved output under a DC sweep, exhibiting
hysteresis between the X-LP and Y-LP states. This bistable region defines the operation window for the

modulation study.
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Figure 1- Polarization-resolved PI curves under DC bias sweeps. (a) Increasing and (b) decreasing current value.
Blue and red lines correspond to X-LP and Y-LP respectively.

At a fixed bias near the PS point (u, = 1.55) and amplitude A = 0.3, the laser displays four characteristic
responses as the modulation frequency increases. Figure 2 illustrates representative time series for each of

these regimes and for both linear polarizations:

e Regime | — Deterministic switching: at low frequencies (<25 MHz), the laser exhibits clean and
repeatable switching synchronized with the drive current signal.

e Regime Il — Partial/irregular switching: at frequencies (25-40 MHz), transitions become
asymmetric, with gradual increase in the mode preference of Y-LP mode with the frequency.

e Regime Il — Polarization locking: at frequencies (40-70 MHz), switching is suppressed and the

laser remains locked in the Y-LP.

e Regime IV - Stochastic behavior: at higher frequencies (>70 MHz), irregular transitions
reappear with dominant X-LP and desynchronized dynamics.
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Figure 2- Polarization-resolved time series of the laser response to sinusoidal current modulation, illustrating four
distinct dynamical regimes at different modulation frequencies: 20 MHz (Regime I-deterministic switching), 30 MHz
(Regime Il-partial switching), 45 MHz (Regime IlI-polarization locking), and 80 MHz (Regime 1V-Stochastic

behavior).



A systematic classification of modulation cycles was performed in order to identify whether each cycle
involved PS, X-LP dominance, or Y-LP dominance. Figure 3 summarizes the results, showing the
proportion of each case as a function of modulation frequency. The transition from deterministic switching
to locking in the Y-LP state occurs gradually as the modulation frequency increases, reflecting the finite
response time of the polarization dynamics. At higher frequencies, the laser can no longer follow the drive
and the system enters a non-periodic regime where the modulation acts more as a perturbation than a forcing
term. In this frequency range, the behavior becomes irregular and stochastic, as illustrated in Regime IV.

These findings reveal how the interplay of modulation parameters and intrinsic timescales governs the
emergence of nonlinear polarization dynamics. The results provide a foundation for experimentally tuning
VCSEL operation between stable and dynamic polarization regimes.
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Figure 3- Polarization switching (PS), X-Linear Polarization (X-LP), and Y-Linear Polarization (Y-LP) prominence
percentage versus modulation frequency for current = 1.55 and modulation amplitude = 0.3.

I11. CONCLUSION

We numerically investigated the polarization dynamics of VCSELs under sinusoidal current modulation
near the polarization switching point using the spin-flip model. The simulations revealed four distinct
regimes: deterministic, partial, locked, and stochastic regimes depending on modulation frequency for a
fixed bias current and modulation amplitude. These results provide insight into the possibility of controlling
polarization dynamics in VCSELS, allowing their use in advanced photonic systems such as polarization-
encoded communications or neuromorphic computing.
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