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Stepwise Radio Frequency Switching in a Semiconductor Laser with Optoelectronic Feedback

A step-like dependence in radio frequency is found in a semiconductor laser-based microwave oscillator. The optoelectronic feedback is employed to yield periodic oscillation that displays sharp changes between the limit cycles when the feedback level is varied. Theoretical analysis provides evidence of a torus bifurcation leading to a transition between two coexisting attractors around these spectral switches. A detailed investigation manifests the presence of hysteresis in the switching sequence when the feedback level is ramped in the opposite direction.

Introduction

Optoelectronic (OE) feedback-based laser diode (LD) system is a test-bed for studying nonlinear dynamics and bifurcations [1][2][3]. A distinct instance of relaxation-oscillation frequency (𝑓 ) switching between the limit cycles (LCs) of one such system is demonstrated in this report. Spectral switching in the case of a laser with optical feedback is relatively well explored [4][5][6] but it distinguishes itself by the presence of external cavity modes (ECMs) which play a key role in the switching events. Although in OE feedback case the switches are related with the feedback loop delay (𝜏) frequency (𝑓 = 𝜏 ), the experimental observation and underlying physics differ significantly from the case of a laser with optical feedback.

Experimental setup and model description

The optoelectronic feedback system is provided to pump current of the thermally stabilized LD via a bias tee (BT). The feedback level is controlled in the optical domain using a linear polarizer (LP). The total loop delay consists of a free-space optical path, an optical fiber path and an electronic path that in total give a delay of 9.89 ns (corresponding to 𝒇 𝝉 = 𝟏𝟎𝟏 MHz). The lower cutoff frequency of the loop is 50 MHz which is set by one of the amplifiers in the electronic portion of the loop. The LD is quantum dash type with a threshold current 𝑱 𝒕𝒉 =33 mA; the experiment is performed at 𝑱 ≈ 𝟐𝑱 𝒕𝒉 .

For theoretical analysis, we employ a rate-equation model for the LD with filtered optoelectronic feedback based on Ref. [START_REF] Erneux | Laser Dynamics[END_REF].

Results and discussion

The experimental bifurcation diagrams (BD) are plotted from the histogram of the local extrema obtained from the photodetected optical intensity ℐ(𝑡); at 𝜂 ramped up (Fig. 2(a)) and ramped down (Fig. 2(c)). The color mapping of the RF spectra illustrates the evolution of 𝑓 and is presented in Fig. 2(b) and(d). Of note, when  is ramped up, discrete changes in RF frequency corresponding to switching between limit cycles (LCs) occur at 𝜂 = 0.52, 0.82, and 0.87 whereas the switching events appear at 𝜂 = 0.55, 62, and 0.73 in reverse order when feedback level is ramped down.

Although the jumps between two LCs are apparent from the discrete changes in the BDs, the RF spectra indicate two qualitatively different types of jumps. To begin with Fig. 2(b), the first jump appears abruptly as a switching from LC1 (6.165 GHz) to LC2 (6.067 GHz) at 𝜂 = 0.52. Limit cycle LC2 persists until 𝜂∼0.80, where another dynamical regime is reached, with the same main RF frequency as in LC2, but numerous strong sidebands appear in the RF spectrum, corresponding to quasiperiodic (QP) behavior (QP1) as reported in [7]. Thereafter, at 𝜂 ∼0.82, we observe a jump to a different LC (LC3) with dominant RF frequency 5.649 GHz. We refer to this jump as a progressive switching event, as the transition does not occur directly between LC regimes. After the jump, for even larger 𝜂, LC3 gives way to another mediating QP state (QP2) and finally, for 𝜂 ∼0.87, LC4 with RF frequency 5.442 GHz is observed. Ramping 𝜂 down, Fig. 2(d) displays two abrupt jumps at 𝜂 = 0.55 and 0.73 and one progressive jump at 𝜂 = 62. We model the behavior of the laser with the rate-equation model based on that in [START_REF] Erneux | Laser Dynamics[END_REF] modified to take into account high-pass filtering in the feedback loop: ( ) 2 ( ) ( ) . We define the feedback frequency as
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We follow the bifurcation sequence with increasing η as shown in Fig. 3. Similar to the experiment, the CW state undergoes a supercritical Hopf bifurcation resulting in a small-amplitude stable limit cycle with frequency ~60 f  . This cycle grows in amplitude as η increases and undergoes an abrupt transition to a limit cycle LC2. LC1 and LC2 are found to be separated by the feedback frequency 𝑓 as was experimentally observed. Thereafter, LC2 develops into a quasiperiodic state QP1 through a super-critical bifurcation, and eventually collapses to the limit cycle LC3. Therefore, QP1 is mediating transition from LC2 and LC3 which is found to be separated by ∼ 5𝑓 , again very similar to the experiment. Finally, LC3 abruptly switches by ~2𝑓 to the limit cycle LC4. Backward change of η demonstrates slightly different bifurcation sequence with hysteretic LC4 behavior.

Conclusion

Two different types of switches between the limit cycles are experimentally observed and discussed in this report. 
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 1 Figure 1: Experimental setup. BT: Bias Tee, CL: collimating lens, OI: optical isolator, LP: linear polarizer, PD: photodetector, Amps: amplifiers.

  where ( ) I t is the normalized intensity of the laser field; ( ) N t is the carrier density; P is the pump above the threshold parameter;  is the feedback strength;  is the feedback delay time;  is the ratio of the carrier and photon lifetimes; ( ) F I t is the filtered intensity signal; and F  is the inverse of the filter cut-off frequency. The parameters are: 1000
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 2 Figure 2: Experimental results: (a, c) bifurcation diagram of the extrema (b, d) peak relaxation oscillation frequency when 𝜂 is ramped up (a, b) and when 𝜂 is ramped down (c, d).
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 3 Figure 3: Numerical bifurcation diagram obtained by integration of the model when 𝜂 is increased (black) and decreased (red). Left panel shows the extrema of intensity, and right panel demonstrates the frequency defined as the inverse of time intervals between two adjacent intensity maxima, where bold dots stand for the average value.