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Abstract

:

In this paper, we report the theoretical results about operating vector solitons with chirped sech pulse shapes. In the operation, the shapes of temporal pulses and corresponding optical spectra in orthogonal directions will change, which are based on soliton parameters. When input orthogonal pulses have the same central wavelength of 1064 nm, the shift from the central wavelength always occurs for orthogonal pulses. When input orthogonal pulses have different central wavelengths of 1063 nm and 1065 nm, output pulse shapes and optical spectra with obvious multiple peak/dip structures can be achieved in orthogonal directions. Our theoretical results are meaningful for the study of vector soliton dynamics and have potential applications in optical communication and optical sensing.
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1. Introduction


Optical soliton in optical fiber has already been studied by many researchers during past decades [1,2,3,4,5,6,7,8,9]. Commonly, optical soliton can be formed in an anomalous dispersion regime under the balance between group-velocity dispersion and self-phase modulation. With the development of optical soliton theory and relevant experiments, researchers found that optical soliton could also be generated in a normal dispersion regime under the action of many factors, such as gain, group-velocity dispersion, self-phase modulation, saturable absorption, optical spectrum filtering and so on. The study of optical soliton is often performed based on mode-locked fiber laser, because of its compact structure, environmental stability and ease of maintenance [10,11,12,13,14,15]. Although the single-mode fiber used in constructing fiber laser has circular symmetry, there still exists small linear birefringence (because of fabrication imperfection, bending, heat flow and so on) when optical soliton propagates along the optical fiber. In this situation, the mode of degeneracy in orthogonal polarization directions is broken, and single-mode fiber will support two orthogonally polarized modes. For the case of long-distance optical fiber communication, the optical soliton pulse will suffer from polarization mode dispersion, and the transmitted signal will be distorted. Under this background, the concept of vector soliton was proposed and achieved great developments in theoretical and experimental aspects [16,17,18]. Vector soliton is robust to linear birefringence and can stably exist in an optical fiber without pulse splitting. Vector soliton can be defined as group-velocity-locking [19,20,21,22], polarization-locking [23,24,25] and polarization rotation [26,27,28], according to its own characteristics. Theoretically, coupled nonlinear Schrödinger equations [29,30] and coupled Ginzburg–Landau equations [31,32] are usually solved analytically or numerically to analyze the stable vector optical soliton solutions. While experimentally, passively mode-locked fiber laser is often built to study the dynamic properties of vector optical soliton. The orthogonal components of vector soliton can be uncoupled by a polarization beam splitter (PBS) and the real-time dynamics of orthogonal modes can be studied separately [33,34].



Until now, there have been many studies about vector solitons achieved by ultra-fast, passively mode-locked fiber lasers. The operating wavelength has been extended to visible light and infrared light regimes, and the vector soliton state has also been enriched. Except for the generation of fiber vector soliton pulse in fiber cavity, the out-cavity operation of vector soliton was also reported in some papers. For example, Wang et al. reported the simulations about the formation of the pseudo-high-order soliton structure through decomposition and recombination of a group-velocity-locked dissipative vector soliton [35]. Our group theoretically studied the operation of polarization- and group-velocity-locked vector solitons with different pulse shapes, such as super-Gaussian pulse shapes [36] and bright-dark pulse pairs [37]. Moreso, theoretical investigations about operating vector bisolitons were conducted [38,39]. In this work, we further explore the operation of vector solitons with chirped sech pulse shapes, which have not been reported until now. Through varying vector soliton parameters in orthogonal polarization directions, the output pulse shapes and optical spectra after recombination in orthogonal directions will demonstrate different properties, which is different from other types of pulse shapes. Our simulation results are useful for the study of vector soliton dynamics and have potential applications in long-distance optical fiber communication and optical fiber sensing.




2. Model Description


The theoretical optical fiber system model in our simulation is shown in Figure 1. In this figure, input elliptically polarized vector soliton with an electric amplitude of A1/A2 in the vertical/horizontal direction enters into the optical fiber system. The vector soliton is operated through the change of amplitude ratio (A2/A1), time delay (ΔT) change in orthogonal directions, pulse chirp (C1 or C2) variation, linear birefringence/phase difference (Δn/Δφ) change and projection angle (θ) change. SMF is a single-mode fiber. PC is a three-paddle polarization controller that can control the fiber birefringence. According to the relation:   Δ  φ  e x t e r n a l   =   2 π Δ  n  e x t e r n a l    λ  L  , the externally imposed phase difference (  Δ  φ  e x t e r n a l    ) is proportional to the length ( L ) of SMF. Where   Δ  n  e x t e r n a l     is the externally imposed linear birefringence,  λ  is the wavelength. Col is a fiber collimator that is used for collimating the laser beam. PBS stands for a polarization beam splitter, which can be rotated and change the projection in orthogonal polarization directions (x and y directions). In vector soliton fiber lasers, the temporal optical pulses often demonstrate sech pulse shapes. In theory, vector soliton solution can be got with the following coupled nonlinear Schrödinger equations:


      ∂  A x    ∂ z   +  β  1 x     ∂  A x    ∂ t   +   i  β 2   2     ∂ 2   A x    ∂  t 2    +  α 2   A x  = i γ (   |   A x   |  2  +  2 3    |   A y   |  2  )  A x  ,       ∂  A y    ∂ z   +  β  1 y     ∂  A y    ∂ t   +   i  β 2   2     ∂ 2   A y    ∂  t 2    +  α 2   A y  = i γ (   |   A y   |  2  +  2 3    |   A x   |  2  )  A y  .    



(1)







In the above coupled equations, Ax and Ay are electric fields in orthogonal directions. β1x and β1y are first-order derivatives of the mode propagation constants in orthogonal directions. β2 is group-velocity dispersion, α is fiber loss, γ is fiber nonlinearity, z is the position variable and t is the time variable.



Here, we assume input vector solitons in our simulation have sech pulse profiles in orthogonal directions. After modulation of the amplitude ratio, time delay, pulse chirp and phase difference, the electric fields in orthogonal directions after Col and before PBS are expressed as:


   A 1 ’  ( t ) =  A 1  sech  [    1.763 ( t − Δ T / 2 )    T 0     ]  exp  {  − i  C 1     [    1.763 ( t − Δ T / 2 )    T 0     ]   2  + i   2 π c t    λ 1     }  ,  



(2)






   A 2 ’  ( t ) =  A 2  sech  [    1.763 ( t + Δ T / 2 )    T 0     ]  exp  {  − i  C 2     [    1.763 ( t + Δ T / 2 )    T 0     ]   2  + i  (    2 π c t    λ 2    + Δ ϕ  )   }  .  



(3)







In the above two Equations (2) and (3), A1′(t) and A2′(t) are time-varying electric field components, A1 and A2 are corresponding amplitudes. λ1 and λ2 are central wavelengths. C1 and C2 are pulse chirps. Δφ is the phase difference. The t is time variable, T0 is pulse width (same initial pulse width of orthogonal components), ΔT is time delay, c is the light speed in a vacuum. The projected amplitudes in horizontal and vertical directions after PBS are:


   [       A x  ( t )        A y  ( t )      ]  =  [      cos θ     sin θ       sin θ     − cos θ      ]   [       A 1 ’  ( t )        A 2 ’  ( t )      ]  .  



(4)







In Equation (4), Ax(t) and Ay(t) are recombined electric field components in horizontal and vertical directions, respectively. θ represents the projection angle between the polarization direction of A1′(t) and x axis, which is labeled in Figure 1.


   I i  ( t ) =    |   A i  ( t )  |   2    ( i = x , y ) ,  



(5)






   I i  ( ω ) =  |  F  [   A i  ( t )    ]   |    2    ( i = x , y ) .  



(6)







The output pulse shapes after operation can be calculated with Equation (5), and the corresponding optical spectra can be calculated using Equation (6). In these two equations, Ii(t) and Ii(ω) are intensities in the time domain and frequency domain, respectively. where ω is angular frequency,   F [   ]   denotes Fourier transformation.



It should be noted that we simplify the model by assuming the fiber length is much shorter than dispersion length and nonlinear length, and consider the net effects of five different kinds of vector soliton parameters (including amplitude ratio, projection angle, time delay, pulse chirp and phase difference). This assumption has been reported in Ref. [19], and the experimental results confirmed the theoretical assumption. Under our approximation, Equations (2) and (3) are modulated electric components of vector soliton after Col and before PBS. Equation (4) gives polarization to projected electric components after PBS. The simulated pulse shapes and optical spectra can be calculated with Equations (5) and (6), respectively.




3. Theoretical Results


3.1. Equal Central Wavelength


In this section, we consider the case of equal central wavelength. Figure 2 shows our simulation results when amplitude ratio (A2/A1) between orthogonal modes is 1/1.6, 1/1.3, 1/1, 1.3/1, 1.6/1, and λ1 = λ2 = 1064 nm. Other pulse parameters are: θ = 0°, ΔT = 0.5 ps, C1 = C2 = 3, Δφ = π/2. It should be noted that we have assumed T0 = 5 ps in all the simulations. From pulse shapes in Figure 2a–e, we can see the peak intensities of orthogonal pulses have a similar variation as the increase in A2/A1. For the optical spectra in Figure 2f–j, a slight wavelength shift from the initial 1064 nm occurs for both orthogonal modes (red/blue shift for horizontal/vertical mode), accompanied with a similar peak intensity variation trend compared with corresponding pulse shapes. The relatively large optical spectrum bandwidths (~4 nm) of orthogonal components are mainly induced by non-zero chirp parameters, and the 3-dB bandwidths can be further increased with larger pulse chirps in orthogonal directions.



Figure 3 shows our simulation results when projection angle (θ) is 15°, 30°, 45°, 60°, 75°, and λ1 = λ2 = 1064 nm. Other pulse parameters are: A2/A1 = 1/1, ΔT = 1 ps, C1 = C2 = 3, Δφ = π/2. In Figure 3a–e, the peak intensities of orthogonal pulses have no obvious changes when θ increases. However, the time delay between orthogonal pulses slightly varies with the change of θ. When θ = 45°, the orthogonal pulses are overlapped, and the time delay will increase when θ is close to 0° or 90°. In the corresponding optical spectra of Figure 3f–j, the central wavelengths of orthogonal pulses shift from the initial 1064 nm, and the offset length changes with θ. The orthogonal pulses’ optical spectra do not coincide with each other, even when θ = 45°.



Figure 4 shows our simulation results when the time delay (△T) is 2 ps, 4 ps, 6 ps, 8 ps, 10 ps, and λ1 = λ2 = 1064 nm. Other pulse parameters are: A2/A1 = 1/1, θ = 5°, C1 = C2 = 3, Δφ = π/2. From the pulse shapes in Figure 4a–e, we can see with the increase of ΔT, the temporal delay of output pulse peaks in orthogonal directions will also increase, and the peak intensities and pulse widths have no obvious changes. While from the optical spectra in Figure 4f–j, it is obvious that the central wavelength difference of output orthogonal pulses increases with the increased ΔT value. The central wavelength difference is ~7 nm when ΔT = 10 ps.



Figure 5 shows our simulation results when the pulse chirp (C1 = C2) is 3, 6, 9, 12, 15, and λ1 = λ2 = 1064 nm. Other pulse parameters are: A2/A1 = 1/1, θ = 5°, ΔT = 1 ps, Δφ = π/2. From Figure 5a–e, we can see the pulse shapes in orthogonal polarization directions have no obvious changes with the increase in pulse chirp. However, in Figure 5f–j, the corresponding optical spectra will change with increased chirp value. The peak intensities or pulse widths of orthogonal modes will decrease or increase when the chirp increases from 3 to 15. Besides, the optical spectra of orthogonal pulses will become rough when the pulse chirp is 12 or 15, which means the ripples are caused by a relatively large chirp value. Moreso, the central wavelength shift still exists in this situation.



Figure 6 shows our simulation results when phase difference (Δφ) is π/7, 2π/7, 3π/7, 4π/7, 5π/7, and λ1 = λ2 = 1064 nm. Other pulse parameters are: A2/A1 = 1/1, θ=5°, ΔT = 1 ps, C1 = C2 = 3. Figure 6a–e show that the peak intensity of horizontal/vertical pulse will decrease/increase with an increased phase difference. While in Figure 6f–j, the peak intensity of the horizontal/vertical pulse spectra have the same variation trend compared with Figure 6a–e. The central wavelength difference of orthogonal pulses is ~1 nm, regardless of the initial 1064 nm central wavelengths.




3.2. Different Central Wavelengths


In this section, we consider the case of different central wavelengths. Figure 7 shows our simulation results when the amplitude ratio (A2/A1) between orthogonal modes is 1/1.6, 1/1.3, 1/1, 1.3/1, 1.6/1, and λ1 = 1063 nm, λ2 = 1065 nm. Other pulse parameters are: θ = 0°, △T = 0.5 ps, C1 = C2 = 3, △φ = 0. The pulse shapes in Figure 7a–e behave similarly to Figure 2a–e, even though with different central wavelengths and phase differences. However, the optical spectra of orthogonal pulses in Figure 7f–j are obviously separate from each other, compared with Figure 2f–j. The reason is that the initial 2 nm central wavelength difference enlarges the central wavelength difference between the horizontal component and vertical component. Similarly, to Figure 2f–j, the 3-dB optical spectra bandwidths of orthogonal pulses in Figure 7f–j have no obvious changes because of unchanged chirps.



Figure 8 shows our simulation results when the projection angle (θ) is 15°, 30°, 45°, 60°, 75°, and λ1 = 1063 nm, λ2 = 1065 nm. Other pulse parameters are: A2/A1 = 1/1, ΔT = 1 ps, C1 = C2 = 3, Δφ = 0. In Figure 8a–e, we can see that temporal splitting occurs for both orthogonal pulses. The peak intensities of the main peaks in orthogonal directions will reach maximum when θ = 45° and will decrease when θ is close to 0° or 90°. Besides, the oscillation depth of horizontal/vertical pulse nearly covers the whole pulse waveform when θ = 45°. In Figure 8f–j, both the central wavelength shift and optical spectrum splitting occur for horizontal/vertical pulse, which means multi-wavelength vector solitons are generated in this situation. When θ = 45°, the envelopes of orthogonal modes are almost overlapped, but their peak/dip details are still different.



Figure 9 shows our simulation results when the time delay (ΔT) is 2 ps, 4 ps, 6 ps, 8 ps, 10 ps, and λ1 = 1063 nm, λ2 = 1065 nm. Other pulse parameters are: A2/A1 = 1/1, θ = 5°, C1 = C2 = 3, Δφ = 0. In Figure 9a–e, the orthogonal pulses begin to separate with each other when ΔT starts to increase, accompanied by the appearance of temporal side peaks. When ΔT reaches 6 ps, the orthogonal pulses become smooth and there are only some small oscillations at the pedestals. In Figure 9f–j, the optical spectra of orthogonal pulses are always not smooth with the increase in ΔT. The central wavelength of horizontal mode is obviously smaller/larger than vertical mode when ΔT is smaller/larger than 4 ps. Additionally, the central wavelength difference of orthogonal pulses increases with increased ΔT when the time delay is larger than 4 ps.



Figure 10 shows our simulation results when chirp (C1 = C2) is 3, 6, 9, 12, 15, and λ1 = 1063 nm, λ2 = 1065 nm. Other pulse parameters are: A2/A1 = 1/1, θ = 5°, ΔT = 1 ps, Δφ = 0. In Figure 10a–e, the peak intensities of orthogonal pulses have no obvious changes with the increase in pulse chirp, and side peaks always exist for both orthogonal modes. In Figure 10f–j, the peak intensities/bandwidths of orthogonal pulses will decrease/increase when the pulse chirp increases. Besides, the adjacent peak-dip intensity difference in the horizontal direction or vertical direction will decrease with the increase in pulse chirp. The ripples in Figure 10i,j are caused by a relatively large chirp value.



Figure 11 shows our simulation results when phase difference (Δφ) is π/7, 2π/7, 3π/7, 4π/7, 5π/7, and λ1 = 1063 nm, λ2 = 1065 nm. Other pulse parameters are: A2/A1 = 1/1, θ = 5°, ΔT = 1 ps, C1 = C2 = 3. In Figure 11a–e, the peak intensities of orthogonal pulses are almost unchanged with the increase in phase difference, accompanied by slight pulse splitting, and the peak intensities of both orthogonal pulses are the same, which is different from Figure 6a–e. In Figure 11f–j, the optical spectra peak intensities of orthogonal pulses are also unchanged when phase difference increases. Horizontal/vertical pulse is always at 1063/1065 nm and side peaks exist for both orthogonal pulses.





4. Conclusions


We simulated the operation of vector solitons with chirped sech pulse shapes. Through the change of vector soliton parameters (including amplitude ratio, projection angle, time delay, pulse chirp and phase difference) when input orthogonal pulses have the same or different central wavelengths, output orthogonally polarized pulses would demonstrate different characteristics in the time domain and frequency domain. Our simulations explored the dynamics of operating chirped sech vector solitons, which are beneficial to the study of vector soliton dynamics and relevant fields that employ vector optical solitons.
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Figure 1. Optical fiber system model in our simulation. 
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Figure 2. Theoretical results after polarization splitting when the amplitude ratio between orthogonal modes is changed and λ1 = λ2 = 1064 nm. 
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Figure 3. Theoretical results after polarization splitting when the projection angle is changed and λ1 = λ2 = 1064 nm. 
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Figure 4. Theoretical results after polarization splitting when the time delay is changed and λ1 = λ2 = 1064 nm. 
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Figure 5. Theoretical results after polarization splitting when the pulse chirp is changed and λ1 = λ2 = 1064 nm. 
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Figure 6. Theoretical results after polarization splitting when the phase difference is changed and λ1 = λ2 = 1064 nm. 
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Figure 7. Theoretical results after polarization splitting when amplitude ratio between orthogonal modes is changed and λ1 = 1063 nm, λ2 = 1065 nm. 
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Figure 8. Theoretical results after polarization splitting when projection angle is changed and λ1 = 1063 nm, λ2 = 1065 nm. 
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Figure 9. Theoretical results after polarization splitting when the time delay is changed and λ1 = 1063 nm, λ2 = 1065 nm. 
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Figure 10. Theoretical results after polarization splitting when pulse chirp is changed and λ1 = 1063 nm, λ2 = 1065 nm. 
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Figure 11. Theoretical results after polarization splitting when the phase difference is changed and λ1 = λ2 = 1064 nm. 
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