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Abstract An overview of optical solitons was presented in this project. Starting from the nonlinear effects on the refractive index and the wave equation, the Nonlinear Schrodinger Equation (NLSE) was developed. The NLSE is capable of describing both temporal and spatial solitons of both the bright and dark types. The solutions to these NLSE were also given, and their physical properties were explored. The crux of soliton theory is that the 𝛽2 linear dispersive effects (GVD or diffraction) can be balanced by intensity dependent nonlinear effects, creating a field that does not change in shape as it propagates. This places a defining condition between the pulse width and amplitude. Simulation results of soliton propagation through a dispersive fiber were presented, and it was found that the exact initial conditions of a soliton do not have to be matched, since solitons are self-adjusting. The implementation of optical solitons for fiber optic communications were studied, and the relations between bit-rate, transmission distance, and pulse widths in a typical setup were determined. There are several challenges in the implementation, the most important is power loss in the fiber, which causes an exponential broadening of pulse width during propagation. Finally, a brief description of previous experimental results on soliton transmission in fiber optic communications was presented. 1
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Introduction Background In mathematics and physics, a soliton is a solitary wave (pulse) that maintains its shape and speed as it travels through a medium. Solitons are created when the nonlinear and dispersive effects of the medium cancel each other [1][2]. Solitons were first described by Scottish scientist, engineer, and ship builder John Scott Russell, who observed a solitary wave along the Union Canal in Scotland [1][2]. Russell was studying water waves in the channel for designing the most efficient canal boats, and as part of his research observed a boat being pulled along by two horses. For some reasons the horses stopped the boat abruptly, and the stopping of the boat created a smooth and well-defined “heap of water”. This wave passed by the front of the boat and travelled quite rapidly (eight miles per hour) down the channel [2]. Russell realized that this wave was special, in that it is “solitary”, with no other disturbances in front or behind it, and it was able to travel a significant distance (one or two miles) before dying away [2]. Russell referred to this observation as the Great Solitary Wave. Russell later conducted experiments in water tanks, and reproduced this phenomenon and named it the Wave of Translation, and noted some of their key properties. These waves are stable and can travel over long distances without diminishing in height. The speed depends on the amplitude of the waves, and its width depends on the depth of the water. Unlike normal waves which can merge, these waves will never merge, a small wave is overtaken by a large one rather than combining [1][2]. The underlying theories of solitons were never understood by Russell, and they were only partially investigated by his contemporaries. In modern times, the word “solitary” wave is seldom used, and often replaced by the term “soliton” [1]. It turns out that solitons, of one form or another, can exist in many media as different waves. One such soliton is electromagnetic wave travelling in a dielectric medium. Much experiments have been done using solitons in fiber optics communications, these are
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known as optical solitons, which are often shortened to just “solitons”. There are two types of optical solitons, namely, spatial and temporal solitons [1][2][3]. Spatial solitons are continuous waves or pulses which maintains a balance between diffraction and the optical Kerr effect (a nonlinear effect). The refractive index of the medium is changed as a function of the transverse intensity profile of the beam, and thus acts as a waveguide for the beam (similar to a graded index fiber) [1][2]. If this field is also a propagating mode of the waveguide, then it will remain confined and propagate without changing shape. If the electromagnetic field is already spatially confined, it is possible to send a pulse such that it will not change its shape during propagation due to a balance between linear dispersion and nonlinear effects [1][2][3]. These kind of optical solitons are the electromagnetic equivalent of the “Waves of Translation” that was discovered by Russell, and they are known as temporal solitons.



Motivation One of the main challenges that limit the transmission bit-rate in fiber optic communications is group velocity dispersion. Most practical media in which an electromagnetic field can propagate through are dispersive media, including optical fibers. This means that the refractive index of the medium depends on the frequency (or wavelength). A pure continuous wave (CW) signal contains only one frequency, which is unaffected by dispersive media. However, modulated signals occupy a range of frequencies (known as spectral bandwidth). When transmitted over a segment of optical fiber, modulated signals are distorted due to a variation in the group delay over the signal bandwidth [1][4]. (There is also the issue of attenuation in the fiber that causes problems with noise, but that is not a motivation for optical solitons). There are generally three main types of dispersions for a pulse travelling through a fiber cable [4][5][6]. These are chromatic dispersion, intermodal dispersion, and polarization mode dispersion [4]. Intermodal
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dispersion is due to different modes having different group velocity, and it can be eliminated by the use of single mode fibers [3][4]. In practice, most long-haul fiber optic communication systems use single mode fibers [3]. Chromatic dispersion is further divided into material dispersion and waveguide dispersion. The dispersion parameter is defined as the group delay per unit wavelength per unit fiber length [4][5].



𝐷=



1 𝑑𝜏(𝜆) 2𝜋𝑐 = − 2 𝛽2 𝐿 𝑑𝜆 𝜆 (1)



Where 𝜏 is the group delay for signals of a particular wavelength 𝜆 after travelling through a length of 𝐿 in the fiber cable. 𝛽2 is the group velocity dispersion, which will be explained in depth later. Due to material dispersion, spectral components of a pulse which contain numbers of different frequencies travel at different speeds because they effectively experience different refractive indices due to dispersion. Some frequencies arrive before others, causing the pulse to become “chirped”, and overall the pulse width broadens, see Fig 1. One approach in modern fiber optic communications is to use dispersion compensation fiber [4], which are segments of fibers designed to have a 𝐷 parameter that has an opposite sign. In this case, the pulse experiences periodic broadening and compression as it propagates [1]. Temporal solitons can also be used to mitigate this problem, since it is possible to create a pulse that will not change its shape as it propagates through the fiber. This will be the focus of this project.
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Figure 1 a) Chirping in an anomalous dispersion medium, in which high frequencies travel faster, and in b) normal dispersion medium in which low frequencies travel faster. In both cases, the pulse is broadened. [3]



The second form of chromatic dispersion is waveguide dispersion, where a certain amount of light travels in the cladding layer instead of the core [4]. Dispersion occurs because light moves faster in the lower refractive index cladding than the higher index core. The degree of dispersion depends on the proportion of light that travels in the cladding relative to that travelling in the core [3]. However this will not be the focus of this project.
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Theory Nonlinear Effects In the case of silica, one can show that due to symmetry there are no 𝜒 (2) effects, so the lowest order nonlinear effects are those of 𝜒 (3) [3][7]. It can be shown that the refractive index in 𝜒 (3) material follow the equation [3][7][8], 𝑛(𝜔) = 𝑛0 (𝜔) + 𝑛2 (𝜔)𝐼 (2) The propagation of an electromagnetic field such as light through a dielectric waveguide such as a fiber can be described by using Maxwell’s Equations [3][9], 𝛁 ∙ 𝑫(𝒓, 𝑡) = 0 (3) 𝛁 ∙ 𝑩(𝒓, 𝑡) = 0 (4) 𝛁 × 𝑬(𝒓, 𝑡) +



𝜕𝑩(𝒓, 𝑡) =0 𝜕𝑡 (5)



𝛁 × 𝑯(𝒓, 𝑡) −



𝜕𝑫(𝒓, 𝑡) =0 𝜕𝑡 (6)



Where 𝑬(𝒓, 𝑡) is the electric field, 𝑯(𝒓, 𝑡) is the magnetic field, 𝑫(𝒓, 𝑡) and 𝑩(𝒓, 𝑡) are their corresponding flux densities vectors. 𝒓 and 𝑡 are the space and time coordinates. In an optical fiber, the 𝑫 and 𝑩 flux densities can be written as, 𝑫(𝒓, 𝑡) = 𝜖0 𝑬(𝒓, 𝑡) + 𝑷(𝒓, 𝑡) (7) 𝑩(𝒓, 𝑡) = 𝜇0 𝑯(𝒓, 𝑡) (8) 7



Where 𝜖0 and 𝜇0 are respectively the permittivity and permeability of free space, and 𝑷(𝒓, 𝑡) is the induced electric polarization in the medium. Taking the curl of Eq. (5), and using Eqs. (6), (7), and (8), one obtains the following equation,



𝛁 × 𝛁 × 𝑬(𝒓, 𝑡) +



1 𝜕 2 𝑬(𝒓, 𝑡) 𝜕 2 𝑷(𝒓, 𝑡) + 𝜇 =0 0 𝑐 2 𝜕𝑡 2 𝜕𝑡 2 (9)



Where 𝑐 =



1 √(𝜇0 𝜖0 )



is the speed of light in vacuum.



The induced polarization vector has both a linear component, and a nonlinear component [3]. 𝑷(𝒓, 𝑡) = 𝑷𝑳 (𝒓, 𝑡) + 𝑷𝑵𝑳 (𝒓, 𝑡) (10) Where 𝑡



𝑷𝑳 (𝒓, 𝑡) = 𝜖0 ∫ 𝜒 (1) (𝑡 − 𝑡 ′ )𝑬(𝒓, 𝑡 ′ ) 𝑑𝑡′ −∞



(11) Where 𝜒 (1) is the first order material electric susceptibility [3], and, 𝑡



𝑷𝑵𝑳 (𝒓, 𝑡) = 𝜖0 ∭ 𝜒 (3) (𝑡 − 𝑡1 , 𝑡 − 𝑡2 , 𝑡 − 𝑡3 ) ⋮ 𝑬(𝒓, 𝑡1 )𝑬(𝒓, 𝑡2 )𝑬(𝒓, 𝑡3 )𝑑𝑡1 𝑑𝑡2 𝑑𝑡3 −∞



(12) Where this is the general case of non-instantaneous, antistrophic medium, and 𝜒 (3) is a rank 4 tensor. (The polarization is a convolution of the electric field at previous times with the time-dependent electric susceptibility). Note that since optical fiber cores are made from silica glass which has molecular inversion symmetry, the second order susceptibility 𝜒 (2) vanishes [3][7]. Inserting Eq. (10) into Eq. (9), and using the vector identity, 8



𝛁 × 𝛁 × 𝑬 = 𝛁(𝛁 ∙ 𝑬) − 𝛁 2 𝑬 (13) And using the fact that there are no free charges, 𝛁∙𝑬 =0 (14) One obtains the following wave equation, 1 𝜕 2 𝑬(𝒓, 𝑡) 𝜕 2 𝑷𝑳 (𝒓, 𝑡) 𝜕 2 𝑷𝑵𝑳 (𝒓, 𝑡) 𝛁 𝑬(𝒓, 𝑡) − 2 − 𝜇0 − 𝜇0 =0 𝑐 𝜕𝑡 2 𝜕𝑡 2 𝜕𝑡 2 2



(15) If assuming that the nonlinear response of the third order susceptibility is an instantaneous process, then 𝜒 (3) can be written as a Dirac delta function as follows [2][3], 𝜒 (3) (𝑡 − 𝑡1 , 𝑡 − 𝑡2 , 𝑡 − 𝑡3 ) = 𝜒 (3) 𝛿(𝑡 − 𝑡1 )𝛿(𝑡 − 𝑡2 )𝛿(𝑡 − 𝑡3 ) (16) Note that in Eq. (12), the upper limit of the integral (for the convolution) can be extended to infinity, if one defines 𝜒 (𝑛) (∆𝑡) = 0 for ∆𝑡 < 0, and inserting Eq. (16) into here and using the sampling theorem, 𝑷𝑵𝑳 (𝒓, 𝑡) = 𝜖0 𝜒 (3) ⋮ 𝑬(𝒓, 𝑡)𝑬(𝒓, 𝑡)𝑬(𝒓, 𝑡) (17) By taking the Fourier Transform of the wave Eq. (15), and inserting the above Eq. (17), one obtains the Helmholtz Equation, ̃ (𝒓, 𝜔) + 𝑘02 𝑛̃(𝜔)2 𝑬 ̃ (𝒓, 𝜔) = 0 𝛁2𝑬 (18)
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̃ (𝒓, 𝜔) is the Fourier Transform of 𝑬(𝒓, 𝑡), and 𝑘0 = Where 𝑬



𝜔 𝑐



is the magnitude of the wave number,



and 𝑛̃(𝜔) is defined as, 𝑛̃(𝜔) = 𝑛0 (𝜔) + ∆𝑛 (19) Where [3] 1 𝑛0 (𝜔) = 1 + 𝑅𝑒{𝜒 (1) } 2 (20) Is the frequency dependent refractive index of the optical fiber from the linear response, and [3] ̃ (𝒓, 𝜔)|2 + 𝑖𝛼 + 𝑖𝛼2 |𝑬 ̃ (𝒓, 𝜔)|2 ∆𝑛 = 𝑛2 |𝑬 (21) Is the small perturbation due to nonlinear effects, where [3]



𝑛2 (𝜔) =



3 𝑅𝑒{𝜒 (3) } 8𝑛0 (22)



Is the intensity dependent refractive index, due to the nonlinear response of the susceptibility, and [3] 𝛼=



𝜔 𝐼𝑚{𝜒 (1) } 𝑛0 𝑐 (23)



Is the linear absorption, and [3]



𝛼2 =



3𝜔 𝐼𝑚{𝜒 (3) } 4𝑛0 𝑐 (24)



Is the two-photon absorption. For silica glass, 𝛼2 is very small and thus can be neglected [7]. 10



Temporal Solitons An electric field experiencing the optical Kerr effect propagating in an optical fiber in the 𝑧 direction, with phase constant 𝛽0 can be written as [3][9], 1 ��(𝒓, 𝑡) = 𝑥̂𝐹(𝑥, 𝑦)(𝑄0 𝑄(𝑧, 𝑡) exp(𝑖(𝛽0 𝑧 − 𝜔0 𝑡)) + 𝑐. 𝑐. ) 2 (25) Where 𝑥̂ is the polarization unit vector, 𝐹(𝑥, 𝑦) is the normalized transverse modal distribution (the shape of the field in the 𝑥𝑦 plane), and 𝑄(𝑧, 𝑡) is the slowly varying normalized envelope of the electric field in the time domain, and 𝑄0 is the maximum amplitude of the field. The total phase constant is thusly defined, 𝛽̃ (𝜔) = 𝑛̃(𝜔)𝑘0 = 𝛽0 + 𝛽𝐿 (𝜔) + 𝛽𝑁𝐿 = 𝛽(𝜔) + 𝛽𝑁𝐿 (26) Where 𝑛̃(𝜔) is the total refractive index, 𝛽0 is the linear non-dispersive phase constant, 𝛽𝐿 (𝜔) is the linear phase constant, and 𝛽(𝜔) is the combined linear phase constant. 𝛽𝑁𝐿 is the nonlinear phase constant. If the linear dispersive and nonlinear phase constants are thought of as small perturbations to the linear non-dispersive phase constant, then via a Taylor series expansion, the total phase constant can be written as,



𝛽̃ (𝜔) ≅ 𝛽0 + (𝜔 − 𝜔0 )𝛽1 +



(𝜔 − 𝜔0 )2 𝛽2 + 𝛽𝑁𝐿 2 (27)



𝛽𝑛 ≡



𝑑𝑛 𝛽(𝜔) | (𝜔 = 𝜔0 ) 𝑑𝜔 𝑛 (28)
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Where the Taylor expansion only kept up to second order, and this is acceptable as long as ∆𝜔 ≪ 𝜔 [3]. Several observations here: 𝛽1 and 𝛽2 are the Taylor components of the linear phase constants, and 𝛽1 =



𝑑𝛽(𝜔) 1 = 𝑑𝜔 𝑣𝑔 (29)



Is the inverse group velocity. And 𝛽2 is the group velocity dispersion parameter.



𝛽2 =



1 𝑑 (𝑣 ) 𝑔



𝑑𝜔



=−



1 𝑣𝑔2 (𝜔0 )



𝑑𝑣𝑔 | (𝜔 = 𝜔0 ) 𝑑𝜔 (30)



Also note that in a similar manner, 𝜔 can be expanded in a Taylor series, 𝜔 = 𝜔0 + 𝜔0 (𝜔 − 𝜔0 ) (31) While discarding the second-order and above terms in the regime of picosecond periods [3]. Taking the Fourier Transform of Eq. (25), noting that the time derivatives become products in frequency space, and inserting into Eq. (18) with 𝑛̃(𝜔)2 ≅ 𝑛0 (��)2 + 2𝑛0 (𝜔)∆𝑛, one obtains, 𝜕2𝐹 𝜕2𝐹 + + (𝛽̃ (𝜔)2 − 𝛽02 )𝐹 = 0 𝜕𝑥 2 𝜕𝑦 2 (32) 𝜕 2 𝑄̃ 𝜕𝑄̃ + 2𝑖𝛽0 + (𝛽̃ (𝜔)2 − 𝛽02 )𝑄̃ = 0 2 𝜕𝑧 𝜕𝑧 (33) 𝜕 2 𝑄̃ 𝜕𝑄̃ | 2 | ≪ |𝛽0 | ≪ |𝛽02 𝑄̃| 𝜕𝑧 𝜕𝑧 (34)
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The above approximation is called the slowly varying envelope approximation (SVEA), Eq. (33) becomes,



2𝑖𝛽0



𝜕𝑄̃ + (𝛽̃ (𝜔)2 − 𝛽02 )𝑄̃ = 0 𝜕𝑧 (35)



As for the transverse modal function, one may either leave it alone assuming that the function is already known, or one may average it using an effective core area [3][7], 2



∞



𝐴𝑒𝑓𝑓 =



(∬−∞|𝐹(𝑥, 𝑦)|2 𝑑𝑥𝑑𝑦) ∞



∬−∞|𝐹(𝑥, 𝑦)|4 𝑑𝑥𝑑𝑦 (36)



And the nonlinear phase constant can be determined from [3], ∞



𝛽𝑁𝐿 =



𝜔0 ∬−∞ ∆𝑛 |𝐹(𝑥, 𝑦)|2 𝑑𝑥𝑑𝑦 ∞



𝑐 ∬−∞|𝐹(𝑥, 𝑦)|2 𝑑𝑥𝑑𝑦 (37)



Another approximation can be made in Eq. (35), such that [3], 𝛽̃ (𝜔)2 − 𝛽02 = (𝛽̃ (𝜔) + 𝛽0 )(𝛽̃(𝜔) − 𝛽0 ) = 2𝛽0 (𝛽̃(𝜔) − 𝛽0 ) (38)



Implying that the linear non-dispersive part of the phase constant dominates,



̃ (𝜔) 𝛽 𝛽0



≈ 1. Substituting this



approximation back into Eq. (35),



𝑖



𝜕𝑄̃ + (𝛽̃ (𝜔) − 𝛽0 )𝑄̃ = 0 𝜕𝑧 (39)



Knowing that
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𝛽̃ (𝜔) − 𝛽0 = 𝛽(𝜔) − 𝛽0 + 𝛽𝑁𝐿 = (𝜔 − 𝜔0 )𝛽1 +



(𝜔 − 𝜔0 )2 𝛽2 + 𝛽𝑁𝐿 2 (40)



And thus using the Taylor series expansion from Eqs. (27) and (31), while using the frequency 𝜕𝑛



multiplication and time derivative duality (𝜔 − 𝜔0 )𝑛 ↔ 𝑖 𝑛 𝜕𝑡 𝑛 , and substituting the expression for 𝛽𝑁𝐿 and ∆𝑛, the resulting Fourier Transform becomes,



𝑖



𝜕𝑄 𝜕𝑄 𝛽2 𝜕 2 𝑄 𝛼 + 𝑖𝛽1 − + 𝛾|𝑄|2 𝑄 + 𝑖 𝑄 = 0 2 𝜕𝑧 𝜕𝑡 2 𝜕𝑡 2 (41)



Where [3]



𝛾=



𝑛2 𝜔0 |𝑄0 |2 𝑐𝐴𝑒𝑓𝑓 (42)



The first term in the Eq. (41) describes the change in the amplitude as a function of 𝑧, the second term involving 𝛽1 is the linear non-dispersive term related to the group velocity. The third term is the linear dispersive term causing group velocity dispersion, and the 𝛾 term is a nonlinear effect [3]. The 𝛼 term is an attenuation effect. One can study only the shape of the envelope function by creating a reference that moves with the field at the same velocity, using the substitutions [3][8], 𝑞(𝑧, 𝑇) ≡ 𝑄(𝑧, 𝑡) (43) 𝑇(𝑧) ≡ 𝑡 −



𝑧 = 𝑡 − 𝛽1 𝑧 𝑣𝑔 (44)



One can see that [8],
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𝜕𝑄 𝜕𝑞 𝜕𝑞 𝜕𝑇 𝜕𝑞 𝜕𝑞 = + = − 𝛽1 𝜕𝑧 𝜕𝑧 𝜕𝑇 𝜕𝑧 𝜕𝑧 𝜕𝑇 (45) 𝜕𝑛 𝑄 𝜕𝑛 𝑞 = 𝜕𝑡 𝑛 𝜕𝑇 𝑛 (46) Therefore, Eq. (41) becomes,



𝑖



𝜕𝑞(𝑧, 𝑇) 𝛽2 𝜕 2 𝑞(𝑧, 𝑇) 𝛼 − + 𝛾|𝑞(𝑧, 𝑇)|2 𝑞(𝑧, 𝑇) + 𝑖 𝑞(𝑧, 𝑇) = 0 2 𝜕𝑧 2 𝜕𝑡 2 (47)



If one further makes the assumption that linear absorption is negligible, removing the 𝛼 term, then the equation becomes the Nonlinear Schrodinger Equation (NLSE) [1][3],



𝑖



𝜕𝑞 𝛽2 𝜕 2 𝑞 − + 𝛾|𝑞|2 𝑞 = 0 𝜕𝑧 2 𝜕𝑡 2 (48)



One can conduct a final change of variables, the goal of which is to later make the duality between temporal and spatial solitons apparent [3][10],



𝐿𝑁𝐿 =



1 𝛾 (49)



𝐿𝐷 = −



𝑇02 𝛽2 (50)
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𝜏=



𝑇 𝑡 − 𝛽1 𝑧 = 𝑇0 𝑇0 (51) 𝜁=



𝑧 𝐿𝐷 (52)



𝑁2 =



𝐿𝐷 𝐿𝑁𝐿 (53)



Eq. (48) becomes,



𝑖



𝜕𝑞 1 𝜕 2 𝑞 ± + 𝑁 2 |𝑞|2 𝑞 = 0 𝜕𝜁 2 𝜕𝜏 2 (54)



Where 𝐿𝑁𝐿 is the extent at which nonlinear effects start to be apparent, and similarly 𝐿𝐷 is the extent at which linear dispersive effects become apparent [2]. 𝑁 is an integer representing the ratio between the linear and nonlinear extents, physically this means that for 𝑁 ≪ 1 (which means 𝐿𝐷 ≪ 𝐿𝑁𝐿 ) the nonlinear effects can be ignored because the system will be affected by the linear effects much sooner. 𝑁 ≫ 1 means that the nonlinear effects will be more evident than linear effects at the time scales of interest. For the special case of 𝑁 = 1, the nonlinear and linear effects balance out each other, and the field propagate through the fiber without changing shape, this is known as the (first order) soliton solution, and it takes the form [1][2][3], 𝜁 𝑞(𝜁, 𝜏) = sech 𝜏 exp (𝑖 ) 2 (55) To enforce the condition that 𝑁 = 1, a strict relationship between the amplitude of the field and the width of the pulse can be derived, 16



1 = 𝑁 = 𝑁2 =



𝐿𝐷 𝑇02 𝑛2 𝜔0 |𝑄0 |2 =− 𝐿𝑁𝐿 𝑐𝛽2 𝐴𝑒𝑓𝑓 (56)



|𝑄0 |2 = −



𝑐𝛽2 𝐴𝑒𝑓𝑓 𝑇02 𝑛2 𝜔0 (57)



As shown, once the amplitude or the pulse width is fixed, the other parameter must also become fixed. Solutions exist for Eq. (48) in which 𝑁 > 1, in this case the field is much more complicated and its shape is a periodic function in 𝑧 [1][2]. As the order (𝑁) of soliton increases, the period changes. For the case of 𝜋



𝑁 = 2, the period along 𝑧 at which the envelope shape oscillates is 𝜁 = 2 . For very high values of 𝑁, there does not exist any closed form solutions of the field, but their shape can still be written immediately following generation [2], 𝑞(𝜁, 𝜏 = 0) = 𝑁 sech 𝜏 (58)



Spatial Soliton The Nonlinear Schrodinger Equation can describe both the temporal and spatial solitons. In fact, spatial solitons are simply the dual of temporal solitons, with the variables in the equations taking on analogous parameters. Whereas for temporal solitons, the envelope is a function of 𝑧 and 𝑡 where the group velocity dispersion causes distortion as 𝑡 increases. Intuitively, for spatial solitons the envelope must be a function of 𝑧 and 𝑥 (one of the transverse directions), and diffraction (or spatial dispersion) causes distortion in the transverse directions. Starting from the Nonlinear Schrodinger Equation for temporal solitons, one can derive the twodimensional (propagation direction plus one of the transverse directions) spatial soliton equation,
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𝑖



𝜕𝑞 1 𝜕 2 𝑞 + + 𝑁 2 |𝑞|2 𝑞 = 0 𝜕𝜁 2 𝜕𝜉 2 (59)



Via the following dual parameters, 𝑞(𝜁, 𝜏) ↔ 𝑞(𝜁, 𝜉) (60) 𝜉=



𝑥 𝑋0 (61)



𝐿𝐷 =



𝑋02 𝜔0 𝑛0 𝑐 (62)



Where 𝜉 is the normalized transverse variable (similar to 𝜏 =



𝑇 𝑇0



is the normalized temporal variable),



and 𝐿𝐷 is the length at which linear dispersive effects (in this case, diffraction) will become apparent [2]. Note that the definition for 𝐿𝑁𝐿 , 𝜁, and 𝑁 remain the same as before because they represent respectively the nonlinear effect, propagation along 𝑧, and a ratio. Solutions of the above differential equation takes the form of, 𝜁 𝑞(𝜁, 𝜉) = sech 𝜉 exp (𝑖 ) 2 (63) To force the solution to be a (first order) soliton such that 𝑁 = 1, one obtains the following relationship between the amplitude of the field and the transverse pulse width,



1 = 𝑁 = 𝑁2 =



𝐿𝐷 𝑋02 𝜔0 𝑛0 𝑛2 𝜔0 |𝑄0 |2 𝑋02 𝑛0 𝑛2 𝜔02 |𝑄0 |2 = = 𝐿𝑁𝐿 𝑐 𝑐𝐴𝑒𝑓𝑓 𝑐 2 𝐴𝑒𝑓𝑓 (64) 18



|𝑄0 |2 =



𝑐 2 𝐴𝑒𝑓𝑓 𝑋02 𝑛0 𝑛2 𝜔02 (65)



Once again, the conclusion is that in these solitons, there is a well-defined shape of the field envelope, and a relationship between the pulse width 𝑋0 and field amplitude 𝑄0 .



Summary of Used Assumptions The optical field is assumed to be quasi-monochromatic, meaning that the pulse spectrum which is centered at the carrier frequency 𝜔0 , is assumed to have a bandwidth ∆𝜔, such that ∆𝜔 ≪ 𝜔. This is a good approximation for 𝜔0 ~1015 𝑟𝑎𝑑 with pulses as short as 0.1 𝑝𝑠. Another major assumption is that the envelope of the amplitude of the field is slowly varying (SVEA). The optical field is assumed to have a constant polarization along the length of the fiber so that vector notations were not used. This would require the use of polarization-maintaining fibers, but even in practice this remains a good approximation [3]. The nonlinear component of the material polarization 𝑃𝑁�� is treated as a perturbation of the linear polarization 𝑃𝐿 . This is a good approximation as the nonlinear changes in the refractive index are generally less than 10−6 in practice [3]. The Taylor expansions of 𝛽 and 𝜒 (3) were truncated at second and zeroth orders, respectively. 𝛽0 is simply the phase constant (the real part of the angular wave number, or the imaginary part of the propagation constant) and it is important. 𝛽1 is related to the group velocity of the pulse, 𝛽2 is related to the group velocity dispersion, so they are also important. The effect of higher order terms are not apparent unless the second order term is zero [3]. Also since a soliton works by balancing dispersion 𝛽2 with the zeroths nonlinearity 𝛾, the effects of higher orders of 𝜒 (3) are not visible unless pulse durations are very small [3].
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Comparison of Temporal and Spatial Solitons In the case of temporal solitons, the linear dispersive term represents group velocity dispersion, and it can be either positive or negative corresponding to broadening or compression, therefore when generating solitons the nonlinear term 𝑛2 can also be positive or negative, as long as they have the opposite signs [1]. For example, 𝛽2 < 0 for anomalous dispersion regions (which gives a positive GVD parameter), and 𝛽2 > 0 for normal dispersion (negative GVD) [1][4]. On the other hand for spatial solitons, the linear dispersive term represents diffraction, which is a nonreversible process that always tends to broaden a collimated beam [1]. Therefore in spatial solitons the nonlinear effect term has a fixed sign [1]. In modern fiber optic telecommunications, the type of soliton that is employed is temporal solitons [3]. Since the main issue with high bandwidth transmission is group velocity dispersion, not spatial confinement. Since an optical field inside a fiber cable is already spatially confined. Although theoretically further increasing spatial confinement may decrease waveguide dispersion.



Dark Solitons So far the solutions to the Nonlinear Schrodinger Equations discussed belong to a class of solitons called bright solitons [1][10]. There is another type of solitons called dark solitons [1][10]. In the previous case of bright solitons for both the temporal and spatial types, the linear dispersive term 𝛽2 , which respectively represents temporal dispersion and spatial dispersion, had always been negative. 𝛽2 < 0 (66) Recall that in the case of temporal solitons, only anomalous dispersion (𝛽2 < 0) was considered, and in the case of spatial solitons the “diffraction term” is always negative. In both cases, the nonlinear term 𝛾 is forced to be positive, and the normalized Nonlinear Schrodinger Equation takes the form,
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𝑖



𝜕𝑞 1 𝜕 2 𝑞 + + 𝑁 2 |𝑞|2 𝑞 = 0 𝜕𝜁 2 𝜕𝑠 2 (67)



Where the second term is always positive (− − |𝛽2 | → +|𝛽2 |), and 𝑠 represents either 𝜏 for temporal soliton, or 𝜉 for spatial soliton. If one consider cases of positive dispersion terms, such that, 𝛽2 > 0 (68) Then the normalized Nonlinear Schrodinger Equation takes the form [1][10],



𝑖



𝜕𝑞 1 𝜕 2 𝑞 − + 𝑁 2 |𝑞|2 𝑞 = 0 𝜕𝜁 2 𝜕𝑠 2 (69)



The solution of the above equation yields the so called “dark solitons” [1][10], 𝑞𝑑 (𝜁, 𝑠) = (𝜂 tanh(𝜂(𝑠 − 𝜅𝜁)) − 𝑖𝜅) exp(𝑖𝑞02 𝜁) (70) 𝜂 = 𝑞0 cos(𝜙) (71) 𝜅 = 𝑞0 sin(𝜙) (72) Where 𝑠 is either 𝜏 or 𝜉, and 𝑞0 is the amplitude of the continuous-wave (CW) background field, 𝜙 is the 𝜋 2



internal phase angle in the range of 0 < 𝜙 < . For dark solitons, one can make a distinction between “black solitons”, and “grey solitons” [1][10]. Black solitons occur when 𝜙 = 0, and its amplitude dips down to zero intensity at the middle of the pulse.
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Grey solitons occur when 𝜙 ≠ 0 and its amplitude does not drop all the way down to zero. For the case of 𝜙 = 0 (black soliton), Eq. (70) simplifies to, 𝑞𝑑 (𝜁, 𝑠) = 𝑞0 tanh(𝑞0 𝑠) exp(𝑖𝑞02 𝜁) (73) One important difference between bright and dark solitons is that the velocity of a dark soliton depends on its amplitude 𝜂 through the internal phase angle 𝜙 [10]. Another difference between bright and dark solitons is that bright solitons have a constant phase, whereas the phase of a dark soliton changes across its width [10]. Figure 2 shows the intensity and phase profiles of dark solitons with various values of 𝜙. Note that for the case of a black soliton, the phase shift of 𝜋 occurs at the center of the pulse, whereas for grey solitons, the phase shifts by an amount equal to 𝜋 − 2𝜙.



Figure 2. (a) Intensity and (b) phase profiles of dark solitons for several values of 𝜙. [10]
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Simulation Results Leos Bohac studied the propagation of temporal solitons in optical fibers, using the fiber optics simulation software Optsim from ARTIS [11]. The software solved the Nonlinear Schrodinger Equation for temporal solitons numerically, using split-step Fourier method. The simulator scheme is shown in the figure below.



Figure 3. The schematic diagram of simulation of soliton propagation in a dispersive optical fiber. [11] A signal generator numerically generates a sequence of sech(𝜏) pulses. The pulse width was 𝑇0 = 10 𝑝𝑠, and the period was set to 400 𝑝𝑠. The fiber is a standard single mode fiber with length of 100 𝑘𝑚. The required peak power can be calculated from the 𝑁 = 1 soliton condition, and writing it in the form,



23



𝑃0 = |𝑄0 |2 =



|𝛽2 | 𝑇02 𝛾 (74)



Where the linear dispersion is explicitly taken as positive GVD (negative 𝛽2 value). After substituting the values into the above equation, 𝑇0 = 10 𝑝𝑠, 𝛽2 = −20



𝑝𝑠2 , 𝑘𝑚



and 𝛾 = 1.2𝑊 −1 𝑘𝑚−1 , yielding a peak



power of 𝑃0 = 166 𝑚𝑊. Therefore, if a sech(𝜏) pulse with this peak power is sent over the fiber, one would have a first order soliton whose shape is unchanged after propagation. To verify, another pulse whose peak power is 𝑃0 = 100 𝑚𝑊 is also sent over the fiber, and theory predicts that this pulse would not form a soliton and therefore will distort as it propagates. The input and output from the optical simulator is shown in Figure 4.



Figure 4. The two pulses on the right are the input pulses with 𝑃0 = 166 𝑚𝑊 and 𝑃0 = 100 𝑚𝑊. The two pulses on the left are the output pulses after the input pulses have propagate 100 𝑘𝑚 through the optical fiber. [11]
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As shown, the output pulse of the 100 𝑚𝑊 input underwent broadening due to chromatic dispersion as it travelled through the length of the fiber, this is because the input power requirement was not met. On the other hand, the 166 𝑚𝑊 pulse had the correct power requirement, and it did not change in shape as it propagated through the fiber, because the nonlinear effects balanced out the linear dispersive effects.



Stability and Initial Conditions An interesting effect was discovered that the 166 𝑚𝑊 actually increased in amplitude slightly after travelling through the fiber [11]. It was concluded that this was a temporal phenomenon. An input that closely (but not exactly) matches the soliton condition actually undergoes self-amplitude oscillation in time, until the exact correct amplitude is reached. This means that the pulse inputs do not have to be exactly of the correct shape and amplitude-width ratio to become a soliton [2][8][11]. This is good because in a practical situation, one will rarely able to construct an exact pulse form sech(𝜏) required such that the pulse will possess soliton properties from the beginning. One may consider the deviations from the exact required pulse form as slight perturbations, which will be “shed off” as the pulse propagates to become a soliton [2][8][11]. In fact, the soliton forming process accepts a broad range of initial pulse shapes, as long as the initial pulse intensity is not off by too much (0.5 < 𝑁 < 1.5) [2]. In other words, soliton formation has a large “acceptance angle” [1]. As an example, when the input pulse is a Gaussian, it gradually changes into the final sech(𝜏) shape, see Figure 5.
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Figure 5. Evolution of a Gaussian pulse with 𝑁 = 1. The pulse gradually changes into the fundamental soliton shape, width, and amplitude. [10]



As a final example, in Figure 6, when the input pulse is of the correct sech(𝜏) shape, but with a 20% higher peak amplitude than the requirement, the pulse slightly oscillates in amplitude during propagation but finally reaches the fundamental soliton solution.



Figure 6. Pulse evolution with a sech(𝜏) pulse with 𝑁 = 1.2. The pulse gradually evolves into the fundamental soliton of 𝑁 = 1 by changing its width and peak power. [10] 26



Implementations Solitons have the inherent stability to make long distance transmission possible without the use of repeaters or dispersion compensation fibers, because they are able to maintain their shape even in the presence of fiber chromatic dispersions [3]. The actual generation and encoding of information into optical solitons for use in fiber optic communications is rather complicated and requires thorough treatments of digital communications and laser optics, and therefore this topic will only be briefly presented in this project.



Information Encoding There are generally two modulation formats for a digital bit stream, Non Return to Zero (NRZ) and Return to Zero (RZ) [10]. NRZ is commonly used because it uses about 50% less bandwidth to encode the same information [10]. However, for solitons only RZ format can be used because the pulse width must be a small fraction of the bit slot so that neighboring pulses are well separated [10]. The soliton equation derived earlier is only valid when the pulse occupies the entire time window (−∞ < 𝜏 < ∞) since it is a sech(𝜏) shape, however it remains approximately valid for a train of solitons as long as individual pulses are well separated. The bit-rate is therefore,



𝐵=



1 1 = 𝑇𝐵 2𝑞0 𝑇0 (75)



Where 𝑇𝐵 is the total duration of each bit, and 2𝑞0 =



𝑇𝐵 𝑇0



neighboring pulses. See Figure 7 for a soliton bit stream.
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is the normalized separation between



Figure 7. Soliton bit stream in RZ format. Each soliton occupies a small fraction of the bit slot. [10] The input pulse power (at 𝜁 = 0) can be written as, 𝑇 𝑃(𝑇) = 𝑃0 𝑞(0, 𝑇)2 = 𝑃0 sech2 ( ) 𝑇0 (76) Where the required peak power 𝑃0 was previously determined, and relates to the width via,



𝑃0 =



|𝛽2 |𝑐𝐴𝑒𝑓𝑓 𝑇02 (𝑛2 𝜔0 ) (77)



The FWHM of the soliton is given as [10], 𝑇𝑠 = 2𝑇0 ln(1 + √2) ≅ 1.763𝑇0 (78) The pulse energy of the soliton is obtained by integrating the pulse power over all time, ∞



𝐸𝑠 = ∫ 𝑃(𝑇)𝑑𝑇 = 2𝑃0 𝑇0 −∞



(79) Assuming that the signal contains approximated equal amount of 1 and 0 bits, the average power is given as,
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𝐵 𝑃0 𝑃̅𝑆 = 𝐸𝑠 ( ) = 2 2𝑞0 (80) As an example, for a 10



𝐺𝑏 𝑠



soliton system, using 𝑞0 = 5, the pulse width becomes 𝑇0 = 10 𝑝𝑠, and 𝑇𝑠 =



17.6 𝑝𝑠. For a typical fiber with dispersion of 𝛽2 = −1



𝑝𝑠2 𝑘𝑚



and nonlinear parameter of 𝛾 = 2 𝑊 −1 𝑘𝑚−1 ,



one obtains the required peak input power of 𝑃0 = 5 𝑚𝑊. This corresponds to a pulse energy of 𝐸𝑠 = 0.1 𝑝𝐽, and average pulse power of 𝑃̅𝑆 = 0.5 𝑚𝑊.



Soliton Interaction An important design parameter for soliton based transmission is the pulse width (FWHM) 𝑇𝑠 , where 𝑇𝑠 ≪ 𝑇𝐵 . In order to increase the bit-rate, one would ideally pack the solitons as tightly as possible. However this is often not possible since the combined presence of several solitons in close proximity is no longer a solution to the Nonlinear Schrodinger Equation [10]. This is known as the soliton interaction, and it has been extensively studied [10]. One can see the basic idea of soliton interactions by solving the NLSE numerically with two input soliton amplitudes (a pair of solitons), such that at 𝜁 = 0 the solution is [10][12], 𝑞(𝑜, 𝜏) = sech(𝜏 − 𝑞0 ) + 𝑟 sech(𝑟(𝜏 + 𝑞0 )) exp(𝑖𝜃) (81) Where 𝑟 is the relative amplitude between the two solitons, 𝜃 is the relative phase, and 2𝑞0 is the normalized initial separation. The numerical results in Figure 8 shows the evolution of the soliton pair as a function of 𝑟 and 𝜃. In the case of equal amplitude and zero phase, 𝑟 = 1 and 𝜃 = 0, the solitons are attracted to each other, and they periodically collide along 𝜁. For the cases of 𝜃 ≠ 0, the solitons initially attract, and then repel each other. This kind of effect is detrimental to a fiber optic communication system, in that it would lead to jitters in the arrival time of each pulse, because the spacing between
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these soliton pulses depends on their relative phase, which are random [10]. One way to counteract this effect is to increase the initial spacing between the pulses 𝑞0 , since the strength of the interaction depends on 𝑞0 [10][12].



Figure 8. Evolution of a soliton pair over a distance of 90 dispersion lengths, showing the strong dependence of soliton interactions on 𝑟 and 𝜃. The initial separation is kept at 𝑞0 = 3.5. [10]



The exact mechanism of this dependence on 𝑞0 can be shown analytically using the inverse scattering method [12][13][14]. Perturbation theory can be used to describe the soliton separation as a function of propagation distance 𝑞𝑠 (𝜁) for the case of 𝑞0 ≫ 1, 𝑟 = 1, and 𝜃 = 0 [12], 2 exp(2(𝑞𝑠 − 𝑞0 )) = 1 + cos(4𝜁 𝑒𝑥𝑝(−𝑞0 )) (82) Which shows that 𝑞𝑠 (𝜁) oscillates periodically in 𝜁 with a period of,
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𝜁𝑝 =



𝜋 exp(𝑞0 ) 2 (83)



For arbitrary values of 𝑞0 , the following expression can be used, and is more accurate [14],



𝜁𝑝 =



𝜋 sinh(2𝑞0 ) cosh(𝑞0 ) 2𝑞0 + sinh(2𝑞0 ) (84)



If the total transmission distance is much smaller than the product of linear dispersion extent and separation period, then the oscillatory nature of the pulses can be neglected since the pulses do not deviate much on this scale, 𝐿 𝑇 ≪ 𝜁𝑝 𝐿𝐷 (85)



𝐿𝑇 ≪



(2𝐵𝑞0 )−2 𝜋 𝑇02 𝜋 exp(𝑞0 ) = exp(𝑞0 ) |𝛽2 | |𝛽2 | 2 2 (86)



𝐵2 𝐿 𝑇 ≪



𝜋 exp(𝑞0 ) 8𝑞02 |𝛽2 | (87)



𝑝𝑠2



For example, if 𝛽2 = −1 𝑘𝑚 , and initial separation is 𝑞0 = 6, then the bit-rate distance product must be 𝑇𝑏 2 𝑠



𝐵2 𝐿 𝑇 ≪ 4.4 ( ) 𝑘𝑚 in order to minimize soliton interactions. Therefore choosing a required transmission distance 𝐿 𝑇 places a limit on the maximum bit-rate 𝐵, which then can be used to find the duration of bit slot 𝑇𝐵 . There are several other implementation considerations for soliton systems, such as ensuring the input pulse not only have a sech(𝜏) shape but also be chirp-free, because the presence of an initial chirp
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disturbs the balance of the GVD and soliton SPM [10]. The choice of a transmitting laser is also important, the laser must be able to produce picosecond pulses at high frequency with a sech(𝜏) profile [10]. The laser also must work in the region near 1.55 𝜇𝑚 where Erbium Doped Fiber Amplifiers (EDFAs) can be used and fiber losses are lowest [10]. These details will not be discussed here due to length constraints of this project.



Challenges – Power Loss As shown previously, in order to create solitons, one would need to have a pulse of the right peak power when it is generated. Solitons then use the nonlinear phenomenon of self-phase modulation (SPM) to maintain their shape (or a periodic variation of their shape) as it propagates even in the presence of chromatic dispersion. However, this condition only holds true if there were no losses in the medium [10]. In reality, any medium will introduce loss. Intuitively, one can reason that a reduction in the pulse peak power weakens the SPM effect necessary to balance the GVD effect, and therefore the pulse broadens as it propagates. Mathematically this can be proved as follows. Using the Nonlinear Schrodinger Equation with the linear loss term (Eq. (47)), and following through the usual change of variables, one obtains, 𝜕𝑞 1 𝜕 2 𝑞 𝛼 2 |𝑞| 𝑖 ± + 𝑞 + 𝑖 =0 𝜕𝜁 2 𝜕𝜏 2 2 (88) Where 𝛼 = 𝛤𝐿𝐷 is the loss over one dispersion length. If 𝛼 ≪ 1 then this term can be treated as a small perturbation to the NLSE [10]. Using perturbation theory, one obtains the following result (assuming 𝑁 = 1 and anomalous dispersion) [10],



𝑞(𝜁, 𝜏) ≅ exp(−𝛼𝜁) sech(𝜏 exp(−𝛼𝜁)) exp(𝑖



1 − exp(−2𝛼𝜁) ) 4𝛼 (89)
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The width of the sech(𝜏) is no longer 𝑇0 , but instead becomes a function of 𝜁, 𝑇1 (𝜁) = 𝑇0 exp(𝛼𝜁) = 𝑇0 exp(𝛤𝑧) (90) This equation shows that the soliton width increases exponentially as a function of 𝜁 due to fiber losses. It can also be derived more intuitively using the fundamental soliton condition between the peak amplitude and pulse width. The peak amplitude without loss is, |𝑄0 |2 =



𝑐|𝛽2 | 𝑇02 𝑛2 𝜔0 (91)



If one introduces loss such that the amplitude decreases exponentially as a function 𝜁, |𝑄𝑜 (𝜁)|2 = |Q 0 |2 exp(−2𝛼𝜁) (92) Then the pulse width will increase by the same exponential factor in order to preserve the above equality, and therefore, 𝑇1 (𝜁) = 𝑇0 exp(𝛼𝜁) (93) The pulse width increases exponentially to balance the loss. This pulse broadening condition holds true only for small perturbations such that 𝛼𝜁 ≪ 1. If the loss becomes significant, the soliton will degrade to a point at which it is no longer a soliton, and then one cannot use the equations here to describe it [2][10]. Figure 9 shows the broadening of a first order soliton due to losses (using the perturbation calculations as well as exact numerical solutions), and the broadening in the absence of nonlinear effects (linear dispersion).
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Figure 9. Broadening in fundamental soliton due to lossy fiber with 𝛼 = 0.07. “Exact” shows numerical results. “Perturbation” shows perturbative results. “Linear” shows the expected behavior without any nonlinear effects. [10]



An interesting observation is that soliton broadening due to lossy fiber is much less than pulse broadening just due to linear dispersion. Thus the nonlinear SPM effect is beneficial even when the solitons cannot be maintained perfectly due to losses [10]. In modern lightwave systems, there are no electronic repeaters. Therefore soliton fiber losses can be a serious problem for long-haul transmissions [10]. To overcome this problem, optical amplifiers should be placed periodically along the length of the fiber, and this is known as fiber loss compensation. There are generally two types of amplifications configurations, either lumped or distributed amplification [10][15][16]. Figure 10 shows the two configurations.
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Figure 10. (a) Lumped and (b) distributed amplification configurations for loss compensation. [10]



Experimental Progress In 1973, Akira Hasegawa and Fred Tappert of Bell Labs first suggested that optical solitons could be used in fiber optic communications to reduce anomalous dispersion via the SPM effect [17][18]. In the same year, Robin Bullough made the first mathematical proof on the existence of optical solitons, and proposed the idea of a soliton based transmission system [2]. An experiment in 1985 demonstrated that fiber losses can be compensated over 10 𝑘𝑚 using Raman gain while maintaining the soliton shape [10]. Two lasers were used in the experiment, one at 1.56 𝜇𝑚 which produced 10 𝑝𝑠 soliton pulses, and the other was at 1.46 𝜇𝑚 and acted as a pump for amplifying the soliton pulses. In the absence of Raman gain, the soliton broadened by about 50% over a distance 𝑑𝐵



of 10 𝑘𝑚 due to a loss of 𝛼 = 0.18 𝑘𝑚. When the pump power was set to 125 𝑚𝑊, the 1.8 𝑑𝐵 Raman gain compensated for the losses, and the output pulse shape was almost identical to the input pulse. A similar experiment done by Linn Mollenauer in 1988 showed that solitons can be transmitted over a distance of 4000 𝑘𝑚 using the Raman amplification scheme [10][19]. The experiment used a 42 𝑘𝑚 fiber loop, allowing a 55 𝑝𝑠 pulse width soliton to circulate the loop 96 times. During each loop, the 35



fiber loss was compensated for using a color center pump laser at 1.46 𝜇𝑚. The soliton’s pulse width was monitored after each loop, and it was noted that there was no significant increase until after about 96 loops. This experiment first showed that solitons can be used for transoceanic fiber communication. However, at the time it was impractical to obtain a small sized semiconductor laser that can output 500 𝑚𝑊 of CW at 1.46 𝜇𝑚 [10]. Around 1989 EDFA emerged as a simple method for loss management in soliton fiber systems [10]. There are generally two types of experiments utilizing EDFA for soliton loss management, one type uses a linear fiber link, and the other type uses recirculating loops of fiber [10]. The linear fiber link setup more closely resembles an actual fiber optic communication system. Figure 11 shows a general schematic diagram of such a setup.



Figure 11. Linear fiber link EDFA loss management experiment setup. [10] Several 1990 experiments showed fiber transmission over a distance of ~100 𝑘𝑚 at bit-rates up to 5



𝐺𝑏 𝑠



[10]. In the above diagram, Gain switched lasers generate input pulses. The optical filter is used to reduce frequency chirp. Two EDFAs are placed after the LiNbO3 modulator to boost the soliton power to match fundamental soliton requirement. The resulting bit streams of solitons are transmitted over 36



several sections of fibers, and after section an EDFA is used to compensate for the loss. In a 1991 experiment, solitons were transmitted over a distance of 1000 𝑘𝑚 at 10



𝐺𝑏 𝑠



[10]. The amplifier spacing is



generally chosen to be in the range of 25 − 40 𝑘𝑚. Many soliton transmission experiments have used the recirculating fiber loop setup as well, due to cost considerations [10]. Figure 12 shows a general schematic diagram of such a setup.



Figure 12. Recirculating fiber loop EDFA loss management experiment setup. [10] A bit stream of solitons is injected into the loop, and forced to recirculate it many times using an optical switch. The signal is sampled after each loop to ensure the soliton’s width has not broadened. In a 1991 Bell Labs experiment, solitons were transmitted error-free over a distance of 14000 𝑘𝑚 at a bit-rate of 2.5



𝐺𝑏 , 𝑠



by using a 75 𝑘𝑚 fiber loop with three EDFAs each 25 𝑘𝑚 apart [2][10]. The bit-rate distance



product was mainly limited by the timing jitter of the EDFAs, where the amplifiers degrades the signal to noise ratio (SNR) and shifts the positions of the solitons randomly [10]. In 1998, Thierry Georges at France Telecom demonstrated a data transmission of 1



𝑇𝑏 𝑠



using WDM with optical solitons [2].



Many other schemes have been used for loss compensation in soliton transmission, including the revival of Raman amplification in 1999 [10]. This was made possible due to advances in semiconductor laser technologies. 37



Conclusion Dispersion refers to the phenomenon that the group velocity of an optical field propagating in a medium changes as a function of its frequency. This change is due to a frequency dependence of the refractive index of the material, and it is one of the limiting factors for modern high speed long range fiber optic communications, in which a light pulse (which has a finite spectral bandwidth) undergoes chromatic dispersion as it propagates. The higher frequency and lower frequency contents of the pulse travel at different speed and the pulse broadens as it propagates. An optical soliton is an optical pulse that is able to counteract the effect of dispersion via an intensity dependent 𝜒 (3) nonlinear effect called self-phase modulation (or the optical Kerr effect). In the case of temporal solitons, the nonlinear effect balances the chromatic dispersion, and for spatial solitons, the nonlinear effect balances diffraction. In both cases, starting from the nonlinear polarization and the wave equation one obtains the Nonlinear Schrodinger Equation. The solutions to the NLSE describe various types of solitons. The general solution takes the form of a sech(𝜏) pulse, whose amplitude has a fixed relationship with its width. In the case of anomalous dispersion and spatial diffraction (where the linear dispersive term is negative), the solutions are so called “bright solitons”. In the case of normal dispersion (where the dispersive term is positive), the solutions are “dark solitons”, which have some unique properties. In all cases, a soliton’s initial amplitude, width, and shape do not have to be exactly the same as the theoretical results, but they have to be close. A soliton is self-adjusting, and it will gradually adjust its shape to match a fundamental soliton. Temporal solitons are desirable in modern fiber optic communication systems because they counteract the effects of chromatic dispersion so that the optical pulses do not change shape as they propagate through a length of fiber. The soliton equations derived show that true solitons can only exist over the entire time axis since it is a 𝑠𝑒𝑐ℎ pulse. However, an approximation can be made if a pulse train of 38



solitons are well separated. This condition forms a relationship between the bit-rate and the soliton pulse duration, and therefore the required soliton pulse power and energy. When two soliton pulses are close together, they interact in various ways, such as attraction, collision, or repulsion. This introduces jitters in the arrival time of each pulse and is a detrimental effect. In order to prevent such effects from occurring, the bit-rate, transmission distance, linear dispersion, and initial soliton pulse separation must form a fixed relationship. Finally, solitons propagating in a real fiber suffers from power losses. Since a soliton’s power is intrinsically related to its pulse width, as the power decreases exponentially the width increases exponentially. This broadening is undesirable but its effect is usually not as severe as broadening due to group velocity dispersion. In modern long-haul systems, EDFAs or other optical amplifiers are placed periodically along segments of fibers to compensate for fiber losses. Since the 1980s, there have been numerous experiments concerning the use of solitons in fiber optic communications. The earlier experiments used Raman amplification to overcome the effects of fiber loss, and since the advent of EDFAs they became the mainstay in lightwave systems for loss compensation. Of note, in a 1991 experiment, a Bell Labs research team transmitted solitons error-free over a distance of 14000 𝑘𝑚 at 2.5



𝐺𝑏 , 𝑠



using EDFA as the optical amplifier. In this experiment the bit-



rate distance product became EDFA timing jitter limited as the EDFAs shifted the timing of the pulses randomly. In recent times, there has been a revival of Raman amplification methods for soliton (and nonsoliton) systems, due to advances in semiconductor laser technologies.
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