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Abstract

:

Featured Application


In this paper, the basic concepts of fiber modes, the principle of generation and detection of orbital angular momentum (OAM) modes are exhaustive discussed, and the recent advances of OAM generation in fiber systems are reviewed, which are expected to make a contribution to space-division multiplexing optical fiber transmission systems, atom manipulation, microscopy, and so on.




Abstract


Orbital angular momentum (OAM) beams, characterized by the helical phase wavefront, have received significant interest in various areas of study. There are many methods to generate OAM beams, which can be roughly divided into two types: spatial methods and fiber methods. As a natural shaper of OAM beams, the fibers exhibit unique merits, namely, miniaturization and a low insertion loss. In this paper, we review the recent advances in fiber OAM mode generation systems, in both the interior and exterior of the beams. We introduce the basic concepts of fiber modes and the generation and detection theories of OAM modes. In addition, fiber systems based on different nuclear devices are introduced, including the long-period fiber grating, the mode-selective coupler, microstructural optical fiber, and the photonic lantern. Finally, the key challenges and prospects for fiber OAM mode systems are discussed.
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1. Introduction


Since Allen first demonstrated the orbital angular momentum (OAM) of light as an independent dimension in 1992 [1], beams carrying OAM have attracted increasing interest in various fields. OAM beams are characterized by the phase singularity and helical wavefront. Due to the helical wavefront, the propagating direction (or wavevector) is variant with the azimuthal angle, which is also helical relative to the optical axis. The helical degree is described by so-called “topological charge (TC)”. OAM beams with different TC can be regarded as several independent dimensions carrying information. These properties make OAM beams different from conventional plane light waves and many unique applications in terms of atom manipulation [2,3,4], nanoscale microscopy [5], optical tweezers [6,7,8], optical communication [9,10,11,12,13], and data storage [14,15] have been realized.



There are many methods used to generate OAM beams. Such methods can be roughly divided into two categories, spatial and fiber generating methods. Spatial methods are generally assisted by spatial light modulators [16], spiral phase plates [17,18], diffractive phase holograms [19,20,21,22], metamaterials [23,24,25,26], cylindrical lens pairs [27], q-plates [28,29], photonics integrated circuits including micro-ring resonators [30], among other devices, as shown in Figure 1. Each spatial method has its own advantages and disadvantages. However, there are two common defections for them, i.e., the high insertion loss and the large volume. Because there exists interface with high refractive index differences in these methods, the conversion processes from incident beams to OAM beams are not modest, thereby leading to a relatively high insertion loss. Meanwhile, the volumes of spatial devices are usually large. This indicates that miniaturization and integration of the space systems is challenging.



Compared with spatial generating methods, fiber generating methods have shown their certain advantages. A converter applied in fiber methods can be fiber gratings [31,32,33,34,35,36,37,38,39,40,41,42,43,44], mode selective couplers [45,46,47,48], and microstructure optical fibers [49,50,51] and photonic lanterns [52,53]. As a cylindrical waveguide, fiber is a natural beam shaper for OAM beams. Incident beams of any shapes will be converted into the eigenmodes with cylindrical symmetry under the restriction of fiber. Since the conversion process is more modest than that in spatial generating methods, the energy efficiency is higher in fiber generating methods. Moreover, all the devices in fiber generating methods are smaller, which greatly facilitates miniaturization.



This paper highlights recent advances in fiber OAM generation systems. We start by introducing three types of fiber modes in Section 2, i.e., cylindrical vector (CV), linearly polarized (LP), and OAM modes. Following this, Section 3 briefly describes the basic concepts and theories of OAM beam generation and detection. In Section 4, the recent advances in fiber OAM generation systems are given. A brief discussion of this research and further expectations are presented in Section 5.




2. Three Types of Fiber Mode


2.1. Cylindrical Vector Modes


Cylindrical vector (CV) modes, whose polarization varies based on the spatial location, show many unique properties and applications compared with the conditional plane light waves. As the eigenmodes in fiber, any mode field in fiber can be regarded as the superposition of CV modes, with different amplitudes and phase differences. CV modes are divided into different azimuthal orders. Each azimuthal order mode is composed of two or four degenerated modes, whose propagation constants are almost the same. For general step index fibers, the zeroth azimuthal order mode, which is only composed of two degenerated modes, namely, HE1,meven and HE1,modd mode. The first order mode is composed of TM0,m, TE0,m, HE2,meven, and HE2,modd mode. The lth (l > 1) order mode is composed of EHl−1,meven, EHl−1,modd, HEl+1,meven, and HEl+1,modd. Here, m is the radial order, denoting the number of noaxial radial nodes of the mode. In general, researches are simply conducted on the properties of radial order m = 1. We use the default m = 1 in this paper unless indicated. Figure 2a,b give the propagating properties and time average intensity pattern of two typical CV modes, TE01 and TM01. As shown in Figure 2a,b, the polarization state of each point is linearly polarized, and the polarized direction of each point is related to the spatial angle. In the center of CV mode, there is a so-called “polarized singularity”, where the intensity vanishes in the area. This is because the radial distribution is defined by the cylindrical function with higher azimuthal order (l > 0), such as the Bessel function, Laguerre Gaussian (LG) function, and Hermite-Gaussian (HG) with non-zeroth orders. These functions with non-zeroth orders are zero at the center point. The last column are the time average patterns during an integer-number period. Because the response frequency of a detective device is much slower than the frequency of light, what we detect using the detective devices are the time average intensity patterns during countless periods of light, which is close to the integer-period time average patterns. The integer-period time average intensity patterns of CV modes are doughnut shaped for a higher azimuthal order mode (and biscuit shaped for zeroth order mode).




2.2. Linearly Polarized Modes


Linearly polarized (LP) modes are another group of fiber mode base. Their polarization states are also linearly polarized, but the polarized directions are the same, invariant with the spatial angle. However, the polarized amplitude at each point changes periodically with the spatial angle. If considering the radial field distribution simultaneously, the intensity patterns of LP modes are 2l lobes, where l is the azimuthal order, as mentioned for CV modes. LP modes are not the eigenmodes in fiber unless the four degenerated modes are strictly degenerated. However, on the end facet of fiber, the field can still be expressed in LP mode bases because there is no restriction of cylindrical waveguide outside the fiber. Any lth order electric field in fiber can also be decomposed into four LP mode bases with different complex amplitudes. Figure 2c,d show the propagating properties and time average intensity patterns of two typical LP modes LP11even and LP11odd, where x^ denotes the linear polarization along the x-axis and LPl,meven and LPl,modd represent the two LP modes with complementary intensity patterns. Here x^ can be replaced by other linearly polarized symbols when the observed coordinates change.




2.3. Orbital Angular Momentum Modes


OAM modes, are also one of the groups of fiber-based modes. Unlike the conventional plane light wave, OAM modes are characterized by a helical phase front e±ilξ [1], where ± l is the TC and ξ is the azimuthal angle related to the optic axis. In addition, l can take the integer numbers from zero to +∞. It should be noted that l is the same as the azimuthal order of CV modes. For different points on the beam cross-section with the same radius, the polarization states are the same, but with different phases. This indicates the helical phase front of OAM modes. Figure 2e,f show the propagating properties and time average intensity patterns of two typical OAM modes σ^−OAM+1 and x^OAM+1. Taking σ^−OAM+1 as an example, as indicated in Figure 2e, electric vectors at each point with the same radius on the beam cross section are the right-hand circular polarized (σ^−). The phase factor of OAM+l should be ei(kz−ωt+lξ). For lth order OAM modes, the number of equal phase points on the beam cross section will be l. As shown in Figure 2e, initially, the x-polarization point is located at ξ=0 (kz−ωt+ξ=0). Then, when the field propagates to kz−ωt=π4, the x-polarization point (with the same phase) is located at ξ=−π4 (kz−ωt+ξ=0). This means that, with ξ=−(kz−ωt), the equal phase point appears along the clockwise direction during the propagating, which indicates the factor eiξ. Thus, Figure 2e indicates σ^−OAM+1 mode. The analysis method is similar to that of x^OAM+l. The symbol x^ simply indicates the linear polarization, which can be substituted by another linear polarization symbol when the observation coordinates rotate.



For a typical combination of CV modes used to generate the OAM mode, σ^−OAM+1=TM01−iTE01, as shown in Figure 2 The term “−iTE01” indicates the figures of the first row (Figure 2a) with a −π2 phase delay. The physical meaning of σ^−OAM+1=TM01−iTE01 is the interference between TM01 and TE01 patterns with a −π2 phase delay of TE01. In Figure 2, when TM01 propagates to kz−ωt=π2, TE01 reaches kz−ωt=0. Adding these two electric fields, we obtain the σ^−OAM+1 at kz−ωt=π2. In addition to σ^−OAM+1=TM01−iTE01, there are a series of transformation relations among CV, LP, and OAM modes. Moreover, we may note that there is no difference among the time average intensity patterns of CV and OAM modes. To further assure the phase information, a fundamental mode is usually used to interfere with a higher order fiber mode. Through the interference patterns we can obtain the phase information to confirm the specific electric vector field of the same doughnut intensity patterns. In the following section, we are going to derive the entire relation for CV modes, LP modes, and OAM modes, and introduce the generation and detection of OAM modes.





3. Basic Concepts and Theories of OAM Beams Generation and Detection


3.1. Transformation Relation among CV Modes, LP Modes, and OAM Modes


As the three groups of fiber mode bases, there is a transformation relation among CV modes, LP modes and OAM modes. Among these three modes, CV modes are the eigenmodes in fiber, which are able to propagate stably in fiber. We start our introduction of the transformation relation with CV modes.



In an axisymmetric index profile fiber, the intrinsic electric field is under the restriction of a cylindrical waveguide. By solving the Helmholtz equation in cylindrical coordinates, the eigenmodes in fiber can be derived, that is the CV modes. The solutions are given in Equation (1):


(Ex(r,ξ,z)Ey(r,ξ,z))={Fl,m(r)(cos(lξ)sin(lξ))eiβ1z;EHl−1,meven/TM0,mFl,m(r)(−sin(lξ)cos(lξ))eiβ2z;EHl−1,modd/TE0,mFl,m(r)(cos(lξ)−sin(lξ))eiβ3z;HEl+1,mevenFl,m(r)(sin(lξ)cos(lξ))eiβ4z;HEl+1,modd



(1)




where ξ is the spatial angle, Fl,m(r) is radial field distribution, l is the azimuthal order of CV modes, m is the radial order and β1-4 are the propagation constants. Usually, Fl,m(r) is the Bessel function in a step index fiber. For l = 1, EHl−1,modd should be substituted by TM0,m and EHl−1,meven should be substituted by TE0,m. In this section, however, we simply use EHl−1,meven and EHl−1,modd to express the corresponding CV modes for conciseness, even for l = 1. Any lth-order electric field in fiber can be decomposed into the superposition of the four degenerated eigenmodes, that is, E=AEHl−1,meven+BEHl−1,modd+CHEl+1,meven+DHEl+1,modd, where (A ,B ,C ,D)T is an arbitrary complex vector. The amplitudes and the phases of (A ,B ,C ,D)T represent the amplitudes and the relative phases of EHl−1,meven, EHl−1,modd, and HEl+1,meven,HEl+1,modd, respectively.



In OAM mode bases, the four mode bases are x^OAM−l,y^OAM−l,x^OAM+l, and y^OAM+l, where x^(y^) represents the x(y) linearly polarized direction and OAM±l represents the OAM modes with TCs ±l. With the aid of Jones calculus, any lth-order electric field can be expressed as E=OAM−l(x−ly−l)+OAM+l(x+ly+l). Likely, as an arbitrary complex vector, (x−l,y−l,x+l,y+l)T completely describes the entire lth-order electric field. In LP mode bases, the four mode bases are x^LPl,meven,y^LPl,meven,x^LPl,modd, and y^LPl,modd, where LPl,meven and LPl,modd represent the two LP modes with complementary intensity patterns. Any lth-order electric field can be expressed in LP mode bases as E=LPl,meven(xeye)+LPl,modd(xoyo). The corresponding complex vector is (xe,ye,xo,yo)T.



For three groups of fiber mode bases, there exists transformation relation from CV modes to LP modes and OAM modes as follows (the detailed derivation can be found in [54]):


12(1−i1ii1−i11i1−i−i1i1)(ABCD)=(x−ly−lx+ly+l)



(2)




for CV modes to OAM modes:


(101001010−10110−10)(ABCD)=(xeyexoyo)



(3)




for CV modes to LP modes, and:


12(10i0010i10-i0010-i)(xeyexoyo)=(x−y−x+y+)



(4)




for LP modes to OAM modes. If we define the transformation matrix of CV modes to LP modes (Equation (3)) as M1, and the transformation matrix of LP modes to OAM modes as M2 (Equation (4)), then the transformation matrix of CV modes to OAM modes (Equation (2)) is just the matrix product of M1 and M2, namely, M3 = M1M2. Figure 3 shows the intuitive sketch describing the transformation relation among CV modes, LP modes and OAM modes. In Figure 3, the circle indicates all lth order electric fields, which should be a four-dimensional complex space, however, we simply use a two-dimensional circle to express them. The lines with different colors in the three circles indicate the different divided methods of the four-dimensional complex space. Notice that, the shapes of the lines are irrelevant. They are simply used to clearly denote the different space divided methods. Four degenerated modes operate as the different bases to completely describe the four-dimensional complex space (the entire lth order modes), where they can be transformed into each other through the transformation matrix derived above. The transformation among the mode bases is equivalent to the base transformation in the four-dimensional complex space, by the aforementioned matrices. The generation of pure OAM modes, is equivalent to adjust the mode field using physical methods to further simplify the expression in OAM mode bases. For example, a pure OAM mode x^OAM−l expressed in OAM mode bases is (1,0,0,0)T, whereas 0.5(EHl−1,meven+iEHl−1,modd+HEl−1,meven−iHEl−1,modd) or 0.5(1,i,1,−i)T in CV mode bases and x^LPl,meven−ix^LPl,modd or (1,−i,0,0)T in LP mode bases. The three expressions denote the same spatial field which is not a pure CV mode or pure LP mode because the expression in the corresponding mode bases contain several components. The generation of pure CV modes or LP modes is similar.




3.2. Generation of OAM Beams


Recently, all-fiber OAM generation methods have received increasing interests owing to the advantages of the lower insertion loss and better compatibility with the optical fiber communication links. The all-fiber system used to generate OAM beams can be summarized as shown in Figure 4. The system is divided into three parts: mode couple module, field control module, and polarization separation module.



Due to the difference of the effective refractive index (ERI) between different order modes being sufficiently large that mode coupling between different mode groups cannot occur by perturbations, such as fiber bending, twisting or extrusion. The mode couple module is used to couple the fundamental mode to a specific lth-order CV mode. It is usually composed of the fiber gratings [31,32,33,34,35,36,37,38,39,40,41,42,43,44] and the fiber couplers [45,46,47,48]. As mentioned above, the lth-order CV modes are composed of four degenerated modes. The mode couple module couples the fundamental mode to the lth-order CV modes, which can be seen as the superposition of the initial four degenerated modes with random amplitudes and phases in reality. This typically can’t be used to generate pure OAM beams.



The field control module, the polarization controller (PC) usually used in the fiber system, is applied to redistribute the generated random state of lth-order CV modes. Due to the ERIs of the four degenerated modes with the same order are approximately the same, the four degenerated modes with the same order will be strongly coupled to other degenerated modes in the same mode group when passing through the PC because of the bending, twisting, and extruding of the few-mode fiber (FMF) provided by the PC. This will change the relative amplitudes and phases among these four degenerated modes. In some particular situation, the pure OAM modes can be generated, such as σ^±OAM±l=HEl+1,meven±iHEl+1,modd.



The polarization separation module is used to separate two orthogonal polarized OAM modes after the polarization control module. It is composed of a QWP and a polarizer with a particular angle. The angle depends on the mode distribution prior to the polarization separation module. If the field control module generates an electric field of two orthogonal polarized OAM modes which carry different TCs, such as σ^+OAM−l+σ^−OAM+l, the two polarized orthogonal OAM modes can be separated through a polarization separation module. A polarization separation module is not necessary if the electric field after the polarization control module is carrying pure TC.




3.3. Detection of OAM Beams


Beams from the fiber will be converted into a divergent wave once they leave the fiber. For conciseness, we use a spherical wave to discuss the same physical process in this review. Indeed, they could be other types of divergent waves besides spherical waves, as long as their wavevectors are different from the other interference beam, such as a Gaussian light, whose curvatures of these lights are not the same on the beam cross-section when propagating while a spherical wave is a light wave with an invariant curvature. Without loss of generality, the physical meaning of the discussion below will not change under the assumption of a spherical wave.



The spherical wave is characterized by the factor eikR, where k is the wavevector and R=(x2+y2+z2)12 is the radius relative to the light source. A spherical wave carrying OAM TC = + l can be expressed as Es(r,ξ,z)=Fl,m(r)ei(lξ+ks(r2+z2)12), where ks denotes the wavevector of OAM mode, r=(x2+y2)12 and ξ denote the transverse radius and the spatial angle on the beam cross section respectively and z denotes the propagating distance along with the optics axis. In addition, Fl,m(r) is the radial field distribution, as mentioned above. A fundamental mode with a different divergence is usually used to interfere with OAM beam to detect the phase information of OAM beams. A spherical fundamental mode can be expressed as Ef(r,ξ)=F0,1(r)eikf(r2+z2)12, where kf denotes the wavevector of fundamental mode. In general, the radial field distribution only affects the spot size but do not contribute to the final interference shapes. Herein, we omit the discussion about the radial field. Assume that the polarizations of the signal OAM beams and the interference beams are the same, the interference of the electric field should be:


|E|2=(Es+Ef)*(Es+Ef)=|Es|2+|Ef|2+Es*Ef+Ef*Es



(5)




where the left term |Es|2+|Ef|2 is the direct current (DC) component invariant with the spatial angle ξ, which acts as an intensity base in the interference patterns. Because the DC component doesn’t affect the shapes of the patterns, we emphatically show the interference term Es*Ef+Ef*Es through Equation (6):


Es*Ef+Ef*Es∝Fl,m(r)F0,1(r)cos(lξ+(ks−kf)(r2+z2)12+ϕs−ϕf)



(6)




where the term Fl,m(r)F0,1(r) indicates the area of interference related to the spot sizes of OAM beam and fundamental beam. Here, ϕs−ϕf indicates the initial phase difference of OAM beam and the fundamental beam. Based on Equation (6), Figure 4 shows the interference patterns of OAM+1, OAM+2 and OAM+3 with the different wavevector difference ks−kf and initial phase difference ϕs−ϕf.



As can be seen, when ks≠kr, the patterns exhibit the vortex shapes, while the vortex number indicates |l|, the absolute value of TC. Meanwhile, the vortex rotation direction is closely related to the difference between wave vectors of two beams. When ks−kf<0, which indicates that the fundamental beam is more divergent, a counter-clockwise vortex indicates l as the positive value while a clockwise vortex indicates the negative value. Contrary patterns exist when ks−kf>0. When ks=kf, the interference patterns do not exhibit the vortex shapes and we are unable to judge the specific TC for this type of interference.



Moreover, Figure 5a,b show the effects of the initial phase difference ϕs−ϕf between the two interference beams on the interference patterns. When the initial phase difference changes, the patterns simply rotate an angle but do not change the number and direction of the vortex. This means that the initial phase difference does not disturb OAM beam detection under the interference condition.



If the physical process is angle-independent, the distinction between OAM+l and OAM−l is not important. We can simply define one direction of the rotated vortex as OAM+l and the other as OAM−l. The counter-clockwise rotated vortex is usually defined as OAM+l. However, if the physical process is related to the meta-surface, chiral devices, and some other angle-dependent devices, the distinction between OAM+l and OAM−l is crucial, and a meticulous method must be used, as discussed above. That is, the divergence of the signal OAM beam and the interference fundamental beam must be given.



Figure 6a shows another influencing factor in addition to the difference in wavevector, that is, the tilted degree, which indicates the difference in the propagating direction of the reference beam from the signal OAM beam. The larger the tilted degree is, the larger the angle of the propagating direction between the OAM beam and the reference beam. The effects of the TC and wavevector have been discussed above (Figure 5). Here, we highlight the effect of the tilted degrees. In Figure 6a, we set the propagating direction of the signal OAM beam as the reference axis (red arrow). On the top of Figure 6a, the red arrow indicates that the propagation direction of the signal OAM beam and the reference beam are the same. In addition, black arrows indicate the tilted degree between these two beams. As can be seen, the interference patterns shift into a fork-like shape from the vortex shape when the tilted degree increases. In addition, the open direction of the “fork” is closely related to the tilted direction. As shown in the second row in Figure 6a, for OAM−1, the fork is upward open when the fundamental mode is left-tilted in relation to signal OAM beam. While it is downward open direction for a right-tilted fundamental mode. For OAM+1 (the first row of Figure 6a), the results are opposite, compared to the first and the second rows in Figure 6a. Thus, interference patterns are closely related to the left-tilted or right-tilted between the OAM mode and the fundamental mode.



As for the effect of the difference of wavevectors, compared with the second and the fourth row of Figure 6a, the divergence (wavevector) difference ks−kf does not disturb the judgement for nonzero tilted degree. Unlike a case of normal incidence (the middle red arrow), the vortex shape is different when the divergence difference ks−kf changes, as shown in the middle column in Figure 6a, which will disturb the judgment about the TC of signal OAM beam. In addition, when disregarding TC = +l or TC = −l of the OAM mode, upward-open-fork shape patterns are usually defined as +l while the downward-open-fork shape patterns are defined as −l. Otherwise, it’s necessary to introduce the reference beam is left-tilted or right-tilted relative to the propagation direction of signal OAM beam.



In addition to using a fundamental beam with a different divergence to interfere with OAM beams, there are still some other methods to obtain the TC information of an OAM beam. The reference light Ef can be other types, such as a tilted plane light wave and an OAM beam itself with a spatial translation. Without proof, we provide the typical interference patterns of these two types.



Figure 6b shows the interference between a non-divergent OAM beam (OAM−1, OAM−2 and OAM−3) and right-tilted plane light wave (ks=kf=0). This is the degenerated case when ks−kf=0 and titled degree is non-zero in Figure 6a. We are able to judge different TCs through this interference method. In physical angle-independent processes, people generally define the number of interference line in the upper part l more than that in the lower part. In other words, a right-tilted reference beam is usually assumed if not caring about the sign of the TC. For an angle-dependent physical process, the tilted degree between the OAM mode and fundamental mode must be given.



As for Figure 6c, the OAM beam interferes with itself with a translation. If setting the propagating direction of the left-translational OAM beam as the reference axis (Figure 6a), the other OAM beam operates as a left-tilted reference beam related to the signal OAM beam. These two interference beams have the same divergence (wavevector). Thus, in the left area of arbitrary subfigure in Figure 6c, the TC is recognized as +l for a downward open fork-shaped pattern and −l for upward open fork-shaped pattern, according to the judging method given in Figure 6a. For the right area, the result is opposite, where the TC is +l for upward-opening-fork shape pattern and −l for downward-opening-fork shape pattern. To integrate these two methods, when comparing Figure 6b,c, we just need to focus on the right part in Figure 6c and use the same judgment process as that used for the tilted plane light wave (Figure 6b). In addition, the two rows patterns in Figure 6b,c show the effect of initial phase difference on the interference pattern. This simply leads to a translation of the patterns but not disturb the judgment about the TC.





4. Advances in Fiber OAM Generation Systems


4.1. Fiber Grating-Based OAM Generation Systems


Optical fiber gratings, a diffraction grating formed by the axially periodic refractive index modulation of fiber core using a certain method, have been developed into a mature technology and have been widely used in optical communications and fiber sensing in recent decades [55]. It is well-known that optical fiber gratings can be classified into two types, that is, fiber Bragg grating (FBG) [56] and long-period fiber grating (LPFG) [57,58,59,60,61,62,63,64,65,66,67,68], according to the grating period. The grating period of FBG is usually hundreds of nanometers or a few micrometers and the grating period of LPFG is usually hundreds of micrometers. In the FBG or LPFG, the fundamental mode in fiber core is coupled to the backward- or forward-propagating cladding mode or core mode at distinct wavelengths respectively. LPFG, written into a few-mode fiber, is the most commonly used an OAM conversion device. The working principle of the LPFG is the coupled mode theory. When the grating period satisfies the phase-matching condition λm = (neff1 − neff2)Λ, where λm is the resonant wavelength, neff1 and neff2 are the effective refractive index (ERI) of fundamental mode and higher-order core mode, respectively, the fundamental mode in the fiber core will be coupled to higher-order core mode, thereby leading to the transmission spectrum of the fundamental mode with one or a few notches, as shown in Figure 7c.



There have been several methods used to fabricate an LPFG, including ultraviolet laser [57], femtosecond laser irradiation [58], CO2 laser irradiation [27,32,43,59,60,61], cleaving-splicing method [62], arc discharge [63], acousto-optic interaction [64], mechanical micro-bending [31,33,34,35,65], and so on. The CO2 laser irradiation and mechanical micro-bending are the two frequently-used methods to fabricate the LPFG to generate the OAM modes.



The working principle of the mechanically induced LPFG is shown in Figure 7a. The few-mode fiber is placed between two plates with periodically grooves or between a plate with periodically grooves and a flat plate. When the period satisfies the phase-matching condition and putting pressure on the one of the two plates, the fundamental mode will be coupled to the higher-order core mode. The advantages of this method are that one can adjust the resonant wavelength or the order of coupled higher order mode, by adjusting the grating period. In addition, the length of the fiber under pressure, which controls the linewidths of the notch, can easily be changed. In addition, the depth of the notches can be tuned by adjusting the pressure. Finally, when the pressure is removed, the transmission spectrum of the fiber returns to its initial spectrum. The disadvantage of this method is some fiber cannot be used to fabricate an LPFG.



Compared with the methods mentioned above, a high-frequency CO2 pulse is an attractive tool used to fabricate an LPFG owing to its convenience, economy and high efficiency. As shown in Figure 7b, the CO2 laser irradiation method uses a high-frequency CO2 laser to continuously notch grooves on one side of the few-mode fiber to form a series of periodic structures. Because of the advantages of a CO2 laser writing technique, the LPFGs can be successfully written into various types of special fiber, such as multi-core fiber [66] and photonic crystal fiber [61,67], and different types of LPFG, such as a sampled or a chirped grating, can be inscribed in the fiber [68]. However, this method has broken the fiber structure, and the resonant wavelength and the coupled mode are fixed once the LPFG is fabricated.



In general, fiber grating-based methods for pure OAM mode generation, with experimental set up as shown in Figure 8a, can be classified into two types according to the source modes. For one type, the OAM modes can be generated by combining two linearly polarized modes with a π/2 phase shift, where the generated OAM modes have no spin angular momentum (SAM). For the other type, the OAM modes can be generated by combining two vector modes (HEl+1,m or EHl−1,m) with a π/2 phase shift, where the generated OAM modes have the SAM at the same time. There have been many reports about the generation of these two types OAM modes using LPFGs [32,34,35,37,43].



For the first type, namely the generation of linearly-polarized OAM (LP-OAM) modes, the LP-OAM modes in the x and y polarized directions can be obtained by eliminating other component in the OAM mode bases except one, such as (x−l,y−l,x+l,y+l)T=(1,0,0,0)T, which corresponds to x^OAM−l, an x-linear polarized OAM beam with TC = +l. The expression in other mode bases can be obtained by substituting this vector into Equation (2) or Equation (4). (x−l,y−l,x+l,y+l)T=(1,0,0,0)T is equivalent as (A,B,C,D)T=0.5,0.5i,0.5,−0.5iT and (xe,ye,xo,yo)T=(1,0,−i,0)T. Given a physical meaning, that is x^OAM−l=0.5EHl−1,meven+0.5iEHl−1,modd+0.5HEl+1,meven−0.5iHEl+1,modd=x^LPl,meven−ix^LPl,modd. Thus, the LP-OAM can be obtained by combining the even and odd LPl,1 mode having the same polarized direction with a ±π/2 phase shift. The first order LP-OAM modes, composed of LP11a and LP11b mode with a π/2 phase shift, using a two-mode fiber (TMF), a mechanical LPFG, a mechanical rotator and metal slabs, as shown in Figure 8a, and the second order LP-OAM modes, composed of LP21a and LP21b mode with a π/2 phase shift, utilizing an LPFG written in a four-mode fiber induced by CO2 laser irradiation, have been experimentally demonstrated in [35] and [37], respectively.



For the other type, namely the generation of circularly-polarized OAM (CP-OAM) modes, the typical CP-OAM modes with SAM being ±1 can be obtained by the following equation [43]:


(σ^−OAM+1σ^+OAM−1σ^+OAM+1σ^−OAM−1)=F1,1(r)(1i001−i00001i001−i)(HE21evenHE21oddTM01TE01),l=1(σ^−OAM+lσ^+OAM−lσ^+OAM+lσ^−OAM−l)=Fl,1(r)(1i001−i00001i001−i)(HEl+1,1evenHEl+1,1oddEHl−1,1evenEHl−1,1odd),l≥2



(7)




where σ^+ and σ^− represent left- and right-handed circular polarization. Taking σ^+OAM+1 as an example, one can just set the expression in the OAM mode bases as (x−l,y−l,x+l,y+l)T=(0,0,1,i)T and calculate the corresponding expression in the CV mode bases or LP mode bases, the results of which are the same as Equation (7). The first- and second-order CP-OAM modes composed of even and odd HE21, HE31, EH11 and TM01, TE01 modes with a π/2 phase shift are experimentally demonstrated in [43] by our group, as shown in Figure 8b,c, using two LPFGs written in a four-mode fiber induced by CO2 laser. The first LPFG is used to convert fundamental mode to the first order mode. The second LPFG is used to convert the generated the first order mode to the second order mode which has wider bandwidth than the LPFG converting fundamental mode to the second order mode.



The OAM mode generated mentioned above is only one pure OAM mode with the same polarization. There are other two types of mixed OAM modes composed of two orthogonal polarized OAM modes with the opposite TCs, according to the polarization state of the two orthogonal modes that can be generated in all-fiber system. One type is LP-OAM, while the other type is CP-OAM.



For the first type, the mixed OAM mode, composed of two orthogonal LP-OAM modes with the opposite TCs, can be obtained by the following equation:


E={EHl−1,1even±iHEl+1,1odd=x^OAM±l±iy^OAM∓lEHl−1,1odd∓iHEl+1,1even=x^OAM∓l±iy^OAM±l



(8)




where E represents the mixed OAM mode. We can find that the mixed OAM modes are composed of x- and y-polarized LP-OAM modes with the opposite TCs, and these two orthogonal LP-OAM modes can be separated by a polarizer. In 2016, Jiang et al. experimentally demonstrated a method to generate optical vortices with tunable OAM in optical fiber by using a mechanical LPFG, a mechanical rotator and a metal parallel slab [34]. The tunable OAM mode can be seen as a combination of HEl+1,meven (HEl+1,modd) and EHl−1,modd (EHl−1,meven), with a π/2 phase shift. They experimentally achieved the smooth variation of OAM mode from l = −1 to l = +1 by adjusting the polarizer placed at the end of the fiber, as shown in Figure 8d.



For the other type, the mixed OAM mode, composed of two orthogonal CP-OAM modes with the opposite TCs, can be obtained by the following equation:


EHl−1,meven=12(σ−OAM−l+σ+OAM+l)EHl−1,modd=−i2(σ−OAM−l−σ+OAM+l)HEl+1,meven=12(σ+OAM−l+σ−OAM+l)HEl+1,modd=i2(σ+OAM−l−σ−OAM+l)



(9)







We can see that the arbitrary single CV mode can be seen as a linear combination of a left-handed and a right-handed CP-OAM with the opposite TC. Since one of these two CP-OAM is left-handed, the other one is right-handed, we can use a QWP to make these two CP-OAM have an orthogonal projection. Then we can use a polarizer with optical axis rotating to one projection orientation to filter out the other CP-OAM. The authors of this paper have experimentally demonstrated that using a single CV mode in a two-mode fiber (TMF), the topological charge of generated OAM mode can be switched among −1, 0, +1, as shown in Figure 8e [32]. In our work, a CO2-laser induced rocking LPFG inscribed in the two-mode fiber is fabricated to efficiently generate the CV mode, including TE01, TM01 and TE01±TM01 mode. Then a QWP and a polarizer are used to separate the two CP-OAM modes.



The OAM modes obtained by [34,35,37,43] are all generated by a combination of two or four degenerated modes in the same mode group and the associated eigenmodes must maintain a stable phase and polarization. In addition, in ideal cylindrical waveguides such as fiber, the propagation constants of the TE01 and TM01 mode are different. For example, the effective index separation between the TE01 and TM01 mode is measured to be 6.6 × 10−4 in the fiber [36]. The purity of CP-OAM generated by combination of TM01±iTE01 or HE21even±iTE01 cannot be maintained when the length of optical fiber is changed. However, the OAM modes generated by a single CV mode don’t have this problem.



However, the generated OAM modes obtained by the studies mentioned above are dependent on the polarization state of the input light, namely, these all-fiber generators exhibited a sensitivity requiring specialized polarization states for the input light without adjusting the PC. Zhang et al. have proposed a polarization-independent OAM generator based on a chiral fiber grating (CFG) fabricated by twisting a fused few-mode fiber during hydrogen-oxygen flame heating [44]. They experimentally fabricate a left-handed CFG (LCFG) and a right-handed CFG (RCFG) to convert the fundamental mode to the OAM mode, and experimentally investigate the polarization characteristics, helical phase of the coupled mode in CFG for varying polarization state of input light. Their results showed that the coupled OAM mode had the same polarization state with the input fundamental mode. And the chirality of the generated OAM mode was polarization-independent and determined solely by the helicity of the CFG, as shown in Figure 9. The OAM mode generated by the RCFG can only be OAM+1 mode, while OAM mode generated by the LCFG can only be OAM−1 mode.



Compared to other mode converters, LPFGs have many advantages, such as low loss, small size, easy fabrication, and high coupling efficiency up to 99%, and so on. However, LPFGs also have many disadvantages compared with the mode selective coupler and the photonic lantern, for example, the narrow bandwidth and one LPFG can only convert the fundamental mode (the zeroth order mode) to a phase-matching higher order mode. Thus, there have been many attempts to increase the bandwidth of an LPFG, such as chirped LPFG [69], length-apodized LPFG [70], the cascading of several LPFGs [43], operating an LPFG at its turning point along its phase-matching curve [71], shortening the length of the LPFG, namely decreasing the number of grooves [72], and so on. However, chirping can significantly decrease the mode conversion efficiency and the bandwidth increase is still limited. For LPFG operating at its turning point, such a turning point may not exist for a given set of guided modes. For shortening the length of LPFG, it will decrease the coupling efficiency. For the cascading of several LPFGs, for example, the bandwidth of cascading two LPFGs that one LPFG convert fundamental mode to the first order mode and the other LPFG convert the first order mode to the second order mode is wider than the bandwidth of LPFG that directly converts fundamental mode to the second order mode [43], However, this method needs the fabrication of several LPFGs, which brings about extra loss.




4.2. Mode Selective Coupler (MSC)-Based OAM Generation Systems


Optical fiber couplers have been widely used in many research areas, such as optical communication, optical sensing, and fiber lasers. In addition, the fiber couplers can be fabricated from various types of fibers, such as single mode fiber, few mode fiber, polarization-maintaining fiber, and ring core fiber.



The operation principle of the MSC is shown in Figure 10. Composed of SMF and FMF, MSC is based on the phase-matching condition between the fundamental mode in the SMF and higher order modes in the FMF. This can be achieved by satisfying the ERI of the fundamental mode in the SMF equaling to that of the higher order mode in the FMF. When the phase-matching condition is satisfied, the fundamental mode in the SMF will be converted to the particular higher order mode in the FMF.



In order to determine the coupling efficiency between the fundamental mode and high-order modes on the fiber tapering diameter, the following coupled equations are solved [73]:


dA1(z)dz=i(β1+C11)A1+iC12A2dA2(z)dz=i(β2+C22)A2+iC21A1



(10)




where z is the distance along the coupling region of the MSC, A1 and A2 are the slowly-varying field amplitudes in the SMF and FMF of the MSC, and β1 and β2 are the propagation constant of fundamental mode in the SMF and higher order mode to be coupled in the FMF, respectively. Due to the phase matching condition that ERI of fundamental mode in the SMF equaling to that of the first or second order modes in the FMF, β1 should be equal to β2. C11 and C22, C12, and C21 are the self-coupling and mutual coupling coefficients, respectively. Self-coupling coefficients are small relative to mutual coupling coefficients, and can be ignored. Moreover, the mutual coupling coefficients C12 ≈ C21 ≈ C, where C is a coefficient depending on the width and length of the coupling region. Thus, the power distribution in coupler can be given as follows [74]:


P1(z)=|A1(z)|2=1−F2sin2(CFz)P2(z)=F2sin2(CFz)



(11)




where F=(1+β1−β24C2)−12, F2 is the maximum coupling power between two fibers. According to Equation (11), it can be found that the power in coupling region exchanges periodically.



The MSC can be divided into two types according the fiber type used in its fabrication. One type is the MSC composed of the SMF and the FMF or multimode fiber (MMF). The FMF and MMF are similar to the SMF, which is composed of a core, cladding, and coating. The RI difference between the fiber core and cladding or the radius of the fiber core of FMF/MMF is larger than that of SMF. The other type is the MSC composed of the SMF and the ring core fiber (RCF), also called vortex fiber. The RCF is usually composed of three parts, namely, the fiber core, cladding, and ring. In these three parts, the RI of the ring is the highest. Thus, the light is able to be restricted and propagate in the ring. While it’s invariant for the RI of the fiber core and cladding. The RCF can limit the radial order m to 1 and thereby fix the number of degenerated modes in each high azimuthal order mode group to be 4, which will decrease the multi-input-multi-output complexity. In addition, the RCF is more suitable for transmitting OAM modes than the FMF or MMF. However, the fabrication of RCFs is more difficult than the FMF/MMF. The fabrication of MSC, composed of SMF and the FMF/MMF is easier than the MSC composed of SMF and RCF, while the later MSC is more compatible to the OAM mode transmission system than the MSC composed of FMF/MMF. There have been many works to generate OAM mode based on the two types of MSCs [45,46,47,48]. The experimental setup usually used to generate the OAM mode based on the MSC is shown in Figure 11a The MSC is used to couple the fundamental mode to the higher order CV mode group, and the polarization controllers are used to redistribute the generated random state of lth-order CV modes to the OAM modes we want to obtain. The polarizer is used to identify the polarization state of the generated OAM modes or to separate the two orthogonal OAM modes.



The authors of this paper have also experimentally demonstrated that arbitrary linearly-polarized OAM mode can be generated by carefully adjusting the PC without changing the polarization state of the input light based on the MSC, composed of a SMF and a TMF. The experimental results are shown in Figure 11b. We can find that the 0°-, 45°-, 90°-, and 135°-polarized LP-OAM modes with ±1 TC are generated successfully. In addition, we have also experimentally demonstrated the generations of σ+OAM±1 and σ−OAM±1 mode using a single first order CV mode, including TM01, TE01, HE21even, and HE21odd modes. These two CP-OAM modes can be separated by using a QWP and a polarizer with an angle ±π/4. The results are shown in Figure 11c.



Yao et al. have proposed an all-fiber system to generate tunable first order OAM mode based on an all-fiber MSC, composed of an SMF and a TMF [48]. The MSC is used to couple fundamental mode to the first order mode. And they experimentally demonstrate the generation of first order OAM mode, produced by combining HE21even and TE01 (or HE21odd and TM01) with a π/2 phase shift, and the topological charge of generated OAM mode can be tuned from −1 to +1 by adjusting the polarizer placed at the end of the FMF.



The excitation of first order CP-OAM modes obtained by Equation (7), using an MSC composed of an SMF and an RCF for the first time have been experimentally demonstrated in [47], and the mode purity of excited OAM mode is up to 75%.



Compared to the fiber grating-based mode converters mentioned above, the advantages of MSC include low loss, small size, easy fabrication, broad-bandwidth and the controllable coupling efficiency for the pure high-order mode which can be used in certain situations, such as in laser cavities, and so on. However, the MSCs also have disadvantages, for example, one MSC can only convert the fundamental mode to a particular high-order mode and, thus, we can only obtain one OAM mode by one MSC. If we want to multiplex N OAM modes, we need to cascade N MSCs which brings extra loss and complexity.




4.3. Micro-Structured Optical Fiber-Based OAM Generation System


The generation of OAM mode by the studies mentioned above are based on the all-fiber system concluded in Figure 4. The mode coupling module can only couple the fundamental mode to the mixed mode composed of four degenerated modes in the lth-order CV mode group with random phase and amplitude. A field control module is used to redistribute the phase and amplitude of four degenerated modes to generate the OAM mode. It is usually difficult to obtain one particular OAM mode by adjusting the PC in the all-fiber system. It is more convenient if we can use a special fiber device to directly couple the fundamental mode to the OAM mode we want. There have been some reported works generating OAM modes directly through a special micro-structured optical fiber design [49,50,51].



There are two main operating principles of designing fiber for converting the fundamental mode to the high order OAM modes. One is based on the mode coupling theory. The designed fibers based on this principle are usually composed of one or several single-mode cores used to support the fundamental mode and one ring core used to support OAM mode. The electric fields of the fundamental core mode and the high order mode in the ring can be expressed as:


EA(r)=A(z)EA(x,y)exp(iβAz)EB(r)=B(z)EB(x,y)exp(iβBz)



(12)




where the coefficients A(z) and B(z) vary with z. And according to coupling mode theory, the two coefficients satisfy:


dA(z)dz=iκAAA+iκABBei(βB−βA)zdB(z)dz=iκBBB+iκBAAei(βA−βB)z



(13)







The mode coupling coefficient κ is given by:


κυμ=ω4∫−∞∞∫−∞∞Eυ*(x,y)⋅Δε⋅Eμ(x,y)dxdy



(14)




where ω is the optical frequency, and △ε is the perturbation to the permittivity. The light power is supposed to only be launched into the fundamental mode core, so the coupling mode equation can be solved as:


A(z)=(cosγz−iδγsinγz)eiδzB(z)=(iκBAγsinγz)e−iδz



(15)




where γ = (κAB × κBA + δ2)1/2 and δ is the phase mismatching coefficient, where, δ = (βB + κBB − κAA − βA)/2. The mode coupling efficiency can be expressed as:


η=|κBA|2γ2sin2γz



(16)







The authors of this paper have proposed and investigated a tunable microstructure optical fiber for different OAM mode generation by simulation based on the mode coupling theory. The microstructure optical fiber is composed of a high RI ring and a hollow core surrounded by four small air holes as shown in Figure 12 [49]. The hollow core and the surrounded four air holes are infiltrated by optical functional material whose RI can be modulated by physical parameters, leading to conversion between circularly-polarized fundamental mode and different OAM mode in the high RI ring with tunable operating wavelengths. The OAM modes are composed by σ^±OAM±l,1=HEl+1,1even±iHEl+1,1odd and σ^∓OAM±l,1=EHl+1,1even±iEHl+1,1odd, where l ranges from 2 to 8.



The other is to mimic the refractive spiral phase element [50,51]. This method typically uses the multi-core fiber (MCF) [50] or photonic crystal fiber (PCF) [51]. For the MCF, the phase change is a function of the core RI. Therefore, by arranging the RI distribution among the multi cores of the MCF. The phase difference between the adjacent core exactly equal 2πl/N where l is the TC of the desired OAM mode and N is the number of cores of MCF. With such a phase difference distribution, when the spatial-phase-modulated multi-beams converge in a section of ring core fiber (RCF), the OAM mode with TC l can be effectively generated [50]. For PCF, the air-holes in silica are arranged for the transverse subwavelength grating in [51]. The air-hole diameter across the transverse dimension can be varied to create an arbitrary ERI profile Neff(r, θ) = N0 + △Neff(r, θ), where N0 and △Neff(r, θ) are the constant and varying parts of Neff(r, θ). To generate OAM with TC l, the introduced ERI perturbation △Neff(r, θ) must satisfy the phase-matching condition:


ΔNeff(r,θ)=lλzθ2π



(17)




where z is the length of the PCF.



The OAM generation methods based on the fiber design not only have the advantages of the fiber device such as low loss and small size, but also have the advantages such as directly converting the fundamental mode to the OAM mode and the TCs of generated OAM being controllable. However, the structures of the designed fiber are usually complicated and difficult to fabricate in reality.




4.4. OAM Generation Based on Photonic Lantern


The photonic lantern (PL) is a low-loss optical device that connects several single-mode cores or few-mode cores to a single multimode core. Early interest in PLs were based on their original application in astronomical instrumentation [75,76], but recently its application in optical fiber communication has been attracting increased attention from researchers. The PL can be a spatial multiplexer for space-division multiplexing because one PL can multiplex N modes where N is the number of SMF used to fabricate the PL, which in principle allows the capacity of the communication system to be multiplied by N [77,78,79,80,81,82,83,84,85,86,87,88,89].



There are five types of PLs that have been reported to date [80,81,82,83,84,85,86,87,88,89,90]. The first type of PLs is fabricated by inserting N separate SMFs into a surrounding glass cane which is usually the PCFs made from glass with a pattern of air holes in the cladding [80,81]. Then the resulting glass body is heated and drawn down to form a taper transition to an MMF port. The MMF core is formed by the fused mass of SMFs, with the reduced-index cladding formed by the cane glass. This method has the advantages of easy control of the arrangement of SMFs by designing the arrangement of air holes of the cane. However, the SMFs are accommodated in separate compartments. The second type of PLs is fabricated by inserting a bundled N SMFs together into a capillary which has a lower RI than that of the SMF cladding [82,83]. Then the capillary is heated and drawn on a tapering machine to form the MMF port, which is more practical. However, the arrangement of SMFs with this method is more difficult than that of the first type of PLs, and with the number of SMFs increasing, the difficulty of fabricating PLs also increases. The third type of PLs is fabricated by inserting an MCF into a capillary which has a lower RI than that of the MCF cladding [84,85]. Then the capillary is heated and drawn on a tapering machine to form the MMF port. This method has the advantages, for example, several kilometers of the MSC can be drawn at once and this method needs only one MCF compared to the first and second type of PLs needing N SMFs. However, the MCF used in this method needs to be specially fabricated. The fourth type of PLs is fabricated by collapsing several holes in the multi-core PCF [86,87]. This is achieved by heating the PCF without significant stretching the fiber. Then the surface tension causes the holes to shrink and collapse completely which in effect makes the cores bigger until they merge to form a multimode core. The last type of PLs is fabricated by the direct laser writing technique on an integrated waveguide chip for locally modifying the structure of a substrate material in three dimensions [88,89,90]. There have been several studies regarding generating or multiplexing several OAM modes based on the mode-selective PL (MSPL) [52,53].



The generation of OAM±1=LP11a±iLP11b, OAM±2=LP21a±iLP21b, and the mixed OAM mode OAM+1+OAM−2 and OAM−1+OAM+2 are experimentally demonstrated by using the five-mode MSPL whose ERI profile is arranged to a ring shape in [52], as shown in Figure 13.



An all-fiber OAM multiplexer based on a six mode MSPL and a mode PC (MPC) that can multiplex both OAM modes of −l and +l up to the second order have been proposed in [53]. The generation of OAM±1, OAM±2, the mixed modes of arbitrary two OAM modes in these two OAM mode groups and the mixed mode of all four OAM modes have been experimentally demonstrated, as shown in Figure 14.



Compared to the MSC and the LPFGs, the MSPL can multiplex N modes at the same time and, thus, it can be used to multiplex N OAM mode at the same time. However, with the number of SMF to fabricate the PL increasing, the difficulty of fabricating it also increases at the same time, and the insertion loss will also increase.





5. Discussions and Perspectives


As a new property of light that has been discovered relatively recently, OAM is playing an important role in various areas. There are two types of methods to generate OAM beams, spatial and fiber generating methods. Spatial generating methods have advantages in terms of flexible design and easily manipulation, but miniaturization is difficult. Compared with spatial methods, as natural azimuthal periodic beam-shapers, different types of fibers provide another way to generate OAM beams. Due to the miniaturization and low insertion loss, fiber methods occupy a place in OAM generation.



CV modes, OAM modes and LP modes are three types of fiber modes. Each possesses its own unique properties. Any electric field in the fiber is able to be decomposed into the superposition of one group of them, such as E=x^OAM−l=0.5EHl−1,meven+0.5iEHl−1,modd+0.5HEl+1,meven−0.5iHEl+1,modd=x^LPl,meven−ix^LPl,modd. Mathematically, they operate as vector bases describing the electric field in the fiber. A particular higher order spatial mode consists of four degenerated modes. The four degenerated modes can be CV modes, OAM modes or LP modes. They are able to completely describe lth order electric field in fiber, in their own forms. There exist transformation relations among these three modes. The so-called “OAM generation” is equivalent to adjusting the amplitudes and phases of the four degenerated modes in a particular order and simplifying the expression in OAM mode bases using physical methods. Taking σ^+OAM−l as an example, if simultaneously calculating the equivalent CV modes, we obtain the typical expression similar to that found in almost all the studies, namely, σ^+OAM−1=TM01+iTE01. Equations (2)–(4) give all of these transformation relations among CV modes, OAM modes and LP modes. As for the detection of OAM beams, researchers have aimed to detect the TC, that is, the helical degree of the OAM beams. Because the physical nature is the phase detection, the interference method is mostly used. The TC of an OAM beam can be recognized from the interference patterns. The common interference patterns are vortex shape or fork-like shape, depending on the specific interference condition, namely, type of reference beam, divergence, tilted degree, and phase difference.



A number of devices can generate OAM beams in a fiber system, including the optical fiber grating, the mode selective coupler, the microstructure optical fiber and the photonics lantern. Among these devices, the optical fiber grating and the mode selective coupler are relatively mature. However, their defection is also obvious. They can just couple the fundamental mode to one particular higher order mode. The microstructure optical fiber seems to be better than the former. It has more freedom in design and may be potential to realize some unique functions that other devices can’t access. However, the fabrication of microstructure fiber is still a significant problem. Many microstructural optical fibers only exist in theory and are difficult to fabricate. Photonic lantern is the most potential OAM generating device so far. PL can be regarded as an enhanced mode selective coupler, which is able to distribute core modes into different higher order modes in distinguishing channel. This brings a significant benefit in terms of demultiplexing. Additionally, if reversing the structure of the PL (which requires a re-design but not a direct reverse the demultiplexing PL), different higher order modes can merge into a single core. Multiplexing can also be realized. The technique of PL is not yet mature and still needs time to be optimized. The targets of improvement, such as the channel number, insertion loss, and crosstalk, are still far from applicable.



Although the physical processes of these devices are different, their fundamental principle is the same, that is, coupling the fundamental mode to higher order modes in the corresponding channels, and carefully adjusting the four degenerated modes in a particular higher order. In special combinations of amplitudes and phases among four degenerated modes, the OAM mode can be obtained. So far, two types of combination among the four degenerated modes can be used to generate the OAM mode. The first type is the pure OAM state. In this situation we can obtain an OAM beam directly. The other type is the state consisting of two orthogonal polarized OAM modes with the opposite TC. By selecting the polarization, we can obtain the corresponding OAM mode. The latter method exhibits an extra benefit that the TC is adjustable.



In summary, OAM beams are receiving increasing interest in various areas due to their novelty and potential applications. There are many methods used to generate OAM beams, each with its own advantages and disadvantages. With different bottlenecks, all the technique still require time to realize commercialization. As a branch of OAM generation methods, fiber methods have contributed to the generation of OAM beams with the advantages of miniaturization and low insertion loss but challenges in robustness. Despite this, along with the efforts from researchers all around the world, we may see an increasing number of applications based on OAM beams in the future.
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Figure 1. A summary of typical OAM generation techniques based on spatial components (spiral phase plate [18], spatial light modulator [16], metamaterial [24], micro-ring resonator [30], and computer-generated holograms [22]) [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Reprinted with permission from [18], copyright 2010 Springer Nature; [16], copyright 2004 The Optical Society; [24], copyright 2011 AAAS; [30], copyright 2012 AAAS; [22], copyright 2011AAAS. 
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Figure 2. The propagation properties during half a period and the integer-period time average patterns of two typical CV modes, (a) TE01 and (b) TM01; and two typical LP modes, (c) x^LP11even and (d) x^LP11odd; and two typical OAM modes, (e) σ^−OAM+1 and (f) x^OAM+1. 
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Figure 3. Sketch of the four-dimension complex space model and the transformation among CV mode, LP mode, and OAM mode bases of lth azimuthal order modes. 
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Figure 4. Sketch of fiber OAM modes generation system. Reprinted with permission from [54], copyright 2018 De Gruyter. 
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Figure 5. The interference patterns of OAM+1, OAM+2 and OAM+3 when ks−kf>0, ks−kf=0 and ks−kf<0 and (a) ϕs−ϕf=0 and (b) ϕs−ϕf=0. 
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Figure 6. (a) Interference patterns with different TCs, wave vectors and tilted degrees. The interference patterns of OAM beams (OAM−1,OAM−2,OAM−3) with (b) the tilted plane light wave; (c) itself with a translation when the initial phase interference ϕs−ϕf=0 or π. 
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Figure 7. Experimental setup of (a) mechanical micro-bending and (b) CO2 laser irradiation method to fabricate LPFGs; (c) transmission spectrum of the LPFGs. Reprinted with permission from [65], copyright 2000 The Optical Society; [60], copyright 2018 The Optical Society; [43], copyright 2018. 
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Figure 8. (a) and (b) Operating principle of OAM generation based on LPFGs system; (c)-(e) mode pattern of corresponding generated OAM modes in (c) [43], (d) [34], and (e) [32], respectively. Reprinted with permission from [35], copyright 2015 The Optical Society; [32], copyright 2018 The Optical society; [34], copyright 2016 The Optical Society; [43], copyright 2018 De Gruyter. 
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Figure 9. The mode pattern of generated OAM mode based on the (a) LCFG and (b) RCFG respectively; RCP: right circularly-polarized; LCP: left circularly-polarized. Reprinted with permission from [44], copyright 2019 The Optical Society. 
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Figure 10. Schematics of the MSCs, composed of the SMF and the FMF. SMF: single-mode fiber; FMF: four-mode fiber. 
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Figure 11. (a) A typical experimental setup based on MSC to generate OAM modes; (b–c) mode pattern of generated (b) LP-OAM, and (c) two orthogonal CP-OAM mode, respectively. 
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Figure 12. Schematic of proposed micro-structured optical fiber to generate OAM mode in [49]. Reprinted with permission from [49], copyright 2015 The Optical Society. 
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Figure 13. Schematic of operating principle of OAM generating based on the MSPL. Reprinted with permission from [52], copyright 2018 The Optical Society. 
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Figure 14. Mode pattern of generated OAM modes and the multiplexing of OAM modes using the MSPL. Reprinted with permission from [53], copyright 2018 The Optical Society. 
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