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Abstract —

We present our experimental results on the design and characterization of an all-fiber device based
on the mode selective fiber coupler (MSFC) composed using a standard step-index single mode
and a few-mode fiber for the generation of the first group of higher orders modes (HOMs) in the
few-mode fiber. Our design involves a systematic simulation study on a tapered fiber for
mitigating the inevitable issue of mode coupling due to the closed effective index (ne) of HOMs.
By tapering the multimode step-index fiber appropriately, a large difference of Aney ~4x1073
between selected HOMs is achieved to avoid the mode coupling without significant power leakage
loss in the tapering process. The cut-off tapering diameter limit is estimated to be 2.2 pm, below
which higher mode leakage is observed. From these simulation studies, the design parameters are
optimizedand experimentally fabricated a special cascaded-coupler design that not only simplifies
the fabrication but also enables the wavelength-modulated switchable generation of HOMs with
~90% coupling efficiency with negligible insertion loss. Such wavelength modulated switchable
modes with vector characteristics find potentially be used in chemical sensing applications,
especially for petroleum processing via identifying petrochemicals such as methane, propane, and
hydrogen etc. In addition, these vector modes find significant applications for quantum
communication, quantum imaging and optical tweezers as well.
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1.INTRODUCTION

Optical fiber plays a crucial role in optical communicationnetworks, primarily relying on all-fiber
components [1-4]. Single-mode fibers, which guide only one spatial mode, are nearing their
maximum transmission capacity. To address this capacity limit, various strategies have been
optimized, such as wavelength-division multiplexing (WDM) and polarization-division
multiplexing (PDM) [5-7]. Presently, space division multiplexing (SDM) is gaining attention to
boost the data-carrying capacity of optical fibers. SDM using fiber or waveguide designs capable
of guiding multiple higher-order modes (HOMs), as opposed to single-mode waveguides, which
are inherently limited to one spatial mode. Leveraging the spatial dimension as an additional
degree of freedom significantly increases the number of data channels that can potentially be used
for carrying information independently [5—7]. Apart from theseapplications, exploitation of the
HOMs in fiber has been ofgreat interest for more than three decades due to their promising abilities
for numerous applications [8—10] in mitigating non-linear effects in high-power fiber lasers,
surface plasmons excitation, material processing, optical tweezers, and high dimensional quantum
communication [9,11-16]. In addition, the wavelength modulated switchable mode generating
devices find significant applications in chemical sensing applications in petroleum processing
through identifying petrochemicals such as methane, propane, and hydrogen etc.

The mode (de)multiplexing component plays a crucialrole in generating, sorting, and maintaining
the integrity ofthe HOMs within the communication link. In addition, the capability of optical
devices that generate HOMs with high-quality spatial field and polarization characteristics is
highly important even for non-communication applicationsas well. The spatial light modulators
(SLMs), g-plates, vortex/spiral phase plates, and forked holograms are commonly used
components for generating and sorting the HOMs for classical and quantumfiber networks based
on HOMs [6,17—-19]. However, thesecomponents are non-compatible with all fiber-based systems
and suffer from limitations such as low efficiency,restricted bandwidth, scalability challenges, and
large size,making them incompatible with fiber networks. Furthermore, these devices can only
manage one higher-order mode at a time, and as the number of modes increases, their complexity
and susceptibility to alignment issues alsorise. As a result, there is a strong emphasis in current
research on enhancing existing technologies and developing novel types of such devices.

To implement SDM effectively in future fiber optic networks, fiber-based components are being
designed for compatibility with existing telecommunication systems. Although waveguide-based
approaches have made significant progress in recent years [5—7], fiber-based solutions still hold
promise for the future and are actively under development. In this context, the development of
compact all-fiber methods for efficiently generating and sorting HOMs holds significant
importance and is currentlya subject of intensive research efforts. However, realizing HOMs in
fiber is not as straightforward as in free space as detailed below.

The mode solutions of a fiber result in scalar and vectormodes, determined by the fiber's guiding

3933



China Petroleum Processing and Petrochemical Technology

Catalyst Research Volume 23, Issue 2, November 2023 Pp. 3932-3946

properties, depending on whether the scalar or vector wave treatment is applied, respectively. The
scalar modes are characterizedby uniform linear polarization (LP), referred to as LP modes,
whereas vector modes exhibit spatially varying polarization states, as shown in Figure 1. Vector
modes arefurther identified as HE, EH, and cylindrical vector modes(TE-transverse electric and
TM-transverse magnetic), depending on their electric (E) and magnetic (H) field combinations.
Furthermore, fiber supports HOMs as a linear combination of a basis set of modes. For instance,
if selected HOMs combination with n/2 phase difference results in an orbital angular momentum
mode (OAM). Such OAM modes derived from the linear combination of LP basis modes result
in linearly polarized OAM modes, while those obtained fromvector basis combination led to
circular polarized or vector-OAM modes. It is important to note that OAM modes with circular
polarization additionally process the spin-angular momentum (SAM = +1), thereby resulting in the
spin-orbit coupling. OAM modes composed using the LP-scalar basis are susceptible to strong
mode coupling due tobirefringent perturbations and mode degeneracy, limiting their suitability
for various classical and quantum applications. In contrast, OAM modes or HOMs based on the
vector basis provide access to manipulate thepolarization in the modes, exhibiting pure quantum
characteristics with proving to access the high dimensionality of light. This enhances their
applications byfully exploiting the maximum available degree of freedomrelated to polarization,
particularly in quantum systems.

Scalar modes Vector modes
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Figure 1: Scalar and vector modes in the optical fiber: PL- linearly polarized modes, n.f - effective
refractive index of fiber.
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While HOMs with pure vector/polarizationcharacteristics offer a full spectrum of benefits, all-fiber
devices rely on the special design of the fibers that supportHOMs. Such design constraints arise
due to the inevitable degeneracy of modes in standard few-mode fibers. In an optical fiber, light
can propagate through different paths or modes, each characterized by a unique spatial distribution
of the electromagnetic field. The degeneracy of fiber modesrefers to the phenomenon where
multiple modes within theoptical fiber exhibit the same propagation characteristics, such as the
same propagation constant or nesr. In other words, these modes propagate with almost the same
propagation constants, consequently they cannot be easily distinguished based on their individual
characteristics. Dueto the symmetry of certain fiber refractive index profiles, multiple modes can
share the same set of characteristics. This degeneracy becomes significant when these modes have
the same effective refractive index, making it challenging to isolate and manipulate individual
modes. The wavelength (A) dependent propagation constant () of modes that related to neff is
expressed as follows:

. 2m e
B(A) =7neff (1)

The presence of degenerate modes in optical fiberscan complicate the design and optimization
of fiber-baseddevices, as it becomes more challenging to control andutilize specific modes for
desired applications. Researchersand engineers often need to carefully consider and managethe
degeneracy of fiber modes to enhance the performanceand reliability of optical communication
systems and other fiber-optic devices. Thanks to research in fiber design,various specially
designed fibers are used for minimizing the mode coupling by lifting the degeneracy between
theconstituent modes [20,21]. Nevertheless, these fibers arecomplicated in design and require
highly sophisticatedprocessing methods. Leveraging recent advances in suchspecialty fibers, all
fiber mode selective fiber coupler(MSFC) has been reported to generate vector-HOMS andOAM
modes [22— 24]. However, the specialty fibers make the device fabrication complicated and
sensitive to thecritical aliment of the fiber during the device fabrication. Further, these fibers also
limit scalability as they aredesigned to support a specific number of HOMs or OAMs. In this
context, as for fiber methods for generating HOMs or OAM modes, various approaches have
beenexplored, including semi-fiber and all-fiber devices such asfiber gratings, micro-structured
fibers, mode-selectivecouplers, photonic lanterns, and fiber-integrated phaseplates. However,
these methods often face challengesrelated to efficiency, reliability, bandwidth, scalability, and
the purity of generated OAM modes. Although, a photonic lantern is a commercial-grade
device used for generatingand sorting LP modes, is not capable of handling vector modes and
its complex design limit customization. Incontrast, MSFCs offer versatility, scalability, and
ease ofcustomization with standard and specialty fibers. Importantly, MSFCs are capable of
not only generating butalso sorting HOMs or OAM modes composed of bothvector and scalar
basis sets, depending on the fibers used intheir design. However, it's worth noting that, except
forgenerating the first-order OAM state, MSCs have not been explored for sorting them with the
vector mode basis.
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Most of the applications, for instance, optical communication, require all-fiber devices for not
only generating HOMs but also modes switching. The MSFCs mechanism has been the potential
method to efficiently generate HOMs via all-fiber methods as demonstrated in[23,25]. Most of
these previous MSFCs were designed using special fibers with complex index profiles to ensure
not only the generation of different types of HOMs but also propagate them with high modal purity
[22,23,26]. However, fabrication of MSFCs using such fiber is highly difficult and is efficiency
limited [14,27,28]. The design of MSFCs with standard commercial fibers, yet with outstanding
performance in not only generating but also switching HOMs is worth exploring as investigated
here [8,9].

Here, we present our experimental results on the design and characterization of an MSFC using
a standard step-index single mode (SMF) and a few-mode fiber (FMF) forte generation of HOMs.
In our design of MSFC, we mainly address two critical issues: mitigating the degeneracy ofselected
modes and their selective coupling via MSFC design. Furthermore, we demonstrate a wavelength-
modulated switchable excitation of HOMs via a special cascaded-coupler design of MSFC. The
selection of FMF fiber not only simplifies the fabrication complexity but also generates stable
HOMs with a high coupling efficiency of ~90% and with negligible insertion loss. The spatial
polarization of generated HOMs is measured via polarization analysis measurements. First, we
present our simulation studies on addressing the degeneracy problem of modes via fiber tapering.
Subsequently, the design of the proposed MSFC for selective coupling and wavelength-modulated
switching of spatial HOMs with vector characteristics is presented, as detailed below.

2.DEGENERACY OF FIBER MODES AND FIBERTAPERING

The following presents our simulation results on investigating the tapered fibers for lifting the
degeneracy between the constituent HOMs in a standard multimode step-index fiber to avoid the
mode coupling. Our approachmakes use of large neff difference induced by strong guidance of
HOMs resulting from the fiber tapering. The large effective index difference Anesr= 3x107 is
achieved for the lowest tapered diameter of 2.2 um and is two orders ofmagnitude higher as
compared to that of HOM:s in the un-tapered fiber Anes~107. The cut-off taper diameter limit is
estimated through the modal field distribution in a tapered fiber. Though tapered fibers are
reported for increasing themode area [29,30], our approach on lifting the degeneracy between the
HOMs using the tapered fiber is the first of its kindto the best of our knowledge. As such, this
approach not only carries a significant interest for its simplest alternative to lift the degeneracy for
mitigating the mode coupling butalso for its expected application in the selective launching of
HOMs into any fiber to avoid complicated approaches presented in [27,31, 32].
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Figure 2: The different modes and their effective index (n.f) in tapered and non-tapered fiber.
neff of LP and vector modesare represented with horizontal lines.

modes are appropriate for weakly guiding fiber (un-taperedcase), we consider the natural vector
modes in our simulations as they are suitably used in practical applications, and to compare them
in un-tapered and tapered fiber.

Figure 2 shows the schematic representation of the effective index of different modes in the
tapered and un-tapered fiber. The neff for LP modes and vector modes is indicated with horizontal
lines in both regions of the fiber. The mode in the un-tapered fiber is denoted in the form of LP
modes as it is the weakly guiding case, while modes in the tapered fiber are shown as vector modes
as it is the strongly guiding scenario. As can be noticed, the neff of modes of each LP-modes group
in the un-tapered region appears to be a single line due to the close propagation constant of LP
modes, while the same lines are splatted, indicating that the propagation constants modes in the
tapered fiber are separated, as interpreted via the simulations results below.

First, we performed simulation on a selected un-tapered fiber and calculated the nes of first 10
vector modes as a function of wavelength for the range of 1.55 um to 1.60 um as shown in
Figure 3. It can be seen from Figure 3 that the neff of different modes is almost indistinguishable
for un-tapered fiber.
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Figure 3: n.srof different modes as a function of wavelength for an un-tapered fiber.

The Aneff calculated between the constituent mode as a function of wavelength for the first (TE,

HE,, ©/©, TM0,) and second (HE3;®® and EH;;*°) HOM groups is 3.12x10” and 1.6x107,
respectively. Since, neff of modes in each group are close to each other, they propagate with
almost similar or closest propagation constant (B = 2m/A.neg). This indicates that modes are
vulnerable to prominent mode coupling in the un-tapered fiber [20].
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A standard multi-mode step-index fiber with core/cladding diameters 10.2 um /125 pm, and
corresponding refractive index 1.46/1.444 is used in our simulations. With numerical aperture
(NA) 0f0.241 and V-number of 4.98 this fiber supports up to ~12 modes including all degenerate
vector counterparts at 1.55 pm wavelength. We use COMSOL Multiphysics® eigen modesolver
to perform the simulations. Though, LPIm. In the subsequent simulations, the neff of the HOMs
is calculated as a function of taper diameter. It is observed thatthe Ancs increased between the
HOMs as tapering diameterof the fiber decreases. Furthermore, the neff of the HOMs calculated
as a function of wavelength for taper diameter of 2.2 pm are shown in Figure 4. The Anc¢r calculated
betweenmodes in the first and second HOM groups is 3.4x10 and4x1073 RUI respectively, which
is two orders of magnitude higher than that of HOMs in un- tapered fiber. It is known that the
Anggr higher than the order of 10 between the constituent modes can significantly avoid the modal
coupling [20,21]. These results indicate that tapering the fiber can significantly avoid the mode
coupling by lifting the degeneracy between the modes. However, we believe that these tapered
fibers are applicable for only selective excitation of modes [29—31] and studies on modal coupling
behavior [33], but not for propagation. Further, it is possible that HOMs can be lossy at lower taper
diameters due to thepower leakage. Thus, we calculated the mode fields for tapering diameter of
2.2 um for each selected HOMs and found out that below 2.2 um of tapering diameter, the HOMs
are lossy. This indicates that 2.2 um is the lower cut-off limit of tapering diameter for the selected
HOMs in this fiber. From these simulation studies, it is clear that the tapering process involved
in the proposed MSFC enables selective coupling of modes despite a step-index few-modefiber is
used in the design. By leveraging such advantage ofselective coupling of modes, we further
optimize the design parameters to achieve the switching of modes as described below.

3.DESIGN OF A MODE SELECTIVE FIBER COUPLER

A standard step-index fiber (25/125 um, NA 0.12, FS Inc. call no. 35275) that supports few-
modes, and a standard SMF-28 (Thorlabs Inc.) at 1550 nm wavelength were used to fabricate the
proposed MSFC and optimize the coupler parameters to excite switchable HOMs. The index
profile analysis of selected FMF revealed that this fiber possessesthe sufficient index separation
(in the order of Anes~10"*) between the supporting HOMs so that modes do not couple each
other after they get coupled. Since the degeneracy between the different polarized modes is
removed, selective excitation and stability of generated HOMs can be achieved.
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Figure 5: Schematic representation of coupler fabrication tapering-rig.

The nerr of the HE | in the SMF is different from that of HOMs in the FMF fiber. Thus, selected
modes must be phase matched, which is studiedusing COMSOL Multiphysics® eigenmode solver
and found out the required tapering ratio (p = rsmr/remr) of selected fibers [22,23]. First, SMF
was adiabaticallypre-tapered at ~1400°C to a radius that is calculated based on the simulations,
using the tapering rig shown in Figure 5. The pre-tapered SMF was longitudinally aligned with
the un-tapered, straight FMF fiber without any twists, as previously reported in [22,23]. The
degree of fusion is optimized to obtain a cascaded fusedcoupler and the HE1; mode in the SMF
couples into a selected HOMs in the FMF to which it is phase matched [22,23]. The tapering and
fusing werestopped when the power measured out of the FMF fiber was maximized, which is
measured to be ~90%.

Further, the wavelength modulated switching of HOMs s achieved by optimizing the coupling
length of the coupler which is 18.2mm. At this coupling length, the coupler performance of modes
coupling becomes highly wavelength dependent thereby tuning the wavelength results in phase
change of selected modes. This design results in coupling of HE; mode into a different HOMsto
which it is phase matched at tuned wavelength. As the coupler design employed a weakly fusing
technique,the polarization of coupled HOMs is well preserved thereby resulting coupled modes
to maintain the vector characteristics. The fabricated coupler was carefully packed and
characterized further as explained below.

Unpolarized light from a tunable 1550-nm laser source was launched into the SMF input port of
the coupler Figure 6. The SMF was subjected to circular bendsto strip out if any higher order mode
was present before the fused region of the device. The output beam from the FMF fiber was
collimated using an appropriate lens (f =12mm) and the field patterns were imaged using a CCD
camera. Inset in the Figure 6 shows a clear doughnut pattern out of the FMF fiber port, as a
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function of tuned wavelength, when the polarizer is not present in the beampath before the camera.
The doughnut intensity distribution qualitatively suggests that the input HE; mode substantially
get coupled to the target HOMs.

Mode-selective
coupling fused coupler

Laser source
A=1550nm

|-—~E~~‘ Camera
Few mode fiber "\l'-,,fl i

output

Figure 6 (a): Experimental setup for characterizing the coupler. Inset: intensity profile of different
modes out of the mode selective coupler. LC: the coupling length of MSFC. L- lens and P-
polarizer.

Further, the wavelength of the source has been turnedto three (1550, 1552.5 and 1555 nm)
different wavelengths and the polarization of the output beam is analyzed using a polarizer
components as detailed below, based on the reported in [22].

A polarization analyzer was inserted in the path of thefree-space collimated beam. The transmitted
beam out of polarizer was measured as a function of the rotation angle of the polarization axis of
polarizer.

1;_ L Without polarizer PO t P45 I P90 €=—> P135 Wy

Figure 7: Experimentally generated one of the HOMs at 1.55 um. Images of mode intensity
distribution without polarizer and with rotation angle of polarizer: confirming the generatedmode
possesses the vector characteristics as spatial polarization varied across the mode’s cross-section.

The appearance of the dark line across the beam crosssection, after passing through the polarizer
suggests that thepolarization state of the generated beams is inhomogeneous. Further rotation of
analyzer axis through 0°-1350 at selected discrete angles, the two-lobed field pattern on the
CCD also rotated along the same rotation direction as shown in Figure 7. Such behavior is the
signature of the spatially varying polarization of mode coupler HOMs which confirms that the
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generated mode possesses the vector characteristics as polarization varies spatially. Furthermore,
based on the lobe like patterns of beam, it can be concluded that the coupler mode is of TEy;.

%
1277 Without polarizer PO I Pas P90 = PI35 Wy

Figure 8: Experimentally generated one of the HOMs at 1.555 um. Images of mode intensity
distribution without polarizer and with rotation angle of polarizer: confirming thatthe generated
mode possesses the vector characteristics as polarization varies spatially.

Further, the wavelength of input light into SMF is tuned to 1.555 pm. As usual, the intensity
patterns as a function of different polarization angles are measured, as shown in Figure 8. This
pattern is indicative of the spatially changing polarization in the mode coupler's higher-order
modes (HOMs), affirming that the resulting mode exhibitsvector characteristics with polarization
variations across space. Moreover, by observing the lobe-like patterns, it canbe deduced that the
mode generated by the coupler corresponds to TMy; and is different from the mode generated at
1.55 um. The observed intensity CCD image profiles confirm that the generated beams possess
differentpolarization at different wavelengths, as the lobe pattern isdifferent for different polarizer
axis for the two selected wavelengths. Moreover, the changing structure of spatial polarization of
the modes as a function of input tuned wavelength, further confirms the switching of the generated
modes. Therefore, by modulating the input wavelength, the modes can be switched. Such
wavelength modulated switchable vectors modes have high potential for chemical sensing
applications [34-38]. Especially the fiber-based devices are especially suitable for remote sensing
in toxic chemical environments, chemical chambers with limited access [34, 35]. With such
potential, this result carries significant importance in sensing petrochemicals and petroleum
processing applications [34, 35]. The petrochemicals such as methane, propane, and hydrogen
etc., can be identified based on their wavelength dependent response to vector characteristics of
each wavelength modulated switchable modes [34, 35].

To conclude, our study showcases a method for generating switchable Higher Order Modes
(HOMs), like TEq;, and TMy,. It is achieved through a straightforward mode-selective coupler
design using a standard step-index single mode (SMF) and a few-mode fiber. The degenerate
properties of the selected modes are studied via simulations and found that the tapering process
used in fabricating proposed MSCEF helps in lifting the degeneracybetween the modes. The unique
cascaded-coupler design allows for the wavelength-modulated switchablegeneration of HOMs
with an efficiency approximately equal to 90%, all while maintaining the fabrication process
simple. These uncomplicated and highly effective all-fiber devices demonstrate exceptional
performance and hold significant potential for various applications, including optical
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communication, particle manipulation, and mode switching. Ongoing efforts involve further
analysis to obtain spatially resolved polarization through Stok’s polarization parameters
measurement, and results on the polarization analysis will be reported elsewhere separately.

6. CONCLUSION

A switchable generation of HOMs with vector characteristics via a design of a mode-selective
fiber coupler is demonstrated. The design involves a single modeand a standard step-index few-
mode fiber. In this work, wepresented our simulation results on the tapered fibers for lifting the
degeneracy between the constituent HOMs in a standard multimode step-index fiber to achieve
selective coupling. The large effective index difference Anegr = 4x1073 is achieved for the lowest
tapered diameter of 2.2 um and is two orders of magnitude higher as compared to that of HOMs
in the un-tapered fiber Anes~107. As such, our approach not only carry a significant interest for
its simplest alternative to lift the degeneracy formitigating the mode coupling but also for its
expected application in selective launching of HOMs into any fiber to avoid complicate
approaches. The special cascaded-coupler design enables the wavelength modulated switchable
generation of HOMs with ~90% efticiency while keeping the fabrication simple. Such simple and
highly efficient, yet with outstanding performance, all- fiber based devices are highly potential for
various application such as optical communication, particle manipulation and modes switching.
Realizing the full potential of quantum technologies crucially relies on the development of devices
that can manipulate and propagatequantum states efficiently. In this context, the reported research
carries significant importance by providing an all-fiber device solution capable of multiplexing
multiple vector modes effectively utilizing a vector basis set for even OAM modes, ensuring
suitability not only for classical applications but also for quantum applications. This research work
has potential to bridge the gap between fibernetworks and compatible all-fiber devices, offering a
commercially viable, versatile solution to replace bulky and inefficient non-fiber systems in
classical and quantum research. Hence, exploring the design of MSFCs using standard step-index
fiber that can offer accessibility of vector characteristics of the generated HOMs finds many
applications.
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