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Abstract. The fabrication steps foran air-clad photonic lantern that can excite
the rst two LP mode groups in a multimode | ber are presented in this paper. A
multiplexing crosstalk below -16:8 dB is measured on the fabricated lantern using S?2
imaging technique over a wavelength of 1525 'nm to 1575 nm. The de-multiplexing
crosstalk is measured for both LPg; and LP;; mode groups as -16.8 dB and -9.4
dB respectively using loss;measurements. 2 40 Gb/s MIMO-less MDM transmission
through 7 m of two mode step indexmber is demonstrated using the fabricated photonic
lanterns. 2 10 Gb/s MIMO-less MDM transmission through 1.6 km standard 50/125

m multimode ber.is also demonstrated and a Q value higher than 3.7 is obtained
for both spatial channels,over all input polarizations. Simple intensity modulation and
direct detection schemes are,used for these MDM transmissions.

N

1. Introduction

Ever since, Charles.Kao’suinvention of optical ber [1,2], there is a constant search of
ways to improve the optical data transmission capacity through optical communication
networks. The development of Erbium doped ampli er (EDFA) and wavelength division
multiplexing/ (WDM) networks has contributed a great deal to this improvement.
Advanced modulation techniques like Quadrature amplitude modulation (QAM), and
coherent detection”using intradyne receivers could further push the data capacity
limits to the Tb=s level. In spite of all these advancements, the capacity growth in
communication systems is showing signs of saturation, while the required data tra ¢
IS continuing its strong growth [3]. Scaling of the data transport system in the space
dimension/is a possible solution to the imminent capacity crunch problem. This kind
of parallel transmission through di erent spatial channels is in general termed as space
division multiplexing (SDM). Mode divison multiplexing (MDM) is one type of SDM
approach, where multiple spatial modes in a single large core ber are used for parallel
transmission of data. Larger the core size, or larger the refractive index di erence
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between the core and the cladding, the more number of spatial modes can be supported
by the multimode ber.

Fiber modes are solutions to the eigen value equation, derived from the Maxwell
equations for a circularly symmetric ber crosssection. Solving the eigen equation
gives the propagation constant of the mode as the eigen value anddthe electic’ eld
distribution as the eigen vector. The e ective index value ner¢ Ofthe modes can be
obtained from propagation constant as

Neff = k_o (1)
where Ky is the vacuum wavenumber. nes¢ is the refractive index that light sees within
the waveguide and will have a value between the core index and cladding index of the

ber.
For optical bers, the refractive index di erence between the core and cladding is very
small, and hence it is reasonable to approximate the derivative of the dielectric function

in the eigen value equation to 0. This approxXimation is termed as the weakly guided
approximation or the scalar approximation [4]. Seolutions of scalar equation are called
linearly polarized, LP modes and are denotedas LP,,;, where 2m is the number of zero
crossings on the eld distribution when going around a full circle at a constant radius
and | 1 isthe number of zero crossings'when going out into the radial direction. Vector
mode solutions obtained without any sealar approximation are the true Eigen modes
of the ber, but due to slight‘index changes:in the ber from fabrication uncertainties,
there will be mixing of vector modes. Hence a normal multi mode ber only supports
the stable propagation of LP mode groups. A two mode ber is a few mode ber (FMF)
that can support the LPg«and l.P;,/mode groups [5]. The LP;; mode group include
the LP114 and LPyy, degenerate modes with the same propagation constant.
Building MDM transmission systems with multimode bers has some component and
connectivity challenges:, One is the e cient excitation and splitting of higher order
modes from the fundamental LPy; mode. A spatial multiplexer (MUX) and de-
multiplexer (DMUX) allows to combine and separate the spatial channels in and out of
a FMF. Withsmode selective MUX and DMUX; it is possible to selectively multiplex
and de-multiplex’a specinc mode into and out of the FMF.
Di erent techniguesfor mode multiplexing and de-multiplexing has been developed and
tested in transmission systems in the past decade. A large part of these include free
space setups like binary phase plates, spatial light modulator(SLM) [6] and multi-plane
light conversion techniques [7]. These free space mode convertors need extra components
to ‘couple the generated mode into the ber, which generally introduce extra insertion
losses and spatial crosstalks between the channels. Compact ber based mode convertors
would. be a better solution, as they can be spliced directly to a transmission ber. A
mode selective photonic lantern is such a ber based device that works by the principle
of tapered mode transition. Unlike other ber based mode convertors like long period
gratings (LPG) [8,9], and fused biconic couplers [10], which are resonant devices, based
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Figure 1. Transition of SMF modes to higher order mogdes in_a-photonic lantern.

on a phase matching condition at a narrow wavelength band, phetenic lanterns are wide
bandwidth devices, which makes them compatible with WDM systems.

2. Photonic Lanterns

A photonic lantern (PL) is a ber based mode /conyertor.that can e ciently transform
light from di erent single mode bers to light in° multimodes and vice versa. In the
conventional fabrication method, di erent SMFs are stranded together and inserted in
a Fluorine doped low refractive index capillary tube and the SM ber bundle is tapered
down together with the outer capillary. tube [11]. As the SM ber is tapered down
to smaller diameter, the SMF cores start coupling light out of their individual cores
and the LPy; modes gradually. transforms into multimode ber modes at the end of
the taper as shown in the sketchin g 1. At the end of the ber bundle taper, the
original SMF cores will be very thin‘and hence insigni cant, while the silica cladding
of the bers together form the.new core and the outer low index capillary tube form
the new cladding. Thus a multimode waveguide that can support higher order modes is
formed at the taper_end. When the SMFs used in the fabrication are all identical, the
PL is termed as non. mode selective. In a non mode selective PL, there will be mixing
of modes, and light'launched-at either of the SMFs can excite a combination of all the
available modes supported by the multimode waveguide at the taper end. Non mode
selective photonic lanterns were initially used in some MDM transmissions, but highly
computational multiple input multiple output digital signal processing (MIMO-DSP) is
required to separate the spatial channels from their linear combination states. Coherent
MIMO ransmission in a FMF that can support six spatial channels and 32 WDM
channels, through a distance of 900 km is reported using non mode selective PLs. [12].
A mode selective PL can reduce the complexity of MIMO processing, as it can excite a
speci ¢ LPmode in a FMF using a speci ¢ SM input ber. To introduce mode selectivity
in a photonic lantern, we have to break the degeneracy of the SMF modes, by using
dissimilar SMFs. The dissimilarity can be either in the core size or refractive index
of the SMFs. Within a FMF, there will be mixing between the degenerate LP modes,
for example, between LP;1, and LP3;, modes. Hence a PL that can excite a speci ¢
mode group in a FMF is enough. Relatively simple MIMO can be used to separate the
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Figure 2. a) Geometrical arrangement of three identical bers of anonimode selective
lantern. b) The physics controlled mesh used for the mode analysi\s.

degenerate channels within a mode group or MIMO can. be fully avoided if the entire
mode group is used as a single channel. A PL that can_excite.the/ rst two mode groups
namely LPoy; and LPy; can be fabricated using three SMFs; where one ber should be
dissimilar from the other two. Similary to exite the™ rst four mode groups namely LPy;,
LPy1, LPy; and LPgy, six SMFs are required, which inclgdes four dissimilar types of
SMFs. PLs that could excite up to six LP mades, having an insertion loss of 1.9 dB
and crosstalk of -9 dB has been reported [13].

3. Air-clad photonic lanterns

The low refractive index capillary tubes used for PL fabrication is not that easily
accessible. The number of SMEs used for the fabrication scales up with the number
of modes needed. Uniform tapering, of capillary tubes of larger diameter in a glass
processor using heating lament is di “cult. Hence a more simple and cost e ective
fabrication technique is tried, Where the outer capillary tube is not used [14,15]. The
air surrounding the taper form the low index cladding, that guides the light through
the taper, hence they are termed air-clad PLs. Air clad PLs that could excite the rst
two LP mode groups are.fabricated using two kinds of three SMFs and the fabricated
devices are tested on MDM transmission setups. These results on the design, fabrication
and characterization of air-clad PLs and their application in MDM transmission are
described in this paper:

4. Design

The mode evolution along the taper is studied by solving the eigen equation at di erent
2D’ cross sections of the taper. This is done with a a full vectorial mode solver using
the wave optics module in COMSOL Multiphysics and also a scalar mode solver written
in Python, where scalar approximation is used. A non mode selective PL with three
identical True Wave bers is modelled rst. The three bers are centered along the
vertices of an equilateral triangle as shown in the g 2a. COMSOL uses the nite
element method to solve the frequency domain form of Maxwell equation. A ner physics
controlled mesh is used for the mode analysis as shown in the g 2b. 2D cross sections
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Figure 3. The variation of e ective index for'the »rst seven vector modes with taper
width for a non mode selective PL. y

at di erent points along the taper is obtained by scaling down the three cladding and
core diameters by multiplying with_a factor., At each 2D plane, the refractive indices
of the core and cladding of the bers anduthe outer air cladding are included in the
calculation. The calculated e ective index values of the rst seven vector modes are
plotted as a function of taper width in g 3. Before tapering, the three ber bundle
has a width around 219 m. 4n the beginning of the taper, light is well con ned in
the three SMF cores giving six degenerate fundamental modes with the same e ective
index values. The seventhamode is.a-cladding mode with a ner¢ smaller than the silica
cladding (nclad). As the taper width decreases, the nes¢ of the rst six modes separates
into two groups. The degeneracy of the six modes in the beginning of the taper results
in the mixing of light in'a.non mode selective PL.

Mode evolution in a mode selective taper is studied next using the 2D mode solver in
COMSOL. To introduce mode selectivity between the LPy; and LP;; mode groups, a
dissimilarity 4s introduced in one of the three bers. This dissimilarity will break the
degeneracy of the fundamental modes in the beginning of the taper, as their propagation
constantssare di..erent. The light in the input ber that supports the mode with the
highest' propagation constant, will evolve into a taper mode with the highest e ective
indexsand.the rest accordingly. The bers selected for the mode selective PL are a
Thorlabs SM 2000 ber and and two OFS ClearLite 16 bers. The bers di er both
in core diameter and core index as shown in table 1. The silica cladding diameter and
refractive index are 125 m and 1.4444 respectively. The same geometrical arrangement
as ing 2a is used for the mode analysis. The SM2000 ber with larger core is placed on
the right and the two OFS ClearLite 16 bers on the left side of the structure. The core
and cladding indices of the three bers and the outer air cladding are set according to
their respective values and the mode solutions are calculated at di erent taper widths
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Name Core diameter | core index
[ m] @1550
SM2000 11 1.4499
OFS CL 4 1.4530

Table 1. The core diameter and refractive index of SM 2000 and OFS.CL bers used
for the fabrication of mode selective lantern.

Figure 4. The variation of e ective index for the rst seven vector modes with taper
width for a mode selective PL.

by scaling down the whole geor?etry. The solution gives the set of nes¢ values and eld
distributions of the modes.supported by the waveguide at di erent 2D cross sections
of the taper. The calculated n s+ values as a function of taper width for this mode
selective taper is shown in.. g 4. The electric eld distributions of the rst six taper
modes at a taper width of 19 m is shownin g5. The magnitude of the complex eld

EZ+EZ+ EZ is plotted here. Mode 1 and mode 2 form the LPy; mode group and
mode 3 to mode 6 form,the LP;; mode group. The nees of the fundamental mode in
SM2000 ber is'larger than the nes¢ for the fundamental mode of OFS CL bers. Hence
light launched into the SM2000 ber will evolve into a taper mode with the highest Negs
and it could be called the LPg, like taper mode as this mode can excite the real LPg;
mode in a EMF. While light launched into either of the OFS CL bers will evolve into
an LP,; like taper mode which can excite a combination of LP;;, and LP3, mode in the
FMF. Eventough the ngs¢ values of LPg; and LP;; mode groups are well separated in
the beginning of the taper, they however come closer at one point of the taper as seen
in the inlet in g 4. The di erence in nees between mode 2 and mode 3 at this point is
1.78 10 * and this happens at a taper width of 60 m for this set of SM2000 and OFS
CL bers. Mode mixing could happen at this point, resulting in crosstalk between the
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Figure 5. The mode distributions of the™ rst six:taper modes at a taper width of 19
m.

two spatial channels. While designing PLs, bers that give the largest ner¢ di erence
at this closest point should be selected.

SM2000 ber has a large core diameter‘ofi11_‘m and therefore the LP;; mode is slightly
guided in the ber. That is the reasommwhy the nefs values of mode 7 (magenta line
in g 5) is above the silica cladding (nclad) at the beginning of the taper, but the Negs
value is very close to the silica.cladding index, so the mode will disappear after a few
meters.

N
4.1. Overlap between taper modescand FMF modes

There should be maximum coupling of power between the taper modes and the FMF
modes for the lanterns torwork e ciently. The FMF is circular, but the taper end has
a triangular shaped core. Due to the large index contrast between the air cladding and
the silica core, the taper modes will be well con ned within the silica core. The taper
width that gives the highest overlap between the taper modes and FMF need to be
found. The overlap between two normalized modes 1 and ¢ are given as

27 2
0= T(Xy)  g(Xy) dxdy @3]

S

where. it is assumed that the z component of the taper mode t and the FMF mode
r are very small compared to the x and y components. Substituting the x and y
components of the respective modes as:

T= Rt 8 ©)
F= xR+ EyY 4)




























































