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Abstract

Photonic lantern (PL) spatial multiplexers show great promise for a range of applications, such as future high-capacity
mode division multiplexing (MDM) optical communication networks and free-space optical communication. They
enable efficient conversion between multiple single-mode (SM) sources and a multimode (MM) waveguide of the
same dimension. PL multiplexers operate by facilitating adiabatic transitions between the SM arrayed space and the
single MM space. However, current fabrication methods are forcing the size of these devices to multi-millimeters,
making integration with micro-scale photonic systems quite challenging. The advent of 3D micro and nano printing
techniques enables the fabrication of freestanding photonic structures with a high refractive index contrast
(photopolymer-air). In this work we present the design, fabrication, and characterization of a 6-mode mixing, 375 um
long PL that enables the conversion between six single-mode inputs and a single six-mode waveguide. The PL was
designed using a genetic algorithm based inverse design approach and fabricated directly on a 7-core fiber using a
commercial two-photon polymerization-based 3D printer and a photopolymer. Although the waveguides exhibit high
index contrast, low insertion loss (—2.6 dB), polarization dependent (—0.2 dB) and mode dependent loss (—4.4 dB)
were measured.

Introduction

Spatial multiplexers find extensive applications in var-
ious light-related fields, including high-capacity mode
division multiplexing (MDM) fiber communication net-
works' 2, free-space optical communication®®, coherent
power combining®’, adaptive optics®” and wavefront
sensing'®!!, Spatial mode multiplexers (and demulti-
plexers) transform individual sources (modes) to spatially
overlapping and orthogonal modes, ideally with low losses
and in compact form. Photonic lantern (PL) mode mul-
tiplexers consist of an adiabatic (see definition in the
“Discussion” section) spatial transition between a multi-
mode optical waveguide and a discrete set of single-mode
(SM) waveguides, with matching mode and waveguide
counts'”. They can losslessly convert from the multi-
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mode domain to the single-mode array domain and back
and are one of the enabling technologies for MDM'?. PL
multiplexers can be categorized as either mode-preserving
or mode-mixing devices. Both are compatible with fiber
communication systems which require multiple-input,
multiple-output (MIMO) equalization'* to unravel the
mixing phenomena occurring in the fiber channel itself
and possibly in the PL. PLs can be made by various means:
SM fibers placed in a lower index sheath that coalesce to
one'>™", by waveguide inscription in glass using direct
laser writing'®'®, and within photonic integrated cir-
cuits®*, Due to the adiabatic transition requirement, PL
devices are typically long and utilize low index contrast
waveguides.

Three-dimensional (3D) nano printing techniques have
revolutionized the field of photonics, enabling the fabri-
cation of complex structures for manipulating optical
waves with sub-micron resolution. This resolution is
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obtained by nonlinear two-photon polymerization (TPP)-
based direct laser writing (DLW), for realizing optical
structures with arbitrary shapes and sizes and excellent
fidelity. Using TPP, 3D printed optical waveguides can be
produced with high accuracy, allowing the creation of
free-standing or nearly free-standing waveguides with
lengths ranging from micrometers to millimeters. The
technique creates air-cladded waveguides, which have low
losses and can be used for many photonic applica-
tions**~%°, Compared to DLW inside a glass medium, 3D
nano-printing offers the advantage of fabrication on
diverse materials and substrates, enabling versatile inte-
gration with different platforms. It provides the ability to
achieve high coupling efficiency and good mode match-
ing. Additionally, 3D nano-printing allows for the fabri-
cation of high refractive index contrast waveguides
(Mpotymer = 1.53 vs. n,;, = 1), with very small transverse
dimensions required to remain single-mode*.

This work presents the design, fabrication, and char-
acterization of a six-mode-mixing PL using 3D printing
technology with a total length of only 375 um. This
diminutive PL includes waveguides for interfacing to six
SM sources and an outgoing taper for interfacing and
matching to a six-mode optical fiber. The spatial multi-
plexer (MUX) element within the PL, where the mode
transformations occur, has a length of only 83 ym. The PL
is a compact, free-standing device that we further support
by an external structure designed to enhance its
mechanical stability while minimizing any impact on
performance. The PL’s unique design and fabrication
technique allows for easy integration with a variety of
sources and systems, as it can be 3D printed directly onto
nearly any light source or other substrates, as in our case
onto a multi-core fiber (MCF) end facet.

Table 1 provides a comparison of various mode multi-
plexers, encompassing all-fiber PL, glass-inscribed PL, and
multi plane light conversion (MPLC) free-space techni-
que. As depicted in the table, the 3D printed PL presented
in this work exhibits mildly higher IL and MDL values
compared to other multiplexers, which are attributed to
fabrication imperfections. However, its size is roughly 10>
times smaller than the alternatives, offering a significant
advantage in terms of direct integration onto diverse
platforms and eliminating fiber interconnections that can
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affect footprint and size and possibly introduce differential
fiber delays. Specifically, we envision the diminutive 3D
printed PL seamlessly integrated with micro-scale inte-
grated photonic circuits and dense VCSEL arrays. This
integration feature enabled by additive 3D printing tech-
nology, along with its compactness and the ability to free-
stand, makes it an ideal choice for diverse light-related
applications extending beyond fiber-based systems.

Results
Photonic Lantern design on a 3D nano-printing platform

The 3D printed PL device is made of a photopolymer
that undergoes polymerization using TPP by a tightly
focused writing laser beam of ultrashort optical pulses
that scans the printing liquid volume point by point—or,
more precisely, voxel by voxel-providing the ability to
fabricate arbitrary three-dimensional few-micron-scale
polymer waveguide structures with air cladding that are
difficult—if not impossible—to fabricate using conven-
tional techniques.

The SM sources in our demonstration originate from a
MCEF for the convenience of reduced source pitch of
35um and have a mode field diameter (MFD) of 6 um,
which are to be interfaced to a six-mode step index optical
fiber with a core diameter of 15 ym and mode-dependent
field diameters of 11.8—-13.0 um. The 3D printed wave-
guides exhibit a high refractive index contrast between
core (¢ = 1.53) and cladding (air at n.,; = 1), therefore
the six-mode waveguide size is 2.1 ym diameter (nor-
malized frequency V=4.69) and SM waveguide is 1 um
diameter (V' =2.35), at vacuum wavelength 1o = 1.55 um.

The PL contains three components (Fig. 1a): Waveguide
interface section to match between the six-SM sources
(pitch and size) to the multiplexer inputs, six-mode
multiplexer (MUX), and an output taper to optimally
match between the MUX output and a receiving six-mode
optical fiber. Each element is separately designed and
optimized. To create a 6-mode MUX that operates effi-
ciently, the SM waveguides are configured in a pentagonal
symmetry surrounding a central waveguide (Fig. 1la),
which is the established arrangement for efficient excita-
tion of six spatial modes”’. Due to the high-index contrast
waveguides, mode matching from the core sources to the
mode size of the MUX’s inputs is required. Tapering

Table 1 Comparison of different spatial mode multiplexer types

6-mode Multiplexer IL IL with FMF MDL Size Source
All fiber PL <0.7dB <0.7dB 12dB 125 mm long 4243
Glass inscribed PL <15dB <25dB - 50 15% 10 mm *

MPLC >4dB - 12dB 100 mm? to 10cm’? a6

3D printed microscale PL <3.3dB, typical 2.67 dB <54 dB, typical 48dB 443dB @100 um X H375 um This work
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the six input waveguides for the MUX. b IL computed from 12 FDTD simulations vs. IL estimator, computed with only 2 FDTD simulations
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down the waveguides from a diameter of (¥8.4 ym, which
is optimized for coupling to the SM fiber core modes, to a
SM polymer waveguide diameter (@1 um) and then
adiabatically expanding them to a 6-mode diameter
(©@2.1 ym) would necessitate long structures with very
small diameter waveguides, jeopardizing the mechanical
stability. In the present design, the source modes are
tapered down to the input diameter of the multiplexer,
denoted by an intermediate measure R. Subsequently, the
waveguides continue to decrease in diameter within the
MUX until reaching the final diameter supporting six
modes at the output of the MUX. The main challenge in
this design is avoiding the excitation of higher order
modes. The mode matching taper, which is depicted as
the “Six Source interface” in Fig. la, is optimized to
maintain fundamental mode purity (with purity above
94%). Subsequently, the MUX is optimized based on the
assumption that single-mode inputs are being introduced
to its six inputs. We employed the Finite-Difference
Time-Domain (FDTD) computation for the MUX simu-
lation, which can be time-consuming. In order to calcu-
late the insertion loss (IL) and modal dependent loss
(MDL), a 12 x 12 coupling matrix must be computed to
account for the six spatial modes and two polarizations,
which involves conducting 12 FDTD simulations for each

design iteration. It takes approximately 1h to compute a
single design’s coupling matrix using a computer with 16
CPU cores at 3.4 GHz and Lumerical FDTD solver. As a
result, the optimization process can become nearly impos-
sible to perform within reasonable time. Since the PL has
azimuthal symmetry, we developed an IL estimator that
allowed us to reduce the number of FDTD simulations
required to two only (x6 speed up). For each iteration, we
randomly choose a circumferential source and its X or Y
polarized fundamental mode and the polarization of the
central input source, and using these two input modes we
find their respective PL output fields which are decomposed
to the 6 x 2 eigen modes for computation of the coupling
coefficients. Let fliE;) be the sum of the coupling coefficients
when excited from the central core. Similarly, fE,) is the
coupling obtained by launching from a randomly selected
circumferential core. In both cases, polarization state is
chosen at random for each iteration. The IL estimator is:

— 2 |f(E)|+10-|f(Ep)]

IL = <1 1
12 - )

The IL estimator operates under the assumption that
the IL contribution from the central waveguide will differ
from that of the circumferential waveguides. However,
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due to the symmetry of the circumferential waveguides
around the center, their loss contribution is expected to
be similar. As a result, the central waveguide [fE;) |?* is
multiplied by a factor of 2 (accounting for 1 mode with 2
polarizations), while the result from the circumferential
waveguides |f{E,) | * is multiplied by a factor of 10 (con-
sidering 5 modes with 2 polarizations). To test the esti-
mator accuracy, we calculated the full coupling matrix for
30 different MUX designs and compared the actual IL to
the estimation and found an average L; error (see Fig. 1b)
of only 0.84% between the estimator and the real IL
(Fig. 1b). Our IL estimation method efficiently scales with
the number of supported modes, drastically reducing the
required simulation time. For example, when estimating
the performance for a 15 mode-mixing PL, using an
additional 9 sources arranged about an outer circle, only 3
FDTD simulations are required per iteration instead of 30
(compared to the 2 simulations required for the 6-mode
case). If other design metrics such as crosstalk are
required for optimization, the cost function can be
expanded, as demonstrated in*®.

Mux design

3D fabrication technology enables writing complex
structures®. To utilize the design space, we used a
Genetic Algorithm (GA) implemented in Python and
based on reference®® to optimize the MUX structure. The
MUX input waveguides diameter (R), length (L), wave-
guides tapering form (exponential factor n) (Fig. 4c) and
20 points defining a curve were selected as the GA opti-
mization parameters (Fig. 2a). We set the IL estimation
function as an objective to be maximized. Then, the MUX
was optimized by using the GA for efficient parameters
update, along with FDTD simulations (Ansys Lumerical
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solver) for calculating each design objective function
(Fig. 2b).

The GA design flow optimized the MUX, for an opera-
tion wavelength of 1.55um. Figure 3a illustrates the
improvement of the IL across 12 generation cycles. In the
plot, the blue points represent the 80 scores evaluated for
each generation, the green line corresponds to the median
score per generation and the red line tracks the best score
achieved in each generation. The plot demonstrates con-
sistent improvement in the best score measure for each
generation cycle. The optimization process results in a
design that achieves an 1L value of 0.96. Figure 3b displays
the waveguide curve determined by the optimization pro-
cess. The MUX has a length of 83 um and an input dia-
meter of ¥2.2 ym. Additionally, the pitch of the outer circle
waveguides from the center was an optimization parameter,
and it was set to 3.7 um. The full 12 x 12 coupling matrix of
the device was then calculated for comparison to the esti-
mator. By calculating the singular values of the matrix (1))
we can extract the IL and MDL by:

1 N
IL=10-log,, (NZ w) 2)
i=1

MDL =10-1 P
=10 - log,, |/1 |2 (3)
max

We calculate an IL of —0.17 dB (96%) for the MUX, same
as the I/L and MDL of —0.29 dB. The input cross-section
diameter of the MUX is not single mode, hence excitation
of higher order modes at the input facet may be an issue. In
the simulation shown in the supplementary videos, the
MUX was used for high-order mode de-multiplexing
(operated in reverse), and the modes on the separate

genetic algorithm for efficient parameters update

b
a Initialize 80
Taper to random sets of
6-mode design parameters
fiber
o2.1 um ¢
Population evaluation Find IL Return the Good Exit
using FDTD solver estimator best solution | ™'enough? Yes
Mux L No
Next. Select parents from
generation the top 25% scores
New population of Create children from
Source size 80 is formed parents and perform mutations
interface

Fig. 2 Photonic lantern design. a PL layout, with identification of the optimized design parameters: P,'P, ... P?° define the curve path, R is the input
diameter of the PL (at termination of the source interface waveguides), and L is the MUX length. b Block diagram of the optimization process, using a
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output waveguides are all single-mode, with different
power distributions (and phases) between the waveguides.

Source interface waveguides design

In this work we used a 7-core fiber with a fanout device
(Chiral Photonics®') as a source (using six of its cores).
Each core is SM with MFD of 6 um set at pitch of 35 um.
The designed diameter of the input waveguide for the
MUX is 2.2 um, which supports a fundamental mode with
a MFD of approximately 1.8 um. As a result, there is a
large mismatch between the source mode with a diameter
of 6 um and the MUX input mode. Additionally, the pitch
between the MUX input waveguides is 3.7 um (Fig. 4a).
To address this mismatch, we designed an S-shaped pitch
transition taper to correct both the mode size and dis-
placement. To achieve maximum coupling efficiency
between the fiber core mode and the polymer waveguide
fundamental mode (air-cladded), a waveguide diameter of
84 um is required. The coupling efficiency is 97% in
simulations. For taper optimization, we defined the
waveguide tapering function as a power function of the
form x'”, where # is the parameter defining the tapering
form (Fig. 4c). The second parameter, m, controls the
S-shaped curve path where different values of m will
generate a different curve as shown in Fig. 4b. The last
parameter is the interface length. Longer slowly varying
tapers should exhibit greater efficiency, but in practice
they would be more difficult to fabricate, will introduce
propagation loss due to surface scattering, and pose
greater risk of not remaining intact after fabrication. We
set a length of 170 um for the source interface section as a
compromise balancing performance and length.

By exploring the two-parameter optimization space, we
found a solution (n = 0.7, m = 56) that achieved a mode
purity of 95.2% for TE conversion and 94.8% for TM. The
top right corner of Fig. 4d displays the mode shape at the
taper output. After propagating through the waveguide,
the mode shape remained that of the fundamental mode.
Figure 4d shows the light propagation, the confinement of
light in the waveguide indicates that the mode size
reduction and bend radius change occurred gradually and
smoothly with a minimal radius of curvature of 166 ym.
Note that the central waveguide of the MUX is directly
coupled to the central core of the fiber, requiring no
displacement for this input waveguide, achieving a
tapering efficiency of 99%. This leads to a power trans-
mission imbalance between the central input waveguide
compared to the outside waveguides having the S-bend.

Polymer waveguide taper to fiber LP modes

Since the polymer waveguide has high index contrast,
its supported modes are not categorized as weakly-guided
modes, as opposed to a fiber with low refractive index
contrast. Matching the PL device output spatial modes to
a 6-mode fiber requires optimizing the diameter of the
polymer waveguide to best match a specific fiber. We
selected a step index 6-mode fiber®* with a core diameter
of 15 um and a refractive index difference (An = 1.y —i0q)
of 9.7 x 10 for matching to our PL device. Since the PL
supports dual polarizations and six spatial modes, it is crucial
to optimize the cross-section diameter of the polymer
waveguide for efficient coupling to the 2 x 6-modes. We
calculated the coupling matrix between the polymer modes
and the fiber modes for different waveguide diameters, and
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Fig. 4 Source interfacing waveguides. a Waveguide transition from the 7-core fiber plane to the Mux input plane. b Visualization of the S-shaped
curves with different m parameters. ¢ Visualization of the taper’s shapes with different n parameters. d Side view of the pitch and diameter reducing
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extracted the MDL and IL, targeting low MDL and high
coupling efficiency.

Figure 5a shows the MDL and IL for a range of polymer
diameters. In this specific case, the MDL is calculated as
I‘irzll and therefore, we are looking to maximize both
metrics (IL and MDL). A diameter of 16.8 um was chosen
as the optimal diameter for the polymer waveguide to
match the 15 um core diameter optical glass fiber. This
diameter achieved an IL of —0.2 dB and MDL of —0.5 dB.
Figure 5b demonstrates a high similarity between the
intensity profile of the fiber modes and polymer modes at
the chosen diameter, leading to efficient coupling between
them. The absolute squared coupling matrix to the

2

selected diameter is almost diagonal, as shown in Fig. 5c,
which further confirms the high similarity between the
taper output modes and six-mode fiber.

To match between the PL and the fiber, we designed a
taper which starts at the MUX output having a diameter
of 2.1 um (polymer’s 6-modes waveguide) and ends with a
diameter of 16.8 ym having a V number of 39.4 sup-
porting N ~ VTZ = 777 modes. We limit the taper length
to 115 um, with the first 7 um of the taper set at constant
2.1 wm diameter to serve as filter for higher order modes?
that may be excited by the multiplexer. The transmission
of higher order modes through the 7 ym long mode filter
is lower than —20 dB. The adiabatic taper design should
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prevent the excitation of higher-order modes while
keeping its length relatively short. The optimization
parameter in this case is the taper form, which is defined
as a power function and shown in Fig. 4c. Figure 6b shows
the MDL and IL as a function of the tapering form. The
plot shows an optimal performance point at n=0.6
(IL =—-0.2dB and MDL = —0.4 dB). However, this taper
is more massive and top-heavier, making it susceptible to
stress at its base and deformation. We back off slightly
and chose the value of n=0.8 (Fig. 6a), which still gives
excellent performance (IL of —0.3 dB (94%) and an MDL
of —0.5 dB (89%)), yet reduces the taper mass by 5%.

Complete device performance

To evaluate the performance of the complete PL mode
multiplexer, we simulated the full 375 um long device,
comprising the source interface, the MUX, and the output
taper, and calculated its coupling matrix elements. From
this matrix, an IL of —0.8 dB and MDL of —1.4 dB were
found. Figure 7 shows the coupling matrix absolute value
squared, where the terms Inix/y are referring to the dif-
ferent SM inputs (Fig. 1b) with two orthogonal polariza-
tions (x/y). Since the multiplexer is designed as a mode
scrambling device, it is expected that the power will be
spread across the modes, and therefore a diagonal matrix
is not x/y expected. The power coupling matrix shows
highest efficiency for inputs In; due to the fact that this
particular waveguide does not undergo any bends
throughout the entire device, resulting in minimal loss
and higher coupling efficiency predominantly to the
fundamental mode.

Fabrication of photonic lantern

A prototype PL was initially fabricated on a glass sub-
strate (Fig. 8a, b). For a detailed description of the process,
see the “Methods and Materials” section. Since the PL has
a relatively long length and narrow diameter waveguides,
its structural integrity cannot be guaranteed. Hence a

Input waveguides

Output modes
L
(9]
Power coupling [dB]

Fig. 7 Photonic lantern’s power coupling matrix. Simulation results
of input-output modes' coupling values (magnitude squared, in dB
scale)

support structure was designed to prevent undesired
bends and deformations of the structure (Fig. 8c). To
minimize any impact on the optical performance, the
support structure is interfaced with the PL via a 1 ym thin
polymer layer structured as a hollow dome (Fig. 8d). The
interface point is at a waveguide taper diameter of 6 um,
where the six intended modes are tightly confined within
the waveguide, and any interaction between the dome
shell and the guided mode is negligible. The dome con-
tributes a loss smaller than 0.01 dB in our simulations.

Characterization of the PL
Off axis digital holography

Off-axis digital holography was employed (refer to the
Methods and Materials section) to measure the complex
electric field at the output of the PL for each input mode
excitation and determine the coupling matrix by per-
forming mode decomposition with the 6 target fiber
modes. This approach emulates fiber coupling without
encountering technical challenges such as cleaving, butt
coupling, and other associated alignment complexities.
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After calculating the coupling matrix, we find the MDL
and IL by utilizing singular value decomposition (SVD), as
in Egs. (2) and (3). Figure 9a shows all of the recon-
structed electric fields used for calculating the coupling
matrix. For each excitation, the complex E, and E, are
shown, along with the intensity I = |Ex|* + |Ey|*.

From the measured coupling matrix, whose magnitude
squared values are shown in Fig. 9b, an IL of —0.9 dB and
MDL of —4.4dB were calculated. A notable disparity
exists between the simulated MDL value of —1.4 dB and
the measured MDL. This mismatch is likely attributable
to fabrication errors. The supplementary materials con-
tain an analysis of two potential types of variations that
can occur during the fabrication process, from which we
see that MDL is more sensitive to the examined varia-
tions. Since the PL taper output supports higher order
modes (V =394 — N = V72 =777 ), we check whether
higher order modes are excited with'mode decomposition
using an additional 12 spatial modes (24 with polariza-
tion). As shown in Fig. 9a, b, the highest coupling value to
one of these higher order modes is —15dB, indicating
their low excitation.

The PL should be aligned to a matched MM fiber at its
end, hence we evaluate how potential misalignment and
mode mismatch will affect the MDL and IL metrics. This
is done using the output field analysis of the fabricated
device, rather than simulated fields. By shifting the cen-
troids of the virtual fiber modes relative to the PL, we gain
insight into the effects of misalignment.

Similarly, by changing the virtual fiber core diameter
and mode basis, we assess the impact of size mismatch.
Figure 9c illustrates how the MDL and IL change as a
result of misalignment in both the x and y directions. The

data shows that the MDL is more sensitive to misalign-
ment than the IL, with a degradation of over 10dB
observed across the range of [0 — 4]um offset values tes-
ted. Figure 9d shows the MDL and IL as a function of fiber
core diameter. The optimal point, in terms of MDL, is
achieved at a fiber core diameter of 15.2 um, while the
optimal core diameter is 14.4 um for IL. Recall that a fiber
with core diameter of 15 um was employed as a target
fiber for the PL design.

Output power and transmission through a 6-mode fiber
Projecting the PL’s output onto a lcm’® free-space
InGaAs power meter, the PL’s output optical power
transmission per input source/polarization excitation is
evaluated. Figure 10a depicts all 12 measurements of the
PL optical power loss, following calibration to account for
the losses associated with the optical components in the
setup. A wavelength range of [1520-1600] nm has been
tested. The setup is described in “Methods and materials”
(Fig. 14b top). The output optical power difference
between polarization states for each input is negligible,
with a maximum polarization dependence of less than
0.2 dB. The loss per input is even throughout the selected
wavelength band. The graph also displays the average loss
curve, with a mean value of —2.7dB. The discrepancy
between the most efficient curve and the least efficient
curve is about 2 dB, where the central waveguide input
corresponds to the most efficient curve, as there are no
bends in this waveguide path throughout the entire
structure. In simulations under ideal conditions, the effi-
ciency difference between the central waveguide input
and the outer ones is 0.6 dB on average (computed by a
summation of each column elements in the simulated



Dana et al. Light: Science & Applications (2024)13:126

Page 9 of 16

\.

p
a
In¥ InY In¥ Iny In¥ Iny In¥ Inf In¥ In} In¥ Iny
2
©
&
Amplitude
M.
- 0 F » L08 3T
I o & S W ey 2 2EE
02 &
-505 -505 505 -505 505 -505 505 -505 -505 505 -505 -505 -0.0
X [pm]
b Input waveguides
InX In) InX InY InX InY In InY InX InY InX InY In¥Iny In¥InY InXInY InY InY In¥ InY InX InY In¥InY InX InY In¥ Iny In} In} In¥ In) In¥ In¥
°© -10 2
: £
5 -15 3
1 8
8 -20 g
-25 e
-30
Modes 1-6 Modes 7—12 Modes 13—18
c MDL[dB] 1L[dB] d
E =5.0 'g -1.00 1.0 /‘ -5
3 3 75 3 -1.25 -15 .
= -10.0 = — )
22 2 -150 @ 20 S
g -125 § = 3
£ = 175 = 25 -7 S
€ 1 -150 §
= = _ _ Target fiber
i -17.5 i 2.00 30 diameter
co ° -35 -
0 1 2 3 0 1 2 3 ’ 6 7 8 5 10 »
dx Alignment offset [um] dx Alignment offset [um] )
Core radius [um]
Fig. 9 Photonic lantern output field characterizations. a The reconstructed electric fields resulting from each input mode of the PL contain two
orthogonal complex field components (E, and E,). b The absolute squared values of the coupling matrix are shown with respect to the 6-mode fiber
modes (left), waveguide modes 7-12 (middle) and waveguide modes 13-18 (right). ¢ IL and MDL as a function of fiber offset in x and y directions.
d IL and MDL as a function of target fiber core radius

coupling matrix in Fig. 7). The difference between the
most efficient waveguide (In;) and the second most effi-
cient one (In3) is 1.2 dB. To investigate the reason behind
the discrepancy in input efficiency, we utilized an IR
camera attached to a microscope to obtain side-view
images of the PL (Fig. 14c). We visualize the side-
scattered light from each input in the image. The regions
with high side scattering correspond to lossy regions, as a
perfectly guided wave would be invisible in this case.
Figure 10c illustrates the IR camera images captured for
each of the PL inputs, sorted from left to right based on
their efficiency measurements. A properly scaled 3D CAD
image of the PL is displayed alongside. The white hor-
izontal lines, red arrows, and letters A-F indicate different
regions of the PL structure in the IR images. The “F” line
corresponds to the output of the PL, where we expect

most of the light. The images captured by the IR camera
(Fig. 10c) show a strong correlation between the spots
above the F-line and the power measurements. The “C”
line marks the MUX output. In this section and in the
7 um long mode filter, the waveguide supports 6 modes
only. It is noteworthy that the scattering light in this
region for In; image is much smaller than other inputs,
indicating a greater excitation of higher order modes by
the circumferential waveguides compared to the central
one. This difference in excitation directly translates to
power loss. The positions of the thin support domes that
connect the PL are labeled as “D” and “E”. Examining
point “E” in the images reveals scattering from the domes,
where the effect is pronounced for Ins, Inz and Ing. One
explanation for the large scattering in the dome area for
these specific inputs can be attributed to the output field
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resultants from these inputs. According to the holography
analysis, the coupling matrix (Fig. 9b) shows a relatively
large coupling coefficient to the highest order mode.
Therefore, the field diameter will be larger in this case and
the interaction of the evanescent wave with the dome is
more likely to occur.

It appears that there is minimal scattering effect
between points “A” and “B,” which correspond to the
“Source interface waveguides”. To determine if there are
any differences between the inputs in this specific region,
we observed it with longer exposure time as shown in
Fig. 10d. The lower amount of scattered light observed in
the images for inputs In; and Inz compared to the other
inputs helps account for the power measurement differ-
ences shown in Fig. 10a. This observation suggests that
the power degradation in this case may be attributed to
fabrication imperfections rather than a design issue.
Analyzing the “A” line, which represents the interface

plane between the PL and the 7-core fiber source, pro-
vides insight into the coupling between the two compo-
nents. Misalignment or mode mismatch can result in
coupling issues. Examining Fig. 10d, the image of In,
reveals significantly higher scattering at the interface
plane compared to the other inputs. This likely indicates a
misalignment between the fiber core and the 3D printed
polymer waveguide. This observation can also provide an
explanation for the high losses measured from this input.

Output power measurements assess transmission effi-
ciency, however for a spatial mode multiplexer the cou-
pling efficiency to a 6-mode fiber is the most relevant
metric. In an additional experiment, butt-coupling was
performed (Fig. 10e) between the PL and a specialized,
higher refractive index contrast, 1 m long step-index 6-
mode fiber with a core diameter of 10 ym. For this sub-
sequent experiment, the taper was shortened and ended at
a fiber-matched diameter of 12.4 um. Coupled optical
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power was measured at the fiber’s distal end (Fig. 14b
bottom), for all input modes and evaluated wavelengths
(Fig. 10b). In comparison to Fig. 10a, all measurements
exhibited a reduction ranging from 1.7 to 2.2 dB, with
the wavelength-averaged loss per mode decreasing from
—2.7 dB to —4.8 dB. From the off-axis digital holography
measurement, an IL of —0.9 dB was determined. Given
that the digital holography emulates the scenario of
perfect fiber coupling, the additional losses likely result
from coupling imperfections as finite gap, tilt, align-
ment, etc., and are estimated to be approximately
—1.4 dB when calculated based on the average curves in
both plots.

Optical Vector Network Analyzer (OVNA) measurement
System transmission tests using the micro-scale PL as a
MUX, a six-mode fiber segment, and a fiber-based mode-
preserving PL as a DEMUX>* (Fig. 14d), were performed
with an optical vector network analyzer (OVNA) mea-
surement of the system transfer matrix (additional infor-
mation in “Methods and material”). The intensity of the
OVNA measurement in the time domain is presented in
Fig. 11a. Using encoded time delays by different path

length fibers, the impulse responses /;; are clearly dis-
tinguishable from each other, with a total of 2 x 36 peaks
observed in the measurement, indicating that all 2x 6
modes were effectively excited by our 6-mode mixing PL.
After applying time windowing on the measurement, we
generated the time-domain impulse response /(z) of the
system, as shown in the supplementary materials. We
then extracted the frequency response, H(w), using the
FFT.

The singular values of H(w), per wavelength, are pre-
sented in Fig. 11b, which show stability across the mea-
sured spectrum. MDL was calculated from the SVD
(difference of max and min values), at —20dB level
(Fig. 11c). While the utilized 6-mode preserving PL
combined with the 6-mode fiber have been reported to
contribute an MDL of approximately 1.2 dB**, we believe
the main reason for the low MDL is due to the fiber
alignment and size mismatch between the microscale PL
and the fiber. As shown in Fig. 9¢c, the MDL is highly
sensitive to misalignment, and even a potential tilt
between the fiber and the PL can have an impact. We
remind that the 3D printed PL was designed for a 6-mode
fiber with a 15 um core diameter, whereas in the system
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setup the core diameter of the fiber was 18 yum, resulting
in a mode mismatch contribution.

Discussion

PL devices and other mode multiplexers tend to be
bulky and cumbersome. This is primarily due to the uti-
lization of weakly guided modes in these multiplexing
devices, which necessitates the use of long devices to
maintain an adiabatic transition. A “strictly adiabatic”
system is characterized by the maintenance of its original
eigenmode. In the case of a PL, a more relaxed criterion
states that the energy within the system eigenmodes
should predominantly stay within those modes. In this
relaxed case, the system can remain lossless, with power
shifting between its eigenmodes'”. Let us examine the
adiabatic condition within a taper, given by*®

: dA <1 4
ﬁi_ﬁ/d l// ( )

where y; and y; are the normalized field distributions of
system modes i and j, B; and f; are their respective
propagation constants, p is the varying parameter, in our
case the core diameter, and z is the longitudinal
coordinate along the PL or taper. The tapering rate is
therefore Z—’Z’. As apparent in Eq. (4), it becomes more
challenging to satisfy the adiabatic condition when the
propagation constants of the modes are close to one
other. The utilization of high index contrast and small
diameter waveguides, which increase the spacing between
the propagation constants of guided modes®, enables the
miniaturization of the PL device from millimeters to
micrometers. To better understand the differences in
adiabatic criteria between a weakly guiding waveguide and
relatively high contrast polymer waveguide as in this
work, we compare a 6-mode fiber as described in®** with a
6-mode polymer waveguide having a diameter of 2.1 ym.
The design process and the utilization of multiple degrees
of freedom provided by 3D printing technology allow us
to control the tapering function p(z), thereby controlling
the term P in Eq. (4). Our focus is on the term and z”ﬁ
also known as the beating length®”. Due to a larger
spacing in the propagation constants of the polymer
compared to the fiber, we anticipate a significant
advantage for the polymer in terms of beat length.
However, the polymer waveguide modes vary more
compared to those of the fiber, which implies that the
integral term might be larger (change of mode per change
of core radius). To evaluate this, we performed a
numerical calculation based on the analytical solution of

circular waveguides®” for the relevant quantity Cj=

‘ i f Vi) % dA‘ For both the polymer and fiber cases, we

Calculated C; for all possible combinations of the 6
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specific mode combination. Since all values are greater
than 1, it indicates that the adiabatic criteria for the large
index contrast polymer waveguide are easier to satisfy
compared to those of the fiber. Overall, we observe a
reduction in the range of 10" to 10

The implementation of 3D printing technology in the
design and fabrication of free-standing multi-micron PL
devices has the potential to revolutionize the utilization of
spatial multiplexing in novel applications and platforms.
The capability to print on diverse substrates and materials
facilitates compact integration with micron-scale com-
ponents like VCSEL arrays, silicon photonic integrated
circuits, and other photonic technologies. This advance-
ment enables enhanced flexibility and opens up new
avenues for compact, integrated photonic systems with
improved functionality and performance.

In conclusion, we designed, fabricated and characterized
a six-mode photonic lantern with a total length of 375 yum
using high refractive index, DLW waveguides, while the
MUX alone is 83 um long only. The device showed power
losses of —2.7dB, indicating the efficiency of power
transfer in the PL, and IL of —0.9 dB and MDL of —4.4 dB
when calculating its coupling to a matched virtual mul-
timode fiber. Due to its short length, wavelength-
dependent effects experience minimal evolution, result-
ing in nearly uniform performance of the device across
the wavelength range of 1510 — 1620 nm. Future work
will focus on refining the fabrication process, improving
fiber alignment techniques, and increasing the number of
modes to 10 and beyond.
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Materials and methods
Simulation tools

The electromagnetic simulations carried out using
Ansys Lumerical solvers encompass the utilization of
FDTD, EME, and FDE algorithms. The optimization and
design process involves utilizing a Python API that has
been developed in-house for the Lumerical solver.

3D printing process

A NanoScribe Photonic Professional GT printer was
utilized in the fabrication process, employing IP-Dip pho-
toresist, which is specifically formulated to match the
refractive index of the microscope objective that focuses
the laser beam. This results in an ideal laser beam focusing
and fine lateral resolution (200nm) of the fabricated
structures®. Prior to fabrication, a salinization process was
used to enhance polymer adhesion to the optical fiber facet
(silica). The fabricated structure was developed in PGMEA
(Propylene glycol monomethyl ether acetate) for 20 min
and then cleaned with IPA (Isopropyl Alcohol) for 2 min,
and drying with Novec 7100 for 1 min. To achieve the
desired shape and size of the waveguide with minimum
surface roughness, we optimized various writing para-
meters, such as laser power set to 35% of the maximum
(Nanoscribe’s laser), scanning speed of 10,000 pm/s, and
the distance of laser scanning hatching set to 0.05um
(lateral spacing between lines) and slicing set to 0.1 um
(spacing between layers in the z-axis). The fabrication time
for the PL structure is approximately 20 min, while an
additional 2 h is required for the support structure.

Printing on a 7-core fiber

In this work, a 7-core fiber having a pitch of 35 ym and a
single core MFD of 6 um was utilized. The fiber, supplied
by Chiral Photonics, was equipped with a fiber fanout to 7
single-mode fibers. In order to print the micro-scale PL
onto the tip of a 7-core fiber with each input aligned to a
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single core, an alignment procedure must be carried out
prior to printing.

The NanoScribe printer coordinates (x\*,5"**) and the
PL’s STL file coordinates (xSTL,ySTL) are denoted, as shown
in Fig. 13a. As the outer cores of the fiber exhibit hexagonal
symmetry, a simple approach is to select two points from
the STL file and map them to their corresponding points in
the Nanoscribe coordinate space for accurate alignment. If
there is a deviation in the core position of the outer cores
from the central core, it can lead to misalignment. Fol-
lowing measurements, we found the maximum core posi-
tional error to be 0.5 um. Such misalignment, given the
6 um MED, results in excess loss of only —0.12 dB in power
coupling efficiency for the fundamental mode.

Off-axis digital holography

To measure the coupling matrix of the PL for a single
wavelength (1.55 um), we employed off-axis digital holo-
graphy to capture the complex electric field of the device’s
output. Using two orthogonally polarized reference beams
(X and Y polarized) enables capturing the two inter-
ference field components simultaneously, denoted as E,
and E, respectively. Using a polarization controller before
the PL, we launch two orthogonal input modes to each of
the PL inputs depicted as In"; and Ir; where i €', We
then performed modal decomposition (MD) using 12
digital modes that were simulated and supported by the
6-mode fiber (with polarization). The optical setup is
shown in Fig. 14a and the digital signal processing (DSP)
process is depicted. More details about the method above
can be found in ref. *. In our experimental setup, we
utilized the following equipment: a Yenista optics model
—1560 ECL (External Cavity Laser) source, Thorlabs
MPC320 polarization controllers, Thorlabs TC25FC-1550
fiber collimator for collimating the reference beam, a x20
T1.1 Mitutoyo LCD Plan Apo NIR (Near-Infrared) infi-
nity corrected objective with a 200 mm tube lens for

-

Nano scribe
coordinates

STL file
coordinates

N

Fig. 13 Printing on a MCF tip. a Left — 3D CAD of the PL structure with its coordinates notation; Right - Microscope image of the fiber cores with
the coordinates notation. b Microscope image of the printed PL on top of the 7-core fiber. ¢ Magnified image of the printed structure on the fiber
core
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focusing the output beam of the PL onto the camera
plane, and an Allied Vision Goldeye G-033 TECless
InGaAs camera.

Direct power measurement

Figure 14b illustrates the configuration used to measure
the power transmission efficiency. The setup included a
Yenista optics model —1560 tunable ECL source, which
operated across the wavelength range of 1520-1600 nm,
and an HP-8153A optical power meter. To account for
losses caused by optical devices such as the optical switch
and fanout, we initially measured the power transmission
of the entire system using the 7-core fiber, excluding the
PL structure. This measurement was performed on six
cores, with each core having two polarization states,
resulting in a total of 12 baseline measurements for the
system. Each measurement vector covered the required

wavelength range. We denote the measurement of core i
with input polarization x\y as PS; v,

After fabricating the PL on the measured fiber, we
repeated the same measurement procedure, measuring
the power emerging from the PL device. We denote these
measurements as PLfv, The loss measurement of the PL
per input i and polarization, x\y (as shown in Fig. 10a),
was calculated using the normalization formula and
converted to dB scale:

ppL?Y
g\

i

PL =10 - log,, [dB] (5)

Optical vector network analyzer (OVNA)

Swept wavelength interferometry is a technique that can
be used to measure the polarization resolved complex
transfer function H(w) and impulse response /(t) of an
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optical device under test*’. To minimize the effect of fiber
coupling, we used a 6-mode selective PL*' spliced to a
6-mode fiber as a demultiplexer device. Therefore, it was
necessary to butt couple the micro-scale PL to the 6-mode
fiber that is attached to the demux device. The setup for
OVNA measurement is shown in Fig. 14d, where the
micro-scale PL is directly aligned to a short 6-mode fiber
which is further spliced to the 6-mode selective PL. We
set the delay constants 7; and 7, to lus and 10us,
respectively. Swept laser range is 1510-1620 nm. The
alignment of the micro-scale PL to the 6-mode fiber was
performed using a microscope with x10 magnification
and 2-xyz stages.
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