
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Fabrication and applications of air-clad photonic lanterns

Mathew, Neethu Mariam

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Mathew, N. M. (2021). Fabrication and applications of air-clad photonic lanterns. Technical University of
Denmark.

https://orbit.dtu.dk/en/publications/63844ac5-ec87-49d7-bfe7-091759c9c017


PhD Thesis:

Fabrication and applications of
air-clad photonic lanterns

Author:
Neethu Mariam Mathew

Supervisors:
Prof. Karsten Rottwitt

Dr. Lars Grüner-Nielsen
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1 Abstract

Todays optical communication system is predominantly based on single mode fibers that
allows the transmission of data in a single fundamental mode. The continued demand for higher
data capacity is driving the optical communication system to a new area called space division
multiplexing. Mode division multiplexing is a type of space division multiplexing, where multiple
spatial modes in a few mode fiber is used for parallel data transmission. The development of
mode division multiplexed transmission system requires efficient conversion of light from single
mode fiber to light in few mode fibers. A photonic lantern is a fiber based mode convertor device
that allows this conversion of light from single modes to light in higher order modes.
Conventional photonic lanterns are fabricated by threading the single mode fibers in a low re-
fractive index capillary tube. These custom-made capillary tubes are not that easily accessible.
Through this project, we suggest a new type of photonic lanterns, which are fabricated without
these outer capillary tubes. The air surrounding the single mode fibers form the new low refrac-
tive index cladding. This new technique will make the photonic lantern fabrication cheaper and
accessible to all.
Design and fabrication of these air-clad photonic lanterns are done in this project. The fabricated
photonic lanterns are tested in mode division multiplexing transmission setups, where parallel
transmission of data through two spatial channels are demonstrated. The fabricated photonic
lanterns are also combined with an optical frequency domain reflectometry set up and simulta-
neous Rayleigh sensing of bend loss in the two modes of a few mode fiber is demonstrated.
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2 Resume

Optiske kommunikationssystemer er nu om dage hovedsageligt baseret p̊a singlemode fibre,
hvor data transmitteres i en enkelt fundamental mode. Den fortsat stigende efterspørgsel efter
transmissionskapacitet har ledt til udvikling af en ny form for optisk kommunikation baseret p̊a
rumlig multipleksing. Mode multipleksing er en form for rumlig multipleksing, hvor flere rumlige
tilstande (kaldet modes) i en f̊a mode fiber (en fiber, der supporterer nogle f̊a modes) bruges
til parallel datatransmission. Udviklingen af mode multipleksede transmissionssystemer kræver
effektiv konvertering af lys i en single mode fiber til lys i en f̊a mode fiber. En fotonisklanterne
er en fiberbaseret konverter, der muliggør denne konvertering af lys fra den fundamentale mode
til lys i højere ordens modes.
Konventionelle fotoniskelanterner er fremstillet ved at samle singlemodefibre i et kapillarrør med
et lavt brydningsindeks. S̊adanne specialfremstillede kapillarrør er ikke s̊a let tilgængelige. I
dette projekt foresl̊ar vi en ny type fotonisklanterne, der er fremstillet uden kapillarrør, hvor
den omgivende luft, fungere som omr̊adet med lavt brydningsindeks. Denne nye teknik vil gøre
fremstilling af fotoniskelanterner billigere og nemmere.
I dette projekt er luftbaserede fotoniskelanterner designet og fremstillet. De fabrikerede fo-
toniskelanterner er testet i et mode multiplekset transmissionssystem, hvor parallel transmission
af data igennem to rumlige kanaler er demonstreret. De fabrikerede fotoniskelanterner er ogs̊a
testet i en optisk frekvensdomæne reflektometri opstilling, hvor samtidig m̊aling af bøjningstab
i de to modes i en to mode fiber er demonstreret.
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� L. Grüner-Nielsen, N. M. Mathew, and K. Rottwitt, “Characterization of few mode fiber
components and connected systems,” Opt. Express, vol. 29, pp. 1140–1146, Jan 2021.
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4 Introduction

The invention of internet and its related applications has resulted in a 60% Compound
Annual Growth Rate (CAGR) of data traffic. Within the telecommunication community, there
is this constant talk about the imminent capacity crunch [1] and the measures that need to be
adopted to avoid the scenario. It is predicted that to keep up with this increasing demand for
data, by 2024 we will need optical transport system working in 1-Pb/s [2]. The development of
commercial optical transmission systems in the past 30 years and its extrapolation for the next
20 years is discussed in [3] and a summary of this developement is shown in figure 1. In 1990s

Figure 1: Development of commercial optical transmission systems over the past 30 years and
extrapolations to the next 20 years. (Reprinted from [3])

the commercial Wavelength Division Multiplexing (WDM) system capacities were growing at a
CAGR of 100%. The development of Erbium Doped Fiber Amplifier (EDFA), dispersion man-
agement and gain equailization techniques have contributed to this telecom bubble [4]. After
year 2000, coherent detection using intradyne receivers that could capture both the real and
imaginary part of the optical field became popular. This further enabled the use of advanced
modulation formats like Quadrature Amplitude Modulation (QAM). Despite all these advance-
ments in the beginning of the century, the capacity growth in communication systems is still
showing signs of saturation, while the data traffic is continuing its strong growth. Initially, this
data traffic was dominated by traffic from end user devices like smart phones, TV sets and Per-
sonnel Computers (PCs), and the video traffics like YouTube downloads and Netflix streaming.
Now, with the emergence of Internet of Things (IoT), the Machine to Machine (M2M) traffic has
also entered the picture. This include the connected home applications like home automation,
video surveillance, connected car applications like fleet management and vehicle entertainment
systems, connected city applications like smart cities and more like these. According to Cisco
annual internet report (2018-2023), M2M connections will grow from 33% in 2018 to 50% by
2023 [5]. This current growth trend for data traffic and system capacity will result in system
capacity falling behind data traffic in the years to come. The time it takes to fully exhaust the
installed system capacity of 10-Tb/s that carries 10-Gb/s worth of traffic at a traffic CAGR of
60% is projected as 15 years. For a few operators that already use the current installed system to
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carry 1000 Gb/s of data, the time to exhaust is only 5 years [2]. To meet this challenge, scaling
of interface rates and transport system capacity is necessary especially in the data transport
system, where the current CAGR is only 20% [2].

4.0.1 Nonlinear Capacity Limit

The capacity of a communication channel is the maximum rate at which information can
be transmitted through it without error. Shannon gave the definition for this capacity C for a
bandwidth limited communication channel with Additive White Gaussian Noise (AWGN) as [6]

C = B log2 (1 + SNR) (4.1)

where B is the bandwidth and SNR is the signal to noise ratio of the channel. Eqn 4.1 holds only
for a linear channel which conserves the signal spectrum. Optical fiber is a nonlinear medium
which cannot always conserve this signal spectrum. An increase in the signal power could result
in the generation of new frequencies. Hence, the capacity of an optical communication channel
does not scale with the bandwidth of the channel in a linear way as in eqn.4.1. Spectral efficiency
(SE), the ratio of capacity to bandwidth given in bits/s/Hz is a usual quoted entity that measures
the quality of a communication channel. As the signal power of an optical communication channel
increases, the SE will increase in the beginning but it will saturate and then show a decline with
further increase in SNR [7]. A method to estimate this nonlinear capacity limit (also called
the nonlinear Shannon limit) while considering the sources of noise and the presence of fiber
Kerr nonlinearity has been reported in [8]. The achievable SE per polarization over 500 km of
Standard Single Mode Fiber (SSMF) transmission is calculated to be about 9 bits/s/Hz . Ideal
distributed amplification is assumed for this transmission. The estimated nonlinear capacity
curve is shown in red in figure 2. The SE obtained in some recent record experiments is also
shown in the figure 2. The highest SE results are obtained for transmission distance below

Figure 2: Developement of commericial optical transmission systems over the past 30 years and
extrapolations to the next 20 years. (Reprinted from [3])

500 kms. As the transmission distance increases, the capacity limit will decrease. SE can be
increased by using more advanced modulation formats that give denser constellations. At the
same time, denser constellations are more sensitive to nonlinear distortions, which decreases the
transmission distance.
SE of a single mode fiber can be increased by using two orthogonal polarizations available in
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the fiber named as Polarization Division Multiplexing (PDM). If the channels are linear, the
acievable SE with two polarizations will be twice the value of Shannon limit for a single channel
given as

SE = 2 log2 (1 + SNR) (4.2)

While, the nonlinear capacity estimate for PDM system is smaller than twice the capacity
estimate for a single polarization channel system due to nonlinear interaction between the two
polarization channels. Spectral efficiencies up to of 17.3 b/s/Hz over 50 km of low loss SMF
fiber transmission has been demonstrated using PDM in [9]. Probabilistically shaped 4096-QAM
modulation with PDM is used for this transmission. These kind of short length transmissions
below 100 km is relevant for datacenter interconnects. For long haul transmissions, a record SE
of 8.9 b/s/Hz has been achieved for 4000 km transmission using PDM 256-QAM [10]. The WDM
technologies have been optimized by expanding to L ans S bands together with the conventional
C band . These ultra wide band transmissions help in increasing the SE, but also faces challenges
like amplifier noise and other practical problems involved in multi band systems. There is always
the tradeoff between SE and attainable transmission lengths. Using opto electric regenerators
to increase the transmission reach is not an energy or cost efficient solution. Using parallel
WDM systems in separate single mode fibers will help in scaling the capacity, but this is not
an economic solution, as it also scales the cost of accompanying transponders and amplifiers.
Integrating the WDM systems together with the spatial dimension through fibers that support
Spatial Division Multiplexing (SDM) is the most cost and energy efficient way to scale up on SE
without trading off the transmission reach.

4.1 Scaling on the space dimension

Including the spatial dimension into the already existing degrees of freedom, namely time,
wavelength, quadrature and polarization, will scale the total SE in the linear regime as

SE = 2M log2 (1 + SNR) (4.3)

where M is the number of spatial channels in the system. Parallel transmission through different
spatial channels is possible using Multi-core fibers (MCF) and Multi-mode fibers (MMF). Mul-
ticore fibers have separate cores within a single cladding. In weakly coupled MCF, each of these
cores form an individual waveguide with sufficiently low interference between the neighboring
cores. The spacing between the cores should be large enough to reduce the optical crosstalk
between the adjacent cores. The core density should also be maximized, as the fiber diameter
cannot be too large, as it will make the MCF less bend resistive. There is always this tradeoff
between low crosstalk and high core density in a weakly coupled MCF [11]. These low crosstalk
uncoupled MCF will most likely be introduced in the network first. To facilitate for the stan-
dardization and volume production , a universal target for crosstalk per unit length for these
weakly coupled MCF has been reported to be around - 60 dB/km [12]. These fibers can even be
used together with conventional intensity modulated transceivers, which makes the transmission
less complicated, but the down side is that these uncoupled MCF can never be produced at a
lower cost than standard single mode fibers. Ultra long-haul transmission over 14,350 km in a 12
core fiber is demonstrated in [13], reaching a record capacity distance product of 1.51 Eb/s.km.
Power efficiency is achieved by using a single laser diode to pump 12 EDFAs in each MCF span
in this transmission.
Another type of MCF is the strongly coupled MCF, where the core to core distance is less and
there is strong crosstalk between the cores. The field distribution is a superposition of individual
modes called supermodes. These supermodes can support high mode densities and they couple
to each other during propagation. Hence, Multiple Input Multiple output (MIMO) Digital Sig-
nal Processing (DSP) is required at the receiver side to recover the signals.
Another SDM approach is the use of multiple spatial modes in a single large core for parallel
transmission of data, namely Mode Division Multiplexing (MDM). Larger the core size or larger
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the refractive index difference between the core and the cladding, the more number of spatial
modes can be supported by a multimode fiber. These MMFs have already been used in short
reach links in data center interconnects as these large core fibers can be easily connected with
multimode vertical cavity surface emitting lasers. One of the impairments in MMF transmission
is the crosstalk between the different modes in the fiber. MIMO techniques can correct this
modal crosstalk, but the complexity of MIMO technique increases with the number of spatial
channels used for transmission. To avoid this MIMO complexity, Few Mode Fibers (FMF) are
introduced. FMFs supports a few large effective area modes, with larger effective index differ-
ence between the modes which results in smaller mode coupling [14].
All the above-mentioned scaling techniques are combined together in [15] resulting in a net ca-
pacity reach of 10.16 Peta-b/s. This is a WDM-SDM transmission through an 11.3 km six-mode
19 core fiber across C+L bands giving a total of 84,246 channels modulated with 12-Gbaud Dual
Polarization-64 QAM/16QAM.

4.1.1 MDM using FMFs

Fiber modes are solutions of Maxwell equations. As the fiber cross section is circularly
symmetric, Maxwell equation can be written in the polar coordinates as [16]:

1
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where r, z and φ are the cylindrical coordinates, ω is the frequency of light, Er, Hr, Eφ, Hφ, Ez,
Hz are the three electric and magnetic field components, β is the propagation constant, µ0 is the
vacuum magnetic permeability, ε0 is the vacuum electrical permittivity and ε is the dielectric
function of the material. The dielectric function is circularly symmetric in an optical fiber, hence
the radial an angular functions of the fields can be separated. The angular components of the
field is 2π periodic. If the components Ez, Er and Hφ has a φ dependence in the form cos(mφ),
then the components Eφ, Hr and Hz will have an angular dependence in the form sin(mφ). For
m = 0, the equations for Ez, Er and Hφ are decoupled from the equations for Eφ, Hr and Hz.
The set of solutions with Ez = Er = Hφ = 0 are called Transverse Electric (TE) modes, and the
Transverse Magnetic (TM) modes are the solutions with Eφ = Hr = Hz = 0. The solutions with
m > 0 are the hybrid HE and EH modes where none of the field components are zero. The TE
and TM modes have slightly different propagation speeds, while the HE and EH modes exist
in pairs of two polarizations with similar propagation speeds. The propagation constants and
field distribution of the modes supported by a fiber can be calculated by solving the Maxwell
Equations given in 4.6. The mode field distributions of the six guided vector modes in a two
mode step index fiber are shown in figure 3.

For optical fibers, the refractive index difference between the core and cladding is very
small and it is reasonable to approximate the derivative of ε to 0. This approximation is termed
as the weakly guided approximation or the scalar approximation. Solutions of scalar equation are
called the Linearly Polarized (LP) modes, denoted as LPml. 2m is the number of zero crossings
on the field distribution when going around a full circle at a constant radius and l − 1 is the
number of zero crossings when going out into radial direction. The scalar modes with m = 0
exist in two polarizations with the same propagation constant. Modes with m > 0 exist as a set
of four modes, which include the sin and cos solutions together with the two polarization states.
The scalar LP modes are linear combinations of the corresponding vectorial modes and there
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(a) (b) (c)

(d) (e) (f)

Figure 3: Vector modes in a two mode step index fiber a) HE11x, b) HE11y, c) TE01, d) TM01,
e) HE21x and f) HE21y.

Figure 4: The two LP11 modes.

exist a relation between these full vectorial modes and the scalar modes.

LP0l = HE1l (4.7)

LP1l = HE2l + TE0l or HE2l + TM0l (4.8)

LPml = HEm+1l + EHm−1l (4.9)

Vector modes are the true Eigen modes of the fiber, but due to the slight index changes in the
fiber due to fabrication uncertinities, there will be mixing of vector modes. Hence, a few mode
fiber only supports stable propagation of LP mode groups. Also, LP modes can be easily excited
and detected than the true vector modes. A two mode fiber can support LP01 and LP11 mode
groups. The LP01 mode group has a field distribution similar to HE11 vector mode and include
the two polarization modes. The LP11 mode group include four modes formed from the HE21,
TE01 and TM01 modes as shown in figure 4. The propagation constant β of each mode obtained
by solving the Maxwell equation, will further gives the effective index neff values of the modes
by

neff =
β

k0
(4.10)
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where k0 is the vacuum wavenumber. neff is the refractive index that the light sees within the
waveguide and will have a value between the core index and the cladding index of the fiber.
A large effective index difference between the modes will reduce the distributed mode coupling
in a FMF. The difference in group velocities between modes could result in mode dependent
group delays resulting intermodal dispersion in multimode fibers. A Few mode fiber with low
Differential Group Delay (DGD) and low mode coupling has been reported in [17]. These are
fibers with a graded index profile and an outer trench.
Building transmission systems with SDM fibers have its own component and connectivity chal-
lenges. One is the efficient excitation and splitting of higher order modes from the fundamental
LP01 mode. A spatial Multiplexer (MUX) and De-Multiplexer (DMUX) allows to combine and
separate the spatial channels in and out of a FMF. One way to do this is to launch an orthogonal
combination of spatial modes at the input of the FMF and use complex DSP for de-multiplexing
the spatial channels. A more energy and cost efficient way is to selectively multiplex and de-
multiplex a specific mode into and out of the FMF using mode selective MUX and DMUX.

4.2 Mode multiplexing and de-multiplexing

Many techniques for mode multiplexing and de-multiplexing has been developed and tested
in transmission systems in the past decade. A binary phase plate is one such mode convertor
that can convert the LP01 mode to a higher order LP mode. For each higher order LP mode,
a separate phase plate has to be used and the generated higher order modes are coupled into
the FMF using beam splitters. The drawback of this technique is that, the loss introduced by
these beam splitters scales with the number of modes. A Spatial Light Modulator (SLM) is
another free space mode convertor, which uses a mode selective phase mask to excite different
modes in the fiber [18]. SLM systems are accompanied by bulk free space optical setups which
introduce insertion losses and these losses also scales with the number of modes. Multi-Plane
Light Conversion (MPLC) is another free space technique that performs unitary spatial transfor-
mations. It is implemented using a multi pass cavity formed by a mirror and a reflective phase
plate in which successive phase profiles are printed. MPLCs with low insertion loss, high mode
selectivity and mode scalability up to 15 LP modes has been reported [19, 20]. Like the SLM,
MPLCs are also free space devices, and needs extra components to couple the generated mode
into the fiber, which generally introduce extra insertion losses and spatial crosstalks between
the channels. Compact fiber based mode convertors would be a promising solution with the
advantage that they can be spliced directly to a transmission fiber.
A Long Period Grating (LPG) is a fiber based spatial filtering device that could excite one spe-
cific higher order mode into a FMF [21, 22]. They are resonant devices, where a phase matching
condition determines the wavelength where maximum coupling between the modes happens.
Hence, they are not reliable mode convertors over a broad range of wavelengths, which makes
it less compatible with WDM systems. Fused directional couplers can also excite specific higher
order modes into FMFs. These fiber based mode convertors are formed by fusing pretapered
SMF fibers with FMF. The principle is to phase match the fundamental mode in one fiber with
the desired higher order mode in the FMF [23]. Fused biconic couplers with insertion loss as low
as 0.3 dB has been reported [24]. Like the LPG, a Mode Selective Couplers (MSC) can excite
only one LP mode at a time. To excite more LP modes different MSCs have to be cascaded
together. A better alternative solution would be a mode selective Photonic Lantern (PL), that
can simultaneously multiplex and de-multiplex different spatial modes.

4.3 Photonic Lanterns

A photonic lantern is a fiber based mode convertor that can efficiently transform light in
different single mode fibers to light in multimodes and vice versa. It works by the technique of
tapered mode transition. In the usual fabrication method, different SMFs are stranded together
and inserted in a fluorine doped capillary tube and the fiber bundle is tapered down together
with the outer capillary tube. As the SMF cores decrease in diameter along the taper, the
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Figure 5: Transition of SMF modes to higher order modes along a taper (Reprinted from [25]).

LP01 mode in the SMF core starts coupling out of the SMF cores and gradually transforms into
multimode fiber like modes at the end of the taper. At the taper end, the original SMF cores will
be very thin and insignificant, while the silica claddings of the original SMFs form the new core
and the low index outer capillary tube form the new cladding. Thus, a multimode waveguide
is formed at the end of the taper. The number of modes guided by this multimode waveguide
depends on the index difference between the silica cladding the outer capillary tube. The mode
transition happening along the taper section of a photonic lantern is depicted in figure 5.
If the SMFs are identical, the propagation constants of the LP01 modes in the SMFs are the
same and the modes mix together during the taper transition. The light from each SM fiber will
generate an orthogonal combination of higher order modes at the end of the taper. These are
a set of non degenerate supermodes with different neff values. These supermodes resemble the
LP modes in a FMF and hence when the photonic lantern is spliced to a FMF, these LP like
supermodes can excite the LP modes in the FMF. These are non mode selective photonic lanterns
and they are first used in astronomical applications [26], where light need to be transformed from
multimode to single mode. It is preferred to use a multimode fiber in a telescope as the large core
can capture more light from a distant star than an SMF core. This captured light in the MMF
usually need to be filtered using single mode technologies like Fiber Bragg Gratings (FBG). A non
mode selective photonic lantern can be used to transform this captured light into several SMF
modes where FBG filtering could be done on the captured light [27]. These non mode selective
lanterns are initially used in some MDM transmissions, but highly computational MIMO-DSP
is required to separate the the spatial channels from this set of orthogonal combinations. Three
single mode fibers will generate an orthogonal combination of six supermodes. To separate
between the two mode groups namely LP01 like and LP11 like modes, 2× 2 MIMO is required.
If the the degenerate LP11 modes are also separated, thus giving three spatial channels, it will
require 4× 4 MIMO. Separating the polarizations will further increase the MIMO complexity to
6×6 giving six spatial channels in return. Coherent MIMO transmission using a FMF supporting
six spatial channels and 32 WDM channels through 900 km is reported in [28]. 10 spatial mode
transmission through a 4.45 km of low DGD six LP mode fiber using 20 × 20 MIMO is also
reported [29].

4.3.1 Mode selective photonic lanterns

To use the photonic lanterns as mode MUXs and DMUXs, it is convenient to have mode
selectivity for the lanterns. A mode selective photonic lantern can excite a specific LP mode
in a FMF using a specific SM input fiber. Mode selectivity can be achieved by breaking the
degeneracy of the SMF modes, by using dissimilar SMFs. This dissimilarity can be achieved by
using SMFs with different core sizes or refractive indices. Within a FMF there is always mixing
of degenerate LP modes within the same mode group. Hence, a Photonic Lantern (PL) that
could excite a specific mode group is the most practical solution. Relatively simple MIMO can
be used to separate these degenerate channels or MIMO can be fully avoided if the entire mode
group is considered as a single channel. The first seven mode groups in a step index MMF is
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Figure 6: The first seven mode groups in a step index MMF (Reprinted from [30])

shown in figure 6. A PL that can excite two mode groups in a FMF can be fabricated using
three SMFs, out of which one should be dissimilar from the other two fibers. Similarly to excite
three mode groups, six SMFs are required which should include three dissimilar types of SMFs.
To ensure loss less transformation of SMF modes to MMF modes, an adiabatic taper transition
is needed. A gradual taper that satisfies the weak power transfer criteria [31, 32]∣∣∣∣ 2π

β1 − β2

dρ

dz

∫
A

ψ1(x, y, z)
∂ψ2(x, y, z)

∂ρ
dA

∣∣∣∣ << 1 (4.11)

is a requirement. In eqn 4.11, ψ1 and ψ2 are the normalized field distribution of the two coupling
neighboring modes, β1 and β2 are their respective propagation constants, ρ(z) is the local taper
diameter and z is the axial direction of the taper and A is the fiber crosssection. The tapering
rate dρ

dz is inversely proportional to the differences in propagation constants between the modes
ie. a larger difference in propagation constants will ease the requirement for a long taper length.
Similarly ∂ψ

∂ρ should be as small as possible, ie the change in mode distribution along the taper
transition should be as small as possible. While selecting fibers for photonic lantern fabrication,
both these propagation constant condition and mode profile condition should be satisfied to
ensure a low loss, low crosstalk, mode conversion. As the number of modes increases, the
difference in propagation constants gets smaller and the dρ

dz should be smaller to satisfy the
adiabatic condition. Hence, the required taper length increases with increase in the number
of modes. Longer tapers are usually difficult to fabricate due to practical issues. Adiabaticity
will be easier to achieve by using fibers with larger cores relative to their claddings. Special
fibers with smaller cladding to core radius could be used while scaling for larger number of
modes in a PL [32]. It is also reported that the use of graded index MMF instead of step index
SMFs will reduce the taper length required to satisfy the adiabatic criteria [33]. Mode selective
photonic lanterns with graded core that could excite the first three mode groups have been used
to demonstrate 3 × 10 Gb/s mode group selective tranmission over 20 km of FMF using OOK
and direct detection [34, 35]. These kinds of MIMO less SDM transmission is energy and cost
efficient and preferred in many short reach applications like data center networks.
All the above-mentioned photonic lanterns are fabricated by inserting the individual fibers in a
fluorine doped capillary tube and tapering the fiber bundle in a glass processor. The refractive
index of these capillary tubes should exactly match the index difference required to give the
required number of supermodes in the multimode waveguide formed at the end of the taper.
These custom-made capillary tubes are not that easily accessible. As the photonic lantern scales
up in the number of modes it support, capillary tubes of larger width is required to hold the fibers
together. As the capillary tube width increases, uniform tapering in a glass processor becomes
difficult. The main motivation behind this project is to suggest a new fabrication technique that
avoids the use of low index capillary tubes. This would make the fabrication of photonic lanterns
cheaper and easily accessible for all who have a glass processor and the required set of fibers.
In the usual fabrication process, the capillary tube has two functions 1) it holds the individual
fibers together while tapering and 2) it forms the low index cladding that guides the supermodes
in the newly formed multimode wave guide. Avoiding the capillary tube would require these two
functions to be fulfilled by other ways.
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5 Design and fabrication of air-clad Photonic lanterns

A new fabrication technique for photonic lantern is demonstrated in this work. This project
is initially started as a master project, where this new fabrication technique for photonic lanterns
without the low refractive index outer capillary tube is first tried. The single mode fibers are
held together by crossing the fibers and the fiber bundle is tapered in the glass processor. The
waist part of the taper is cleaved and spliced to the few mode fiber. In the master project,
a UV curable polymer coating is used instead of the capillary tube [36]. Fabrication of non
mode selective photonic lanterns is demonstrated during the master project. Further fabrication
trials revealed that, during the polymer coating step, there are chances of developing microbends
on the taper, resulting in high loss. Hence, it is difficult to get reproducible results with this
fabrication technique. To solve this problem, the polymer coating step is removed from the
fabrication process, which makes the fabrication even more simple and cheaper. Instead, the air
surrounding the taper form the low index cladding that guides the supermodes in the multimode
waveguide, and hence the fabricated lanterns are termed as air-clad photonic lanterns [37].
Results and figures from the master project report, and published papers [36, 37, 38] are used
in this chapter.

5.1 Design of photonic lantern using 2D mode analysis

To study the evolution of modes along the taper a 2D mode analysis is performed using
the wave optics module in COMSOL Multiphysics. The full vectorial solution is calculated
at different 2D cross sections of a three fiber bundled taper. The solution gives the effective
index values and the 2D mode distributions of the generated supermodes at different taper cross
sections. A non mode selctive photonic lantern with three identical True Wave (TW) fibers
are modelled first. The three fibers are centered along the vertices of an equilateral triangle
as shown in figure 7. The centroid of the triangle is set as the origin, and the three fiber core
centers are placed at a distance R from the centroid, where R is the cladding radius of the
fibers. If h is the height of the triangle, then R = 2

3h. The x and y coordinates for the centers

of the three fibers will be
(
−R
2 ,
√

3
2 R

)
,
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and (R, 0). To get the 2D cross section

at different points along the taper, all three cladding and core diameters are scaled down by
multiplying with a factor called the scale factor. As the fiber bundle is not circular, the width
of the taper is different along the different directions in the xy plane. The largest width of the
cross section is D = 7

2R as shown in figure 8(a). The width of the fiber bundle at different taper
point can be calculated as D = scalefactor× 7

2R. Before tapering, the fiber bundle has a width
of 219 µm, corresponding to a scale factor = 1. COMSOL uses the finite element method to
solve the frequency domain form of Maxwell equation. The mode analysis is done on the cross
section of the fiber bundle in the xy plane, and z is the direction of light propagation. A finer
physics controlled mesh is used for the mode analysis as shown in figure 8(b). The mode profiles
and the effective index values of the first six supermodes calculated at a taper width of 19 µm
corresponding to a scale factor of 0.085 is shown in figure 9. Comparing with figure 3, it could
be seen that that the supermode profiles resemble the vector modes of a FMF.
The effective index values of the first seven supermodes are calculated at different taper widths
along the taper transition and plotted as a function of taper width in figure 10. At the beginning
of the taper, the light is well confined in the SMF cores giving six degenerate fundamental modes
with the same effective index values. The seventh mode is a cladding mode with neff less than the
refractive index of silica cladding (nclad = 1.4444). As the taper width decreases, light couples
out of the individual cores and forms two non-degenerate set of supermodes. The degeneracy
of the modes at the start of the taper results in light being mixed up in different modes and
hence in a photonic lantern with identical fibers each input fibers excites a linear combination
of modes.
To break the degeneracy of modes in the beginning of the taper, the propagation constants
of the modes in the input fibers should be different. This difference will let the modes evolve
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(a) (b)

Figure 7: a) Geometrical arrangement of three identical TW fibers , b) Centroid of the equilateral
triangle set as the orgin of the coordinate system.

(a) (b)

Figure 8: a) The cross sectional width of the fiber bundle , b) The finer physics controlled mesh
used for the mode analysis.

differently along the taper, thus forcing light initially launched in a specific SM fiber to evolve
into a specific mode group. The light in the input fiber supporting a mode with the highest
propagation constant will evolve into a supermode with highest effective index and the rest will
follow. The simplest way to achieve this difference in propagation constants is to use dissimilar
input fibers. This mode evolution in a mode group selective taper is studied next using the 2D
mode solver. To introduce mode group selectivity between the LP01 and LP11 mode groups,
a dissimilarity is introduced in one of the three input fibers. One standard single mode fiber
(SSMF) and two HI1060 fibers are selected for this. The fibers differ both in core diameter and
core indices as shown in table 1. The silica cladding diameter and refractive index are 125 µm
and 1.4444 respectively, for both fibers. The same geometrical arrangement as in figure 7(a)
is used for the mode analysis. The SSMF with larger core is placed on the right and the two
HI1060 fibers on the left side. The calculated effective index values and the mode profiles of
the first six supermodes at a taper width of 19µm are shown in figure 11 and the variation of
effective index values of the first seven supermodes as a function of taper width is shown in figure
12. The neff of the fundamental mode in SSMF is 1.446617, which is larger than the neff of
the fundamental mode of HI1060 fiber, namely 1.445918. Thus, the degeneracy of fundamental
modes is split from the beginning of the taper and hence light launched into the SSMF will
evolve into the supermode with the highest effective index, namely 1.442491. While, the light
launched into either one of the two HI1060 fibers will evolve into the supermodes with lower
neff values. The mode profiles calculated at a taper width of 19µm shown in figure 11 resemble
the mode distributions of LP01 and LP11 mode groups of a FMF. Mode 1 and Mode 2 form the
LP01 mode group and mode 3 to mode 6 form the LP11 mode group. The neff values of the
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Figure 9: The mode distributions and effective index values of the first six supermodes at a
taper width of 19 µm. The taper is made on a fiber bundle with are three identical TW fibers.

Figure 10: The variation of effective index for the first seven vector modes at different widths
along the taper of a fiber bundle consisting of three identical TW fibers.
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Name
Core diameter

[µm]
core index

SSMF 9 1.4492
HI1060 5.3 1.4511

Table 1: The core diameter and refractive indices of SSMF and HI1060 fibers used for the
fabrication of mode selective photonic lantern.

Figure 11: The calculated mode distributions and effective index values for the first six super-
modes at a taper width of 19 µm for a mode selective taper with one SSMF and two HI1060
fibers.

two LP mode groups, however come closer at one point of the taper as seen in the inlet in figure
12. The smallest difference between the neff values of mode 2 and mode 3 is 8.7×10−5 at a
taper width of around 76 µm. It is at this point that the mode mixing can happen resulting
in crosstalk between the two spatial channels. While designing a photonic lantern, fibers that
give the largest neff difference at this closest point should be chosen. There should also be
enough separation to the next unwanted cladding mode, namely mode 7. For this set of fibers,
the smallest difference between neff values for mode 6 and mode 7 is 1.31 ×10−4 at a taper
width of 109 µm. With air as the cladding, many cladding modes are guided in the taper part,
but the overlap of these modes with the wanted FMF modes is very low.

Another set of fibers that shows a better mode selective behaviour is a Thorlabs SMF2000
fiber and two OFS ClearLite 16 fibers. The core radius and core index for these fibers are
shown in table 2. Comparing with table 1, SMF2000 fiber has a larger core diameter than a
SSMF and OFS CL fiber has a smaller core diameter than a HI1060 fiber. The neff values

Name
Core diameter

[µm]
core index

SMF2000 11 1.4501
OFS CL 4 1.4534

Table 2: The core diameter and refractive index of SMF 2000 and OFS CL fibers used for the
fabrication of mode selective photonic lantern.
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Figure 12: The variation of effective index for the first seven vector modes at different points on
the taper of mode selective lantern with one SSMF and two HI1060 fibers

of the supermodes along the taper calculated using the 2D mode solver is shown in figure 13.
Again, comparing with figure 12, it could be seen that, the splitting of degenerate modes in the
beginning of the taper is much larger for this set of SMF2000 and OFS CL fibers. The neff
values come closest at a taper width of 60µm, where the difference in neff is 1.78×10−4. This is
larger than the smallest neff difference obtained for SSMF and HI1060 fiber set. The difference
in neff values between mode 6 and mode 7 is 1.01× 10−4, at a taper width of 120µm, which is
slightly less than the difference in neff between the same modes for a SSMF and HI1060 fiber
taper. Actually, due to large core radius of SMF2000 fiber, LP11 mode is slightly guided in the
fiber as seen on the magenta line in the beginning of the taper in figure 13, but its neff is very
close to the silica cladding index with a difference of 7×10−4 and hence the mode will disappear
after a few meters.
The above results show that the PLs fabricated using SMF 2000 and OFS CL fibers will give
lesser crosstalk between the spatial channels. The calculated mode distributions at a taper width
of 19µm for this set of fibers looks almost similar to figure 11 and hence they are not shown
here. While choosing fibers for PL fabrication, the whole index profile of the fiber, including the
outer trenches has to be taken into account in the mode analysis part.

5.2 Overlap between the lantern modes and the FMF modes

The power coupling between the lantern modes at the taper end and FMF modes should
be optimized to maximum for the efficient working of the lantern. The large index difference
between the air cladding and silica core confines the modes well within the silica core. Due to
the triangular shape of the core, the lantern modes are distorted compared to the FMF modes.
The power coupling can be calculated using the overlap integral between the lantern modes and
the FMF modes. The overlap between two normalized modes ψ1 and ψ2 are given as [16]:

T =

∣∣∣∣∣x
s

ψ1(x, y) · ψ∗2(x, y) dxdy

∣∣∣∣∣
2

(5.1)

Here, it is assumed that the z component of the lantern mode ψ1 and the FMF mode ψ2 is
very small compared to the x and y components. This time, the mode profiles are calculated
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Figure 13: The variation of effective index for the seven modes at different points on the taper
of mode selective PL with one SMF2000 and two OFS CL fibers

using a 2D scalar mode solver written in Python. Due to the large index contrast, the scalar
approximation is expected to give some error on the results. However, the scalar model is used
to get the general trend of the mode evolution in the taper. The overlap between the three
LP like lantern modes and the corresponding LP modes in the FMF is calculated at different
taper widths. The maximum overlap of the LP01, LP11a and LP11b like modes are calculated as
0.927, 0.729 and 0.737 at a taper width of 23 µm. The overlap loss calculated in the logarithmic
scale at different taper widths is shown in figure 14. While fabricating the tapers in the glass
processor, the taper ratio is set such that, the final taper width gets close to 23 µm, in order to
utilize this maximum overlap between the lantern modes and the FMF modes.

5.3 Adiabatic criteria for taper transition

To ensure loss less transformation of power from the SMF modes to FMF modes, a gradual
taper transition that obeys the weak power criteria in eqn 4.11 is needed. To reduce the coupling
between the modes along the taper transition, the difference between the propagation constants
of the two modes should be as large as possible and the overlap between the mode distribution
of one mode and the longitudinal change in mode distribution of the other mode should also
be as small as possible. In the regions of the taper where the effective index values of the two
modes come closer, light in one mode can easily couple to the other. This happens at points of
the taper where the width is around 100µm to 50µm, where the modes expand beyond their
original cores. The adiabatic factor η can grow beyond unity at these points. This adiabatic
factor η is calculated for a mode selective taper with one SSMF and two HI1060 fibers [31, 32] .

η(z) =

∣∣∣∣ 2π
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The propagation constants β1 and β2 and the mode profiles ψ1 and ψ2 of the two lantern modes
at different taper widths obtained using the 2D scalar mode solver is used for this calculation.
ρ(z) is the taper width. The calculated adiabatic factor η at different taper crosssections of the
three fiber taper is shown in figure 15 in blue line. The change in width of the taper along its
length is shown in orange line. This taper profile is obtained by measuring a fabricated three
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Figure 14: The calculated overlap loss for the three lantern modes with LP modes of a FMF at
different taper widths.

fiber taper. In the beginning of the taper, when the modes are well confined within the original
SMF cores, the adiabatic factor is low. As the taper width reaches around 100 µm, the modes
start expanding out of the orginal SMF cores, and the effective index values come closer and the
adiabatic factor η grows as high as 6. The modes could couple between each other at this point
resulting in crosstalk in the lantern. While designing a photonic lantern, the SMF fibers should
be selected such that this adiabatic factor is as small as possible throughout the length of the
taper. The adiabatic factor for a taper with one SMF2000 fiber and two OFS CL fibers is shown
in figure 16. For this set of fibers the adabatic factor is less than that for the taper with SSMF
and HI1060 fibers. The maximum value that η reaches is only 3.6 at a taper width of 71 µm.
As discussed before, there is larger separation between the effective index values for the modes
in a taper with SMF2000 and OFS CL fibers. The change in mode distribution along the taper
is also small, giving a smaller adiabatic factor. As a result, there will be less mode coupling in
a PL made with SMF2000 and OFS CL fibers and hence lesser crosstalk between the modes.

5.4 Fabrication of photonic lanterns

To excite the first two mode groups in the FMF, three SMF fibers are used for the lantern
fabrication. Single mode fibers are tapered using Vytran filament fusion splicer. The waist part
of the taper is cleaved and spliced to a FMF. A schematic of the fabrication process is shown in
figure 17. The fabrication process is explained in detail in the following section.
There are different filament assemblies available with the Vytran splicer. In this project, a
Graphite FTAT3 filament is used for tapering and an FTAV2 filament is used for splicing. Each
time a filament is replaced, a centering of the filament is done followed by a normalization
process. Normalization is done using a 250 µm coreless fiber. The same fiber is used for the
centering of the filament as well. This fiber has a coating diameter of 400 µm and hence a
VHF500 fiber holder bottom insert and VHG250 graphite tip is used to hold the fiber in the
clamped fiber holder blocks of the splicer. The centering of FTAT3 filament is done by bringing
the coreless fiber close to the edge of the filament and eye balling using a magnifying glass. The
red light from the LED on the clamp of the fiber holder will get coupled into the fiber, and helps
with the centering step. The filament height is adjusted till the red fiber end is exactly at the
center of the filament. The parameters used for normalization is shown in figure 18. The cleaved
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Figure 15: The calculated adiabatic factor for a three fiber taper with one SSMF and two HI1060
fibers shown in blue line. The change in taper width along the length of the taper shown in
orange line.

Figure 16: The calculated adiabatic factor for a three fiber taper with one SMF2000 and two
OFS CL fibers shown in blue line. The change in taper width along the length of the taper
shown in orange line. The adiabatic factor for this taper is less than that for the taper with
SSMF and HI1060 fibers.
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Figure 17: A schematic of the fabrication process

Figure 18: Parameters used for normalization of T3 filament

coreless fibers are heated without applying any pre-push or hot push to the fibers. Depending
on the curvature of the burnt back fibers, the software in the splicer sets the distance of the
filament from the left and right fibers and the filament offset power. This normalization process
is done before each taper process to make sure that the aging of the filament does not change
the taper parameters that give the best taper results.
For three fiber tapering, VHF500 fiber holder bottom inserts and VHG250 graphite tips are used
on both sides. The three fibers are prepared by removing the coating over the region where the
tapering is done. There should be coating on the fibers where they are clamped on the fiber
holder blocks. The fibers are crossed together as shown in the figure 19(a). While crossing, one
end of the fibers are held free so that there is no twist tension formed on the fibers. The FTAT3
filament is closed on the top, the fibers have to be taken through the filament hole before crossing
them. The crossed fibers are held tight between the clamps of the two fiber holders. A picture
of the crossed three fiber bundle captured using the imaging system in the splicer is shown in
figure 19(b). The width of this crossed fiber bundle is different along the different directions as
the fiber bundle cross section is not circular. In the shown direction in figure 19(b), the width
is 240 µm.

Before tapering, the fibers are heated axially so that they are melt together before tapering.
It has been shown before that fused fiber bundles can be produced by applying heat orthogonal
to the axes of the fibers using an electrical element [39]. This kind of axial heating can be done
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(a) (b)

Figure 19: a) Crossing the fibers before taper. b) The three crossed fiber bundle before tapering.

Figure 20: Tapering the fiber bundle without intial axial heating results in fibers tapering
individually with air gap in between

using the ’Fire Polish’ step in the splicer. If the tapering is done without melting the fibers
together, the fibers taper down individually with air gap in between as shown in figure 20. The
firepolish power is set to 105 W and length over which the axial heating is done is set as 15 mm
ie. the filament moves symmetrically to both left and right sides through a length of 15 mm.
The firepolish velocity is set as 500 µm/s and the number of passes is set as 1. Before starting
the fire polish heating, the initial tension on the clamped fiber bundle is increased to 35 g by
pulling one fiber holder back. Tension on the fiber bundle is monitored during the axial heating
process and it could be seen that as the fiber bundle heats up, the tension drops to 0 as shown
in the tension monitor graph in figure 21. The initial tension on the fiber bundle is increased
again to 35 g and the axial heating is repeated one more time, at a higher power of 115 W. The
tension drops to 0 again in a similar way as before.

Next step is to set the taper dimensions. The downtaper length, the waist length and the
uptaper length are set as 20 mm, 10 mm and 1 mm respectively and the taper ratio is set as 0.09
as shown in figure 22. The taper power used is 118 W and pull velocity is 0.5 mm/s. Similar to
the firepolish step, an initial tension of 35 g is applied to the clamped fiber bundle. The drop
in tension is monitored again as shown in figure 23. The tension drops to zero first and then it
increases gradually to around 5 - 10 g depending on the taper power used and finally it drops
to 0 again. The taper is cleaved around the middle of the waist part and only the left part of
the taper is used for PL fabrication. The right part with the short uptaper length of 1 mm is
discarded. A picture of this short uptaper part is shown in figure 24 for better visualization. It
could be seen that the three fibers are well melted together and the fiber bundle tapers down
uniformly. The long 20 mm down taper part is also checked to make sure that the fibers are
well melted together in the entire length. The taper width is supposed to be the same at the
10 mm long waist part of the taper, but in reality that is not the case. The taper width slowly
changes along the waist part of the taper as seen in the measured taper profile in figure 25.
Hence, the actual taper length of the fabricated lantern is around 25 mm. As mentioned before,
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Figure 21: The tension drop on the fiber bundle while heating axially with the Fire Polish process

the SMFs are crossed before heating, but after tapering, the SMFs stay straight in most of the
taper region. The red circle in figure 25 shows the point below which the SMFs stay crossed.
This is at a taper width of 183 µm, which is far prior to the coupling region of the taper. The
light is well confined within the individual SMFs below this point as shown before in the neff
variation graph in figure 12. A side view of fiber bundle at a width of 225 µm and 94 µm is
also shown in figure 25. At 225 µm the fibers stay crossed, while at 94 µm, the three fibers are
straight and tapers down uniformly. Thus, it is confirmed that the crossing of the fibers will not
affect the mode transition.

The two fire polish steps and the taper process together keep the FTAT3 filament turned on
for around four minutes at relatively high powers like 105 W, 115 W and 118 W. An FTAT3
filament is said to give its best performance in the first 40 minutes. This means that only ten of
these tapers can be made using an FTAT3 filament. The fire polish scan length required can be
optimized by modelling the taper as shown in figure 26. The downtaper and uptaper parts of
the taper are modelled as conical frustums with height 20 mm and 1 mm respectively and the
waist part of the taper is modelled as a cylinder of length 10 mm and diameter 24 µm . For
simplicity, the untapered three fiber bundle is modelled as a cylinder of diameter 270 µm. The
total volume of glass in the two frustums and the cylinder is calculated and the the length of the
cylinder that gives the the same volume is calculated as 7.72 mm. To be on the safe side, the
fire polish scan length is chosen to be 15 mm. During the fire polish steps, the filament moves
15 mm symmetrically to the left and right. At the center point, the fiber bundle is heated more
than the rest, which results in a small width point. To avoid this point, the melted fiber bundle
is moved 3.9 mm to the right. This is done after the second fire polish step and the two fiber
holder blocks are kept synced during this movement. In this way, the extra heated point will be
part of the uptaper and will be discarded after the taper is cleaved at the waist part.
The tapered fiber bundle is cleaved using a ruby hand cleaver at the middle of the waist part.
The cleave position is determined by checking the width of the taper using the imaging system
in the splicer. The uptaper part as shown in figure 24 can be easily identified as the uptaper
length is only 1 mm. The position of right holder block is noted and the tapered fiber bundle
is moved around 5 mm to the right. This is done by moving the left and right holder blocks
synchronously while checking the taper widths at different positions on the way. Once the cleave
position is decided, the fiber bundle is kept stretched by giving a tension using the fiber holders.
The cleave tension T required, depends on the diameter of the fiber D as T ∝ D

3
2 [40]. For a

125 µm fiber, the cleave tension required is 210 g. This would give the cleave tension required
for a 20 µm fiber as 13 g. One of the fiber holder block is moved back slowly in fine steps until
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.

Figure 22: The taper dimensions used for the fabrication

Figure 23: The tension change on the fiber bundle during tapering

Figure 24: The uptaper part of a fabricated three fiber taper.
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Figure 25: The measured profile of a fabricated taper. The red circle shows the point below
which the fibers stay crossed after tapering.

Figure 26: Modelling the three fiber taper to calculate the firepolish scan length.

the tension monitor shows around 13 g. The CCD camera of the splicer is homed back. The
cleave position noted before, will lie exactly over the mirror of the splicer. The stretched fiber
bundle is gently scribed at this point using the ruby hand cleaver as shown in figure 27(a). The
cleaved fiber bundle is shown in figure 27(b). The width of the cleaved end is measured using
the measurement guide in the splicer.
The end view images of the taper crossection is taken using the camera in the splicer. White
light is shone through each of the input fibers and the end view images are taken. The end view
images obtained for a mode selective taper with one SSMF and two HI1060 fibers are shown in
figure 28. It could be seen that the end view images resemble the simulated mode distributions
shown before in figure 11.
Mode selective tapers with a different set of SMF fibers, namely one SMF2000 fiber and two
OFS CL fibers are also fabricated. Higher fire polish and taper powers like 106 W, 117 W and
120 W respectively are used for these tapers. Tapers made with higher powers generally gives
better cleave angles as the fibers are well melted together.

5.5 Splice between tapered end and FMF

For the lanterns made using the outer capillary tube, the cleaved tapered end is around 90
µm in width. The tapered end can be directly spliced to a few mode or multimode transmission
fiber. For the new photonic lanterns with air cladding, the tapered end is only around 20µm
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(a) (b)

Figure 27: a) Cleaving the fiber bundle using a ruby hand cleaver b) The cleaved three fiber
taper.

(a) (b) (c)

Figure 28: The cross sectional images at the end of a mode selective taper with white light shone
to input fibers like a) SSMF b) first HI1060 c) second HI1060.

in width and is very fragile. For practical use in a transmission system, the 20µm tapered end
should be spliced to a FMF. The FMF used here is a Two Mode Step Index (TMSI) fiber of
length 3.5 m. As the TMSI fiber has a cladding diameter of 125µm, this is a very dissimilar
20µm to 125µm splice . Getting this dissimilar splice well aligned is not easy.
Prior to splicing the fiber tips are aligned to each other and as the filament turns on, the heated
fiber tips are pressed against each other. If the force that is exerted during this hotpush is too
much, then the fiber tips will buckle against each other resulting in large core misalignment. To
avoid this, the compressive force applied during hotpush should be less than the critical buckling
force: Fcrit [40]

Fcrit =
4π2EyIbend

L2
(5.3)

where L is the length of fiber end from the clamp on the fiber holder, Ey is the Youngs modulus
of pure silica glass, Ibend is the bending moment of inertia, which is a measure of the stiffness of
the fiber given by: [40]

Ibend =
πD4

64
(5.4)

where D is the diameter of the fiber. For a 20µm fiber tip, the stiffness is 6.6 × 10−4 times
smaller than that of a normal 125µm fiber.
A higher critical buckling force Fcrit will reduce the chance of buckling of fibers during splicing.
Fcrit can be increased by decreasing L, ie the splicing fibers should be clamped as close to the
splicing point as possible. The amount of hotpush force required for a well aligned splice depends
on the splice power. Low temperature splices requires larger hotpush force to get the fibers joined
together [40]. Therefore, the chances of buckling is relatively larger for low temperature splices.
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Most commercial fusion splicers including Vytran controls the hotpush distance and not the
hotpush force. Hence, the splice optimization requires a lot a of iterations through several set of
splice parameters to get the right set of parameters that would minimize the chances of buckling
[40].
Splicing at low temperature using FTAV2 is tried first. The centering and normalization of the
filament is done as before. Unlike the FAT3 filament, the centering of the FTAV2 filament is
done by focusing the filament using the imaging system in the splicer. A cleaned, cleaved fiber
is mounted on the left holder block and the fiber end is focused as shown in the figure 29(a) and
the height of the filament is changed until the fiber is exactly at the center.
The tapered fiber bundle end and the TMSI fiber are manually aligned without any gap between
the fibers. A VHF 500 fiber holder bottom insert together with VHG125L graphite tip is used
to hold the tapered, cleaved, fiber bundle. The clamp on this fiber holder that holds the three
fiber taper is kept open, as it may destroy the taper. The vacuum pull on the machine will keep
the taper in position. For the 125 µm TMSI fiber, a normal VHF250 fiber holder bottom insert
and VHG125L graphite tip is used and the top clamp is kept closed. The length of the free fiber
ends are kept as small as possible on both sides. The 20µm end will usually vibrate due to the
fan on the splicer. The two fiber edges are tucked tightly until this vibration ceases. The splice
parameters used are shown in figure 29(b). The splice offset parameter is set as 240 µm, so that
the filament is moved closer to the 125 µm fiber. This is to avoid the thin 20 µm fiber end
from getting heated up and burn back quicker than the 125 µm fiber end. The hotpush and
pre push distances are set to zero. Thus assuming that the intial tucking force will provide the
compressive force required to join the hot fiber ends. The splice power is set as 41 W which is
relatively low. Once the fibers are attached, the splice point is reheated at a higher splice power
of 43 W a few more times. While reheating this dissimilar splice, the mode selective transmission
through the PL is monitored.
To monitor the mode selective transmission, the LP01 mode is launched into the TMSI fiber and
the power out of each of the SM fibers is measured. A schematic of the measurement setup is
shown in figure 30. To selectively launch LP01 mode, the TMSI fiber is spliced to an SM fiber
pigtail. In addition, the TMSI fiber is bend around a mode stripper with two perpendicular
bends of diameter less than 8 mm to remove any higher order mode that could present in the
TMSI fiber. This is a mode group selective taper, fabricated using one SSMF and two HI1060
fibers. Most of the LP01 power will be in the big core SSMF and a linear combination of LP11a

and LP11b mode power will be at the two HI1060 fibers. To get the total LP11 power, the
power out of the two HI1060 fibers is added together . The power out of the three SM fibers is
monitored as shown in the bar chart in figure 31. It shows that when LP01 mode is launched
to the TMSI fiber, there is more power at the SSMF than at the two HI1060 fibers combined,
showing mode selectivity in the PL. The reheating of the dissimilar splice at a set splice power
of 43 W is repeated until there is maximum difference between the powers in the SSMF and the
sum of powers in the two HI1060 fibers. A picture of the final spliced lantern obtained using the
imaging system in the splicer is shown in figure 32. The picture in figure 32(a) is taken after the
first splice at a splice power of 41 W, where the fibers are just attached. The figure 32(b) shows
the splice after five reheatings at a higher power of 43 W. It could be seen that the reheating
results in some rounding of the splice joint. In most cases, while monitoring the mode selectivity,
it could be seen that after the third or fourth reheating there is not much improvement in the
measured mode selectivity.

Dissimilar splicing with a different set of splice parameters is also tried in this project. Instead
of tucking the fibers tight, a pre gap of 10 µm is set between the fibers. The cooling fan on the
machine is turned off while aligning and splicing. A pre push distance and hot push distance
is also set as shown in the splice parameter set in figure 33(a). A large hotpush distance of 18
µm is set this time. In this case, the cleaved taper end is 24 µm, for smaller taper widths the
hotpush distance is reduced by four or five µms. A hot push delay of 0.1 s is also set for this
splice. This is the length of time that the filament is turned on before the hot push is performed.
This dissimilar splice is finished after the first splice. Further reheating of the splice is not done
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(a) (b)

Figure 29: a) Centering of FTAV2 filament before normalization b) The splice parameters used
for dissimilar splicing at low splice power.

Figure 30: Launching LP01 mode into the PL to check mode selectivity, while splicing the
tapered end to the TMSI fiber. PC: Polarization controller, MS: mode stripper
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Figure 31: When LP01 mode is launched to the PL, there is more power at the SSMF than at
the HI1060 fibers, showing mode selectivity of the PL.

(a) (b)

Figure 32: The dissimilar splice between tapered end of width around 20µm and a TMSI fiber.
a) After the first splice at a splice power of 41 W. b) After the fifth reheating of the splice point
at a splice power of 43 W.
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(a) (b)

Figure 33: Dissimilar splice at higher splice power. a) Splice parameters used for dissimilar
splicing at high splice power. b) The dissimilar splice between the 24 µm tapered end and 125
µm TMSI fiber.

Figure 34: A final fabricated photonic lantern with three SM fibers.

this time. The spliced PL is shown in figure 33(b). This set of splice parameters are mostly used
for splicing the three fiber tapers fabricated with one SMF 2000 fiber and two similar OFS CL
fibers.
The spliced PL is carefully taken out of the splicer and taped to a plastic base with a groove

in the middle so that the tapered part is surrounded by air. A final fabricated lantern on the
plastic base is shown in figure 34. A protective covering on the top would further protect the
tapered part from gathering dust. Even though the fabricated lantern is very fragile due to the
thin tapered end and the 20µm to 125µm dissimilar splice, after the lantern is taped to the
base, it will stay stable.
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6 Characterization of air-clad photonic lanterns

Results of the characterization done on the fabricated photonic lanterns are given in this
chapter. This include the measurement of multiplexing crosstalk using a Spectral and Spatial
(S2) imaging technique and the measurement of multiplexing and de-multiplexing loss. De-
multiplexing loss measurements also gives the de-multiplexing crosstalk of the PL for the two
modes. The results of measurements of the polarization dependence of the PL is also given here.
The characterization is done on two sets of PLs. One set is fabricated with SSMF and HI1060
fibers and the other set is fabricated with SMF2000 and OFS CL fibers. The obtained results
are published in [41, 42, 38, 43]. Results, tables and some figures from these papers are used in
this chapter.

6.1 Crosstalk measurement using S2 imaging set up

Spectral and Spatial imaging technique is based on the fact that the modes propagating in
an optical fiber can be identified by the group delay difference (DGD) between the modes that
will result in a spectral interference pattern when a broad band light is propagating through the
fiber and also by the distinct spatial interference pattern between the higher order modes and
the fundamental mode. This spectral and spatial dependence allows the simultaneous imaging
of multiple modes propagating in the fibers and to quantify their relative power levels [44]. To
acquire the S2 data, one can either use a broad bandwidth optical source and a scanning fiber
probe coupled to an OSA [45] or one can use a tunable laser source together with a CCD camera
to capture the near field distribution out of the FMF [42].
Let E1 and E2 be the electric field distributions of the two modes propagating in a two mode
fiber. The fields can be written as

E1 = A1(x, y) e−i(β1z+φ1(x,y)) (6.1)

E2 = A2(x, y) e−i(β2z+φ2(x,y)) (6.2)

where Ai(x, y) is the transverse amplitude distribution, βi is the propagation constant and
φi(x, y) is the phase distribution of each modes with i = 1, 2. When the two modes are added
together, E = E1 + E2, the total intensity I = E · E∗ can be found as

I(x, y, z) = I1(x, y) + I2(x, y) + 2A1A2 cos [(β1 − β2)z + φ1(x, y)− φ2(x, y)] (6.3)

where I1(x, y) and I2(x, y) are the intensity of the individual modes. Substituting ∆β = β1−β2

and ∆φ(x, y) = φ1(x, y)− φ2(x, y) eqn. 6.3 becomes

I(x, y, z) = I1(x, y) + I2(x, y) + 2A1A2 cos(∆βz + ∆φ(x, y) (6.4)

Here it is assumed that both modes have the same polarization. Eqn.6.4 shows that the intensity
pattern contains oscillations corresponding to ∆β of the two modes.
∆βz can be expanded using Taylor series as

∆βz ≈ ∆β0z −DGD
2πc

λ2
∆λ (6.5)

here the second and higher order derivatives are omitted. DGD is the differential mode delay
between the two modes after the modes have propagated a distance z in the two mode fiber.
Substituting ∆βz into eqn.6.4, it could be seen that the intensity fluctuates with wavelength
with a period [42]:

∆λ =
λ2

DGD · c
(6.6)

where λ is the central wavelength of the light source. The minimum DGD that can be measured
depends on the bandwidth over which the tunable laser can be tuned, while the maximum DGD
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Figure 35: S2 set up using a tunable laser and CCD camera

depends on the resolution of spectral measurement, or the smallest step size possible with the
tunable laser.
If E1 is the field of the dominant mode, and we assume that the power contained in the parasitic
mode with field E2 is small compared to that of E1, then we can approximate eqn 6.4 as:

I(x, y, λ) ≈ I1(x, y, λ) + 2Re{
√
I1(x, y, λ)E2(x.y, λ} (6.7)

Here the fields are functions of spatial position and wavelength. From eqn 6.7, the real part of
the parasitic field E2(x, y, λ) is obtained as [45]:

Re{E2(x, y, λ)} =
I(x, y, λ− I1(x, y, λ)

2Re{
√
I1(x, y, λ}

= J(x, y, λ) (6.8)

Thus I1(x, y, λ) is the slowly varying dc component of I(x, y, λ) and J(x, y, λ) is the fast oscillat-
ing component due to the interference between the two fields E1 and E2. Therefore, IDC(x, y, λ)
can be obtained by low pass filtering I(x, y, λ). Information about the parasitic mode field
E2(x, y, λ) is contained in J(x, y, λ). This component Jfilt(x, y, λ) can be obtained by band pass
filtering at the group delay of the beat frequency corresponding to that parasitic mode [45]. To
obtain the intensity of the dominant mode and the parasitic mode, these dc part IDC(x, y, λ)
and square of the fast oscillating part Jfilt(x, y, λ) can be integrated over the entire wavelength
range as [45, 42]:

I1(x, y) ≈ IDC(x, y) =
1

λe − λs

∫ λe

λs

IDC(x, y, λ) dλ (6.9)

I2(x, y) ≈ I2(x, y) ≈ Jfilt(x, y) =
2

λe − λs

∫ λe

λs

J2
filt(x, y, λ) dλ (6.10)

where λs and λe are the start and end wavelengths used for tuning. The relative power of the
parasitic mode compared to the dominant mode is found by integrating over the whole area as
[45]:

Relative power = 10 log 10

[∫ ∫
I2(x, y) dx dy∫ ∫
I1(x, y) dx dy

]
(6.11)

The schematic of the set up used for measuring this wavelength dependency of the near field
distributions in the two mode fiber is shown in figure 35. The light from the tunable source is
fed to each of the SMFs of the PL through a polarization controller. The near field distribution
at the TMSI fiber end of the lantern is captured using an infrared camera, while scanning the
wavelength using the tunable laser source. Such a set up allows a rapid data acquisition than
a set up using a broad band light source and a scanning fiber probe coupled to an OSA. The
tunable laser is connected to the input SMF fiber of the PL that excites the LP01 mode into
the TMSI fiber. The length of the TMSI fiber spliced to the tapered end is 3.5 m. The DGD
between the LP01 and LP11 modes in this TMSI fiber is 2.1 ps/m. Hence, the 3.5 m TMSI
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Figure 36: The sum of Fourier transform amplitudes for measurements on a photonic lantern
where the fundamental mode is excited. There is 3.5 m of TMSI fiber spliced to the tapered end
of the PL.

should have a DGD of around 7.35 ps. The near field image at the end of 3.5 m TMSI fiber is
captured using a Scintacor infrared camera. The Agilent 81689 A tunable laser is tuned over
10 nm and the step size used for tuning is 0.2 nm. A Fourier transform of the measured field
at each pixel is calculated. The sum of these Fourier transform amplitudes corresponding to all
pixels is shown in figure 36 as a function of DGD. The peak close to 0 DGD is the slowly varying
DC part corresponding to the dominant mode, which is the fundamental LP01 mode here. The
peak close to 7.35 ps shows the fast oscillating part corresponding to the beating between the
LP01 and LP11 modes in the 3.5 m TMSI fiber. The peak close to 11 ps is due to the reflection
of the LP01 mode on the camera. A low pass DC filter at 1.5 ps separates the power in the
dominant mode and a distributed filter from 5.4 ps to 8.7 ps separates the fast oscillating part.
The average power spectrum of these fast and slow oscillations is shown in figure 37.
The reconstructed mode distributions of the dominant LP01 mode and the parasitic LP11 mode

are shown in figure 38. The relative power of the parasitic mode compared to the dominant
mode is calculated using eqn 6.11 as -19.8 dB in this case. The fringes seen in the parasitic mode
profile is probably due to the reflections on the camera
Next, light from the tunable laser is coupled into the input SMF fiber of PL that excites LP11

mode in the TMSI fiber. The reconstructed mode profiles of the two modes are shown in figure
39 and the relative power of the parasitic LP01 mode to the dominant LP11 mode is calculated
as -22.3 dB. Here, the parasitic mode is LP01, but the mode profile in figure 39(b) does not have
any power in the middle. The reason is that, S2 calculates the amount of power in the parasitic
mode from the amplitude of beating between the dominant mode and the parasitic mode. In this
case the dominant mode is LP11, which has no power in the middle and hence it does not show
any beating at the center, and so there is no power in the middle of the reconstructed parasitic
mode profile. This is a PL fabricated with one SMF2000 fiber and two OFS CL fibers. When
light is coupled to the SMF2000 fiber, the dominant mode in the TMSI fiber is LP01 and when
light is coupled to either of the OFS CL fibers, the dominant mode that the lantern excites is a
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Figure 37: The measured power spectrum showing the fast oscillation due to the beating between
the two modes in red and the filtered DC part corresponding to the dominant mode in green.

linear combination of the two degenerate LP11a and LP11b modes in the TMSI fiber.
To characterize the polarization dependence of the PL, the input polarization of light is changed

using the polarization controller connected before the PL in the S2 set up in figure 35. An Agilent
11896A motorized polarization controller is used here. The input polarization to the SMF fiber
is randomly changed around 10 times and for each polarization the dominant mode distribution
and the relative power of the parasitic mode in the TMSI is calculated using the S2 algorithm.
This is repeated by coupling light into all three SMF fibers of the PL. The results for five different
input polarizations obtained for a PL fabricated using one SSMF and two HI1060 fibers is shown
in table 3. Usually the crosstalk is defined as the ratio of power in the parasitic mode to the
total power in both modes. Here, using the S2 set up, it is actually the relative power of the
parasitic mode to the dominant mode that is calculated, but as long as the dominant mode
power is much higher than the parasitic mode power, the crosstalk can be approximated to this
calculated relative power of parasitic mode. The measured crosstalk values in table 3 shows that
the crosstalk on the fabricated lantern is polarization dependent. The wavelength range used
for the S2 measurement is 1545 nm to 1555 nm. The crosstalk of the fabricated PL at other
wavelengths are also measured to check the broadband behaviour of the PL. The results of these
broad band measurements for two PLs are shown in figure 40 and 41. Results shown in figure 40
are measured on a PL fabricated with one SSMF and two HI1060 fibers and the results shown in
figure 41 are measured on a PL fabricated with one SMF2000 fiber and two OFS CL fibers. The
crosstalks measured for 10 different input polarizations for each of the three input SM fibers in
the PL is shown here. The results show that the fabricated lantern shows mode selectivity in a
broad wavelength range. At the same time, the crosstalk varies with input polarization of light
and this variation is almost independent of the wavelength used for S2 imaging over the entire
C band.
One of the reason for this variation of crosstalk with input polarization could be the noncircular
shape of the tapered end. The high index contrast between the air cladding and silica core will
further confine the modes within the triangular core. A change in the input polarization will
change the overlap between the lantern modes and the TMSI fiber modes. A slight misalignment
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(a) (b)

Figure 38: The regenerated mode distributions of the a) dominant mode and the b) parasitic
mode in the TMSI fiber obtained from the S2 measurement, when the fabricated PL is used to
excite the LP01 mode into TMSI fiber. The relative power of the parasitic mode to the dominant
mode is calculated as -19.8 dB.

(a) (b)

Figure 39: The regenerated mode distributions of the a) dominant mode and the b) parasitic
mode in the TMSI fiber, when the fabricated PL is used to excite the LP11 mode into TMSI
fiber. The relative power of the parasitic mode to dominant mode is calculated as -22.3 dB.
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Figure 40: The crosstalk values measured on a mode selective photonic lantern with one SSMF
and two HI1060 fibers. The crosstalk for the three SMF inputs are shown in three different
colours. For each input fiber, the input polarization is changed ten times and the crosstalk value
is measured in each case.

in the splice between the tapered end and the TMSI fiber will change these overlaps resulting in
different crosstalk for different input polarizations.
The effect of this splice misalignment on crosstalk of the PL is modelled using the overlaps
between lantern modes and the TMF modes. The TMSI fiber modes are misaligned by 45◦

angle and the overlap is calculated for different offset radii. The crosstalk for each input SM
fibers is calculated from these overlaps as:

SSMF input =
Overlapmode1:LP11a

+ Overlapmode1:LP11b

Overlapmode1:LP01
+ Overlapmode1:LP11a

+ Overlapmode1:LP11b

(6.12)

HI1060 input1 =
Overlapmode2:LP01

Overlapmode2:LP01
+ Overlapmode2:LP11a

+ Overlapmode2:LP11b

(6.13)

HI1060 input2 =
Overlapmode3:LP01

Overlapmode3:LP01
+ Overlapmode3:LP11a

+ Overlapmode3:LP11b

(6.14)

The calculated crosstalks for the three input fibers at different splice offset radii are shown in
figure 42. It shows that a slight change in the alignment between the tapered end and the TMSI
fiber in the dissimilar splice can induce a crosstalk in the lantern. After the dissimilar splice,
the alignment of the fibers is checked using the camera in the splicer, in both the front and back
views. The average misalignment distance is usually close to 1 µm.
The measured crosstalk in figure 40 and 41 shows that the lantern fabricated with SMF2000 and
OFS CL fibers have less crosstalk than the lantern fabricated with SSMF and HI1060 fibers.
This also agrees with the calculations of adiabatic factor in figure 15 and 16. It is also shown
before in figures 12 and 13 that there is a larger difference in effective index values between the
modes for a taper made with SMF2000 and OFS CL fibers, which also helps to reduce the mode
coupling in the taper.

6.2 Multiplexing loss measurements

To measure the multiplexing loss of the PL, light is coupled into each of the three SM fibers
through a polarization controller and the power at the end of TMSI fiber of the PL is measured.
The Polarization Dependent Loss (PDL) for each SMF input is measured using the polariza-
tion scanning method [46]. The output power is monitored while the polarization controller is
randomly changed for a time period long enough to make sure that all the possible polarization
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Table 3: The reconstructed mode distribution of the dominant mode and the relative power of
the parasitic mode in the TMSI fiber of the PL obtained using S2 technique. The light is coupled
to either of the three input fibers of the fabricated PL. Five different input polarization cases
are shown here.

SSMF Input First HI1060 Input Second HI1060 Input

Dominant
mode

Crosstalk
Dominant

mode
Crosstalk

Dominant
mode

Crosstalk

-13.9 dB -11.7 dB -17.8 dB

-14.6 dB -12.1 dB -18.5 dB

-14.7 dB -12.5 dB -19.9 dB

-15.7 dB -13.3 dB -20.5 dB

-17.8 dB -13.7 dB -21.7 dB

Figure 41: The crosstalk values measured on a mode selective photonic lantern with one SMF2000
and two OFS CL fibers.



6 Characterization of air-clad photonic lanterns 41

Figure 42: The calculated crosstalk values for the three lantern modes as a function of splice
misalignment between the tapered end and the TMSI fiber. The crosstalks are calculated using
the overlap between the lantern modes and the TMSI fiber modes.

(a) (b) (c)

Figure 43: The measured polarization dependent multiplexing loss for a fabricated PL with one
SSMF and two HI1060 fibers. Multiplexing PDL for a) SSMF input b) HI1 input c) HI2 input.

states are covered. From the monitored values, the maximum and minimum transmitted power
is noted. A reference measurement without the photonic lantern is done for power calibration
and the maximum and minimum PDL is calculated. Wavelength dependent PDL is measured by
scanning over the wavelengths using a tunable laser. Agilent 81689 A tunable laser source and
Agilent 11896A motorized polarization controller is used for this measurement. The polarization
controller is scanned for 10 s to cover all possible polarization states. Wavelength dependent
PDL for the three inputs for a PL fabricated with one SSMF and two HI1060 fibers is shown in
figure 43. For SSMF input the average PDL measured for the wavelength range from 1545 nm
to 1555 nm is 0.68 dB - 0.79 dB, and the average PDL for the two HI1060 fibers are 4.02 dB -
4.5 dB and 2.79 dB - 3.08 dB respectively. The results show that the multiplexing loss for LP01

is smaller than that for LP11. This agrees with the calculated overlap loss given before in figure
14. The overlap between the LP01 like lantern mode with the LP01 mode in the TMSI fiber is
higher than the overlap between the LP11 like lantern modes and the LP11 modes. As seen in
the calculated mode distributions in figure 11, one of the LP11 like lantern mode is displaced
more to the side. A slight misalignment in the splice will result in a higher loss for that mode
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Figure 44: The calculated total loss for each SMF inputs for different splice misalignments
between the tapered end and the TMSI fiber. The loss is calculated using the overlap between
the lantern modes and the TMSI fiber modes.

than for the other modes. This is studied by calculating the total loss of each lantern mode for
different splice offset radii. The total loss for each SM fiber input of the PL is calculated from
the overlap integrals between the lantern modes and the TMSI fiber modes as:

SSMF input Loss = Overlapmode1:LP01
+ Overlapmode1:LP11a

+ Overlapmode1:LP11b
(6.15)

HI1 input Loss = Overlapmode2:LP01
+ Overlapmode2:LP11a

+ Overlapmode2:LP11b
(6.16)

HI2 input Loss = Overlapmode3:LP01
+ Overlapmode3:LP11a

+ Overlapmode3:LP11b
(6.17)

The variation of total loss of each lantern mode with different splice misalignments are shown in
figure 44. It could be seen that the loss on one of the lantern mode increases with splice offset
much larger than the for the other two lantern modes.
The multiplexing loss for a PL fabricated with one SMF2000 fiber and two OFS CL fibers is
shown in figure 45. The result is similar to the case with the PL with SSMF and HI fibers. There
is a higher loss for the OFS CL input fibers that excite the LP11 mode than for the SMF2000
input fiber that excite the LP01 mode.

6.3 De-Multiplexing loss measurements

To measure the de-multiplexing loss of the PL, light is coupled through the TMSI fiber
and the power is measured at the three SM fibers. LP01 mode is launched into the TMSI fiber
using a splice to an SM fiber followed by a mode stripper as shown before in figure 30. The
power in the SSMF is a measure of power in the LP01 mode and the sum of powers in the two
HI1060 fibers is a measure of the power in the LP11 mode. When LP01 mode is launched into the
TMSI fiber, a mode selective PL will show a low loss for the SSMF and a higher loss for the two
HI1060 fibers. That is observed in the measured de-multiplexing loss for LP01 mode shown in
figure 46. Similar to the multiplexing loss measurement, the polarization depend de-multiplexing
loss is measured using the polarization scanning method. The SMF to TMSI fiber splice loss
of 0.91 dB subtracted while calculating the PDL. When LP01 mode is launched to the TMSI
fiber, the de-multiplexing PDL measured on the SSMF is 2.62 dB to 2.7 dB and the PDL for
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(a) (b) (c)

Figure 45: The measured polarization dependent multiplexing loss for a fabricated PL with one
SMF2000 and two OFS CL fibers. Multiplexing PDL for a) SMF2000 input b) OFS CL1 input
c) OFS CL2 input.

the two HI1060 fibers together is 14.22 dB to 15.22 dB. The difference between these two losses
is a measure of the relative power of the parasitic LP11 mode or the cross talk for the LP01

mode in the de-multiplexing direction, which is measured as -11.44 dB. This is the
worst case crosstalk obtained from the difference between the minimum de-multiplexing loss for
the sum of HI1060 fibers (green line in figure 46) and the maximum de-multiplexing loss for the
SSMF (red line)
Next, LP11 mode is launched to the TMSI fiber using a long period grating (LPG) as shown
in the set up in figure 47. This is a thermal induced LPG, where the LP01 mode is suppressed
more than 15 dB in the wavelength range close to 1550 nm [21]. The PDL for the three SMFs
are measured as before. When LP11 mode is launched to the TMSI fiber, there is a higher loss
for the SSMF than for the two HI1060 fibers together, showing the mode selectivity in the PL
for the LP11 mode. The measured de-multiplexing PDL for LP11 mode is shown in figure 48.
While subtracting the reference, a 0.4 dB is included to account for the loss of the LPG. The
average PDL for the sum of HI1060 output is 3.30 dB to 4.38 dB and the average PDL for
the SSMF output is 11.96 dB to 20.19 dB. The worst case de-multiplexing crosstalk for
LP11 mode is calculated to be -7.58 dB. This is higher than the de-multiplexing crosstalk
measured for LP01 mode. The measured results also show that, the polarization dependency of
de-multiplexing loss is higher for LP11 mode than that for the LP01.
A possible explanation is that, the HI1060 fibers couple light into the LP11 mode in the TMSI
fiber. A change in input polarization results in the rotation of the LP11 modes [42]. Due to
fabrication uncertainities, most practical fibers have slightly non circular cores. Due to this
noncircularity, the two degenerate LP11a and LP11b will have small difference in propagation
constants. This causes a rotation of the LP11 mode as it propagates through the fiber with
one rotation per beat length λ

neff11a−neff11b . This beat length will also change due to the
birefringence of the fiber. Due to this change in beat length, there will be rotation of LP11 mode
at the end of the TMSI fiber. This rotation will change the overlap of the lantern mode with
the TMSI fiber modes resulting in large variation in loss.
The de-multiplexing PDL for a photonic lantern fabricated with one SMF2000 fiber and two
OFS CL fibers is also measured. The de-multiplexing crosstalk and PDL for this PL is smaller
than that for the PL fabricated with HI1060 fibers. The results for both the LP01 and LP11

launch are shown in figure 49(a) and figure 49(b). For LP01 launch, the de-multiplexing PDL for
the SMF2000 fiber is 1.14 dB to 1.43 dB and for the sum of the two OFS CL fibers is 18.26 dB to
20.39 dB and the worst case de-multiplexing crosstalk for LP01 mode is -16.82 dB. For
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Figure 46: The PDL measured on the PL in the de-multiplexing direction. LP01 mode is launched
in the TMSI fiber. The difference between the PDL for the SSMF and sum of two HI1060 fibers
gives the de-multiplexing crosstalk for the LP01 mode.

Figure 47: The set up used to launch LP11 mode into the TMSI fiber for the measurement of
de-multiplexing loss for LP11 mode in the PL. PC: Polarization controller, MS: Mode stripper

the LP11 launch, the de-multiplexing PDL for the sum of OFS CL fibers is 4.08 dB to 4.91 dB
and for the SMF2000 fiber is 14.31 dB to 21.51 dB, giving the worst case de-multiplexing
crosstalk for the LP11 mode as -9.39 dB. This PL with OFS CL fibers is fabricated using
higher filament powers during tapering and fire polish steps. This could melt the three fibers
more closer together giving more round cross section at the taper end. This in turn could reduce
the polarization dependence of the lantern performance.
The above measurements done on many different fabricated PLs show that the multiplexing
crosstalk of LP11 mode measured using S2 technique is more than 5 dB lower than the same
mode’s de-multiplexing crosstalk measured using loss measurements. In other words, it is easier
to excite the LP11 mode in the TMSI fiber while going in the multiplexing direction than to
excite the LP11 like lantern mode, while going in the de-multiplexing direction. For LP01 mode,
this difference is not that prominent as for the LP11 mode. At present there is no explanation for
this discrepancy. This kind of comparison between multiplexing and de-multiplexing crosstalks
is not reported in any of the publications on conventional capillary tube based photonic lanterns
either.

6.4 Two Photonic lanterns connected together

To check the multiplexing and de-multiplexing capability of the fabricated PLs in an MDM
transmission system, two PLs are connected back to back by splicing their TMSI fibers together
as shown in figure 50. These are PLs fabricated with SMF2000 and OFS CL fibers. There
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Figure 48: The PDL measured on the PL in the de-multiplexing direction where LP11 mode is
launched in the TMSI fiber. The difference between the PDL for the two HI1060 fibers and the
SSMF gives the de-multiplexing crosstalk for the LP11 mode.

(a) (b)

Figure 49: The de-multiplexing PDL measured on the PL fabricated using one SMF2000 and
two OFS CL fibers. a) LP01 mode is launched into the TMSI fiber b) LP11 mode is launched
into the TMSI fiber (The legend is same as in figure 49(a)).

Figure 50: Two fabricated lanterns spliced together for multiplexing and de-multiplexing of LP01

and LP11 modes. SMF2000 fiber is shown in thick line and it delivers the LP01 power at the
output. The LP11 power is distributed between the two OFS CL fibers shown in thin lines. TL:
Tunable laser, PC: Polarization controller, PM: Power meter.
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is 7 m of TMSI fiber between the two lantern tapers. Either of the two modes are launched
into the connected system using the first multiplexing lantern, through its SMF2000 port or one
of the OFS CL ports respectively. The de-multiplexed power in the two modes are measured
from the three SMF ports of the second de-multiplexing lantern. SMF2000 fiber delivers the
de-multiplexed LP01 power and the two OFS CL fibers together delivers the de-multiplexed
LP11 power. The PDL measurements are done as before on this connected lantern system. The
results for LP01 input is shown in figure 51(a). There is higher loss for the sum of OFS CL fibers
showing the multiplexing and de-multiplexing of LP01 mode. The worst crosstalk from LP11

mode is calculated by subtracting the maximum PDL for SMF2000 from the minimum PDL for
OFS CL sum as -7.5 dB. This is the average value over the entire measured wavelength range
of 1545 nm to 1555 nm. It could be seen that the crosstalk from the parasitic mode for the
connected system is larger than that measured for the individual lanterns.
The splice between the TMSI fibers is done using the standard SMF splice parameters in an
Ericsson splicer. This splice could introduce some extra crosstalk in the system. The fluctu-
ations in power in the parasitic mode in figure 51(a) corresponds to the beating between the
LP01 and LP11 modes. The DGD corresponding to the modal interference in figure 52(a) is
calculated using equ. 6.6 as 14.3 ps. There is 7 m of TMSI fiber between the two lantern tapers.
Normalizing with this length gives the DGD per unit length as 2.05 ps/m and this is close to the
DGD between the LP01 and LP11 mode in the TMSI fiber which is 2.1 ps/m. This is further
confirmed by calculating the Fourier transform of this fast oscillating output power. Figure 52(b)
shows three distinct DGD peaks for the amplitude of Fourier transform. The first peak at 6.7
ps, corresponds to a beating in TMSI of the length 3.3 m. This is close to the length between
the dissimilar splice and the TMSI splice of each lantern. The DGD peak at 13.8 ps corresponds
to a TMSI fiber length of 6.7 m, which is close to the total TMSI fiber length in the connected
lantern system. The DGD peak at 28.14 ps is a repetition of the beating in the 7 m TMSI fiber.
Similarly to check the multiplexing and de-multiplexing capability for LP11 mode, light is cou-
pled into each of the OFS CL fibers of the the first multiplexing PL and the output powers at
the three SMFs of the second de-multiplexing PL is measured. The PDL measurement result is
shown in figure 51(c) and 51(d). The worst crosstalk on this connected system for the OFS CL1
input is -6.49 dB, while for the OFS CL2 input is -3.74 dB. If these two PLs are used for MDM
transmission, it would be better to use OFS CL1 input to launch the LP11 mode in terms of
better crosstalk but on the other hand the PDL on the SMF 2000 output power for OFS CL1
input is much higher than that for the OFS CL2 input.
The DGD is calculated from the beat periods of SMF2000 output power for the OFS CL2 input
in figure 51(d) as 2.05 ps as before. The Fourier transform of the fast oscillations of SMF2000
power in figure 51(d) also shows the three DGD peaks as for SMF2000 input explained before
in figure 52(b), plus one more small peak at 21 ps, the source of which is unknown now. These
DGD calculations are done on the data from the PDL measurement ie. for each wavelength step
of 0.1 nm, the input polarization is varied randomly for 10 s and the maximum and minimum
output power is noted to calculate the PDL. It is better to do these calculations for fixed input
polarizations and this is done in [43]. There, it is clear that the fast oscillations corresponds to
the beating of the LP01 and LP11 modes between the two PLs and also the beating between
each PL and the TMSI splice.

In the above characterization of two PLs connected together, the multiplexing and de-
multiplexing capabilities of the two PL system is checked by launching either the LP01 or LP11

mode using the SMF fibers in the first PL, one input at a time. In the real MDM transmission
experiments, the LP01 and LP11 modes are launched simultaneously and the PLs should be able
to differentiate the powers in the two spatial modes at the output with minimum crosstalk from
the other mode.
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(a) (b)

(c) (d)

Figure 51: The multiplexing and de-multiplexing of LP01 and LP11 modes using two fabricated
PLs a) light input at the SMF2000 fiber b) the legend used for the three graphs c) Light input
at the OFS CL1 fiber d) light input at the OFS CL2 fiber of the multiplixing lantern The output
powers are measured at the three SMFs of the de-multiplexing PL.

(a) (b)

Figure 52: a) Calculation of beat period in wavelength for the LP11 output power measured at
the OFS fibers of the second PL, when LP01 mode is launched into the connected PL system
using the SMF2000 input in the first PL. x axis is number of measured points. The DGD
calculated from the beat period is 2.05 ps/m as shown in the insert. b) The Fourier transform
of the LP11 power in figure 52(a) as a function of the DGD between the modes.
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Figure 53: A typical taper profile of a 25 mm taper. The bilinear approximation used for the
EME propagation is shown in broken black lines.

6.5 Analysis of lantern taper based on Eigen mode expansion method

Till now the lantern taper is analysed by calculating the effective index values and field
distributions of Eigen modes calculated at different 2D taper crossections. To further improve
the understanding of mode transition along the taper, a numerical analysis based on Eigen mode
expansion EME method is done [38]. The simulations are carried out using a commercial full
vectorial finite-difference Eigen mode solver and EME propagator [47]. This method is based on
the decomposition of electromagnetic field in the basis of Eigen modes computed at different 2D
crossection. In non uniform structures like tapers, the Eigen mode distribution will change along
the direction of propagation. To deal with this change, in the EME method, the taper structure
is divided into different longitudinally uniform subsections and in each of which some local eigen
modes are calculated. Neighboring sections are connected together through interface scattering
matrices which are computed based on electromagnetic boundary conditions and modal overlap
calculations [48].
After the EME simulation, the scattering matrix S can be extracted which include the complex
valued coefficients sjk that quantifies the conversion of Eigenmode j at the input of taper to eigen
mode k at the output of the taper. It also allows the extraction of the scattering coefficients from
an arbitrary Eigen mode at the input to different Eigen modes at the end of every subsection
of the taper. This enables the analysis of light propagation through the PL taper and helps to
identify the regions along the taper where the crosstalk between the modes occur.
In the measured taper profile shown before in figure 25, it could be seen that the taper is not
linear. The taper is more gradual where the taper width varies from 50µm to 25µm. Hence a
bilinear approximated taper profile is used for the simulation. The bilinear taper include a 15
mm part from initial width 225µm to 50µm followed by a 10 mm part down to a final taper
width of 23µm as shown in figure 53. The EME calculated modal power distribution for the
three PL modes as a function of taper distance starting at the taper input is shown in figure
54. This is a three fiber taper with one SSMF and two HI1060 fibers. It could be seen that
the lantern mode 3 is almost perfectly adiabatically converted along the taper. It only exhibits
weak coupling to higher order modes, but almost no coupling at all to lantern mode 1 and 2.
On the other hand, the simulation predicts strong mode coupling between lantern mode 1 and
2. The modal crosstalk occurs after a taper length of 9 mm - 13 mm, which corresponds to a
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Figure 54: The calculated power distribution in the three lantern modes as a function of the
taper length along a bilinear taper.

taper diameter of 50µm to 90µm. This shows a nonadiabatic mode conversion for both mode 1
and mode 2.
The weak power transfer criterion required for adiabatic conversion given before in eqn 4.11
depends on 1) the difference in propagation constants between the two eigen modes, ∆β and
2) the local coupling coefficient κ(z) given by the overlap between one of the eigen modes and
the longitudinal change of the other eigen mode as [31, 32]:

κ(z) =

∣∣∣∣∫
A

ψ1(x, y, z)
∂ψ2(x, y, z)

∂ρ
dA

∣∣∣∣ (6.18)

where ψ1 and ψ2 are the mode distributions of the two Eigen modes and ρ(z) is the cross
sectional width of the lantern taper. To investigate the simulated lantern taper, the local coupling
coefficient κ and the adiabatic factor η(z) given as [31, 32]:

η(z) =
2π

∆β

dρ

dz
κ(z)

are calculated along the bilinear taper. The results are shown in figure 55. η(z) is also calculated
for a linear taper for comparison. The part of the taper that exhibits the highest local coupling
coefficient κ also coincides with the part of the taper where the effective indices of the modes
comes closer shown before in figure 12. The result is that the adiabatic factor η grows beyond
unity for both a linear taper and a bilinear taper. This adiabatic factor was calculated before for
the measured taper profile and shown in figure 15. The result agrees with the adiabatic factor
calculated for the bilinear taper here. These simulated results showing strong nonadiabatic mode
transition is a bit surprising when compared to the low crosstalk values obtained experimentally
in section 6.1.
In the above simulations it is assumed that the three fibers are well melted together and hence
the three SM fibers are geometrically arranged such that the claddings of the three SM fibers
overlap each other as shown before in figure 7. To check this, a fabricated taper end is observed
under microscope at a higher magnification than that is available in the imaging system of the
Vytran glass processor. For a taper end of width 33µm, an air hole is visible in the structure as
shown in the picture in figure 56. The effect of such an air hole in the structure is studied next.
The mode field distributions and effective index values of the Eigen modes are calculated at
different taper cross sections for a structure with an air hole in the middle. The effective index
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Figure 55: The local coupling coefficient κ(z) and the adiabatic factor η(z) calculated for a 25
mm lantern taper

Figure 56: The microscopic image of a taper cross section of width 33µm.
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Figure 57: The variation of effective index for first four LP modes at different points on the
taper of a mode selective lantern with one SSMF and two HI1060 fibers with an air hole in the
middle.

values of the first four LP modes as a function of taper width is shown in figure 57. LP Mode 4
is an unwanted cladding mode. It could be seen that towards the end of the taper, the effective
index values of the LP01 and LP11 modes comes much closer than that for the structure with no
air hole shown before in figure 13. At a taper width of around 22µm, the difference in effective
index values between the two modes is 1.47×10−3 for a structure without any air hole, while the
∆neff for a structure with air hole is only 7× 10−4. At first this might suggest that there could
be more mode coupling in a structure with air hole, but the calculation of the local coupling
factor κ shows that the mode coupling peaks at a lower value and this also happens at a lower
taper width where the taper is more gradual. The calculated adiabatic factor η is also smaller
than that for the structure with no air hole. The calculated results of κ and η at different
taper widths are shown in figure 58. This could be explained as the air hole in the middle
suppressing or delaying the modal expansion and the three fibers to a large extend behave like
three individual waveguides.
The modal power distribution along the taper for the three lantern modes is calculated using

EME propagator for this structure with air hole. The results are shown in figure 59. It could
be seen that there is significant decrease in the mode coupling between mode 1 and mode 2
compared to the structure with no air hole shown before in figure 54. Mode 3 still propagates
almost adiabatically without any coupling to mode 2 or mode 1. The calculated Eigen mode
distributions of the three lantern modes for the structure with air hole are shown on the top
of figure 59. For mode 1, there is no field in the middle due to the presence of air hole, while
mode 2 and mode 3 resemble the mode distributions obtained for a structure without any air
hole. The above results suggests that a small air hole in the middle of the structure actually
helps to reduce the crosstalk between the modes along the taper transition. Experimentally, it
is difficult to control the size of the air hole. However, with the currently used Fire polish and
taper parameter settings, the fabricated lantern tapers seem to have an air hole in the middle.
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Figure 58: The local coupling coefficient κ(z) and the adiabatic factor η(z) calcullated for a 25
mm lantern taper where an air hole is introduced at the middle of the structure.

Figure 59: The calculated power distribution in the three lantern modes as a function of the
taper length along a bilinear taper where an air hole is introduced in the middle of the structure.
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7 MDM transmission using air-clad photonic lanterns

The results of MDM transmission performed using the fabricated PLs are given in this
chapter. This part mostly include 1) 2 × 10 Gb/s MDM transmission, 2) 2 × 40 Gb/s MDM
transmission and 3) an MDM transmission where two different light sources are used for the
two spatial channels. PLs fabricated with SSMF and HI1060 fibers are used for these three
transmissions. These results are published in [49, 50, 51]. Results, excerpts and figures from
these papers are used in this chapter.
PL made with SMF2000 fiber and OFS CL fibers show lower crosstalk performances, but these
PLs are fabricated towards the end of this project. 2×10 Gb/s MDM transmission is performed
with these PLs and these results are submitted for publication [52]. A short summary of this
transmission result is given towards the end of this chapter.
Interests in MDM without MIMO-DSP has emerged lately in short reach applications like data
center networks and interconnections for high performance computers [53]. Conventional inten-
sity modulation and direct detection (IM-DD) schemes are mostly preferred in such kind of short
reach applications due to its simple structure, energy efficiency and low cost. The fabricated
photonic lanterns are used to perform a MIMO-less mode group division multiplexed transmis-
sion. The degenerate LP modes are counted as a single channel and the photonic lanterns are
used to multiplex and de-multiplex the first two LP mode groups. The addition of degenerate
LP11 modes is done electrically. The degenerate modes can also be added optically using an
extra photonic lantern as reported in [35].
In the following transmission experiments, Intensity modulation using Mach-Zehnder modula-
tors and direct detection using photo diodes is utilized.

7.1 2× 10 Gb/s MDM transmission

The transmission setup used for MDM transmission is shown in figure 60. The light source
used is a SANTEC TSL-210 laser. A Mach Zehnder modulator is used for intensity modulation
to generate Non Return to Zero (NRZ) 10 Gb/s signal using a pattern generator. The pattern
generator generates a Pseudo Random Bit Sequence (PRBS) of length of 27−1. A second Mach
Zehnder modulator is used as a pulse carver, which changes this NRZ signal to return to zero
(RZ) signal. The electrical delay connected to this modulator excites the pulse exactly at the
time when the data arrives. The generated 10 Gb/s RZ signal is sent through the LP01 and
LP11 paths of the multiplexing PL using a 3 dB coupler. A 30 km SMF fiber is included in the
LP01 path to exceed the coherence length of the laser and thus avoid the interference between
the modes at the photodiode. The two spatial paths are saparately amplified and a polarization
controller is connected to the LP11 path to change the input polarization.
Before connecting to the MDM set up, the multiplexing and demultiplexing PLs are spliced
together with 7 m of TMSI fiber in between and the loss measurments are made. For the LP01

launch using the SSMF of the multiplexing lantern, the average PDL is measured as 4.4 dB to
5.8 dB, and the average worse crosstalk from the LP11 mode is -4.14 dB. The average is taken
over a wavelength range from 1524 nm to 1576 nm. The PDL for the entire measured wavelength
range is shown in figure 61(a). For the LP11 launch, the first HI1060 fiber of the multiplexing
PL is used. The average PDL is measured as 9.17 dB to 10.6 dB and the avearge worse crosstalk
is -2.36 dB and the PDL for the total wavelength range is shown in figure 61(b). These are a
set of PLs fabricated in the early stage of the project and they show considerable polarization
dependence in the measured loss and crosstalk.
The two PLs are connected to the MDM set up. As seen in the measurement on the connected

system, there is around 5 dB extra loss in the LP11 path compared to the LP01 path. The
output of the EDFAs to the two spatial paths are adjusted to balance the power in the two
paths so that the received power in both modes are the same. Three photodiodes are connected
to each of the SMFs of the de-multiplexing PL and the signals are acquired in an oscilloscope.
The output powers from the two HI1060 fiber of the de-multiplexing PL are electrically added
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Figure 60: The set up used for mode group division multiplexing transmission of two spatial
modes using the fabricated air-clad photonic lanterns.

(a) (b)

Figure 61: Loss measurements on the multiplexing and demultiplexing lanterns connected to-
gether. These lanterns are used for MDM transmission. a) The launched mode is LP01 and its
PDL is shown by red and blue lines. The average crosstalk from LP11 mode is -4.14 dB b) The
launched mode is LP11 and its PDL is shown by the black and green lines. The crosstalk from
LP01 mode is -2.4 dB.
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Figure 62: The aligned HI1 and HI2 traces before adding them to get the total LP11 power. The
modulation rate of 10 Gb/s.

in the oscilloscope to get the total power in the LP11 mode. A free space delay is connected to
one of the HI1060 output paths to align the LP11 traces together before they are added. The
aligned HI1 and HI2 traces are shown in figure 62. The two traces are well aligned in time, while
the effect of crosstalk from LP01 path is visible in the HI1 trace. The sampling speed of the
oscilloscope is 80 GS/s and the bandwidth is 33 GHz. The real time traces from the three output
SM fibers are saved and there are 106 points in each trace. The saved LP11 traces are already
aligned in time, hence their powers are added in the signal processing part. (The addition done
on the oscilloscope is just for visualization during the measurement, the aligned traces from HI1
and HI2 fibers are saved separately and added during signal processing).
The transmission quality is assessed from the Q value of the output traces evaluted from the
intensity distributions and the standard deviations of the 1 and 0 bits [54]. If I1 and I2 are the
average intensity value for the 1 and 0 bits and σ1 and σ0 are the corresponding variances, the
Q factor for the two intensity distributions can be calculated as

Q =
I1 − I0
σ1 − σ0

(7.1)

Here, it is assumed that the 1 and 0 intensity distributions obey Gaussian statistics. The Bit
Error Rate (BER) is estimated from the Q factor as [54]:

BER =
1

2
erfc

(
Q√

2

)
(7.2)

where erfc is the complementary error function. As mentioned before, the sampling rate of the
oscilloscope is 80 GS/s. To increase the number of samples per bit a linear interpolation with an
interpolation factor of 16 is made on the acquired samples, which gives 125 points per bit. The
mean value of signal is taken as the threshold and the sampled value at each point is compared
with this threshold and the 1 and 0 bit points are separated. From the mean and standard
deviations of these 1 and 0 distirbutions, the Q factor is calculated using eqn 7.1. The points
where the maximum value of Q is obtained is identified and the the eye diagrams for the output
signals are plotted. The BER corresponding to the maximum Q value is estimated using eqn
7.2. The Q value for the input signal fed into the multiplexing lantern is checked first. This
signal is simultaneously fed to the LP01 and LP11 paths using the SSMF and one HI1060 fibers
of the multiplexing PL. The output power traces are saved and the Q values for the LP01 and
LP11 channels are calculated.
When the two PLs are connected together with 7 m of TMSI fiber between them, the Q value

obtained for the LP01 and LP11 channels are 7.53 and 3.6 respectively. The corresponding es-
timated BERQ is 2.6 × 10−14 and 1.6 × 10−4. The calculated Q value for the input signal fed
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(a) (b) (c)

Figure 63: Calculated eye diagrams for the input signal and LP01 and LP11 channel outputs.
Two fabricated PLs are spliced together with 7m of TMSI fiber between them. Eye diagram for
a) input signal b) LP01 channel output c) LP11 channel output.

to the multiplexing PL for this measurement is 11.95. The eye diagrams obtained for the input
signal and the two spatial channels are shown in figure 63. A Q value of 6 corresponds to a
BERQ of 10−9. The Q value obtained in this measurement for the LP01 channel is quite good
and that is also visible in the well opened eye in figure 63(b). For the LP11 channel, there is
degradation in the output signal due to crosstalk in the PL. This is also visible in the more
closed eye in figure 63(c).
As the next step, a 1 km TMSI fiber is spliced between the multiplexing and de-multiplexing

PLs. The traces of the input signal and two output channels are saved and Q values are calcu-
lated. The obtained eye diagrams are shown in figure 64. The calculated Q for the LP01 and
LP11 channels are 4.67 (BERQ = 1.48× 10−6) and 4.68 (BERQ = 1.4× 10−6) respectively. For
1 km transmission the obtained Q for LP01 mode is smaller than for 7 m. The crosstalk in the 1
km TMSI fiber will further degrade the signal here. The input polarization to the LP11 path is
changed using the polarization controller connected at the input to HI1060 fiber of the multiplex-
ing PL. It could be seen that the polarization dependence of the fabricated PL is also visible in
the transmission performance. For a worse input polarization case, the Q obtained for the LP01

and LP11 channels are 2.55 (BERQ = 5.3 × 10−3) and 3.13 (BERQ = 8.6 × 10−4) respectively.
The corresponding eye diagrams are shown in figure 65. For this worse input polarization, the
degradation due to crosstalk is very high and the obtained eyes are almost closed. As mentioned
before in section 6.3, the LP11 mode in the two mode fiber rotates along the length of the fiber
and the overlap of this LP11 mode with the lantern mode 2 and 3 of demultiplexing lantern
changes with this rotation. This changes the polarization dependent de-multiplexing crosstalk
of the second PL. The longer the fiber, the faster will be this rotation at the end of the two
mode fiber [55].

Next, a 20 km two mode graded index larger effective area fiber is spliced between the two
PLs. With this longer length of fiber, the change in crosstalk is even faster than the 1 km case.
The best Q obtained for the LP01 and LP11 channels are 5.9 (BERQ = 1.7 × 10−9) and 5.42
(BERQ = 2.9 × 10−8). The Q obtained for the best input polarization for the 20 km TMGI
larger effective area fiber is better than for the 1 km TMSI fiber. This is also evident in the
larger eye opening in figure 66 compared to figure 64. This could be due to the lesser distributive
crosstalk in the graded index fiber compared to the step index fiber [56]. For the worst input
polarization, the Q value obtained for this 20 km transmission is 3.02 (BERQ = 1.2× 10−3) and
2.7 (BERQ = 3.1× 10−3). The corresponding eye diagrams are shown in figure 67.
The above results show that the fabricated PLs could be used for MIMO-less MDM transmission,
but for better transmission performance the crosstalk and polarization dependence on the PLs
need to be reduced.
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(a) (b) (c)

Figure 64: Calculated eyediagrams for the input signal and LP01 and LP11 channel outputs. A
1 km TMSI fiber is spliced between the two lanterns. Eye diagram for a) input signal b) LP01

channel output c) LP11 channel output.

(a) (b)

Figure 65: Calculated eye diagrams for LP01 and LP11 channel outputs for the worse input
polarization. A 1 km TMSI fiber is spliced between the two lanterns. Eye diagram for a) LP01

channel output b) LP11 channel output.

(a) (b) (c)

Figure 66: Calculated eyediagrams for the input signal and LP01 and LP11 channel outputs. A
20 km TMGI larger effective area fiber is spliced between the two PLs. Eye diagram for a) input
signal b) LP01 channel output c) LP11 channel output
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(a) (b)

Figure 67: Calculated eye diagrams for LP01 and LP11 channel outputs for the worse input
polarization. A 20 km TMGI larger effective area fiber is spliced between the two PLs. Eye
diagram for a) LP01 channel output b) LP11 channel output.

Figure 68: The setup used for 2 × 40 Gb/s MDM transmission of two spatial modes using the
fabricated PLs. DFB: Distributed feed back laser, PG: Pattern generator, MZM: Mach Zehnder
modulator, EDFA: Erbium doped fiber amplifier, DCF: Dispersion compensation fiber, VOA:
Variable optical attenuator, PL: Photonic lantern, PC: Polarization controller, PD: Photodiode

7.2 2× 40 Gb/s MDM transmission

2× 40 Gb/s MDM transmission is performed with a different set of PLs. In this transmis-
sion a DFB laser is used as the light source and a Mach Zehnder modulator generates intensity
modulated NRZ signals. Like before, the amplified signal is split into the two channel paths
using a 3 dB coupler. The setup is shown in figure 68. The pattern generator is used to generate
a PRBS bit sequence of length up to 231 − 1. The DFB laser has a line width of a few MHz
corresponding to a coherence length of around 100 m. A 2 km SMF + 300 m dispersion compen-
sation fiber is used to decorrelate the optical paths. The two paths are separately amplified and
fed into the SSMF and HI1060 fibers of the multiplexing PL. Variable attenuators are connected
to each paths to balance the power in the two modes so that the output power is the same in
both channels.
The multiplexing and de-multiplexing PLs are first connected togther with 7 m of TMSI fiber
in between and PDL measurements are performed and the results are shown in figure 69. The
polarization dependence is less for this set of PLs compared to the lanterns used for the trans-
mission experiment described in section 7.1. When LP01 mode is launched to the connected
system using the SSMF of the multiplexing PL, the average worse crosstalk from the LP11 mode
is -2.7 dB. Similarly, when LP11 mode is launched into the connected system using the second
HI1060 fiber of the multiplexing PL, the average worse crosstalk from LP01 mode is -5 dB.
The PLs are connected to the MDM setup. A polarization controller is set on the TMSI fiber

to rotate the LP11 mode to get the lowest de-multiplexing crosstalk. The modulation rate is
changed from 10 Gb/s to 40 Gb/s and for each case, the output powers in the two channels
are detected using three photodiodes and real time traces are aquired using a 33 GHz oscillo-
scope. The input traces fed to the multiplexing PL is also saved for comparison. Like before,
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(a) (b)

Figure 69: Loss measurements on the multiplexing and demultiplexing PLs connected together.
These lanterns are used for 2×40Gb/s MDM transmission. a) The launched mode is LP01. The
average crosstalk from LP11 mode is -2.7 dB b) The launched mode is LP11. The crosstalk from
LP01 mode is -5.01 dB.

Figure 70: The aligned HI1 and HI2 traces before adding them to get the total LP11 power. The
modulation rate is 25 Gb/s.

a free space delay is used to align the the two LP11 traces from the two HI1060 fibers of the
de-multiplexing PL. This alignment is not enough for long PRBS lengths of 231 − 1, hence a
further fine alignment of the LP11 traces is done in the signal processing part. The delay that
gives the maximum correlation between the two LP11 traces is found and one of the LP11 trace
is shifted by this delay. The aligned LP11 traces for a modulation rate of 25 Gb/s is shown in
figure 70.

The sampling speed of the oscilloscope is 80 GS/s. For modulation rates of 40 Gb/s, there
are only two samples per bit. Therefore, a linear interpolation with 16 points is made on the
acquired signal values, which will increase the number of samples per bit to 32. To calculate
the Q, the signal value at each 32nd point is checked with a threshold value. In the last trans-
mission, the threshold value is set as the mean of the total signal values. For this transmission,
50 different threshold values are set between the minimum and maximum signal values and the
signal value at each bit is compared with each of these 50 threshold values. The starting point
is also scanned from 1 to 32nd point and the maximum obtained Q value for each of these scans
is saved in an array. The obtained Q values as a function of this point delay is shown in figure
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Figure 71: The variation of Q with sampling time for a 40 Gb/s input trace.

71. This is for an acquired input trace modulated at 40 Gb/s. From this array of Q values, the
maximum Q is found and the BER corresponding to this maximum Q value is estimated.
The calculated Q values and the corresponding eye diagrams for the two output channels and
the corresponding input signals to the multiplexing PL for three modulation rates are shown in
figure 72. There is 7 m of TMSI fiber between the two lanterns. For 10 Gb/s modulation rate,
the calculated maximum Q for both LP01 and LP11 channels are as good as that of the input
signal. For 25 Gb/s, there is degradation in the output signal. The Q values obtained for LP01

and LP11 channels are 5.22 (BERQ = 9×10−8) and 4.19 (BERQ = 1.4×10−5) respectively. One
reason could be that, for this particular measurement, the polarization controller at the TMSI
fiber is not fully optimized for minimum crosstalk. For 40 Gb/s modulation rate, the input signal
itself has a low Q, potentially due to some instability at the transmitter. Also, the bandwidth
of the oscilloscope is 33 GHz, which is close to this modulation rate. Compared to the input
signal, the output traces are not much degraded.
The maximum Q values are calculated using eqn 7.1, assuming that the distribution of signal
values for the one and zero bits obey Gaussian statistics. This assumption is checked by plotting
the histogram of the signal values for the one and zero bits. Figure 73, shows the distribution
of these ones and zeros signal values for the three modulation rates. It could be seen that for
10 Gb/s, the distribution look like Gaussian and there is good separation between the signal
values for ones and zeros. This is also evident in the calculated Q values and the well opened eye
diagrams for 10 Gb/s in figure 72a. For 25 Gb/s, the distributions does not look Gaussian. There
are different steps in the distribution showing crosstalk from the other channel. This could be
due to the polarization depenendent crosstalk in the PL. The distribution for the input signal
for 25 Gb/s is not shown here, but it looks perfectly Gaussian. For 40 Gb/s modulation rate, the
distributions are broad with less separation between the ones and zeros. This is the same case
for the input signal also, as seen in the third row in figure 73. Compared to the input signal,
the separation between the distributions for the output channels have decreased a bit but there
are no extra steps in the distribution showing crosstalk from the other channel.
The calculation of Q is further checked by finding the signal values at the points where maxi-
mum Q value is obtained. These optimum sampling points should lie at the two extreme signal
values. These signal points on each bit are plotted on top of the full signal waveform. A zoomed
in picture of this plot is shown in figure 74. The signal values in an interpolated output trace
are shown in blue line and the signal value points sampled at the points where the maximum Q
value is obtained is shown in red marks. This is the LP01 output trace modulated at 10 Gb/s.
The optimum sampling points on the entire saved trace for the three modulation rates are shown
in figure 75. For 10 Gb/s, the optimum sampling points lie at the two extremes and there is
enough separation between the 0 and 1 points. The output traces are almost as good as the
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Figure 72: The calculated Q values and the eye diagrams for the input signal and the two output
channels for modulation rates of a) 10 Gb/s b) 25 Gb/s c) 40 Gb/s.
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Figure 73: Checking the distribution of ones and zeros for the three modulation rates.
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Figure 74: The optimum sampling points on an output trace modulated at 10 Gb/s. The red
marks show the signal values at the points where the highest Q value is calculated. This is a
zoomed in part of the saved LP01 output trace.

input trace. There is some distortion in the LP01 output trace, while the LP11 trace looks similar
to the input signal. For 25 Gb/s, there is considerable distortion in both output traces and the
separation between the ones and zeros is also reduced. For 40 Gb/s, the signal values at these
optimum sampling points vary along the trace. This variation is already present in the input
signal trace. This shows the presence of some instability in the transmitter at this modulation
rate of 40 Gb/s. This variation in signal values at the optimum sampling point is also visible in
the output traces at 40 Gb/s. In addition to that, there is also some distortion in the output
traces due to crosstalk in the PL.
As mentioned before, the BW of the oscilloscope is 33 GHz. When the signal is modulated at
10 Gb/s, this receiver bandwidth of 33 GHz is much larger than the wanted signal frequency.
The unwanted high frequencies present in the output signal can be removed by using a Gaussian
filter on the saved traces [50]. The frequencies present in the output traces are first determined
using a Fourier transform and a nearly ideal 16th order super Gaussian filter is used to emulate
the needed receiver bandwidth. The frequency response of the Gaussian filter is

g(f) =

(
exp− f2

2σ2
f

)n
(7.3)

where n is the Gaussian order and

σf =
∆fFWHM

2 2n
√

2n ln 2
(7.4)

where ∆fFWHM is the FWHM bandwidth of the filter. The Q values of the LP01 output
trace modulated at 10 Gb/s is calculated at different filter bandwidths. The highest Q value
is obtained when the receiver bandwidth is same as the modulation rate as shown in figure
76(a). The influence of detector bandwidth on transmission performance is simulated in [50]
and the results agree with the observation in figure 76(a). The filter bandwidth is set same as
the modulation rate and the Q values are calculated again for the two output channels. The
Fourier transform of the LP01 output trace modulated at 10 Gb/s and the implemented filter is
shown in figure 76(b).
For modulations rates of 25 Gb/s, the BW of the receiver is already close to the modulation
rate, hence the implementation of the filter does not improve the acquired trace that much. The
calulated Q values for the LP01 trace modulated at 25 Gb/s at different filter BW is shown in
figure 77(a). The maximum value of Q is obtained at a filter BW of 25 GHz and further change
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Figure 75: The optimum sampling points on the input and output traces for the three modulation
rates where the maximum Q is obtained.
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(a) (b)

Figure 76: Low pass filtering of the output signal modulated at 10 Gb/s. a) The calculated
Q values for the LP01 channel at different filter bandwidths. The highest Q is obtained at a
receiver BW of 9.5 GHz. b) The spectrum of the LP01 output signal shown in blue lines and the
Gaussian filter of BW 9.5 GHz is shown in red line.

in BW does not improve the Q much. The frequencies present in the output trace modulated at
25 Gb/s and the implemented filter is shown in figure 77(b).
The calculated Q and eye diagrams for the LP01 and LP11 output traces with and without
filtering are shown together for the two modulation rates in figure 78 and 79. Pcolor plots are
used here to show the density of signal value points on the eye diagram. For 10 Gb/s modulation
rate, the implementation of filter improves the Q of LP01 trace from 9.64 to 13.56 and for
LP11 trace the Q is improved from 8.99 to 12.55. In the case of 25 Gb/s modulation rate, the
implementation of filter has not improved the calculated Q that much. For LP01 trace the Q is
improved from 5.22 to 5.54 and for LP11 trace the Q is improved from 4.19 to 4.73. The small
improvement in the eye opening can be seen in figure 79.

As the next step, a 1 km Two Mode Graded Index (TMGI) fiber is spliced between the
two PLs. TMGI fiber is preferred over TMSI because, better transmission performance was
obtained with TMGI larger effective area fiber in the last transmission experiment described in
section 7.1. The data is transmitted at a modulation rate of 10 Gb/s through the two spatial
channels. A filter bandwidth of 10 GHz is implemented at the receiver and the calculated Q
and eye diagrams for the input signal fed into multiplexing PL and for the two output signals
are shown in figure 80. The calculated maximum Q for the LP01 and LP11 channels are 5.39
(BERQ = 3.5×10−8) and 4.69 (BERQ = 1.3×10−6) respectively. Compared to the input signal,
which has a Q of 13.37, the Q for the output signals are decreased. It shows that there is much
more signal degradation for this 1 km transmission at 10 Gb/s than for the 7 m transmission at
the same modulation rate shown before in figure 78. The LP11 rotation at the end of the two
mode fiber is much faster for the 1 km fiber than for the 7 m fiber. The polarization controller
placed on the two mode fiber cannot be tuned fast enough for this 1 km transmission and hence
the de-multiplexing crosstalk at the second PL will change and thus causing distortion in the
signal.
Another source for signal degradation could be the mode coupling in the two splices between
the TMSI and TMGI fibers. Repeated trials with different splices between the TMSI and TMGI
fibers give very different results. To study this mode coupling in the TMSI to TMGI splice, S2

measurements are performed on a splice between a 3.2 m TMSI fiber and a 50 m TMGI fiber.
LP01 mode is launched into the TMSI fiber using an SM fiber splice and a mode stripper on
the TMSI fiber. The setup is shown in figure 81a. The laser is tuned from 1540 nm to 1560 nm
with a step size of 0.2 nm. The DGD for the TMSI and TMGI fibers are 2.1 ps/m and 0.06 ps/m
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(a) (b)

Figure 77: Low pass filtering of the output signal modulated at 25 Gb/s. a) The Q values of
the LP01 channel at different filter bandwidths. The highest Q is obtained at a receiver BW of
25 GHz. b) The spectrum of the LP01 output signal shown in blue lines and the Gaussian filter
of BW 25 GHz is shown in red line.

Figure 78: The calculated Q and the eye diagrams for LP01 and LP11 output channels modulated
at 10 Gb/s before and after low pass filtering.
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Figure 79: The calculated Q and the eye diagrams for LP01 and LP11 output channels at 25 Gb/s
modulation rate before and after low pass filtering.

Figure 80: The calculated Q and the eye diagrams for the input signal, LP01 and LP11 output
channels at 10 Gb/s modulation rate. There is 1 km of TMGI spliced between the two PLs
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Figure 81: The setups used to measure the crosstalk at a TMSI:TMGI splice. PC: Polarization
controller, MS: Mode stripper.

respectively. The mode beating arising from the splice between the SM fiber and TMSI fiber will
be mostly blocked by the mode stripper, but it is expected to see the mode beating arising from
the TMSI:TMGI splice at a DGD a around 3 ps. The fourier transform of the measured power
spectrum at the end of the TMGI fiber for LP01 launch is shown in figure 82. The peaks at 11.5
ps and 17.06 ps are due to reflections from the infrared camera. For this piece of TMGI fiber,
there happen to be a difference in propagation constants between the two degenerate LP11a and
LP11b modes. The regenerated mode profile for the parasitic mode at 2.38 ps and 5.16 ps looks
like the LP11a and LP11b modes. The relative power of the parasitic mode is calculated using a
distributed Fourier band pass filter between 0.85 ps and 5.8 ps as -20.8 dB.
As the next step, LP11 mode is launched into the TMSI fiber using an LPG as shown in

the setup diagram in figure 81b. The LPG is made with TMSI fiber, hence there is an extra
TMSI:TMSI splice here. The tunable laser is tuned from 1535 nm to 1565 nm with step size of
0.2 nm. The wavelength range is increased compared to LP01 launch to get better resolved DGD
peaks. The Fourier transform of the measured power spectrum at the end of the TMGI fiber
for LP11 launch is shown in figure 83. The beating between the two LP11 modes can be seen
at 1.3 ps and 2.9 ps. The regenerated mode profile of the parasitic mode at 1.3 ps and 2.9 ps
shows the two lobes from both LP11 modes. This is a clear indication that the two LP11 modes
have different propagation constant values in this section of TMGI fiber. The peak at 5.3 ps is
clearly a beating between LP01 and LP11 modes. The regenerated parasitic mode profile at 5.3
ps shown in figure 83 confirms this. With LP11 as the dominant mode, there is no power at the
center of the mode to beat with the LP01 mode, hence the regenerated mode profile of the LP01

mode has two lobes. This is seen before in figure 39(b) in section 6.1. The relative power of the
parasitic mode is calculated using a distributed band pass filter between 0.85 ps and 5.8 ps as
-15.4 dB.
The above S2 measurements show that the TMSI:TMGI splice is not trivial. This could generate
an LP01 and LP11 crosstalk as high as -20.8 dB and -15.4 dB respectively. This is also dependent
on the input polarization. If the fabricated PL crosstalk is less than the above values, then the
crosstalk arising from this splice will have a dominent effect on the transmission performance.
This is not the case for the PLs used for transmission here, but still the crosstalk arising from
this splice has an added contribution to the degradation in the output signal.
There are actually two sources for signal degradation in a MIMO-less MDM transmission. One
is the pure crosstalk where the field in one spatial mode adds itself to the field in the other
mode, and the other is the interference where the modes that beat with each other. This modal
noise is worse when there are only two modes in the fiber [57]. Usually, in the laboratory
setups this modal noise is reduced by using a delay in one of the spatial paths by connecting
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Figure 82: The Fourier transform of the measured power spectrum at the end of a TMGI fiber
as a function of the DGD between the two modes. The peaks between 2.38 ps and 5.16 ps shows
the beating between the two modes generated due to the splice between the TMSI and TMGI
fibers. LP01 is the dominant mode here.

Figure 83: The Fourier transform of the measured power spectrum at the end of a TMGI fiber
as a function of the DGD between the two modes. The peaks between 2.38 ps and 5.16 ps shows
the beating between the two modes generated due to the splice between the TMSI and TMGI
fibers. LP11 is the dominant mode here.
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some extra fiber whose length exceeds the coherence length of the source. That is also done
in the last two transmission experiments described in section 7.1 and 7.2. Another way to
mitigate this modal interference is by using different wavelengths for the two modes, where the
wavelength spacing is large enough so that the modal beat frequency becomes much larger than
the detector bandwidth. This kind of wavelength interleaving to mitigate modal crosstalk in
FMF transmssions has already been reported [58, 59, 60, 61]. For 10 GHz detection bandwidth,
a wavelength separation of 0.2 nm between the two spatial modes is sufficient to mitigate the
effect of modal interference [50]. This is smaller than the grid spacing used in most dense WDM
systems, namely 50 GHz. In many data center applications, coarse WDM is usually used and
wavelength interleaved MDM can be combined with such WDM systems. In the next section,
results from a more systematic experimental study of these modal interference effects on FMF
transmission is given.

7.3 MDM Transmission using two lasers

To study the interference effects on FMF transmission, two laser sources are included in
the experimental setup as shown in figure 84. Two DFB lasers are separately modulated and
used for the two spatial channels. One laser is set at a fixed wavelength of 1548.4 nm, and
the other laser is tuned to get a wavelength spacing of 0.2 nm and 1 nm. Like in the last two
transmissions, a direct detection scheme using three photodiodes is used in this transmission. It
should be noted that there is no wavelength filter in the receiver as in a WDM transmission. A
modulation frequency of 10 GHz is only tried in this transmission and the modulation format
is non-return-to-zero. There is 7 m of TMSI fiber between the two PLs. The PLs used in this
transmission have higher crosstalk than the ones used in the last transmission. The polarization
dependent crosstalk for the de-multiplexing PL is 4 to 5 dB higher than the ones used in the
last transmission. The Q values are calculated for the LP01 and LP11 output traces with the
laser spacing set at 0.2 nm and 1 nm . The results are shown in table 4. In this setup, the
MZ modulator used to modulate the DFB laser for the LP11 channel is not as good as that of
the modulator used for LP01 channel. This could result in a lower Q for the LP11 output trace.
Hence, the Q values evaluated for the input signals to both channels are also given in the table 4
for reference. This FMF transmission is also repeated using a single laser, where a 1.7 km SMF
is connected in one of the input paths. The calculated Qs for the two output and input channels
are also shown in the last row in table 4. Before calculating these results, the receiver bandwidth
is set same as the modulation frequency of 10 GHz, using the Gaussian filter. Comparing the
results in the table, it could be seen that using wavelength interleaving between the two spatial
modes can improve the transmission performance much better than using a single laser and a
decorrelation fiber in one of the spatial paths. For the single laser case, the Qs for the input signal
to both LP01 and LP11 paths are very high, but still the the calulated Qs for the output traces
after Gaussian filtering is only 6.1 (BERQ = 5.3× 10

−10

) and 5.7 (BERQ = 5.9× 10−9). For a

0.2 nm spacing between the two lasers the calculated Qs are as high as 9.4 (BERQ = 2.7×10
−21

)

and 6.4 (BERQ = 7.7 × 10
−11

) for the two output channels respectively. Note here that the Q

for the input signal to LP11 path is only 7.9 (BERQ = 1.4× 10
−15

).

The signal degradation due to modal interference and pure crosstalk are separately shown
in figure 85. These are LP11 output traces. Figure 85(a) is the case where a single laser source
and decorrelation fiber is used. The modal interference can be clearly seen especially for the one
bits. While figure 85(b) is the case where two laser sources with a wavelength spacing of 1 nm
is used. The modal interference is almost fully mitigated here, but the effects of pure crosstalk
is still present in the trace.
The results shown in table 4 is for the best input polarization. The polarization controller at
the input to the LP11 path and the polarization controller placed on the TMSI fiber are tuned
to get the best Qs. These tuning of input polarization can also mitigate the modal interference
effects. Hence to see the effects of wavelength spacing on mitigation of modal interference, it is
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Figure 84: The MDM transmission set up using two lasers. VOA: Variable optical attenuator,
PC: Polarization controller, PD: Photodiode

Table 4: The evaluated Q values for the input signals and the output traces for the two spatial
channels for different wavelength spacings and for the transmission using a single laser with a
decorrelation fiber in one of the paths.

λ
spacing

nm

Q values for
Input signals to Output signals from

LP01

channel
LP11

channel
LP01

channel
LP11

channel

0.2 18.7 7.9 9.4 6.4
1 19.5 7.7 12.8 7.4

single
laser

21 19.8 6.1 5.7

actually the worse polarization cases that should be studied. The demultiplexing crosstalk on
the second PL used in this transmission is high. Hence, it was difficult to compare the output
traces for the different wavelength spacings as the eyes diagrams are almost closed for the worst
input polarizations.
To study the effect of different wavelength spacings on the modal interference for the worst
polarization cases, the second PL is removed from the setup. The TMSI fiber is spliced to an
SM fiber after a mode stripper and the LP01 trace alone is observed while data is transmitted
through both spatial channels in the multiplexing PL. The SMF splice and the mode stripper
will block the power in the LP11 mode, while the modal interference and crosstalk in the LP01

path can still be observed. The transmission setup using one PL is shown in figure 86. The
wavelength spacing between the two lasers is varied from 0 to 1 nm and the LP01 output traces
are saved for best and worst input polarizations. The modulation frequency is 10 GHz. The
detected signal traces for a spacing of 0.1 nm and 0.5 nm is shown in figure 87. For smaller
wavelength spacing the beat frequency is small, while for 0.5 nm spacing the beat frequency gets
larger and is almost filtered out by the receiver with BW 33 GHz. The Gaussian filter at 10
GHz will further smoothen the signal as shown in the third and fourth plots in figure 87.
The MDM transmission system with two PLs is simulated using a linear propagation model
in [50]. The multiplexer PL, the propagation in a 10 m long TMSI fiber, the splices and the
de-multiplexer PL are modelled here. The simulated, detected output signals for the LP01 and
LP11 channels for a wavelength spacing of 0.1 nm and 1 nm is shown in figure 88. The beat
frequency νB between the two lasers can be calculated as [50]:

νB = c
(λLP11

− λLP01
)

λLP11λLP01

(7.5)

For a wavelength spacing of 0.1 nm and 0.5 nm, the expected beat frequency is 12.5 GHz and
62.5 GHz respectively. On the measured traces where the oscilloscope bandwidth is 33 GHz,
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(a) (b)

Figure 85: a) Traces of LP11 channel with a) a single laser source showing modal interference
effects and b) two lasers with 1 nm spacing showing only the signal degradation due to pure
crosstalk.

Figure 86: The transmission set up using two lasers and one PL.

these high beat frequencies for 0.5 nm laser spacing will be filtered out as seen in the second
plot in figure 87. In the simulated traces shown in figure 88, these difference in beat frequencies
for 0.1 nm and 1 nm laser spacing are clearly seen when the detector bandwidth is set to infin-
ity. Even after using the detector bandwidth same as modulation frequency, the calculated Q
from the simulated traces show that there is considerable improvement in Q when a wavelength
spacing is introduced between the two spatial channels. For a receiver bandwidth of 10 GHz
a wavelength spacing of 0.2 nm is sufficient to remove the effects of modal interference in the
output traces [50].

The calculated Qs for the measured LP01 output traces obtained from the transmission using a
single PL is shown in table 5. The Q for the best and worst input polarizations for laser spacing
of 0.002 nm, 0.5 nm and 1 nm are shown here. The Gaussian filter of bandwidth 10 GHz is used
on the saved traces before calculating Q. The results show that there is a clear improvement
in the transmission performance when the laser spacing is increased from 0.002 nm to 0.5 nm
specially for the worst input polarization.

Summerizing the above three MIMO-less MDM transmissions, it could be seen that the fab-
ricated PLs could multiplex and de-multiplex the two LP mode groups. The recovered output
traces can be further improved by effective filtering and by reducing the modal beating using
different lasers with some wavelength spacing between them. An MDM transmission is said to
be successfull when data is independently transmitted through the available spatial channels
through a length of atleast 1 km and the the receiver should be able to recover the data signal
with minimum BER for all input polarizations. The PLs fabricated towards the end of the project
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Figure 87: The detected LP01 traces when the laser spacing is 0.1 nm and 0.5 nm before filtering
and after low pass filtering at a bandwidth of 10 GHz.

Figure 88: The simulated traces for LP01 and LP11 channels when the laser spacing is 0.1 nm
and 1 nm at infinite detector bandwidth and at a detector bandwidth of 10 GHz.

Table 5: The evaluated Q values for the input signals and the LP01 output traces for a trans-
mission using a single PL, when different laser spacing is used between the two spatial channels.
The Q for the LP01 trace is calculated for the best and worse polarization cases.

λ
spacing

nm

Q values for
Input signals to LP01 Output signals

LP01

channel
LP11

channel
Best
Pol

Worst
Pol

0.002 9.01 5.73 11.48 4.59
0.5 8.84 5.08 12.63 11.95

1 10.02 6.19 17.52 15.43
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with SMF2000 fibers and OFS CL fibers show less polarization dependent crosstalk. MIMO-less
MDM transmission through a 1.6 km standard 50/125µm multimode fiber is demonstrated using

these PLs. The calculated Q for both output channels is higher than 3.7 (BERQ = 1.1× 10
−4

)
for all input polarizations. A laser spacing of 2.1 nm is used for this transmission. The results
of this tranmsission is submitted for publication [52].
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8 Rayleigh sensing using air-clad photonic lanterns

This chapter include the results where an air-clad photonic lantern is used to collect the
Rayleigh back scattering from few mode fibers. Incoherent Optical Frequency Domain Reflec-
tometery (IOFDR) technique is used to reconstruct the Rayleigh back scatter profile of LP01

and LP11 modes of two mode step index and two mode graded index fibers. It also include
the measurement results of IOFDR sensing of bend loss done on two mode fibers. These ex-
periments are performed as part of the external research work at the Microwave and Photonics
department of Friedrich-Alexander University, Erlangen-Nürnberg under the guidence of Prof.
Dr.-Ing. Bernhard Schmauss.
Rayleigh scattering is the main contributer to propagation losses in an optcal fiber. These scat-
tering occur due to the random density fluctuations arising from the microscopic irregularities
in the fiber structure. The intensity of scattered light depends on the incoming optical intensity
and is inversely proportional to the fourth power of wavelength of incoming light. The Rayleigh
scattering centers are smaller than the wavelength of light. Doping of silica with foreign mate-
rials generate additional density fluctuations resulting in more scattering points. The Rayleigh
loss αs in optical fiber as a result of Germanium (Ge) doping is given as [62]:

αs
dB/km

= ASiO2
(1 + 62∆Ge)

1

(λ0/ µm)
4 (8.1)

where ∆Ge is the the normalized difference in refractive index between the Ge doped samples
and pure silica, ASiO2 is the Rayleigh scattering coefficient of pure silica glass. ASiO2 depends
on the thermal history of glass and have values around 0.65−0.7 dB/km/µm4 [63]. A portion of
this scattered light will couple into the guided fiber modes and will propagate back in the fiber.
This back scatter capture fraction B is related to the effective mode area and refractive index n
of the core as [64]

B =
3λ2

0

8πn2Aeff
(8.2)

The Rayleigh back scattered power received at the front end of the fiber of length L can be
calculated as

Ps = P0αsB

∫ L

0

e−2αz dz (8.3)

= P0αsB

(
1− e−2αL

2α

)
(8.4)

where αs is the loss due to scattering which has a value around 0.17 dB/km [65] and α is the
total loss in the fiber. In addition to Rayleigh loss, this total loss could include loss due to
hydroxyl absorption or waveguide imperfections. In eqn 8.4, it is assumed that the scattering
loss αs and the back scatter capture fraction B are constants along z.
For single mode fibers, the Rayleigh scattered power will couple into the same fundamental
mode, as that is the only guided mode in the fiber. In the case of multimode fiber, the scattered
power can couple into all the available guided modes in the multimode fiber. The efficiency of
coupling can be determined by estimating the overlap integrals between the incident wave mode
and scattered wave mode [66, 67]. The power received in mode j due to light propagating in
mode i at a point z in a fiber is given as

Pij(z) = P0αsBij∆z e−2ᾱz (8.5)

Where P0 is the incident power launched at z = 0 in mode i, Bij is the total capture fraction,

∆z is the resolution of measurement and ᾱ =
αi+αj

2 , where αi and αj are the total loss for
mode i and mode j. The total capture fraction Bij is the fraction of the power coupled into the
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fiber
type

B11 B12 B22 B23

TMSI 6.6× 10−4 4.4× 10−4 4.6× 10−4 2.3× 10−4

TMGI 1.4× 10−3 7.3× 10−4 7.2× 10−4 3.6× 10−4

Table 6: The total back capture fraction calculated for LP01 and LP11 mode for the TMSI and
TMGI fiber types.

back propagting mode j over the total scattered power at the scattering point z, when light is
incident to mode i. For the case of three LP modes, namely the LP01 and the two degenerate
LP11 modes, the total back capture fraction Bij is calculated in [67] from the overlap of the near
field distributions of the forward propagating mode and back scattering mode as:

Bij =
3π

2(kan)2

∫∞
0

∫ 2π

0
ψ2
Ni(R

′, φ)ψ2
Nj(R

′, φ) dφR′dR∫∞
0

∫ 2π

0
ψ2
Ni(R

′, φ) dφR′dR′
∫∞

0

∫ 2π

0
ψ2
Nj(R

′, φ) dφR′dR′
(8.6)

where R′ = R/a, where a is the radius of the core, n ≈ ncore ≈ nclad, k is the wave number.
The back capture fraction for TMSI and TMGI fibers can be calculated using eqn 8.6. The
mode distributions for the LP01 and LP11 modes are obtained from the scalar mode solver.
The calculated back capture ratios for the two fiber types are shown in table 6. Here the
index 1 refers to LP01 modes, 2 to one LP11 mode and 3 for the other LP11 mode. Also,
B12 = B21 = B31 = B13. The calculated values shows that, the back capture fraction for TMGI
fiber is an order of magnitude higher than that for TMSI fiber. Hence, there will be more
Rayleigh back scattering from a TMGI fiber than a TMSI fiber. The ratio B12/B11 gives the
fraction of power coupled to the other mode than the forward propagating mode. For TMSI
fiber B21/B11 is 66%, while for TMGI fiber, 52% of power is coupled to the other mode than the
forward propagating mode. Power can also couple to the second degenerate LP11 mode given
by the capture fraction B13, which is equal to B12. These calculations show that a significant
amount of scattered power is coupled to the other modes than the incident mode in a few mode
fiber. The total Rayleigh back scattered power at the front end of the fiber can be calculated as
[67]:

Pij = P0αsBij

(
1− e−2(αi+αj)L

αi + αj

)
(8.7)

This back scattered power Pij is estimated for LP01 and LP11 modes in TMSI and TMGI fibers
from the calculated back scatter capture fraction Bij in table 6. The total loss for the LP01

and LP11 modes are set as 0.19 dB/km and the loss due to Rayleigh scattering αs is set as
0.17 dB/km.
The back scatter power in different modes are also measured using the setup shown in figure
89. LP01 and LP11 modes is slectively launched into the fiber using the photonic lantern and
the back scattered power in different modes are collected back using the SMF ports of the PL.
An SLED (Thorlabs SLD1005P) is used as the light source. The broad band light is further
amplified and fed to the input ports of the PL. The PL fabricated with SMF2000 fiber and OFS
CL fibers is used for this measurement. LP01 mode is launched into the Two Mode Fiber (TMF)
using the SMF2000 fiber of the PL through a circulator. Different lengths to TMSI and TMGI
fibers are spliced to the TMSI fiber of the PL. The back scattered power in LP01 mode (P11)
is collected using the third port of the circulator and the inter modal back scattering in LP11

mode (P12 + P13) is collected by the two OFS CL ports of the PL. In the same way, the LP11

mode is launched to the TMF using one of the OFS CL ports. The back scattered power in
LP11 mode (P22 + P23) is collected by the third port of the circulator and the other OFS CL
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Figure 89: The set up used to measure the Rayleigh back scattered power in different modes in
a two mode fiber. Air-clad photonic lantern is used to selectively launch a specific mode into the
two mode fiber and also to collect the back scattered power in different modes. IS: Integration
sphere

Table 7: The estimated and measured Rayleigh back scattered power in different modes for
different kinds of two mode fibers. Index 1,2 and 3 are used for the LP01 and the two degenerate
LP11 modes respectively.

Fiber
types

P11 P12 + P13 P22 + P23 P21

Est
[dBm]

Meas
[dBm]

Est
[dBm]

Meas
[dBm]

Est
[dBm]

Meas
[dBm]

Est
[dBm]

Meas
[dBm]

TMSI
958 m

-31.4 -28.2 -30 -25.4 -33 -27.3 -36.2 -32.3

TMGI
966 m

-27.9 -26 -27.9 -24.2 -31 -26.3 -34 -30.8

TMGI
24.316 km

-18 -16.2 -18 -14.1 -21.1 -16.9 -24.1 -20.8

TMGILA
20.226 km

-20.6 -17.2 -21 -15.6 -23.9 -18.3 -27.1 -22.5

port. The intermodal scattering in the LP01 mode (P21) is collected by the SMF 2000 port.
The back scattered power is measured using an Integration sphere. The reflection from the end
facet of the fiber is reduced by splicing a coreless termination fiber at the end of the TMF. The
reflections from the APC connections in the setup will give some error in the measurement of
back scattered light. Estimation and measurements of Rayleigh back scatter power are done for
a 958 m TMSI fiber, TMGI fibers of length 966 m and 24.316 km and a TMGI larger effective
area fiber of length 20.226 km. The estimated and measured back scattered powers are shown
in table 7. The input power fed to the input ports of the PL is 15.8 dBm. The forward loss
and reverse loss of the fabricated PL is compensated in the calculation and measurements. The
input power to the TMF used for the estimation is reduced by the forward loss of the PL and
the the reverse loss of the PL is added to the measured back scattered power. The measured
back scattered power is 2 to 5.7 dB higher than the estimated powers. This could be due to the
extra reflections from the APC connectors and the reflection from the end facet which is not
fully eliminated by the coreless fiber. As given in section 6.3, the PL has polariation dependent
loss. The highest PDL value is used here and this could give some error in the estimation and
measurments. The crosstalk in the PL is not taken into account for either the estimation or in
the measurment of back scattered power. It is assumed that the crosstalk in the PL is small
compared to the intermodal Rayleigh scattering. There are three splices in the setup namely a)
a dissimilar splice in the lantern 2) a splice between the TMSI fiber and the Fiber Under Test
(FUT) 3)the splice between the FUT and the coreless termination fiber. The mode coupling and
scattering that could occur in these splices are also ignored. For the same type of fibers, like 966
m and 24.3 km TMGI, the difference between the estimation and measurment are almost the
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Figure 90: The Rayleigh back scattered spectrum from a 958 m TMSI fiber measured using a
PL. LP01 mode is launched to the two mode fiber using the SMF 2000 port of the PL.

same, showing that the discrepency is due to extra reflections from fixed points.
Some general trends are evident in above results. There is more Rayleigh back scattered power
from a graded index profile than a step index profile. When LP01 mode is launched in to the
TMF, more back scattering is measured from LP11 mode than from the launched LP01 mode
for both profiles. While in the estimation, for the graded index profile the back scattered power
in the LP11 mode is same as that in the launched LP01 mode. For LP11 launch, more back
scattered power is in the launched mode itself in both estimation and measurements.
The integrating sphere is replaced by an optical spectrum analyser and the Rayleigh measure-
ments are repeated. The measured back scattered power spectrum resemble the input spectrum
of the SLED. The back scattered power spectrum from the 958 m TMSI fiber for the two modes
is shown in figure 90. LP01 mode is launched to the TMSI fiber through the SMF2000 fiber.
The back scattered power in LP01 mode collected by the third port of the circulator is shown in
blue line. The back scattered power in the two LP11 modes collected by the two OFS CL ports
is shown in red and yellow lines. The reverse loss for the LP01 and LP11 modes in the PL is not
compensated in these traces shown in figure 90.

8.1 Incoherent Rayleigh back scatter measurements in frequency do-
main

Optical Time Domain Reflectometry (OTDR) is a well used technique to measure back
scattered light in a fiber. This is a time domain technique where a short pulse from a broad
band laser source is launched into the fiber. The Rayleigh back scattered light and light reflected
from specific points like splices and connector joints in the fiber is gathered back and used to
characterize the fiber [68]. The impulse response hF (t) obtained from this measurement can be
related to the spatial coordinates of the fiber to get the scattering or reflection profile R(z) using
the relation

z =
1

2
vgt (8.8)

where vg is the group velocity of light in the fiber. The factor 1
2 comes from the fact that light

is propagated forwards and backwards in the fiber during the measurement. This time domain
technique has its disadvantages. A single low energy pulse is launched at a time resulting in low
signal powers in the back reflected trace. The SNR can be improved by increasing the width
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of the light pulse but this will reduce the resolution of the measurement. An alternative to
this approach is to do the measurement in the frequency domain. The information obtained
from the impulse respeonse hF (t) can be obtained by measuring the frequency response of the
fiber HF (f) and calculating the time response hF (t) by an inverse Fourier transform. This
technique is termed Optical Frequency Domain Reflectometry (OFDR). OFDR technique is
used as an alternative to OTDR for fiber fault detection for the first time in [69]. The technique
was used for Raman Distributed Temperature Sensing (DTS) and strain sensing in [70] and [71]
respectively. Raman DTS and FBG sensing are combined in a single set up in [72], where several
FBGs at the same bragg wavelength are cascaded together and Raman DTS is simultaneously
performed. When a spectrally broad Continous Wave (CW) light source is used, the technique is
termed Incoherent OFDR (IOFDR), which is different from the coherent OFDR, where a swept
laser source and interferometric detection is used. In stepped frequency IOFDR, the CW source
is intensity modulated with frequencies upto several hundreds of MHz using a Mach Zehnder
modulator with the stimulus signal of a Vector Network Analyser (VNA). VNA allows the
sweeping of frequencies over a wide bandwidth and also measures the complex transfer function
of the setup. These stepped frequency measurements, allows spatially resolved measurements of
light reflections in the optical fiber. The back reflections from the fiber is detected by a a fast
photodiode. The electrical output from photodiode is amplified and fed back to the VNA. The
VNA determines the amplitude and phase of the received signal relative to the electrical stimulus
used to modulate the input light. A calibration measurement is performed first to compensate
for the different frequency responses of different electrical and optical components in the setup.
This is done by measuring the response from a fiber terminated by a reference reflector like a PC
connector [73]. This position of the reference reflector defines the calibration plane z = 0. The
finite electrical measurement bandwidth acts like a rectangular window in the frequency domain.
This will be convolved into a sinc shaped impulse response. Even small reflections from APC
connectors can result in side lobe artifacts. The measured frequency response is multiplied by
a window function before transforming to time domain to suppress these artifacts in side lobes.
The spatial resolution for IOFDR technique is given as [74]

∆z =
vg
2B

(8.9)

where B is the electrical measurement bandwidth set on the VNA. The maximum unambiguous
length of meaurement zmax is determined by the frequency step ∆f used for the measurement.[74]
as

zmax =
vg

2∆f
(8.10)

Fiber sensor identification based on incoherent Rayleigh back scatter measurements is done
in [75] , where fiber identification is done for different lengths of SM fibers spliced together.
The Rayleigh back scattering pattern orginating from intrinsic core density fluctuations have
structure dimensions in µm range. To spatially resolve that small features, coherent OFDR is
required. However IOFDR technique could still be used to measure the individual interference
patterns arising from the intrinsic fluctuations. This principle could be extended to different
types of two mode fibers. Rayleigh profiles for different modes in TMSI and TMGI fibers are
measured by combining the IOFDR technique with the multiplexing and de-multiplexng property
of a photonic lantern.

8.2 Rayleigh scattering measurement in FMF using IOFDR.

The IOFDR setup used to measure Rayleigh scattering from FMF is shown in figure 91.
A broad band light from a superluminiscent diode (Thorlabs SLD1005P) is used as the optical
source. The light is modulated in intensity using a Mach Zehnder Modulator (MZM) with radio
frequency stimulus signal generated by a Vector Network Analyser (VNA). The modulated signal
is amplified by an EDFA and fed to the few mode fiber through a circulator followed by a photonic
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Figure 91: The incoherent optical frequency domain reflectometry set up used to measure the
Rayleigh profile for the LP01 and LP11 modes in few mode fibers. Air clad photonic lantern
is used to multiplex and demultiplex the two modes. MZM: Mach Zehnder Modulator, VNA:
Vector Network Analyser, APD: Avalanche Photodiode. Electrical connections are shown in red
lines.

lantern. The input power launched into the circulator is 38 mW. The back scattered light is
detected by an Avalanche Photodiode (APD). The electrical signal from the APD is amplified
again by an electrical RF amplifier and fed back into the VNA. To launch light in the LP01

mode, the circulator is connected to the SMF2000 fiber of the PL and the Rayleigh scattering in
LP01 mode is collected by the third port of the circulator. The intermodal Rayleigh scattering
in LP11 mode is collected by the two OFS CL fiber ports of the PL. Two APDs are used to
collect the LP11 powers simultaneously. Three ports of the VNA are used here. First port to
send the RF stimulus to MZM and the second and third port the collect the LP11 powers. While
collecting the LP01 powers using the third port of the circulator only one APD and port one and
two of the VNA are used. VNA measures the forward transmission factor for each incrementing
frequency, compares it with the received back scattered signal and finds the magnitude and phase
of the frequency response HF (f) of the back scattering from the FMF. Rayleigh scattering from
TMSI and TMGI fibers of different lengths are measured. To launch LP11 mode into the FMF,
the circulator is connected to one of the OFS CL ports and back scattering in both modes are
collected from the corresponding ports of the PL.
The VNA is set to measure the forward transmission function for 20000 frequency points starting
from 20 kHz to 400 MHz. This can measure a maximum unambiguous range zmax of 5.1 km
and gives a spatial resolution ∆z of 26 cm as calculated using equation 8.10 and 8.9 respectively.
Rayleigh scattering from a 946 m TMSI fiber is measured first. Before splicing the 946 m
TMSI fiber to the PL, a normalization measurement is done for calibration. This is done by
measuring the back reflection from a straight cleave at the end of the 3 m TMSI fiber of the PL.
The back reflection from this straight cleave is measured using the 3rd port of the circulator.
This normalization will set the calibration plane z = 0 as shown in the figure 91. It will also
compensate for the forward and reverse loss of the PL for the smf fiber used for launching light in
the lantern. The reverse loss for the other two smf fibers is not compensated by this normalization
measurement. Next, the 946 m TMSI fiber is spliced to the 3 m TMSI fiber in the PL and the
Rayleigh back scattering from the fiber in both modes are measured. The measured data vector
is normalized first by dividing with the data vector obtained from calibration measurement.
An inverse Fourier transform has to be done on the frequency response data HF (f) to get
the impulse response hF (t) for the fiber. Before performing this inverse Fourier transform the
following signal processing steps are performed in MATLAB on the measured data vector [73].
The DC component HF (f = 0) cannot be measured using a VNA as many of the electrical
components have a lower cut off frequency of several tens of kHz. A value HF (0) = 0 is set in
the beginning of the data vector. The DC value actually gives a shift in the measured Rayleigh
profile, this is corrected at the end by substracting the noise floor offset at the end of the fiber
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Figure 92: The Rayleigh profile of LP01 and LP11 modes from a 946 m TMSI fiber when LP01

mode is launched into the fiber using the photonic lantern.

where the Rayleigh back scatter value is 0. The APC connections in the setup will give discrete
reflection points. To remove the side lobes arising from these reflection points, the measured
frequency response data is multiplied by a window function [76, 72]. A Blackmann window
function of even length N

WB(n) = 0.42− 0.50 cos

(
2π

N
n

)
+ 0.08 cos

(
2π

N
2n

)
(8.11)

n = −N
2
, ...− 1, 0, 1...

N

2
(8.12)

is multiplied with the normalized frequency response data vector. The Blackmann window func-
tion available in the signal processing toolbox of MATLAB is used here. The measured frequency
response data vector is made complex conjugate symmetric by concatenating a mirrored complex
conjugate of the measured data vector to itself. This will make the calculated impulse response
hF (t) a real quantity. Finally the inverse Fourier transform is performed on the concatenated
frequency response data vector to get the impulse response hF (t). The timedomain signal is
related to the spatial coordinates using the group velocity of light in the fiber using eqn 8.8.
The reconstructed Rayleigh profile of LP01 and LP11 mode for the 946 m TMSI fiber when LP01

mode is launched into the TMSI fiber is shown in figure 92. The timedomain vectors obtained
from the back scattering collected by the OFS CL fibers are added together to get the Rayleigh
profile of LP11 mode. The step from the noise floor at the end of the fiber of length 946 m can
be seen in the profile. The reconstructed Rayleigh profile without implementation of Blackmann
window is shown in figure 93. The back scattering collected using the circulator path has an ex-
tra APC connector. The reflection from this discrete point is clearly seen in the Rayleigh profile
of LP01 mode collected using the circulator path. As the next step, LP11 mode is launched into
the TMSI using one OFS CL port of the PL and the Rayleigh profiles for the two modes for the
same TMSI fiber is reconstructed. The normalization measurement is performed by lauching
LP11 mode through the same OFS CL fiber as the for the Rayleigh measurement. When LP11

mode is launched, the back scattering in LP11 mode is collected by the third port of the circu-
lator and the other OFS CL fiber. The length of these two paths are not the same. There is an
extra one m of SM fiber in the circulator path. The normalization measurement is also taken
using these two paths to recify this difference in length between the two paths. The polarization
dependence of the PL could cause some error in this measurement, as the input polarization
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Figure 93: The Rayleigh profile of LP01 and LP11 modes from a 946 m TMSI fiber when LP01

mode is launched into the fiber using the PL. The measured frequency response is not multiplied
by the window function. The reflection from an extra APC connector in the circulator is clearly
visible in the LP01 trace collected by the third port of the circulator.

may not be the same for the normalization measurement and the Rayleigh measurement. The
reconstructed Rayleigh profiles for the two modes for the LP11 input is shown in figure 94.
For LP01 input shown in figure 92, the slopes of the back scattering profiles of LP01 and LP11

mode looks slightly different. The loss for the LP01 mode is calculated by fitting the blue line
in figure 92 to eqn 8.5. The calculated loss is 0.48 dB/km. The loss calculated for LP11 mode
by fitting the orange line in figure 94 is 0.43 dB/km. These loss values are a factor two higher
than the expected value of 0.2 dB/km. At present, we do not have an explanantion for this
discrepency.

8.3 Rayleigh scattering measurement on TMSI and TMGI fibers spliced
together

As the next step a 944 m TMSI fiber is spliced to a 952 m TMGI fiber and the Rayleigh
back scattering from the spliced fiber is measured. The bandwidth and frequency step are kept
the same as in the last measurement. The frequency step of 20 kHz gives an unambigious
measuremnt range of 5.1 km which is enough to cover the total length of the two fibers. LP01

mode is launched to the fibers using the PL and the back scattering from both modes are
collected. The reconstructed Rayleigh profiles of the two modes are shown in figure 95a. The
splice point is clearly visible from the higher Rayleigh step for the TMGI fiber. This agrees with
the calculations and measurements in section 8. The calculated back scatter capture fraction of
the LP01 mode given in table 6 for a TMGI fiber is an order of magnitude higher than that for
TMSI fiber. The measuremnt is repeated by exchanging the positions of TMSI and TMGI fibers
while keeping the splice the same. The results are shown in figure 95b. The results in figure 95a
and figure 95b also shows that the Rayleigh back scattering is more evently distributed between
the two modes in a TMSI fiber, while for TMGI fiber, the intermodal Rayleigh scattering in
LP11 mode is less than that for TMSI fiber.
In the Rayleigh profiles shown in figure 95a and figure 95b, a slight curve is visible in the traces.
This could be due to the shift in the input polarization of light to the MZ modulator. This could
have been avoided if a polarization maintaining fiber was used at the MZM input.
The splice loss between the TMSI and the TMGI fibers can be calculated from the above two
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Figure 94: The Rayleigh profile of LP01 and LP11 modes from a 946 m TMSI fiber when LP11

mode is launched into the fiber using the photonic lantern.

Figure 95: a) The Rayleigh profile from a TMSI spliced to a TMGI fiber for the two LP modes
b) The same measurement but the fibers are exchanged while keeping the splice the same. The
results show a higher Rayleigh scattering from a graded index profile than a step index profile.
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Figure 96: a) The splice loss between the TMSI and TMGI fibers can be calculated from the
back scattering profile from both sides of the splice.

traces of back scattering from both sides of the splice. In the Rayleigh profile with a step up, the
splice loss is subtracted, while in the profile with a step down, the splice loss is added. Twice
the splice loss is included as the light propagates in both directions. If x and y are the steps
in Rayleigh scattering measured from both sides as shown in figure 96, the splice loss can be
calculated as:

x = Rayleigh diff− 2× splice Loss (8.13)

y = Rayleigh diff + 2× splice Loss (8.14)

Splice Loss =
y − x

4
(8.15)

The splice loss calculated for the LP01 and LP11 in this way are 0.66 dB and 1.1 dB respectively.
To check this, the splice loss is also measured using a cutback method where the LP01 and LP11

modes are launched selectively into the spliced fiber. The splice loss measured using the cut
back method for LP01 mode is 0.5 dB and the polarization dependent splice loss measured for
LP11 mode is 0.74 dB to 0.98 dB. The splice loss measured by the two methodes agree within a
difference of 0.14 dB.

8.4 Bend loss sensing on FMF using IOFDR

A small bend of diameter 8 mm is introduced towards the end of the TMSI fiber and the
above IOFDR measurements on the spliced TMGI:TMSI fiber is repeated . This small bend will
couple light in the LP11 mode to the cladding modes, while LP01 mode will still be guided. As
the photonic lantern can separate the back scattering in the two modes, it should be possible
to detect the exact position of this Mode Stripper (MS) on the two mode fiber. LP01 mode is
launched to the fibers using the PL and the back scattered Rayleigh power in the two modes is
measured. The results are shown in figure 97(a) and 98(a). The position of the mode stripper is
visible in the reconstructed Rayleigh profiles of both LP01 and LP11 modes. The zoomed in part
of the Rayleigh profile where the MS is placed is shown in figure 97(b) and 98(b). The traces
with MS are shown in orange lines. On the LP01 back scattering profile, the MS just introduces
a small loss and its position is identified at a distance of 922.3 m of the TMSI fiber. While on
the LP11 back scattering profile, the LP11 back scattered power is almost fully coupled to the
cladding modes and the MS position is identified at a distance of at 921.3 m. This difference
is due to the group velocity difference between the LP01 and LP11 mode. When the launched
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(a) (b)

Figure 97: Rayleigh profile of LP01 mode from the TMSI fiber spliced to TMGI. A bend of
diameter 8 mm is introduced close to the end of the TMSI fiber to strip off the LP11 mode in
the fiber. a) Full Rayleigh profile of LP01 mode showing a small decrease in scattering power at
the bend point b) A zoomed in version showing the bend point clearly at 922.3 m on the TMSI
fiber

mode and back scattered mode are both LP01, the group velocity is calculated as [67]:

vg =
vgLP01

2
. (8.16)

When the launched mode is LP01 and the back scattered mode is LP11, the group velocity is
calculated as [67]:

vg =
vgLP01vgLP11

vgLP01
+ vgLP11

(8.17)

As the next step a second MS is placed on the TMSI fiber at the distance of 1.8 m from the
first MS. The position of the second MS is visible in the LP01 Rayleigh profile as shown by the
yellow trace in figure 99(a). It is seen like a second step in the back scattered power in the LP01

mode. While on the LP11 profile, this second MS is not visible in the yellow trace in figure 99(b)
because the first MS already blocks most of the power.
Next, the distance between the MSs is decreased to check the spatial resolution achievable with
the set up. At 46 cm spacing between the MSs, the second MS is still detectable, while for 26
cm spacing the two MSs are just barely resolved as shown by the yellow trace in figure 100. The
bandwidth used for the measurement is 399.98 GHz and the spatial resolution achievable with
that bandwidth is also 26 cm. The Blackmann window is not implemented while reconstructing
the traces in figure 100. The windowing will broaden the main lobe of the sinc shaped frequency
response and reduce the achievable spatial resolution [76]. With the Blackmann window, the
second MS can be detected when the two MSs are 1.8 m apart but not when they are 47 cm or
26 cm apart. These kind of bend loss sensing is also possible with OTDR technique, but not at
these high spatial resolutions.

The achievable spatial resolution is determined by the bandwidth used for the measure-
ment. A longer bandwidth requires a longer measurement time. For this measurement with a
frequency step of 20 kHz and bandwidth 399.98 MHz, the measurement time is around a minute.
By combining the multiplexing and demultiplexing property of a photonic lantern together with
the IOFDR technique, Rayleigh profiles of both modes could be obtained simultaneously by a
single measurement. Such kind of simultaneous measurements are not possible with an OTDR
technique.
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(a) (b)

Figure 98: Rayleigh profile of LP11 mode from the TMSI fiber spliced to TMGI when LP01 mode
is launched at the input to TMSI using a PL. A fiber bend of diameter 8 mm is introduced close
to the end of the TMSI fiber to strip off the LP11 mode in the fiber. a) Full Rayleigh profile of
LP11 mode showing the mode being cut off after the bend point b) A zoomed in version showing
the bend point clearly at 921.3 m on the TMSI fiber.

(a) (b)

Figure 99: Rayleigh profile from the TMSI fiber spliced to TMGI fiber. Rayleigh profile of a)
LP01 mode b) LP11 mode. LP01 mode is the launched mode in both cases. The yellow trace in
99(a) shows the presence of two consecutive bends which are 1.8 m apart.
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Figure 100: Traces showing the presence of two consecutive bends at different distances apart
on a TMSI fiber. In the yellow trace, the two bends are just barely resolved where the bends
are placed 26 cm apart. The spatial resolution achievable with the set up is also 26 cm.

8.5 Rayleigh scattering from long TMGI fibers

Measurement of Rayleigh scattering profile of a TMGI fiber of length 24 km is tried next.
The 24 km long TMGI fiber is spliced to a TMSI fiber of length 930 m. To measure the Rayleigh
scattering from the whole length of these two fibers, the unambiguous length range is set as 25.8
km. To get this range, a frequency step of 4 kHz is required. The lowest frequency stimulus
that the VNA can generate is 9 kHz. Hence, the frequency response values corresponding to
the first two frequency points will be missing in this measurement. This unequally spaced
frequency response values will distort the reconstructed Rayleigh profile of the fiber. However,
the measurements are made with LP01 as the launched mode into the fibers. The Rayleigh
profile of both modes are reconstructed and shown in figure 101(a). The curves in the profiles is
due to the two missing points in the frequency response data. This is confirmed by removing two
initial points from an earlier measured frequency response of a 1 km TMF. Such curves appear
in the reconstructed Rayleigh profiles when the initial frequency response values are missing.
The splice between the 24 km TMGI fiber and TMSI fiber can still be detected in the profile
and the end of the 930 m TMSI is also visible. The last part of the profile is zoomed in in figure
101(b). The splice position detected on the LP01 and LP11 profile differ by 1.2 m due to the
change in group velocity between the two modes. Blackmann window is not implemented here
while reconstructing the Rayleigh profiles as it would further distort the profiles.
From the above results it is shown that the fabricated air clad photonic lanterns could multiplex
and demultiplex the two LP modes and aid with the Rayleigh sensing of FMF based on IOFDR
technique. This could be extended to coherent OFDR technique, where the achievable spatial
resolution is in µms. This could enable the detection of density fluctuation changes in a fiber
resulting from external perturbations like temperature or strain. Distributed acoustic sensing of
TMF using φ-OTDR technique is already been demonstrated in [77].
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(a) (b)

Figure 101: a) The reconstructed Rayleigh profile of LP01 and LP11 mode from a 24 km TMGI
fiber spliced to a 930 m TMSI fiber. LP01 mode is launched into the fibers. b) A zoomed in
part of figure 101(a), where the splice and fiber end is more clearly seen.

9 Conclusion

The design and fabrication of a new kind of photonic lantern is demonstrated in this
project. The fabricated PLs with three single mode fibers could multiplex and de-multiplex the
first two LP mode groups in a FMF. The single mode fibers used for the photonic lantern fab-
rication is selected by studying the transition of modes in a three fiber taper using commercial
full vectorial mode solvers and a scalar mode solver in python. The fibers that give the largest
effective index difference between neighbouring modes are selected to get an adiabatic transistion
of modes in the taper section of the photonic lantern. The taper ratio that gives the best power
coupling between the single mode fiber modes and the few mode fiber modes are calculated
using overlap integral of the respective Eigen mode distributions. The fabrication of the taper
is made on a Vytran glass processor. The technique is different from the conventional photonic
lantern fabriction technique by the way that the single mode fibers are tapered down without an
outer low refractive index capillary tube around them. This makes the newly developed air-clad
photonic lanterns cheaper and accessible to all, but on the other hand, with some other new
challenges. The tapered three fiber end is very thin and fragile and hence it has to be spliced
to a few mode fiber before the photonic lantern can be used for practical applications. The
alignment of this very dissimilar splice between a 20µm tapered end and a 125µm few mode
fiber is very important for the efficient working of the photonic lantern.
The fabricated photonic lanterns are characterized by measuring the crosstalk between the modes
using an S2 imaging setup. The transmission loss in the multiplexing and de-multiplexing di-
rection is also measured. Photonic lanterns made with two set of single mode fibers are charac-
terized. First set is a standard single mode fiber and two small core HI1060 fibers. The second
set is a Thorlabs SMF2000 fiber and two OFS-CL fibers. The photonic lanterns fabricated with
SMF2000 and OFS-CL fibers show lower crosstalk and polarization dependence. These sets of
fibers give larger difference in the effective index values between the neighbouring modes and
hence give a more adiabatic transition of modes from a single mode fiber to the few mode fiber.
2×40 Gb/s MIMO-less MDM transmission with two LP mode groups is demonstrated using the
fabricated air-clad photonic lanterns. Intensity modulation with an external Mach Zehnder mod-
ulator and direct detection with photodiodes is used for these MDM transmissions. The MDM
transmissions are done on two mode fibers of length upto 20 km. Photonic lanterns fabricated
with standard single mode fiber and HI1060 fibers are used for these MDM transmission. These
photonic lanterns show considerable polarization dependence in crosstalk and loss. The polar-



References 89

ization dependence of the photonic lanterns is also reflected in their transmission performances.
For some polarizations the output traces of both LP channels are detected with BERQ as low as
10−4, but for some other worse input polarizations, output traces are degraded with high BER.
Signal degradation in an MDM transmission is attributed to two factors. One is the crosstalk
between the two spatial channels and the other is the modal interference. The detrimental effects
of modal interference on tansmission performance can be mitigated by using difference sources
for the spatial channels with a wavelength spacing between them. Depending on the receiver
bandwidth, the wavelength spacing will make the modal beating faster and hence will be filtered
by the reciver in the system. For 10 GHz receiver bandwidth, a wavelength spacing of 0.2 nm
between the spatial channels is sufficient to mitigate the modal interference effects. Photonic
lanterns fabricated with SMF2000 and OFS-CL fibers are also used for 2× 10 Gb/s MIMO-less
MDM transmission through 1.6 km of 50/125µm standard multimode fiber. A wavelength spac-
ing of 2.1 nm is used between the spatial channels for this transmission. BERQ as low as 10−4

is obtained for all input polarizations.
The fabricated photonic lanterns are used to collect Rayleigh back scattering of the two LP
modes from different two mode fibers. The measured Rayleigh scattering powers in the two
modes are compared with the predicted values for two mode step index and two mode graded
index fibers. It is found that the Rayleigh back scattering in graded index fibers is larger than
that for step index fibers. Rayleigh sensing of bend loss in a two mode fiber is done using an
incoherent optical frequency domain reflectometry. The Rayleigh profiles of both LP modes are
reconstructed by using the photonic lantern to multiplex and de-multiplex the two LP modes in
the IOFDR setup. The spatial resolution achievable by the set parameters in the IOFDR setup is
measured using two consecutive bends on the two mode fiber. The achievable spatial resolution
for IOFDR technique is much larger than that for an OTDR technique, and when a photonic
lantern is combined with the setup, it allows the simultaneous measurement of Rayleigh profiles
of the two spatial modes in the two mode fiber.
Thus the design, fabrication and two applications of air-clad photonic lanterns is demonstrated
through this project.
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