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Abstract: We propose a novel triple-clad photonic lanterns for mode scaling. This novel 
structure alleviates the adiabatic tapering requirement for the fabrication of large photonic 
lanterns. A 10-mode photonic lantern with insertion losses ranging from 0.6 to 2.0 dB across 
all the modes and a record-low pairwise 4-dB mode-dependent loss at C-band was 
demonstrated. 
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1. Introduction

Space-division multiplexing (SDM) is viewed as a promising way to overcome the capacity 
crunch of single-mode fibers (SMFs) [1, 2]. SDM in few-mode fibers (FMF) or multi-mode 
fibers (MMF) utilizes multiple spatial channels to increase capacity per fiber. Recently, SDM 
transmission in a 10-spatial mode graded-index (GI) FMF with inline amplification was 
demonstrated for a distance of 121 km [3]. Spatial multiplexers for mode (de)multiplexing are 
key components for SDM. Various spatial multiplexers have been proposed, such as multi-
plane mode converters [4], directional couplers [5–7] and free space converters [8]. Among 
all the candidates, photonic lanterns (PLs) [9–14] are very promising because they offer low 
insertion loss (IL), low mode-dependent loss (MDL), scalability and compactness. The fiber-
based PL forms a low-loss interface between a MMF or FMF, and a set of SMFs, which 
enables mapping from fundamental modes of SMFs to spatial modes of a MMF. When the 
number of modes of the PL scales up, the IL and MDL deteriorate dramatically. A 10-mode 
PL fabricated recently had an IL ranging between 0.7 dB and 3.2 dB when spliced to the 10 
mode fiber, and a pairwise MDL of 8.7 dB [3]. To achieve better performance, two obstacles 
need to be overcome. One is fabrication complexity; it is difficult, especially manually, to 
position a set of input SMFs or FMFs into the fluorine tubes while maintaining precise 
geometry [15]. The use of stack-and-draw preforms can greatly ease the fabrication process 
[16], but such preforms would inevitably add more cladding material, which makes the 
second obstacle even more challenging. The second obstacle is the adiabatic tapering 
requirement as the mode number scales up. It can be estimated, from cladding-area 
considerations, that the required tapering length increases as N2 for a total of N modes [11]. 
The stack-and-draw method adds extra cladding material, further exacerbating the adiabatic 
tapering requirement. 

In this paper, we demonstrate PLs using novel triple-clad micro-structured preforms 
fabricated by drilling, which not only ease the fabrication complexity for mode scalablity but 
also alleviate the adiabatic requirement for lantern tapering [17]. In addition, the guiding 
region at the end of the photonic is circular, which leads to low losses when spliced to the 10 
mode transmission fiber. For a10-mode (per polarization) PL fabricated using the proposed 
method, the IL ranges from 0.6 to 2.0 dB across all the modes when spliced to a 10-mode GI 
fiber. The pair-wise MDL reaches a record low level of 4 dB. 

2. Rationale

The adiabaticity requirement for two modes E1 and E2 not to couple to each other during 
tapering is: 

Vol. 26, No. 10 | 14 May 2018 | OPTICS EXPRESS 13391 



2
1

1 2

2
1

Ed
E dxdy

dz

π ρ
β β ρ

∂
− ∂  (1)

where β1 and β2 are the propagation constants of the modes E1 and E2. ρ  is the local core 

radius, z is the longitudinal distance along the PL The term /E ρ∂ ∂  is the rate of change of 

the mode field and /  d dzρ  is the tapering rate. It can be seen that if the rate of change of the 

mode field small, the adiabatic requirement can be more easily met. Previous methods to 
maintain the adiabatic requirement includes the use of reduced-cladding fibers [11] and GI 
multimode fibers [10]. 

Figure 1 shows the double-clad PL facet before tapering used to date (a), and the proposed 
triple-clad PL facet (b). In both figures, the input fibers [Ge-doped graded-index core (black) 
and pure-silica cladding (dark blue)], three of them residing on a small circle and the other 
seven residing on a large circle, are identical for these two preforms. The input fibers 
simulated are commercial 10 mode graded-index fiber. For double-clad PL, which is widely 
used in fabrication [9–12], it has an outer cladding which is heavily F-doped with a refractive 
index of 1.430 and the second cladding layer (inner cladding of the preform plus the cladding 
of the input fiber) which is pure silica with index 1.444 shown in Fig. 1(a). For our proposed 
triple-clad PL in Fig. 1(b), the inner cladding of the preform is lightly F-doped with a 
refractive index of 1.442, lower than the pure-silica cladding of the input fiber, but higher 
than the outer cladding, thus forming a triple-clad structure. The difference between these two 
preforms seems to be small but they actually lead to very different behaviors in mode 
evolution for these two structures when they are tapered down in fabrication. The reason is as 
follows. When the preform is tapered down, the fundamental mode supported in each input 
fiber core will become less guided and expand. This expansion in the double-clad structure 
remains unimpeded until the outer cladding. On the other hand, when the proposed triple-clad 
preform is tapered down, the lower-index inner cladding suppresses mode expansion. 

Fig. 1. Micro-structured preform with (a) double-clad PL (b) triple clad PL 

To show these evolution behaviors quantitatively, we used the geometries in Figs. 2(a) 
and 2(b) to perform a simplified simulation of mode evolution comparison with one fiber 
case, while the physics remains the same as in Fig. 1. Figure 2(a) is in principle one core 
double-clad PL and Fig. 2(b) is one core triple-clad PL. For both cases in Fig. 2, the input 
cores are the same graded-index core, which has been shown to be more advantageous during 
tapering than step-index core [10]. We then calculate the mode profiles of the fundamental 
mode (lowest order mode) of the both structures at different tapering ratios. Figure 2(c) shows 
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the mode-field diameter (MFD) of the fundamental mode versus the taper ratio (from 1 to 
0.03). The MFD of both cases initially decreases at the same rate until the taper ratio around 
0.3, after which the MFD starts to increase. However, the rate of the increase of the MFD for 
the double-clad structure in Fig. 2(a) is five times larger than that for the triple-clad structure 
in Fig. 2(b), which demonstrates that our proposed structure is more adiabatic during tapering. 

Fig. 2. Schematic of simplified double-clad (a) and triple-clad (b) structures, and the mode 
field diameters of the fundamental mode of the structures in (a) and (b) vs the taper ratio. 

Also, based on simulations using the beam propagation method, we further prove the 
validity of our proposed structure by calculating the MDLs and ILs of the PLs using the two 
preforms in Figs. 1 (a) and 1(b). The total length of the PLs in the simulations is 5 cm and the 
linear taper ratio is 1/36. The IL is calculated to be 0.01dB and the MDL is 0.03 dB for the 
novel triple-clad structure. As expected, the double-clad preform results in an IL of 0.23 dB 
and a MDL of 0.7 dB, both at least one order of magnitude larger. 

3. Fabrication

The proposed preform was fabricated in several steps. First, we fabricated the lightly F-doped 
inner cladding and inserted 10 identical GI 10-mode commercial fibers into the drilled holes. 
The facet is same to the structure shown in Fig. 1(b) except we do not have the lower index 
outer layer (light blue). The size of the structure is as follows. Ten drilled holes with a 
diameter of 130 µm were arranged in two circles. Three holes were drilled in the small circle 
of diameter 203 µm while seven holes were drilled in the larger circle of diameter 528 µm. 
The outer diameter of the inner cladding is 780 µm. However, the heavily F-doped tube 
shown in the middle of Fig. 3 which should act as an outer layer has a smaller diameter than 
780 µm. It has inner diameter of only around 350 µm, so we cannot insert the inner cladding 
directly into the heavily-doped outer layer. We tapered the inner cladding with the input 
fibers by the ratio of 1/2.4 shown in the left of Fig. 3. After that, we inserted the tapered inner 
cladding into the outer cladding. One thing to note that at this taper ratio, the fundamental 
mode of the input fiber was still well confined in each individual core. In the final step, the 
entire preform was tapered by a ratio of 1/16 as shown in the right of Fig. 3. The tapering 
length of the PL is about 5cm and the final core diameter is around 20 µm with cladding size 
slightly less than 90 µm. The PL was then cleaved and spliced to a GI 10-mode commercial 
fiber. 

Input
Fibers

Lightly-doped
Inner layer

Heavily-doped
Outer layer

Insert Taper

Fig. 3. Schematic of the photonic lantern fabrication process. 
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4. Characterization

The output intensity profiles of the PL before and after splicing to a 10-mode GI-FMF are 
shown in Figs. 4 and 5. The first three output intensity profiles in Fig. 4 come from the inner 
ring the others from the outer ring. The PL is not designed to be mode-selective, however, 
certain level of mode selectivity is observed. The modal content of the first three output 
constitutes a large portion of LP01 and LP11. We believe the whole geometric structure and the 
small core to core distance within the inner ring play a big role. The exact modal content 
depends on various factors, distance between claddings, distance between inner ring and outer 
ring, the location of cores of inner ring and outer ring and so on. It is also possible if we want 
to make mode selective lanterns using this structure. It can be achieved by using different 
cladding refractive index and proper cladding size and spacing. 

Fig. 4. Output intensity profiles of photonic lantern corresponding to the 10 input fibers. 

Fig. 5. Output intensity profiles of photonic lantern corresponding to the 10 input fibers after 
being spliced to a 10 mode GI fiber. 

Next, we characterize the insertion loss and mode-dependent loss of the 10-mode PL. The 
ILs corresponding to the ten input fibers were measured to be from 0.6 dB to 2 dB. To obtain 
MDL, the full amplitude and phase transfer matrix must be measured. The setup for the 
characterization of the back-to-back transfer matrix of the 10-mode PL is shown in Fig. 6 
which includes a swept-wavelength interferometer (SWI). The SWI comprises a tunable laser 
source, a polarization multiplexer (Pol. Mux), a fiber interferometer and a polarization-
diversity coherent receiver. The receiver includes one polarization beam splitter (PBS), two 2 
x 2 couplers, two balanced photodiodes and two 100-MS/s analog-to-digital converters. In the 
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experiment, light coming from the swept-wavelength laser source is split into two branches, 
the signal and the reference. In the signal branch, a polarization multiplexer ensures that two 
orthogonal polarizations are launched with same power. Fiber delays were added at the input 
and output of the signal to differentiate the input-output response in the time domain. The 
swept-wavelength signal goes through one fiber delay bank into the PL, and gets reflected by 
a mirror. Then it goes through the PL from the opposite side, enters the other delay bank and 
finally into the receiver. In this arrangement, light goes through the PL twice, yielding the 
pair-wise MDL of the PL in the back-to-back configuration. 

Fig. 6. Experimental setup for the transfer matrix measurement. 

The full 20 × 20 complex transfer matrix at each wavelength can be obtained as shown in 
[18,19]. The MDL was then calculated by using singular-value decomposition (SVD) of the 
transfer matrix at each wavelength. The MDL for the pair of identical PLs over the entire C 
band (191.45 – 195.85 THz) is less than 4.5 dB, as shown in Fig. 7, corresponding to a 2 dB 
MDL at C band for each. 

Fig. 7. MDL vs frequency 
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5. Conclusion

We demonstrate a 10-mode triple-clad PL with low IL and MDL. This triple-clad structure is 
proven to be better than previous fabricated PL in terms of adiabatic requirement, thus the 
mode scaling ability. 
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