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Abstract: We design a compact 37-ring-core fiber, each core can support 5 mode groups 
in C+L band. The theoretical inter-core crosstalk keeps lower than −50 dB/km when the 
bending radius is larger than 7 cm.

1. Introduction

The high growth rate of the demand of communication capacity requires new types of optical fiber to construct the
next generation information highway. Space-division multiplexing (SDM) in optical fiber has been proposed as an
effective solution of capacity crunch [1]. In the recent decade, orbital angular momentum (OAM) of light has been
demonstrated as a useful degree of freedom for SDM [2,3]. In few-mode fibers, compared with linearly polarized
(LP) modes, OAM modes have the advantage of circular symmetrical modal profile, which reduces the design
complexity of many optical components like fiber amplifier, multiplexer and demultiplexer. In addition, multi-core
fiber can further increase the data transmission capacity [4]. Therefore, multi-core few-mode fibers (MC-FMFs)
are ideal media for achieving dense SDM [5]. However, the inter-core crosstalk (XTc) restricts the mode number
of MC-FMFs, the state-of-the-art record is a 38-core 3-mode fiber supporting 228 SDM channels [6].

In this paper, we proposed and optimized a heterogeneous 37-ring-core 5-OAM-mode-group fiber in C+L band
(1.53 to 1.625 µm), which has ultra-low XTc and compact core arrangement. The calculated XTc is lower than
-50 dB/km when the fiber bending radius is beyond 7 cm. Theoretically, the designed fiber can provide 666 mode
channels for a 4×4 multiple-input multi-output (MIMO) signal processing assisted SDM system.

2. Design and optimization of trench-assisted ring core

Eigenmodes of optical fiber can be classified into HEv,l , EHv,l TE0,l and TM0,l modes, where v and l (=
1,2,3 · · · · · · ) represent azimuthal order and radial order of modes, respectively. Ring-core fiber has an annular
high-index profile, which can suppress radial higher-order modes (l > 1) without damaging the azimuthal higher-
order modes (v > 1) [7]. This property can be used for designing fibers only supporting donut-shape OAM modes.
The superposition of two orthogonal polarization states of each HE and EH mode with a ±π/2 phase difference
can form OAM modes as [8]

OAM±
±(v−1),l = HEe

v,l ± iHEo
v,l , (1a)

OAM∓
±(v+1),l = EHe

v,l ± iEHo
v,l , (1b)

where “e” and “o” represent even and odd polarization distributions, the superscripts “+” and “−” correspond
to left- and right-hand circular polarization, respectively. The fiber index profile is shown in Fig. 1(a). The ideal
size of ring core for guiding a certain number of OAM mode group can be tuned by changing the central index
(nce) and the core index (nco). Figure 1(b) shows the design regions for guiding 5 OAM mode groups in C+L
band. The outer radius of ring core (r2) decreases with the increase of core doping ratio (∆co = (nco − ncl)/nco)
which is beneficial to the compact design of multi-ring-core fiber. In addition, the negative doped central area
(∆ce = (nce −ncl)/nce) can make the first radial higher-order mode group (OAM0,2) become cutoff when the value
of r1/r2 is relatively low. Hence, the available width of ring core can be enlarged. Although reducing the core size
is beneficial to the compactness of multi-ring-core fiber, we should make sure the high purity of OAM modes in
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the condition of large ∆co. We choose the points in the regions of different ∆co as noted by white circles in Fig.
1(b) and then illustrate the purity of OAM modes in Fig. 1(c). The mode purity decreases with the increase of ∆co.
The fundamental modes have the worst mode purity of 99.924% when ∆co = 1.76%. These results indicate that
the OAM modes can keep relative high mode purity when ∆co is lower than 1.76%.
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Fig. 1. (a) The index profile of trench-assisted ring-core fiber, (b) the design regions for supporting
5 OAM mode groups in C+L band, (c) the OAM mode purity in the condition of different ∆co

The position and width of the trench is important for reducing the XTc [9]. In Fig. 2(a), we show the variation
of the maximum XTc when ∆co = 1%, ∆ce = 0%, ∆tr =−0.7% and the core-to-core gap is 40 µm. It can be seen
that the increase of the width of trench can rapidly reduce the XTc, and the gap between core and trench also helps
to decrease the XTc.
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Fig. 2. (a) The variation of XTc versus the core-trench gap (r3 − r2) and the trench width (r4 − r3)
when the core-to-core gap is 40 µm at the wavelength of 1.55 µm, (b) the neff and EMA of OAM±4,1
versus ∆co and r3 − r2 at the wavelength of 1.625 µm, (c) the core parameters and arrangement of
the heterogeneous 37-ring-core fiber

Another way to reduce XTc is using heterogeneous cores. We adopt that r1 = 4 µm, r2 = 7.3 µm, r4−r3 = 5 µm,
∆ce = −0.4% and ∆tr = −0.7% to design 4 types of heterogeneous ring cores. The neff and effective mode area
(EMA) of modes in different cores can be adjusted by changing ∆co and r3 − r2. The four kinds of ring cores
are noted by circle in Fig. 2(b) and the specific parameters of each core are illustrated in Fig. 2(c). The ∆neff of
OAM±4,1 in each couple of heterogeneous cores is larger than 9×10−4, and the EMAs are approximately equal to
150 µm2. The big ∆neff helps to reduce XTc, and the similar EMAs of modes can decrease the loss of fiber splice.

3. Crosstalk analysis

The calculation of the XTc follows the analytical formula reported in Ref. [10]. The effect of micro-deviations of
two adjacent cores is considered by using an exponential perturbation autocorrelation function with a correlation
length of 10 mm. The effect of fiber twisting is averaged in a twisting period. The XTc between core 3 and core
4 in a straight fiber at the wavelength of 1.625µm, when the core-to-core gap (G1) is 35 µm, is shown in Fig.
4(a). We find that the highest order OAM mode group suffers the largest XTc, this trend can be applied to any two
adjacent cores. Therefore, we use the XTc between OAM+

+4,1 and OAM+
−4,1 to represent the maximum XTc. The

bending properties of the maximum XTc is shown in Fig. 4(b). The XTc peaks move to smaller bending radius
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with the increase ∆neff. Thanks to the design of heterogeneous cores, the peak bending radius is smaller than 7 cm.
Therefore, the designed fiber is bending insensitive when the bending radius is larger than 7 cm, and the XTc keeps
lower than −50 dB/km. The gap between the outer most ring core and the cladding boundary (G2) is 40 µm to
avoid the excess loss caused by the high index coating layer. Consequently, the cladding diameter of the designed
fiber is 290 µm, which is more compact than the fiber proposed in Ref. [6], moreover, the amount of guided modes
increases to 666.
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Fig. 3. (a) XTc of all modes between core 3 and core 4 at the wavelength of 1.625 µm, (b) bending
property of the XTc between OAM+

+4,1 and OAM+
−4,1 in any two adjacent cores

4. Conclusion

We proposed an optimized design of 37-ring-core 5-OAM-mode-group fiber for SDM in C+L band. The XTc

remains lower than −50 dB/km when the bending radius is larger than 7 cm. The compact core arrangement is
achieved with a cladding diameter of 290 µm. Theoretically, the designed fiber can provide 666 SDM channels.

5. Acknowledgments

This work is supported by National Key R&D Program of China 2019YFA0706300 from Ministry of Science and
Technology, China; National Natural Science Foundation of China (NSFC) (Grant No. U1701661 and U2001601);
Guangzhou basic and applied basic research Foundation (Grant No. 202002030327).

References

1. D. J. Richardson, J. M. Fini, and L. E. Nelson, “Space-division multiplexing in optical fibres,” Nat. photonics 7, 354–
362 (2013).

2. J. Wang, J.-Y. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y. Yue, S. Dolinar, M. Tur et al., “Terabit
free-space data transmission employing orbital angular momentum multiplexing,” Nat. photonics 6, 488–496 (2012).

3. N. Bozinovic, Y. Yue, Y. Ren, M. Tur, P. Kristensen, H. Huang, A. E. Willner, and S. Ramachandran, “Terabit-scale
orbital angular momentum mode division multiplexing in fibers,” science 340, 1545–1548 (2013).

4. J. Tu, K. Saitoh, M. Koshiba, K. Takenaga, and S. Matsuo, “Design and analysis of large-effective-area heterogeneous
trench-assisted multi-core fiber,” Opt. express 20, 15157–15170 (2012).

5. R. G. Van Uden, R. A. Correa, E. A. Lopez, F. Huijskens, C. Xia, G. Li, A. Schülzgen, H. De Waardt, A. Koonen, and
C. M. Okonkwo, “Ultra-high-density spatial division multiplexing with a few-mode multicore fibre,” Nat. Photonics 8,
865–870 (2014).

6. G. Rademacher, B. Puttnam, R. S. Luis, J. Sakaguchi, W. Klaus, T. A. Eriksson, Y. Awaji, T. Hayashi, T. Nagashima,
T. Nakanishi et al., “Highly spectral efficient c+l-band transmission over a 38-core-3-mode fiber,” J. Light. Technol.
(2020).

7. C. Brunet, B. Ung, P.-A. Bélanger, Y. Messaddeq, S. LaRochelle, and L. A. Rusch, “Vector mode analysis of ring-core
fibers: Design tools for spatial division multiplexing,” J. Light. Technol. 32, 4046–4057 (2014).

8. S. Ramachandran and P. Kristensen, “Optical vortices in fiber,” Nanophotonics 2, 455–474 (2013).
9. K. Takenaga, Y. Arakawa, S. Tanigawa, N. Guan, S. Matsuo, K. Saitoh, and M. Koshiba, “Reduction of crosstalk by

trench-assisted multi-core fiber,” in Optical Fiber Communication Conference, (Optical Society of America, 2011), p.
OWJ4.

10. M. Koshiba, K. Saitoh, K. Takenaga, and S. Matsuo, “Analytical expression of average power-coupling coefficients for
estimating intercore crosstalk in multicore fibers,” IEEE Photonics J. 4, 1987–1995 (2012).

M4C.4 26th Optoelectronics and Communications Conference (OECC) 
2021 © OSA 2021


