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In this study, we propose a novel three-dimensional architecture mode

(de)multiplexer with degenerate modes output using a pure silica FMF ring

core transmission channel, which solves the problem caused by random

mode rotation and can be used in multiple-input multiple-output free

(MIMO-FREE) applications such as data center application in the future. By

using the pure silica FMF ring core transmission channel and larger

effective refractive index difference, the performance with low loss,

high extinction ratio (ER) and low crosstalk is achieved. The main

channel with a few-mode fiber (FMF) ring-core structure supports the

modes LP01, LP11, and LP21, and the large effective refractive index

difference between each mode in the core ensures low crosstalk

characteristics between the modes. Using the pure silica core channel

can effectively reduce propagation attenuation and fusion loss. Our

proposed MUX/DEMUX with degenerate modes output is achieved

when the degenerate modes LP11a/LP11b and LP21a/LP21b are

transmitted as two independent mode signals, which can be used in

MIMO-FREE applications. The extinction ratios (ERs) of the degenerate

modes LP11 and LP21 are kept above 31.66 dB and 24.43 dB, respectively,

and the ER of mode LP01 is kept above 38.72 dB in the C band. The

coupling efficiency of mode LP01 is approximately 0 dB, which is almost

unchanged with the increase of the wavelength. The coupling efficiency of

LP11 is higher than −3.49 dB and that of LP21 is higher than −7.24 dB in the

whole C-band. At 1550 nm, the coupling efficiencies of modes LP01, LP11,

and LP21 are −0.002 dB, −0.052 dB, and −0.178 dB, respectively. The

coupling efficiency and ER of LP01 mode are the best, and those of the

degenerate mode LP11 are always better than those of mode LP21. Our

proposed MUX/DEMUX achieves low crosstalk and high ER performance

and solves the problem caused by the degenerate modes rotations during

transmission.
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1 Introduction

In recent years, with the growth of communication services,

the traffic of the transmission system has grown exponentially,

and the traditional single-mode fiber (SMF) communication

capacity has converged to the Shannon limit, which cannot

meet the communication demand [1]. Space division

multiplexing (SDM) is a novel technology developed after

successful research and application of digital coherent

communication technology, which is a system that can

simultaneously transmit multiple independent channel signals

in a single fiber. Mode division multiplexing (MDM), which is

one of the SDMs, is widely considered an effective way to

improve the capacity of communication systems and

networks. Especially, the weak coupling method to suppress

inter-mode crosstalk has attracted much attention [2, 3, 4, 5].

Few-mode fiber (FMF) and mode-division multiplexer/

demultiplexer (MUX/DEMUX) are one of the key devices for

the MDM. As the transmission carrier of the MDM system, the

FMF is widely focused, which can break through the nonlinear

Shannon limit of SMF’s communication capacity [6, 7]. Several

typical fibers reported in recent years include an elliptical-core

FMF with low loss and low crosstalk for MIMO-FREE

applications [8], a novel graded refractive index six-core

supermode fiber [9], the polarization-maintaining elliptical

ring-core fiber with four linearly polarized vector modes [10],

undoped and N-doped-silica core PANDA fiber with different

pulse times of radiation-induced absorption [11], low-loss four-

mode-group ring-core FMFs that support only single-radial-

order modes [12], low-index center and trench-assisted seven-

ring-core five-mode-groups SDM fiber [13], and a 6-LP-mode

ultralow-modal-crosstalk (1.49 × 10–3) double-ring-core FMF for

weakly-coupled MDM transmission [14]. The special design of

the ring core with a high refractive index increases the effective

refractive index difference between modes, which can greatly

suppress the mode crosstalk between modes. The pure silica core

can effectively reduce the attenuation and fusion loss in the fiber,

which is widely used not only in SMF [15] [16] but also in the

few-mode supermode fibers [9]. The advantages of the ring-core

fiber are outstanding, and its application prospects are wide,

which is our preliminary consideration to study and design a

mode-division (de)multiplexing device with the FMF ring-core

transmission channel.

A (de)multiplexer is a more important device for optical

communications; for example, a RGB wavelength (de)

multiplexer based on a polycarbonate multicore polymer

optical fiber is important to use wavelength division

multiplexing for visible light communication system [17, 18].

Similarly, a mode-division MUX/DEMUX is a key device for

mode conversion and mode-division (de)multiplexing in the

MDM optical communication system. It can multiplex

different channel information into one fiber for mode signal

transmission or demultiplex the transmission information from

one fiber into other different transmission channels. Several

different MUX/DEMUXs have been proposed in order to

enable the signal to be multiplexed/demultiplexed the different

modes. In the literature [19], the conversion of mode LP01 to

mode LP11a/LP11b in a 36-core three-mode heterogeneous few-

mode multicore fiber is accomplished using a phase-plate-based

mode MUX. In the 108-channel (36-cores × three-mode) mode

multiplexer, the insertion loss is about 6.3–6.9 dB for mode

LP01 and 7.5–9.4 dB for modes LP11a/LP11b. The mismatch

between the mode field of mode LP11 in the few-mode cores and

the mode field of the long-tailed quasi-LP11 mode generated

through the phase plates leads to lower coupling efficiency. Also,

the MUX/DEMUX device is too large due to the size of the SMF

collimator. In the literature [20], the mode-division multiplexing

of five spatial modes with ten channels is accomplished using

photonic lanterns, but complex MIMO DSP processing is

needed. In the literature [21], an all-fiber mode MUX

composed of a mode-selective coupler (MSC) based on an

elliptical ring-core fiber structure is used to achieve high

multiplexing efficiency of seven spatial modes by employing

the directional coupling method, and the mode ERs in the

C-band are all above 15 dB. The large size of the photonic

lantern and phase-plate-based mode division MUX makes it

difficult to miniaturize and integrate the mode division

multiplexing system, while the mode division MUX/DEMUX

based on the directional coupling method has the advantages of

all-fiber structure, high mode selectivity, high coupling efficiency,

high ER, low insertion loss and mode crosstalk, simple

fabrication process, low cost, etc., which can be applied to the

miniaturization and integration. The directional coupling

method is one of the best solutions for weak coupling technology.

For multiplexing and demultiplexing mode signals in

circular-core FMFs, it is common to separately process the

degenerate non-circular symmetric polarization modes (e.g.,

LP11a/LP11b) with the same propagation constants. Due to

the effect of random rotation of the degenerate modes caused

by the non-circularity of fiber fabrication and fiber twist,

detecting only one of the degenerate modes will lead to power

fluctuation and rapid deterioration of the bit error rate (BER)

[22]. In order to solve the problems caused by rotation of the

degenerate modes, two solutions can be adopted, which can be

applied in the MIMO-FREE scenarios to reduce the complexity

of MIMO DSP, computation, cost, etc. One solution is to design

non-circular symmetric fibers to break the mode degeneracy,

such as the design of the elliptical core few-mode fiber [8]. The
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other is to use multiplexing and demultiplexing with degenerate

modes output [23, 24]. The degenerate modes in one FMF can be

separately coupled with a specific degenerate modes in another

FMF where the modes meet the phase-matching condition [25,

26]. In addition, by carefully choosing the spacing between fiber

cores and fiber length, a direction-insensitive fiber coupler with

high coupling efficiency can be designed [26, 27]. Moreover, it is

reasonable to use the two degenerate modes as one signal carrier

for a single-channel transmission [28], which is compatible with

conventional intensity modulation and direct detection (IM/DD)

systems or MIMO-FREE applications. In the literature [29], the

4-LP mode MIMO-FREE transmission with the IM/DD is

achieved by cascading the degenerate modes selective coupler

(DMSC) for simultaneous detection of the degenerate mode,

which effectively solves the problem caused by the degenerate

mode rotation, but there is a large insertion loss of −10.5 dB for

the LP21 mode and a large mode crosstalk of −14.6 dB

(LP11 input and LP01 output) at 1550 nm.

In this study, combining the advantages of the pure silica

core, FMF ring-core, directional coupling method, and

degenerate modes output, we propose a novel three-

dimensional architecture mode (de)multiplexer with

degenerate modes output using the pure silica FMF ring core

transmission channel, which solves the problem caused by

random mode rotation and can be used in MIMO-FREE

applications such as data center application in the future. By

using pure silica cores, low loss performance is achieved, and the

intrinsic loss of each mode is better than 0.164 dB/km. By

employing the ring core transmission channel and larger

effective refractive index difference, the high extinction ratio

(ER) and good coupling efficiency are achieved. The coupling

efficiency of each mode is better than −7.24 dB in the C-band and

better than −0.178 dB at 1550 nm. The effective refractive index

difference of each mode in the range of 1.50 μm–1.60 μm is

higher than 4.18 × 10–3, and the ER of each mode remains above

24.43 dB in the whole C-band and reaches above 31.60 dB at

1550 nm. We expect that the system based on our proposed (de)

multiplexer can be applied in optical communication systems

[30, 31, 32, 33], spectral detection and sensor systems [34, 35, 36,

37, 38] in the future, and so on.

2 (De)multiplexing principle of the
degenerate modes output

2.1 Our proposed MUX/DEMUX with the
degenerate modes output

Figure 1 shows that mode demultiplexing in two cases in the

conventional mode demultiplexer occurs due to mode rotation

during mode transmission. One case is (a) for the best coupling

case with a rotation angle of ± kπ, k � 0, 1, 2, . . . , ., and the

other is (b) for the worst coupling one with a rotation angle of
π
2 ± kπ, k � 0, 1, 2, . . . ,. In a conventional mode selective

demultiplexer, there is only one mode coupling between two

channels, as shown in the illustration in Figure 1. The FMF

supports LP01, LP11a/LP11b, and LP21a/LP21b modes, and the

TMF supports LP01 and LP11a/LP11b. Mode LP11b in the FMF

is coupled to mode LP11b in the TMF, and thus mode LP11b is

demultiplexed, while mode LP11a in the FMF cannot be

demultiplexed into the TMF for a given length of the same

transmission channel due to the coupling length of mode LP11a

being very different from that of mode LP11b.

The spatial orientation of the mode may rotate randomly in

the FMF during themode transmission due to the non-circularity

of fiber fabrication, fiber twist, and other factors. Figure 1A shows

all modes are transmitted along the Z-axis, and both the channels

are set in the XZ plane in parallel. It can be observed that the

FIGURE 1
Mode rotation during the mode transmission leads to (A) the best coupling case with rotation angle of ± kπ, k � 0, 1, 2, . . . , .) versus (B) the
worst coupling case with π

2 ± kπ, k � 0, 1, 2, . . . , .
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mode coupling efficiency in the demultiplexed case is

above −0.8 dB over the whole C-band, and the best value

of −0.07 dB is achieved at 1550 nm. The aforementioned case

is only a perfect transmission under ideal conditions. Although

the mode demultiplexer remains unchanged, the demultiplexing

transmission result is the worst, as shown in Figure 1B, when the

mode direction is rotated by π
2 ± kπ, k � 0, 1, 2, . . .. The coupling

efficiency of the mode demultiplexer is below −102 dB over the

whole C-band, which indicates the mode demultiplexing

function cannot be realized in this case. It shows that the

conventional mode selective demultiplexer meets the problem

of being unable to demultiplex or sharply reduce the bit error rate

of demultiplexing due to the random mode rotation. In this

study, we propose a novel MUX/DEMUX with the degenerate

modes output, which can simultaneously multiplex/demultiplex

the degenerate modes, solve the problems caused by the

aforementioned random mode rotation, and can be used in

MIMO-FREE applications.

2.2 (De)multiplexing principle of the
degenerate modes output

Figure 2 shows the (de)multiplexing principle with the

directional coupling method. Figure 2A is an illustration of

the conventional MUX/DEMUX, and Figure 2B is that of our

proposed MUX/DEMUX. Figure 2A shows the spatial

orientation of the non-circular symmetric mode LPlm (l ≠ 0)

in the FMF core is at an α angle to the horizontal line connecting

the core axes [39]. It is proved that the coupling coefficient

between the LP11 in the FMF core and the fundamental mode in

a single-mode fiber has cos (lα) dependence on the spatial

orientation of the non-circular symmetric mode. The

antisymmetry of the product of the electronic fields around

the horizontal axis gives zero coupling coefficient for α = π/2l,

even though perfect phase matching is satisfied. No power of the

higher-order mode can be coupled to the fundamental mode for

α = π/2l.

If the degenerate modes are simultaneously multiplexed/

demultiplexed from fiber B into fiber A, then fiber A supports

at least two spatial degrees of freedom. So, fiber A must be a

FMF. However, the fiber B should not be the same as fiber A

because all modes in the same fiber will satisfy the phase-

matching condition at the same time, where the mode

selectivity is lost. So, the best solution is that fiber A is

designed as a TMF. As shown in Figure 2B, mode LPlma in

the FMF B is coupled to mode LP11a in the TMF A, and mode

LPlmb in the FMF B is coupled to mode LP11b in the TMF A

at the same time, showing that mode multiplexing/

demultiplexing with the degenerate modes output is

achieved. The coupled-mode equations are as follows [29]:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
dAA

11a(z)
dz

dAB
lma(z)
dz

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � ⎛⎝−jβ11 jκa

jκa −jβlm
⎞⎠⎡⎢⎣AA

11a(z)
AB

lma(z)
⎤⎥⎦, (1)

where AB
lma(z) and AB

lmb(z) are the mode complex amplitudes of

modes LPlma and LPlmb in the FMF B, respectively. AA
11a(z) and

AA
11b(z) are the mode complex amplitudes of modes LP11a and

LP11b in the TMF A, respectively. z is the axial distance along the

coupler. βlm is the propagation constant of modes LPlma and

LPlmb in the FMF B. β11 is the propagation constant of modes

LPlma and LPlmb in the TMF A. ka is the coupling coefficient

between mode LPlma in the FMF B and mode LP11a in the TMF

A. kb is the coupling coefficient between mode LPlmb in the FMF

B and mode LP11b in the TMF A. Since the propagation

constants of the degenerate modes are the same, mode LPlma

in the FMF B and LP11a in the TMF A and mode LPlmb in the

FMF B and LP11b in the TMF A should satisfy the phase

matching condition at the same time, i.e., βlm � β11 � β. Then,

the complex amplitudes of LP11a/LP11b in the TMF A and

LPlma/LPlmb in the FMF B are as follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
dAA

11b(z)
dz

dAB
lmb(z)
dz

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � ⎛⎝−jβ11 jκb

jκb −jβlm
⎞⎠⎡⎢⎣AA

11b(z)
AB

lmb(z)
⎤⎥⎦, (2)

[AA
11a(z)

AB
lma(z)] � [ cos(κaz) jsin(κaz)

jsin(κaz) cos(κaz) ] × [AA
11a(0)

AB
lma(0)] exp(−jβz),

(3)
[AA

11b(z)
AB

lmb(z)] � [ cos(κbz) jsin(κbz)
jsin(κbz) cos(κbz) ] × [AA

11b(0)
AB

lmb(0)] exp(−jβz).
(4)

Assuming no excitation power in the initial TMF A, the

normalized power transfer functions for mode LP11a (LP11b) of

the TMF A and mode LPlma (LPlmb) of the FMF B are obtained,

respectively.

P11a(z) �
∣∣∣∣AA

11a(z)
∣∣∣∣2∣∣∣∣AB

lma(0)
∣∣∣∣2 � sin 2(κaz), (5)

Plma(z) �
∣∣∣∣AA

lma(z)
∣∣∣∣2∣∣∣∣AB

lma(0)
∣∣∣∣2 � cos 2(κaz), (6)

P11b(z) �
∣∣∣∣AA

11b(z)
∣∣∣∣2∣∣∣∣AB

lmb(0)
∣∣∣∣2 � sin 2(κbz), (7)

Plmb(z) �
∣∣∣∣AA

lmb(z)
∣∣∣∣2∣∣∣∣AB

lmb(0)
∣∣∣∣2 � cos 2(κbz), (8)

κaL � (2p + 1) π
2
, (9)

κbL � (2q + 1) π
2
, (10)
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Rab �
∣∣∣∣∣∣∣∣∣∣
K1−l(w1d

a1
) +K1+l(w1d

a1
)

K1−l(w1d
a1
) −K1+l(w1d

a1
)
∣∣∣∣∣∣∣∣∣∣ �

∣∣∣∣∣∣∣∣2p + 1
2q + 1

∣∣∣∣∣∣∣∣, (11)

L � π(2p + 1)
2κa

. (12)

The power of modes LPlma and LPlmb in the FMF B can be

fully coupled to modes LP11a and LP11b in the TMFA when Eqs

9 and 10 are satisfied. L is the coupling length, p, q∈z. Eqs 9 and
10 show the phase-matching between the LPlmmode in the FMF

and the LP11 mode in the TMF, which ensures maximum power

transfer and mode selectivity. It is to be noted that the low-order

LP mode of the FMF cannot match the LP01 mode of the TMF to

avoid additional mode crosstalk. Eqs 11 and 12 ensure the

simultaneous (de)multiplexing with the degenerate modes

output. Generally, the phase-matching condition can be

realized by choosing proper fibers or pre-tapering one fiber

during the fabrication. Eqs 11 and 12 can be satisfied by

tuning the core-to-core spacing and the coupling distance.

That is to say, the (de)multiplexing principle of the degenerate

modes output is based on phase-matching and transverse modal

spatial distribution matching. The phase-matching is consistent

with Eqs 9 and 10, which is the same as propagation constant

matching and refractive index matching. The transverse modal

spatial distribution matching consists of Eqs 11 and 12, which

ensures simultaneous (de)multiplexing with the degenerate

modes output.

The aforementioned results can also be verified using the

beam-propagation method (BPM). We discuss the optimization

of relevant parameters using the BPM. Figure 3 shows that the

coupling efficiencies of the output modes LP11a/LP11b in the

TMF1 at 1550 nm vary with the increase of the length of the fiber

core channel in the case of the input modes LP11a/LP11b in the

input FMF. The maximum power transfer and mode selectivity

of the degenerate modes LP11a/LP11b are realized for

phase-matching. The maximum power of the mode LP11a is

well-consistent with that of LP11b by tuning the core-to-core

spacing and the coupling distance, which ensures simultaneous

(de)multiplexing with the output of the two degenerate modes.

That is to say, Eqs 11 and 12 are satisfied by tuning the core-to-

core spacing and the coupling distance, and the (de)multiplexing

with the two degenerate modes output is achieved. In order to be

convenient for the MUX/DEMUX fabrication, the maximum

power of the mode LP11a can be basically consistent with that of

LP11b by tuning the core-to-core spacing and the coupling

distance. From Figure 3, the transmission channel length of

the MUX/DEMUX can be L1 = 12.52 mm because the

normalized coupling powers of the degenerate modes can

reach the maximum in this case.

Figure 4 shows that the coupling efficiencies of the output

modes LP11a/LP11b in the TMF2 at 1550 nm vary with the

increase in the length of the fiber core channel in the case of

the input modes LP21a/LP21b in the input FMF. From

Figure 3, the transmission channel length of the MUX/

DEMUX can be L2 = 8.95 mm because the normalized

coupling powers of the degenerate modes can reach the

maximum in this case.

2.3 Intrinsic loss of the transmission
channel

The loss is one of the most important impairments that

determine the capacity of fiber optic communication systems.

The minimum loss of SMF is limited by two mechanisms,

namely, Rayleigh scattering and infrared absorption loss.

Intrinsic loss of arbitrary transmissionmodes in optical fibers

[40] αtotal,

αtotal � αR + αIR � A

λ4
+ B exp(−b

λ
) , (13)

FIGURE 2
(De)multiplexing principle with the directional coupling method. (A) Illustration of conventional MUX/DEMUX. (B) Illustration of our proposed
MUX/DEMUX.
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where αR is the Rayleigh scattering loss, αIR is the infrared

absorption loss, A denotes the Rayleigh scattering coefficient,

and B and b represent the correlation coefficients of the materials.

When the fiber is uniformly doped, the Rayleigh scattering

loss can be expressed as

αR � 1

λ4
∑
i

Ai(r)Γi (14)

where Ai(r) is the Rayleigh scattering coefficient in the fiber core

or cladding, and the power limiting factor Γi is

Γcore � ∫∫Pcore (r, θ)rdrdθ
∫∫Pcore (r, θ)rdrdθ + ∫∫Pclad (r, θ)rdrdθ

(15)

Γclad � ∫∫Pclad (r, θ)rdrdθ
∫∫Pcore (r, θ)rdrdθ + ∫∫Pclad (r, θ)rdrdθ

(16)

Γcore + Γclad � 1 (17)

where Pcore (r, θ) and Pclad (r, θ) are the modal power

distributions in the fiber core and cladding, respectively.

The Rayleigh scattering coefficient of pure silica is

A0 � 0.714(dB/km)(μm4). The Rayleigh scattering coefficients

of GeO2-doped and F-doped are related to the difference of their

refractive indices with respect to pure silica |Δ| related to

AGe � A0(1 + 44|Δ|) (18)
AF � A0(1 + 41|Δ|) (19)

The infrared absorption loss of each mode supported by the

FMF is the same as that of the fundamental mode in the

SMF [40]:

αIR � B exp(−b
λ
) (20)

where B and b are constants that depend only weakly on the

doping level and λ is the wavelength. The parameters for pure

silica cores and doped types of fibers are

B � 6 × 1011dB/km, b � 48μm(pure silica f iber core),
B � 7.81 × 1011dB/km, b � 48.48μm(GeO2 doped silica core),

B � 6.5 × 1011dB/km, b � 49μm(F − doped silica core).

2.4 Coupling efficiency and extinction
ratio of our proposed MUX/DEMUX

The coupling efficiency of the mode LPlm(l � 0, 1, 2; m � 1)
is [27]

CLPlm
� 10 · log10

PLPlm

Pin
(l � 0, 1, 2;m � 1), (21)

where Pin is the normalized input power of the main

transmission channel and PLPlm(l � 0, 1, 2; m � 1) is the

normalized power of the modes LP01, LP11 (LP11a/LP11b),

and LP21 (LP21a/LP12b) coupled into the TMF transmission

channel.

The ER of the mode is [27]

ER � 10 · log10
PLPlm

PLPothers

(l � 0, 1, 2; m � 1), (22)

where PLPlm(l � 0, 1, 2;m � 1) are the normalized powers of the

LP01, LP11, and LP21modes coupled into the TMF transmission

FIGURE 3
Variation of coupling efficiency of the output modes LP11a/
LP11b in the TMF1 in the case of the input modes LP11a/LP11b in
the FMF.

FIGURE 4
Variation of coupling efficiency of the output modes LP11a/
LP11b in the TMF2 in the case of the input modes LP21a/LP21b in
the FMF.
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channel, respectively. PLPothers is the sum of the other modes

coupled into the TMF transmission channel.

Since the MUX/DEMUX can simultaneously multiplex/

demultiplex two degenerate modes, its coupling efficiency and

ER should be related to both the degenerate modes. Therefore, we

normalize the experimental data of both the degenerate modes to

characterize the MUX/DEMUX.

3 Structure and transmission
characteristics of our proposed MUX/
DEMUX

3.1 Architecture design of our proposed
MUX/DEMUX

Three-dimensional (3D) mode-division MUX/DEMUX has

the advantages of small size and easy integration compared to

the traditional two-dimensional cascaded coupled mode-

division MUX/DEMUX. We propose a mode-division MUX/

DEMUX with degenerate modes output, as shown in Figure 5.

As can be observed from Figure 5, our proposed MUX/DEMUX

consists of three different FMF core transmission channels. We

demonstrate the demultiplexing process of our proposed MUX/

DEMUX as an example. The FMF ring-core is the main

transmission channel of the MUX/DEMUX, supporting three

modes, namely, LP01, LP11, and LP21. The FMF is placed on

the z-axis, where the axis of the FMF coincides with the z-axis.

Two different two-mode fiber (TMF) cores, namely, TMF1 and

TMF2, which are made of the conventional single core, are

placed in the x and y axes, respectively. The TMF1 and

TMF2 axes are parallel to the FMF axis from the x and y

axes, respectively. The modes LP01, LP11, and LP21 are

incident from the left end of the FMF core, which transmit

and demultiplex along the z direction. We set that the mode

LP01 is transmitted along the main transmission channel FMF

from the left end to the right end. According to the coupling

mode theory, the degenerate modes LP11a/LP11b are incident

from the left end of the FMF, directly coupled to the modes

LP11a/LP11b in the TMF1, respectively. That is to say, the

demultiplexing of the modes LP11a/LP11b is achieved with the

degenerate modes output. The degenerate modes LP21a/LP21b

are incident from the left end of FMF, transformed and coupled

into the modes LP11b/LP11a in TMF2, respectively. That is to

say, the demultiplexing of the modes LP21a/LP21b is achieved

with the degenerate modes output. So, the demultiplexing of

three modes LP01, LP11, and LP21 is achieved from the main

transmission channel FMF. The multiplexing process is inverse.

If the degenerate modes LP01, LP11, and LP11 are incident

from the left end of FMF, TMF1, and TMF2, respectively, the

multiplexing with the degenerate modes output is achieved in

the FMF along the z-direction.

According to the (de)multiplexing principle in Section 2.2,

we optimize the relevant parameters of our proposed MUX/

FIGURE 5
3D view of our proposed MUX/DEMUX.
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DEMUX. The core diameter of TMF1 is 7 μm, the refractive

index of the core is 1.4490, the TMF1 cladding is carried out with

a F-doped silica of 1.4252, the axis distance between the two cores

is 11 μm, and the transmission channel length of the TMF1 is

L1 = 12.52 mm. The core diameter of TMF2 is 9.5 μm, the

refractive index of the core is 1.4346, the TMF2 cladding and

FMF cladding use the F-doped silica of 1.4252, the axis distance

between the two cores is 14.25 μm, and the transmission channel

length of the L2 = 8.95 mm. The FMF is the main transmission

channel with ring core, where the part with 2 μm ≤ d ≤ 9 μm (the

diameter d) is the ring core. The ring core is made of pure silica

with a refractive index of n1 � 1.4440, where the parts with d <
2 μm and d > 9 μm are the claddings with the F-doped silica

refractive index of n2 � 1.4252. Other parameters of the main

transmission channel FMF are separately described in detail in

the following sections due to their importance.

3.2 Refractive index distribution of the
transmission channel of our MUX/DEMUX

The FMF core is an important transmission carrier to realize

mode-division multiplexing technology. We propose a FMF ring-

core with the step index distribution as the main transmission

channel. This FMF ring-core supports three modes, LP01, LP11

(LP11b/LP11a), and LP21 (LP21a/LP21b). Figure 6 shows the

refractive index distribution of the FMF ring-core, where plot (a)

represents the refractive index distribution along the radial direction

of the FMF ring-core and plot (b) represents the contour

distribution along the cross-section of the FMF ring-core. The

part with the diameter d < 2 μm is the inner cladding layer,

which is made of F-doped silica with the refractive index

n2 � 1.4252. The part with 2 μm ≤ d ≤ 9 μm is the ring core,

which is made of pure silica with the refractive index of n1 � 1.4440.

The part with d > 9 μm is the outer cladding, where the F-doped

silica with the refractive index of n2 � 1.4252 is used. The diameter

of the outer cladding is 125 μm. The refractive index of the FMF

FIGURE 6
Refractive index distribution of FMF ring-core. (A) Refractive index distribution along the radial direction of the FMF ring-core. (B) Contour map
of refractive index distribution along the cross-section of the FMF ring-core.

FIGURE 7
Effective refractive index difference between the modes in
the FMF. The curve marked with the circles indicates the index
difference between modes LP01 and LP11 nLP01 − nLP11. The curve
marked with the asterisks indicates the index difference
between modes LP11 and LP21 nLP11 − nLP21. The curve marked
with the triangles indicates the index difference between mode
LP21 and cladding nLP21 − nCladding .
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ring-core is higher than that of the periphery, where the light is

transmitted in the ring core. The mode field characteristics in the

FMF ring-core can be changed by changing the size of the core, inner

and outer cladding, and refractive index distribution. The use of pure

silica ring-core effectively reduces fiber transmission loss and

fusion loss.

FIGURE 8
Intrinsic loss of the main transmission channel. (A) Intrinsic loss of pure silica FMF ring-core in our MUX/DEMUX. (B) Intrinsic loss of the
equivalent FMF with GeO2-doped ring-core. (C) Intrinsic loss of the equivalent FMF with the conventional GeO2-doped single core.
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Figure 7 shows the variations of the effective refractive index

difference of the three modes, namely, LP01, LP11, and LP21, in

the FMF ring-core in the wavelength range of 1500 nm–1600 nm,

which are represented by the curves with the circles, asterisks,

and triangles, respectively. Figure 7 shows that in the wavelength

range of 1500 nm–1600 nm, the index difference between the

mode LP01 and LP11 nLP01 − nLP11 is greater than 4.18 × 10–3,

and it increases gradually with the increase of the wavelength.

The index difference between modes LP11 and

LP21 nLP11 − nLP21 is greater than 6.59 × 10–3, which gradually

increases with the increase of the wavelength. The index

difference between mode LP21 and the cladding nLP21 −
nCladding is greater than 1.45 × 10–3, which gradually decreases

with the increase of the wavelength. The index differences nLP01 −
nLP11 at 1540 nm and 1550 nm are 4.39 × 10–3 and 4.44 × 10–3,

respectively. Those of nLP11 − nLP21 at 1540 nm and 1550 nm are

6.80 × 10–3 and 6.86 × 10–3, respectively, and those of nLP21 −
nCladding at 1540 nm and 1550 nm are 2.30 × 10–3 and 2.15 × 10–3,

respectively. The low mode crosstalks of the transmission

channels are achieved using the larger index difference.

3.3 Intrinsic loss of the transmission
channel of our MUX/DEMUX

Using the method in the literature [40], we obtain the intrinsic

loss of the main transmission channel of our MUX/DEMUX as

follows. The reasons that the analysis of intrinsic loss is added in this

study are as follows, first, our proposed (de)multiplexer is designed

for the special transmission fiber, which is the same as our pure silica

FMF ring-core transmission channel. The fusion loss between our

(de)multiplexer and the transmission FMF is low due to their same

transmission channel. Second, we can generally consider the (de)

multiplexer and transmission FMF as a system. So, the intrinsic loss

is suitable to be considered because the FMF length of the system is

usually very long.

The results of the intrinsic losses of the main transmission

channel are shown in Figure 8. Plot (a) represents the intrinsic

loss of pure silica FMF ring-core in our proposedMUX/DEMUX,

plot (b) shows the intrinsic loss of the equivalent FMF with

GeO2-doped ring-core, and plot (c) indicates the intrinsic loss of

the equivalent FMF with the conventional GeO2-doped single

core. The inset shows the variation of the refractive index of the

transmission channel with the radius. From Figure 8A, the

intrinsic losses of all modes of the FMF ring-core

transmission channel reach low values in the C-band. When

the wavelength is 1540 nm, the intrinsic losses of the modes

LP01, LP11, and LP21 are 0.152 dB/km, 0.153 dB/km, and

0.164 dB/km, respectively. At 1550 nm, the transmission loss

of all three spatial modes is less than 0.164 dB/km, which is better

than the 0.3 dB/km in the literature [41]. When the wavelength is

less than 1540 nm, the intrinsic losses of the three modes increase

with the decrease of the wavelength, mainly because the Rayleigh

scattering losses become larger with the decrease of the

wavelength. When the wavelength is larger than 1540 nm, the

intrinsic losses of the three modes increase with the increase of

the wavelength, mainly because the infrared losses become larger

with the increase of the wavelength. Therefore, the optical loss is

effectively reduced by using pure silica ring-core, and the

crosstalk can be effectively reduced by using a large effective

refractive index difference between the modes. This achieves the

operation of low-loss and low-crosstalk, which further improves

the performance of the transmission channel. Figure 8B shows

that the intrinsic losses of all three modes in the FMF with GeO2-

FIGURE 9
Coupling efficiency of each mode of our proposed MUX/DEMUX in the C-band.
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doped ring-core are larger than those of our proposed FMF with

the pure silica ring-core. The lowest intrinsic losses of all three

modes are achieved at 1560 nm with the lowest values of

0.205 dB/km, 0.204 dB/km, and 0.193 dB/km, respectively. The

intrinsic losses of the three modes vary with the wavelength,

which is similar to that in Figure 8A. From Figure 8C, it can be

observed that the intrinsic losses of the three modes of the

conventional FMF with GeO2-doped single core are greater

than those of our proposed FMF ring core, where the

variation of intrinsic losses with the wavelength is also similar

to that in Figure 8A. The lowest intrinsic losses of the three

modes are achieved at 1560 nm with 0.210 dB/km, 0.205 dB/km,

and 0.193 dB/km, respectively, which are 38%, 34%, and 18%

larger than those of the three modes in our proposed FMF ring

core in Figure 8A.

Figure 8 shows that the variations of the intrinsic losses with

the wavelength are similar in the three FMFs, and the intrinsic

loss of our proposed FMF with the pure silica ring-core is very

lower than those of other two equivalent FMFs with GeO2-doped

core. This can induce the lowest optical transmission loss and

fusion loss in our proposed FMF ring core and also avoid the

power imbalance of the signal transmission amplification and

detection caused by the very low loss difference between the

modes.

3.4 Coupling efficiency and ER of our
proposed MUX/DEMUX

Figure 9 gives the variation of the coupling efficiency of each

spatial mode of our proposed MUX/DEMUX with the incident

wavelength in the C-band. The coupling efficiencies of modes

LP01, LP11, and LP21 are indicated by the curves with the circles,

asterisks, and triangles, respectively. The coupling efficiency of

mode LP11 is the average efficiency of the degenerate modes

LP11a and LP11b, while that of mode LP21 is the average one of

the degenerate modes LP21a and LP21b. The coupling efficiency

of mode LP01 is approximately 0 dB, which is almost unchanged

with the increase of the wavelength. At 1550 nm, the coupling

efficiencies of modes LP01, LP11, and

LP21 are −0.002 dB, −0.052 dB, and −0.178 dB, respectively.

The coupling efficiencies of the degenerate modes LP11 and

LP21 are decreased in the C-band on both sides of 1550 nm. The

reason behind this is that the coupling period of each mode

changes as the wavelength varies. Since the length of the

transmission channel of our designed MUX/DEMUX is fixed,

the maximum coupling efficiency of each wavelength cannot be

reached simultaneously and changes with the wavelength. The

coupling efficiency of LP11 is higher than −3.49 dB and that of

LP21 is higher than −7.24 dB in the whole C-band. The coupling

efficiency of LP01 mode is the best, while that of the degenerate

mode LP11 is always better than that of mode LP21.

Figure 10 gives the variation of the mode ER of our MUX/

DEMUX with the incident light wavelength. The ERs of the

modes LP01, LP11, and LP21 are indicated by the curves with the

circles, asterisks, and triangles, respectively. The ER of mode

LP11 is the average ER of the degenerate modes LP11a and

LP11b. The ER of mode LP21 is the average one of the degenerate

modes LP21a and LP21b. The ER of mode LP11 can be

maintained above 31.66 dB in the whole C-band, with a

maximum value of 34.97 dB at 1550 nm. The ER of

LP21 mode is above 24.43 dB, with a maximum value of

31.60 dB at 1550 nm. The ERs of modes LP21 and LP11 are

decreased on both sides of 1550 nm. The ER of LP01 mode is the

best, while that of the degenerate mode LP11 is always better than

that of the mode LP21.

4 Conclusion

Combining the advantages of pure silica core, FMF ring-core,

the directional coupling method, and the degenerate modes

output, we use degenerate modes LP11a/LP11b and LP21a/

LP21b as two independent channel signals and achieve the

mode multiplexer/demultiplexer of LP01, LP11, and

LP21 modes with the degenerate modes output, which can be

used in MIMO-FREE applications. The pure silica core is used to

achieve low loss performance, and the intrinsic loss of each mode

can be better than 0.164 dB/km. Low crosstalk and high ER are

achieved by using a ring core and a large effective refractive index

difference. The coupling efficiency of mode LP01 is

approximately 0 dB, which is almost unchanged with the

increase of the wavelength. The coupling efficiency of LP11 is

higher than −3.49 dB and that of LP21 is higher than −7.24 dB in

the whole C-band. At 1550 nm, the coupling efficiencies of the

FIGURE 10
ER of each mode of our MUX/DEMUX in the C-band.
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modes LP01, LP11, and LP21 are −0.002, −0.052 dB,

and −0.178 dB, respectively. The effective refractive index

difference of each mode within 1.50–1.60 μm is maintained at

4.18 × 10–3, and the ER of each mode is maintained above

24.43 dB in the whole C-band and reaches above 31.60 dB at

1550 nm. The coupling efficiency and ER of LP01 mode are the

best, while those of the degenerate mode LP11 are always better

than those of the modes LP21. Our proposed MUX/DEMUX

achieves low crosstalk and high ER performance and solves the

problem caused by the degenerate modes rotations during

transmission. It is expected to solve the challenges of the

current research on the FMF MUX/DEMUX, which has

important academic and application values.
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