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Design and optimization of weakly coupled multi-core fiber

ZHAN Yi', WANG An, ZHANG Qing-long, WANG Yi-han
(College of Engineering, Qufu Normal University, Ri zhao 276800, Shan dong, China)
* Corresponding author, E-mail: zhanyi@gqfnu.edu.cn

Abstract: In order to achieve comprehensive, highly efficient, and multi-objective precise optimization of
fiber structural parameters and further enhance the transmission capacity of optical communication systems, a
homogeneous weakly coupled seven-core fiber based on trench-assisted structures is designed. Particle
Swarm Optimization (PSO) is introduced to replace traditional empirical designs or local scanning methods.
First, a multi-objective fitness function incorporating constraints such as dispersion, cutoff wavelength, ef-
fective mode field area, and coating loss is established. Then, the algorithm performs a global search to pre-
cisely determine the optimal structural parameters under standard dimensional constraints. Simulation results
demonstrate that with a fiber core pitch of 45 pum, the optimized fiber achieves an ultra-low inter-core
crosstalk of below —90 dB/km at a wavelength of 1550 nm. This design scheme not only effectively resolves
the conflict between crosstalk suppression and spatial utilization in multi-core fibers but also proves the effi-
ciency and reliability of the PSO algorithm in complex fiber structural design, providing an important theor-
etical basis and technical support for the research and manufacturing of ultra-large-capacity optical commu-
nication systems.

Key words: multi-core fiber; particle swarm optimization; trench-assisted; inter-core crosstalk; space divi-
sion multiplexing
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1 Introduction

With the rapid development of communication
networks, optical fiber, as a vital transmission medi-
um for optical signals, plays a crucial role in optical
communications. The transmission capacity of tradi-
tional single-mode fibers is approaching its limit
and is no longer sufficient to meet current demands
for communication capacity. To enhance the trans-
mission capacity of optical fibers and achieve better
transmission performance, multi-core technology
based on the principle of Space Division Multiplex-
ing (SDM) has emerged!?. SDM is considered a
promising technology capable of significantly in-
creasing network capacity and overcoming the capa-
city limitations faced by traditional optical fiber
communication networks.

MCEF is designed as one of the transmission
media for the system, aiming to address the capa-
city limits of traditional single-mode fibers by in-
creasing the number of cores and fully utilizing the
spatial dimension, thereby multiplying the transmis-
sion capacity of the fiber™. However, due to the
limited thickness of the cladding, as the number of
cores increases, the distance between cores be-
comes smaller. The design around each core allows
optical signals to effectively couple and exchange
between adjacent cores, which cannot support long-
distance multi-mode transmission. Therefore, com-
pared to strongly coupled MCF, weakly coupled
MCF—by virtue of having larger core-to-core pitch
can effectively reduce crosstalk between signals.
This contributes to enhancing system stability, espe-
cially in long-distance transmission. Each core can
be viewed as an independent channel with minimal
interference, eliminating the need for complex Mul-
tiple-Input Multiple-Output (MIMO) signal pro-

cessing. In addition to increasing the core pitch, sup-

doi: 10.37188/CO.EN-2026-0006
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pressing inter-core crosstalk is also an unavoidable
issue in MCF design. The main methods include
trench-assisted®”, air-hole assisted™,and heterogen-
eous structure fibers®. Both trench-assisted and air-
hole assisted methods confine energy within the
fiber core by increasing the refractive index differ-
ence between the core and its surrounding environ-
ment.

In 2010, Hokkaido University and Nippon
Telegraph and Telephone Corporation (NTT) pro-
posed a theoretical model for weakly coupled MCFs
based on air-hole assistance, proving that a dual-
core fiber with air-hole assistance could achieve a
coupling length of tens of kilometers in the 1 550 nm
band, effectively suppressing inter-core crosstalk!'",
In 2011, K. Takenaga et al. from Fujikura simulated
and manufactured a trench-assisted seven-core
fiber'!], confirming the immense potential of trench-
assisted MCF in achieving large-capacity, long-dis-
tance optical transmission. In 2012, Hokkaido Uni-
versity designed a weakly coupled 12-core single-
mode fiber by adding trench-assisted structures to
heterogeneous cores!'?. With a core pitch of 33 pm,
the inter-core crosstalk at 1550 nm was as low as
—42 dB/km, exhibiting excellent bending resistance
and anti-nonlinearity performance. In 2019, Sum-
itomo Electric and the US silicon photonics semi-
conductor company Luxtera demonstrated a trans-
mission scheme based on a rectangular weakly
coupled eight-core fiber at the European Confer-
ence on Optical Communication (ECOC)!".. The
cores utilized a channel-assisted refractive index
design to suppress inter-core crosstalk, with a core
pitch ranging from 35 to 45 pum, achieving inter-core
crosstalk below —66 dB/km at 1310 nm. In 2016,
Feihong Ye et al. proposed a theoretical analysis
model for homogeneous trench-assisted MCF based

[14

on coupled-mode theory™¥, This model can analyze

the relationship between inter-core crosstalk and
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parameters such as trench depth, trench width, and
core structure, providing a powerful theoretical tool
for designing high-core-count homogeneous trench-
assisted MCFs. However, despite the progress made
in these studies, significant limitations still exist in
the design process. Most existing methods, includ-
ing the aforementioned works, either rely on com-
plex heterogeneous core structures that are difficult
to manufacture or employ optimization methods that
involve only a subset of parameters describing the
refractive index distribution. Due to the lack of a
global optimization strategy that considers all struc-
tural parameters simultaneously, the room for per-
formance improvement is limited, and obtaining an
optimal design while balancing ultra-low crosstalk
with other transmission constraints remains a chal-
lenge.

Currently, standard cladding diameter (125 pm)
weakly coupled MCFs range from 4 cores!™'® to

8 cores!'?"

. This paper selects a homogeneous,
standard-diameter, weakly coupled seven-core fiber
as the optimization target, benefiting from its ultra-
low inter-core crosstalk (XT) while also being com-
patible with existing standard single-mode fibers
(SSMF) and SMF-based devices!"*'". Each core es-
sentially acts as a single-mode fiber, independently
carrying optical signals for one channel, with com-
plete single-mode transmission characteristics (LPy;
mode). Numerical simulations performed using the
Finite Element Method (FEM) show that each core
of the MCF is surrounded by an identical low-re-
fractive-index trench, with a cladding layer between
the core and the trench. To efficiently search the en-
tire parameter space and provide a systematic solu-
tion for the design of weakly coupled MCFs, this
paper introduces the Particle Swarm Optimization
(PSO) algorithm®'*? to effectively reduce the num-
ber of evaluation permutations and optimize all
design parameters. Our method allows for compre-
hensive exploration and optimization of the para-
meter space, significantly reducing the number of

required evaluations.

2 Fiber Design

2.1 Fiber Structure

Although Space Division Multiplexing (SDM)
technology seeks to increase the number of spatial
channels, it has also given rise to another major re-
search direction: Randomly Coupled Multi-Core
Fiber. Randomly coupled MCF is defined as an op-
tical fiber where the optical pulse width evolves
with the square root of the transmission distance,
caused by random inter-core coupling induced by
bending and twisting®?¥, To strictly define the
coupling state from a physical mechanism, the coup-
ling length L. is introduced as a benchmark, where
Lc =7/2k and k is the mode coupling coefficient. In
strongly coupled or randomly coupled fibers, the
coupling length is typically short; whereas weakly
coupled fibers are characterized by a coupling
length ranging from 10* to 10° m.

In this context, we further define weakly cou-
pled MCFs as fibers where inter-core coupling is
significantly weaker than that of randomly coupled
MCFs. Unlike randomly coupled MCFs that require
complex MIMO (Multiple-Input Multiple-Output)
signal processing, the weakly coupled design signi-
ficantly reduces inter-core crosstalk, thereby elimin-
ating the need for complex MIMO and reducing sys-
tem complexity. By introducing a trench-assisted
structure to suppress crosstalk, this design ensures
high performance and compatibility with standard
single-mode systems.

Fig. 1 illustrates the schematic of the optim-
ized trench-assisted seven-core fiber. In this fiber
structure n,.,, and n. represent the refractive indices
of the core and cladding, respectively, while k;, k,
and k; denote the coupling coefficients between ad-
jacent, spaced, and distant cores, respectively. By
utilizing the refractive index profile (n,,n.,n; ) and
coupling coefficients (ki,k,,k3), the proposed mod-
el quantifies signal interference between cores at

different locations. Fig. 2 displays the refractive in-
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dex distribution of two adjacent cores with the
trench-assisted structure. An inner cladding and a
trench structure are introduced between the core and
the outer cladding, where the refractive indices of
the inner and outer claddings are equal. It is as-
sumed that the core is Ge-doped and the trench is
F-doped™®!, while both the inner and outer cladd-
ings are considered pure silica. Let the core radius
be a,, the inner cladding radius be @, and the trench
radius be az. This implies an inner cladding width
of w, =a,—a, and a trench width of w,. = a; —a,.
The core refractive index is n,, the cladding re-
fractive index is n,, the trench refractive index is
n,, the core pitch is A, the relative refractive
index difference between the cladding and the core
is A;, and the relative refractive index difference
between the cladding and the trench is A,. The for-
mulas for calculating A; and A, are shown in Eq (1)
and (2):

Alznzo_ncz‘l (1)
2n,
2n,

The cladding diameter is 125 pum, and the Out-
er Cladding Thickness (OCT) is 30 pum, to reduce
coating loss and keep the additional loss caused by
the coating below 0.001 dB/km!*,

Fig. 1 Schematic of the optimized trench-assisted fiber

N(r,0)

Fig. 2 Refractive index distribution

2.2 Parameter Selection

The flowchart of the PSO algorithm is shown
in Fig. 3 (the fitness function and constraints will be
detailed in Section 3). Each particle represents a po-
tential solution, denoted as Xp. In this MCF design,
each particle consists of a set of structural paramet-
ers for the MCF, containing six variables, with six
parameters corresponding to each core type, as
shown in Tab. 1. For each particle, the objective
function is utilized to calculate its fitness value,
which includes penalties for not meeting design
constraints and the impact of crosstalk (XT). A
smaller fitness value indicates better design quality
for that particle. The optimization direction is de-
scribed by velocity parameters. During the optimiz-
ation process, each particle adjusts its optimization
direction and position at each iteration according to
Eq (3)?"\. The learning process of a particle is influ-
enced by two factors: one is the best parameter set
found by the particle so far (pbest), and the other is
the global best parameter set determined through
global communication (gbest). As the particles con-
tinuously learn to reduce their fitness values, when
the particle swarm converges, the final optimal para-
meter set with the minimum fitness value can be

found.

Xp+[wVp+cy Xrand; X (pbest — Xp) +
cy X rand, X (gbest—Xp)] (3)

Here, rand,; and rand, are uniform random numbers
distributed on [0, 1]; ¢; and ¢, are learning factors,
both being constants; w is the inertia weight, used to
balance the particle's global optimization ability and
local optimization ability. According to referen-
ce®:the selection of these parameters is based on
the constriction factor method proposed by Clerc
and Kennedy. By setting the sum of learning factors
¢ =cy +c; >4, the algorithm ensures particle con-
vergence without requiring velocity clamping. In
this study, we set ¢; = ¢, = 2.05, resulting in ¢ = 4.1
and a constriction factor w =0.729. This specific

configuration mathematically balances the global
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exploration ability and local exploitation ability of
the particles. Furthermore, a sensitivity analysis re-
garding population size was conducted. Simulations
indicated that a swarm size of 50 provides the op-

timal trade-off between calculation accuracy and

Start

\4
Initialize PSO
parameters

V

Initial particle: Each
particle is a set of MCF  ——>
structural parameters

—

Update gbest and
pbest
Update speed and
particles

\l/ Yes

No Whether the
convergence
condition is

satisfied

\l/ Yes

No Whether all
constraints are
met

l/ Yes

No Move to the next
parameter
combination

time consumption, as the fitness value stabilizes ef-
ficiently after approximately 60 iterations (as shown
in Fig. 11).

2 (4)
w = ,
|2 - ¢ - Velp-9)|
Whether the
conditions of
overlap, coating No : :
loss and induced —>  Fitness=10

loss caused by
intermediate core
are met

\l/Yes

Whether the
dispersion, cutoff
wavelength and
effective mode
area constraints
are satisfied

No
—> Fitness=10"

J/ Yes

Load related
parameter
data

V]

Fitness=XT+Penalty Act+
Penlaty Disperison+Penalty

cutoff wavelength

Fig. 3 Algorithm flow chart

Tab.1 Parameter combination

Parameters Range Step Choices
ai[um] 4~5 0.1 11
werlpm] 2.5~7.5 0.1 51
werlum) 2.5~7.5 0.1 51

Ay 0.3%~0.6% 0.01% 31

Ay —0.7%~-0.35% 0.01% 36
Alum] 30~45 0.1 151

3 Combination of Objective Func-

tion and Constraints

3.1 Calculation of Inter-core Crosstalk

The calculation of the mode coupling coeffi-

cient k,, is the most critical and complex aspect of
estimating inter-core crosstalk. Since the trench di-
mensions of the first cladding (inner cladding) and
the trench-assisted structure are not infinite, the
solutions for these two regions involve the modified
Bessel function of the first kind®®, I,(W,r/a,).The
presence of modified Bessel functions makes the
calculation of the mode coupling coefficient for
trench-assisted MCF extremely difficult. If the ef-
fects of the first cladding and trench are neglected in
Iy(Wir/a;), the mode coupling coefficient between
two adjacent cores in a homogeneous trench-as-

sisted structure can be written as Eq (5)™":



: PEDESE CRIE0 -
R ma, A _ Wi/a, _
) _k(nco n)W,U\ L, AW exp( Wlal) Ty e Ay
pq = ma{m vl{mjf (Ui_m) W, ’ (8
. Wi+ W, =Wp)w, /A
ff U\, (W PamPiaa-ni)
’ a ‘ a A-r Here, I, is a function of r. The variable r is neg-

eXp|:(P2—P1+Y2—Y1) }rdr , (5

A-r
Lq,P|,P2’Y|,Y2 and P] —P2+Y1 —Y2 can be ex-
pressed as:

_ Ji(U) K, (Wyay/a,) K, (Weas/ay)
K (W) K, (Whay/a)) K, (Wyas/a,)

A— A—
P1=W1—a3,P2=W2 @
a a
A— A—-
Y1=W1—612,Y2=W2 @
a a
Pl—P2+Y1—Y2=(W2—W1)a3a_a2 =
1
(Wz—Wl)vﬁ ) (6)
a

Furthermore, the normalized transverse phase
parameter U; and the normalized transverse at-
tenuation parameter W, are defined as U;=
aj (k*n?, —p*) and W} =da’(B* —k*n?), respectively.
Here, B is the propagation constant = koneff,
where neff is the effective refractive index. V, is
the normalized frequency (which determines the
number of modes) and satisfies the relationship
V2 =U?+W?, defined as V, = ka,n.,(2A,)"°.

For parameters related to the trench structure
(subscript 2), we define szkal(ngl—nf,)l/z and
W; =V; + W;. In these equations, k =2n/A,where
A is the vacuum wavelength. J; and K; represent
the Bessel function of the first kind and the modi-
fied Bessel function of the second kind, respect-
ively.

Utilizing the asymptotic expansion for large ar-
guments, the expression in Eq(7). containing the
modified Bessel function I, can be approximated as:

[(Wl P,—P2+Y1—Y2) ]
L||—+———|r|=
a A-r

14 P, -P,+Y,-Y,
\/?IO(—]r)exp(#r) , (D
a A-r

7 can be simplified to:

lected because (P,—P,+Y,—-Y,)/(A—r) is much
smaller than W,/a,, and r is much smaller than A.
Substituting into Eq(5), the mode coupling coefti-
cient between two adjacent cores of the trench-as-

sisted MCF can be expressed as:
L VAU (7

r a; V13K12 (W]) W]A
[ WIA+2(W, = Wp)w,,
exp |-

a

] , 9

The average crosstalk (XT) between two adja-
cent cores in a homogeneous MCF can be ex-
pressed as®:

2
T ~ 2k"quL ’

BA
Where R, is the bending radius, and L is the fiber
length.

10

The coupling coefficient schematic for the sev-
en-core fiber is shown in Fig. 1. When the light
beam is incident on the fiber, the mode field distri-

bution can be viewed as a superposition of individu-

al modes within the 7x7 weak coupling matrix®'>*,

If we designate the outer cores as Core 1to Core

6 and the central core as Core 7, we obtain:

>S11 kl 0 0 0 kl k1 1
kl S22 kl 0 0 0 kl
0 kl 533 kl 0 0 k1
cC=|0 0 kl S44 kl 0 kl , (1D
0 0 0 kl Ss5 kl k1
0 0 0 0 k1 Se66 kl
Lk ko ko ke ke ks

Here, s,, represents the self-coupling coefficient,
while k,, represents the inter-core coupling coeffi-
cient. Due to the weakly coupled characteristics of
this fiber design, coupling between non-adjacent
cores can be ignored; therefore, k,andk; are approx-
imated as zero.

When A =10 pm, the intrinsic mode distribu-

tion of the fiber at a center wavelength of 1550 nm
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is illustrated in Fig. 4. In stark contrast to the weakly
coupled design objective, this figure clearly exhib-
its the characteristics of the seven-core fiber in a
strongly coupled state. Due to the small core pitch
and the weak optical confinement provided by the
trenches, the independent mode fields of the cores
overlap and degenerate, forming super-modes dis-
tributed across the entire fiber cross-section®. Con-
sequently, the optical field energy is no longer con-
fined within individual cores but demonstrates a sig-
nificant delocalization distribution among the seven
cores. This strong coupling phenomenon results in
excessively high inter-core crosstalk, making it im-
possible to support signal transmission in independ-

ent channels.

ng=14527  n=14525  n,=14525  n=1.4524

50 50 50

0 0 0

50 50 0 50 -50 0 50

n.=1.452 4 n.=1.4523 n=1.4523

Fig. 4 super-modes and refractive index profile

In contrast, when the parameter combinations
listed in Tab. 1 are adopted, the fiber mode distribu-
tion reverts to a weakly coupled state. It is worth
noting that the emergence of strongly coupled su-
per-modes in Fig. 4 visually reveals the sensitivity
of the fiber structural parameter design: improper
parameter selection (such as an excessively small
core pitch or insufficient refractive index difference)
causes the fiber to degenerate into a strongly
coupled device. This further substantiates the neces-
sity of introducing the Particle Swarm Optimization
(PSO) algorithm for global optimization; specific-
ally, it is essential to precisely search for the optim-
al parameter space capable of breaking strong coup-
ling and achieving ultra-low crosstalk under stand-
ard cladding dimension constraints.

From a physical perspective, the transition

from the strongly coupled super-modes shown in
Fig. 4 to a weakly coupled state is achieved by the
optimized trench design. The introduction of the
low-refractive-index trench (with optimized width
w,, and depth A,) creates a deep potential barrier for
the optical field. This barrier effectively suppresses
the evanescent wave tail of the fundamental mode,
significantly reducing the mode field overlap integ-
ral (k,,) between adjacent cores. Consequently, the
coupling coefficient drops below the threshold re-
quired for super-mode formation, forcing the op-
tical energy to be tightly confined within indivi-
dual cores and ensuring independent signal trans-
mission.

Exploring all parameter combinations in Tab. 1
involves a vast number of permutations. The central
core is subject to the greatest coupling influence
from the surrounding cores, involving six coupling
coefficients between it and the adjacent cores. Each
outer core is associated with three coupling coeffi-
cients with its adjacent cores. However, since the
pitch between non-adjacent cores is relatively large
(>30 pm), their mutual coupling is negligible. The
final inter-core crosstalk is expressed as:

T = XT,+XT,+...+XT,
B 12

, 12

3.2 Combination of Constraints

The MCF design in this paper incorporates
the following six constraints. Beyond coating loss,
five specific tests were conducted for all MCF
designs:

(a) Geometric Overlap: To prevent structural
overlap between adjacent cores, the spacing between
the edges of the trenches must remain positive.
Based on the core pitch A and the outer trench radii
of adjacent cores (a,; +a, ),

this constraint is expressed as:
EdgeS pacing=A-(a,;+a,;)>0pum , (13)

If this constraint is violated, a penalty of 107 is
directly applied to the fitness value, and subsequent

calculations are skipped, significantly lowering the
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priority of this design.

(b) Induced Loss: The induced loss caused by
the central core must be less than 0.001 dB/km™.
The crosstalk between adjacent cores can be ex-
pressed asP®"

_ 2 R
XT ~ L ~ 2"
BA

L a4

where 1 is the power coupling coefficient, k,, is the
mode coupling coefficient, R, is the bending radius,
B is the propagation constant, and L is the fiber
length. In this seven-core fiber, due to crosstalk
(XT) to other cores, the optical power launched into
and propagating through the central core decays
along the propagation direction at a rate of 67.
When the XT is sufficiently low, the power attenu-
ation can be approximated as exp(6nL), and the
crosstalk-induced loss of the central core (axr[dB])

can be estimated as:

axr ~ —10log o [exp (—6nL)] = (10In10)6nL, (15)

The relationship is shown in Fig. 5. As illus-
trated, the crosstalk-induced loss increases linearly
with the power coupling coefficient. This direct cor-
relation allows us to determine the upper limit of the
coupling coefficient required to maintain the addi-
tional loss below the target threshold of 0.001
dB/km. To suppress this value below 0.001 dB/km,
the value of n should be less than 9.4x107*(corres-
ponding to L=100 km). Similarly, if this constraint
is violated, a penalty of 107 is directly applied to the

fitness value.

10?

10"}

100 L

10 F

Crosstalk-induced Loss ayr (dB)

1072

10 1073 1072 10
Power coupling coefficient 677/km

Fig. 5 Crosstalk-induced Loss vs. Power Coupling Coeffi-
cient at 100 km

(c) Full-band Dispersion Constraint: To ensure
consistent transmission performance across the C-
band and L-band, the total dispersion value of the
fiber throughout the operating wavelength range
(1530 nm~1625 nm) should satisfy 16.87<<D (1) <
27.13 ps/(nm-km). If the dispersion exceeds this
range, the penalty value is the square of the differ-
ence between the actual dispersion value and the

boundary mean (22 ps/(nm-km)).

PenaltyD =
(D-22)* if D<14.87or D>27.13 (16>
0 otherwise ’

Excessive dispersion leads to signal distortion,
while dispersion that is too low may limit band-
width utilization. Fig. 6 and Fig. 7 display the dis-
persion parameter (B9,/81,8,,5;) curves varying with
wavelength for the minimum and maximum para-
meter combinations in Tab.1, respectively. The phy-
sical quantities corresponding to these dispersion
parameters are the propagation constant, group
delay, Group Velocity Dispersion (GVD), and dis-

persion slope, respectively.

Propagation Group Dispersion
GVD
constant delay slope
48955 F
19
6000 %
-20
[
5950 ‘ <21
4895.0
\ -22
so00f
‘ -23F
Sl £ agoast g o =
< V] < < . <
1 -25
i
5800 |
\ -26
i 4894.0 | Mode |
sl -27 = = = Mode2
" Mode 3
H -28F B 00 |f | =mme=—— Mode 4
‘- Mode 5
ST00F 1 -29 Mode 6
ag3sk | | TF | e Mode 7
1.551.6 1.551.6 1.551.6 1.551.6
Wavelength/um ~ Wavelength/um  Wavelength/um Wavelength/um

Fig. 6 Dispersion characteristics of minimum parameter

combination optical fiber mode

It can be seen that in each order of dispersion,
all modes of the fiber exhibit the same trend. The

values of B, and B, decrease with increasing center
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wavelength, while the values of 8, and S; are posit-
ively correlated with the center wavelength. Within
the C-band and L-band, all modes satisfy 8, <0, in-
dicating that this homogeneous doped MCF trans-
mits in the anomalous dispersion regime. Next, we
will use B, to determine the fiber's dispersion. The

expression for dispersion is:

2nc

D=—72 N (17)

Based on the above formula, we calculated the
dispersion distribution for the parameter combina-
tions before and after optimization. display the dis-
persion values in the C+L band for the minimum
and maximum parameter combinations listed in
Tab. 1, respectively. As seen in the figures, with the
minimum parameter combination (Fig. 8), the dis-
persion values range between [16.87, 23.25] ps/
(nm-km) across the 1530 nm to 1625 nm range;
with the maximum parameter combination (Fig. 9),
the dispersion values fall within the [21.60, 27.13] ps/
(nm-km) interval. This demonstrates that even un-
der boundary conditions where structural paramet-
ers vary to their limits, the optimized fiber disper-
sion strictly remains within the preset constraint
range of 16.87<<D(1)<27.1 ps/(nm-km), ensuring
compatibility with standard single-mode fiber trans-

mission characteristics.
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Fig. 7 Dispersion characteristics of maximum parameter

combination optical fiber mode
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Fig. 9 Maximum parameter combination fiber dispersion

value

(d) Effective Normalized Frequency V. <
2.405: To ensure high-quality signal transmission,
the fiber must strictly maintain Single-Mode Opera-
tion (SMO) to eliminate inter-modal dispersion. For
standard step-index fibers, the condition for SMO is
defined as a normalized frequency V <2.405.
However, in the design of the trench-assisted MCF
used in this study, the presence of low-refractive-in-
dex trenches significantly alters the mode cutoff
characteristics, making the traditional V -value
definition no longer accurate. To accurately predict
the single-mode cutoff condition for this complex
refractive index profile, this paper introduces the ef-
fective normalized frequency V,;,. This parameter
is based on the Equivalent Step-Index (ESI) model
concept, which equates the complex trench struc-
ture to a step-index fiber with identical cutoff char-

acteristics, thereby allowing the classical single-
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mode criterion to remain applicable. This modified
parameter is combined with the effective relative re-

fractive index difference A,/ for correction, defined

2
Verr = %ncu V2Agr s (18)

2 _ 2
Moo neff

2 b
2n2

as follows:

Aeff: (19)

Where A is the cutoff wavelength, and n, repres-
ents the equivalent refractive index of the actual
light field propagation after considering the trench
structure. This parameter can be obtained via Finite
Element Method (FEM) simulation or estimated
using analytical expressions. According to referen-
ce®, the trench structure results in A,r; <A,
thereby significantly reducing V,;s, which is con-
ducive to maintaining single-mode transmission.
Similarly, if this constraint is violated, a penalty of
magnitude 107 is directly applied to the fitness
value.

(e) Effective Mode Field Area (A.sr): A smal-
ler A,;; enhances nonlinear effects, while an excess-
ively large A,;; may lead to mode instability. The
formula for calculating the effective mode field area

is as follows:

_([fetasary

Ay = —ﬂ el

Selecting the minimum and maximum param

200

eter combinations from Tab. 1, the calculated effect-
ive mode field areas are 84.6 um* and 175.2 um?, re-
spectively. It can also be expressed using the mode
field radius (W,):

Ayp=1W; 2D
For step-index fibers, the expression for the
mode field radius can be represented as®”:

W, 1.619 2.879
L 065+ ——+ 22 , (22)
a, V32 V6

Where a, is the core radius and V represents the

normalized frequency. Combining this expression

with Eq(18) (i.e., replacing V with V,/), we can de-
rive the joint constraint relationship between the
fiber's effective mode field area and the cutoff
wavelength.

Through the above analysis, it can be seen that
PSO explores the maximum effective mode field
area (A.sr) constraint satisfiable under each cutoff
wavelength constraint through the combination of
various constraints, as shown in Fig. 10. It starts
from the widest bandwidth (cutoff wavelength <
1360 nm) and the minimum A, constraint
(A.rr €[85,115] um?®). For each constraint combi-
nation, the Particle Swarm Optimization algorithm

is run 100 times to test its reliability.

a Start
g
<
£ <1360nm -
= i
8
=) v end
g <1460 nm —_— fT‘-
? ]
= f

<1530
ag nm —_ —=
=
©]

[85,113] [115,145] [145,175]

Effective mode area constraints/pum?

Fig. 10 Constraint combination

Next, we focus only on the MCF parameter
solutions obtained under the highest A,,; constraint
and the corresponding cutoff wavelength range,
which corresponds to the solution within the purple
circle in Fig. 11. At the beginning of the objective
function calculation, constraints such as coating
loss, geometric non-overlap, and induced loss
caused by the central core are checked first. If these
three constraints are all satisfied, the fitness func-
tion is:

Fitness =XT + Penalty A+

Penalty Dispersion+
Penalty cutof f —wavelength , (23)

If any of these conditions are not met, the fit-
ness value will be assigned a huge penalty value of
magnitude 10°. In this way, we further reduce the

problem space and shorten the computation time.
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Optimized convergence curve
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Fig. 11  Optimized convergence curve (Each red circle rep-

resents an iteration)

3.3 Optimization Parameters and Performance
Analysis

For each constraint combination emphasized in
Fig. 10, the PSO algorithm was executed 100 times,
and solutions satisfying all constraints were ob-
tained in all cases. The bending radius was set to
210 mm at a wavelength of 1550 nm. In these four
scenarios, based on the calculation and assessment
of the constraint combinations, solutions satisfying
the constraints exist for Case 1 (A<<1360 nm).
However, for Case 2 (1<<1460 nm) and Case 3 (1<
1530 nm), the range of A,;, must be narrowed to
satisfy the conditions. The minimum crosstalk ob-
tained in Case 1 is -95.89 dB/km. Through data ana-
lysis and simulation, the following results can be de-
rived:

Fig. 11 illustrates the variation of the fitness
function values during the iteration process. As the
number of iterations increases, the design paramet-
ers gradually converge to the optimal solution.
When the iteration count reaches 100, the optimal
values for a;,w,,w,,A|,A, and A in Tab.l corres-
pond to 4.3 pm, 4.9 um, 7.5 pm, 0.0045, —0.007,
and 45 um, respectively.

Fig. 12 and Fig. 13 illustrate the relationship
between crosstalk and core radius/core pitch when
A is 0.6% and A, is —0.7%; and the relationship
between crosstalk and the refractive index differ-
ences of the trench and core when a, is 4.25 um and

the core pitch is 40 um. With other parameters held

constant, the results confirm that increasing the core
pitch and introducing the trench structure play a crit-
ical role in crosstalk suppression, particularly given
the exponential sensitivity of crosstalk to these vari-
ations. Fig. 14 displays the trend of inter-core
crosstalk (XT) in the optimized seven-core fiber as
the transmission distance L increases. Simulation
results indicate that when the transmission distance
increases from 1 km to 200 km, the XT value rises

from an initial —100 dB/km to —75 dB/km.
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Fig. 12 TA-MCEF Crosstalk vs Core Radius and Pitch
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Fig. 14 TA-MCEF Crosstalk vs Fiber Length
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This trend is consistent with the theoretical pre-
diction in Eq(10), validating the linear characterist-
ic of crosstalk accumulation with distance under the
weak coupling mechanism.

3.4 Fabrication Tolerance and Bending Analysis

In practical deployment, fibers may experience
tighter bends than the standard 210 mm radius. Ac-
cording to Eq. (10), inter-core crosstalk is linearly
proportional to the bending radius. Therefore, under
a tighter bending radius (e.g., R,=30 mm), the
crosstalk will be theoretically lower than the value
at 21 mm due to the increased phase mismatch
between cores. Specifically, at R,=30 mm, the
crosstalk is suppressed by approximately 8.4 dB
compared to 210 mm. Although tighter bends typic-
ally induce higher macro-bending loss, the optim-
ized trench structure in this design provides strong
mode confinement, keeping the macro-bending loss
negligible (<0.1 dB/turn) even at a 30 mm radius.

Furthermore, considering the fabrication limits,
we analyzed the impact of structural deviations.
Fig. 15 illustrates the variation of crosstalk and dis-
persion when the core radius (a;) deviates by £1%.
As shown in the figure, the inter-core crosstalk ex-
hibits a variation of approximately 5 dB but consist-
ently remains below —87 dB/km (ranging from
=92 dB/km to —87 dB/km). Meanwhile, the disper-
sion variation is controlled within 1.3 ps/(nm-km)
(ranging from 21.4 to 22.7 ps/(nm-km)), which sat-

isfies the design requirements for the C+L band.
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Fig. 15 Variations of crosstalk and dispersion under +1%

deviation of core radius

This demonstrates that the proposed fiber
design exhibits high robustness against typical man-

ufacturing errors.

4 Conclusion

In this paper, the Particle Swarm Optimization
(PSO) algorithm was employed to optimize all para-
meters of a weakly coupled trench-assisted seven-
core fiber. Unlike previous methods limited to local
parameter scanning or relying on complex hetero-
geneous structures, this global optimization strategy
effectively balanced conflicting physical constraints.
Consequently, coordinated control of crosstalk, ef-
fective mode field area, and dispersion was
achieved. Specifically, while maintaining the stand-
ard 125 pum cladding diameter, the optimized fiber
achieved a large effective mode field area consist-
ent with standard single-mode fibers, as well as a
dispersion range of 16.87 to 27.13 ps/(nm-km).

Based on the finally optimized structural para-
meters, the calculated mode coupling coefficient is
approximately 3.735x107°m™', corresponding to a
theoretical coupling length of approximately 420.5
m. This value far exceeds the typical transmission
span, strictly validating the realization of the weakly
coupled regime from a physical mechanism. The
results demonstrate that the optimized fiber achieves
an ultra-low crosstalk of -90 dB/km at 1550 nm,
significantly enhancing optical communication ca-
pacity and providing strong technical support for fu-
ture high-speed, large-capacity optical communica-
tion networks. To visually demonstrate the perform-
ance advantages of this design, Tab. 2 compares the
proposed fiber with other representative 7-core fiber
designs.

As shown in Tab.2, our optimized design
achieves a superior balance, offering significantly
lower crosstalk and a larger effective mode area
compared to existing designs under similar dimen-
sional constraints.

Data analysis during the iteration process indic-
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ates that as parameters converge to the optimal solu-
tion, the effectiveness of the core and the surround-
ing low-refractive-index trench within the fiber
cross-section is verified. Numerical simulations fur-
ther prove that precise adjustment of the trench can

yield significant performance improvements. Key

parameters such as trench width, inner cladding
width, and the refractive index differences between
layers can effectively control the degree of inter-
core crosstalk, which is helpful to improve the capa-
city and reliability of the whole optical communica-

tion system.

Tab.2 Comparison with other 7-core fiber designs

Reference Structure Type Core Pitch (um) Crosstalk (dB/km) Aef f(ym2)

Ref. [11] Trench-assisted ~50 80

Ref. [13] Channel-assisted 35~45 —66(@1310 mm) -

This work Optimized Trench <-90 ~110
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