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Abstract

In this work, we focus on designing heterogeneous step-index multi-core fibers (Hetero-SI-MCFs)
with the standard cladding diameter of 125-um, which enables the utilization of the existing optical
cables, connector interfaces, and conventional optical components. To estimate the inter-core crosstalk
(XT) in Hetero-SI-MCFs, an analytical expression with a particularly simple form is derived for the
mode-coupling coefficients between non-identical step-index (SI) cores, which enables a quick
estimation of the XT values. The analytical results are in good agreement with the results obtained by
numerical simulations by finite-element method (FEM). Using the derived analytical expression, the
feasibility of designing conventional Hetero-SI-MCFs with one-ring core layout in the standard 125-
um cladding diameter is discussed. We then propose a novel method of allocating the non-identical
cores in heterogeneous MCFs (Hetero-MCFs), where the crosstalk and critical bending radius (Rpk)
are improved as compared to that of Hetero-MCFs designed by the conventional method. We
numerically reveal that the number of SI cores that incorporated in the standard cladding diameter can
be further increased with the proposed method of core allocation. It is shown that the simple SI profile
enables us to allocate 8§ and 6 non-identical cores in the standard cladding diameter of 125-um for the
O- and C-bands, respectively, and the achieved sufficiently low XT values support hundreds of
kilometers transmission of the QPSK format signal. It is also shown that the simple SI profile enables
us to allocate 10 and 8 non-identical cores in the standard cladding diameter of 125-um for the O- and
C-bands, respectively, and the achieved XT values support several kilometers transmission of the
QPSK format signal, which has the potential use in datacenter networks. In addition, we propose a
relatively low refractive index trench layer which occupies the outermost part of the conventional fiber
cladding enables us to suppress the loss of outer cores in MCFs. A new kind of novel Hetero-SI-MCF
with outer trench (OT) layer is proposed for achieving high core multiplicity. The designed MCFs with
the comparable optical transmission characteristics to the conventional single-mode single-core fibers

have the potential application in the space-division multiplexing systems.

key words: Standard cladding diameter, heterogeneous multi-core fiber, step-index profile, space

division multiplexing, outer trench layer.
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Chapter 1. Introduction

1 Chapter 1. Introduction

Space division multiplexing (SDM) has been proposed to overcome the capacity limitation of the
existing optical communication system over the conventional single-mode single-core fiber (SM-SCF)
[1]. Multi-core fibers (MCFs), in which multiple cores are packed in a single-fiber cladding, have been
studied intensively and regarded as a promising implementation of SDM transmission.

Many types of single-mode MCFs (SM-MCFs) and few-mode multicore fibers (FM-MCFs) have
been proposed to increase core count or mode count [2]. FM-MCEF is a promising scheme to scale up
the spatial channel count (SCC) since it combines multiple modes and multiple cores. The inter-core
crosstalk (XT), which leads to signal distortion, is a common issue in SM-MCFs and FM-MCFs
because it limits the transmission distance, transmission capacity, and modulation format [4]. In FM-
MCFs, XT between the highest order modes needs to be concerned because the XT between the
highest order modes is larger than the XT among other combination of modes [5]. The differential
mode delay (DMD), which represents the time difference between the fastest mode and the slowest
mode in a core, is another one important issue for FM-MCFs, because a large DMD requires heavy
signal processing for recovering the coupled signals [5]. It is required to suppress DMD for all cores
within a certain range in FM-MCFs. Some FM-MCFs exceeded the SCC of 100: 108 with 3 modes x
36 cores [6], 114 with 6 modes x 19 cores [7]. However, FM-MCFs should overcome both issues of
XT and DMD simultaneously. On the other hand, SM-MCFs have the great advantage of upgradability
from the existing equipment and require no complex signal processing of optical multiple-input
multiple-output (MIMO) [8], facilitating a simple implementation for SDM transmission.

The maximum core count of SM-MCFs was beyond 30 [2]. However, the cladding diameters are
larger than the standard 125-um cladding diameter in order to realize such large core count while
maintaining sufficiently low XT. Since the mechanical reliability evidently degrades as the cladding
diameter increases [9], the standard cladding diameter is preferable for use in the tight bend situations.
It is also known that MCFs with the standard cladding diameter enable the utilization of the existing
optical cables, connector interfaces, and conventional optical components [11]. In addition, the already
mature splicing and cabling technologies utilized for conventional single-core fibers can be applied to
fabricate MCFs with the same cladding diameter [10], effecting a reduction in the fabrication cost.

Eight-core SM-MCFs with the standard cladding dimeter of 125-um have been presented in [10].

However, both MCFs are limited to operate at O-band, and trench-assisted (TA) core are employed.
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Four-core SM-MCFs with the standard cladding dimeter have been reported in [13], the sufficiently
low XT are also realized by TA profile and W-shape profile, so that the MCFs can be applied to full-
band operation or long-haul transmission. To further suppress XT, cores with a low refractive index
structure such as TA core [10], hole-assisted (HA) core [18], and rod-assisted (RA) core [19] are
presented, their basic idea is to enhance the mode confinement or reduce the mode field overlap by
these low refractive index arca. However, because these structures are all micrometer-sized structures
and a large amount of fluorine dopant is required during the fabrication process [12], the fabrication
becomes complex and expensive. Thus, using the simple step-index (SI) core is effective in the
reduction of fabrication cost. Four-core SM-MCFs with the simple SI profile have been presented in
[11], which are the record core count of the SI profile in the standard cladding diameter. However, the
XT of the reported SM-MCFs are relatively high for C-band operation.

So far, two types of MCFs have mainly been proposed for use in transmission. One is the
homogeneous MCF (Homo-MCF), in which all the cores are identical [10]; another one is the
heterogeneous MCF (Hetero-MCF) which contains non-identical cores [9]. As compared with
identical cores, non-identical cores can be more closely packed in a limited cladding diameter because
the slight differences in their core radii and core refractive indices can make XT go down drastically.
Thus, using the simple heterogeneous SI cores is a potential means to achieve sufficiently low XT
while reducing the fabrication complexity and cost.

Therefore, In this study, we focus on using the non-identical SI cores to design MCFs within the
standard cladding diameter of 125-um, which can be expected to further increase the core count as
compared to the 125-um cladding MCFs reported so far [10].

This dissertation is structured as follows:

In chapter 2, we derive an analytical expression for mode-coupling coefficients between non-
identical SI cores, which has a particular simple form that can be easily calculated using mathematical
tools. Next, we introduce the estimation of XT between non-identical cores, some equations are
reviewed. We then verify the validity of the derived analytical expression, facilitating its application
to the XT estimation in heterogeneous step-index multi-core fibers (Hetero-SI-MCFs). Lastly, using
the derived analytical expression, the feasibility of designing the conventional Hetero-SI-MCFs within
the 125-um standard cladding diameter is discussed.

In chapter 3, we propose a novel core allocation to modify the conventional Hetero-SI-MCFs,

where we shorten the outer cladding thickness (7¢) of those cores with higher core refractive index,
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resulting the enlargement of core pitch (D) for achieving lower XT values. The improvements in the
modified Hetero-SI-MCFs as compared to the conventional Hetero-SI-MCFs are discussed. Using the
proposed core allocation, it has been shown that the standard cladding diameter supports six and eight-
core with sufficiently low XT for long-haul transmission for C- and O-band, respectively, and it also
supports eight and ten-core with acceptable XT for transmission of several kilometers for C- and O-
band, respectively.

In chapter 4, we propose an outer trench (OT) layer to suppress the loss of outer cores in the
conventional Hetero-SI-MCFs. OT layer has a relatively low refractive index as compared to the
standard fiber cladding and occupies the outermost part region of the fiber cladding, which enables us
to allocate cores to a relatively thin T¢, effecting in the enlargement of core pitch. Using the proposed
OT layer, it has also been shown that the standard cladding diameter supports eight-core with
sufficiently low XT for O-band transmission.

In chapter 5, summaries of this dissertation are presented.
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2 Chapter 2. Analytical expression for mode-coupling coefficient
between non-identical step-index cores

In general, to design MCFs, mode-coupling coefficients between the cores are required for estimating
the average inter-core XT. Rigorous results can be obtained by numerical simulations. However, these
are usually very time-consuming. Analytical expressions for the mode-coupling coefficients between
non-identical cores have been reported in Refs. [22]. However, many of their results are derived using
the coupled-mode theory or a complicated method, and their primary objective is to analyze the power
transfer between non-identical cores. Moreover, the derived expressions have not been applied for
designing MCFs.

As another method, a simple two-core coordinate system has been successfully applied to derive
the mode-coupling coefficients between identical SI cores [25], and a particularly simple expression
has been derived. A similar coordinate system has been applied to derive the mode-coupling
coefficients between non-identical TA cores [26]. However, because the modified Bessel functions of
the first kind in the exact electric field expressions of the inner cladding and trench region are ignored
for simplifying their derived expression, a large error is seen in the mode-coupling coefficient when
the trench region is relatively close to the core region [27]. To the best of our knowledge, the analytical
expression for the mode-coupling coefficients between non-identical SI cores has not yet been
formulated using the similar coordinate system, where the exact electric field expressions can be used
and good accuracy can be expected.

Therefore, in this chapter, we first derive an analytical expression for the mode-coupling
coefficients between identical SI cores by the similar two-core coordinate system. Then, we verify the
validity of the derived expression, facilitating the estimation of the XT values in Hetero-SI-MCFs.
Next, the feasibility of designing the conventional Hetero-SI-MCFs within the standard cladding

diameter is discussed.

2.1. Derivation of the analytical expression

The mode-coupling coefficient with the overlap integral of electromagnetic fields is generally

written as follows [25]:
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wéy fjooo fjooo(NZ — N,*)E; - Epdxdy
2 % u, (B x Hy + Ey x Hy)dxdy

K12
()

_ WEg fozn foa(n12 - nOZ)E; ' Ez?"d?"d@

B 4P '

where x> represents the mode-coupling coefficient from core 2 to core 1. The subscripts 1 and 2 in
Eq. (1) denote the parameters for core 1 and core 2, respectively. w is the angular frequency of the
electromagnetic fields and o is the permittivity of vacuum. E and H stand for the electric and magnetic
fields, respectively, * denotes the complex conjugate, and u, represents the unit vector of the z-axis.
The denominator of the original function can be written as 4P, where P refers to the total power flow
in core 1. As illustrated in Fig. 1, N’(x, y) denotes the refractive index distribution in the entire coupled
region, and N2%(x, y) represents the refractive index distribution of core 2, which consist of core 2 and
the cladding region. Thus, the difference in refractive index inside core 1 is expressed as 11> — n¢?,

where n1 and no represent the refractive indices of core 1 and the cladding, respectively.

Core 1 Core 2 Core 2

2
) n,

B
NP s

Core 1

Fig. 1. Geometries for the calculation of k12. (a), (b), and (c) represent N’(x, y), N2’(x, y), and N°(x, y) — N2’(x, y),

respectively.
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&
-

Fig. 2. Coordinate system for the calculation of x12. (R, 0) is a coordinate system with its the origin at the center of

core 2.

As illustrated in Fig. 2, to further simplify the numerator of Eq. (1), a coordinate system (R, ©)
whose origin is the center of core 2 is used, here D represents the core pitch. Hence, it is easy to
consider the electric field in the core region of core 1 for E; and the electric field in the cladding of
core 2 for E>. The exact electric fields of the fundamental mode can be expressed by the following
expressions [25].

Core region of core 1:

Uy
E, = CyiJ (a—lr) cosy,

U
E, = —CyJ, (a—ir) sini, 2)
E, —jﬁU1 Ci1 <—r) cos(6 + ),
Cladding region core 2:
_ . Jo(U2)
E, =0C, KWy K, ( 4 R) cos,
Jo(3)
E,=—Cy—F—~ Ky (W) K0 K, ( )smtp 3)
J1(U)
E, _]ﬁzaz C, K, (W,) KI( 4 )cos(@ + ).

As illustrated in Fig. 2, » denotes the distance from one point to the center of core 1 and R
represents the distance from one point to the center of core 2. a1 and a» denote the core radii of cores
1 and 2, respectively, U and W represent the normalized transverse wave numbers in the core and
cladding region, respectively, and y denotes the phase. Jy(z) represents the Bessel functions of the first

6
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kind, and Kn(z) represents the modified Bessel functions of the second kind, where n =0 or 1 represents
the order of the Bessel functions. C; and C; are related to the power flow P and are expressed by Eq.

(4.111) in [25]:

C = 74 2P,
Va0 megnac
4
_ w, 2P,
2 a;VoJ1(Uz) ([egnac’
where c is the velocity of light in vacuum, and V is the normalized frequency.
Therefore, E*;*E> in Eq. (1) is expressed as follows:
Jo(U2)
Ef-E, = C1Cy) ( ) —K, ( R)
1" E2 1L2Jo K,y °\a,
®)

U1U, J1(U2)
* .Bl.gza1a2 162 ( )Kl(Wz) K ( % )C05(9 + 1) cos(O + ).

Because the second term on the right-hand side of Eq. (5) is sufficiently smaller than the first term,

the integration term in the numerator becomes

S = jznj (n,% —n )ClCZ]O( )IQE(V]I;;)KO( )rdrde (6)

When D >> r, using the following approximation

R=+D2+7r2—2Drcosf =D —rcosb, (7

and considering the case when the argument of the modified Bessel function K,(z) is large, it can be

K,(z) = \/gex p(—2). (8)

Therefore, using the following two integral formulas of Bessel functions:

approximated as

Iy(2) = %f:exp(z cos 6)do, )]

Jo(Uz2)WI,(Wz) + IO(UZ)Uh(WZ)
Uz +Ww?2

f JoUD)Io(W2)zdz = (10)

the integration term of the numerator is further written as:
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S

=2ma?(n,?

4 4 a1

102)C,C Jo(U>) ’ na, exp( w, D)fo(Ul)Wz a, 1 (Uz az) +1o (Wz az) U1 (Uy)

— o 127y - >
Ko(Wz) 2W2D a, Ulz + (WZ %)

(11)

where I,(z) represents the modified Bessel functions of the first kind.

Here, we consider that core 2 is not so much different from core 1, so that C; £ C;. The mode-

coupling coefficient of core 2 to core 1 is finally given as follows:

weYS
K12 = 7 p

VB ww, e, ( WZD) Jo(Uy) JoWWa 1y (Uz ) + 1o (Wa ) Uy (12)
—_— exp —_— )
}WZD

T ap Voh(UDL(U) ay ) Ko(Wy) 0,2 + (w, &)’
a

where A is the relative core refractive index difference of core 1. By exchanging the subscripts 1 and

2 in Eq. (12), we obtain the mode-coupling coefficient from core 1 to core 2 (x21).

2.2. Estimation of XT between two cores

To easily estimate the XT in MCFs, coupled-power theory (CPT) has been introduced [28], [29]. The
coupled power equations are written as [30]

dP,,
S Z hy Pa(2) = Pr(2)], (13)

nm
where Py, is the average power in core m and /., is the power coupling coefficient (PCC). The average

power P, in core m at a point z close to z = 0 is given by

Pn(2) =

[KmnAn(m j exp(iun)8F (€) df] [KmnAZ(O) j exp(—jBinm)SF* () dn]>
0 0
= K2Pa(0) j dr j explidBhun(€ — M1 SFE)SF* ()dn (14)
0 0

z z-n
= KanPa(0) [ dn [ exp(iaBind) (5 (1 + OOF* S,
0 -n
where the * and the symbol ( ) indicate complex conjugation and an ensemble average, respectively.
The random part of phase function, df, is a stationary random process, it has an autocorrelation function

R({), and Eq. (14) can be rewritten as
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Pul®) = Kb 007 | exp(idBin RIS, (s)
Since the two quantities, # and ¢, are not irrlldependent, it is difficult to evaluate the integral in Eq.
(15). If the correlation length of Jf, is much smaller than the increment z of fiber length, the bounds of
the intergral can be neglected and replaced by +oo and —oo, respectiely, therefore the PCC is finally
written as [29]

Pn(2)
zP,(0)

where S (A[)’r’nn (Z)) is the Fourier transform of the autocorelation function R(¢). It has been reported

Rinn (2) = = Kr%mS(A.Br’nn (Z)): (16)

that this autocorelation function can be well fitted by using exponential autocorrelation function [31]

given by

RQ) = exp(~5) (a7

where d is the correlation length and its corresponding PCC is a Lorenzian function given by

2K2.d
1+ [ABjn(2)d]*
When an MCEF is bent at a constant radius and is twisted continuously, the PCC is averaged over

hmn(z) = (18)

a twist pitch as

_ % 2m/y
on = @z (19
where v is a constant twist rate. Using the average PCC, the crosstalk XT between two cores with

length L is easily estimated as [29]

XT = tanh(h,L). (20)
Notice that, in this case, the PCC is independent of the twist rate. From Eq. (18), we can find that

PCC peaks at AfSy,, = 0 at a particular bending radius. since Afy,, is generally given by [29]

DB = B+ g (B €056, (2") — by 05 B, (') e
where A represents the distance between center of fiber cladding and core, R is the bending radius of
a MCF, f,, and B, are the propagation constants before the MCF getting bent in core m and core n,
respectively. This particular critical bending radius (Rpk) is given by the following equation.

_ Mgy D

R, =
Ane ffmn

pk (22)

where ner is the effective index of the mode, Anerr is the effective index difference between the core m

9
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and core n, and D is the core pitch. in the case of homogeneous MCFs, where AB,,, = 0, with small

bending radii Eq. (18) can be approximated as

_ 2K2.R
hpn = ———
mn BmD (23)
Here, the refined mode-coupling coefficient K, is the average value of mode-coupling coefficients

K12 and K21 [29].

XT !

2K2.d L
1+ (ABmnd)? Small d

~<

Large d

Fig. 3. Schematics of the XT in Hetero-MCFs.

Therefore, the schematics of the XT in Hetero-MCFs generally act as those depicted in Fig. 3.
Because there is no phase-matching point along MCFs for R, > Rpk, XT is given by Eq. (20) with Eq.
(18) to evaluate the average PCC. In this region, the XT values decrease into an ultra-low value and
varies with the correlation length d, a larger value of d yields a smaller value of XT. Thus, this region
is generally considered as d-dominant [9]. In this study, d is assumed to be larger than 1 m for the
estimation of XT because both the experimentally measured data and numerical results proved that
the value of d between non-identical cores is larger than 1 m [2], [32].

On the other hand, in the phase-matching region where Ry < Rpk, XT is proportional to the bending
radius and is independent on the correlation length d. The value of XT can be given by the Eq. (20)

with Eq. (23) to evaluate the average PCC, and this region is generally considered as R-dominant [9].

10
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2.3. Validity of the analytical expression

It is known that there is an effective core region (ECR) that is defined by the loss limits for
designing MCFs [9]. Outside this region, cores with very large core radii or very high relative core
refractive indices yield the higher-mode, whereas very small core radii or very low relative core
refractive indices cause the loss of fundamental mode to be too large to be used. Therefore, in this
section, we discuss the verification of the validity of the derived expression in the ECR. We compare
the mode-coupling coefficients obtained by the derived analytical expression (Kana) with those
obtained by FEM simulation (Krem) in the C- and O-bands, respectively. The comparison indicates
that the error in the XT obtained by the analytical expression and FEM is less than 2.0 dB/km.

The error in K12 is simply defined as the ratio of Kan to Krem, as expressed by the following
equation:

_ KAna

= Krem (24)
Therefore, the difference between the XT values obtained by the analytical expression (XTana)

and those obtained by FEM simulation (XTrgm) can be given by
XTaist = XTana — XTeem = 10logyo(e). (25)

Owing to the strict loss requirements, it is easy to see that the largest core radius that can be used
for C-band operation is approximately 4.9 um with the highest relative core refractive index of
approximately 0.42% from the Fig. 10 in Ref. [9], which also indicates that core 2 should have a» <
4.9 um with A, <0.42%. Accordingly, we fix a1 as 4.9 um with A, = 0.42% and change a, from 4.1 to
4.9 ym and A from 0.34% to 0.42% to verify the validity.

11
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Fig. 4. Mode-coupling coefficients (x>, k»1, and K),) as functions of A, at A = 1550 nm for D = (a) 30 um, (b) 35 um, and (c) 40 ym.

Figures 4 (a), (b), and (c) plot the mode-coupling coefficients (xi2, k21, and Ki») as functions of
A, at 1550 nm for D = 30, 35, and 40 um, respectively, where a» = a1 = 4.9 um and A, ranges from
0.34% to 0.42%. The magenta, blue, and green dashed lines represent the analytical results of x12, 21,
and K, respectively, and the magenta, blue, and green dashed lines with circles represent the FEM
simulations of k12, x21, and K, respectively. We can see that the analytical results have the same trend
as the FEM simulations. Due to the mode confinement becomes better, x> decreases as A; increases,
whereas k2| increases a little as Az increases because there is a small increase in the difference between
the refractive indices. When A = 0.42%, core 2 is identical to core 1, leading to x12 = x21 = K12, which
are represented by the rightmost green circles. Here, because the last term of Eq. (5) is ignored during
the derivation, all the analytical results are smaller than those obtained by FEM simulations. The
minimum value of ex is 84% in Fig. 3, which is relatively high for a mode-coupling coeffecient.

However, if we substitute this value into Eq. (25), the XTqifr can be expected to be less than 1.5 dB/km.

12
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Fig. 5. Mode-coupling coefficients («\», k21, and K,) as functions of a, at L = 1550 nm for D = (a) 30 um, (b) 35 um, and (c) 40 um.

Figures 5 (a), (b) and (c) plot the mode-coupling coefficients as functions of a at 1550 nm for D

=30, 35, and 40 um, respectively, where A, = A; = 0.42% and a, ranges from 4.1 to 4.9 um. We can

also see high accuracy in the analytical results and FEM simulations, and x12, k21, and K12 show the

same trend as that depicted in Fig. 4. The difference between Kan. and Krem increases as the core

radius increases because Eq. (7) is used in the derivation of the analytical expression, in the case of

the fixed core pitch, it is more accurate when the core radius is small. Here, the minimum value of ex

is 84%, leading the value of XTisr to be less than 1.5 dB/km.

For the O-band operation, a; is fixed as 4.1 gum with A;= 0.39% because this is the core parameter

with the maximized optical confinement that can be operated along the O-band [5], and it also indicates

that core 2 should have a> < 4.1 yum with A2 <0.39%. Here we consider that a; ranges from 3.3 to 4.1

um and A ranges from 0.31% to 0.39%.
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Figures 6 (a), (b), and (c) plot the mode-coupling coefficients as functions of A, at 1310 nm for

D =25, 30, and 35 um, respectively, where a> = a; = 4.1 um and A, ranges from 0.31% to 0.39%. We

can also see that the analytical results indicate the same trend as the FEM simulations. The minimum

value of ex is 79%, which is relatively high for a mode-coupling coefficient. However, if we substitute

this value into Eq. (25), the XTaf can be expected to be less than 2.0 dB/km.
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Fig. 7. Mode-coupling coefficients («\, k21, and K,) as functions of a, at L = 1310 nm for D = (a) 25 um, (b) 30 um, and (c) 35 um.

Figures 7 (a), (b), and (c) plot the mode-coupling coefficients as functions of a; at 1310 nm for D =

25, 30, and 35 um, respectively, where Ao = A = 0.39% and a, ranges from 3.3 to 4.1 um. We can also
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see that the difference between Kan, and Krpm increases as the core radius increases, which can be
attributed to the fact that Eq. (7) is more accurate for a smaller core radius when the core pitch is fixed.
Here, the minimum value of ex is 82%, leading the value of XTaisr to be less than 1.7 dB/km.

The error in the analytical expression is relatively high for evaluating mode-coupling coeffecient.
However, the XT values obtained by the analytical expression are acceptable for evaluating the XT
values between non-identical SI cores, which are considered to be 2.0 dB/km lower than those obtained

by FEM simulations.

2.4. Applications of the analytical expression

2.3.1 Conventional Hetero-SI-MCF's for C-band

Reference [11] has reported that 125-um cladding diameter supports four identical SI cores with
XT of =28 dB/km at A = 1550 nm. In this section, non-identical SI cores are adopted to increase the
number of cores and suppress the XT in the C-band.

Heterogeneous core design means that the effective indices (n.qs) are different for adjacent cores,
the main target is to find cores with a large enough Ancsr. To guarantee single-mode operation, cores
are required to meet assumed loss requirements. The excessive loss (EL) which indicates the
attenuation degradation of the outer cores due to macro-bending loss induced by high refractive index
of fiber coating is one issue needs to be concerned [16]. It is pointed out that the refractive index of
coating materials (7coating) 1S @ random value ranges from 1.465 to 1.485, which affects the loss of core
[33]. However, since it is difficult to control the value of #coating in real fibers, the #coating 1s generally
fixed as 1.486 in simulations [16]. In this study, all the 7coating are also fixed as 1.486 in the evaluations

of the loss of cores.

Selection of core parameters

Figures 8 (a) and (b) show the general method of core selections. Cores with different core radii (a)
and relative refractive indices (A) have different effective areas (Aef). For realizing the homogeneity
of the transmission characteristics and low splice losses [9], cores with similar values of 4. must be

selected. For C-band use, we select cores with Aer = 80 um? at L = 1550 nm, which is the general
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recommendation for single-core single-mode fibers and is represented by the black dashed line.

3.8 4 4.2 4.4 4.6 4.8 5 5.2

alpm]

(a) Cutoff limit EL limit (b)
Te=30um | --—-mmmmmmm . Tc=31pum
T.=32um | =-mmmmmmmmm R ——— T =33 um
T =34 um Te=35um
Te=36um | ==—=mmmmmmm e Tc =37 um

Fig. 8. Relationship between the core parameters and effective indices for the C-band: (a) Tc
=30, 32, 34, and 36 um; (b) Tc =31, 33, 35, and 37 um.
As the bending loss (BL) of the cores is strongly affected by the outer cladding thickness (7¢) [16], we
start with a 7c of 30 um and increase it in steps of 1 um to select the cores for fiber design. To guarantee
single-mode operation, the colored dashed lines represent the cutoff limits of LP;; mode for different
values of Tc, which are plotted by assuming the BL of LP1; mode to be larger than 1 dB/m at A = 1530
nm and R, = 140 mm, whereas the colored solid lines represent the excessive loss (EL) limits of LPg;
mode for different values of 7c, which are plotted by assuming the BL of LPo; mode to be less than

0.01 dB/km at A = 1565 nm and R, = 140 mm [11]. The black dotted lines represent the constant ress
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at A = 1550 nm. These are all simulated based on full-vector FEM [34].

Based on these curves, it can be seen that only cores in the region surrounded by the dashed and

solid lines of the same color and on the Aer = 80 um? line are effective for fiber design. This region is
termed as effective core region (ECR).
As shown in Fig. 8 (a), when T¢ = 30 um, the EL limit, cutoff limit, and Acs= 80 um? line intersect at
the magenta dot, which indicates this core can be used to design homogeneous step-index MCFs
(Homo-SI-MCFs) with a T¢ of 30 um. Furthermore, it is found that both the EL and cutoff limits are
shifted to the lower core refractive region as T¢ increases, and the EL limit descends more rapidly than
the cutoff limit. This is because the loss of LPy; mode is more sensitive to 7¢ than that of LP;; mode,
which leads to the enlargement of the ECR, facilitating the selection of non-identical cores to design
Hetero-SI-MCFs.

Further, based on Eq. (22), a larger value of Anerr is able to achieve a smaller value of Rpk, which
indicates that the XT will decrease to a low value more rapidly. Therefore, we use one core at the upper
limit of ECR and another one core at the lower limit of ECR to design Hetero-SI-MCFs. For example,
the two blue dots (cores By and Br) marked in Fig. 8 (a) are used for designing Hetero-SI-MCF with
Tc =32 um, and other dots of the same color marked in Fig. 8 (a) and (b) denote the core combinations
for designing Hetero-SI-MCF with different values of 7c. Moreover, it is clear that all the cores are
within the range verified in Section 2. 4, facilitating the estimation of the XT values by the derived

expression directly.

Achievable XT

CD =125 um CD =125 um

Fig. 9. Cross sections of the designed MCFs: (a) Homo-SI-MCFs with identical cores and (b) Hetero-SI-
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MCFs with non-identical cores.

Owing to restricted loss requirements, the cores are required to be allocated as one-ring layout in
the fiber cladding as shown in Fig. 9. When the number of cores () is determined, the core pitch can
be easily calculated using the following equation.

D =2(CD/2 —T¢)sin(r/N,), (26)
where CD represents the cladding diameter and is fixed as 125 um. Therefore, using Eq. (18), Eq. (20),

and Eq. (23), the XT between two adjacent cores of the designed MCFs can easily be estimated.
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Fig. 10. Estimated nearest XT as functions of 7¢ for the C-band: (a) N. = 4; (b) N. = 6.

Figures 10 (a) and (b) plot the estimated nearest XT by the derived expression as functions of 7¢
for N. =4 and 6, respectively, in which the XT is estimated at A = 1.55 ym and R, = 140 mm, and d is
assumed to be 1 m. When 7¢c = 30 um, the XT of the Homo-SI-MCFs designed using the core A
represented by the magenta dot marked in Fig. 8 (a) is plotted, when T¢c > 30 um, the XT of the Hetero-

SI-MCFs designed using the core combinations represented by the dots of the same color depicted in
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Fig. 8 (a) and (b) is plotted.

For N. = 4, when Tc < 33 um, the XT is relatively high because the Rpk of Hetero-SI-MCFs is
larger than 140 mm. When 7¢ reaches 33 um, the Ryk of Hetero-SI-MCFs is smaller than 140 mm,
leading to a drastic decrease in the XT. Thereafter, the XT increases as Tc increases because Kmn
increases rapidly as 7c increases. The best value of the nearest XT is —83.0 dB/km at Tc = 33 um,
because multiple cores are incorporated in one single-fiber cladding, we consider that the total XT for
each core is equivalently caused by two neighboring cores, leading to a 3-dB/km increase in the total
XT. In addition, considering a 2-dB/km increase in the XT owing to the error in the analytical expression,
this four-core fiber has a total XT of —78.0 dB/km and can be expected to have negligible impact on
the transmission performance [11]. In comparison with the four-core fiber reported in Ref. [11], the
XT value is significantly improved.

For N. = 6, when Tc < 32 um, the XT is relatively high because the Ry of Hetero-SI-MCFs is
larger than 140 mm. When ¢ reaches 32 um, the XT drastically decreases into a low value because
the Ry of Hetero-SI-MCFs is smaller than 140 mm. The best value of the nearest XT is —39.7 dB/km
at Tc =32 um. Considering a 2-dB/km increase in the X T owing to the error in the analytical expression
and a 3-dB/km increase in it because of the two adjacent cores, the total XT value is —34.7 dB/km.
Since it is already known that for a 1-dB XT penalty, the average XT levels of —16 dB are allowed for
QPSK format signals [4], this six-core fiber can be expected to support the transmission of QPSK
format signals with a XT penalty of 1 dB at approximately 70 km [4].

Therefore, for the C-band, by using the non-identical SI cores, the number of cores is increased

by 2, and the XT value exceeds that of the Homo-SI-MCFs reported in Ref. [11].

2.3.2 Conventional Hetero-SI-MCFs for O-band

References [10] and [12] have reported eight-core fibers with 125-um cladding diameter for O-
band use. However, the sufficiently low XT is realized by TA profile. Here, we attempt to use the
simple SI profile for easy fabrication. Furthermore, due to the overlap of TA structures, the number of
cores reported in Refs. [10] and [12] reached the upper limit of 8. The simple SI cores facilitate a

further increase in the number of cores within the limited diameter.
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Selection of core parameters

For O-band use, Tc is initialized at 25 ym and increased to 32 um in steps of 1 um to select non-
identical cores. The cutoff limits of LP1; mode are assumed to be larger than 1 dB/m at A = 1260 nm
and Ry, = 140 mm, whereas the EL limits of LP¢; mode are assumed be less than 0.01 dB/km at A =
1310 nm and R, = 140 mm [10]. The colored dashed and solid lines represent the cutoff and EL limits
for the different values of Tc, respectively. The black dotted lines represent the constant negs at A =
1310 nm, and the black dashed line represents Aesr = 55 um? at A = 1310 nm, which is comparable to

the effective area of the cores reported in Refs. [10].

(a) Cutoff limit EL limit (b)
TC=25/-[m ------------ —_— TC:26/ll'l’l
Tc=27um | === —_— Tc =28 um
Te =29 um P Te=30um
To=3lpum | ==mm——————- = Tc=32um

Fig. 11. Relationship between the core parameters and effective indices for the O-band: (a)

Te=25,27,29, and 31 um; (b) Tc = 26, 28, 30, and 32 um.
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As shown in Fig. 11 (a), when Tc = 25 um, the EL and cutoff limits intersect at the magenta dot at
which Aer = 54.6 um?. Although the value of A is slightly less than the target of 55 um?, we use this
core to design Homo-SI-MCFs. We can also find the enlargement of ECR as Tc increases, and the dots
of the same color marked in Fig. 11 (a) and (b) are used for Hetero-SI-MCFs design. It is also clear
that all the cores are within the range verified in Section 2. 4, facilitating the estimation of the XT

values by the derived expression directly.
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Fig. 12. Estimated nearest XT as functions of 7c for the O-band: (a) N, = 8; (b) N, = 10.

Figures 12 (a) and (b) plot the estimated nearest XT by the derived expression as functions of 7¢
for N. = 8 and 10, respectively, where XT is estimated at A = 1.31 gm and Ry = 140 mm, and d is
assumed to be 1 m. When 7c = 25 um, the XT of the Homo-SI-MCFs designed using the core
represented by the magenta dot marked in Fig. 11 (a) is plotted. When T¢ > 25 um, the XT of the

Hetero-SI-MCFs designed using the core combinations represented by the same color depicted in Fig.
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11 (a) and (b) is plotted.

For N. = 8, XT is relatively high when Tc <27 um. This is because the Ry of Hetero-SI-MCFs
is larger than 140 mm. When 7¢ reaches 27 um, XT drastically decreases into a low value because the
Rpk of Hetero-SI-MCFs is smaller than 140 mm. The best value of the nearest XT is —47.3 dB/km at
Tc = 27 um, yielding a total XT of —42.3 dB/km, this eight-core fiber can be expected to support at
least hundreds of kilometers of transmission [4].

For N. = 10, when Tc¢ < 27 um, XT is relatively high because the Rpi of Hetero-SI-MCEF is larger
than 140 mm. When 7¢ reaches 27 um, XT decreases into a low value owing to the small Ry of Hetero-
SI-MCFs. The best value of the nearest XT is —26.6 dB/km at 7c =27 um, yielding a total XT of —21.6
dB/km, which can be expected to support the transmission of QPSK format signals over 3 km [4]. This

is the first description of a ten-core fiber with 125-um cladding diameter for O-band operation.

2.5. Conclusion

An analytical expression for the mode-coupling coefficient between non-identical SI cores is derived,
which enables us to quickly estimate the XT values in Hetero-SI-MCFs without the need of numerical
simulations. The derived analytical expression has a good accuracy as compared with the most
rigorous numerical simulations by FEM. Therefore, it is a useful tool for the design of Hetero-SI-
MCFs.

Using the derived analytical expressions, it has been shown that the simple SI profile enables us
to allocate 10 and 6 non-identical cores in the 125-um cladding diameter with the one-ring core layout
for the O- and C-bands, respectively. The designed Hetero-SI-MCFs are shown in the following

sections.

Designed conventional Hetero-SI-MCFs for C-band

The cross sections of the designed conventional four-core and six-core fibers for C-band are
shown in Fig. 13 (a) and (b), respectively. Cores are allocated to the circle with 7c = 33 um in the

four-core fiber, while the cores are allocated to the circle with 7c = 32 um in the six-core fiber.
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Fig. 13. Cross sections of the designed conventional Hetero-SI-MCFs for C-band. (a) 4-core fiber. (b) 6-core fiber.

The core parameters used for the designed conventional Hetero-SI-MCFs for C-band are listed in

Table I, where core Fy is the one at the upper limit of ECR, and core Fy. is the one at the lower limit

of ECR for Tc = 33 um, while core Sy is the one at the upper limit of ECR, and core Sy, is the one at

the lower limit of ECR for Tc = 32 um. The main parameters of the designed conventioanl Hetero-SI-

MCFs are listed in Table II.

Table. I Core parameters of the conventional modified Hetero-SI-MCF's for C-band.

Core number a [um] A [%] Aetr [um?]
Fu 4.86 0.415 80.1
FL 4.61 0.379 80.1
Su 4.87 0.417 80.0
S. 4.70 0.391 80.0

Table. II Parameters of the designed conventional Hetero-SI-MCFs for C-band.

Ne D [um] Ry [mm] XT [dB/km]
4 41.7 97.6 —78.0
6 30.5 99.8 —34.7

Figures 14 (a) and (b) plot the calculated nearest XT between the adjacent non-idnetical cores as

functions of R}, for the designed four- and six-core fibers, respectively. XT is calculated at A = 1550

nm, and d is assumed to be 1 m, 10 m, and 100 m, respectively. In both MCFs, the XT increases as Ry,
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increases in the R-dominant region, whereas the XT decreases into an ultra-low value and remains

insensitive to Ry in the d-dominant region.
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Fig. 14. Nearest XT between the adjacent cores in the designed conventional Hetero-SI-MCFs for C-
band. (a) 4-core fiber. (b) 6-core fiber.

Designed conventional Hetero-SI-MCFs for O-band

The cross sections of the designed conventional eight-core and ten-core fibers for O-band are shown

in Fig. 15 (a) and (b), respectively. in both cases, cores are allocated to the circle with Tc = 27 um.
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CD =125 ym

Fig. 15. Cross sections of the designed conventional Hetero-SI-MCFs for O-band. (a) 8-core fiber. (b) 10-core fiber.

The core parameters used for the designed conventional Hetero-SI-MCFs for O-band are listed in
Table III. Core Th is the one at the upper limit of ECR, and core Ty is the one at the lower limit of
ECR for Tc = 27 um, because both fibers have Tc = 27 um, the core parameters are same. The main

parameters of the designed conventioanl Hetero-SI-MCFs are listed in Table IV.

Table. III Core parameters of the conventional modified Hetero-SI-MCFs for O-band.

Core number a [um] A [%] Aetr [um?]
Tu 3.98 0.421 55.0
T 3.82 0.394 55.0

Table. IV Parameters of the designed conventional Hetero-SI-MCFs for O-band.

Ne D [um] Ry [mm] XT [dB/km]
8 27.2 83.3 423
10 21.9 67.3 216

Figures 16 (a) and (b) plot the calculated nearest XT between the adjacent non-idnetical cores as
functions of Ry, for the designed eight- and ten-core fibers, respectively. XT is calculated at A = 1310
nm, and d is assumed to be 1 m, 10 m, and 100 m, respectively. In both MCFs, the XT increases as Ry,
increases in the R-dominant region, whereas the XT decreases into an ultra-low value and remains
insensitive to Ry in the d-dominant region. In Fig. 16 (b), the XT value of the designed ten-core fiber

recheas 0 db/km at the R-dominant region.
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Fig. 16. Nearest XT between the adjacent cores in the designed conventional Hetero-SI-MCFs for O-
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3 Chapter 3. A novel core allocation for Hetero-MCFs

3.1 Schematic of the proposed core allocation

The schematic of the proposed method of core allocation is shown in Fig. 17, where Fig. (a) shows
the cross section of the conventional Hetero-MCFs with one-ring layout, where all the cores are
equally allocated to a common circle whose center is the cladding center, which indicates all the cores
have a common 7¢c, whereas Fig. (b) shows the cross section of the modified Hetero-MCFs, in which
the cores with lower core refractive index and the cores with higher core refractive index are allocated
to different circles respectively, because of the better core confinement, 7c of cores with higher core
refractive index (7c-n) could be smaller than that of cores with lower core refractive index (7c-r),
resulting the enlargement of core pitch (D) for achieving lower XT. Here, D, indicates the second
nearest core pitch between the cores with lower core refractive index in the modified Hetero-MCFs.

The steps to design the Hetero-SI-MCFs are introduced in the following sections.

Fig. 17. Schematic of the proposed method for the Hetero-MCFs design. (a) Cross section of the
conventional Hetero-MCFs. (b) Cross section of the modified Hetero-MCFs.

3.2 Applications of the proposed core allocation

In this section, the proposed method of core allocation is applied to fiber design for C- and O-band

respectively, the improvements in critical bending radii (Rpks) and XT values are discussed.
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3.2.1.  Modified Hetero-SI-MCF's for C-band

Here, we go back to Fig. 8 (a), where the core By and core By, marked by blue dot are used as an
example to introduce the difference between the conventional Hetero-MCF design and modified
Hetero-MCF design in the case of Tc = 32 um.

In the conventional Hetero-MCF design, core By and core By are allocated to the common circle
with 7¢c = 32 um, which indicates the Tc.1 = Tc.n = 32 um. However, in the modified Hetero-MCF
design, core By is still allocated to the circle with Tc.. = 32 um, while core B is no longer lies at the
upper limit of effective core region, because when the Tc.y is reduced, the core A marked by the
magenta dot can be allocated to the circle with 7c = 30 um due to the shift-up of the cutoff limit line.
Therefore, core A with Tc.g = 30 um is fixed in the modified Hetero-SI-MCFs, while the other one
core is determined by 7Tc.. and allocated to the circle with Tc.r.. We should note that the core parameters
will alter when Tc.. changes, as shown by the other colored dots in Fig. 8 (a) and (b).

Since the XT of the conventional four-core fiber designed in the Section 2. 4 is already at
extremely low value of =78 dB/km, we start with six-core fiber to discuss the improvements owing to
the proposed method, and attempt to increase the number of cores that can be incorporated in the

standard cladding diameter.

Improvement in Ryps

With the reduction of Tc., it is easy to know that core pitch is enlarged, which is preferable for
achieving a lower XT. However, according to Eq. (22), a larger core pitch yields a larger value of Ry,
while the change of higher refractive index core leads to the enlargement of Ancf, resulting a smaller
value of Rpk. Therefore, in this section, we first discuss whether the proposed method enables us to

improve the Rpk.
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Fig. 18. Calculated Rys as functions of 7¢. for C-band use: (a) N. = 6; (b) N. = 8.

Figures 18 (a) and (b) plot the critical bending radius of conventional Hetero-SI-MCFs (Rpk-c) and the
critical bending radius of modified Hetero-SI-MCFs (Rpk-m) as functions of 7cr for No = 6 and 8§,
respectively. When Tc.r equals to 30 um, we use core A (the magenta dot in Fig. 8 (a)) to design Homo-
SI-MCFs, so there is no critical bending radius plotted in Figs. 18 (a) and (b). When Tc.p reaches 31
um, the Rys of the designed Hetero-MCFs can be easily calculated by Eq. (22). It is clear that Ryxm <
Rpk-c in all the cases, which indicates that the proposed method enables us to improve the Ry of Hetero-

SI-MCFs. We then turn to estimate the XT.

Improvement in XTs

Here, we plot the XT values calculated using the analytical expression derived (XTana) in Section 2.
1, as well as the XT values calculated using FEM simulations (XTrem), where we can see the good

accuracy of the derived expression for estimating the XT in Hetero-SI-MCFs.
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Fig. 19. Calculated XTs as functions of 7., for C-band use: (a) N. = 6; (b) N, = 8.

Figures 19 (a) and (b) plot the estimated nearest XT of conventional Hetero-SI-MCFs (XTc), nearest
XT of modified Hetero-SI-MCFs (XTwm), and second nearest XT between the cores with lower core
refractive index in modified Hetero-SI-MCFs (XTs) as functions of Tc.., where XTs are calculated at
Ry, =140 mm and A = 1550 nm, and d is assumed to be 1 m. When 7¢ = 30 um, the XT of the Homo-
SI-MCFs designed using the core A represented by the magenta dot marked in Fig. 8 (a) is plotted, so
XTc=XTwm. When Tc > 30 pum, the XTc of the conventional Hetero-SI-MCFs designed using the core
combinations represented by dots of the same color depicted in Fig. 8 (a) and (b) is plotted, whereas
the XTwm of the modified Hetero-SI-MCFs designed using the core A in Fig. 8 (a) and the core at the
lower limit of ECR for different values of Tc.y is plotted.

For N, = 6, when T equals to 31 um, because the Rpks of Hetero-MCFs are larger than 140 mm,
both the XT¢c and XTw are relatively large values of the R-dominant region, which indicates that a

large enough Anesr is necessary to ensure Ry to be smaller than a certain value. When 7c.1 reaches 32
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um, the Rpk of Hetero-MCFs is smaller than 140 mm, so both the XTc and XTw decease into ultra-low
values of the d-dominant region.

In the conventional Hetero-SI-MCFs, XTc increases as the Tc.1 increases, while in the modified
Hetero-SI-MCFs, XTwm shows the best value at Tci = 33 um. Thereafter, the XTw increases as Tc.r.
increases. Here, according to the Eq. (22) in Ref. [31], since both the K., and Af, increases as Tc-.
increases, there is a tradeoff between them. In the conventional Hetero-SI-MCFs, we consider that K,
is the dominant parameter, resulting the increase of XTc, while in the modified Hetero-SI-MCFs, the
region of Tc.L <33 um is Afm-dominant, which leads to the decrease of XTw, and the region of 7Tc.L >
33 yum is K,-dominant, resulting the increase of XTwm. Accordingly, we propose the modified six-core
fiber with Tc.. = 33 um from the perspective of the best nearest XTy value of —47.5 dB/km,
considering a 3-dB/km increase in the total XT value because of the two adjacent cores, this XTm
value yields a total XT value of —44.5 dB/km and can be expected to support the transmission of QPSK
format signals with a XT penalty of 1 dB over at least hundreds of kilometers [4].

The XTs increases rapidly as Tc. increases and exceeds XTwm at Tc.L = 37 um, here, because XTs
is smaller than —60 dB/km for Tc.r. < 35 um, that part of the green line is removed from Fig. 17 (a).

For N. = 8, XTc shows the best value at Tc.p = 32 um, thereafter, the XTc increases as Tc.L
increases, while in the modified Hetero-SI-MCFs, X Ty shows the best value at Tc.. = 34 um, thereafter,
the XTw also increases as Tc.1 increases. Here, also according to the Eq. (22) in Ref. [31], we consider
that for the conventional Hetero-SI-MCFs, the region of Tc.L < 32 um is Afm»-dominant, which leads
to the decrease of XTc, and the region of Tc.L > 32 um is Ku,-dominant, resulting the increase of XTc.
While for the modified Hetero-SI-MCFs, the region of Tc.r < 34 um is ABm,-dominant, which leads to
the decrease of XTw, and the region of Tc.p > 34 um is K,-dominant, resulting the increase of XTw.
Accordingly, we propose the modified eight-core fiber with Tc.1 = 34 um from the perspective of the
best nearest XTwm value of —23.4 dB/km, which yields a total XT value of —20.4 dB/km and can be
expected to support the transmission of QPSK format signals with a XT penalty of 1 dB at
approximately 3 km [4].

The XTs increases rapidly as Tc.r. increases and exceeds XTwm at Tcr, = 36 um, because XT; is
smaller than —30 dB/km for Tc.p < 35 um, that part of the green line is removed from Fig. 17 (b).

From Figs. 17 (a) and (b), it is clear that XTwm < XTc in all the cases, which indicates that the

proposed method enables us to improve the XT of Hetero-SI-MCFs.
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3.2.2.  Modified Hetero-SI-MCFs for O-band

For O-band design, we go back to Fig. 11 (a), same as the Section 3.2.1, the core By and core Br,
marked by blue dot are used as an example to introduce the difference between the conventional
Hetero-MCF design and modified Hetero-MCF design in the case of 7c =27 um.

In the conventional Hetero-MCFs, the core By and core By are allocated to the common circle
with 7¢c =27 um, whereas in the modified Hetero-MCEF, the core A is fixed to the circle with Tc.g =25
um, and the other one core is determined by 7c.1. and allocated to the circle with Tc... We should note
that the core parameters will alter when 7Tc.. changes, as shown by the other colored dots in Fig. 11

(a) and (b).

Improvement in Rps
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Fig. 20. Calculated Rys as functions of Tc.. for O-band use: (a) N. = 8; (b) N, = 10.
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Figures 20 (a) and (b) plot the Rpk.c and Ryk-m as functions of 7c for N = 8 and 10, respectively.
When Tc.p equals to 25 um, we use core A (the magenta dot in Fig. 11) to design Homo-SI-MCFs, so
there are no critical bending radii plotted in Figs. 20 (a) and (b). When 7c.1 reaches 26 um, Ry of the
designed Hetero-MCFs are calculated by Eq. (22). It is also clear that Rpk.m < Rpk-c in all the cases,

which indicates that the proposed method enables us to improve the Rk of Hetero-SI-MCFs.

Improvement in XTs

Here, we also plot the XT values calculated using the analytical expression derived in Section 2. 1 and
those calculated using FEM simulations, to show the good accuracy of the derived expression for

estimating the XT in Hetero-SI-MCFs.
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Fig. 21. Calculated XTs as functions of 7Tc.;. for O-band: (a) N = 8; (b) N, = 10.

Figures 21 (a) and (b) plot the XT¢c, XTwm, and XTs as functions of 7c.., where XTs are calculated at
Ry, =140 mm and A = 1310 nm, and d is assumed to be 1 m. When T¢ =25 um, the XT of the Homo-
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SI-MCFs designed using the core A represented by the magenta dot marked in Fig. 11 (a) is plotted,
$0 XTc = XTwm. When Tc > 25 um, the XTc of the conventional Hetero-SI-MCFs designed using the
core combinations represented by dots of the same color depicted in Fig. 11 (a) and (b) is plotted,
whereas the XTwm of the modified Hetero-SI-MCFs designed using the core A in Fig. 11 (a) and the
core at the lower limit of ECR for different values of Tc.r is plotted.

As shown in Fig. 21 (a), for N. = 8, when Tc.1 equals to 26 um, because the Ryk of conventional
Hetero-MCF is larger than 140 mm, the XTc is a relatively large value of the R-dominant region,
whereas the Ryk of modified Hetero-MCF is smaller than 140 mm, so XTwm deceases into an ultra-low
value of the d-dominant region. This indicates that the proposed method enables us to improve the Rk
of Hetero-SI-MCFs, and a large enough Anesr is necessary to ensure Rpk to be smaller than a certain
value. When Tc. reaches 27 um, the Rps of Hetero-MCFs are smaller than 140 mm, both the XTc
and XTw decease into ultra-low values of the d-dominant region.

In the conventional Hetero-SI-MCFs, XT¢ increases as Tc.L increases, while in the modified
Hetero-SI-MCFs, XTwm shows the best value at Tc.p. = 27 um, thereafter, it increases as Tc.. increases.
Here, we consider that K., is the dominant parameter for the conventional Hetero-SI-MCFs, resulting
the increase of XTc, while in the modified Hetero-SI-MCFs, the region of Tc.. < 27 um is ABun-
dominant, which leads to the decrease of XTwm, and the region of 7c.. > 27 um is K,~dominant,
resulting the increase of XTwm. Accordingly, we propose the modified eight-core fiber with 7Tc.L =27
um from the perspective of the best X Twm value of —52.4 dB/km, which yields a total XT value of —49.4
dB/km and can be expected to support the transmission of QPSK format signals with a XT penalty of
1 dB over 1000 km [4].

The XTs increases rapidly as Tc.p increases, because it is smaller than —75 dB/km for Tc.r, < 30
um, that part of the green line is removed from Fig. 21 (a).

For N = 10, in the conventional Hetero-SI-MCFs, XTc shows the best value at Tc.p = 27 um,
thereafter, the XTc increases as Tc.r increases, while in the modified Hetero-SI-MCFs, XTwm shows
the best value at Tc.. = 28 um, thereafter, the XTwm increases as Tc.1. increases. We consider that for the
conventional Hetero-SI-MCFs, the region of Tc.p < 27 um is Afu.-dominant, leading to the decrease
of XTc, and the region of Tcr > 27 um is K,,-dominant, resulting the increase of XTc. While for the
modified Hetero-SI-MCFs, the region of Tc.p < 28 um is Afm.-dominant, leading to the decrease of
XTwm, and the region of Tc. > 28 um is K,,,-dominant, resulting the increase of XTwm. Accordingly, we

propose the modified ten-core fiber with 7c. = 28 um from the perspective of the best XTwy value of
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—31.3 dB/km, which yields a total XT value of —28.3 dB/km and can be expected to support the
transmission of QPSK format signals with a XT penalty of 1 dB over 16 km [4].
The XTs increases rapidly as Tc.r. increases and exceeds XTwm at T = 32 um, here, because XTs
is smaller than -50 dB/km for Tc.1. < 30 um, that part of the green line is removed from Fig. 19 (b).
From Figs. 21 (a) and (b), it is also clear that XTwm < XTc in all the cases, which indicates that the

proposed method enables us to improve the XT of Hetero-SI-MCFs.

3.2.3.  Fabrication errors in core parameter

It is pointed out that in the uncoupled MCFs with fabrication errors, random structural fluctuation
plays an important rule to determine the XT, and the fabrication error should be considered when
design the uncoupled MCFs [34].

Therefore, in this section, by assuming the certain fabrication errors in core parameters, the errors

in the values of Ry and XT of the designed Hetero-SI-MCFs are discussed.

C-band

In the case of C-band, for the core A which is used for designing Homo-SI-MCFs, we consider that
the fabrication error in the core radius is = 0.01 um, and the error in core A is + 0.02%, namely, two
more core as shown by the magenta circles on the 4er = 80 um? line in Fig. 22 (a) are used for
discussion. For the cores at the upper limit and lower limit of ECR, we use one more core whose core
radius is 0.01 um smaller than that of the upper limit core and core A is 0.02% lower than that the
upper limit core, and another one core whose core radius is 0.01 gm larger than that of the lower limit
core and core A is 0.02% higher than that of the lower limit core to discuss the errors, these cores still

have a A.wr of 80 um? and are represented by circles with the same color as cores at the limits.
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(a) Cutoff limit EL limit (b)
Tc =30 um Te=31um
Tc=32um | ---——=----- _— Tc =33 um
Te =34 ym S —— I Tc=35um
Tc =36 um Te=37um

Fig. 22. Relationship between the core parameters and effective indices for the C-band with
the considerations of errors in core parameters: (a) 7c = 30, 32, 34, and 36 um; (b) 7c = 31,

33, 35, and 37 um.

Figures 23 (a) and (b) plot the Rpk-c and Rpk-m with the assumed errors in core parameters as functions
of Tc.r for N. = 6 and 8, respectively. As shown by the positive error bars, it is easy to understand that
the Ry increases when two cores are not at the upper limit and lower limit, this is because the Anesr

between two cores decreases when they are not at the upper limit and lower limit.
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Fig. 23. Calculated Rys with the consideration of fabrication errors in core parameters as

functions of 7¢ for C-band: (a) N, = 6; (b) N. = 8.

Figures 24 (a) and (b) plot the XTc, XTwm, and XTs with the assumed errors in core parameters as
functions of Tc.r, where XTs are still calculated at R, = 140 mm and A = 1550 nm, and d is assumed
to be 1 m. Here, all the XT values are calculated using the FEM simulations, the colored circles
represent XT values between the two cores at the upper limit and lower limit, and error bars indicate
the errors in XT values due to the assumed fabrication errors. We can find that XT value between the
two cores at the upper limit and lower limit is not always the lowest one because it is dependent on
the K,y as well as Afyg.

For six-core fibers, the error in XTc with the assumed core parameter deviations is lower than
2.7 dB/km in all the cases, while the error in XTy is lower than 2.5 dB/km. For eight-core fibers, the
error in XTc is lower than 2.3 dB/km in all the cases, while the error in X Ty is lower than 2.4 dB/km.

In the case of eight-core fibers, the positive error bars of XTc¢ and XTwm reach 0 dB/km at Tc.p =
31 um, this is because the Rpk surpass 140 mm when two cores are not at the upper limit and lower

limit, resulting a large XT value of R-dominant region. This also indicates that a large enough Anesr is
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required for Hetero-MCFs design.
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Fig. 24. Calculated XTs with the consideration of fabrication errors in core parameters as

functions of 7. for C-band use: (a) N, = 6; (b) N. = 8.

O-band

In the case of O-band, for the core A which is used for designing Homo-SI-MCFs, we consider that
the fabrication error in the core radius is = 0.02 um, and the error in core A is + 0.02%, namely, two
more core as shown by the magenta circles on the Aer = 55 um? line in Fig. 25 (a) are used for
discussion. For the cores at the upper limit and lower limit of ECR, we use one more core whose core
radius is 0.02 um smaller than that of the upper limit core and core A is 0.02% lower than that the
upper limit core, and another one core whose core radius is 0.02 um larger than that of the lower limit
core and core A is 0.02% higher than that of the lower limit core to discuss the errors, these cores still

have a A.fr of 55 um? and are represented by circles with the same color as cores at the limits.
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Fig. 25. Relationship between the core parameters and effective indices for the O-band with
the considerations of errors in core parameters: (a) 7c = 25, 27,29, and 31 um; (b) 7c = 26,
28, 30, and 32 um.

Figures 26 (a) and (b) plot the Rpk-c and Rpk-m with the assumed errors in core parameters as functions
of Tcr for N. = 8 and 10, respectively. As shown by the positive error bars, we can see that the Rpk

increases when two cores are not at the upper limit and lower limit, which can be attributed to the fact

of the reduction of Aneg.
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Fig. 26. Calculated Rys with the consideration of fabrication errors in core parameters as
functions of 7¢, for O-band: (a) N, = 8; (b) N, = 10.

Figures 27 (a) and (b) plot the XTc, XTwm, and XTs with the assumed errors in core parameters as
functions of Tc.L, where XTs are calculated at R, = 140 mm and A = 1310 nm, and d is assumed to be
I m.

For eight-core fibers, the error in XTc with the assumed core parameter deviations is lower than
2.7 dB/km in all the cases, while the error in XTy is lower than 2.1 dB/km. For ten-core fibers, the
error in XTc is lower than 2.2 dB/km in all the cases, while the error in XTy is lower than 1.9 dB/km.

In the case of eight-core fibers, the positive error bars of XTwm reach around XTc at Tcr =26 um,
this is because the Ry surpass 140 mm when two cores are not at the upper limit and lower limit,
resulting a large XT value of R-dominant region.

In the case of ten-core fibers, the positive error bars of XTc and XTwy reach 0 dB/km at Tc.. = 26
um, this is because the Rpk surpass 140 mm when two cores are not at the upper limit and lower limit,
resulting a large XT value of R-dominant region, which also indicates that a large enough Ancrr is

required for Hetero-MCFs design.

40



Chapter 3. A novel core allocation for Hetero-MCFs

g _15 L) T T T T L} T T
—
E™
.a_i|—|
ol B A
S < 735
<€
S S
& -55} -
e~
|
g4 o

o

® -75

24 33

E 0

3
— (b)

™M
iE{'_i -10F T
_ng I
2 < 0} -
,?_-3 o ~30f T
©
S = &
<1 -40} = 1
Ll ZD —§—XTM

@ -50 1 1 I 1 1 1 1 1

24 25 26 27 28 29 30 31 32 33

Te_y [um]

Fig. 27. Calculated XTs with the consideration of fabrication errors in core parameters as

functions of 7. for O-band: (a) N, =8; (b) N. = 10.

3.3 Conclusion

Using the proposed method of the core allocation in Hetero-MCFs, we achieved six-core fibers with
small Ry and sufficient low XT within 125-um standard cladding diameter by the simple SI profile.
It has been shown that the standard cladding diameter supports eight simple SI non-identical cores
with acceptable XT for C-band.

For O-band use, the number of cores that can be incorporated in the standard cladding diameter
is same as that of the conventional Hetero-SI-MCFs. However, it has been shown that the XT values
have a suppression of approximately 8 dB/km in all the cases as compared to the conventional cases.

The designed Hetero-SI-MCFs are shown in the following sections.
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Designed modified Hetero-SI-MCFs for C-band

The cross sections of the designed modified six-core and eight-core Hetero-SI-MCFs for C-band are
shown in Fig. 28 (a) and (b), respectively. In both cases, cores with higher core refractive index are
allocated to the circle with Tc.u = 30 um, cores with lower core refractive index are allocated to the
circle with 7c. = 33 um in the six-core fiber, while cores with lower core refractive index are allocated

to the circle with Tc. = 34 um in the eight-core fiber.

‘”/ A7\

CD =125 um CD =125 ym

Fig. 28. Cross sections of the designed modified Hetero-SI-MCFs for C-band. (a) 6-core fiber. (b) 8-core fiber.

The core parameters used for the designed modified Hetero-SI-MCFs for C-band are listed in Table
V, where core A is the one with higher core refractive index marked by magenta dot in Fig. 8 (a). Core
Sv is the one with lower core refractive index in the six-core fiber, while core EL is the one with lower
core refractive index in the eight-core fiber. The main parameters of the designed modified Hetero-SI-

MCFs for C-band are listed in Table VI.

Table. V Core parameters of the designed modified Hetero-SI-MCFs for C-band.

Core number a [um] A [%] Aefr [um?]
A 4.90 0.422 80.1
St 4.61 0.379 80.1
EL 4.52 0.369 80.1

Table. VI Parameters of the designed modified Hetero-SI-MCFs for C-band.
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Ne D [um] D5 [um)] Rpx [mm] XT [dB/km]
6 31.1 51.1 61.3 —44.5
8 23.6 40.3 37.2 -20.4

Figures 29 (a) and (b) plot the calculated nearest XT between the adjacent non-idnetical cores as
functions of Ry, for the designed six- and eight-core fibers, respectively. XT is calculated at A = 1550
nm, and d is assumed to be 1 m, 10 m, and 100 m, respectively. In both MCFs, the XT increases as Ry
increases in the R-dominant region, whereas the XT decreases into an ultra-low value and remains
insensitive to Ry in the d-dominant region. In Fig. 29 (b), the XT value of the designed eight-core fiber

recheas 0 db/km at the R-dominant region.
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Fig. 29. Nearest XT between the adjacent cores in the designed modified Hetero-SI-MCFs for C-
band. (a) 6-core fiber. (b) 8-core fiber.

Designed modified Hetero-SI-MCFs for O-band

The cross sections of the designed modified eight-core and ten-core Hetero-SI-MCFs for O-band are
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shown in Fig. 30 (a) and (b) respectively. In both cases, cores with higher core refractive index are
allocated to the circle with Tc.x = 25 um, cores with lower core refractive index are allocated to the
circle with 7c.. = 27 um in the six-core fiber, while cores with lower core refractive index are allocated

to the circle with Tc. = 28 um in the eight-core fiber.

CD =125 um CD =125 ym

Fig. 30. Cross sections of the designed modified Hetero-SI-MCFs for O-band. (a) 8-core fiber. (b) 10-core fiber.

The core parameters used for the designed modified Hetero-SI-MCFs for O-band are listed in Table
VII, where core A is the one with higher core refractive index marked by magenta dot in Fig. 11 (a).
Core Er is the one with lower core refractive index in the eight-core fiber, while core Ty is the one
with lower core refractive index in the ten-core fiber. The main parameters of the designed modified

Hetero-SI-MCFs for O-band are listed in Table VIII.

Table. VII Core parameters of the designed modified Hetero-SI-MCFs for O-band.

Core number a [um] A [%] Aetr [um?]
A 3.99 0.430 54.6
EL 3.82 0.394 55.0
T 3.72 0.380 55.0

Table. VIII Parameters of the designed modified Hetero-SI-MCFs for O-band.

Ne D [um] D, [um] Ry [mm] XT [dB/km]

8 28.0 50.2 68.3 —49.4
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10 22.4 40.6 382 —28.3

Figures 31 (a) and (b) plot the calculated nearest XT between the adjacent non-idnetical cores as
functions of Ry, for the designed six- and eight-core fibers, respectively. XT is calculated at A = 1310
nm, and d is assumed to be 1 m, 10 m, and 100 m, respectively. In both MCFs, the XT increases as Ry
increases in the R-dominant region, whereas the XT decreases into an ultra-low value and remains

insensitive to Ry, in the d-dominant region.
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Fig. 31. Nearest XT between the adjacent cores in the designed modified Hetero-SI-MCFs for O-
band. (a) 8-core fiber. (b) 10-core fiber.
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4.1 Schematic of the outer trench layer

A low refractive index outer trench (OT) layer is proposed to suppress the confinement loss (CL) of
cores in MCFs. Fig. 32 shows the schematic of the proposed MCFs, OT layer is the gray region of the
outermost part of the standard cladding with a relatively low refractive index. Wor and Aor stands for
the thickness of OT layer and the relative refractive index difference between OT layer and standard
cladding, respectively. 7c¢ is the outer cladding thickness. D represents the core pitch, and CD

represents the cladding diameter which is also fixed as 125-um..

OT layer

Standard cladding

I Aor

VV()T

CD =125 um

Fig. 32. Schematic of the proposed outer trench layer for MCFs.

4.2 Applications of the outer trench layer

In this section, the steps of designing MCFs with OT layer are presented. Firstly, we select two cores
a and b with Anesr = 0.00063 [2], which can be expected to realize the lowest XT for non-identical
cores. Then to meet a certain value of XT, we determine the core pitch between these two cores. Lastly,

we discuss how the loss of cores changes with Wor, and determine the preferable structure of OT layer.
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Selections of core parameter
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Fig. 33. Relationship between the core parameters and effective indices

As mentioned before, cores with different nerr will produce different Acrr, which is required to be same
for realizing homogeneity of transmission characteristics. Fig. 33 shows the method to select the
parameters of non-identical cores.

Here, Aefr of 80 um?is the general recommendation for SSMF, based on the consideration of XT
and CL, for short-link transmission, the A4.s can be sacrificed into 65 um? which is a comparable value
to those of the cores in paper [10].

In [2], both the calculated results and measured XT values presented that the correlation length d
which is the single parameter to estimate the XT value between heterogeneous cores should be more
than 1 m. Furthermore, when cores with a Anes of 0.00063, the XT showed best value which can be
estimated by correlation length & of 100 m. Based on these, in this kind of fiber design, we focus on
choosing cores with AAncr= 0.00063. Core combinations with with Aer= 65 um? and Aegr = 80 um? are

selected in Fig. 33, and the core parameters are listed out in the following Table.

Table. IX Core parameters of the designed Hetero-SI-MCFs with OT

Core number a [um] A [%] Aefr [um?]
A 4.18 0.337 65.1
B 3.82 0.415 65.1
A 4.65 0.275 80.1
B, 4.14 0.244 80.1

47



Chapter 4. The outer trench layer

Then, we can calculate the XT, Ry, and loss of these cores. Here, the target value of XT is assumed to

be lower than —40 dB after 10 km transmission [10].

-d=1m
-10 Ry =74 mm —d=10m

—d=100 m
-20

40 ) XT=—425dB

=10 km

-60 XT=-62.5dB

XT [dB] @ Length

I
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o

0 100 200 300 400 500
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Fig. 34. Calculated 10 km XT at 1.31 um for core combination with A= 65 ymz.

Figure 34 plots the 10 km XT between the two cores with A= 65 um? for the core pitch is 32 um.
Here, we focus on the XT value estimated by d = 1 m, because it is a more general value for non-
identical cores. it is found that the core pitch needs to be large than 32 ym to make their XT value to
be lower than —40 dB. therefore, we determined that the core pitch is 32 um for these two cores. Here,
we should note that these core combinations can be expected to get a XT value estimated by d = 100

m, which is significantly lower than that by d = 1 m as shown in Fig. 34.

Parameters of the OT layer

We then research how the loss of cores change with the parameters of OT layer.
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Fig. 35. Relationship between loss of cores and Wor for core combination with Aey = 65 um?.
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Suppose we incorporate 8 cores in the standard cladding diameter, in the case of core pitch of 32 um,
T¢ is shortened to be 20.7 um now, which is relatively small than the minimum 7¢ of 25 um that we
used in the previous sections. Therefore, low-index trench layer is required to help us make the loss
of core to meet a certain target value.

Fig. 35 shows the relationship between loss of cores and OT properties for core combination with
Aerof 65 um?. The loss is estimated at bending radius of 140 mm and A = 1.31 um. Wor ranges from
0 to 8 um, and Aor is set as —0.35% and —0.7% respectively, which are the general values that used
in the trench-assisted core design.

When Wor is 0, the fiber structure is the same as those conventional MCFs just contain the core
region and standard cladding region without OT layer, because the 7c of cores are too thin, the loss of
cores is extremely large. We can see that the loss decreases as the Wor increases. In addition to this,
deep trench (Aor = —0.7%) has better suppression in the loss as compared with the shallow trench (Aot
=—0.35%). Therefore, we can either change Woror Aor to achieve the target loss limit of —0.1 dB/km.

In Fig. 35, we can find that OT properties of Wor = 8 um with Aor = —0.35% and Wor = 5 um
with Aot =—0.7% both achieved the target loss limit of —0.1 dB/km. However, deeper trench structures
generally increase the cost of fabrication process since a large amount of fluorine dopant is required

[12]. We prefer the OT structure of Wor = 8 um with Aot = —0.35% in the proposed fiber structure.

-d=1m
—d=10m
—d=100 m
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XT=-41.8dB

XT=-61.8dB

XT [dB] @ Length

-70
0 100 200 300 400 500
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Fig. 36. Calculated 10 km XT at 1.31 um for core combination with 4ey= 80 um?.

Same as previous part, figure 36 plots the 10 km XT between the two cores with Aegr = 80 um? for the
core pitch of 35 um. Here we also focus on the XT value estimated by d = 1 m, because it is a more

general value for non-identical cores. It is found that the core pitch needs to be large than 35 um to
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make their XT value to be lower than —40 dB. Therefore, we determined that the core pitch is 35 ym
for these two cores. Here, we should note that these core combinations can be expected to get a XT

value estimated by d = 100 m, which is significantly lower than that by d = 1 m as shown in Fig. 36.
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Fig. 37. Relationship between loss of cores and Wor for core combination with A= 80 ,umz.

Suppose we also attempt to incorporate 8 cores in the standard cladding diameter, in the case of core
pitch is 35 um, T¢ is further shortened to be 16.8 um now, so the low-index trench layer is required to
help us make the loss of core to meet a certain target value.

Fig. 37 shows the relationship between loss of cores and OT properties for core combination with
Aerof 80 um?. The loss is also estimated at bending radius of 140 mm and A = 1.31 um. Wor ranges
from 0 to 8 um, and Aor is set as —0.35% and —0.7% respectively.

We can see that the loss decreases as the Wor increases, and also, the deep trench (Aot = —0.7%)
has better suppression in the loss as compared with the shallow trench (Aot = —0.35%). We can either
change Woror Aor to achieve the target loss limit of —0.1 dB/km.

In Fig. 37, we can find that OT properties with Aor =—0.35% is no longer enough to achieve the
target loss limit of —0.1 dB/km, the OT structure with Aor = —0.7% and Wor = 8 um is required in the

proposed fiber structure.

4.3 Conclusion

Using the proposed low refractive index OT layer, it has been shown that the outer cladding thickness

of MCFs can be shortened to a smaller value, which allows us to enlarge the core pitch of cores. MCFs
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with OT layer structures also enables us to achieve 8-core fibers sufficient low XT within 125-um

standard cladding diameter by the simple SI profile.

Designed Hetero-SI-MCF's with OT

The cross sections of the designed eight-core Hetero-SI-MCFs with OT layer with different effective
core area are shown in Fig. 38 (a) and (b) respectively. In the case of Aefr = 65 um?, cores are allocated
to the circle with Tc = 32 um with one-ring core layout, the fiber has an OT layer of Wor = 8 um with
Aot = —0.35%, whereas in the case of Ac.r= 80 um?, cores are allocated to the circle with 7c = 35 um

with one-ring core layout, the fiber has an OT layer of Wor = 8 um with Aor =—0.7%

CD =125 ym CD =125 ym

Fig. 38. Cross sections of the designed Hetero-SI-MCFs with OT. (a) Aesr = 65 um?. (b) Aexr = 65 um?.

The main parameters of the designed Hetero-SI-MCFs with OT layer are listed in Table X.

Table. X Parameters of the designed Hetero-SI-MCFs with OT

Nc Wor [um] Tc [um] Rpi [mm] XT [dB/10 km]
8 8 20.7 74 —42.5
8 8 16.8 81 —41.8
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5 Chapter 5. Summary

An analytical expression for the mode-coupling coefficient between non-identical SI cores is derived,
which enables a quick estimation of the XT values in Hetero-SI-MCFs. The derived analytical
expression has a good accuracy as compared with the most rigorous numerical simulations by FEM,
it has been shown that the error in XT values obtained using the derived expression and those obtained
using FEM simulations is lower than —2 dB/km.

Using the derived expression, the feasibility of Hetero-SI-MCF design within the standard 125-
um is discussed. It has been shown that the simple SI profile enables us to allocate four and six non-
identical cores in the 125-um cladding diameter for the long-haul and short-reach transmissions of C-
band, respectively, and the number of cores can be increased to eight and ten for the long-haul and
short-reach transmissions of O-band, respectively.

Anovel core allocation for the Hetero-MCFs is proposed, which enables us to improve the critical
bending radius (Rpk) and XT values of fibers. With this method, it has been shown that the simple SI
profile enables us to allocate six and eight non-identical cores in the 125-um cladding diameter for the
long-haul and short-reach transmissions of C-band, respectively. In comparison with the conventional
Hetero-SI-MCFs with one-ring core layout, the number of cores is increased by 2. For the O-band, we
are still limited to allocate eight and ten for the long-haul and short-reach transmissions of O-band,
respectively. However, all the Rs XT values are significantly improved. This proposed method can
be also expected to improve XT and Rpk of Hetero-TA-MCFs.

An outer trench (OT) layer with relatively low refractive index is proposed, which enables us to
suppress the loss of outer cores in the MCFs. With this method, it has also been shown that the simple
SI profile enables us to allocate eight non-identical cores in the 125-um cladding diameter with the
sufficiently low XT for the O-band transmission.

Hetero-SI-MCF design that combined with the two proposed method of core allocation and OT
layer can be expected to further improve the critical bending radius (Rpx) and XT values. However, the

fabrication complexity and cost become other issues that need to be concerned.
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