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Abstract

The increasing demands within and between the data centers used for data
traffic has required. Efficient links are important to data center applications
for supporting the unlimited demand. Transmission capacity of single-mode
fiber (SMF) is limited by fiber nonlinearity which prevents the increasing
transmission power and finite amplifier bandwidth. Single-mode multi-core
fibers (SM-MCFs) that are expected to overcome the current limitation of
optical communication capacity. However, the inter-core crosstalk still has
an effect on SM-MCF, which can limit the transmission of the inter-data
center. In this paper, the design of four-core uncoupled multicore fiber is
discussed for next generation inter-data center networks in order to support
the unlimited use of data traffic in the future. The objective of this paper is
to determine the appropriate range of core radius and core pitch, which are
taken into consideration to reduce the inter-core crosstalk inside the optical
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fiber. These parameters can be able to improve various constraints to achieve
the best multi-core fibers design. From the simulation concerned with the
inter-core crosstalk, the experiment results show that the range of core pitch
is at 47.5 pm to 50 pm and the range of core radius starts from 4.5 ym to 5.5
pm, that can achieve with crosstalk lower than — 30 dB/100 km for the future
inter-data center networks.

Keywords: Inter-data centers, single-mode fiber, single-mode multi-core
fibers, inter-core crosstalk.

1 Introduction

Nowadays, the number of the data center around the world will increase.
Data-center IP traffic to the other data center is expected to quickly
increase [1]. Nevertheless, the limited bandwidth and optical amplification
are the limitations of the transmission system. The power from the fiber non-
linearity is an increase in the transmission capacity. Currently, the standard
of single-mode fiber (SMF) uses a single core fiber surrounded by 125 um
[2-5] and cladding surrounded by additional coating with many additional
layers of environmental protection. With the limited space of fiber cables [6],
the researchers have provided an increase capacity in per-fiber and then
have turned to expansion into the spatial domain [3, 4], which have used
either multiple cores sharing with the same cladding or increasing the core
diameter to allow the transmission of multiple modes. Perhaps, an increase
of the number of cores in the cladding is the simplest approach to achieve
higher capacity but inter-core crosstalk (XT) is the most important parameter
of multi-core fiber (MCF) concerned with. MCF can be divided into two
groups; by spacing between the cores called ‘core pitch’, as the uncoupled
MCEF with the core pitch higher than 30 ym and the coupled MCF with the
core pitch lower than 30 pm [2-5]. XT is brought by the mode-coupling,
power-coupling between cores and places. The limits on how closely cores
can be spaced leading to larger cladding diameters. Increasing the cladding
diameter results are in the mechanical strength degradation of optic fiber.
Furthermore, the other parameters as refractive index also need to be taken
into the account.In this paper, the design of four-core uncoupled MCF is
considered with the significantly low XT following the optic fiber parameters
as core radius and core pitch in order to reduce the XT for the efficient
transmission of the inter-data center networks.
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2 Data Center Networks

The traditional data center architecture can be showed in Figure 1 [10, 11],
which consists of three connection layers. In this architecture, the server con-
nects to the access switch and then connect with two routers for redundancy.
The traffic from one server to another in the same data center may travel
up to the core layer and back down by traversing two access switches, two
aggregation routers, and then a core router.

We can divide the connection characteristics of the data center into 2 lev-
els [10, 11] as the intra-data center and inter-data center links. Figure 2 shows
the intra-data center links system that consists of transceivers, multiplexer
(MUX) and demultiplexer (DE-MUX) within the module. The transceivers
of this links can use the multiple wavelengths to achieve high bit rates. The
intra-data center links reach up to 10 km and typically operate at 1310 nm
in order to minimize the total chromatic dispersion (CD). Figure 3 shows the
inter-data center links system that can reach up to 100 km and operate at
1550 nm to leverage on the erbium-doped fiber amplifiers (EDFAs). CDs are
important and must be compensated.

As stated to the links between the inter-data centers, the dispersion
corresponds to the residual CD after the optical CD compensation. The EDFA
corresponds to an equivalent optical amplifier whose noise figure depends on
the number of amplifiers in the link and on their individual noise figures.
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Figure 1 A traditional architecture of three connection layer of data center.
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Figure 3 Inter-data center links.

The performance can quantify in terms of the Optical signal-to-noise ratio
(OSNR) to achieve the target of bit error rate (BER).

In this paper, we focus on the connection between the inter-data center
with the smooth data transmission and low loss. These will increase efficiency
and reduce network construction costs.

3 Multi-Core Fibers (MCFs)

MCF is an optical fiber with multi-cores in one cladding. The design of MCFs
consists of a number of cores, the main core layout, the thickness of the outer
cladding, and the diameter of cladding surrounded by 125 um [9, 12, 13].
The core pitch (CP) is the homogeneous properties [14] of the MCF, which
is the distance between the neighboring cores as shown in Figure 4.

In Figure 4, the single-mode four-core fiber is presented with a square
layout and each core will use the individual waveguide. The weakly-coupled
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Figure 4 Single-mode four cores fiber with a square layout.

Table 1 Parameters of single-mode four-core fiber with a square layout

Parameter Value(s) Unit
Core radius 4.5,4.75,5,5.25,55 pum
Core pitch (between core #1 and core #2) 40, 42.5,45,47.5,50 pum
Core pitch (between core #1 and core #4) 80, 85, 90, 95, 100 pm

Fiber bending radius 142 mm
Fiber length 100 km
Cladding diameter 125 pm
Wavelength 1550 pm

MCF XT is an important problem. In order to optimize the design struc-
ture for single-mode four-core fiber and the crosstalk analysis, the different
fiber parameters as core radius («), core pitch (CP) and relative refractive
index difference are investigated. Different fiber design parameters and the
corresponding values are shown in Table 1.

4 Inter-core Crosstalk (XT)

Inter-core crosstalk (XT) can be defined as the interference caused by the
magnetic field or electric field of a single-core signal that can affect the signal
of adjacent cores. Since there are multiple cores in the same cladding area
and the crosstalk, which is the important factor for the system [2, 14]. To
reduce crosstalk (XT) between cores, the core pitch should be appropriate. In
[14, 15], the MCF-XT can be predicted and calculated using a simple mode-
coupling equation in the initial stages of MCF and development process.
However, after the production and evaluation of the MCF prototypes, the
researchers found that the predictions did not occur and due to the effects
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Figure 5 Equivalent refractive index of MCF affected by bend and twist. (Upper left)
Parameters relating to bend in MCF. (Upper right) Equivalent effective refractive indexes
of two cores. (Lower) Relative positions and equivalent refractive index distributions of two
cores. (The line drawn across a core represents the height of equivalent effective refractive
index.) [5].

of bending in fiber and proved that the coupling equation was affected by
bends and twists inside the fiber. This can accurately predict and use for the
actual MCF-XT [14, 16]. When an optical fiber has a bend radius of Ry, the
refractive index distribution of the optical fiber can equivalently represent the
elongation of the outer optical path of the bend as the tilted refractive index
shown in Figure 5 [5].

Using core m as a reference, the equivalent of core n (ne,) is expressed

as follows.
D,ncosOmn

Ry ’
where D,,,, is the distance between the center of core n and the center of
core m. Mef e is the intrinsic effective refractive index of core n and 6,,,
is the angle that has core n and core m form with respect to the direction of
the bend radius. If an MCF is straight, its cores differ in effective refractive
index nefr . phase matching does not occur.

The XT between two neighboring cores is shown in Figure 6, that is
expressed in terms of the power signal. That is an amount of the optical
power signal transmitting through the one core. There are coupled with its
neighboring cores during signal propagation.

)
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Figure 6 Power coupling from the input core to the neighboring core.

The XT between two neighboring cores can be stated as [1, 11]

Pl
where P and P’ is output power from core p and from neighboring core q.

The expression for average crosstalk (X7),) between two neighboring
cores in MCF can be simplified as [17]

2kp, Ry I
BA T

where p and g are core numbers, A, and k,,, are the power and mode coupling
coefficient respectively between core p and core q. Ry, is fiber bending radius.
L is fiber length and 3 is mode propagation constant, where 5 = 2mn.sf/A.
Wave number (k) is equal to 27/ )\, where A is wavelength of light in vacuum
and n. is the fixed constant at 1.452298 [18].

The mode coupling coefficient (k:pq) for two neighboring cores can be
expressed as [18, 19]

XT,, & hpyL & 3)

A U2 [mr
kpq = va 3 12 Uik erp <_VVIA> ; 4)
r1 Vi"K1*(Wy) Y WiA 1
and
Uy = ri(Wm? - 52", )
Wi = (8% - k*no?)'?, (©6)

Vi = 2rina (2|A)) Y2/ A, (7
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where 71 is a core radius, and W is the modified Bessel function [19]. The
expression of average crosstalk (X7),) depends on average crosstalk on the
mode coupling coefficient, fiber bending radius, fiber length, and core pitch.

5 Proposed System

The transmission system of the inter-data center plays an important role,
while the increased bandwidth demand causes an expansion of the commu-
nication system. The flexible bandwidth of the transmission network has the
capability of wavelength channels according to the user demands. In order
to solve these problems above, we propose a design of four-core MCF as
explained in Section 3 based on the inter-data center transmission system as
described in Section 2.

The proposed connections of system are shown in Figure 7. The main
connection system is still using the same traditional technology with the inter-
data center transmission system. For the transmission, the signal to MCF
four-core still uses MUX but requires modification of the working process
to support it.

As shown in Figure 7, the four-core MCF connection between the inter-
data center should be around 100 km, which MCF expands the transmission
system to be more effective without having the extra-investment. This can
increase the transmission bandwidth developing by signal processing system.
About the EDFA corresponds to an equivalent optical amplifier whose noise
figure depends on the number of amplifiers in the link and on their individual
noise figures. The dispersion corresponds to the residual CD after optical
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Figure 7 Proposed inter-data center transmission system.
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CD compensation. Finally, the performance of proposed system is quantified
in terms of the OSNR to achieve the target BER as the same traditional
technology. The main purpose of this research is to determine the optimal
value of different fiber design parameters to achieve the target XT level equal
to —30 dB/100 km or even less. The various core radius and the distance
between core pitch are considered for the analysis of crosstalk diffusion.

6 Experimental Results and Discussion

In this section, we conduct the experiments to determine a suitable value of
four-core MCF on various variables. The experiments are to determine the
effect of inter-core cross-talk of core#1 and core#2, of core#1 and core#4
compared with the different of core pitch and core radius as follows:

According to Figure 4, the inter-core cross-talk of core#1 and core#2
compared with the various core radius are simulated with the different values
of the parameters used in Table 1.

For crosstalk (XT) is the most important parameter of MCF. The conven-
tional coupled mode and coupled power are used for XT analysis with the
different fiber design. From the experimental result in the first step, Figure 8
shows the XT variation between core#1 and cores#2, when the core pitches

10 Inter-core crosstalk core 1 and core 2
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Figure 8 Inter-core crosstalk by different core radius (core#1 and core#2).
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Figure 9 Inter-core crosstalk by different core radius (core#1 and core#4).

have the different values. For the small core pitch at 40 pm and 42.5 um,
the crosstalk between two neighboring-cores is decreased when increasing
the core radius. For larger core pitch 47.5 ym and 50 pum, the XT has under
—30 dB/100 km upon used core radius at 4.5 um. It is seen that the core
radius increases, when XT decreases.

The cross-talk values for core#1 and core#4 according to Figure 4
by comparing them with the different core radius are simulated with the
parameters detailed in Table 1.

From the simulation results, Figure 9 shows the XT variation between
core#1 and core#4 when the core pitch has different. For the core pitch of
core#1 and core#4 is 85 um, the crosstalk between core#1 and core#4 has
under —30 dB/100 km. For larger core pitch 50 um, the XT has under —30
dB/100 km upon used core radius at 4.5 pm. It is noticed that the core radius
increases, the XT will be decreased.

Then, the cross-talk values for core#1 and core#2 followed in Figure 4
by comparing them with the different core pitch are simulated with the
parameters detailed in Table 1.

From the experimental results, the effect of inter-core crosstalk with
different core pitch is shown in Figure 10. The crosstalk between core#1
and core#2 is lower —30 dB/100 km with the core pitch at 46 mm. It is seen
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that the inter-core crosstalk at core radius between 4.5 to 5.5 pm are over the
—30 dB/100 km. Therefore, it is concluded that the XT will be increasing,
when the core radius increases.

Finally, the inter-core cross-talk values for core#1 and core#4 accord-
ing to Figure 4 in comparison with the core pitch are shown in Fig-
ure 11. The inter-core crosstalk between core#1 and core#4 is lower than
—30 dB/100 km, when the core pitch is at 84 mm. From these experimental
results, it is summarized that the core pitch between 47.5 um to 50 pm and
the core radius starts from 4.5 pm to 5.5 pum can apply for next-generation
inter-data center networks with the crosstalk lower than —30 dB/100 km.

7 Conclusion

We have designed the homogeneous multi-core fibers using a four-core
structure under the limitations of single-mode propagation and inter-cross
talk between the neighboring cores. For the proposed inter-data center trans-
mission system, the simulation results are shown that it is to support the high
bandwidth without adding the high investment and other techniques. The
relationships between XT and various fiber parameters as core radius and core
pitch have been analysed to achieve the best MCF design with crosstalk lower
than —30 dB/100 km. From the experimental results of inter-core crosstalk,
the core pitch at 47.5 pym to 50 um and the core radius starts from 4.5 ym to
5.5 pm can apply for future inter-data center networks. In further research,
the idea of four-core coupled multicore fiber will be considered. That can
improve the transmission system of intra-data center network.
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