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Abstract: In the context of Industry 4.0, the smart oilfield is introduced, which relies on large-scale
information exchange among various parts, and there is an urgent need for special fiber links for
both increased data transmission capacity and high-sensitivity distributed sensing. Multicore fibers
can be expected to play a critical role, in the parts of cores that are responsible for data transmission,
while others are used for sensing. In this paper, we propose a heterogeneously integrated seven-core
fiber for interconnection and awareness applications in smart oilfields, which could not only support
digital and analog signal transmission but could also measure temperature and vibration. The core
for digital signal transmission has a low differential mode group delay of 10 ps/km over the C-band,
and the crosstalk between adjacent cores is lower than —55 dB/km at the pitch of 50 pm. A 25-Gbaud
transmission over 50 km is simulated. Each core for analog signal transmission has a large effective
area of 172 um? to suppress the nonlinear effect due to the watt-scale input power. The proposed
heterogeneously multicore fiber exhibits great potential to be applied in smart oilfields, meeting the
demand for efficient and cost-effective oil production.
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1. Introduction

Industry 4.0 has been quickly advancing in the past few years, viewed as next-
generation revolutionary technology for industrial manufacturing and production, which
is featured by introduction and implementation of advanced technologies, such as artificial
intelligence [1,2], cyber-physical systems, the internet of things, and cloud computing [3-6].
Large-scale machine-to-machine (M2M) communication and internet of things are inte-
grated for increased automation, improved communication, self-monitoring, and produc-
tion of smart machines [7], which could analyze and diagnose issues without the need for
human involvement, enabling more efficient processes, safer working environments, and
better quality and productivity.

In the context of Industry 4.0, oilfield industries call for efficient and cost-effective
oil production. In the operation and management of the oilfield, a new concept called the
“smart oilfield” is introduced [8], which is based on big data, the internet of things, and
other technologies to automatically measure, analyze, and optimize oil production [9,10].
Recently, some companies with a strategic vision, such as Shell’s NaKika Field [11], Xin-
jiang Oilfield [12], and Schlumberger’s Haradh Smart Oilfield [13], have already started
construction of smart oilfields.

Smart oilfields rely on a high-surveillance environment, via real-time data transmis-
sion, interactive business collaboration, and efficient decision-making processes [14-16].
Therefore, the large-scale information exchange among different parts is indispensable,
which highly depends on the network layer (soft technologies [1-6]) and the physical layer
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(optical fiber links). On one hand, some wireless techniques are used in some oilfields for
data communication. Because the oil will is dispersedly distributed, using remote wireless
monitoring is convenient [17]; however, the communication quality is susceptible to atmo-
spheric turbulence. In contrast, fiber communication could obtain high stability. In recent
years, space-division multiplexing, including mode-division multiplexing using multimode
fibers or few-mode fibers and core multiplexing using multicore fibers, has been proposed
and could expand the transmission capacity to overcome the single-mode fiber capacity
limit. On the other hand, for fiber sensing in smart oilfields, various parameters could be
monitored based on Rayleigh scattering, Raman scattering, and Brillouin scattering. To
date, the data transmission and parameter monitoring are two separate parts, and it is
difficult to build integrated systems, leading to the high cost of transmitters, receivers, and
the process of deploying fibers. Therefore, there is an urgent need for special fiber links
for both increased data transmission capacity and distributed sensing with high sensitiv-
ity [18]. Naturally, multicore optical fibers can be expected to play a critical role in smart
oilfields in which parts of cores are responsible for data transmission, while other cores are
used for sensing.

Multicore fibers, a significant component of space-division multiplexing, have been
investigated for a few decades and are thought to be a strong candidate to meet the ex-
ponential growth of capacity demand [19,20]. On the other hand, in the area of optical
sensing, there have been some reports about utilizing multicore fibers to measure multi
variables, such as vibration, temperature, and strain [18,21-23]. For smart oilfields, com-
pared with normal single-mode fibers, a unique characteristic of multicore fiber is that
bending would generate local tangential strain in off-center cores, and the strain is angular-
position-dependent. The cores in off-center positions lead to high bending sensitivity [24].
However, although multicore fiber design has been developed for a long time, it is still
challenging to propose an integrated multicore fiber for smart oilfields applications due
to the design complexity, which should take into account the performance of each core
itself and the crosstalk between the adjacent cores. For digital transmission cores, the main
goal is to realize low differential mode group delay (DMGD) because the computational
complexity of digital signal processing (DSP) increases with that, and low DSP complexity
is the basis of real-time transmission, which is limited by the processing capability of the
widely used chips. As for analog transmission cores, the effective area (A¢s) should be
enlarged to depress the nonlinear effect due to the watt-scale input power [25]. To maintain
the accuracy and the sensitivity of sensing, the arrangement of different types of cores
should be considered and the core pitches between neighboring cores should be optimized
to keep the stability of the signal transmission. However, to date, there are few reports
about multicore fiber design especially for smart oilfields, which could support real-time
data transmission, device-to-device networking, and variables monitoring at the same time.

In this paper, we propose a heterogeneously integrated seven-core fiber for intercon-
nection and awareness applications in smart oilfields, which could not only support digital
and analog signal transmission but could also measure temperature and vibration through
Raman effect and phase-sensitive optical time-domain reflectometry. The core arranged in
the center is used for digital transmission to maintain communication stability, while others
are arranged around the center for analog transmission and sensing, with equal pitches to
increase sensing sensitivity. The core for digital signal transmission has a low differential
mode group delay of 10 ps/km over the C-band and the crosstalk between adjacent cores
is lower than —55 dB/km at the pitch of 50 pm. A 25-Gbaud transmission over 50 km is
simulated. Each core for analog signal transmission has a large effective area of 172 pum?
to suppress the nonlinear effect due to the watt-scale input power. In all, the proposed
heterogeneously integrated multicore fiber exhibits great potential to be applied in smart
oilfields, meeting the demand for efficient and cost-effective oil production.
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2. A Case Study

To make the design process more targeted, the proposed heterogeneously integrated
multicore fiber in this paper is based on the demand of a company named Beijing Perception
Technology Company [26]. Figure 1 shows the schematic of the smart oilfields composed
of oil production area, data distribution area, and office area.

Storage tank

(D) Analog signal
@D Digital signal

Figure 1. Schematic of the smart oilfields, which are consisted of production area, data distribution
area, and office area.

The company is in urgent need of multifunctional fiber to support the construction
of smart oilfields. In the production area, simultaneous distributed intrusion detection
and temperature monitoring of pipelines are needed in order to achieve real-time alarm
on excavation, theft, leakage, and other potential threats. This could be accomplished by
implementing a Raman optical time-domain reflectometry (ROTDR) and phase-sensitive
optical time-domain reflectometry (¢-OTDR) hybrid sensing system, where the ROTDR
is used to monitor the temperature change and ¢-OTDR is used for real-time vibration
detection [18]. As for data interaction, the data throughput of the oilfield is approximately
1 Tbits per day, and it might keep increasing at a high speed in the near future. Therefore,
we propose a three-mode six-polarization core for digital transmission and set the highest
baud rate as 25 G with a quadrature phase-shift keying (QPSK) modulation format, which
could obtain 0.3 Tbit/s and enough would be available for the situation, even for an
instantaneous sharp increase of data. To realize the real-time transmission, a big challenge
is the DSP complexity due to the limitation of the processing capacity of field programmable
gate arrays (FPGAs). Although some companies, such as XILINX and Altera [27,28], have
made a breakthrough in high-performance FPGAs, these products are not cost-effective
and cannot be widely used at present. We set the filter taps as 32, which means a common
FPGA could meet the demand. Moreover, the oilfields are mostly located in remote
areas with weak signals. In this sense, it is essential to transmit analog signals to build a
temporary network for connecting the devices and correspondence. Compared with long-
haul transmission, fibers in smart oilfields might be used for short-distance transmission,
so the maximum transmission distance is set as 50 km.

3. Heterogeneously Integrated Multicore Fibers

The proposed heterogeneously integrated multicore fiber could simultaneously sup-
port digital signal transmission, analog signal transmission, and temperature and vibration
measurement. The schematic of the designed fiber is shown in Figure 2. It can be seen that
different cores are responsible for different functions. To maintain the stability of digital
signals and depress the bending loss, cores for digital transmission are set in the center of
the cladding, while cores for sensing and analog transmission are arranged alternately in
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the outside circle. The numbers and types of different cores are determined by the demand
of data rates and application scenarios. In addition, the pitch between adjacent cores is
another key parameter needing to be optimized due to the trade-off between crosstalk and
bending loss with a limited diameter of cladding. The cladding diameter should not be
larger than 200 pm to guarantee mechanical reliability [29]. To maintain a crosstalk lower
than —50 dB/km, the core pitch is set as 50 um. To reduce micro bending loss, the outer
cladding thickness is set as 40 um. Therefore, the cladding diameter is 180 pm.

@) o @ For digital transmission

© @ O © For analog transmission
O ©O

© For sensing

Figure 2. Schematic of the designed heterogeneous 7-core multicore fiber.

In general, there are three types of fibers: step-index (SI) fibers, grade-index (GI) fibers,
and trench-assisted (TA) fibers. From the perspective of the manufacturing process, SI
fibers and GI fibers are easier to fabricate than TA fibers due to their relatively simple
structures. However, TA fibers could be designed by optimizing the width and depth of
the trench and other parameters to obtain high performance, such as low DMGD or large
A.g. Figure 3 reveals the refractive index profiles of various types of fibers. reore, Wi, and
w5 are the core radius, the distance between the core and the trench, and the width of the
trench, respectively. « is the gradient parameter determined by the shape of the refractive
index profile.
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Figure 3. Refractive index profiles of various types of fibers. (a) step-index fiber, (b) graded-index
fiber, (c) step-index trench-assisted fiber, (d) graded-index trench-assisted fiber.

3.1. Design of Digital Transmission Cores

For fiber design, the choice of structure is dependent on the applications. The key
consideration for digital signal transmission is DMGD because the computational com-
plexity of DSP increases with it, and the level of DSP complexity determines whether the
real-time transmission could be realized. We sweep the parameters, including rcore, &, and



Appl. Sci. 2023,13, 1579

50f 10

Angere, and the setting of ranges follows two principles. One is the ranges should be as
large as possible and the other is the designed fiber should only support three guide modes.
We calculate the DMGD over the C-band based on full vector finite element analysis. The
group delay of any propagation mode in FMF is given by [30]

dn,
z(nefp — A—iL)

T,
g8~ c

)
where z represents transmission distance, ¢ is the speed of light in vacuum, A is the

wavelength and n, ffis the effective refraction index. Therefore, the DMGD between LP,,;;
mode and LPy; mode is given by:
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The DMGD results are shown in Figure 4.
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Figure 4. The DMGD variation of digital transmission cores with the setting parameters. (a) sweeping
Teore and Ancore, (b) sweeping reore and Ancore, and the « is 2, (¢) sweeping « and Ancore, and the reore
is 10.5 pm.

Within the sweeping ranges, the DMGD of GI fibers and TA-GI fibers have inflection
points, while that of SI fibers have a gradual decrease with the increment of r¢ore, and
Angore. We list the parameters of the three types of fibers at their lowest DMGD levels
in Table 1, and the lowest DMGD of the TA-GI fiber is only 10 ps/km, which is 1/18 of
the DMGD of SI fiber (183 ps/km) and one percent of that of the GI fiber (1000 ps/km).
Although low DMGD could be obtained in the TA-GI fiber, the manufacturing process
is more complex than that of SI fibers. In a word, it is not possible to use the GI fiber
as the digital transmission core in this scene, and the choice of the SI fiber or the TA-GI
fiber is dependent on the DSP complexity tolerance, which is positively correlated with
DMGD. In addition, bending loss is considered and calculated by the finite element method.
The bending radius is defined as the radius when the loss of the highest guided mode is
0.5 dB/turn, and the bending radius is calculated by the method in [31]. For the SI fiber, GI
fiber, and TA-GI fiber, the bending radii are 70 mm, 30 mm and 20 mm. A smaller bending
radius means better anti-bending performance. Considering the applied conditions in
smart oilfields, the bending radius is m-scale or even larger, the anti-bending performance
of the designed fiber is up to standard. A phrase.

Table 1. The parameters of various types of fibers applied for digital transmission.

Type Tcore (M) Ancore (%) Angench (%) x w1 (um) wy (um)
SI 7.1 0.27 \ \ \ \
GI 10.5 0.40 \ 2 \ \

TA-GI 10.5 0.345 0.34 2.05 2 9.3
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3.2. Design of Analog Transmission Cores

As for the design of the analog transmission cores, A.¢ should be enlarged to de-
press the nonlinear effect. For analog signal transmission, the input power is watt-scale
(~10 dBm), which is 10 times larger than that of digital transmission (~0 dBm) [32]. The
A of standard G.654E fiber is approximately 120 um?2. To obtain a larger A, we only
excite the fundamental mode in a three-mode fiber. In smart oilfields, the transmission
distance is usually less than 50 km, and there are few intra-link splices. The multipath inter-
ference (MPI) in this scenario is approximately —40 dB, which sightly limits transmission
performance [33]. As for the connection of transmitters and receivers, the MPI could be
induced by the mismatch between mode fields. Low-loss mode field adapters produced by
stepwise reverse tapering technique and thermally expanded core technique could further
effectively reduce the MPI [34]. Referring to the design of cores for digital transmission, the
results are shown in Figure 5 and Table 2. It shows that the A variation of the TA-SI fiber
is smaller than that of the other two types within the sweeping ranges, which means that
TA-SI fibers could maintain the stability of large A ¢ in a larger range. When the A is set
as 172 um?, the bending radii of the SI-fiber, GI-fiber and TA-SI fiber are 50 mm, 80 mm,
and 40 mm, respectively.
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Figure 5. The A variation of analog transmission cores with the setting parameters. (a) sweeping
Tcore and Ancere, (b) sweeping reore and Ancere, and o is 2, (¢) sweeping Anyench and Ancore, and reore
is 8 um.

Table 2. The parameters of various types of fibers applied for analog transmission.

Type I'core (LM) Ancore (%) Angench (%) (04 wi (um) Wy (um)
SI 8.0 0.27 \ \ \ \
GI 11.0 0.25 \ 2 \ \
TA-SI 8.0 0.25 0.25 \ 4 5

3.3. The Analysis of the Crosstalk

To maintain the signal quality, the crosstalk between adjacent cores, which is calculated
by the finite element method to evaluate the performance of the multicore fiber, should be
lower than —55 dB/km [35]. As we mentioned above, the cores for digital transmission
and analog transmission support three modes while the core for analog transmission only
excites the fundamental mode. For sensing cores, we use the standard G.652 fiber. We know
that the distance between the edges of cores influences crosstalk greatly and it is a negative
correlation with the crosstalk. To simplify the calculation, we suppose that the crosstalk
between two three-mode cores is the crosstalk of the whole multicore fiber because the
core radius of G.652 fiber (3 um) is much smaller than the other two three-mode fibers,
which leads to lower crosstalk when the core pitch is fixed. The parameters of cores for
digital transmission and analog transmission are listed in Tables 1 and 2. The bending
radius is assumed as one meter according to the diameter of the pipeline. The crosstalk
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(XT) is obtained by using coupled-power theory [36]. The mode-coupling coefficient could
be shown as:
weo 7 (N2 - N‘?) E;-Eqdxdy

[[Fe uz-(E;; X H, + Ep x H;)dxdy

®)

Kpg

where w is an angular frequency of the sinusoidally varying electromagnetic fields, ¢ is
the permittivity of the medium, and u, means the outward-directed unit vector. E, and E,
represent the electric field distribution of core inside the range of core p, and the electric
field distribution of core inside the range of core g, respectively. The crosstalk (XT) between
the neighboring cores with length L is estimated as:

XT = tanh (TyqL ) @)

2K2 d
P4 (5)

where Ky is the average value of xp; and xp. A‘B'pq is the difference of equivalent propaga-
tion constant between two cores. d means the correlation length [37]. Here, d is assumed to
be 0.05 m.

Figure 6 shows the crosstalk as a function of the pitch between neighboring cores.
It could be seen that the crosstalk reduces as the core pitch increases. To compare all
the combinations, we set the core pitch as 50 pm. For each row, the third combination
performs better than the other two, which means that we could obtain a better performance
if the SI-TA fiber is applied in the analog-transmission core. For example, in the first row,
the core for digital transmission is the SI fiber and that for analog transmission is the SI
fiber, the GI fiber, and the SI-TA fiber, respectively. The maximum crosstalk of the third
combination is —63.4 dB/km, while the other two combinations’ maximum crosstalk values
are approximately —55.4 dB/km and —34.1 dB/km. Furthermore, comparing the results
by column is another dimension. In the third column, when the SI-TA structure is used
for analog transmission, there is a slight difference among the three combinations, but
the maximum crosstalk values of them are all lower than —55 dB/km, which satisfies the
communication requirements of crosstalk. Above all, we suppose that the core for analog
transmission should use the SI-TA fiber and that for digital transmission could be chosen
from the SI fiber or the GI-TA fiber, depending on the processing capability of chips.

3.4. Transmission System Demonstration

To further investigate the performance of the multicore fiber in actual applicable
conditions, we model the signal transmission process in VPItransmissionMaker Optical
Systems. A 100 Gb/s quadrature phase-shift keying (QPSK) signal is generated at 1550 nm,
and the input powers of the digital signal and the analog signal are 0 dBm and 13 dBm,
respectively. The core pitch is set as 50 um. The number of splices is 2 and the splice
loss is 0.4 dB. The loss of LPy; and LPy; is 0.20 dB/km and 0.22 dB/km, respectively.
The mode crosstalk is —60 dB/km. In the simulation, the fan-in and fan-out devices and
(de)multiplexers are somewhat ideal devices. The crosstalk of these two types of devices
is —50 dB, and the insertion loss is 1 dB and 3 dB, respectively. Taking into account the
processing capacity of widely used chips, the number of taps is set as 32 to maintain the
possibility of real-time transmission. The DSP algorithm is referred to in [38], which could
adjust the distribution of filter taps and enhance the utilization to efficiently recover signal.
The SI-TA fiber is set as the core for analog transmission. The Q?-factor performances
versus different transmission distances with the digital signal transmission cores of the SI
fiber, the GI-TA fiber, and the fabricated GI-TA fiber are shown in Figure 7. Because the
designed fiber would be applied in smart oilfields, the maximum transmission distance is
set as 50 km. The Q?-factor threshold of forward error correction (FEC) is 6.5 dB, which
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is recommended by IEEE Standard 802.3 [39]. We could see that when the core for digital
transmission is the optimized low-DMGD three-mode TA-GI fiber, the Q?-factors of two
guided modes decrease slightly as the length increases and those are over 15 dB within
50 km. Compared with this, if the SI fiber is set as the core for digital transmission, the
Q?-factor of each guided mode decreases more sharply from approximately 15 dB to 6 dB.
The effective transmission distance is approximately 43 km, which is smaller than 50 km. It
shows that the performance of the TA-GI fiber is more available and could be applied in
this environment. As for analog transmission performance, due to the 13 dBm input power
of analog signal transmission, it is almost 20 times larger than the input power of digital
signal transmission. For such an asymmetry channel, the performance of the analog single
transmission is almost the same as that in a single-core transmission system.
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Figure 6. The relationship between the crosstalk of guided modes and the core pitches. In each row,
the cores for digital transmission are the SI fiber, the GI fiber, and the GI-TA fiber. In each column, the
cores for analog transmission are the SI fiber, the GI fiber, and the SI-TA fiber, respectively.
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4. Conclusions

In this paper, we propose a heterogeneously integrated seven-core fiber for smart
oilfields, which could not only support digital and analog signal transmission but could
also measure temperature and vibration through Raman effect and phase-sensitive optical
time-domain reflectometry. The core arranged in the center is used for digital transmission
to maintain communication stability, while others are arranged around the center for
analog transmission and sensing, with equal pitches to increase sensing sensitivity. The
core for digital signal transmission has a low differential mode group delay of 10 ps/km
over the C-band. Each core for analog signal transmission has a large effective area of
172 um? to suppress the nonlinear effect. The crosstalk between adjacent cores is lower
than —55 dB/km, which could support 25-Gbaud real-time transmission over 50 km, based
on widely used chips for data processing. We believe that the proposed multicore fiber
could support and enhance the construction of smart oilfields.
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