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Abstract

Multi-core fibers (MCFs) have sparked a new paradigm in optical communications, as
they can significantly increase the Shannon capacity of optical networks based on single-
core fibers. In addition, MCFs constitute a useful platform for testing different physical
phenomena, such as quantum or relativistic effects, as well as to develop interesting
applications in various fields, such as biological and medical imaging. Motivated by the
potential applications of these new fibers, we will perform a detailed review of the MCF
technology including a theoretical analysis of the main physical impairments and new
dispersive effects of these fibers, and we will discuss their emerging applications and
opportunities in different branches of science.

Keywords: multi-core fiber, inter-core crosstalk, birefringent effects, intermodal
dispersion, microwave photonics, optical sensors, medical imaging

1. Introduction

Data traffic demand in access and backbone networks has been increased exponentially in the
last three decades [1, 2]. Remarkably, in the last decade, the development of streaming trans-
missions and cloud computing has accelerated this growth [3]. Nowadays, in spite of the fact
that this data traffic demand is easily covered by wavelength-division multiplexed (WDM)
systems based on single-mode single-core fibers (SM-SCFs),' recent works show that the WDM
systems are rapidly approaching their Shannon capacity limit [4].

Aimed to overcome the Shannon capacity limit of WDM networks using SM-SCFs, space-
division multiplexing (SDM) has been extensively investigated in recent years [5-7].

'SM-SCFs are also termed in the literature as single-mode fibers (SMFs).
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Remarkably, the SDM concept within the context of optical communications was proposed for
the first time in the decade of 1980 [8-10]. Unfortunately, the technology underneath SDM was
immature and extremely expensive. Nevertheless, the fabrication methods of the SDM fibers
and optical devices have been extensively developed in the last decade reducing their
manufacturing cost [11]. In this scenario, new types of optical fibers based on the SDM concept
have been proposed [5-12]: fiber bundle based on SM-SCFs, multi-mode single-core fibers
(MM-SCFs),” single/multi-mode multi-core fibers (SM/MM-MCFs) and photonic crystal fibers.

In contrast with the other aforementioned SDM fibers, MCFs allow us to increase the channel
capacity limit of SM-SCFs by exploiting the six signal dimensions (time, wavelength, ampli-
tude, phase, polarization and space) through spatial multi-dimensional modulation formats
and digital signal processing at the receiver [13-15]. Interestingly, SCFs have also been used as
an experimental platform for testing different phenomena related to diverse branches of
physics, such as fluid dynamics, quantum mechanics, general relativity and condensed matter
physics, as well as to develop applications in other fields [16-23]. Along this line, MCFs are
potential laboratories that could extend the possibilities offered by SCFs. As an example,
disordered MCFs exhibiting transverse Anderson localization have been proposed with poten-
tial applications in biological and medical imaging [22].

Inspired by the potential applications of these new fibers, we perform a detailed review of the
MCEF technology including a theoretical analysis of the main physical impairments and new
dispersive effects of these fibers, and we discuss their applications and opportunities in differ-
ent branches of physics, engineering and medicine. The chapter is organized as follows. In
Section 1II, the different MCF types are revisited. In Section III, we include some fundamental
aspects of light propagation in the linear and nonlinear fiber regime. Specifically, we focus on
the theoretical description of the physical impairments observed in these fibers in the single-
mode regime: the linear and nonlinear inter-core crosstalk, the intra- and inter-core birefrin-
gent effects, the intermodal dispersion and higher-order coupling and nonlinear effects. In
Section IV we discuss the main applications and opportunities of MCFs in photonics, medicine
and experimental physics. Finally, in Section V the main conclusions of the chapter and the
open research lines in the topic are highlighted.

2. Multi-core fiber types and fabrication

MCF designs can be classified in different categories attending to diverse fiber parameters and
characteristics. Table 1 shows the usual MCF designs employed for SDM transmissions and
MCEF laser and sensing applications:

1. The refractive index profile of each core allows us to differentiate between step-index
(SI-MCF) and gradual-index MCFs (GI-MCF). In the former case, the refractive index
profile of all cores has a step between two constant values in the core and cladding
interface. However, in the latter case, a MCF is referred to as GI-MCEF if at least one core

"MM-SCFs are also referred to as multi-mode fibers (MMFs).
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has a continuous refractive index profile. Along this line, we can make a distinction with a
third type of MCF: a trench- or hole-assisted MCF (TA-MCF or HA-MCF). In general, a
TA- and HA-MCF present a multi-step refractive index profile in the cladding to reduce
the mode-coupling (inter-core crosstalk) between the linearly polarized (LP) modes of
adjacent cores [7, 11, 12, 24]. Specifically, in a HA-MCF an additional step is included in
the cladding by performing holes around the cores [7].

MCF Type 1 Type 2 Figure/comments
classification
Refractive index  Step-index Gradual-index n; (1) n, 2)
profile SI-MCF GI-MCF
7 7
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SM-MCF MM-MCF 0
Spatial Homogeneous cores Heterogeneous cores ( l) (2)
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Others (1) Trench-assisted MCF (TA-MCEF), (2) Hole-assisted MCF (HA-MCF), (3) MCF with coupled and

uncoupled cores, (4) Dispersion-shifted MCF (DS-MCF), (5) MCF Bragg gratings, (6) Hexagonal
shaped
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Table 1. Classification of multi-core fiber types.
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2. A single-mode MCF (SM-MCF) supports only the LPy; mode in each core. In contrast, if a
given core guides several LP modes, the fiber is known as a multi-mode MCF (MM-MCEF).
Moreover, a MCF supporting only the first three or four LP mode groups (LPy;, LP11, LP5y,
LPy;,) is usually termed as a few-mode MCF (FM-MCEF) [7].

3. Attending to the spatial homogeneity of the MCF structure, we can make a distinction
between a homogeneous MCF (HO-MCF) or a heterogeneous MCF (HE-MCF). In the
former case, all cores present the same refractive index profile, and in the latter case, the
MCF comprises at least one core with a different refractive index profile’.

4. The core-to-core distance (or core pitch) is the main fiber parameter which determinates
the inter-core crosstalk level among the LP modes of each core. Usually, if the core pitch
between two homogeneous cores a and b (d,) is lower than seven times* the core radius
R, the LP modes of the cores are found to be degenerated and the MCF supports
supermodes [25]. In such a case, the MCF is referred to as a coupled-core MCF (CC-
MCF). On the contrary, if the LP modes of the cores a and b are non-degenerated, the
supermodes cannot be generated and each core is considered as an individual light path.
This fiber design is termed as uncoupled-core MCF (UC-MCF). Recent works have
reported a mixed design using coupled and uncoupled cores [26, 27].

5. If the intrinsic linear birefringence of each core An = In, — n,| is lower than 107, the MCF
is referred to as lowly birefringent MCF (LB-MCF). Nonetheless, if a given core has a
An > 1077 the MCF is known as a highly birefringent MCF (HB-MCF). In general, a HB-
MCF comprises elliptical or panda cores for polarization-maintaining applications [28, 29].

6. Other designs of MCFs involve: dispersion-shifted cores (DS-MCFs) [30], selective-
inscribed Bragg gratings [31] and hexagonal shaped cores [32].

Once the MCF cross-section design is established, the specific MCF fabrication method is of
key importance for the final optical transmission characteristics. MCF fabrication processes
have been refined and optimized in the last years with an intensive research work [5, 7, 33-37].
In this scenario, the main technological challenge in the design and fabrication of uncoupled
MCFs is to minimize the crosstalk providing the maximum core isolation. Usually, the design
work is performed numerically using commercial simulation packages. The simulation analy-
sis targets to determine the cross-section modal distribution, the spectral power density of the
LP modes, the associated power losses and the resulting inter-core crosstalk.

MCF fabrication can be addressed by microstructured stack-and-draw technology [36], a
flexible technology which allows us to fabricate very different fibers on the same machinery.
Unfortunately, MCF manufacturing is a complex process with nonlinear results on the process
parameters. In particular, some rods or capillaries configurations may be technically difficult
to draw into the designed form, which results in a MCF with higher crosstalk levels than in the

"Two cores a and b have a different refractive index profile if n,(r,) # ny(ry), where 1,4, is the local radial coordinate of each
core. Hence, two step-index cores have a different refractive index profile if #,(r, = 0) # n,(r, = 0).

“The condition dap < 7Ry is only an approximation in the third transmission window and in single-mode regime of each
core, with Ry ~ 4 um. In general, the criteria to achieve the supermode regime in the MCF structure depend on additional
fiber parameters such as the refractive index profile and the wavelength of the optical carrier.
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original design. In this scenario, it is necessary to investigate the linear and nonlinear MCF
propagation taking into account not only the MCF manufacturing imperfections, but also
additional external fiber perturbations (see below). This would be of great benefit for investi-
gating multi-dimensional modulation formats, spatial encoding techniques and sharing of
receiver resources in MCF systems [38—41].

3. Linear and nonlinear propagation in real MCFs

In general, the electromagnetic analysis of a MCF should be performed by solving the macro-
scopic Maxwell equations (MMEs) in each dielectric region of the fiber (cores + cladding) and
applying the boundary conditions between the cores-cladding interfaces. However, the calcu-
lation of the exact MCF eigenmodes from the MMEs presents a high degree of complexity, and
usually, they should be calculated numerically. Therefore, in order to analyze theoretically the
electromagnetic phenomena in MCF media, the perturbation theory is usually employed.
Figure 1 shows a flowchart of this approach.

The goal is to derive a set of coupled equations from the MMEs in terms of the complex
envelopes of the electric field strength in each core performing the next steps:

1. First, we should propose the ansatz of the global electric field strength (€) of the MCF
structure following the assumption of the classical perturbation theory [42]: the exact
electric field strength is approximated by a linear combination of the mi polarized core
modes® considering isolated cores, that is, assuming that the geometry of each core m is
not perturbed by the presence of adjacent cores [€ = }'E,,]. At the same time, we should
decouple the rapid- and the slowly varying temporal and longitudinal changes of &,,;. The

Perturbation theory in MCF

1 Ansatz - 3 MCF wave equation —_— 4 Coupled equations
N . (derived from Maxwell’s egs) Ein ot
E(P,I) = Z Z 8,"; (r,t)u}. ﬂ]z Phase-mismatching terms
m=lI=x.p AE;‘&\, +_28r !Erah
g 0

i

(r.)= Re[ﬁ"mh (r,t)ej“*"]
il

Camplex amplitude

+ Cross polarization
+ Nonlinear terms =0

Complex envelope [4,,] Transversal function [F,] :'
Propagation constant [, | MCF perturbations [—iff, 89 &= Z &l
i

1
|
4

2 Wave equation of the isolated modes

2
2] Prop. Constant+MCF perturbations
[A‘f‘?ﬁ"_.m]FmIe =0
0

Figure 1. Flowchart of the perturbation theory in MCF media to derive the coupled equations from the macroscopic
Maxwell equations.

"The polarized core mode mi refers to the LPy, ,,; mode associated with core m and polarization axis i.
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rapidly varying temporal changes are decoupled by using the slowly varying complex
amplitude approximation with &,,(r.,t) = f(E,.; .0(r,t)), where E,;; .0 is the complex ampli-
tude and wy is the angular frequency of the optical carrier®. In a similar way, the rapidly
varying longitudinal variations are decoupled by writing E,,; .0 as a function of the
complex envelopes A,,i(z,t), that is, E,; wo(t,t) = (Ani(zt)). Although ¢,,; is written assum-
ing isolated conditions, the complex envelopes should be assumed longitudinal depen-
dent to describe not only the usual longitudinal distortion” of the optical pulses in SM-
SCFs, but also the longitudinal fluctuations induced by the mode-coupling. Moreover,
Eiwo also involves fundamental information such as the ideal propagation constant
(—JBmi), the transversal eigenfunction (F,,;) and the MCF perturbations [bending, twisting
and additional fiber birefringent fluctuations modeled by the longitudinal and temporal
dependent phase function f,,;° * °(z,t)]%.

2. Each polarized core mode &,,; is written by assuming isolated conditions of each core.
Therefore, the transversal eigenfunction F,,; and the ideal phase constant f,, can be
expressed as indicated in [44] for the LPy; mode of a single-core fiber. Moreover, taking
into account that the nonlinear effects are not included in the modal solution of [44] and in
the MCF perturbations ﬁmiB "5 thus the eigenfunction F,,;-exp (—j(Bmi + ﬁmiB N S)z) should
satisfy the linear wave equation in each core and polarization in 6z ~ Ay, where A is the
maximum value of the wavelength of the optical carrier in the multi-dielectric medium”.

3. In the third step, the wave equation of the MCF should be derived for the complex
amplitudes E,,; ,0 from the MMEs by taking into account the cross- and nonlinear polar-
ization.

4. Finally, using the results of the first and second step in the MCF wave equation, we finally
derive the coupled equations of the complex envelopes by assuming the slowly varying
complex envelope approximation (SVEA), that is, 0..A,,; << | A,,;| in 6z ~ Ag and 6,A4,,; < <
| Al in 6t ~ 21/wy. More specificallyw:

O Ay
ot?

0z2

a-/4mi

oz

a~/4mi
ot

<k <K Anil; <wy < W Amil, (1)

where ky = 21/Ao. Thus, we can approximate 3% A, = 0.

In the following subsections, we will review the new physical impairments observed in SM-
MCFs using the aforementioned perturbation theory. First, we will describe the inter-core

“In general, we cannot consider a single-optical carrier in SDM-WDM systems using SM-MCFs. However, the interchannel
nonlinearities should only be taken into account for optical pulses higher than 50 ps [43]. Therefore, the assumption of a
single-optical carrier allows us to investigate the major physical impairments in SM-MCFs.

"Chromatic dispersion, polarization-mode dispersion and additional distortions induced by the intra-core nonlinear
effects.

“In Section 3.1, we will be more specific with the description of the MCF perturbations.

"The symbol A, is commonly used in the literature to describe the wavelength of the optical carrier at the vacuum. The
context should avoid any confusion.

“Note that 6..4,,; and 5,4, are defined as 5,A4,,:= [ ALi(zt) — Az + 0z,t) | and 6,A4,,:= | Ai(z,t) — A,z t + 0t) 1.
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crosstalk among cores when assuming a single polarization. Second, we will discuss the intra-
and inter-core birefringent effects by including two polarizations per core. Later, we will
analyze the intermodal dispersion and its impact on Gaussian pulses and optical solitons.
And finally, higher-order coupling and nonlinear effects will be investigated when propagat-
ing optical pulses in the femtosecond regime.

3.1. Inter-core crosstalk

In multi-dielectric media, we can observe mode-coupling among adjacent dielectric regions.
The continuity of the electromagnetic field in such media is the physical origin of the mode-
coupling, referred to as the inter-core crosstalk (IC-XT) in MCFs.

The IC-XT behavior is induced by the longitudinal and temporal deterministic and random
MCEF perturbations. The longitudinal perturbations include the macrobending, microbending,
fiber twisting and the intrinsic manufacturing imperfections of the fiber. The temporal pertur-
bations are induced by external environmental factors, such as temperature variations and
floor vibrations modifying the propagation constant of each polarized core mode, the bending
radius and the twist rate of the optical medium. In spite of the fact that the deterministic nature
of the intrinsic manufacturing imperfections, the remaining perturbations present a random
nature, and therefore, the IC-XT will have a stochastic evolution in the time and space domain
[33, 45-50].

Figure 2 shows the temporal evolution of the IC-XT measured during 26 hours in a homoge-
neous 4-core MCF [Fibercore SM-4C1500(8.0/125)] between two adjacent cores in the linear
and nonlinear regimes (power launch levels of 0 and 17 dBm, respectively). Although the
bending radius and the twist rate present a constant value in the experimental set-up (see [49]
for more details), the slight longitudinal and temporal local variations of both fiber parameters
induce a longitudinal and temporal random evolution of the IC-XT in both power regimes. In
addition, in the nonlinear regime, the Kerr effect is stimulated in the illuminated core 3
reducing the index-matching between the measured cores 1 and 3. In this scenario, the homo-
geneous cores 1 and 3 become heterogeneous when high power launch levels are injected in a

x1073
10

Power launch =0 dBm
Power launch= 17 dBm|

OIN oo

»
o B

IC-XT (mW/mW)
_—

[
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\_
—

\
| 4 A )” \
1 '(._\"r’i'-“”-. <= \h N'.-' m ‘,) ﬁ{';dv«h‘\‘ "r - piE R .'l,ll
O — vy I | R T
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (hours)

Figure 2. Measured temporal profile of the linear and nonlinear IC-XT between adjacent cores in a homogeneous 4-core
MCE (results based on [49]).
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given core. As a result, the MCF can be modeled in the nonlinear regime as an asymmetric
optical coupler with random behavior, and consequently, the IC-XT mean and variance is
reduced.

From these results, we conclude that the IC-XT has a random nature in both linear and
nonlinear power regimes. Hence, at this point it is natural to ask how the probability distribu-
tion is. In a first investigation of this impairment, the answer can be easily found from the
perturbation theory by assuming several initial simplifications: two cores a and b, a single
polarization x and monochromatic electric fields. The last two approximations allow us to
reduce the mathematical discussion of the IC-XT. In the next sections, these approximations
will be revisited. Therefore, following a similar and simple approach as in the first works of the
IC-XT [33, 45-50], the global electric field strength of the weakly guiding MCF (only two cores
a and b and a single polarization x) is expressed as:

E(r,)= > En(r,HE= Y Re[Ey,a,(r)expljwot)|z
m=a, b m=a, b

2
= Z Re[A,(z)Fun(x,y, wo)exp(—jB,, (wo)z)exp(jwot)] %, ®

m=a, b

where A,, is the complex envelope'' of the continuous wave in the core m = a,b satisfying
the SVEA; F,, is the transversal eigenfunction of the LPy; mode in the core m; and f,, is the
phase constant at the angular frequency wy of the optical carrier. Note that the eigenmodes are
written in Eq. (2) assuming isolated cores. Nonetheless, as mentioned before, A,, should be
assumed z-dependent to model the longitudinal variations induced by the IC-XT in the core
modes. Moreover, it can be noted that the MCF perturbations have been omitted in our ansatz
(first step of Figure 1). In these previous works [33, 45-50], the MCF perturbations will be
inserted heuristically'? in the fourth step with fortunate final results. Now, using Eq. (2) in the
MMEs and following the steps detailed in Figure 1 omitting the MCF perturbations, we obtain
the coupled equations of the classical coupled-mode theory (CMT) of an asymmetric and
nonlinear optical coupler:

.dA,(z)
J dz

= kaexp(—jAB,2) An(2) + 0y, Aa(2) PAd(2), ©)

and a similar expression is found for dA(z)/dz. In Eq. (3), k, is the linear coupling coefficient,
g1 is the self-coupling nonlinear coefficient and ApBy,:= By(wo)—Pa(@wo). In general, additional
linear and nonlinear coupling coefficients appear in Eq. (3) [50]. However, considering that the
core pitch is usually higher than four times de core radius in CC- and UC-MCFs, these

"Note that in Eq. (2) we have employed a different function for the complex envelope as in Eq. (1). We will use A(zt) to
describe the complex envelope in the non-monochromatic regime (optical pulses) and A(z) in the monochromatic regime
(continuous waves). Both functions are related as indicated in Section 3.3.

“This strategy is mathematically questionable. Note that the propagation constants are assumed invariant in the ansatz
[Eq. (2)], but once we derive the coupled equations, we will assume that the MCF perturbations modify the propagation
constants. Although the final estimation of the IC-XT is in line with the experimental results in [47-51], in Section 3.2 we
will solve this mathematical inconsistence.
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coupling coefficients can be neglected [50]. The predominant coupling coefficients describe the
linear and nonlinear mode-coupling: k,, models the linear mode overlapping between the
transversal eigenfunctions F, and F;, and g4, allows us to investigate the self-coupling effect in
the nonlinear regime (analog to the self-phase modulation which can be observed when
propagating optical pulses in a single-core fiber). At this point, the MCF perturbations can be
described by modifying heuristically the exponential term in Eq. (3) as follows:

z

exp(—jABy,z) — exp(—jAdy,(z)) = exp —jJAﬁgfq) (1)dr |, @)
0

with ABy,®P(z) = ABpa + AP * 2(z), where AB,, " * ) describes the phase fluctuation induced
by the MCF perturbations. As can be seen, the temporal fluctuations of the propagation
constants are also omitted in Eq. (4) to simplify the first analysis of the IC-XT. The temporal
fluctuations of the crosstalk will be discussed later. Hence, the coupled-mode equation in a real
MCF is finally found as:

.dA,(2)
J dz

— kupexp(—jAdua(2)) Ao 2) + 41, Aul(2) PAu(2). ©)

Remarkably, the revisited CMT constitutes a fundamental tool to estimate numerically the
IC-XT in SM-MCFs using the Monte Carlo method [50]. The numerical calculation can also be
performed in HA- and TA-MCFs by using Eq. (5) along with the corresponding closed-form
expression of the linear coupling coefficient k,, detailed in [51]. Furthermore, the revisited
CMT allows us to derive the closed-form expressions of the IC-XT cumulative distribution
function (cdf), probability density function (pdf), mean and variance in the linear and
nonlinear regimes. Although the details of the mathematical discussion can be found in [33]
for the linear regime and in [50] for the nonlinear regime, let us summarize the main results of
these works.

The starting point is to consider a constant or quasi-constant bending and twisting conditions,
i.e. their average value much higher than their longitudinal random fluctuations. In such a
case, the phase-mismatching function of Eq. (4) can be expressed as [52]:

ﬁad”b

M) = Mz = 5 s

sin(2nf(z)z), (6)

where Rg(z) and fr(z) are the bending radius and the twist rate along the MCF length, respec-
tively'°. The previous expression is the same as Eq. (2) of [52], but assuming to be null the
offset of the twist angle of the core a at z= 0. It should be noted that the power exchanged between
the cores a and b is maximized at the z-points where phase-mismatching function becomes null.
These points are referred to as the phase-matching points (denoted as N, and Ny, in the linear

"Eq. (6) is valid if and only if we can assume that Rg > > 6Rp and fr > > 6fr along the MCF length. In other case, Eq. (4) must
be solved numerically using the refractive index model of [33].
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and nonlinear regime, respectively). In general, in homogeneous SM-MCFs Ny i, # 0, but in
the heterogeneous case, the phase-matching points can only be observed for a bending radius
with an average value'* Rg lower than the threshold Ry (phase-matching region'”) [33]:

Rs < R = duf, /| By )

In the phase-matching region, we can use a first-order solution of Eq. (5) to perform the
statistical analysis of the IC-XT [33, 50]. Table 2 shows the analytical expressions of the linear
and nonlinear IC-XT distribution and its statistical parameters derived from the CMT. As can
be seen, the measured IC-XT pdf fits correctly to a chi-squared distribution with 4 degrees of
freedom. In the linear regime, the mean, variance and Ny are constant with the optical power
launch level (P;). However, in the nonlinear regime, the Kerr effect detunes the phase constant
of the core modes as Py increases in the excited core 3 and, therefore, the homogeneous MCF
becomes heterogeneous. As a result, the statistical IC-XT parameters are reduced with
Py, > 2 dBm, the critical optical power in silica MCFs [49].

Furthermore, note that these statistical parameters can be estimated from the mean of the
linear crosstalk py .. Hayashi, Koshiba and co-workers reported in [47, 48] the closed-form
expressions to estimate ., in different MCF designs with different bending twisting condi-
tions. For small bending radius with Rg < Ry, i1, can be estimated using Eq. (27) of [48], and
for large bending radius with Rg > Ry, i1, can be estimated from Eq. (21)'° of [47]. In Table 2
we also include the evolution of uy , with the average value of the bending radius in a
heterogeneous SM-MCF [47]. In the phase-matching region, the mean of the linear IC-XT
increases with Rg. However, in the phase-mismatching region, the mean of the linear IC-XT is
reduced when Rg increases.

Finally, it should be noted that the statistical analysis previously described is only focused on
the random longitudinal evolution of the IC-XT along the MCF considering a single polariza-
tion and temporal invariant conditions of the optical medium'”. Hence, the following natural
step is to consider temporal varying conditions of the dielectric medium and two polarizations
per core.

3.2. Birefringent effects

Now, let us assume a 2-core SM-MCF operating in the monochromatic regime as in the
previous section, but considering two polarizations per core and both longitudinal and time-
varying random perturbations. These initial assumptions will allow us to predict the different

"In the following equations, we denote the average value of the bending radius and the twist rate without the usual
brackets < > to simplify the mathematical expressions, that is, Rg(z) = Rg + 6Rg(z) and fr(z) = fr + 6fr(z).

"Note that Rpk = e when considering homogeneous cores.

“In [48], Eq. (21) is given as a function of the correlation length of MCF structural fluctuations. The MCF structural
fluctuations are all the medium perturbations except the macrobends. Microbends, fiber twisting or floor vibrations are
specific examples of the MCF structural fluctuations.

"That is, the electrical permittivity is assumed to be temporally invariant.
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Table 2. Statistical distribution and parameters of the linear and nonlinear IC-XT. L is the MCF length, u is the Heaviside
step function, Py, is the power launch level in the excited core b, K, is the discrete coupling coefficient calculated from
Eq. (12) of [33], 41, is the nonlinear coupling coefficient, b is a constant which depends on additional MCF parameters [50]
[b = 0.5 in the Fibercore SM-4C1500(8.0/125)] and . is the correlation length of the autocorrelation function of the MCF
structural fluctuations [47].
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Core a

Core b

«— MCF segment —

Figure 3. MCF comprising different birefringent segments in cores a and b with longitudinal and temporal varying
fluctuations in the first-order electrical permittivity tensor.

crosstalk types between the polarized core modes (PCMs) in a SM-MCEF: (i) the intra-core
crosstalk (iC-XT) which describes the mode-coupling between orthogonal polarizations in a
given core; (ii) the direct inter-core crosstalk (DIC-XT) modeling the mode coupling between
the same polarization axis in different cores; and (iii) the cross inter-core crosstalk (XIC-XT)
involving mode coupling between orthogonal polarizations in different cores.

As depicted in Figure 3, in a real MCF, each core m = a,b can be modeled as a series of
birefringent segments with a different time-varying retardation and random orientation of
the local principal axes. Therefore, the first-order electrical susceptibility tensor x;"(r;t) will
have both spatial and temporal dependence. As a result, in each segment of a given core m, the
propagation constant of the polarized core modes (PCMs) LPy;, and LPy,, presents a different
value due to the mentioned slight changes of )(l-j(l), and therefore, the transversal function F,,; of
each PCM “mi” (i = x,y) is also found to be spatial and temporal dependent.

In order to model theoretically this scenario, the concept of local mode is included in the
perturbation theory. A local mode can be defined as an eigenfunction in a short core segment
where the equivalent phase constant f8,,{°? and the transversal function F,,; are approximately
invariant. Hence, each core can be separated in different segments and local modes where the
longitudinal and temporal birefringence conditions are approximately constant. In this way, in
contrast with the previous section, now the MCF perturbations are considered from the ansatz
inserted in the Maxwell equations. Specifically, the ansatz of the global electric field strength of
the MCF structure is now written as [53]:

E(r,t)= Z Z Epi(r, ;= Z ZRe[Em,-,wO(r; t)exp(jwot) |t

m=a, bi=x,y m=a, bi=x,y

= ) ) Re[Awi(z; )Fui(x,y, w0; 2, )exp(—j@ui(z, wo; t) Jexp jwot) | i,

m=a, bi=x,y

(8)

where the semicolon symbol is used to separate explicitly longitudinal and temporal changes
induced by the slowly varying MCF perturbations. Thus, note that the complex amplitude
E i wo 1s only a phasor with temporal changes much lower than the temporal oscillation of the
optical carrier (T = 271t/wy). The MCF perturbations and the optical attenuation are described
by the complex phase function ®,,; defined as:
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with @ modeling the power attenuation coefficient of the MCF (assumed similar in each PCM),
and the real phase function ¢,,; involving the ideal phase constant of the PCM and the
longitudinal and temporal MCF perturbations. Now, using Eq. (8) and performing the deriva-
tion of the perturbation theory as depicted in Figure 1, the following coupled local-mode
equation is found [53]:

(0 « .
] (& + E) Aux (ZQ t) = My, ay (23 t)exp (_]Ad)ay,ax (Z; t))A”y (Z; t)

+ Kax, b2 (2; t)eXp (_jA¢bx, (% t))Abx (z;t)
+ (90 @ DlAR(E P + 80z D] An (O ) Anlzi )

1 ) .
5 8 (7 Dexp (—20dbgy 0y (2:) ) A (2% (),

(10)

where M,y 0y Kaxpx, Gax @and gu are the coupling coefficients defined in [53]; and the phase-
mismatching functions are defined as Adyy, o= bay — Gavy Adpxaxi= Pox — Gax and Ay, =
¢vy — Gax- From the above equation, the following considerations are in order:

* In contrast with the previous section, the longitudinal and temporal MCF perturbations
are now modeled, not only by the phase-mismatching functions A¢(z;t), but also by space-
and time-varying coupling coefficients'®. This coupled local-mode theory (CLMT) inher-
ently incorporates these stochastic perturbations in both functions, as they were directly
included in the Maxwell equations using Eq. (8).

e  The CLMT is completed by three additional coupled local-mode equations for the ay, bx
and by PCMs, which can be obtained just by exchanging the corresponding subindexes in
Eq. (10). The herein presented theory is a general model which can be applied to SM-
MCFs comprising: coupled or uncoupled cores, lowly or highly birefringent cores, trench-
assisted, hole-assisted, and with gradual-index or step-index profile. In SM-CC-MCFs
with a core pitch value (d,,) lower than three times the maximum core radius (R, = max
{Roa Rop}), additional nonlinear terms modeling cross-coupling effects should be included
in Eq. (10). However, if we assume a MCF with d,, > > 3R, the self-coupling effect is the
predominant nonlinear coupling effect and the additional nonlinear terms can be
neglected [53].

"Note that the explicit dependence with @, has been omitted in the phase-mismatching functions and in the coupling
coefficients for the sake of simplicity.
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*  The monochromatic equivalent refractive index model (ERIM) reported in [53] must be
used to calculate numerically the coupling coefficients and the phase-mismatching func-
tions. Thanks to the CLMT and the ERIM, we will observe that the temporal birefringence
fluctuation of each core modifies the average value of the iC-, DIC- and XIC-XT.

First, in order to analyze the longitudinal MCF random perturbations induced by MCF bend-
ing and twisting, a Monte Carlo simulation was performed using the CLMT along with the
ERIM considering a 2-m SI-SM-HO-UC-LB-2CF with cores a and b comprising a single bire-
fringent segment with the same birefringence average value of <An,> = <An;> = 1077 (see the
specific fiber parameters in [53]). The temporal birefringence fluctuation of the 2CF was
omitted in this simulation. The numerical results are shown in Figure 4, where we can observe
the behavior of the mean of the iC-XT ay-ax DIC-XT bx-ax and XIC-XT by-ax when changing the
bending radius Rg and fiber twisting conditions fr.

As it can be noticed from Figure 4(a), we cannot observe intra-core mode-coupling between
ax-ay with fr =0 in 2 m of the MCF. Macrobending increases the phase-mismatching between
the PCMs ax and ay without inducing iC-XT due to the photo-elastic effect [54]. As a result,
significant XIC-XT cannot be observed for short MCF lengths when fr = 0, as in the case of
Figure 4(c). Nevertheless, an average level of DIC-XT between —100 and —50 dB can be noted
from Figure 4(b) in non-twisting conditions depending on the Rg value. In addition, the higher
the twist rate and the bending radius, the higher the iC-, DIC- and XIC-XT mean due to the
reduction of the phase-mismatching between the different PCMs of the 2CF. Note that DIC- and
XIC-XT means are balanced when the iC-XT mean achieves the value of 0 dB in Figure 4(a).
Therefore, MCF twisting can be proposed as a potential strategy for birefringence management
to balance the inter-core crosstalk between the different PCMs for short MCF distances. For
MCEF distances of several kilometers, the iC-XT mean will be increased and the difference
between the mean of the DIC- and XIC-XT will be reduced.

In addition, experimental measurements were performed on a 4CF [Fibercore SM-4C1500
(8.0/125)] analyzing the temporal birefringence of the optical media and its impact on the mean
of the crosstalk between the PCMs of the cores 1 and 3. Figure 5 shows the temporal fluctua-
tion of the linear birefringence and the crosstalk mean behavior between the PCMs of cores 1
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Figure 4. Numerical simulation of the crosstalk between PCMs varying the bending radius and the twist rate in a 2-m SI-
SM-HO-UC-LB-2CF: (a) iC-XT mean ay-ax, (b) DIC-XT mean bx-ax, and (c) XIC-XT mean by-ax.
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Figure 5. Experimental results of the temporal linear birefringence fluctuation over different days and months of a 150-m
4CF, and corresponding intra- and inter-core crosstalk mean between cores 1 and 3 (NL: nonlinear regime). (a) Linear
birefringence of the cores 1 and 3, (b) iC-XT and (c) DIC- and XIC-XT. Results based on [53].

and 3 measured in different days and months'®. As shown in Figure 5(a), cores 1 and 3 present
a different average value of the linear birefringence estimated to be <An; > = 491077 and
<Anz > = 1.2.107° respectively (j = 1,...,15). It can be noted that the average value of the linear
birefringence is found to be constant in each core the three different measured months. More-
over, although the average value of the linear birefringence is different in each core, the
temporal evolution of the linear birefringence presents a similar shape in both cores. As can
be seen from Figure 5(a) and (b), the higher the linear birefringence in a given core, the lower
the mean of the iC-XT. Furthermore, it should be noted that iC-XT in core 3 is lower than in
core 1 due to a higher index-mismatching between the orthogonal polarizations. Remarkably,

"As the linear birefringence of each core remains unchanged during more than 10 hours in the laboratory room, we
analyzed the temporal birefringence fluctuation in different days and months, with similar temperature conditions in the
laboratory.
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the iC-XT mean presents a lower temporal fluctuation in the more birefringent core (core 3),
which occurs when the average value of the birefringence is higher than the temporal random
birefringence fluctuation (~10~7). In addition, we can observe from Figure 5(c) that the tempo-
ral evolution of the XIC-XT mean presents the same behavior as the iC-XT mean, indicating
that XIC-XT depends directly on the iC-XT of both cores. As a result, DIC-XT is higher than
XIC-XT when iC-XT is lower than 0 dB in both cores. The nonlinear crosstalk between de PCMs
1y-1x, 3y-3x, 3x-1x and 3y-1x was also measured the 5th, 6th and 15th days with a power
launch level of 6 dBm. The DIC- and XIC-XT mean is reduced around 1 dB keeping constant
the difference between both inter-core crosstalk types as a direct consequence of the constant
behavior of the iC-XT mean in nonlinear regime. Finally, note that the experimental measure-
ments of Figure 5 fit correctly with the CLMT when using the simulation parameters detailed
in [53].

Additional numerical calculations of the CLMT can be found in [53] involving both LB and HB
cores. Interesting, it is worth mentioning that the CLMT and the ERIM can be used to design
HB-MCFs with random orientation of the principal axes between adjacent cores to reduce the
mode-coupling between their PCMs. The concept is similar to the crosstalk behavior which can
be found in disordered MCFs exhibiting transverse Anderson localization [21]. Along this line,
a TA- and HA-cladding can also be considered in these fibers to obtain low DIC- and XIC-XT
levels. In all these scenarios, the CLMT can be used in the design work, with a lower compu-
tational time than numerical simulations based on FDTD (Finite-Difference Time Domain)
calculations.

The temporal fluctuation of the crosstalk has also been investigated in [55], but considering a
single polarization per core and inserting heuristically the MCF perturbations in the exponen-
tial terms of the CMT, in line with the initial crosstalk works [33, 45-50]. Specifically, in ref.
[55], the crosstalk transfer function has been discussed at the MCF output considering small
modulated signals, i.e. non-monochromatic electric fields. However, the comprehension of the
MCEF propagation and the IC-XT in the non-monochromatic regime is not as straightforward
as initially foreseen. Hence, at this point, let us discuss the non-monochromatic regime with a
similar rigorous formalism as in [53] for the monochromatic case.

3.3. Intermodal dispersion and higher-order coupling and nonlinear effects

The theoretical study of the non-monochromatic regime will allow us to describe the propaga-
tion of optical pulses through a MCF. Focusing our efforts on SM-MCFs, additional physical
impairments should be included in Eq. (10), such as the group-velocity dispersion (GVD),
polarization-mode dispersion (PMD), intermodal dispersion and additional nonlinear effects.
Moreover, if we also consider the propagation of ultra-short optical pulses in the femtosecond
regime, the analysis of higher-order coupling and nonlinear effects should also be incorporated
to the coupled equations.

Although in the picosecond regime MCF propagation models have been proposed in [56, 57]
including polarization effects and the random longitudinal fiber perturbations (but omitting
the temporal fluctuations), in the femtosecond regime, existing MCF propagation models
exclude polarization effects and omit both temporal and longitudinal random perturbations
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of the fiber [58-60]. In order to include these realistic fiber conditions in the mathematical
description of the propagation of femtosecond optical pulses through a MCF, a theoretical
model is proposed in [61] based on the concept of local modes. As can be seen later, the
intermodal dispersion induced by the MCF random perturbations can become one of the
major physical impairment in the single-mode regime of the fiber. Specifically, the intermodal
dispersion, also referred to as the mode-coupling dispersion (MCD) in this work, is induced in
the femtosecond regime not only by the mismatching between the propagation constants of
the PCMs, but also by the frequency dependence of their mode overlapping.

Our initial goal is to revisit the CLMT of the previous section but now assuming non-
monochromatic fields. In such a case, the ansatz of the global electric field strength of a SM-
MCF should be written as:

Er, )= > D Ewilr,)iii= Y Y Re[Epa, (1, Hexp(jant)]ii;, (11)

m=a, bi=x,y m=a, bi=x,y

where the complex amplitude E,;; .0 is now a bandpass signal with the slowly varying tempo-
ral changes of the electric field strength, given by the expression:

1 ~
Emi,wo (1’, t) = EJAmi(Za W — Wo; t)Fmi(xaya w; zZ, t) X

X exp|—jPui(z, w; t)]explj(w — wo)t]dw.

(12)

The functions involved in the previous equations are the same as in Eq. (8), but now expressed
in the frequency domain. Nevertheless, a fundamental remark of the complex envelope should
be taken into account at this point. As previously discussed in Figure 1, the slowly varying
longitudinal changes should also be decoupled from the rapidly varying longitudinal fluctua-
tions via the complex envelope. However, in Eq. (12) the rapidly and slowly varying longitu-
dinal changes are coupled in the first exponential term via the function ¢,,/(z,w;t). Therefore, in
order to decouple them and model the analytic function of the optical pulses, the complex
envelope should be rewritten as:

Ami(2, 0 = o3 t) = Api(2, @ — wo; 1)expl—j(yi(2, w; 1) = byi(z, w03 1))]. (13)

Once we have written our ansatz of the global electric field strength, the following step is to
propose the wave equation of the PCMs (second step) and the wave equation of the MCF (third
step). In particular, in the third step, we will able to incorporate the higher-order nonlinear
effects via the constitutive relation between the global electric field strength and the nonlinear
polarization. Note that in the femtosecond regime, the aforementioned constitutive relation
should include the delay response of the electronic and nuclei structure of silica atoms [62]. For
optical frequencies well below the electronic transitions, the electronic contribution to the
nonlinear polarization can be considered instantaneous. However, since nucleons (protons
and neutrons) are considerably heavier than electrons, the nuclei motions have resonant
frequencies much lower than the electronic resonances and, consequently, they should be
retained in the constitutive relation as indicated in Eq. (536) of [61]. Specifically, Raman
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scattering is a well-known effect arising from the nuclear contribution to the nonlinear polar-
ization. All in all, the coupled local-mode equations can be derived to describe the propagation
of ultra-short pulses in SM-MCFs. In particular, the coupled local-mode equation modeling the
propagation of the PCM ax is found to be [61]:

(9 plea) 1o oy (ea) S

](&‘FDM —|—§0( Aﬂx(z7t):Maxay ﬂth Z}; axmx met

. 2
+ G5 (12O P Aa(2,5) + 580 (|Aas (2, O Au(z. 1))
1 ~ x
+ 3 0xp (2001 (2 1) By (Ane (2, D42 (2:1)) ”

+ G0 [ (FE Az, OP ) Au(z, )] + 850 [ (A4 Auy (2 D) Aue 2. 1)
4280, [0 (Aulz, 0145 =) | Au(z 1)}

+ g exp (20000 (2 ))&, { (05 (AL 2, ) Auy (2, ) Auy (2. )}

5 (ca)

where D;, " is the equivalent dispersion operator in the PCM ax including the frequency
dependence of the MCF perturbations in the time domain; & is the attenuation operator; the h
and u functions describe the isotropic and anisotropic Raman response, respectively; the f

function is f= h + u; the phase-mismatching term A(bay (23 1)=bgy (2, w05 t) — bay (2, wos t)

describes the phase-mismatching between the PCMs ax and ay at wy; 1\7[{5?% and Izgﬁ,qy,)m are,

respectively, the equivalent intra- and inter-core mode-coupling dispersion operators between
the PCMs ax-ay and ax-mx; qf,? and gg) ay are the nonlinear mode-coupling dispersion opera-
tors associated with the instantaneous response of the nonlinear polarization and accounting

for the nonlinear mode overlapping between the PCMs ax-ax and ax-ay; and qE};) and g§§>ay are

analogous to qﬁ? and gﬁ? ay, but associated with the nonlinear polarization induced by the
delay response of the nuclei motion of silica atoms (Raman effect). A comprehensive descrip-
tion of the main parameters of the model can be found in [61].

It should be remarked that the linear operators of Eq. (14) are found to be longitudinal and
temporal dependent, instead of constant coupling coefficients and unperturbed propagation
constants. Thanks to these linear operators, Eq. (14) is able to describe accurately the linear and
nonlinear propagation of each PCM and the linear and nonlinear MCD including the longitu-
dinal and temporal MCF perturbations. Furthermore, it is worthy to note that the MCD is
induced in each birefringent segment by two different dispersive effects when propagating
femtosecond optical pulse through a MCF: (i) the frequency dependence of the local
mismatching between the phase functions ¢,,;(z,w;t) of the PCMs, referred to as the phase-
mismatching dispersion (PhMD); and (ii) the frequency dependence of the mode overlapping
between the PCMs, modeled by the coupling coefficients and referred to as the coupling
coefficient dispersion (CCD). As an example, the PhMD between the PCMs ax and mx is
given by the phase-mismatching A, .(z,w;t) and the CCD by the coupling coefficients
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lzax, mx (2, w; t) and lzmx,ax (z, w; t), both dispersive effects modeled by the operators [A)[giq), [/551?),
Izgj,q,ﬁx and IZ,SquZX Note that the equivalent dispersion operators 65; ) and D,gm) describe not
only the linear propagation of the PCMs ax and mx, but also the exact phase-mismatching
Ay ax(z,w;t) at each angular frequency w at a given z point. The MCD can be observed in a
SM-MCF between the PCMs of different cores (inter-core MCD) and between the PCMs of a
single core (intra-core MCD). Note that the intra-core MCD is the well-known linear and
nonlinear polarization-mode dispersion (PMD). Hence, we will discuss in this subsection the
inter-core MCD (IMCD) involving the mode-coupling between the PCMs of different cores.

Although the proposed model allows us to investigate a wide range of propagation phenom-
ena in MCFs, our efforts are mainly focused on a deeper understanding of the IMCD induced
by the fiber perturbations. In order to clarify the impact of the MCF birefringence on this
physical impairment when propagating femtosecond optical pulses, Eq. (16) is solved numer-
ically in the linear and nonlinear regime of the fiber. In all the analyzed cases, we considered a
MCF comprising a fiber length of L =40 m and two cores 2 and b distributed in a square lattice
as in the Fibercore SM 4C1500(8.0/125) but with a core-to-core distance d,, = 26 um. The
wavelength of the optical carrier Ay was selected to be in the third transmission window with
Ap = 1550 nm. The time variable was normalized using the group delay of the PCM ax as a
reference with ty = (t — ,Bax(l)z)/Tp, where Tp is defined in this work as the full width at 1/2e
(~18%) of the peak power.

As a first simple example, we considered an ideal homogeneous MCF, with Rg = and fr =0
turns/m. Figure 6(a) shows the simulation results of the CLMT when a 350-fs Gaussian optical
pulse is launched into the PCM ax at z = 0. In this example, the GVD and the PMD (induced by
the intrinsic random fiber birefringence) were omitted to isolate the effects of the first-order
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Figure 6. IMCD impact on Gaussian pulses and optical solitons propagating through a SM-MCF. (a) 350-fs Gaussian
optical pulse propagation under ideal conditions. (b) 250-fs Gaussian optical pulse propagation with random bending
conditions. (c) 600-fs fundamental bright soliton with random bending and twisting conditions. The numerical results for
the PCMs ay and by can be found in [61].

81



82

Selected Topics on Optical Fiber Technologies and Applications

IMCD. In this way, the pulse is only propagated by the PCMs ax and bx. Remarkably, the pulse
splitting predicted by Chiang et al. in [58] appears induced by the first-order CCD: each
spectral component of the pulse presents a different coupling length as a direct consequence
of the linear frequency dependence of the power confinement ratio of the LP01 mode in each
core. As a result, the pulse propagation can be modeled in this case by two linear and time-
invariant systems with the impulse response proportional to the Dirac delta functions 6(t + Kz),
where K is the first-order frequency derivative of the coupling coefficient between the PCMs ax
and bx.

Another interesting effect of the first-order IMCD is related to the random birefringence that
arises from a randomly varying fiber bending radius. In this case, the effect of the first-order
PhMD along with the CCD can also be observed when considering a high number of MCF
birefringent segments where the bending radius fluctuates with a Normal distribution
between adjacent segments. We simulate the MCF of the first example considering a 250-fs
Gaussian optical pulse and 50 birefringent segments with a bending radius Normal distribu-
tion Rg = N(u = 100,0* = 40) cm. The numerical results are shown in Figure 6(b). It can be seen
that the group delay and the pulse splitting present a random evolution in each core due to the
stochastic nature of the MCF perturbations inducing a random differential group delay
between the PCMs ax and bx. In particular, this result can be employed for pulse shaping and
dispersion engineering applications.

In the third example, the IMCD effects are also investigated in the nonlinear fiber regime along
with the PMD (intra-core MCD). Specifically, the impact of such perturbations on a bright
soliton is analyzed. A 600-fs fundamental soliton (~350 fs full width at half maximum) was
launched into the PCM ax of a dispersion-shifted homogeneous 2-core MCF with usual GVD
parameters of f® = —1 ps*’/km and ) = 0.1 ps*/km. The peak power (P,) required to support
the fundamental soliton is found to be around ~40 dBm considering a nonlinear refractive
index of nyy, = 2.6:107%° m*/W at 1550 nm. In order to simulate realistic MCF conditions, we
assume ABy,y " = 0.2 ps/km and Ay, ,»* = 0.1 ps’/km induced by manufacturing imperfec-
tions (similar values for the y-polarization). In this case, we also include the intrinsic linear
birefringence of the medium along with the linear and circular birefringence induced by the
fiber bending and twisting conditions. We consider 50 birefringent segments along the MCF
length, where the linear and circular birefringence fluctuate between adjacent segments. The
circular birefringence is induced by a random twist rate fr given by the Normal distribution
fr=N(u=0.1, 0> =0.01) turns/m. The linear birefringence is induced by: (i) the random bending
conditions with Rg = N(u = 100, 6 = 40) cm; and (ii) the intrinsic linear birefringence of each
core, fixed to 2-10~7 in both cores a and b. According to Figure 6(c), we can observe that the
soliton condition is broken along the MCF propagation. The second-order PhMD becomes the
main physical impairment when A, ,,* # 0 in dispersion-shifted coupled-core MCFs, with a
reduced second-order GVD coefficient and core-to-core distance. Therefore, in the first propa-
gation meters, the additional chirp induced by the second-order PhMD along with the first-
order CCD increases the pulse width and reduces the peak power. As a result of the peak
power reduction, the pulse width is increased along the MCF length and the soliton peak is
shifted from its original position due to the first-order PAMD and the third-order GVD. In this
case, note that the effects of the Raman-induced frequency shift (RIFS) [63] and the self-
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steepening are difficult to observe with Tp =600 fs, L =40 m, ﬁ(z) =-1 psz/km, and Py =40 dBm.
Nevertheless, in optical pulses of few femtoseconds and in MCFs with a higher second-order
GVD coefficient, the soliton distortion will be increased not only by the IMCD and the third-
order GVD, but also by the RIFS and the self-steepening nonlinear effects.

Although we have only discussed the main effects of the longitudinal birefringence of the
MCEF, the analysis of the temporal perturbations of the medium can be found in [61]. It should
be noted that the IMCD can also fluctuate in time due to the temporal fluctuation of the MCF
birefringence modifying the value of the phase functions ¢,,(z,w;t) for the PCM mi. Therefore,
the random group delay induced by the first-order PhMD in each MCF segment may present a
time-varying evolution.

For completeness, we investigate the fiber length scales over which the dispersive effects of the
IMCD should be considered in the pulse propagation phenomena when comparing this phys-
ical impairment with the GVD. To this end, we compare the GVD, CCD and PhMD lengths
considering a MCF without random perturbations, given by the expressions for the PCMs ax
and bx [61]:

;7 Leep=Tr/2 : (15)
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Figure 7 depicts the comparison of the GVD, CCD and PhMD dispersion lengths. As can be
seen, the IMCD induced by the CCD becomes the predominant impairment in dispersion-
shifted coupled-core MCFs with a reduced core-to-core distance and Aﬁbx,ux(z) =0. On the other
hand, the GVD is expected to become the major physical impairment in homogeneous
uncoupled-core MCFs, with a core-to-core distance d,, higher than 30 pm and Aﬁbx,ux(z) =0, or
in heterogeneous MCFs with inter-core crosstalk levels lower than —30 dB. Nevertheless, the
GVD along with the IMCD induced by the second-order PhMD will be the predominant
physical impairments in homogeneous coupled-core MCFs with ABj o # 0.

Finally, it should be noted that the extension of Eq. (14) to the multi-mode regime is straight-
forward when including additional LP mode groups in the complex amplitude of the global
electric field strength E; .. Inserting E; o in the Maxwell equations, the CLMT can be extended
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to the multi-mode regime performing a similar mathematical discussion as in [61] in the single-
mode regime.

4. Current and emerging applications

Once we have reviewed the fundamental aspects of the linear and nonlinear propagation in
MCF media, we will discuss in this section the main applications and opportunities of the MCF
technology in photonics and diverse branches of sciences.

4.1. Backbone and access optical networks using multi-core fibers

SDM systems using MCFs have been extensively investigated in recent years targeting to
overcome the exponential growth of data traffic in the backbone and in the access network
[4-7].

The first laboratory MCF transmission was demonstrated in May 2010 [64]. Zhu and co-
workers used a SI-SM-HO-UC-LB-7CF with a hexagonal lattice. A novel network configura-
tion was proposed for passive optical network (PON) based on a bidirectional parallel trans-
mission at 1310 nm and 1490 nm and using a tapered MCF connector (TMC) for injecting and
extracting the optical signals in the MCF.

A set of MCF experiments were reported since 2011. Scaling in capacity demonstrations,
[65-67] should be mentioned. In [65] the authors demonstrated a 210 Tb/s self-homodyne
transmission system using distributed feedback (DFB) lasers and a 19-core TA-SM-HO-UC--
LB-MCF. Sakaguchi et al. reported in [66] a record capacity of 305 Tb/s over 10.1 km using the
same MCF as in [65], with an IC-XT mean of —32 dB between adjacent cores at 1550 nm. The
authors also fabricated a 19-channel SDM multiplexer/demultiplexer using free-space optics
with low insertion losses and low additional crosstalk. As another interesting example, Takara
et al. reported in [67] 1.01 Pb/s transmission over 52 km with the highest aggregate spectral
efficiency of 91.4 b/s/Hz by using a one-ring-structured 12-core TA-SM-HO-UC-LB-MCF. They
generated 222-channel WDM signals of 456-Gb/s PDM-32QAM-SC-FDM signals® with 50-
GHz spacing in the C and L bands. Following significant efforts on the design and fabrication
of MCFs, demonstrations of SDM transmissions using MCF media for long-haul applications
have shown impressive progress in terms of capacity, reach, and spectral efficiency, as detailed
in Table 3.

On the other hand, cloud radio-access network (C-RAN) systems should also deal with this
huge future capacity demand in the next-generation wireless systems, e.g. 5G cellular technol-
ogy and Beyond-5G [75-77]. According to some telecom equipment manufacturers, it is
expected that 5G cellular networks will be required to provide 1000 times higher mobile data
traffic in 2025 as compared with 2013, including flexibility and adaptability solutions to
maximize the energy efficiency of the network [78, 79]. A new radio-access model supporting

“PDM: Polarization-Division Multiplexing, QAM: Quadrature Amplitude Modulation, SC: Single Carrier, FDM:
Frequency-Division Multiplexing.
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Year Ref. Fibertype Cores x modes Distance Channel rate  WDM channels S/E (b/s/Hz) Total capacity
(km) (Gb/s) per core (Tb/s)
2011 [68] SM-MCF 7x1 2688 128 10 15 7
2012 [67] SM-MCF 12x1 52 456 222 91.40 1012
2012 [66] SM-MCF 19 x1 10.1 172 100 30.50 305
2013 [65] SM-MCF 19x1 10.1 100 125 33.60 210
2014 [7] FM-MCF 7x2 1 4000 50 102 200
2015 [69] SM-MCF 7 x1 2520 100 73 16 51
2015 [70] FM-MCF 36 x 2 55 107 40 108 432
2015 [71] FM-MCF 12 x2 527 80 20 90.28 45
2015 [72] FM-MCF 19 x4 9.8 40 8 345 29
2016 [73] FM-MCF 19 x4 9.8 60 360 456 2050
2017 [74] SM-MCF 32 x1 205.6 768 46 217.6 1001

Table 3. Summary of progress in MCF transmissions in recent years. The MCF type indicates only the modal regime
(additional characteristics of the MCF involving the index profile, the spatial homogeneity, the core pitch and the
birefringence can be found in the corresponding reference). The number of modes indicate the number of LP mode
groups supported by the MCF transmission. The channel rate includes PDM and the overhead for forward-error-
correction (FEC). The spectral efficiency and total capacity exclude the FEC overhead.

massive data uploading will be required considering additional transport facilities provided
by the physical layer [78-80].

Fronthaul connectivity performed by radio-over-fiber (RoF) transmission using single-input
single-output (SISO), multiple-input multiple-output (MIMO) configuration [81], sub-Nyquist
sampling [82], and ultra-wideband signals exceeding 400 MHz bandwidth has been proposed
for the 5G cellular generation [76, 77, 83]. The required channel capacity is further extended in
the case of Beyond-5G systems, where a massive number of antennas operating in MIMO
configuration, should be connected using RoF. To overcome the massive increment in the data
capacity demand, MCF has been recently proposed as a suitable medium for LTE-Advanced
(LTE-A) MIMO fronthaul systems [52, 83, 84].

MCFs open up attractive possibilities in RoF systems as different wireless signals can be
transmitted simultaneously over the same optical wavelengths and electrical frequencies in
different cores of the optical waveguide to provide multi-wireless service using a single laser at
the transmitter. Thus, MCF can also be proposed as an alternative to the classical SM-SCF [also
termed in the literature as the standard single-mode fiber (SSMF)] providing fronthaul connec-
tivity using multiple wavelength channels with multiple lasers. Additionally, MCFs with high
core density are suitable for connecting large phase array antennas performing multi-user
MIMO (MU-MIMO) processing [85]. Furthermore, network operators can offer a dynamic
and scalable capacity in the next cellular generation due to the aggregated channel capacity
provided by the MCF technology [86]. Moreover, the possibility of combining MCF-RoF
transmissions with additional multiplexing techniques such as time-division multiplexing
(TDM), WDM, PDM and mode-division multiplexing (MDM) [12] should be considered.
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Figure 8. Next-generation optical fronthaul system using MCF medium operating with a converged fiber-wireless PON
including optical polarization-division multiplexing (PDM) and mode-division multiplexing (MDM) transmissions.

Figure 8 depicts the proposed fronthaul provision applied to converged fiber-wireless PON
including PDM to provide connectivity between the SSMF and MCF media.

Remarkably, the use of MCFs in the next-generation RoF fronthaul systems is proposed for the
first time in [52, 87]. In these works, it is investigated the performance of fully standard LTE-A
signals in MIMO and SISO configurations with the random IC-XT fluctuations and the dem-
onstration of fronthaul provision of both LTE-A and WiMAX signals using a 150-m SI-SM-HO-
UC-LB-4CF. In order to reduce the random fluctuations of the error vector magnitude (EVM)
induced by the IC-XT, the core interleaving nonlinear stimulation (CINLS) was proposed to
mismatch the phase constant of adjacent core modes reducing the temporal and spectral EVM
fluctuations of the MCF-RoF transmissions.

4.2. Signal processing

The potential application of MCFs is not only restricted to SDM transmissions. The inherent
capability of a MCF to modify the propagated signals allows us to investigate a vast scenario of
new applications for ultra-high capacity SDM transmissions and microwave photonics (MWP)
based on signal processing techniques. As we will see, the basic concept of the signal
processing using MCFs is a far richer scope than initially foreseen.

In particular, the use of MCFs for MWP applications based on signal processing was firstly
proposed by Gasulla and Capmany in [88]. In this work the authors investigate the suitability
of these new fibers to perform true-time delay lines (TTDLs), optical beamforming, optical
filtering and arbitrary waveform generation using heterogeneous cores. These applications have
been extensively researched in [30, 31, 89-93] with different MCF designs and experimental
setups. As an attractive example, it should be remarked the proposal reported in [31, 90], where
the inscription of selective Bragg gratings in a homogeneous MCF it was introduced in [90] and
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experimentally verified in [31] to achieve compact fiber-based TTDL without using heteroge-
neous cores. Along this line, other MWP applications such as optical beamforming can also be
performed by using homogeneous cores as described in [94]. In this work, Llorente and co-
workers propose a compact all-fiber beamformer based on a N-core homogeneous MCF.

On the other hand, the MCF signal processing also involves additional applications and
functionalities such as pulse shaping, dispersion engineering, modal conversion and modal
filtering applications. Remarkably, the engineering of the refractive index profile allows us to
implement these fashion features in MCF media. In this scenario, a fascinating proposal
recovered from the string and quantum field theory was firstly introduced in [95] within the
framework of photonics and further developed in [19, 96] to design SCFs and MCFs: the
supersymmetry (SUSY). Specifically, one-dimensional SUSY allows us to perform the afore-
mentioned MWP applications. The specific details can be found in [96] for cylindrical poten-
tials with axial symmetry. As an interesting example (among other applications detailed in this
work), we include here the description of a true modal (de)multiplexer (M-MUX/DEMUX)
using a 3-core MCF. Figure 9 shows the optical device and its functionality.

The device is designed using a 60-cmm MCF comprising three cores a, b and ¢ with a core-to-core
distance d, = d,. = 55 um, Ry =25 um, and Ao = 1550 nm [Figure 9(a)]. The index profiles of the
cores a and ¢ are calculated by using the Darboux procedure. The index profile of the core b is
taken to be the step-index profile, with rn;, = 1.45 when r < Ry. A 10-ps Gaussian optical pulse is
launched to the central core b, first in the LPy; mode, and later in the LP;; and LP,; modes with
a peak power of 0 dBm. The numerical simulation was performed using a beam propagation
method at Ay = 1550 nm. Figure 9(b) shows the numerical results of the optical pulse propa-
gating through each LP mode in the M-DEMUX. It is worth noting that, in contrast with other
mode (de)multiplexing strategies [97-100], a true mode demultiplexing is achieved for each LP
mode. At the device output, the pulse launched into the LP;; mode of the core b is found in the
LP;; mode of the core g, the pulse launched into the LPy; mode of the core b is found in the
same mode and core, and the pulse launched into the LP,; mode of the core b can be observed
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Figure 9. Modal (de)multiplexer based on a 60-cm 3-core MCF [96]. (a) Schematic structure of the optical device. (b) A 10-
ps Gaussian pulse propagating through the: LPy;, LPy; and LP»; modes of the cores 4, b, and c.
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in the LP,; mode of the core c. Moreover, pulse shaping and dispersion engineering function-
alities can be incorporated in the proposed device as indicated in [96]. On the other hand, it
should be noted that the SUSY transformations presented in [96] can also be applied to axially
symmetric quantum and acoustic potentials as discussed in this work.

4.3. Multi-core fiber lasers, amplifiers and optical sensors

All-fiber designs of optical lasers, amplifiers and sensors using MCFs have been extensively
investigated in recent years [32, 101-111]. In particular, the multi-mode interference (MMI)
which can be observed through a chain SMF-MCEF-SMF is widely employed in lasers, amplifiers
and optical sensors to improve the performance of classical designs based on SCFs [32, 104].

As one can expect, the basic concept of an active MCF is the natural evolution for the cladding
pumped rare-earth-doped fibers. The classical design using a single core offers an excellent combi-
nation of high efficiency and beam quality. However, high output powers are limited by the
stimulation of nonlinear effects. In that case, the increment of the mode field area is the obvious
solution to decrease the nonlinear effects. In this scenario, active MCFs offer the possibility of
reducing the nonlinear effects using a coupled-core design to generate supermodes with large mode
field area [101, 105]. Moreover, note that the gain medium is split at discrete regions (cores) inside
the cladding, and therefore, the thermal dissipation is higher than in the classical single-core design.
As a result, higher output powers can be achieved in MCF media [105]. On the other hand, in
contrast with a SCF bundle, a N-core MCF laser/amplifier only requires a single pumped laser for N
optical paths, with the corresponding energy cost reduction for the network operators [5, 106, 107].

In this topic, an intense research work has been developed in the last decade [5, 11, 12]. To date,
most CC-MCF lasers/amplifiers operate in the in-phase supermode combining high brightness
and near-diffraction limited far field profile. The selection of the in-phase supermode can be
performed by using diverse methods such as phase-locking and Talbot cavities [102]. As an
example, a monolithic fiber laser using a CC-MCF with highly and lowly reflective fiber Bragg
gratings (HR/LR-FBG) is shown in Figure 10(a) [104]. The MCF segment is located between the
HR-FBG and the LR-FBG creating an active cavity, where the MMI allows us to obtain a high-
contrast spectral modulation. In addition, the uniform illumination of the cores is achieved by
performing a cladding pumping scheme. Remarkably, this MCF laser design demonstrates the
direct correlation between the MMI in few-mode SCF systems and in the laser operation when
multiple supermodes oscillate simultaneously. Following a similar approach, additional MCF
laser and amplifier designs have been proposed in [103, 105]. Nevertheless, in long-haul SDM
transmissions the usual design is the multi-core erbium-doped-fiber-amplifier based on a
cladding pumped scheme [106, 107].

On the other hand, MCF sensors are also based on a similar concept as in the laser of the
previous example [see Figure 10(b)]. The sensor comprises two SSMFs spliced to a short MCF
segment with hexagonal shaped cores. The operating principle within the MCF segment is the
MMI, which induces a deep peak in the transmission spectrum. An external environmental
change shifts the spectral position of the minimum. As an specific example, let us consider a
temperature change. When increasing the temperature, the thermal expansion of the MCF
medium will increase the refractive index of the silica cores, and consequently, the peak will
be shifted to a longer wavelength [32].
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Figure 10. MCF laser and optical sensor operating on the principle of multi-mode interference (MMI). (a) MCF laser
comprising a highly and lowly reflective fiber Bragg grating (HR/LR-FBG). (b) MCF optical sensor with hexagonal shaped
cores. Results based on [32, 104].

In the past, fiber optic sensors using SCFs have been widely discussed for sensing in a broad
range of industrial and scientific applications including temperature, force, liquid level, pres-
sure and acoustic waves, among other. Nowadays, the MCF technology allows us to design
and fabricate new optical sensors providing accuracy, high resolution, compactness, stability,
reproducibility and reliability [32, 108-111].

4.4. Multi-core fibers for medical applications

Multi-core optical fibers have also been studied in recent years within the context of medicine
for biomedical sensing and imaging applications [112-121]. Basically, biomedical sensors using
MCFs are based on the MMI technique previously described. Thus, let us now focus our
attention on biomedical imaging applications in the next paragraphs.

Nowadays, the main challenge in biomedical imaging is the study of cells in biological
tissues. In this scenario, the multiphoton microscopy and adaptive optics become fundamen-
tal technologies because of their benefits in cellular resolution, high sensitivity, and high
imaging rate [121]. In particular, the two-photon excited fluorescence (TPEF) microscopy
requires the use of adaptive optics to increase the imaging depth, in practice limited to
1 mm [122]. Remarkably, the so-called lensless endoscope is based on the TPEF microscopy
and adaptive optics adding at the same time the use of an optical waveguide [121]. The
waveguide should be capable of acquiring a multiphoton image of an object located at its
tip. To this end, MCFs have been proposed as a necessary technology for the realization of
ultrathin lensless endoscopes [112-121]. Figure 11 depicts different MCF types proposed for
biomedical imaging along with a basic scheme of adaptive optics using a spatial light
modulator (SLM).
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In general, MCFs used for image transport require a high number of cores (>100) with low
IC-XT levels and low intermodal dispersion among cores. Therefore, the preferred design is a
SI-SM-HO-CC-LB-MCF, in line with the MCF shown in Figure 11(a). Examples of this MCF
type fabricated for medical imaging purposes can be found in [113-115], with d, <20 pm and
IC-XT levels lower than —20 dB/m. In spite of the fact that the intermodal dispersion can be
reduced with a homogeneous design, disordered MCFs based on the transverse Anderson
localization have been reported in [22] to improve the image transport quality [see Figure 11(b)].
Specifically, the transverse Anderson localization of light allows localized optical-beam-trans-
port through a transversely disordered medium. Interesting, in disordered multi-dielectric
media, the resultant image quality can also be understood with the perturbation theory. In
general, disordered arranged non-homogeneous cores exhibit a high phase-mismatching
between their LP modes. As a result, the IC-XT level between adjacent core modes is found to
be of the same order or lower than in a homogeneous and periodically arranged design
[Figure 11(a)]. In a similar way and from our viewpoint, additional highly density MCF
designs could be investigated from the CLMT using HB cores with a random orientation of
the principal axes to minimize the IC-XT.

On the other hand, adaptive optics is required in the TPEF microscopy to recover the initial
imaging of the biological tissue [Figure 11(c)]. The advance on wave front shapers composed
by 2-D SLMs and deformable mirrors have spurred the main evolution in ultrathin endoscopes
[121]. Thompson et al. were the first to report imaging with a lensless endoscope based on a
waveguide with multiple cores [112]. Later, in 2013, Andresen and co-workers realized a
lensless endoscope employing a MCF similar to Figure 11(a) with extremely low IC-XT
between adjacent cores [113]. In the same line, additional works have been reported combining
MCF and MM-SCFs with adaptive optics in [114-120]. At present, the major aim in lensless
endoscopy using MCF media is to increase the core density with a reduced IC-XT and inter-
modal dispersion between neighboring cores [121].

4.5. Multi-core fiber opportunities in experimental physics

In the past, fiber-optical analogies have been investigated to use optical fibers as an experimental
platform for testing different physical phenomena in various fields, such as in quantum

MCF

Figure 11. MCFs and adaptive optics for medical imaging. (a) MCF with low IC-XT and periodically arranged cores [113],
(b) disorder MCF based on transverse Anderson localization, and (c) wavefront shaping with a single spatial light
modulator (SLM) for a MCF based lensless endoscope. Results based on [22, 114].
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Figure 12. Analogy between fluid mechanics and optics. The NLSE describes the linear and nonlinear wave propagation
in different physical systems. Analytical SFB solutions of the NLSE: Akhmediev breathers (ABs), the Peregrine soliton (PS)
and the Kuznetsov-Ma (KM) solitons.

mechanics, general relativity or condensed matter physics, among others [16-23]. In fact, a
specific example of solid-state physics has already been discussed in the previous subsection,
the Anderson effect, relying on the immobility of an electron in a disordered lattice [21, 22]. As
Anderson localization involves an interfering phenomenon, this effect has been extended to
optics. In [21], Anderson localization has been discussed in two-dimensional photonic lattices,
and in [22] it has been discussed its potential applications for medical imaging using disordered
MCFs, as pointed out before. More broadly, additional strong disorder phenomena in optics such
as the self-organized instability in MM-SCFs [123] can be generalized to MM-MCFs.

Another interesting example can be found in fluid dynamics in the studio of rogue waves on
deep water. The giant oceanic rogue waves emerge from the sea induced by many different
linear and nonlinear wave propagating effects [124]. Indeed, these nonlinear phenomena can
be investigated from a fiber-optical analogy [125]. The nonlinear wave propagation on deep
water and in a SM-SCF is described in both cases by a master equation: the nonlinear
Schrodinger equation (NLSE), as shown in Figure 12.

It can be seen that both propagating equations present a similar form, and therefore, the theoret-
ical results can be directly extrapolated from one field to another. Significantly, the emergence of
rogue waves can be analytically studied from the solutions of the NLSE referred to as solitons on
finite background (SFB) [126]. As a specific example, we include in Figure 12 the Akhmediev
breathers (ABs), the Peregrine soliton (PS) and the Kuznetsov-Ma (KM) solitons*. In a similar
way, the coupled NLSEs (CNLSEs) have also been discussed in the literature to gain physical

“Many of these SFB solutions are termed in the literature as rogue waves. Nevertheless, the fundamental concept of rogue
waves emerging unexpectedly from the sea requires additional statistical criteria only fulfilled by higher-order SFB
solutions. In either case, the term rogue waves is commonly used for any analytical SEFB solution of the NLSE.
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insight between interacting rogue waves [127-130]. In this scenario, MCFs offer the possibility of
investigating the collision of these nonlinear solutions by using the CLMT [Eq. (14)]. In fact,
MCFs can be employed to elucidate the underlying wave propagation phenomena of any
physical system with propagating equations of the form of the CNLSEs, for example, superposed
nonlinear waves in coherently coupled Bose-Einstein condensates [130] or turbocharge applica-
tions in acoustics [131]. Remarkably, in acoustics, the CLMT reported in [60] can play an essential
role. Time-varying multi-core cylindrical acoustic ducts can be engineered with the same modal
properties as optical MCFs. Therefore, the presented theory can be employed to analyze the
intermodal dispersion and the random medium perturbations in acoustic duct conductions.

On the other hand, additional exotic physical phenomena can also be explored in MCF media
expanding the possibilities of the classical SCFs. For example, an optical pulse propagating
through a SCF establishes a moving medium which corresponds to a space-time geometry.
Specifically, this gravitational approach was employed in [20] to demonstrate a fiber-optical
analogy of the event horizon in a black hole. Along this line, additional gravitational anomalies
could be investigated in a MCF when adjacent cores perturb the space-time geometry created
by an optical pulse propagating in a given core of the fiber.

Finally, it is worth mentioning that MCFs are being explored in other branches of experimental
physics as in astronomy [132]. The main advantage of these new fibers is the reduced core-to-
core distance which can be achieved in a single cladding. In particular, this property has
revealed special interest because of the superior fill factor* to other approaches for creating
spectroscopic maps of galaxies or detecting exoplanets. The Sydney-AAO Multi-object Integral
field spectrograph (SAMI) project [133], responsible of performing a large spatial spectroscopy
of galaxies, pioneered the introduction of MCFs in astronomical observatories.

5. Conclusions and outlook

Multi-core optical fibers have been developed during the last decade, remarkably within the
context of SDM transmissions. In this chapter we have reviewed the main MCF types, the funda-
mental concepts of the linear and nonlinear propagation, and finally, their potential applications in
diverse fields of science. In spite of the fact that the fundamentals of the MCF technology have been
well elucidated in recent years, the main challenges in this topic involve the following points:

e The analysis of the longitudinal and temporal fluctuations of the crosstalk should be
further investigated in the multi-mode regime. To this end, the CLMT of [61] could be
extended to MM-MCFs. In addition, other theoretical models based on the Manakov
equations [56, 57] can also be employed and extended to the femtosecond regime.

e Existing and additional MCF fabrication methods should be explored and optimized not
only in the S + C + L optical bands, but also in the first and second transmission window.
In general, the manufacturing cost of a MCF and the peripheral devices (fan-in/fan-out

“Fill factor: ratio between the cores and the total transversal area of the waveguide. Typically, in MM-SCFs (105/125) the
fill factor is of the order of 0.7. Using a MM-SCF or a fiber bundle of SM-SCFs a lot of dead space cannot be observed.
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connectors, lasers, amplifiers, photonic lanterns, power combiners, couplers, multiplexers,
etc) should be reduced.

®  The efforts in future MCF designs must be focused on the increment of the core density
minimizing the IC-XT, the intermodal dispersion and the random linear birefringence
induced by the microbends. The impact of external perturbations such as the macrobends
and the fiber twisting should also be reduced in real-deployed MCF systems. Further-
more, new MCF designs should also be investigated for lensless endoscope integrating a
high number of cores with a reduced evanescent field in the cladding. In this scenario, it
has been proposed HB-MCFs with a random orientation of the principal axes in each core.

¢  Fronthaul connectivity performed by MCF-ROF transmissions should be spurred for the
next-generation wireless systems, e.g. 5G cellular technology and Beyond-5G. In this line,
selective-inscribed FBGs [31] and SUSY MCFs [96] will allow us to process the propagated
optical signals between the OLT and the microcell.

*  On-line MIMO processing of MDM transmissions using MM-MCFs should be developed
to support real-time applications in backbone and access networks [134].

*  Quantum communications are emerging as a fundamental key in network security [135].
Nowadays, quantum key distribution (QKD) is making the transition from the laboratory
to field trials [136]. In this scenario, the QKD through MCF media should be further
investigated for the next-generation optical SDM networks [137].
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Abstract

This work involves in designing and developing a POF-based directional coupler/splitter
using lapping technique and geometrical blocks. Two fiber strands were first tapered at
the middle and they were attached to the geometrical blocks and lapped together. Design
parameters that are used to develop this coupler/splitter are core diameter, D, etching
length, L, bending radius, R, coupling length, L_and pressure, F . All the parameters
were taken into account during characterization and analysis of the designed coupler in
order to find the most optimum prototype coupler/splitter. Characterizations are done
by experimental set-up to test the efficiency, splitting ratio, coupling ratio, excess loss
and insertion loss for all the couplers/splitters. Through the characterization process
and analysis, the optimized coupler with high splitting ratio and low excess loss were
identified. Throughout the experimental process, some of the fibers were improved and
renewed in order to realize the design and development of the coupler using this tech-
nique. The device can also be utilized as an optical tap and the applications of the device
are not only limited in in-house network but also in automotive applications. By using
a platform, several splitting ratio can be obtained by integrating different core-cladding
thickness and bending radius in order to get the desired splitting ratio and excess loss.

Keywords: polymer optical fiber, splitter, low-cost, lapping technique, green
technology, short-haul communication system, geometrical blocks
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1. Introduction

1.1. POFs for main medium in short-distance transmission

Polymer optical fibers (POFs) have many advantages compared to other communication
medium such as glass fibers, copper cables and wireless communication system. Although
glass fibers show high performance in terms of speed, higher bandwidth and minimal loss,
POFs in the other hand, offer easy and cost-efficient processing and flexibility, whilst glass
optical fibers are very brittle, expensive and the cost of installing overall system is very expen-
sive [1]. Therefore due to the complication of installation using glass optical fibers, where the
fibers is easily broken and very sensitive, POFs are more handy and easy to install.

For short-haul distance application, POFs show lower attenuation and data transmission
works perfectly within distance less than 1 km. Thus, POFs are more suitable as for medium
transmission for home-networking, optical data buses for automotive applications or indus-
trial automation sector. Transmission method of using POFs have emerged as a highly-
potential candidate for cost-effective and future-proof solution [2]. Glass optical fibers have
replaced copper for telephone networks and backbone wiring for buildings, however, still
unable to be used in short distance applications due to its cost.

Polymer optical fibers are widely known around 1960s after glass optical fiber was intro-
duced as an effective transmission medium for optical communication. Over the decades,
the performance of POFs have shown improvement in terms of transmission capability from
having large attenuation as large as 300-20 dB/km and 3 dB/km for passive device such as
optical splitter at visible wavelength [3]. Characteristics that give advantages for POFs include
low insertion loss, low production cost, having thermal and mechanical stability and highly
potential for mass production reliability. Although the loss of POFs is generally higher than
silica or glass fiber, POFs are mostly used in intra office communication system where the
distance requirement is only up to a few hundred meters where the losses are low and cost-
effective. It provides cost-effective solutions to short distance applications such as local area
networks (LAN) and high speed internet access and in vehicles [4].

Multimode POFs particularly is chosen as the fiber technology that is largely employed in
short-distance communication applications such as in LANs and interconnects. It is also
driven by the needs of higher bit rates and lower cost as cost is one of the important drives in
short distance communications.

1.2. DIY kit

Although for short-haul communication system, POFs show lower attenuation and cost-effec-
tive compared to glass optical fibers, however, there are lack of industry attention received
due to less of industry marketing and education of the end user on how to utilize POFs in
the system. The lack of information for the end-users on how to install POF-based devices
and components lead to the limitation of POF utilization among the customers or end-users.
Although huge companies of automobile and medical equipment companies have already
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utilizes POFs, however, the lack of education of the end-users on the technique to install and
implement the POFs in home-networking causes the industry to pay less attention on build-
ing POFs “do-it-yourself” components and devices [5, 6].

1.3. Green technology

About 3% of the world-wide energy is consumed by the information and communications tech-
nology (ICT) which contributes to the carbon dioxide (CO,) emissions [7]. Telecommunication
applications can have a direct impact on lowering greenhouse gas emissions and power con-
sumption. Technical approaches of achieving green communication includes energy-efficient
network architecture and protocol and energy-efficient wireless transmission techniques [7].
A green technology coupler/splitter is presented based on polymer optical fiber. The splitter
has been fabricated by using harmless chemical solvent to etch the fiber and by using various
radii of geometrical blocks as the platforms that are made of acrylic and aluminum.

Wavelength from eco-friendly light emitting diode (LED) is utilized to transmit signal. The
red LED (650 nm) is capable to download and upload data through Ethernet cable or video
signal. LED source used in the system is a solar powered product of semiconductor diode.
Compared to incandescent light, light produced by LED is a cool light. The lifetime of LED
surpass incandescent which has at most 50,000 hours. Compared to laser, LED is much safer
source and little effort is needed to maintain and conduct the source.

The technique used to fabricate this device includes etching using harmless chemical solvent,
acetone and also side-polishing. Both the techniques used are environmentally safe and easy
to conduct. Acetone is a safe chemical solvent where studies suggest that acetone has low
acute and low toxicity if being ingested or inhaled. It is not regarded as carcinogen, a muta-
genic chemical or cause chronic neurotoxicity effects. It is mostly used in cosmetic products,
processed food and other household products. Acetone has been rated as “generally recog-
nized as safe” (GRAS) substance [8].

1.4. POF couplers

Polymer optical fiber coupler or splitter is a passive device that is built to perform functions
required by optical communications such as isolator, circulator and attenuator [9]. Coupler or
splitter is important device in the development of optical networks such as in transportations,
local area network and for short-distance or in-house applications, in industrial automation
or for sensor applications.

Optical couplers are used to combine two or more optical signal inputs from different paths
into one output while splitters act oppositely. A particular message encoded as optical signal
that needs to be delivered to several outputs at the same time can utilize 1 x N splitter so that
the optical signal can be sent to different routes of optical fibers connected to intended end-
users or destinations [10]. The requirements for POF couplers are having small excess loss
and insertion loss, various power splitting ratios, easy to develop, can be mass produced and
having low cost.
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Common types of optical splitter are directional, distributive and wavelength-dependent. The
mechanism involves can be characterized as diffusion type, area-splitting type and beam-
splitting type. Evanescent wave coupling or radiative coupling is part of diffusion couplers.
In evanescent wave coupling, two or more fibers are placed sufficiently closed to one another
[11]. It is crucial to place the fibers in parallel over a finite distance known as coupling length
so that the evanescent field from the primary fiber builds up a propagation field in the second-
ary fiber to provide two outputs.

A traditional silica optical coupler in one work is formed by placing the two polished-clad-
ding fibers closely together making the light couple from the direct branch to the coupling
branch by evanescent field as shown in Figure 1. By changing the polishing depth or taper-
ing depth, the contact area and angle, certain modes can be selected and bandwidth can be
enhanced in network systems [12]. When the light is transmitted to the coupler, some light
will leak out to the branch and be transmitted as stable transmission mode due to the changed
of waveguide structure by polishing. Some of the modes were selected by changing the angle
of the contact areas of both fiber [12].

1.5. Existing technique of POF splitters/couplers

One of the advantages of polymer optical fibers as compared to other cable types is the simple
connector fittings. Copper cables for high data transfer rates mostly require the connection of
twisted pairs that must be individually shielded. At frequencies of several 100 MHz, however,
cutting open the shielding over a distance of 1 cm results in a noticeable drop in quality of
the connection. Glass fibers in the other hand, have a core diameter between 10 and 200 um.
Precise guides are required and glass fibers cannot simply be cut. The face must either be pre-
cisely cut by craving with diamond blade or the face must be polished after the cutting. Other
advantages for POF is due to its material where the surface of plastics can be smoothed by both
cutting and simple polishing and thermal smoothing of the surface is also possible for PMMA.

One of the existing couplers that have been fabricated is done by [7] where the team had
demonstrated for the first time that the POF devices can be fabricated by hand using fused

Fused area

Port 1 (input) Port 2 (throughput)

VoV

Port 3 (Coupled)
Port 4 (reflected)

Figure 1. Lapping fibers.
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technique. The temperature, stress and splitting technique are the most important parameters
to fabricate low loss device. With some modification the device can be used for the extended
function such as demultiplexer which is fabricated from uniformity optical splitter [7].

Other techniques include cutting and gluing where in this technique, POF is cut at certain angle
using hot knife and glue is applied to attach the two segments of POF. Thermal deformation is
a technique where two POF ends are shaped into semicircular form by thermoplastic deforma-
tion using hot plate flattening technique. Molding in the other hand is a technique where POF
is assembled by a polymer waveguide. Lithography method is used to fabricate the mold [3].

1.6. Etching technique

There are several ways of technique to develop a coupler/splitter. In some cases, tapering is
done unto the fibers in the process of developing the coupler. One of the tapering techniques
is using chemical etching [4, 5]. Tapering offers unique optical properties that have applica-
tion to couplers and sensors. The change of diameter can redistribute the modes within the
core or remove selected modes. The penetration depth of the evanescent field and proportion
of power within this field increases in the tapered section. The change in diameter is used
for coupling fibers or interface fibers to devices [13]. This technique has been used by [13]
where the cladding of the fiber is thinned using hydrofluoric acid where cladding layer of
four micron thick is removed. A technique for removing the cladding of polymethylmethac-
rylate (PMMA) polymer optical fiber using chemical solvent is used to create etched tapers of
a certain length in the middle part of the fiber [14]. PMMA POF is a thermoplastic with soften-
ing temperature of 75-80°C. Heat drawing sometimes done unto POF for tapering, however,
polymer is not so compatible with drawing due to the latent stress within the structure from
production and different physical properties of core and cladding [13]. Thus, etching is by far
one of the best methods. The process is simple, low cost and requires no sophisticated equip-
ment and is a safe process since it involves a harmless chemical solvent which is acetone.

PMMA is dissolved using organic solvents such as acetone and methyl isobutyl ketone
(MIBK) in order to remove the polymer in concentric layers as required. The method requires
no tension to be applied on fiber under etching process so as to prevent brittle stress fracture
from occurring and break the fiber. Isopropyl alcohol is used to neutralize the solvent and
leave the exposed core clean and grease-free. Once the region has been washed, it will return
to PMMA physical and chemical properties.

By tapering the multimode optical fiber cladding, higher modes of the fiber are removed
while some other modes are redistributed. As the tapered section is developed, the evanes-
cent field and proportion of total power within this field increases in the affected region. This
technique is conventionally applied to glass fibers, however, POF has becoming widely used
in optical communication systems and this method can be as a potential towards fabricating
a practical coupler using this technique.

The etching process of POF gives an optically smooth surface of similar quality to the original
POF due to the polymer quality of POF. If the tapered region is cleanse and washed appropri-
ately the core material section will remain its original properties of PMMA.
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1.7. Polishing technique

Side-polishing is one of tapering technique that can be done unto fibers other than etching and
fusing. It has been used by other researchers [12, 15, 16] in order to develop couplers/split-
ter. In this process, single strand multimode fiber is polished at the outer cladding layer for
several micrometers. Then the polished fiber is lapped to the other fiber in a bent surface and
aided by a thin film of UV curing adhesive is used between them as mode stripping. When the
launched port is injected with light source, the mode coupling will occur between the lapped
region and split the light accordingly. The strength of the evanescent light coupling is tuned
in the range of 0-50% by translating the fibers in or out of alignment of each other [17]. The
insertion loss of using this technique is below 5 dB. Polishing technique is considered as one
of the simple method to fabricate a directional coupler over the years.

1.8. Macro-bending loss by radiation

Attenuation is a loss of optical power as light travels along the fiber as a result of loss mecha-
nisms such as absorption, scattering and bending. One of the important concepts applied
in this research is loss due to macro-bending. Macro-bends are bending that has relatively
large radius of curvature compared to the fiber diameter. The loss is high when the bending
is smaller. Any dielectric waveguide will radiate if it is bent [18]. Radiation loss occurs in the
cladding even when the propagating ray is greater than critical angle. If radius of bending is
smaller and wavelength of transmitted light is longer, the macrobending loss or power loss
is due to the radiation [19]. Below a critical radius optical fiber bending, macrobending loss is
significant. When light facing total internal reflection an electromagnetic disturbance which
is known as evanescent wave penetrate the reflecting interface. The amplitudes of evanescent
wave decay exponentially when it gets further than the reflecting interface because it cannot
propagate in medium of lower refractive index. Non-uniformity in the reflecting interface
may cause the evanescent wave to convert into propagating wave. In bending loss, evanescent
fields extend to the cladding but decay exponentially with radial distance.

All rays in bent fiber are leaky where at some reflections they lose power by either refraction
or tunneling. By stripping the cladding layers, bent fiber will escape from the fiber and the
cladding will behave as if it were infinite. The power losses in bent step-index multimode
fibers can depend on the cladding thickness. Decreasing the bend radius and increasing fiber
core will increase the bending losses. As bend radius begins to decrease, more refracting rays
are produced and more power is transferred to the cladding.

Low losses can be obtained in bends that have small radii of the where width of the channel
is decreased and the refractive index contrast is increased. Bend losses of multimode channels
are independent of wavelength. At some point from the center of the bend, the portion of the
field in the cladding would have to exceed the speed of light and be radiated, thus reduce the
power in the guided mode [20].

In this research, light that escapes from the bending is utilize to develop an optical coupler or
splitter by varying the bending radius in order to obtain certain splitting ratio using mechanical
platform of circular blocks and elliptical blocks [21].
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1.9. New approach of using lapping technique

Directional coupler is a passive device where power exchanges between two waveguides that
is placed in proximity to each other. When a certain power is launched into a waveguide, some
of the power is transferred to an adjacent guide due to coupling. The power exchange depends
on the interaction length and coupling strength along with other parameters. When two guides
are parallel to each other, coupling coefficient is constant and the power launched into one
guide will alternate back and forth between the two guides as long as they are close [22].

Complete power transfer occurs when phase velocities are perfectly synchronized and the
interaction length is half the coupling length [16]. In [16], they developed a coupler with vari-
able spacing where by gradually increasing the separation between the two guides where all
or some of desired power may be transferred from one guide to the other in strong interaction
region. By controlling the separation between the channels, the coupler can be realized as
switch, splitter and power divider [23].

This research focuses on developing user-friendly and inexpensive splitters with various split-
ting ratio and low excess loss using POF splitter kit consists of circular blocks and elliptical
blocks of varied radii and several pairs of splitters. This technique of splitter development has
the advantage of low-cost installation, environmental-friendly with considerable low losses.
The proposed fabrication of the coupler/splitter consists of two parallel fibers in contact with
each other along a certain coupling length or know as lapping technique [24].

The technique used in this experiment is lapping technique where two similar length fibers
are tapered in the middle region using harmless chemical solvent for particular time and the
tapered regions of certain diameter, D_and etched length, L, are lapped to each other. The
taper introduces variations in the effective refractive index of a waveguide and a change in
coupling coefficient [16]. Chemical solvent, acetone is used to taper the fiber and stripped off
the cladding layer. The thickness of cladding layer that is being stripped off depends on the
duration of the etching process. The time duration for etching process in this research range
from 30 to 120 minutes. The longer the duration process, the smaller the fiber cores obtained.
At this diameter, the cladding layers have been fully etched and leave only the bare core. The
aim of this process is to strip off the cladding layers so that when the bare cores are lapped to
each other and bent, the rays that propagate in the first fiber can transfer to the second fiber.
However, for some fibers the etching process strips off the whole cladding layer including the
region that will not be lapped to the other fiber core, this situation will lead the unnecessary
losses during splitting/coupling. Thus, the geometrical blocks that the fibers are attached to
are customized using acrylic material that has similar refractive index so that it replaces the
cladding layers that has been etched.

To stimulate the energy transfers between the primary fiber that has been injected with light
source to the secondary fiber, macro-bending effect is a parameter used where the fibers are
bent accordingly to the customized geometrical blocks of several bending radii, R . It is known
that when an optical fiber is bent it radiates power to the surrounding medium. The radiation
power in the fiber depends on radius of curvature and the difference between refractive indi-
ces of core and cladding. The size of bending radius of the blocks either circular or elliptical
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gives the coupling length, L, of the contact region of the lapping cores. Coupling length is
important in order to obtain high splitting ratio and coupling efficiency.

Two forces, F_are exerted upon blocks that hold the lapped splitter together, i.e., normal force
and given force. The aim is to characterize the splitter when the fiber cores touches each other
without external force and recorded as normal force and with external force or namely given
force. Force is exerted upon the blocks and fibers in order to minimize the gap that exists
between the two lapped fibers in order to observe and characterize the energy transfer of the
splitter when different bending radii are formed along with particular core-cladding thick-
ness at certain coupling length. The force exerted upon the fiber also has small impact on the
coupling length between the two fibers.

The pair of fibers will be attached to different circular and ellipse-shaped blocks that consist
of different bending radii, R . The tapering and bending contributes to the effective index of
higher-order modes that approach cladding and when the tapering section is constant, the
modes become cut-off and radiate which contributes to the loss.

The aim of varying the bending radii, R_ is to characterize and analyze the macro-bending
effect on the splitter having varied diameter, D, varied etching length, L, coupling length, L
with different load force, F . The aim of the design is to obtain optimum bending radius that
gives the optimum splitting ratio and low excess loss.

Analytical work is considered where the parameters of core thickness, D, coupling length, L_
and distance between the two fibers, d, are taken into account in order to obtain the coupling
efficiency between the two fibers. The bent fiber using circular and elliptical blocks encour-
ages the modes to radiate out of the tapered section. The amount of power transfer is calcu-
lated using Coupled Mode Theory. The coupling length between the two fibers also affects
the coupling efficiency [24].

1.9.1. Taper

Taper changes the fiber diameter or thickness which allows redistribution of the modes in
the core or eliminates the modes. The penetration depth of the evanescent field and pro-
portion of power within this field increases in the tapered section. The modified core-clad-
ding thickness is used for coupling fibers or interface fibers to devices [13]. In [17] in their
research stated that they polished the fiber for several micrometers and lapped the fibers
together and when source is inserted, mode will couple between the lapping regions and
split the light accordingly. By adjusting the alignment between the two lapping fibers, the
strength of the evanescent light coupling can be tuned. However, [17] do not apply mechani-
cal technique of circular and elliptical blocks to vary the splitting ratios, rather the alignment
is varied. In [13] in the other hand manipulate the thickness of cladding in order to obtain
desired results. In [25] states that at the end of the tapering section of the first fiber, the rays
propagate in the cladding will be recaptured by the core. If the tapering section of parallel
fibers is small, the coupling ratio is high. However, if the radius of the tapered section is too
small, the coupling efficiency will decrease dramatically due to the lost rays while passing
through the down taper.
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For some tapered fibers in this research, whole surfaces were etched around the fiber creating
extra taper regions that allows unnecessary losses of the splitter. Thus, circular and elliptical
blocks were made of acrylic and when the fibers are placed in the groove, the non-lapping
surfaces are surrounded by acrylic material. This material is aimed to reduce the losses of the
splitter due to tapering of the fiber cladding.

1.9.2. Bending and radiation

Generally, loss is high when the bending is smaller. Radiation loss occurs in the cladding even
when the propagating ray is greater than critical angle. If light facing total internal reflection,
an electromagnetic disturbance occurs which is known as evanescent wave where it penetrate
the reflecting interface. Non-uniformity in the reflecting interface may cause the evanescent
wave to convert into propagating wave where in bending loss, evanescent fields extend to the
cladding but decay exponentially with radial distance [26].

The loss in bent step-index multimode fibers not only depends on bending but also on the
cladding thickness [11]. When a refracting ray hits a core-cladding interface, two rays are cre-
ated where one ray is refracting at the cladding interface while the other ray is tunneling at
inner core interface. At cladding interface, some rays will be reflected back and some will be
refracted with considerable power content [27]. By decreasing the bend radius and increasing
fiber core, losses will increase. As bend radius begins to decrease, more refracting rays are
produced and more power is transferred to the cladding [28].

Some rays in the incident radiation are not bounded by core of the fiber rather the rays that
propagate through the core-cladding interface and get into the cladding region. Due to the
finite radius of curvature at the cladding surface, some of the rays will be reflected back into
the cladding and propagates while some will radiate. The rays that propagate in the cladding
are known as the cladding modes and coupling can occur with the higher-order modes of the
core resulting in loss of the core power. According to [27], the refracting rays lost most part of
their energy at the beginning of the bent section and then the rate of loss will be slower whilst
the remaining losses afterwards are due to weakly leaky rays which are known as whispery
gallery rays of tunneling rays.

Therefore, this research integrate the concept of taper, lapping and bending the splitter in
order to increase or limiting the splitting or coupling of rays between the two lapping fibers
in order to gain certain splitting ratios.

1.9.3. Coupling length

The coupling efficiency describes the total power of coupling between the two fibers depend-
ing on the distance, fiber core thickness and length of the contact region. In [14] stated that
cross type coupler is not able to achieve high coupling efficiency due to its short coupling
length. Coupling length must be long in order to achieve high coupling efficiency such as
parallel type coupler. For short coupling length, coupling is dominant only for higher order
modes. In cross type coupler, the radiation loss is increased by increasing the pressure since
the coupling length is quite short in order to gain optimum result. In [14] shows that as the
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coupling length is longer, the coupling efficiency will be stabilized. However, high coupling
efficiency is achieved at coupling length between 6 to 10 mm and from 18 to 22 mm.

1.9.4. Distance of cores

In [29] agrees that the distance between the two fibers affects the coupling efficiency among
other considered parameters. Although coupling length is important, however, the optimum
efficiency of coupling not only depends on the optimum length but also on the distance
between the two cores. In [29] shows that when the gap is zero between the lapping cores,
high coupling efficiency is achieved, however, when gap exists or distance over the two cores
is 1.01, the coupling efficiency drops to less than 30%. When the gap or distance over the two
cores is further increased to 1.05, the efficiency drops to less than 5%. The distance between
the two fibers affects the coupling efficiency strongly.

According to [25] states that when the ray of light propagates along the tapered section of the
lapping fiber, the angle of incidence on the core surface decreases with each reflection and the
high-order modes may have cutoff points in the down-taper section and therefore will leak
out the core. If the cladding modes encounter the air-cladding interface at incident angles
smaller that the critical angle, the modes will radiate away from the fiber at the air-cladding
interface. However, if the claddings of the two lapping fibers are closed enough over appro-
priate length, the light in the cladding of the fiber will be transferred to the second fiber.

Therefore, load is accounted in this research in order to minimize if not eliminate the gap
between the two lapping cores. The difference of characterization is compared when normal
force is exerted and external force is exerted.

1.10. Fiber preparation development

Apart from the platform design, the development of the coupler/splitter also comprises of
three sets of fibers tapered by etching method and side polishing. The first set of fibers were
prepared by fully etching using harmless chemical solvent, acetone. During the etching pro-
cess, the tapered length of each fiber was set to be 25 mm long and the duration of each pair of
the fiber strands was varied from 30 to 120 minutes. For second set of fibers using fully etching
method, the etching length of tapered length of the fibers were varied for each pair between 4
and 25 mm long and the duration of etching also was set to 60 minutes. The third set of fiber
pairs were tapered using side polishing method and side etching where only one side of the
fiber strand was polished and etched to clean the rugged surfaces. The tapered length of the
fiber pair of each coupler/splitter is also varied from 4 to 25 mm long and the duration of
etching is about 60 minutes. The effect of etching duration leads to the different diameter of
core-cladding of the fiber pairs. The longer the etching process, the smaller the core thickness
diameter. Figure 2(a)-(c) show the surface of the fibers before etching process, Figure 2(a) and
post etching fiber, Figure 2(b).

This shows that the physical property of the fiber strand is sustained when the fiber is tapered
using chemical solvent. However, when the fiber is etched while it is in bending state, brittle-
ness occurs and leads the fiber to break apart. Figure 2(c) shows the physical state of the fiber
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Figure 2. Physical surface of the (a) pre-etch (b) post-etch fiber and (c) fiber breaks due to brittleness.
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Figure 3. The light transmitted over the etched fiber.

when brittleness causes the fiber to break. Figure 3 shows the light signal transmitted over the
etched fiber and it shows that the light spread out at the etched region only and due to this
behavior, insertion loss increases and output power decreases.

1.11. Platform development

The coupler/splitter platform is one of the important parts of developing this directional cou-
pler using lapping technique and geometrical blocks. The platform of the coupler is custom-
ized using acrylic material. The platform of the fiber coupler/splitter is consisted of mainly
circular/elliptical blocks of various radii, made of acrylic material that has similar refractive
index as the cladding of the fiber.

1.11.1. Circular

The first phase of platform development involves the development of circular blocks made
of acrylic material as shown in Figure 4. The circular block functions to hold the etched fibers
while the fibers will be bent accordingly to the bending radius of the circular blocks. A groove
of 1 mm is carved along the edge of the blocks in order to place and hold the fibers as shown
in Figure 5. The tapered area of the fiber is facing outward of the groove and will be lapped
to the other tapered surface so that coupling or splitting between the two fibers can occur.
The etched area or surface that is not facing or lapping to the other fiber is covered by the
groove of the blocks that are made from acrylic. Acrylic material has similar refractive index
as the cladding layer, n =1.402. Therefore, the unlapping surface of the etched area is covered
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by similar cladding layer refractive index. Thus, when the propagating modes are traveling
along the etched fiber, some of the modes will be transferred to the other lapped fiber while
some the modes that radiated out of the unlapping area is bounded by similarly refractive
index of cladding, that is the groove of the block. Therefore, this will decrease the loss. The
pivot is designed to hold the etched fibers that are placed at the groove so that they do not
move and the tapered surfaces are lapped to each other. The screws of the pivots are used to
loosen and tighten the pivot accordingly so when other block of bending radius is placed, the
fiber can be bent according to the bending radius of the circular blocks.

Figure 4. Circular blocks platform and fibers lapped.

Figure 5. The bottom view of a circular block with groove showing at the round edge of the block.
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1.11.2. Elliptical

Elliptical blocks shape are designed apart from circular blocks as another geometrical shape
in order to study the effect of different bending radius, R, and coupling length, L, between
the two lapped fibers. Apart from circular blocks having bending radius or curve that is more
critical than elliptical shape, circular blocks are used to mainly study the effect of bending
radius when the fibers of the coupler are bent at certain bending radii. Elliptical shapes in the
other hand, when fibers are attached to the elliptical blocks and bent, the bending radii are
less curvier than that of circular blocks, however, the curves of ellipse shape blocks are more
flatter thus the coupling length between the two lapped fibers are longer than that of circular
blocks. Bending does play part in order to stimulate the transfer of modes from the first fiber
to the second one, however, another parameter that also play an important part is coupling
length, L. The bending radius of elliptical shapes range from 10 to 29 mm. The bigger the
bending radius of the elliptical shapes, the longer the lapping region between the two lapping
cores. Figure 6 shows the dimensions of the elliptical platform together with the force gauge
embedded in the design. The experiment platform is big as to characterize and analyze which
bending radius range is the most optimum to be used and developed as an efficient optical
coupler/splitter using lapping technique.

1.11.3. Semi-elliptical

The third phase of the development is using semi-elliptical shaped blocks and platform with
spring embedded as shown in Figure 7. The semi-elliptical shaped blocks have bending radius
of 30, 40 and 50 mm. No force gauge is used on this platform because the force is exerted unto
the blocks and fibers by the spring embedded in the platform.
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Figure 6. Elliptical blocks platform design measurement with ellipse-shaped blocks.



Fabrication of Polymer Optical Fiber Splitter Using Lapping Technique
http://dx.doi.org/10.5772/intechopen.71868

Figure 7. Coupler/splitter experimental platform using semi-elliptical blocks and embedded spring.

1.12. Coupling efficiency by integration of CMT and Hertz’s law

The amount of power transfer is relatively in accordance to the coupling length. Thus, in this
study, two very important theories are applied where the force exerted on the fiber through
geometrical blocks relates to elliptical point contacts of Hertz’s Law [30] and the amount of
force put upon the fibers determines the radius of contact area or coupling length which
brings to Couple Mode Theory. The propagation of modes between the two fibers is studied
analytically and coupling efficiencies are obtained by varying the load force, coupling lengths
and the distances between the two fibers.

To obtain an efficient coupling ratio or splitting ratio, the coupling length between the two
lapped fibers must be long in order to obtain an adequate level of coupling efficiency. In this
research, two similarly fibers were tapered at the middle region with particular diameter of
core-cladding. They are attached to the circular blocks/elliptical blocks of certain bending
radius that determines the bending angle of the lapped fibers that helps the transfer of energy
from primary fiber to the secondary fiber. The performance of the splitter/coupler is analyzed
through the relationship of the distance between the two fiber waveguides and the load put
upon the blocks and fibers which gives effect in the coupling length. For the multimode step
index fiber, a group of modes exist as according to parameters assigned by the optical wave-
guides. Between reflections of each of the propagation rays, each ray travels in straight line
and Snell’s Law determines the reflection on the interface [31].

Coupling efficiency is calculated by first specifying the coupling length, L, which in this
design is assumed to be directly relative to radius of contact area, ¢, of Hertz’s ellipsoid.
Coupling efficiency is done by integrating the coupling coefficient and coupling length.

P, 1 . QU AL, 2

n = (/01 sin (C_ - L) dt) (2)
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Here the relationship between CMT and Hertz’s can be focused on coupling length or twice
the radius of contact area of the elliptical point contacts of two spheres.

2
= g | (e gy o) (S5 ) (EEEDev @]« o

c

This expression will be used to vary the distance between the two fibers having different load
F_and the coupling efficiency of the splitter can be determined accordingly.

1.13. Performance

During characterization of the couplers/splitters, the experimental set-up is first prepared as
shown in Figure 8. Geometrical blocks of different radii are placed on the platform with pair
of tapered cladding secured in the groove of the circular/elliptical blocks. At each of the ports
of splitter/coupler except at the input port, power meter is set to take readings of the output
power. Red LED of A = 650 nm is injected through input port and normal force of F, = 0.3 IbF
is exerted upon the middle region of the coupler/splitter through the geometrical blocks as
shown in Figure 8. Normal force is the reading at which the two cores of the fibers touch each
other without any external force. Output power is taken accordingly at each port. Then, given
force or external pressure is exerted upon the blocks and fibers, namely F_=3.0 IbF. This exter-
nal pressure is presumed to minimize the air gap that existed between the two lapped cores.

The experiment was repeated twice as in the first test, normal force is exerted upon the blocks
and the fiber cores and in the second test, external force is exerted upon the blocks and the
fiber cores. Based on the data collected, efficiency of each coupler/splitter can be measured.
The efficiency of a coupler/splitter, 0 can be defined as power ratio of overall output, XP,
against the power input, P, The mathematical equation that refers to the coupler/splitter
efficiency is:

ZPO = P2+P3+P4 4)
P
o (%) = Z°x100% 5)

Figure 8. Experimental set-up platform with force gauge.
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P, P,and P, are the output power of the light signal that propagates out of the throughput
port, P,, coupled port, P, and reflected port, P » while P is the input port of the injected
light signal.

The objective of this work which is to apply theories of CMT and Hertz’s Law in studying
the effect on coupling efficiency by manipulating the cores and coupling lengths between the
fibers are analyzed and the optimum efficiency obtained shows that when the two fiber cores
are closed to each other, the efficiency lies between 40% and 70% depending on the coupling
length and distance is zero. When force exertion is small, the coupling length decreases thus
coupling efficiency decreases to less than 50%. It decreases when the force, F_is less and the
coupling length, L_is shorter. The efficiency decreases as the distance, d, between the two
fiber cores is bigger. The optimum range of efficiency achieved based on coupling length,
L, depends on the fiber core size, D . The diameter of the cores affects the efficiency where
optimum efficiency is achieved at shorter coupling length range when the core diameter is
smaller. This study gives an insight of the optimum distance and fiber core size of the lapping
fibers used in the experiment.

Experimental results show the splitters having different splitting ratios as high as 80% to as
low as 1%. Each of the splitter has different bending radius, R_and different tapered length,
L, Macro-bending effect shows that different bending radius of circular and elliptical blocks
allow different bending angle for each splitter. Small angle of bending leads to radiation of
rays that propagate along the bent section. The radiation is enhanced by the tapered regions at
the bent section where some of the cladding layers are etched to allow coupling between the
lapping sections. Different core-cladding thickness may influence the amount of rays coupling
into second fiber. Large bending radius in the other hand slows the radiation rate, however,
helps the splitting and coupling by lengthen the lapping region or coupling length. Diameters
of 0.88 mm of splitters show optimum splitting ratios such as 80%, 70% and 60%. However
the losses are high due to the surfaces of the tapered fibers that were etched wholly around
the surfaces. The non-lapping section may contribute to the losses. Diameters of 0.77 mm
in the other hand give splitting ratios between 20% and 50% with considerable losses. All
bending platform of circular, elliptical and semi-elliptical blocks contribute to these range of
splitting ratios. Side-polished and side-etched splitters and fully etched splitters with varied
etched length are mostly used with the platforms to obtain optimum results. Long tapered
region as given by fully etched fibers with constant etched length shows very low splitting
ratios with considerable high losses. However, shortest tapered region does not give the most
optimum results. Therefore, depending on each parameter, particular tapered length, diam-
eter and bending have to be considered into the design to obtain desired optimum results.

1.14. Maintenance and reproducibility

Another important attributes that represents a coupler include its flexibility, maintenance and
reproducibility. The device is flexible since the fiber pair and blocks can be exchanged in order
to get desired splitting ratio. Even though the blocks needs to be exchanged for obtaining
desired splitting ratio, the blocks and fibers are ready to be fitted into platform and they are
highly durable. Since the splitter is custom-made, the splitter can be reproduced by handling

119



120 Selected Topics on Optical Fiber Technologies and Applications

each process of fabrication meticulously to the etching rate, polishing rate and bending size in
order to achieve uniform and persistent results.

1.15. Installations and performance

Installations and performances are very important attribute to any coupler or splitter devel-
oped. Although a coupler is a small component in a system, it does play an important role
throughout the whole performance. Although the coupler/splitter developed has consider-
able higher loss than the ones in the market line, the ability of the coupler to achieve several
splitting ratio has high potential where improvements and expandability of the device can be
done in order for the device to compete in the market line.

The device developed is easy to install using prepared platform and mix matched fiber pair
and blocks where varied splitting ratio can be obtained using one platform. Although tar-
geted loss is considerably higher than marketed splitter, however, the device is applicable
for signal transmittance and applications. The device developed is green technology-based
since the production process is using eco-friendly material, harmless solvent, moreover, LED
source is used which is very safe for consumers.

1.16. Research future Prospect

The limitation of “DIY” kit can be overcome by this design. Since the design of this splitter
gives several solution of splitting ratios, users that demand different value of splitting ratios can
utilize the splitters. Although the prototype design for users are yet to be finalized, however,
based on the results shown, the platform shows good performance and can be realized as DIY
kit. Apart from that, the since the cost of POF is low and materials and tools needed to build
the platform are inexpensive and does not involve high-end expensive machine, this device has
low-cost production and very economic. The material used to develop this device such as POF,
harmless chemical solvent, acrylic and aluminum are safe and green technology based.

1.17. Summary

New technique of developing an optical coupler using POF and mechanical platform using
lapping technique is discussed and analyzed in this chapter. Three different categories of
splitters are prepared where the first category of splitters has constant etching length of
25 mm and the diameter of the tapered section is varied. The second category is splitters that
have been etched with different length between 4 and 25 mm but having constant diameters
of 0.88 mm. The third category is splitters that have been polished and etched at one side of
the fibers only having different etching length between 4 and 25 mm and constant diameter
of 0.77 mm. Three different platforms are also built. The first platform having small angle of
circular blocks, the second platform having larger angle of elliptical blocks and the third plat-
form having intermediate angle between small and large angle of semi-elliptical blocks with
spring embedded. Varied angles represented by the bending radii of the blocks are chosen
and designed in order to study the bending effect of the splitter. Different bending radius with
combination of fiber diameter and coupling length leads different coupling behavior between
the two lapping regions and therefore provides different splitting ratios.
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Abstract

Extrinsic optical fibre sensor (OFS) systems use a fibre optic cable as the medium for
signal propagation between the sensor and the sensor electronics using light rather than
electrical signals. A range of different optical fibre sensors have been developed and
electronic hardware system designs interfacing the sensor with external electronic sys-
tems devised. In this chapter, the use of the field programmable gate array (FPGA) is
considered to implement the circuit functions that are required within a portable optical
fibre sensor system that uses a light emitting diode (LED) as the light source, a photodi-
ode as the light receiver and the FPGA to implement the system control, digital signal
processing (DSP) and communications operations. The capabilities of the FPGA will be
investigated and a case study sensor design introduced and elaborated. The OFS system
will be based on the FPGA and will provide wireless communications to an external
supervisory system. The chapter will commence with an overview of OFS systems and
the typical architecture of the system. Then the FPGA will be introduced and discussed
as a hardware alternative to a software programmed processor that is currently widely
used. A case study will then be presented with a discussion into design considerations.

Keywords: optical fibre sensor, field programmable gate array, electronic
system design, SPR sensor, Python

1. Introduction

Recent advances in optical fibre sensing technology have been rapid and widespread stimulated
through achievements in developing sensors for applications such as environmental monito-
ring, mechanical structure stress and strain monitoring, and biomedical [1-4]. Advances in
sensor fabrication, sensitivity enhancement and the availability of new materials have demon-
strated the potential of using optical sensors in new applications. The aim is to harness the
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advantages that optical components can provide over electrical component alternatives in a
wide range of sensor applications. However, identifying and using suitable enabling technolo-
gies, supported through experience in achieving repeatable results from suitable experiments
for new OFS industrial applications, should be recognised as key in moving forward from a
research idea into application [5].

It is widely accepted that initial OFS designs were fragile, reliable only under laboratory
conditions and with material costs higher than those used in other sensor technologies [6, 7].
They were also difficult to produce and this limited their ability for practical use. However,
with an increase in the availability of new materials, the proliferation of inexpensive 3D
printing and other additive manufacturing technologies that enable rapid prototyping and
analysis, sensor design and packaging performance have been improved dramatically. These
OFS packaging improvements have enabled optical fibre sensor (OFS) deployment [8] in a
wide range of different applications as referenced above. An OFS system is however not
complete without supporting instrumentation [9]. It requires a suitable electronic system to
implement system functions that include system control, sensor stimulus generation, data
acquisition (DAQ) and storage, data analysis (high-speed digital signal processing (DSP)
operations) and serial communications interfacing. To date, OFS system deployment is still
largely dependent on laboratory-based sub-systems, particularly the light source and optical
receiver that interface to a computer through a data acquisition (DAQ) module or proprietary
software via universal serial bus (USB). A typical OFS system needs to use high-cost and
complex instruments to provide the necessary control and measurement capabilities, and
usually depends on a human operator to set-up the light source and access the sensor results.
To make optical sensors more accessible, the use of high quality but lower cost equipment is
required. Some improvements have been noted in recent system designs where operations
were performed using a software programmed microcontroller based arrangement [10-12].
The potential also exists to create supporting instrumentation that can harness inexpensive and
physically smaller components to make an OFS system portable (i.e. a battery operated system
capable of operating independently for extended periods of time, small physical size, pro-
grammable with wireless communications and ability to be carried by an individual, e.g. a
first responder). The low cost aspect however must not compromise the quality of the system
operation and it must also have reliable operation in the intended application. The inert nature
of optical fibre also allows it to perform in-situ measurements in harsh environments whilst
the sensitive electronic circuits can be shielded at an appropriate location and remotely from
the environment being sensed. In addition, for complex photonic system design, photonic
integrated circuit (IC) technology is a promising solution to achieve lower cost and mini-
aturisation, but is still not yet as mature as electronic technology [13].

This chapter will consider the electronic system design requirements for a portable OFS system
based on the use of a microcontroller alternative. Specifically, the field programmable gate
array (FPGA) is used to implement the necessary digital logic functions in hardware including
light emitting diode (LED) (light source) switching and current control and photodiode (light
receiver) signal sampling and signal conditioning. A plastic optical fibre (POF) arrangement is
considered, although the focus of the chapter will be on the FPGA based electronic system
design approaches and potential solutions. The chapter will consider the system design, both
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analogue and digital parts, and will develop a discussion into the use of the FPGA as a hard-
ware based alternative to a software based processor design. The available hardware resources
within the FPGA will be considered and approaches to using these resources will be discussed.
The FPGA, as an alternative, provides potential benefits to system design and operation by
using configured hardware that provides the potential for high speed operation, parallel
processing (concurrent operation), high-speed embedded DSP operations and low-voltage/-
low-power capability. The available hardware resources within the FPGA, along with the
capability for low-voltage and low-power operation, mean that a powerful whilst portable
sensor system can be developed and deployed. This chapter will consider the potential benefits
of using the FPGA in such sensor systems and the design choices required. The chapter will
commence with an introduction to OFS systems and electronic system design using the FPGA.
It will then discuss the use of the FPGA within an existing OFS system and the benefits the
FPGA can provide before providing a conclusion.

In this chapter, the discussion will be based on a single sensor arrangement to demonstrate the
use of the FPGA. However, the FPGA would be easily capable of interfacing to multiple
sensors due to the availability of configurable hardware within the FPGA and the availability
of a large number of programmable digital pins which can be configured to act as inputs,
outputs or bi-directional pins. It would therefore be practical for the FPGA to be used in
multiple (multipoint) and quasi-distributed OFS systems of the form shown in Figure 1.
Additionally this concept may ultimately be extended to use in fully distributed systems, e.g.
Rayleigh and Brillouin scattering based systems, utilising the considerable on-board capabili-
ties of the FPGA in fulfilling the complex signal process required from these systems. How-
ever, this article is constrained to assessing the feasibility of a potential distributed OFS
application where multiple ‘single point’ sensors are distributed in location but connected to
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Figure 1. Distributed sensing with multiple ‘single-point” sensors.
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a single FPGA. The high number of available FPGA I/O pins are especially useful in allowing
independent driving of multiple light sources and taking multiple light intensity measure-
ments. Those measurements can be taken in a parallel manner and could be useful in phenom-
ena detection [14]. Whilst the focus of this chapter is on a single ‘single point” sensor, the basic
design could be duplicated with other similar sensors and using the same FPGA to realise
distributed sensing.

The chapter is structured as follows. Section 2 describes the OFS system operation and the
design choices in the use of suitable components. Section 3 introduces the FPGA and how
digital and mixed-signal electronic circuits and systems can be designed using the FPGA. This
section also highlights a number of the advantages that the FPGA has over software progra-
mmed processor alternatives. Section 4 discusses the feasibility of use of the FPGA in an OFS
system and Section 5 provides a real system based case study design using POF to provide an
optical interface to the surface plasmon resonance (SPR) sensor. Section 6 concludes the paper.

2. Optical fibre sensor systems

2.1. Introduction

In this section, the structure and operation of a typical optical fibre sensor system is discussed.
A typical OFS system essentially comprises of a light source, sensing element, optical detector
and sensor data readout parts (external communications). A simplified architecture of such a
system is shown in Figure 2. Light is guided from the light source to the optical receiver using
an optical fibre. The sensing element is the part that transforms a change in the monitored
parameter into a corresponding change in one or more of the physical properties of the guided
light. Those properties include purely intensity, wavelength, polarisation orientation and
phase. A change in the properties of the transmitted light through the sensor can be created
by different physical mechanisms. For example, the chemical properties of a material being
sensed. To capture the change in the propagated light properties, an appropriate light source
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Figure 2. Simplified architecture of an OFS system (either intrinsic or extrinsic).
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and matching optical receiver are required. The light source provides the sensor light stimulus
of a particular wavelength or band of wavelengths to propagate to the sensing element. This
light is modulated by the sensor and the resulting signal is captured by optical receiver. The
optical parts of the system are linked together using an optical fibre cable. POF is becoming an
increasingly popular choice in many sensors when compared to glass optical fibre (GOF) due
to its low-cost, ease of connection and flexibility (allowing it to be mechanically bent and
shaped to the requirements of the sensor housing and location). The source and receiver are
electrically connected to the computing device that provides an optical-electrical interface,
system control, communications and data analysis. The complexity of an OFS system is
usually dependent on light modulation method used, the type of sensor and whether a single
or multiple sensors are required. For example, distributed sensing requires complex light
sources, coupling optics and receivers to obtain a sufficiently high-resolution result [14].
Distributed sensing ideally enables the measurement of any point along the optical fibre and
is used in applications such as temperature, strain and acoustic sensing. Other OFS types
include multi-point sensing or single point sensing [15, 16]. A multipoint sensor is similar to
distributed sensing and therefore often also requires complex instrumentation although the
cost of the interrogator unit is often much less than the fully distributed sensor. On the other
hand, a single point sensor usually is the simplest form that requires less complex instrumen-
tation. In all cases, the sensors may be classified as being either intrinsic or extrinsic. An
intrinsic sensor uses the fibre itself as the sensor whilst in an extrinsic sensor, the fibre is used
only used for light propagation to and from the sensor element which is therefore an external
device. Clearly in the case of distributed sensors, e.g. Rayleigh or Brillouin, these are examples
of intrinsic sensors.

The individual components of the OFS system are considered in the following sections.

2.2. Optical fibre

An optical fibre is a flexible optically transmitting waveguide that is drawn from glass or
plastic [7]. In its simplest form, it is composed of three parts. Referring to Figure 3, these are
the core, cladding, and coating. Both the core and cladding are made of a suitable dielectric
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Figure 3. Optical fibre structure.
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material, usually doped silica glass or a polymer. The core usually has a cylindrical cross-
section and has higher refractive index (n) than the cladding that surrounds it. The coating is
an additional layer of material, often a toughened polymer that provides protection from
physical damage whilst maintaining flexibility. The interface of the core and cladding can be
considered as a perfect abrupt but completely smooth boundary and the refractive index
difference between the materials allows for total internal reflection to occur whilst minimising
scattering losses [17]. In the case of total internal reflection, all of the light energy is ideally
preserved within the core and allows the light to transmit through the fibre not only when the
fibre is straight, but also when bent (up to a limit known as the minimum bend radius) as
would be typically seen with a flexible fibre [7].

A number of fibre types are commercially available for different purposes and can be broadly
categorised into two basic types: silica (glass) fibre or polymer (plastic) fibre. Glass fibre has
widespread use in communications applications [18] due to its low-cost and material proper-
ties. It allows for extremely low loss long distance transmission of data with the need for fewer
repeaters to boost signal strength due to losses in the transmission medium than would be
required with electrical signal transmission. POF has found use in relatively short distance
light transmission, e.g. in local area networks and, due to its flexibility, in situations that
involve bending of the fibre, e.g. as in the case of automotive based networks. POF is generally
large core fibre (i.e. a large fibre diameter, being typically 0.25 to 2 mm in diameter) that can
bend into a smaller radius than can a silica fibre. There are some exceptions with much recent
research being focused on single mode POF, e.g. for strain sensing [19]. Despite the material
differences, both types of fibre operate under same principle of allowing the transmission of
light. A major advantage of all optical fibres is that due to their material properties, an optical
fibre is immune to external electrical interference. For example, unlike copper wiring, there is
no cross-talk between signals in different close-proximity cables and no pickup of environ-
mental noise, e.g. from proximal electrical machines or faulty electrical equipment. Recently,
the application of the optical fibre has been extended from primarily a communications
medium to the use as a sensor. An OFS introduces the idea of the modulation of a transmitted
light signal as it propagates through a fibre and through different physical phenomena that are
aimed to be measured [20]. Other specialist fibre types are available which result from novel
structures or alternative materials. Photonic Crystal or Photonic Bandgap Fibres (PCF or PBF)
rely on hollow or honeycomb (or many other sophisticated designs) patterned cores but
currently their use is confined to some specialist applications, e.g. Supercontinuum Light
sources [21]. Other specialist fibre materials are also available, e.g. Chalcogenide and ZBLAN
for mid-infrared (MIR) operation, but again their use has been confined to some specialist
sensing activities e.g. gas sensing [22].

2.3. Light source and optical detector

The light source and optical detector are fundamental parts of an OFS system. Both are
required to have the necessary operating characteristics to be useful, are required to operate
reliably over a long periods of time and to provide trustworthy data to the user. Light sources
used to support low-cost optical fibre sensors are LED based and in some cases low-cost
semiconductor laser diodes. Other systems use a broadband white light source and spectrometer
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arrangement. The choice of which light source to use depends on the required application. For
example, the laser provides a very narrow wavelength range, whereas the white light source
provides a wide band of wavelengths. LEDs also provide a relatively small band of wave-
lengths (broader than laser diodes) that is governed by the semiconductor material band gap
energy. The light source can also be categorised as either a directional or diffused light source.
A directional light source emits the majority of the light in one direction and with a narrow
angle of spread. A diffused light source emits light in a wide range of directions equally and
requires optical components to efficiently couple it into waveguide. Some OFS applications
may be able to utilise an unpolarised light source, others may need a polarised light source. In
addition, there may be a requirement to the use a coherent rather than an incoherent light
source. The most commonly used optical detectors for low-cost optical fibre sensors are the
photodiode, the avalanche photodiode and the phototransistor. These optical detectors trans-
late optical intensity into an electrical signal (a current proportional to the intensity of the light
that the device is sensitive to). In addition, the light dependent resistor (LDR) can sometimes
be used which converts input light intensity to generate a change in electrical resistance.
However the LDRs tend to be inefficient and slow compared to the photodiode/phototransis-
tor type detectors. A single current output is produced which corresponds to an integral result
of the intensities at all the detected light wavelengths. If a system is to be able to discriminate
signals at discrete spectral values, an optical detector needs to be used in conjunction with an
optical grating or filter [23]. The spectral bandwidth of the detector must also be aligned with
the light source spectrum and the spectral transmission of the sensor. Other parameters to
consider in choice of detector include response time and the noise figure.

In considering the use of the LED and photodiode based arrangement, the digital sub-system
must provide the necessary digital-analogue-digital signal interface. A typical system arrange-
ment is shown in Figure 4. On the transmission side, the LED requires a drive current to output
a specific light intensity. This is produced by a voltage-to-current (VI) converter that receives a
voltage and outputs a current proportional to the input voltage. As the signal originates from a
digital sub-system, the digital output is required to be converted to its analogue equivalent

Voltage-to-current
(V1) converter

e Fibre
Digital Digital-to-analogue !\} Complir
converter {DAC)
sub-system

Current-to-voltage [_Sensor |
(IV) converter
ZS‘(‘? Fibre

Analogue-to-digital Coupler
converter (ADC)

|

External interface

Figure 4. LED based light source current control and photodiode receiver circuit.
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through a digital-to-analogue converter (DAC) with suitable speed and resolution. Figure 4
assumes that the DAC output is a voltage rather than a current. The light is coupled to the POF
and propagates to the sensor. Following transmission through and modulation by the sensor,
the POF propagates the returning light signal to be received by the distal photodiode. The
output of the photodiode is a current proportional to the intensity of the input light received.
This is converted to a voltage though a current-to-voltage (IV) converter and applied to the
input of an analogue-to-digital converter (ADC) with suitable speed and resolution. This set-up
assumes that the ADC is a voltage input rather than a current input device. The digital sub-
system captures and processes the digitised value. Results can then be processed and transmit-
ted to a user or an external electronic system. The photodiode characteristics (light intensity
range and range of wavelengths that can be detected) must be matched to the LED light source,
otherwise the measurements do not accurately reflect the behaviour of the measured quantity.

2.4. Referencing

The accuracy of an OFS measurement depends on how reliably the value of the modulated
signal reflects the behaviour of physical quantity being measured. However, other effects may
cause the signal to change and therefore, their influence must ideally be isolated and removed
in order to focus solely on the physical quantity being measured. In practice, this condition is
not easy to achieve due to various factors. For example, the propagating light suffers from
multiple attenuation factors in its propagation path which include losses from optical compo-
nents and uncertainty introduced by optoelectronic component variability. To compensate for
known effects that the system can be calibrated to account for, potential deviations from the
ideal should be recognised and recorded. A common method is to apply an additional light
signal that is used as a reference and is subjected to the same environmental influence as for
measurement signal. Thus, the reference signal can calibrated to the measurement signal. There
are different techniques that can be used to introduce a reference signal into system including
spatial, spectral, temporal, frequency separation or through a combination of these methods
[24]. Such an approach also requires some form of signal processing, analogue or digital, and
hence this must be factored into the design. Increasingly, digital signal processing (DSP) tech-
niques are used and in the case of software based processors or hardware configured program-
mable logic devices (PLDs), can readily be included in order to provide for programmable and
local sensor signal conditioning.

2.5. Wavelength and intensity interrogation

Some sensing elements react only to a narrow band of wavelengths. These sensor systems use
a simple intensity interrogation technique where light is collected as a single value regardless
of wavelength in order to provide a single light intensity reading. This technique is normally
used with narrow bandwidth or monochromatic light sources. A low-cost choice for the light
source in intensity interrogation based systems includes the LED and semiconductor laser
diode. However, the LED is less complex to use from the viewpoint of driver circuitry and
does not have the safety concerns that exist with some laser diodes. The optical receiver can be
a photodiode or phototransistor. Referring to Figure 5, this represents the main choices to be
made. The light source (Figure 5) is either an LED, low-cost laser diode (a) or a white light
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Figure 5. OFS system using a white light source and spectrometer or laser/LED and photodiode/phototransistor.

source (b). The choice of receiver is based on the light source. For the LED or laser diode, the
receiver (Figure 5) provides only intensity interrogation (a) and for the white light source,
either intensity or wavelength resolved interrogation (b).

It should also be noted and considered that some information can only be captured by
observing at the signal spectrum instead of the cumulative intensity integrated across the
whole spectrum. To extract such information, the signal needs to be spectrally resolved with
adequate (spectral) resolution that will enable the desired measurand to be accurately deter-
mined and recorded. This technique, also known as wavelength interrogation, usually requires
the use of a white light source and spectrometer as a detector.

Figure 6 shows the principle of operation of the spectrometer.
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Figure 6. Principle of operation of the spectrometer.
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The spectrometer is becoming increasingly widely used as an optical receiver. It receives a
collimated input and disperses it into spectral components by an optical component such as a
diffraction grating. The different spectral components are then registered by an array detector
such as a charge-coupled-device (CCD) or complementary metal oxide semiconductor
(CMOS) camera. To read out the spectral data as a digital representation of the captured
optical signal, the spectrometer normally incorporates a suitable computer interface. The
whole series of tasks require high precision optical elements and the spectrometer often needs
to be recalibrated at regular intervals by a qualified technician. The cost of a spectrometer
system is a factor that normally prohibits its use in situations with limited (financial) resources
[25], although their cost and robustness is rapidly improving. Different parameters are best
measured using the optimum combinations of suitable light sources and optical receivers. For
example, surface plasmon resonance (SPR) sensing typically usually uses a white light source
and spectrometer to measure a shift of wavelength. For purely light intensity interrogation
sensing, it is possible to use a variety of light sources including the LED and laser diode, and
optical receivers including the photodiode, phototransistor or the LDR. To access the informa-
tion gathered by an OFS, the sensor information needs to be read out and displayed. A
common acquisition module for light intensity interrogation is the DAQ module with micro-
controller control. For other more complex instruments, the DAQ module is usually built into
the instrument. A computer is universally used for data read-out using a common serial
interface such as a wired USB or general purpose interface bus (GPIB), or a wireless interface
such as Wi-Fi, Bluetooth or ZigBee. Software such as LabVIEW™ from National Instruments or
MATLAB™ from The Mathworks company are commonly used to implement system control
and data analysis. To identify examples of developed systems, Table 1 provides a summary of
the attributes of five reported systems. These arrangements use a variety of approaches, but
are currently only suitable for use in a laboratory environment.

System configuration is generally similar for all sensor system implementations and this struc-
ture is shown in Figure 7. Each part can be implemented using different technologies and the
choice of implementation is dependent on the requirements of the application. The required

Authors Jiang et al. [26] Zhao et al. [27] Di et al. [28] Mahanta et al. [29] Stupar et al. [30]
Sensing Surface plasmon Surface plasmon Intensity Intensity Intensity
mechanism resonance resonance interrogation interrogation interrogation
Light source White light source White light source LED He-Ne laser source LED

Optical Spectrometer Spectrometer Phototransistor Light dependent Photo Darlington
receiver resistor transistor

Data Data acquisition Spectrometer Data acquisition = Data acquisition Microcontroller
acquisition card card card

Computer USB USB DB37 cable USB ZigBee

interface

Data readout ~ Computer Computer Computer Computer Computer

Data analysis ~ LabVIEW - WaveScan 2.0 LabVIEW LabVIEW

Table 1. Examples of reported OFS system operation.
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Figure 7. Typical sensor system — choice of sub-system components.

resources are identified in terms of the computing (PC), the electronics (electronic-optical-
electronic signal interfacing), the light source and the optical receiver.

3. The field programmable gate array

3.1. Introduction

A programmable logic device (PLD) is a device with configurable logic and flip-flops linked
together with programmable interconnect. Unlike a processor [microprocessor (uP), microcontrol-
ler (uC) or digital signal processor (DSP)] which is programmed to implement a software program,
the PLD is configurable (programmable) in hardware. It is configured to implement different
digital logic hardware circuits. The architecture provides flexibility in use and re-programmability
to quickly re-target the same device to a different application. Early PLDs were based on the
architecture of the simple PLD (SPLD) which could implement basic combinational logic and
synchronous sequential logic (counter and state machine) circuits. Development of the SPLD led
to the complex PLD (CPLD) which essentially is an array of SPLDs with programmable intercon-
nect within a single device and hence, can implement more sophisticated functions. The CPLD has
found uses in applications such as instrumentation and control. An alternative to the CPLD is the
FPGA. This has a different architecture which allows for high-speed digital signal processing (DSP)
operations which would not be possible in a CPLD. An advantage of the PLD is that it the same
device can be configured and reconfigured in a short time, thus saving resources in terms of time
and money to the need to develop new digital hardware. Any new update or correction can be
simply done by downloading a new configuration bit stream into it.

3.2. The FPGA architecture

The FPGA is an integrated circuit (IC) that can be electrically configured to implement a digital
hardware design. It consists of a matrix of configurable logic blocks (CLBs) connected via
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programmable interconnects and through input/output blocks to interface with other devices.
The logic blocks consist of look-up tables (LUTs) constructed using simple memories that store
Boolean functions to perform logic operations. The LUT can handle any kind of logic function,
but the complexity of the LUT depends on the manufacturer. In addition to the LUT, and with
the growing demands to create more complex digital circuits and systems using the FPGA,
special purpose blocks such as the DSP slice, embedded memory (Block RAM in FPGAs from
Xilinx Inc.) and other functions have been introduced into FPGA. Today, a range of FPGAs
from different vendors are available. Table 2 provides a summary of the devices available from
the key programmable logic vendors. The key differences between CPLD and the FPGA are
in the device architectures and the complexity of functions that its basic unit is able to perform.
The basic unit of CPLD is known as macro cell, using simple sum-of-products combinatorial
logic functions and an optional flip-flop.

For a particular design, the configuration pattern is stored in memory within the device or
external to the device. The configuration would initially be downloaded into the FPGA mem-
ory from an external circuit in the form of a bit stream file. Depending on the particular FPGA,
the internal memory may non-volatile memory [electrically erasable programmable read only
memory (EEPROM) or Flash] or volatile memory [static read only memory (SRAM)]. When
using volatile memory, the configuration will need to be loaded from external memory into
FPGA every time it powered on in order to set-up the FPGA. Currently, SRAM based FPGA
dominate the market, however the availability of Flash memory based FPGAs is increasing
and these provide lower power consumption and no boot time (i.e. the time to start operating
once the device power supply is provided).

3.3. FPGA design flow

In many sensor designs, a software programmed processor, typically a uC, is programmed to
provide the necessary digital sub-system operations (referring to Figure 4). The design flow for

Vendor FPGA families SPLD/CPLD Other relevant devices Notes
Xilinx Inc. Virtex, Kintex, CoolRunner-II, XA 3D ICs, Zync PSoC PSoC — Programmable
Artix and Spartan ~ CoolRunner-II and system on a chip
XC9500XL
Intel Stratix, Arria, - Stratix SoC FPGA FPGAs were formerly from
Corporation MAX, Cyclone Altera. Altera MAX family
and Enpirion also included CPLDs.
Atmel AT40Kxx family =~ ATF15xx and ATF75xx - -
Corporation FPGA CPLD families, ATF16xx
and ATF22xx SPLD families
Lattice ECP, MachX and  ispMACH CPLD family - -
Semiconductor iCE FPGA families
Microsemi PolarFire, IGLOO2 - SmartFusion2 SoC FPGAs were formerly from
and RTG4 FPGA FPGA Actel
families

Table 2. Summary of key FPGAs and vendors (including SPLD and CPLD devices).
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processor based design is well-known to many people and would be chosen based on existing
knowledge and experience. However, hardware configured devices such as the FPGA can
provide advantages to the system capabilities and operation if the capabilities of the FPGA
were known and the ability to design with the FPGA existed. There are a number of advan-
tages of using an FPGA within the digital sub-system and these include:

High speed DSP operation capabilities such as digital filtering and FFT (fast Fourier
transform) operations.

Concurrent operation which means that operations in hardware can be run in parallel.
A high number of digital input and output pins for connecting to peripheral devices.
Programmable I/O standards such as LVITL, LVCMOS, HSTL and SSTL.

In-built memories for temporary data storage.

In-built hardware multipliers for DSP operations.

In some FPGAs, in-built ADCs are available for analogue input sampling.

Availability of macros such as FFT blocks for high-speed DSP operations.

Ability to develop custom architectures suited to the particular application which does
not restrict the designer to using the capabilities and limitations of existing processor
architectures.

‘But how is a design created using programmable logic, specifically with reference to the FPGA?’ is an
important question to ask. Details of the design flow would be specific to a particular device
vendor and each vendor would provide an integrated development environment (IDE) for
their devices. The terminology used also differs between vendors. However, Figure 8 shows a

Design
EDA tool configuration ™ reguirements
Device selection ~ Schematic
Design entry tool HDL (Verilog-HDL or YHDL)
Simulation tool Design entry IP core
Synthesis tool State machine (transition
Place & Route tool ! . diagrams)
Device configuration tool __~ g B 6T
VHDL test bench
Synthesis tool
Hi. cod‘e Synthesis directives
synthesis Post-synthesis simulation
*~ model
"~ User constraints
Plares Sl _Post P&R simulation model
s -Ccnfi uration tool
configuration g

Figure 8. Simplified FPGA design flow.
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simplified view of a typical FPGA design flow. Starting with the design requirements and
understanding of the capabilities of the target FPGA, the FPGA design tool is used and the
design description created. This can be in the form of a circuit schematic, hardware description
language (HDL) description, a predesigned IP core or a FSM state transition diagram. An
advantage of using an HDL is that the design description is in the form of an ASCII text file
and if suitably written, is independent of any particular target device. This means that the
HDL code can be synthesised to a different device and this allows for flexibility in design
choice and the ability to update designs in the future if so required. The design is initially
simulated using a suitably defined test bench (also referred to as a test fixture) before synthesis
into logic and implementation within the FPGA (design place and route (P&R) into the FPGA
hardware). After synthesis and P&R, timing details in terms of additional signal delays due to
logic and interconnect propagation delays can be identified and included in the simulation
studies. This is particularly important for high-speed operation as the timing of the signals
propagating through the hardware need to be taken into consideration otherwise incorrect
circuit operation may occur. Finally, the design can be configured into the FPGA and physical
testing of the hardware can then be undertaken. At each step, depending on the simulation
and test results, it may be necessary to modify aspects of the design in order to achieve correct
circuit operation.

4. FPGA based OFS system

4.1. Introduction

Within an OFS system, the operation of the system in the majority of solutions is controlled by
the deployment of one or more software programmed processors. There would be many
reasons for adopting such an approach, particularly designer understanding and experience.
Using programmable logic as an alternative requires a different design approach and a differ-
ent set of designer skills. The design philosophy must be switched from ‘how can I achieve the
required functionality using the available sequential software functions?” to ‘how can I achieve the
required functionality in concurrent hardware?’. When considering the use of the FPGA, there
must be benefits for adopting such an approach. The FPGA can:

e Provide the ability to handle real-time system operation with a high sampling rate of
sensor data and other DSP operations that other, traditional microcontroller only based
approaches would have problems in undertaking. For example, [31] discusses the use of
the FPGA within wireless sensor networks (WSNs). In Ref. [32], a phase-sensitive optical
time-domain reflectometer using the FPGA is discussed.

¢ Undertake high-speed DSP operations in hardware using embedded macros.
*  Bereadily reconfigured in the field for system upgrades.

e Allow the user to rapidly prototype the design in the same way as software programmed
microcontroller while provide concurrent processing capability that overcome processor
performance and precision limitations.
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e Adapt its hardware configuration to a target application needs. As the FPGA does not
have a fixed architecture, it is not limited to a predefined set of possible operations and
this allows for a custom design which matches the operating requirements of the target
application (speed, power consumption, circuit size) to be developed.

In this section, the use of the FPGA is considered as a digital core (sub-Section 4.2) to integrate
functions (sub-Section 4.3) for optically based sensor systems.

4.2. The FPGA as a digital core

With reference to the digital sub-system in Figure 4, this can be considered in terms of the
functions it needs to implement. Specifically the required functions can be considered as:

*  Sensor interfacing.

e  Control.

e  Storage (memory).

e DSP.

¢ Communications to an external electronic system.
e  User interfacing.

Figure 9 shows a simplified block diagram for an FPGA based design that implements the
above functions. The FPGA operation control signal timing is determined by the external clock
it uses (e.g. a 100 MHz clock) and control signals from external peripheral devices (e.g. an
external power-on reset circuit) as well as user control which has been configured into the
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Figure 9. FPGA core functions example.
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device. User control can come from an external electronic system using wired or wireless
communications and from human interaction devices such as a keypad or touch-screen device.
This requires a suitable Control unit to be designed for controlling the other circuits configured
into the FPGA. Signals to/from an external system would be via a suitable Communications
circuit that allows both control signal and data transfer. Local memory, bistables (latches and
flip-flops) and SRAM are used for temporary storage. Memory may be internal to the FPGA
only, or external. Output to the sensor in the form of Sensor stimulus would be in the form of a
voltage that may need translating to a current. For example, an LED may be driven by a DC
current level or by a modulated signal using a signal encoding scheme such as pulse-width
modulation (PWM). Sensor response would be sampled using a Sensor data acquisition circuit.
Building on this architecture, additional operations, such as DSP, can be included.

4.3. Integrating functions into the FPGA

An OFS system based on a digital core within an FPGA will need to ensure that the circuit
configured into the FPGA meets the system requirements. A simple implementation would
consist of a basic communications protocol, along with a basic signal generator (LED current
control) and a signal capture (photodiode current sampling) along with memory for tempo-
rary storage of values (where the memory requirements are small then latches and flip-flops
would be sufficient, whereas where the memory requirements are larger, static random access
memory (SRAM) and Flash memory would be required). Such a basic system would not utilise
many of the available hardware resources within the FPGA and in such a case, a smaller and
simpler CPLD would probably be sufficient. The power of the FPGA however becomes appar-
ent where higher operating frequencies and embedded DSP functions are introduced. For
example, analogue signal measurements are influenced by external parameters such as ambi-
ent temperature and noise introduced into the signal from surrounding electronic circuitry and
the ambient environment. This would be particularly noticeable where low-level signal mea-
surements are required. To improve system performance, signal processing techniques such as
oversampling, averaging and correlation can be used as well as digital filtering and the FFT.
For these functions to operate in an application such as a real-time system, the calculations to
be performed need to operate at high frequency and utilise high-speed memories for tempo-
rary storage. All these requirements map effectively to modern FPGAs and so can make the
FPGA the natural choice for a high performance embedded sensor arrangement. With the
increased interest and use of the FPGA in DSP operations, recent FPGA architectures have
evolved with high-speed operation and complex DSP in mind. Generally, FPGAs today incor-
porate the following circuitry. With reference to the Xilinx FPGA families, these can include:

*  CLB: The configurable logic block is a basic building block of the FPGA and incorporates
circuitry such as the look-up table (LUT), a flip-flop and a multiplexer.

¢ Distributed RAM: Small RAM within the LUT.
*  Slices: Slices are groups of LUTs and flip-flops.

¢ Block RAM (dedicated two-port memory), first-in first-out (FIFO) and error correction
checking (ECC) cores.
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¢ Singled-ended and differential input/output cells (I/O): For higher speed signals, differen-
tial signals are preferred and the programmable I/O cells can be configured for single-
ended or differential signal operation and with different I/O standards.

e DSP slices: Essentially high-speed cells that can be used to create DSP operations.
*  Analog(ue) mixed-signal (AMS) core: XADC, in-built ADC.

¢  Configuration bit stream encryption blocks incorporating methods such as AES, HMAC
and DNA.

Although the discussion into the use of the FPGA has so far concentrated on the development
of custom hardware designs, with hardware architectures suited to a target application needs,
it is possible and in some cases preferable to utilise a software programmed processor. A
processor itself is simply hardware with logic gates and memory connected in such a way to
implement a processor architecture. The FPGA therefore can be used to implement a processor
core and so be configured to act as a software programmed processor. Either a pre-defined
processor architecture can be implemented within the FPGA as an intellectual property (IP)
core with a description provided in Verilog-HDL or VHDL, or the designer can develop their
own architecture processor. Therefore, the FPGA can implement a design which is based on
hardware logic only, be based on a processor only or, and where the benefits of using the
FPGA can be truly seen, can implement a hardware-software co-design within a single device.
In addition, with the hardware resources available in many FPGAs, multiple processors can be
implemented within a single FPGA and so architectures consisting of arrays of interconnected
processors operating concurrently with hardware only based designs for high-speed compu-
tations can be developed.

5. Case study design

5.1. Introduction

Modern OFS systems are becoming ever more sophisticated as such systems today are
targeting more complex problems than previously considered [33]. This includes the need for
more sophisticated and computationally intensive data analysis methods. Today, an OFS
system that uses a personal computer (PC) and software data analysis software such as
LabVIEW™ or MATLAB™ has little difficulty to undertake such analysis tasks. However, the
PC may not necessarily be an ideal data processing unit for in-field measurements or real time
monitoring in remote areas due to its size and power consumption requirements. To make this
system portable for personnel to carry, and for remote deployment over extended periods of
time, it has to be physically small, lightweight, low-power and battery powered. The system
should be as easy as possible for operator personnel to use as they should not be expected to
understand the detailed electronic circuit operation or the arrangement that forms the system.
It would also be better if it is capable of real-time data processing that provides timely and
useful information via modern telemetry. Real-time data processing also reduces storage and
transmission requirements that both consume precious resources in a portable system [34].
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This section provides a case study into an OFS system using the surface plasmon resonance
(SPR) principle. The objective of this case study was to demonstrate integration of the FPGA
into an OFS system based on SPR. SPR is a popular sensing mechanism for biomedical optical
sensors as it is sensitive to a change in the refractive index of a surrounding medium. It is a
phenomenon that occurs when photon momentum is matched with plasmon momentum and
thus photon energy efficiently transfers to the surface plasmon. This results in absorption of
specific wavelengths of light that are then visible in the resulting light spectrum and the
absorption wavelengths are then used to determine the properties of the measurand. The
surface plasmon effect exists only in p-polarised (transverse magnetic) waves, so it is a require-
ment that a p-polarised wave is generated that oscillates in the same orientation in order to be
excited. A propagating photon in vacuum or air does not have enough momentum to excite
SPR [35]. The common technique to excite SPR optically is by using total internal reflection to
create an evanescent wave that has a higher momentum. The matching condition depends
heavily on the surrounding environment which makes it suitable for use as a sensor. Figure 10
shows the principle of operation for the sensor used.

The electronic system design was also created to be modular in order to accommodate differ-
ent sensing mechanisms. This is readily managed using POF as the interface medium since the
sensor housing can be changed by simply removing and inserting the transmitting and receiv-
ing fibres. The system architecture developed is discussed and the strategy to implement
refractive index measurement using a combination of the FPGA with a tri-colour (RGB: red,
green, blue) LED and photodiode is proposed. The FPGA functionality is identified in a later
section. System control and data acquisition with a host PC was created using the Python open
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Figure 10. Surface plasmon sensor. Schematic diagram of total internal reflection and surface plasmon wave (SPW)
generated during SPR.
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source programming language. However, the FPGA operation does not rely on a PC connec-
tion to work. The FPGA used was the Xilinx Artix-7 [36] FPGA and this was embedded within
the Arty development board from Digilent [37]. The FPGA operates on a 100 MHz clock
frequency on this particular development board, so all digital signals were timed to this master
clock. Connections to an external printed circuit board (PCB) with additional hardware was
made using the available PCB header connections. This supports the capability to readily
configure the FPGA as well as enabling the FPGA to be powered from the USB port +5 V
power supply for development. In the final set-up, a battery pack provides the power supply
for the FPGA. The digital logic operating within the FPGA was developed using VHDL design
entry and synthesised to the Artix-7 architecture. Design entry and simulation using VHDL
test benches were undertaken using the Xilinx Vivado toolset.

5.2. System architecture

The circuit hardware design, as shown in Figure 11, was separated into five sub-systems: OFS,
power supply, digital core, light signal generation and sensing module. The power supply
module comprises a low-dropout linear voltage regulator circuit for providing the necessary
power supply to the light signal generation and sensing modules. A separate linear voltage
regulator is used to isolate the photodiode circuit from digital noise which could be present on
the power supply from the FPGA board. These regulators also provide the system flexibility to
accommodate different battery voltage levels.

The light signal generation and sensing modules are additional circuits that support the opto-
electronic components and their corresponding circuits. For light signal generation, a current
source was designed to control the light through a digital signal (two level voltage) from the
FPGA. As a tri-colour LED was used, the FPGA was required to provide a sequential series of
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Figure 11. Case study system architecture.

143



144  Selected Topics on Optical Fiber Technologies and Applications

red, green, and blue light pulses in a current range from 0 mA to 20 mA for each LED. With the
receiver, the analogue response from photodiode circuit as a voltage was sampled using the in-
built 12-bit 1 MSPS (mega sample per second) ADC (XADC) and the sampling of the responses
were synchronised with the XADC conversion timing within the FPGA. Therefore, the inten-
sity of the individual colour pulses could be recorded separately. The on-chip ADC is then
used to translate the voltage reading into a 12-bit digital signal. The photodiode current is
initially converted to a voltage using a high-gain transimpedance amplifier and then ampli-
fied. For a high attenuation sensing mechanism, the received light intensity is low and a high-
gain transimpedance amplifier using an operational amplifier (op-amp) hence required. How-
ever, this leads to noise related issues and so the choice of a suitable op-amp along with the use
of noise reduction techniques are required in the realised electronic circuit. To reduce noise in
this design, PCB ground planes and an aluminium shield fixed on top of the receiver circuit
was required. Although these additions reduced the resulting noise levels, additional noise
reduction should also be considered. A 3D printed cap for the LED allowed a bare-end of the
POF to collect light immediately from LED without any focus aid and coupled the light into
the sensor housing without the need for a connector. A photodiode that requires no connector
was also chosen to be the optical receiver for the modulated light. The OFS is an extrinsic
sensor; gold film coating on top of a glass slide and mounted on top of a 3D printed housing to
position the fibre at an angle facing the edge of the glass slide. It was designed to excite SPR for
different measurands with minimum change in the blue light region.

The digital output from the FPGA is fed into an op-amp based current driver circuit. The
digital logic 1 and 0 values from the FPGA are represented by two voltage levels of 3.3 V and
0 V. It is assumed in this discussion that the voltage levels produced are exactly 3.3 Vand 0 V.
The voltage-to-current conversion is achieved using an op-amp as a unity gain amplifier with a
transistor in the feedback loop as shown in Figure 12. The transistor is included in this
configuration as a current amplifier as it can achieve higher current output than the op-amp
alone. A 20 mA current was allowed to flow when a logic 1 output is given and no current
otherwise (logic 0). A current sensing resistor, R, is used to provide a voltage input for the
op-amp. The average current then can be controlled using the pulse width modulation (PWM)
control technique which is generated using a PWM generator circuit within the FPGA. The
FPGA then receives an analogue output from a transimpedance circuit that translates the
generated current into a voltage.
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Figure 12. (a) Current source and (b) transimpedance amplifier circuit.



Plastic Optical Fibre Sensor System Design Using the Field Programmable Gate Array
http://dx.doi.org/10.5772/intechopen.71451

The Artix-7 FPGA board used also has some additional and useful features which include
external SRAM, external Flash memory and the ability to be powered from the USB connector
or any 7-15 V power supply voltage source. The Artix-7 FPGA operates with a core voltage of
1V, with 3.3 V I/O and a 100 MHz master clock. The XADC has access to nine external
analogue input channels and is capable of performing self-calibration in order to correct for
offset and gain errors, provided that the ADC reference voltage is reliable (i.e. an accurate and
stable value). On-board peripherals include a USB-UART (UART: universal asynchronous
receiver transmitter) integrated circuit that allows a computer to communicate with FPGA for
configuration and data transfer during normal operation. This wired communication is espe-
cially useful during development and testing. However, in the realised system and once the
FPGA has been configured, a ZigBee wireless interface is used for normal data transmission
and this allows the sensor hardware to be operated at a distance from the computer. This
FPGA board undertakes multiple functions including system control, data processing, com-
munication, LED control and analogue-to-digital conversion (ADC) for sensing module. Its
functionality is discussed detail in the next section.

5.3. FPGA functions

To support the system operation as previously discussed, the FPGA function as a digital core
(sub-system) that itself is composed of different sub-systems. The circuit configured within the
FPGA is shown diagrammatically in Figure 13. This is a block diagram representation of the
VHDL code. These sub-systems include data acquisition, control system, communication, LED
pulse generation. All these sub-systems were initially described in VHDL and operate concur-
rently. The control system includes an XADC acquisition control unit that keeps the timing of
the XADC and LED pulse generation units in synchronisation. It allows the user to set the
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Figure 13. Schematic of the digital design implemented within the FPGA.
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number of measurement to be taken. The light intensity control unit is tasked to regulate the
duty cycle of the PWM output for each LED. The generated signal is then passed to the digital
pin output set by multiplexer. The data acquisition system involves the use of the XADC that is
capable to sample voltage reading from 0 to 3.3 V into 12-bit digital signal and can be
controlled in order to accommodate different settling times for the signal conditioning circuit
or different sampling rates. The acquired data bit size is bigger than the UART protocol (with
eight bit data, one start bit and one stop bit), and so is required to be separated into two parts.
A protocol was developed for data transmission which included a header to indicate each
different light colour. Within the FPGA, sampled data is processed and the processed data
stored in memory storage before transmitted to PC when requested to do so. Serial communi-
cation is implemented using UART protocol with a Baud rate of 115,200 baud. At this stage,
the data is then processed with computer.

5.4. Control and data acquisition using Python

In order to interface the PC to the FPGA and then to the user, a USB or ZigBee serial interface is
used. The FPGA and the computer then communicate using UART protocol so that the
computer can send commands to the FPGA and the FPGA can respond with sensor data
results. Therefore, a suitable programming language was required to achieve the computer-
to-FPGA and computer-to-user communications. In this work, the Python open source lan-
guage is used to implement system control, data acquisition and data presentation. A graph-
ical user interface (GUI) was built using Tkinter and Matplotlib modules for Python which
enabled live data presentation. The GUI is shown in Figure 14 with left graph showing all red,
green, and blue intensities plotted together and three smaller graph at the right side shown three
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Figure 14. GUI created from Python.
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individual colour intensity plots. Data labels for data frame are selected at lower left region of
GUI. The lower right region are for system control: measurement initiation and process termi-
nation. The Pyserial module was used for communication with the FPGA by using the com-
puter COM port in order to carry out FPGA control and sensor data acquisition. The acquired
data stream is then formatted using the NumPy and Pandas modules. The data structure used
was a data frame using the Pandas module. This data frame was considered as it allowed the
sensor data to be serialised into a minimal and useful JSON format that could then be stored in
a database or readily transferred elsewhere. In addition, a MySQL database was set up for data
storage and management.

Test results are shown in Figure 15. The top plot shows the sensor results with air as the
measurand and the bottom plot with water. A comparison is made between the spectrometer
measurement using an Ocean Optic QE65000 and the Industrial Fiberoptics IF-D91 photodi-
ode output. The spectrometer integration time was set to 500 ms. The line plot showing the
spectrometer reading is shown on the left y-axis and the overlap bar plot showing the photo-
diode measurement for intensity reading is shown on the right y-axis. The wavelength
x-values are only for the spectrometer reading while the photodiode just overlap with it for
comparison. In this view, both the spectrometer and photodiode’s y-values are represented in
plot using arbitrary units. The photodiode measurement and spectrometer readings for differ-
ent measurands has shown good agreement in terms of the trend of the signal during the
measurand change. However, the magnitude of the changes are not exactly the same for
the spectrometer and photodiode and this can be attributed to different spectral responsivity.
The plot shows that the blue colour measurement is relatively stable for both the photodiode
and spectrometer. The blue colour measurement shows a weak response to both measurands
and it is therefore suitable for use as the reference signal. It provides the system with a self-
calibration capability which can be built in hardware within the FPGA.
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Figure 15. OFS test results visualisation.
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6. Conclusions

In this chapter, the use of programmable logic has been discussed in relation to the design and
implementation of OFS systems using POF technology. Specifically, the focus of the discussion
was based on the use of the FPGA to provide hardware functionality as a complement to a
software based processor approach. In this case, the necessary digital operations were
performed in hardware using a synthesised VHDL description of the digital logic functions.
The FPGA provided the necessary signals to control the output light intensity of a LED source
using current control. An RGB LED was used, and hence three wavelengths of light could be
created and combined. The light was propagated to a SPR sensor using standard 1 mm
diameter POF and was received by a photodiode detector, also using POF. The chapter has
included a case study of a SPR sensor based on POF, and the system has been designed, built
and characterised when tested in air and submersed in water. With the functions created in this
particular application, the building blocks of the FPGA based sensor systems capable of
measurement of a wide range of parameters could be developed. FPGA control, data capture
and visualisation was achieved on PC using the Python open source language.
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