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Chapter

OAM Modes in Optical Fibers for
Next Generation Space Division
Multiplexing (SDM) Systems
Alaaeddine Rjeb, Habib Fathallah and Mohsen Machhout

Abstract

Due to the renewed demand on data bandwidth imposed by the upcoming
capacity crunch, optical communication (research and industry) community has
oriented their effort to space division multiplexing (SDM) and particularly to mode
division multiplexing (MDM). This is based on separate/independent and orthogo-
nal spatial modes of optical fiber as data carriers along optical fiber. Orbital Angular
Momentum (OAM) is one of the variants of MDM that showed promising features
including the efficient enhancement of capacity transmission from Tbit to Pbit and
substantial improvement of spectral efficiency up to hundreds (bs-1 Hz-1). In this
chapter, we review the potentials of harnessing SDM as a promising solution for
next generation global communications systems. We focus on different SDM
approaches and we address specifically the MDM (different modes in optical fiber).
Finally, we highlight the recent main works and achievements that have been
conducted (in last decade) in OAM-MDM over optical fibers. We focus on main
R&D activities incorporating specialty fibers that have been proposed, designed
and demonstrating in order to handle appropriates OAM modes.

Keywords: Space Division Multiplexing (SDM), Mode Division Multiplexing
(MDM), Orbital Angular Momentum (OAM), Specialty optical fibers

1. Introduction

Bandwidth-hungry applications and services, such as HDTV, big data, quantum
computing, 5G/6G communication, industry 4.0 and game streaming, in addition to
the exponential increase of users and connected devices (Internet of Things: IOT),
may cause a capacity crunch in near future [1–3]. While other physical limitations
behind the capacity crunch are based on the nonlinear Shannon limit and the
scalability of actually deployed devices. The cited emerging applications (i.e. para-
digms) has pushed telecommunications community (researchers & industries) to
grow through multiple stages by developing higher capacity optical networks in
optical fiber based links targeting to deal with the evolution of the market need for
telecoms and Internet data services and paving the road to surpass the upcoming
capacity limit challenges [4].

Recently, the capacity and the spectral efficiency of optical fibers have been
substantially improved (i.e. scaling by several orders of magnitude) by using
different multiplexing techniques and advanced optical modulation formats.
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These multiplexing techniques are based on the exploitation of degrees of freedom
of the optical signal to encode data information. The time, as time division
multiplexing (TDM: interleaving channels temporally), the polarization,
Polarization division multiplexing (PDM), the wavelength, as wavelength division
multiplexing (WDM: using multiple wavelength channels) and the phase
(quadrature) are examples of such techniques [5].

Research and industrial community had recently oriented their effort towards
Space Division Multiplexing (SDM) techniques that is based on the exploitation of
the spatial structure of the light or the physical transmission medium to encode
information. Simply, SDM consists of increasing the number of data channels
available inside an optical fiber. Two attractive embodiments of SDM are core
division multiplexing (CDM) and mode division multiplexing (MDM) [6]. CDM is
simply considered as the increasing of parallel single mode cores, carrying informa-
tion, embedded in the same cladding of optical fiber (known as multicore fiber
MCF) or single core fibers bundles [7]. Mode division multiplexing (MDM) is based
on excitation and propagation of several spatial optical modes as individual/sepa-
rate/independent data channels within common physical transmission medium
targeting to boost the capacity transmission [8]. MDM is realized by multimode
fibers generally over short haul interconnect transmission or few mode fibers as
transmission medium for long haul transmission link. Numerous mode basis have
been used for mode division multiplexing showing its effectiveness to scale up from
Terabit to Petabit the capacity transmission and unleash from dozen to hundred
(bit/s/Hz) the spectral efficiency over optical fiber.

It is well known that light can carry Angular Momentum (AM) that expresses the
amount of dynamical rotation present in the electromagnetic field representing the
light. The AM of light beam is divided into two distinct forms of rotation: Spin Angular
Momentum (SAM) and Orbital Angular Momentum (OAM) [9]. The SAM is related
to the polarization of light (e.g. right or left in circular polarization) while the OAM is
related to the spiral phase front of exp. (jlφ) where l is a topological charge number
(arbitrary unlimited integer), and φ is the azimuthal angle. Orbital angular momentum
(OAM) of light, (known as twisted light), an additional degree of freedom, is arguably
one of the most promising approaches that has recently deserved a special attention in
optical fiber networks. Benefiting from two inherent features, which are:

(1) The orthogonality: where as a definition two signals are orthogonal, if data
sent in these two dimensions can be uniquely separated from one another at the
receiver without affecting each other’s detection performance. Two OAM modes
with different charge number l do not interfere.

(2) The unlimitleness: the charge number l is theoretically infinite. Hence, Each
OAM mode (each specifically l) is an independent data channels. OAM modes has
been harnessed in multiplexing/de-multiplexing (OAM-MDM) or in increasing the
overall optical channel capacity [10, 11].

As any promising technology, OAM-MDM through optical fibers is facing sev-
eral key challenges, and lots crucial issues that it is of great importance to handle
with it in order to truly realize the full potential of this technique and to paving the
road to a robust transmission operation with raised performances in future
communication systems.

In strict sense ‘Mode division multiplexing’, means that the modes (channels)
are separate and should remain uncoupled and not interfere with each other (i.e.
orthogonal). Hence, mode coupling (e.g. channels crosstalk) is the major obstacle
for OAM-MDM. Channels crosstalk is obviated by either fiber design or multiple
input multiple output digital signal processing (MIMO DSP) [9–11].

By carefully manipulating the fiber design parameters, it is possible to supervise
the interactions between propagated modes and even control which modal basis is
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incorporated: LP-fibers where the separation between vector modes are inferior to
1 � 10–4, or OAM-fibers where the intermodal separation exceeds 1 � 10–4, since
either LP or OAM modes are constructed from fiber eigenmodes themselves [9].
This better facilitates understanding each fiber parameter impact and smooth the
way of transition from design stage to fabrication process. Adding to that, exploit
MIMO DSP is considered as the extreme choice to decipher channels at the receiv-
ing stage since it is heavy and complex. Its complexity is came from its direct
proportionality to the transmission distance and to the number of modes. This allow
it to become impractical in real time and threats the scalability of MDM in next
generation optical communication system. For OAM-MDM systems using optical
fibers, the fiber design stage is considered as the most crucial part and there is still a
lot of opportunities for improved designs. New fiber designs for OAM mode trans-
mission over short/medium and longer distances or among higher number of modes
or possess a high performance metrics have been proposed and examined.

With the different related key challenges, this chapter offers a review of the
state-of-the-art of SDM advances especially on OAM-MDM over optical fibers. In
the first section, we discuss the SDM approaches as a solution to the expected
capacity limit. The different mode basis supported in optical fibers are presented
and discussed as either cylindrical vector modes, LP modes or OAM modes. The
second section acts as a survey on recent advances (over last ten years) in OAM-
MDM over optical fibers. We review the research effort invested in harnessing
OAM as a degree of freedom to carry data in optical fiber networks. We summa-
rized the key obtained results in the main family of optical fibers (i.e. conventional
fibers and OAM specialty fibers) using OAM modes.

2. SDM over optical fibers

Space division multiplexing (SDM) has attracted high interest. It has revealed
multiple directions of exploration and development. SDM consists of exploiting
space-independent communication channels in both guided waves (e.g. optical
fibers) or free space optical link (FSO). The channels’ type vary depending in
which factor of SDM we are exploiting; diversified cores, multiplexed LP modes or
modes carrying OAM, multiple cores each supporting few multiplexed LP modes
and so on.

Two main subset in SDM could be explored: core division multiplexing (CDM)
where information is transmitted through cores (or fibers) of multicore fibers or
mode division multiplexing (MDM), where information is transmitted through
propagating modes of few or multimode fibers.

2.1 Core division multiplexing (CDM)

In principle, two main schemes are used. The first is based on the use of Single-
core Fiber bundle (i.e. fiber ribbon) where parallels single mode fibers are packed
together creating a fiber bundle or ribbon cable. The overall diameter of these
bundles varies from around 10 mm to 27 mm. Fiber bundles deliver up to hundreds
of parallel links. Fiber bundles have been commercially available [12, 13] and
deployed in current optical infrastructure for several years already. Fiber bundles
are also commercially used in conjunction with several SDM transceiver
technologies [14].

The second scheme is based on carrying data on single cores (each core supports
single mode) embedded in the same fiber known as Multicore Fibers (MCFs).
Hence, each core is considered as an independent single channel (Figure 1).
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The most important constraint in MCFs is the inter-core crosstalk (XT) caused by
signal power leakage from core to its adjacent cores that is controlled by core pitch
(distance between adjacent cores denoted usually as ʌ) [15]. There are in Principle,
two main categories of MCF: weakly coupled MCFs (=uncoupled MCF) and
strongly coupled MCFs (=coupled MCF) depending on the value of a coupling
coefficient ‘K’ (used to characterize the intercore crosstalk) [16–18]. Using the so-
called supermodes to carry data, the crosstalk in coupled MCF must be mitigated by
complex digital signal processing algorithms, such as multiple-input multiple-
output digital signal processing (MIMO-DSP) techniques [19]. On the contrary, due
to low XT in uncoupled MCF, it is not necessary to mitigate the XT impacts via
complex MIMO. In principle, three crosstalk suppression schemes in uncoupled
MCF could be incorporated, which are trench-assisted structure, heterogeneous
core arrangement, and propagation-direction interleaving (PDI) technique [7].

The first paper on communication using MCF demonstrate a transmission of
112-Tb/s over 76.8 km in a 7-cores fiber using SDM and dense WDM in the C + L
ITU-T bands. The spectral efficiency was of 14 b/s/Hz [20]. The second paper [21]
shows an ultra-low crosstalk level (≤ � 55 dB over 17.6 km), which presents the
lowest crosstalk between neighboring cores value to date. Other reported works,
show high capacity (1.01Pb/s) [22] over 52 km single span of 12- core MCF. In [23],
over 7326 km, a record of 140.7 Tb/s capacity are reached.

2.2 Mode division multiplexing (MDM)

Carrying data on optical fiber modes known as mode division multiplexing. In
that scenario, each propagating mode is considered as independent channel [5, 24].
Two types of fiber are dedicated to support that strategy. One is based on the use of
multimode fibers (MMF) while the second exploits the known few-mode fibers
(FMF). The main difference between both is the number of modes (available
channels). Since MMF can support large number of modes (tens), the intermodal
crosstalk becomes large as well as the differential mode group delay (DMGD),
where each mode has its own velocity, reducing the number of propagating modes
along the fiber becomes viable solution. This supports FMF as a viable candidate for
realizing SDM [5]. The concept of mode division multiplexing over a few/multi-
mode fiber is illustrated in Figure 2.

Other kinds of optical fiber that can be used in MDM such as photonic crystal
fibers (PCFs). Based on the properties of photonic crystals, PCF confines light by
band gap effects, using air holes in their cross-sections, or by a conventional higher-
index core modified by the presence of air holes. The PCF is built of one material
(SiO2, As2S3, Polymers, etc), and air holes are introduced in the area surrounding
the core providing the change of the refractive index contrast between the core and

Figure 1.
SDM through MCF.

4

Fiber Optics - Technology and Applications



the cladding. The transposition of air holes laid to form a hexagonal or circular
lattice. Figure 3 recapitalizes the principle SDM approaches over optical fibers [25].

2.3 Guided modes of optical fibers

We look into the different modal basis that can be supported by optical fibers.
Like all electromagnetic phenomena, the propagation of optical fields along optical
fiber is governed by Maxwell’s equations. Several modal basis can describe the

Figure 2.
The concept of mode division multiplexing over a FMF/MMF.

Figure 3.
Different approaches for SDM over optical fibers.
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propagation in optical fibers. In this chapter, fiber guided modes that we will meet
are vector modes (i.e. fiber eigenmodes), linear polarized modes (i.e. LP modes)
and orbital angular momentum modes (i.e. OAM modes). In the following, we
provide general notions including mathematical expressions of modes of each mode
basis.

2.3.1 Cylindrical vector modes

In the absence of the current in the medium, Maxwell equations are reduced to
two homogeneous vector wave equations given by the following expressions [26]:

∇
2

�!
þ k2n2

� �

E
!
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!
E
!
:∇
!
ln n2
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(1)

∇
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H
!
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� ∇
!
ln n2 (2)

Where E
!
and H

!
are the electric and magnetic field respectively and n is the

refractive index profile function. If we apply the boundary conditions according to
the geometry and fiber refractive index, we get eigenvalues equation. Each solution
of that equation is guided mode known by effective index neff. In cylindrical
coordinates, for example, the electrical and magnetic fields are expressed as:

E
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¼ r
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8
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<

>
:

(3)

Where Er, Hr are radial components, Eϕ and Hϕ are azimuthal components. r
!
,

ϕ
!
and z

!
are unitary vectors. β = 2πneff/λ is the propagation constant of guided mode,

ω = 2πc/λ = kc is the pulsation; λ and c are the wavelength and light velocity both in
vacuum, respectively. Guided modes in circularly symmetrical optical fiber are
denoted as transverse electric (TE0,m) or transverse magnetic modes (TM0,m), if
Ez = 0 or Hz = 0 respectively. Other kind of modes are HEν,m and EHν,m those where
Ez 6¼ 0 or Hz 6¼ 0 (transverse components) are noted as hybrid modes. The desig-
nation HEν,m stands for a hybrid mode for which Hz is dominant compared to Ez,
while for EHν,m, Ez is dominant compared to Hz. The indexes ν and m are the
azimuthal and radial indices. ν is related to the number of symmetry axes in the
azimuthal dependency of the fields, and m is related to the number of zeros in the
radial dependency of the fields.

Because of the circular symmetry, the field must keep the same value after a full
2π azimuthal rotation, thus, the components Ez and Hz have a dependency
according to cos(νϕÞ or sin(νϕÞ: hence, in circularly symmetrical optical fiber,
hybrid modes are composed by two modes: one even while the other is odd. In the
even mode, the radials components (Er) and azimuthal component (HϕÞ are with cos
(νϕÞ (i.e. Ox symmetry). The components Eϕ and Hr have dependency according to
sin(νϕÞ (i.e. Oy symmetry). The radial, azimuthal and longitudinal electrical field
components of even and odd modes are given by the following expressions:

Eeven
r ¼ er rð Þ cos νϕð Þ

Eeven
ϕ ¼ �eϕ rð Þ sin νϕð Þ

Eeven
z ¼ ez rð Þ cos νϕð Þ

8

>
<

>
:

(4)
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Eodd
r ¼ er rð Þ sin νϕð Þ

Eodd
ϕ ¼ eϕ rð Þ cos νϕð Þ

Eodd
z ¼ ez rð Þ sin νϕð Þ

8

>
<

>
:

(5)

The modes HEeven=odd
ν,m ,HEeven=odd

ν,m ,TE0,m and TM0,m are usually denoted as vector

modes, cylindrical vector modes or fiber eigenmodes.

2.3.2 Scalar modes: LP modes

Frequently, the refractive index difference between core and cladding in optical
fiber is very small (ncore ≈ ncladding). We are then under the weakly guiding condi-
tion, and some approximations can be applied. The term “∇ln n2” is neglected in
expression 1. The wave equation becomes scalar. The resulted modes are linearly
polarized designated usually as LPlm modes. LP modes are quasi-TEM guided
modes, and have negligible Ez and Hz components. Therefore, they only have one
component in the E field and one component in the H field (by convention, either
Ex and Hy, or Ey and Hx in cartesien coordinates). This is why we call them scalar
modes. The even modes are with cos(lϕÞ, while odd modes are varies with sin (lϕÞ. l
is the azimuthal number while m has the same definition as in vector modes [26].
The electric field components of even and odd modes (after variable separation:
radial and azimuthal) are given by the next expressions:

Eeven
x ¼ ex rð Þ cos lϕð Þ (6)

Eeven
y ¼ ey rð Þ cos lϕð Þ (7)

Eodd
x ¼ ex rð Þ sin lϕð Þ (8)

Eodd
y ¼ ey rð Þ sin lϕð Þ (9)

Practically, the LP modes come from linear combination between cylindrical
vector modes. The correspondence between the linearly polarized modes and the
conventional cylindrical vector modes is shown below (Table 1).

2.3.3 OAM modes

Optical fiber can support OAM modes by correctly superposing the even and
odd modes for each HEl,m and EHl,m vector mode with � (π/2) phase shift [27, 28].
Taking into consideration the circular polarization of OAM states (spin); OAM

modes are denoted as OAM�
�l,m where � superscript describes the spin angular

momentum (circular polarization), l and m subscript denote the azimuthal and

Cylindrical vector modes LP modes Cylindrical vector modes LP modes

HEodd
1m LP

y
0m

HEeven
2m � TM0m LP

eveny
0m

HEeven
1m LPx

0m HEodd
lþ1ð Þm þ EHodd

l�1ð Þm LPoddx
lm

HEodd
2m þ TE0m LPoddx

1m HEodd
lþ1ð Þm � EHodd

l�1ð Þm LP
oddy
lm

HEodd
2m � TE0m LP

oddy
1m

HEeven
lþ1ð Þm þ EHeven

l�1ð Þm LPevenx
lm

HEeven
2m þ TM0m LPevenx

0m HEeven
lþ1ð Þm � EHeven

l�1ð Þm LP
eveny
lm

Table 1.
The correspondence between LP modes and the CV modes.
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radial indices respectively. l is the topological number (number of twist in intensity
profile), m describes the number of nulls radially (rings) in the intensity profile of
the OAM mode. The magnitude of SAM equal �sħ where s = +1 (left) or s = �1
(right). The magnitude of OAM equals �lħ. The total angular momentum AM is the
sum of SAM and OAM with a magnitude of (�l � s) ħ.

For the TM0,m and TE0,m modes, the combination between them with a � (π/2)
phase shift, carries the same magnitude of SAM and OAM but with opposite sign,
making the total angular momentum equal to zero. This mode is not stable and
cannot propagate, because the propagation constants of TE0,m and TM0,m modes are
different. Therefore, we call this an unstable vortex. OAM modes made from HE1,m

modes would have a spin, but no topological charge (l = 0). Therefore, this is not a
true OAM mode, but simply a vector mode with circular polarization. However, we
will consider it as OAM0,m, in a more general definition.

OAM modes made from HEl,m modes are rotating in the same direction as the
spin (aligned spin-orbit modes), and OAM modes made from EHl,m modes are
rotating in the opposite direction as the spin (anti-aligned spin-orbit modes). If we
take an even and an odd mode, with a π/2 phase difference, and we sum the fields
(expressions 1.5 and 1.6), we can get as a resulting field:

Er ¼ er rð Þ exp �jνϕð Þ

Eϕ ¼ jeϕ rð Þ exp �jνϕð Þ

Ez ¼ ez rð Þ exp �jνϕð Þ

8

>
<

>
:

(10)

The synthetic formula are as given in the following expressions

HEeven
lþ1,m � i�HEodd

lþ1,m ¼ OAM
L=R
�l,m

EHeven
l�1,m � i� EHodd

l�1,m ¼ OAM
R=L
�l,m

TM0m � jTE0m ¼ OAM�
∓1m

8

>
>
<

>
>
:

(11)

To summarize, for a given topological charge l, there are four possible OAM
modes: two different spin rotation, and two different phase rotation. This is
illustrated in Figure 4. The only exceptions are for OAM�1,m, where spin and
topological charge always have the same sign, and for OAM0,m, where there is no
topological charge (only spin) [28].

Moreover, others OAM construction formulas are explored based on two
spatially orthogonal linear polarized (LP) modes owning orthogonal polarization

Figure 4.
The four OAM mode degeneracies (reproduced from [28]).
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directions (with a � π/2 phase shift) which can be obtained by solving the scalar
version of Maxwell equation (the scalar Helmholtz (wave) equation) under the
weakly guiding approximation [29]. The LP-OAM synthetic formula are as follows:

LPax
lm � iLPbx

lm

LP
ay
lm � iLP

by
lm

( )

¼ Fl,m rð Þ:
x
!
OAM�l,m

y
!
OAM�l,m

( )

(12)

where x
!
and y

!
are the linear polarization along the x-axis and y-axis

respectively, Fl,m rð Þ is the radial field distribution. The difference between OAM
modes generated from fiber vector modes (CV-OAM) possess circular polarization
while those generated from LP modes (LP-OAM) are the linear polarization
(has no SAM).

3. OAM-MDM through optical fibers

OAM has seen application in optical communication due to the theoretically
unprecedented quantities of data that can be modulated, multiplexed, transmitted
and demultiplexed through either free space link (FSO as Free Space Optics), or
optical fibers. Optical communications has exploited the physical dimension of
optical signal to encode and transmit individual/separate/independent data stream
through the same transmission medium (optical fiber or FSO). Since, the OAM is
linked to the spatial phase distribution of light beam, it has been included under the
space dimension as a subset or embodiment of SDM (space division multiplexing).
In addition, since OAM is independent of wavelength, quadrature, and polarization,
it provides an additional dimension for encoding information [30, 31]. The interest
on OAM in communication (including optical, radio, underwater) has grown dra-
matically. Figure 5(a) and (b), which highlights the number of published papers
(conferences paper, books, journal papers and patents), translates that huge inter-
est. In Figure 5(a), we plot the number of published papers dealing with OAM in
optical communication in last decade while Figure 5(b) shows the number of
papers dealing with OAM in optical fibers, both are according to Google Scholar.

The worldwide backbone of high-capacity wired communications is optical
fiber. The uses of OAM basis in optical fiber was a challenge to communication
community. For a long time, optical fibers were only used for the generation or the
transformation of OAM modes, and not for supporting their transmission [32]. The
notion of transmitting OAM modes was demonstrated (theoretically, numerically,

Figure 5.
Number of papers published dealing with (a) OAM in optical communication over ten years (ranging from
2011 to 2020), (b) OAM in optical fibers over the same period (according to Google scholar).
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and experimentally) through conventional optical fibers (classical deployed fibers),
or specialty fibers that have been specifically designed to transmit robust OAM
modes. In the following, we present kinds of optical fibers based on the consider-
ation of their refractive indexes, (e.g. graded, step, ring, etc.), geometrical features
(MMF, SMF, and FMF etc.) and transmission caracteristics (MDM, CDM, PCF,
kind of appropriate modes, etc.) and so on. We highlight the main design and
principles results achievements.

3.1 Conventional fibers

Two examples of conventional optical fibers are multimode fiber MMF (e.g.
OM1, OM2, OM3, OM4) where generally their refractive index are graded (GIF)
and single mode fiber (e.g.G652) where the profile is step index (SMF). Conven-
tional MMFs have large cores that are usually approximately 50 μm and can support
hundreds of modes. Due to severe inter-modal dispersion limitations, MMF were
replaced by single mode fibers (SMFs) that have a relatively small core radius (not
exceeding 10 μm). The refractive indexes of both fibers (OM3, and G652 defined by
ITU-T) are depicted in Figure 6(a) and (b).

The most commonly used modal basis for fibers are LP modes. LP modes are not
exact fiber modes, and can be simply viewed as combinations of fiber eigenmodes
transverse (TE, TM, HE and EH) as indicated above.

Other type of fibers are few mode fibers (FMF) which consist of an improved
version of MMF. They support a limited number of modes, as one of the key
components for SDM for optical networks. The first paper that mentioned the
possibility of transmitting OAM modes through optical fiber is from Alexeyev et al.
in 1998 [33]. The authors demonstrated that the solution for OAM modes could
exist in optical fibers (MMF). Considering the propagation of OAM modes through
the cited fibers, the analysis of OAM in conventional graded index multimode fiber
was reported (theoretically and numerically) [34]. In that paper, Chen and his
co-authors presented a comprehensive analysis of the ten-OAM modes groups
supported in OM3, including mode coupling, chromatic dispersion, differential
group delay, effective mode area and nonlinearities.

Later on, the same team demonstrated experimentally the transmission of four-
OAM mode group in OM3 MMF using mode exciting and filtering elements at the
2-fiber extremity. Moreover, they demonstrated two OAM mode groups transmis-
sion over 2.6-km MMF with low crosstalk free of MIMO-DSP [35]. In 2018, Wang
et al. reported the successful transmission of OAM modes over 8.8-km OM4 MMF
[36]. Wang and co-workers demonstrates a 120-Gbit/s quadrature phase-shift

Figure 6.
Refractive indexes of (a) graded index fiber (multimode fiber) and (b) step index fiber (single mode fiber).
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keying (QPSK) signal transmission over 8.8-km OM 4 MMF with 2 � 2 and 4 � 4
MIMO-DSP. In second stage, they demonstrate the data-carrying two OAM mode
groups (6 OAM states) multiplexing transmission over 8.8 kmMMF without MIMO
equalization.

The OAM in SMF (ITU-T G.652) was investigated, in [37]. The investigation was
performed over 3 visible wavelengths (red at 632.8 nm, green at 532 nm, and blue at
476.5 nm) when G.652 becomes a few mode fiber. The synthetized OAMmodes was
investigated through effective mode area, nonlinearity, tolerance to fiber ellipticity
and bending. The authors analyzed and estimated the fiber attenuation and band-
width/capacity for OAM modes over six levels of wavelengths.

Few mode fibers (FMFs) with classical refractive index profile (step/graded),
was used to transmit OAM modes. The transmission of OAM modes over FMF
required a MIMO-DSP in combination with coherent detection to equalize the
intermodal crosstalk. It was demonstrated in [38] the transmission of four OAM
beams over 5-km FMF. Each transmitted OAM state carrying 20 Gbits/s QPSK data.
MIMO DSP was used to mitigate the mode coupling effects. A graded index few
mode fiber has been designed in [39] in order to support 10 OAM orders with high
purity (≥ 99.9%) enabling low intermodal crosstalk (≤-30 dB). Later, in [40] Wang
et al. demonstrated the viability of OAM modes transmission over both 50-km and
10-km FMFs. By adopting LDPC codes, the DMD and mode coupling was
improved. In [41], Zhu et al. proposed and demonstrated a heterogeneous OAM
based fiber by splicing 2 FMFs and MMF (OM3). Over 2 OAM modes, Zhu and co-
workers transmit 20-Gbit/s QPSK data without MIMO-DSP. Recently, we proposed
a family of graded index few mode fibers (four fibers) that supports 12 OAM states
[42]. The evaluated differential group delay (DGD) and OAM purity demonstrate
the viability of proposed fibers for short/medium haul connections.

3.2 OAM specialty fibers

OAM has changed the common features of optical fiber design guidelines. Cut-
ting with the often-classical notion for imposing the center core to be the highest
index of refractive (graded & step). In addition, the improvement of optical fibers
fabrication technologies (materials & schemes) has made the fibers characteriza-
tion no more challenging. New optical fibers with complicated shapes and high
refractive index contrast have been experimentally characterized (demonstrated).
The Modified Chemical Vapor Deposition (MCVD) is in principle one of the most
fiber fabrication method that has been extensively used.

3.2.1 OAM-fibers recommendations and design guidelines

Mainly three common features between OAM specialty fibers are identified. The
first consists of the high contrast between core and cladding refractive indexes
(jumps/contrasts) increasing the mode effective indices separation (∆neff), hence
enabling low induced crosstalk. The same feature involves the formation of OAM
modes from cylindrical vector modes and avoid them to couple into LP modes. It is
proved that minimum ∆neff of 10

�4 is enough to keep robust OAM modes. This key
value guarantees the minimum interaction between channels and prevents mode
coupling inducing channels crosstalk XT. It has been demonstrated that through
MCVD, a contrast of 0.14 is achievable with GeO2-SiO2 composition [43]. The
second is about the refractive index profile that matches the donut shape of inten-
sity profile of OAM mode (Ring shape: Figure 7). Thus, the Ring shaped (known
also as depressed core fibers) has been extensively designed in OAM context instead
of solid core fibers. Finally, the interfaces between fiber core and cladding preferred
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to be smoothed (instead of step (abrupt variation)) in order to eliminate the spin-
orbit-coupling inducing OAM mode purity impairment and intrinsic crosstalk.

3.2.2 Vortex fibers (VFs)

The first specialty FMF designed for OAM modes is vortex fiber [44]. The
designed fiber possess a good separation between co-propagating modes. Vortex
fiber was first introduced to create cylindrical vector beams represented by TE0,1

and TM0,1 modes (also known as polarization vortices). Proposed by Ramachandran
and al., Vortex fiber has a central core able to transmit the fundamental mode,
surrounded by a lower trench, and an outer ring able to transmit the first OAM
mode group. In first experience, they reported a transmission through more than
20 m fiber. Two years later, transmission of OAM through a 1 km fiber was reported
[45–49]. Figure 8 reported an optical microscope image of the end facet of the
vortex fiber and the numerically calculated properties of the vortex fiber. All the
experiments on OAMmodes on the designed vortex fiber were summarized in [48].

3.2.3 Air Core fibers (ACFs)

Air core fiber (ACF) was proposed in [50]. 12 OAM modes were transmitted
through 2 m of the fabricated ACF. Later on, 2 OAM modes were transmitted over
1 km of the fiber [51]. Among the main contributions, the authors demonstrated
that OAM modes with higher l value are less sensitive to perturbations like bends
and twists [52].

Within ROAM (revolution orbital angular momentum) project (EU H2020),
Laval University (COPL) proposed and fabricated an ACF that achieved the record

Figure 7.
OAMmode (a) phases pattern (e.g. OAM4,1), (b) normalized intensity, (c) fiber cross-section with ring shape.

Figure 8.
(a) Optical microscope image of vortex fiber, (b) numerically calculated properties [48].
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of OAM modes transmitted through an optical fiber. Benefiting from the high
refractive index contrast (air/silica), the fabricated fiber supports the transmission
of 36 OAM states [53]. Figure 9 shows the refractive index of ACF. Nevertheless,
the designed fiber possess a very high loss (up to few dBs per meters) which make it
unsuitable for communication. Recently, 10.56 Tbit/s has been demonstrated over
1.2 km ACF, without MIMO DSP, by carrying data over 12 OAM modes combined
with wavelength division multiplexing (WDM) [54]. Latest air core ring fiber is
designed to support more than 1000 OAM modes (using As2S3 as ring material)
across wide wavelength band covering S, O, E, S, C, and L Bands [55].

3.2.4 Inverse parabolic graded index fibers (IPGIFs)

Ung et al. proposed the inverse parabolic graded index FMF (IPGIF) to support
OAM modes [56, 57]. The refractive index of IPGIF is given by the following
expression:

n rð Þ ¼
n2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� 2NΔ
r2

a2

� �
s

0≤ r≤ a coreð Þ

n3 r≥ a claddingð Þ

8

>
<

>
:

(13)

Where a, n1, n2, n3 are the core radius, the refractive index at the core cladding
interfaces, the refractive index at the core center and the refractive index of the
cladding, respectively. The parameter N controls the shape of the IPGF. The refrac-
tive index of IPGF is presented in Figure 10. Based on a first-order perturbations,
the authors highlighted the factors (refractive index, core radius and curvature
shape) that directly related to enhance the intermodal separation in proposed
IPGIF. Large refractive index gradient, high transverse field amplitude and large
field variation are reasons of high intermodal separation enabling low crosstalk.

The designed IPG-FMF possess a good effective indices separation
(∆neff > 2.1 � 10�4) between its supported vector modes, and the transmission of
eight OAM states (OAM�0,1, OAM�1,1 and OAM�2,1) was demonstrated over 1 m
which makes IPGIF suitable for short distances MDM transmission. On the other
hand, the transmission of OAM�1,1 over more than 1 km was demonstrated by
experiment, which makes the novel fiber as a promising candidate for long-distance

Figure 9.
Refractive index profile of an air (hollow) core fiber (ACF).
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OAM based MDM multiplexing system. Later on (2017), the multiplexing/
transmission and demultiplexing of 3.36 Tbits/s was demonstrated over 10-meters
inverse parabolic graded index fiber by using four OAM modes and 15 wavelengths
(WDM) [58].

3.2.5 Ring Core fibers (RCFs)

Due to the emerging interest in OAM-guiding fibers, already designed fiber for
LP modes was investigated through OAM. The Ring core fiber (RCF), which has
been introduced to minimize the differential group delay between LP modes, was
tailored to support and transmit OAM modes. This interest on ring core fiber come
from its refractive index profile that closely matches the annular intensity profile of
OAM beams (Figure 11). C. Brunet et al. present an analytic tool to solve the vector
version of Maxwell equations in RCF [59]. A fully vectorial description was
reported in order to better tailor the RCF to OAM context. Using the modal map
developed in [59], the group designed and manufactured a family of RCF (five
fibers) suitable for OAM transmission [60]. In [61] S. Ramachandran et al.
demonstrated the stability of OAM modes in RCF.

Recently, an RCF supported 50 OAM states divided into 13 mode groups (MGs)
has been numerically investigated using small MIMO DSP blocks [62]. Experimen-
tally, the transmission of two OAM mode-group is demonstrated over a 50 km ring
core fiber without the use of MIMO DSP [63]. Emerging papers considering the

Figure 10.
Refractive index profile of inverse parabolic graded index fiber (IPGIF).

Figure 11.
Examples of RCF refractive index profiles: (a) RCF (higher center) (b) RCF (lower center) and (c) RCF, a

1

and a2 are inner and outer core radius respectively.
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design of RCFs and the propagation demonstration of OAM modes through it that
we should mentions [64, 65].

3.2.6 Graded index ring Core fibers (GI-RCFs)

The ring notion touched the graded shape and a family of graded index ring core
fibers (GI-RCF) has been proposed, designed and fabricated to support OAM mode
group. Figure 12 shows the refractive index of GI-RCF. In [66], Zhu and co-
workers designed and fabricated the GI-RCF for OAMmodes. The fiber supports 22
OAM modes with low insertion loss (less than 1 dB/km). The crosstalk between the
highest order mode groups is less than 14 dB after10-km propagation. With such
fiber, a successful transmission of 32 Gbaud QPSk-data overall 80 channels is
experimentally demonstrated. A transmission capacity of 5.12 Tbits/s and a spectral
efficiency of 9 bit/s/Hz, over 10 km propagation was reported [67].

The second demonstration was performed over 18-km propagation. Recently,
the same group demonstrate the transmission of 12 Gbaud (8QAM) over 224
channels (2 OAM � 112 wavelengths). A transmission capacity of 8.4 Tbits/s was
achieved without MIMO DSP because of the large high-order mode group
separation of the OAM fiber [68].

To increase even further the capacity of the fiber link, OAM transmission was
reported over uncoupled multi core fibers. While a complete review on this topic
exceed the scope of this chapter, we can nevertheless mention some contributions.
Li and Wang designed seven-ring core fiber (MOMRF) supporting 154 data-
channels in total (22 modes� 7 rings) [69]. The proposed fiber featuring low-level
inter-ring crosstalk (�30 dB for a 100-km-long fiber) and intermodal crosstalk over
a wide wavelength range (1520–1580 nm). Later, in [70], Li and Wang proposed a
compact trench multi OAM ring fiber (TA-MOMRF) with 19 rings each supporting
22 modes (18 OAM states). The authors stated that such fiber is suitable for long
distance OAM transmission enabling Pbit/s total transmission capacity and hun-
dreds bit/s/Hz spectral efficiency. In [71], the authors proposed a coupled multi
core fibers to support OAM modes (multi-orbital-angular-momentum (OAM)

Figure 12.
Design of the GIRCF.
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multicore supermode fiber (MOMCSF). The designed supermode fiber show
favorable performance of low mode coupling, low nonlinearity, and low modal
dependent loss.

3.2.7 Inverse raised cosine few mode fibers (IRC-FMFs)

Using IPGI fiber as a benchmark, we proposed a novel fiber that is based on
inverse raised cosine function (IRCF). The standard raised cosine function (RCF)
when applied to a wideband signal steeply removes the high out-of-band signals,
making the filtered signal highly purified. Moreover, RCF is used in the same
context because it eliminates intersymbol interference [72]. The IRCF profile is
given by the following expression [73]:

n rð Þ ¼

n2 if 0≤ r≤ a
1� α

2
Coreð Þ

�
1

2 n2 � n3ð Þ
1þ cos

π
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� �
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2

� �� 	� �
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2
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>
>
>
>
>
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>
>
>
>
>
>
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(14)

where a is the core radius, n1 and n2 are respectively the maximum and the
minimum refractive indices of the core, n3 is the refractive index of the cladding
(r > a), and α is the profile shape. The refractive index of IRCF is shown in the
Figure 13. The IRC profile is practically thinner (or more concentrated around the
fiber axis) than the IPGI profile [73]. However, it is worthy to note that our profile
becomes much smoother when reaching the maximum index value n1. When
compared with IPGI-FMF, the inverse-raised-cosine function offers a large modal
separation. The enhanced separation is likely to hinder mode coupling, reducing the
system crosstalk and improving the transmission. Moreover, IRC-FMF has the
potential to handle OAM modes with high purity hence low intrinsic crosstalk
[73, 74].

Figure 13.
Index profiles of the IRC fiber (solid lines), with α ranging from 0 to 1 (reproduced from 73).
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3.2.8 Hyperbolic tangent few mode fibers (HTAN-FMFs)

Based on hyperbolic tangent function (HTAN), we proposed and designed a ring
core few mode fiber that we refer to as hyperbolic tangent few mode fiber (HTAN-
FMF). The function HTAN was not common in optical fiber profiling. It is widely
used in various fields/domains such as digital neural networks, image processing,
digital filters, and decoding algorithms [75–77] but not common in waveguide and
optical fiber designs. Intuitively, one of the most attractive criteria in hyperbolic
tangent function, used as an activation function in neural network, is its strong
gradient centered around the inflection point (switch point). This is the same
criteria required from an optical fiber profile in order to enhance the intermodal
separation. The refractive index of HTAN-FMF is given by the following
expression [78]:
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Where n1, n2, n3 are the refractive index at the core-cladding interface, at the
core center, and at the cladding region, respectively. a, a1 and α are the core radius,
the half of core radius (a1 = a/2) and the shape parameter respectively. ∆n is the
actual refractive index difference (i.e. ∆n = n1-n2) which corresponds to the extent
of hyperbolic tangent function inside the core. The shape parameter α controls the
shape behavior of HTAN function. The refractive index of HTAN is illustrated in
Figure 14. The proposed HTAN-FMF achieves a wide intermodal separation
(between cylindrical vector modes) especially between TE0,1, HE2,1, and TM0,1

Figure 14.
Refractive index profile of HTAN fiber for different values of profile shape α [78].
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(≥3 � 10�4). This enables low-level crosstalk channels carrying data during propa-
gation and outperforms what is existing in the literature [78]. On the other hand,
even with an exterior abrupt variation, the inner smooth behavior of HTAN-FMF
guarantees the enhancement of the obtained OAMmode purities (≥ 99.9%) leading
to intrinsic crosstalk as minimum as �30 dB during propagation. Moreover, the
obtained results in term of chromatic dispersion (max CD = �60 ps/(km.nm)),
differential group delay (max DGD = 55 ps/m), and bending insensitivity, demon-
strate that the HTAN-FMF could be a viable candidate for enhancing the transmis-
sion capacity and the spectral efficiency in next generation OAM mode division
Multiplexing (OAM-MDM) systems [78].

3.3 Photonic crystal fibers

Photonic crystal fibers (PCF) has shown its design flexibility to guide appropri-
ate OAM modes. With adjustable parameters, PCF can offer more flexible design
structures to provide unique fiber properties. Due to that, several kinds of OAM-
PCF with various structures (hexagonal, circular, kagome...) and materials (As2S3,
SiO2, polymer… ), having promising features have been designed and even fabri-
cated. PCF have been proposed and fabricated to ensure good transmission quality
of OAM modes. While a review on this topic exceed the scope of this thesis, we can
nevertheless mention some details and contributions. PCFs supporting one, 2, 10,
12, 14, 26, 34, 42 and 48, first order OAMmodes have been proposed featuring good
transmission properties [79–89].

The race is still ongoing to increase the number of OAM modes in PCF featuring
good transmission proprieties. To the best of our knowledge, the most supporting
OAMmodes number in a circular PCF reaches 110 over C + L communication bands
[90]. The designed fiber featured large effective indices separation (are at the order
of 10�3), low nonlinear coefficient, low confinement loss (under 10�7 dB/m), and
relatively flat chromatic dispersion. Such fiber could find potential application in
high capacity OAM-MDM system. By analysis of these recent mosaic OAM-PCFs
literature, we can come to the general requirements in PCF design that ensure
good transmission quality of OAM modes in the following five points or guidelines
[91–94].

• Fiber index profile that matches the intensity profile of OAM modes (ring
shape).

• The supported modes belonging to the same OAM mode family should possess
a large index separation (≥10�4) to be free from complex and heavy multiple
input multiple output digital signal processing (MIMO DSP) at the receiver
side. This is achievable with high material contrast between the fiber core and
the cladding. Instead of using pure SiO2 as a background material for the PCF-
fiber, other available materials could be used such as Silicon (Si), As2S3, and
Polymer.

• Large core thickness is required targeting to increase the supported OAMmode
number.

• The excited OAM modes should be of the first order. Hence, it is preferable to
avoid exciting the higher radial orders modes because it causes trouble in
multiplexing and demultiplexing operations due to the intensity and phase
variety distribution.
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• The guided OAM modes would possess good transmission features such as low
confinement loss, flat dispersion, large effective mode area, and low nonlinear
coefficient over a large wavelength range (at least covering C + L bands
defined by ITU-T).

4. Conclusion

In this chapter, we have attempted to provide recent advances in SDM based
Optical fibers. We showed that SDM is currently the unexhausted technology that
can deal with the capacity need and boost data traffic. Furthermore, an interesting
embodiment of SDM, which is based on carrying data on fiber modes (MDM) has
been presented and discussed. The different mode basis supported in optical fibers
are presented and discussed. Furthermore, we reviewed the research activities that
are based on harnessing OAM modes to encode data channels either in classical
optical fibers (i.e. with classical refractive index profiles) or in special fibers with
appropriate ring profiles. We presented the main research activities and recent
trends in OAM-MDM over the last ten years.
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Chapter

Application of Fiber Optics in
Bio-Sensing
Lokendra Singh, Niteshkumar Agarwal, Himnashu Barthwal,

Bhupal Arya and Taresh Singh

Abstract

The unique properties of optical fibers such as small size, immunity to
electromagnetic radiation, high sensitivity with simpler sensing systems have found
their applications from structural monitoring to biomedical sensing. The inclusion
of optical transducers, integrated electronics and new immobilization methods, the
optical fibers have been used in industrial process, environmental monitoring, food
processing and clinical applications. Further, the optical fiber sensing research has
also been extended to the area of detection of micro-organisms such as bacteria,
viruses, fungi and protozoa. The validation of optical fibers in bio-sensing
applications can be observed from the growing number of publications. This chap-
ter provides a brief picture of optical fiber biosensors, their geometries including
the necessary procedure for their development. This chapter could be a milestone
for the young researchers to establish their laboratory.

Keywords: optical fiber, biosensors, biomedical sensing, environmental
monitoring, micro-organisms detection

1. Introduction

The inclusion of optical fibers in bio-sensing applications was started by two
different, but interrelated discoveries, such as the laser light and optical fibers. The
theoretical work of C. H. Townes and A. L. Schawlow was used by T. H. Maiman to
develop the first laser. A optical signal obtained through laser is highly collimated,
inherently coherent, and quasi monochromatic with the data transfer capability.
The optical signal propagates in optical fiber by obeying the principle of total
internal reflection (TIR) with very low losses and the first working model of optical
fiber was proposed in 1965 [1]. The working model of optical fiber was put
forwarded 100 years after the demonstration of concept of light. Since, then the
main focus was to improve the transmission of optical signal through fibers.
Nowadays, the key focus is on long distance high speed communication with low
transmission losses such as 2 dB/km [2]. The unique properties of optical fibers such
as immunity to electromagnetic (EM) interference and miniature footprints, the
optical fiber has found niche application in sensing [3].

A schematic of conventional single mode fiber (SMF) used in the field of tele-
communication is shown in Figure 1, consisting of three layers such as a silica core
having diameter of in order of several microns (� 2–9 μm) and doped with germa-
nium to boost up its refractive index (RI), a silica cladding of diameter of 125 μm
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and a coating of plastic jacket. Although, the plastic coating does not play any role in
light propagation but provides the mechanical strength to the fiber. The optical
fibers can be fabricated by using some other materials such as chalcogenide [4],
plastic [5], and composites, with different composite materials in core and cladding.
Based on the core size, operating wavelength, and RI difference of core and clad-
ding, an optical fiber can work in the regime of single or multimode. In single mode
fibers, the distribution of optical signal profile in core is Gaussian, while in
multimode signal profile is more complex [2].

The optical sensors detect the variation in optical properties of propagating
signal, that occurs due to the physiochemical change in targeted environment.
The optical fiber based sensors classified into two categories on the basis of sensing
region such as extrinsic or intrinsic sensors. The sensors directing or collecting
optical signal to and from external environment are termed as extrinsic sensors [6].
The sensors in which the properties of optical signal vary within the fiber are known
as intrinsic sensors [7]. In general, extrinsic sensors being used for the detection of
external stimuli such as physical or biochemical parameters. The optical fiber based
measurement techniques have received a great attention especially in the field of
structural monitoring, railway and aerospace, chemical and biological sensing,
medical diagnosis and environmental monitoring.

Since, the key application of SMF were in the field of telecommunication, and
hence, fabricated in such a way that the influence of external field can be minimized
on propagating signal. However, for the efficient operation of optical fiber sensors,
the interaction of optical signal with external environment should need to be max-
imized. This can be attained by adopting different optical fiber processing schemes
which frequently utilizes the interaction of leaking fields with external environ-
ment. The commonly used geometry of optical fiber in sensing applications are
discussed in following subsections.

1.1 Cladding less evanescent based optical fiber sensors

The easiest way to increase the interaction of evanescent waves (EW) with
external medium is removal of cladding, and a schematic of cladding less optical
fiber sensor is illustrated in Figure 2. The changes in propagation of optical
signals due to variation in external environment facilitates the EW spectroscopy
[8]. The facilitation of EW spectroscopy is highly sensitive and powerful technique
to quantitatively and qualitatively investigate the environment present in the vicin-
ity of sensing region of sensor. The EW leaks from core to cladding and the distance

Figure 1.
Schematic of single mode optical fiber [1].

2

Fiber Optics - Technology and Applications



is termed as penetration depth. The penetration depth of EW can be evaluated
as [9]:

dp ¼
λ

2π n2eff � n2s

� �1=2
(1)

where, λ is the propagating wavelength, ns is the RI of surrounding environment
and neff is the RI of guided mode propagating in the core.

The absorption spectrum of surrounding medium attenuates the EW which
hindered the propagating mode. This can be understood from Lambert–Beer Law
which is given as:

I

I0
¼ c ∗ α ∗L (2)

where, c is the concentration of absorption substance, α is the attenuation
constant of EW, and L is the path length in which optical signal interacts with the
surrounding medium. I0 and I are the intensities of the optical signal before or after
the interaction to the external environment, respectively. The optical fiber sensor
structure presented in Figure 2 can be attained by removing the cladding part by
using conventional approach such as treating the fiber with hydrofluoric (HF) acid
[10]. To remove the cladding, fiber structure should need to be immersed in HF
acid at constant stirring at 50 rpm. In cladding less optical fiber sensors the interac-
tion of optical signal with surrounding can be enhanced by bending it in U-shape
[11]. The U-shape bend is also useful for monitoring because source and detector
will be on same side. Although, the cladding less fiber can also be attained by using
other techniques such as plasma etching, but it will turn into expensive systems.

1.2 Tapered optical fiber sensor

An access to EW can also be obtained by tapering the optical fiber structure. The
tapering of optical fiber usually done within the dimensions varying from

Figure 2.
Schematic of cladding less optical fiber sensor structure [3].

Figure 3.
Schematic of tapered optical fiber structure [12].
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submillimeter to several millimeters. The tapered region of the optical fiber main-
tains the uniform diameter with conical ends to merge it with unaltered part of
optical fiber as illustrated in Figure 3. The tapering of fiber is done by heating the
fiber structure by using flame or CO2 laser beam. The properties of tapered optical
fiber sensor is based on the diameter of conical ends, diameter of tapered region,
and RI of surroundings. The proportion of EW power in tapered fiber structure,
increases with decrease in diameter of tapered region and with decreasing RI dif-
ference of external environment and of fiber [13]. The tapered optical fiber pro-
vides numerous advantages to the sensors such as compactness, higher sensitivity
and flexibility. The tapered optical fiber classified into categories such as adiabatic
and non-adiabatic. When the tapered transition region is small in such a way that
maximum optical power confines within the core, then such structure are termed as
adiabatic tapered fibers [13]. However, in non-adiabatic one the diameter of
tapered region is less than 10 μm and the propagating modes couples into higher
order modes [14]. The tapered optical fibers have been utilized in various sensing
applications [15–17]. In case of tapered fiber structures, the interaction of EW with
surrounding medium can be analyzed by two different.

approaches. In first approach, the attenuation of signal is to be measured which
is propagating through tapered region and depends on the RI of surrounding
medium [18]. In second one, the variation in surrounding medium affects the RI of
modes propagating in the tapered section of fiber and works interferometrically, by
using mode theory [19].

1.3 Interferometers

The optical fiber interferometers provide very high sensitivity because of their
unique operational mechanism and usually known as modal interferometers (MI).
In MI basically, the propagating modes splits into two modes at sensing region
which are traveled in different RI regime that causes a difference in their phase and
wavelength. The different properties of propagating modes lead to the interference
in fundamental and higher order modes and results into a transmission spectrum
with fringes. The phase of the fringes ca be given as:

φ ¼
2π

λ
δneffð ÞL (3)

where, L is the center to center distance between twomodes and λ is the operating
wavelength [20]. A SMF and thin core fiber (TCF) based Mach-Zehnder interferom-
eter (MZI) is presented in Figure 4. The first strand of SMF carries a single mode
which splits into two parts at TCF due to variation in core diameter. In second strand
of SMF the modes from TCF gets recombined at SMF. The difference in phase of
recombinedmodes leads to the addition or cancelation of phase at output of MZI [20].

The optical fiber based Michelson interferometers were also proposed and a
schematic is illustrated in Figure 5. In Michelson interferometer, the core modes

Figure 4.
Schematic of SMF and TCF fiber based Mach-Zehnder interferometer [21].
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distributed into higher order modes at tapered section and after striking to gold film
reflects back and recombined at the tapered section. Therefore, an interference
between the modes occurs at the tapered region that causes the generation of
fringes. The presence of external medium in the region separating the taper and
gold films introduces the interfering features in the received signal. In similar
physical length, Michelson interferometer provides higher sensitivity because the
twice interaction of optical signal with sensing region. These interferometers works
on the basis of measurement of wavelength or amplitude of the spectrum.

received at the output. An another type of optical fiber based interferometer is
Fabry-Perot interferometer (FPI). The FPI is consisting of a cavity between two
reflectors and illustrated in Figure 6. Alternatively, a FPI can be developed by coating
a thin metallic layer at the tip of the fiber which acts as a mirror and the distance
between metallic layer and surrounding medium as an another mirror. A change in
the RI of cavity or its length can modulate the signal. The modulated signal will be
further used to measure the targeted measurand that modulates the signal.

1.4 Grating based optical fiber sensor

An optical fiber grating is consisting of slots placed periodically with an equal
proportion. The slots in optical fiber structure leads to the modulation of the propa-
gating optical signal. The grating can be incorporated by exposing the fiber structure
to the ultra-violent or femtosecond laser with desired geometry [23]. The optical fiber
based grating structure were also found to be a good candidate for the sensing
applications [23]. A schematic of FBG sensor with its measurement setup is illustrated
in Figure 7. The grating structure couples the forward and backward propagating
modes of the core at the particular wavelength that satisfies the Bragg condition. A
Bragg grating is considered as reflector which reflects a specific wavelength band

Figure 5.
Schematic of optical fiber based Michelson interferometer [3].

Figure 6.
Schematic of optical fiber based FPI sensor [22].
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along the optical fiber and transmitted all others. The reflected Bragg wavelength is
governed by a mathematical expression which can be given as [23]:

λBragg ¼ 2ηeff (4)

In Bragg grating based sensors, the interaction of EW with surroundings can be
maintained or enhanced by modifying the fiber geometry such as tapering, etching of
cladding of sensing region. Therefore, to overcome this limitation, tilted Bragg grat-
ing can be utilized in which the gratings are designed at a specific angle with respect
to the axis of the core. The interaction of cladding modes with EW changes the
wavelength of propagating cladding modes [25]. The interaction of EW with sur-
rounding medium leads to the induction of inherent sensitivity to the external RI and
to the nano-coatings placed over the cladding layers. While considering the fact long
periodic (LPG) grating structures were come into origin. The LPG are generally
created with in the length of 100 microns to 1 mm as illustrated in Figure 8. LPG
usually couples the light form the core modes to the co-propagating modes of the
structure [27]. The cladding mode suffers higher attenuation, therefore, the trans-
mission spectrum of LPG can be analyzed by using the series of resonance bands.

From the above discussion, it can be concluded that optical fiber based sensors
have wide applications in bio-sensing applications. A short summary of above
discussed different geometries of optical fiber sensor structures is tabulated in
Table 1. The tabulated form is easy enough to get a brief introduction to the
required geometry of sensor.

Figure 7.
Schematic of measurement setup of FBG sensor [24].

Figure 8.
Schematic of NP coated LPG sensor structure [26].
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2. Biochemical measurands in healthcare

The optimum properties of optical fibers such as higher sensitivity and low limit
of detection are the crucial parameters, but in addition, the selectivity is also an
important concept in biochemical measurement. The selectivity or specificity is
important to avoid the interference of other biomolecules or biomarkers presented in
targeted analytes. There are two approaches based on which the selectivity of bio-
sensor can be attained. The first approach is to use special material fibers such as
chalcogenide glasses, fluoride or silver halide glasses [28]. These fibers are transpar-
ent to IR wavelength, and on the contrary, biomolecules pursue the highly absorption
features [29, 30]. However, the use of chalcogenide fibers is not useful because of
their potential toxicity and still an effort is required to improve their responses
towards biomolecules [28]. In second approach, there is indirect sensing of analytes
by placing a biochemical layer over the sensing region. The biochemical layer changes
the optical properties on the basis of surrounding RI. Such biosensors provide the
quantitative and qualitative information of the chemical reagent under examinations.
The chemical layer over the sensing region means the wavelength of output optical
signal is managed by the properties of biochemical layer instead of absorption spec-
tra. The sensitivity of such biosensors is depends on the length of sensing area,
amount of EW and optical properties of the coated biochemical layer [31].

2.1 Chemical optical Fiber sensors

The diagnosis of biomolecules present in human bodies can be detected in two
phase such as in gases or in liquid. In gas phase, the analysis can be done by analyzing
the gases exhaled from skin or breath. In liquid phase, the analysis of biomolecules
can be done by testing the samples such as urine, saliva, blood, sweat and tears.

2.1.1 Diagnosis in gas phase

The biomarkers released from human bodies are useful to develop the non-
invasive techniques. The diagnosis of these biomarkers is important to find the
presence of disease [32, 33]. The breath sniffing method is useful to analyze the
patient suffering from renal failure in rats [34] and lung cancer detection [35].
Oxygen and carbon dioxide are the two gases that are routinely checked in clinical
applications. The detection of these two gases was also performed by using optical
fiber sensor by using pH indicator separated with well separated with emission
bands [36]. Ammonia is one of the major component that affects the body

Sensor type Measurand Light parameters Units

Cladding less Absorption, concentration Intensity dB, %

Tapered RI, absorption, concentration,

pressure, temperature, strain

Wavelength shift, intensity dB, %, nm

Interferometers RI, absorption, concentration,

pressure, temperature, strain

Intensity, wavelength shift,

phase

dB, %, nm,

degrees

FBG pressure, temperature, strain Intensity, wavelength shift dB, %, pm

LPG RI, absorption, concentration,

pressure, temperature, strain

Intensity, wavelength shift dB, %, nm

Table 1.
Summary of measurand and light parameters of different sensor structures.
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metabolism and can disturb the functioning of kidney and liver [37, 38]. In normal
conditions, the ammonia releases from body skin from slight alkaline blood and its
detection is used to diagnose the disease related to kidney and liver [39]. The
ammonia diagnosis was carried out by using optical fiber sensors. Initially, the
detection was done by employing pH detector based on indications [40]. Since
then, reflector sensor tips [41], EW based fiber grating [42], and lossy mode
resonance (LMR) [43] were reported. The sensitivity and limit of detection of such
optical fiber sensor was extremely good in comparison of existing works.

The diagnosis of various organic compound is hardly done at clinical level, but
number of studies were reported. Although, the optical fiber sensors for the detec-
tion of organic compounds are not very sensitive [44]. An EW based optical fiber
sensor was put forwarded for the detection of gas exhaled from human skin [45].
The proposed sensor is also capable of analyzing the physiological changes by
applying a pattern recognition technique. The optical fiber sensors have also been
utilized for the diagnosis of humidity, which is one of the important factor in case of
critical conditions [46]. The increase in humidity in human bodies leads to the
dryness in mucosa and cause difficulties in breathing. However, instead of such
critical need, the optical fiber based humidity sensors cannot be used in medical
applications because of slow response and recovery time.

2.1.2 Diagnosis in liquid phase

The diagnosis of biomarkers present in human bodies can be done by measuring
the pH of liquid. The pH of liquid present in stomach is varies from 1.3 to 3.5, and of
urine and pancreas is from 8.0 to 8.8 [47]. A tilted FBG based sensor structure was
reported to detect the pH of human body fluids [48]. The sensor is working on the
basis of coated polymer films whose thickness varies according to the variation of
body fluid concentration and leads to the change in optical properties of the signal.
Despite of reported articles, the pH sensors have been utilized in vivo applications
and are commercially provided by the Ocean Optics [49] and PreSens [50] with
enough capabilities to be utilized in medical applications.

The pH detection in bio-fluids is also useful to detect the presence of drugs
which will be helpful for pharmaceuticals and could be a milestone to develop
therapeutic aids for human and animals [51]. The detection of antibiotics in human
blood stream can be a useful step to prevent the overdose or to provide the effective
dose for specific disorder. A LPG based vancomycin sensor was reported which can
be used to treat some severe gram-positive infections [52]. The sensor is capable of
detecting the very low concentration of antibiotics present in blood stream which
were at the concentration of 10 nM with high specificity towards other biomole-
cules. Similarly, propofol is an anesthetic usually used in surgery and in regular use
in intensive care units. Therefore, the detection of presence of propofol in human
body is also an important factor, and a work was put forwarded for its detection
while employing the optical fibers [53]. The reported work demonstrated a strong
linearity with whole blood samples of human bodies.

3. Characterization and analysis process of optical fiber biosensors

The different geometries of optical fiber sensors should need to be characterized
before involving them in sensing of biomolecules. The development of optical fiber
biosensors involves four different process such as fiber geometries, used
nanoparticles, detection of biomolecules and sensing analysis of developed sensor
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probes. Therefore, this section presents a brief discussion of about the necessary
characterization of optical fiber sensors at all the steps.

3.1 Optical fiber sensor geometry

The validation of drawn fiber sensor geometry such as tapered fiber, MZI etc.
can be done by using scanning electron microscopy (SEM). SEM is a kind of
electron microscopy which employs a focused beam of the electron to analyze the
surface of optical fibers. The SEM image of a tapered optical fiber probe is illus-
trated in Figure 9. In Figure 9, there are two SEM images where the first one is
representing an image of tapered optical fiber sensor and another image such as
Figure 9(b) is representing the distribution of nanoparticles coated over the sens-
ing region of fiber structure. In some other cases, the diameter analysis of tapered
optical fiber sensor structure was measured directly by using the fabricating
machine, but the accuracy of the measured diameter was not up to the mark, and
illustrated in Figure 10 [55].

3.2 Nanoparticles

The optical fiber sensor structures also utilize the immobilization of
nanoparticles over the sensing region to enhance the sensitivity by means of intro-
ducing the concept of localized surface plasmon resonance (LSPR) phenomenon.

Figure 9.
SEM image of SERS probe of a tapered optical fiber sensor structure: (A) tapered optical fiber, and (B)
distribution of nanoparticles over the fiber [54].

Figure 10.
Analysis of tapered optical fiber sensor structure: (a) diameter analysis, and (b) transmitted spectra [55].
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The characterization of nanoparticles can be done by using UV-spectrophotometer
and by observing their distribution through transmission electron microscopy
(TEM) images. TEM is also a technique that employs a focused beam of electrons to
visualize the distribution of particles in nanometer dimensions. The UV-
spectrophotometer provides the resonance peak of the nanoparticles through the
absorbance spectrum and is useful to confirm their initial synthesis. The resonance
peak of all the nanoparticle is different and usually falls in the visible spectrum of
white light. The peak resonance wavelength in absorbance spectrum of gold and
zinc oxide nanoparticles appears at 519 nm and 370 nm for the particles size of less
than 15 nm and 50 nm, respectively, and illustrated in Figure 11. The initial confir-
mation of nanoparticles can be carried forward to analyze their distribution which
usually done by using capturing the microscopic image by using TEM. The TEM
images of gold and zinc nanoparticles are illustrated in Figure 12. From the TEM
images it can be concluded that the distribution of nanoparticles is uniform and
easily visible. Further, the morphology of the nanoparticles or layered
nanomaterials is also an important factor to assure the synthesis of nanoparticles,

Figure 11.
Absorbance spectrum of nanoparticles: (a) gold, and (b) zinc oxide [55].

Figure 12.
TEM images of nanoparticles: (a) gold, and (b) zinc oxide [55].
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and can be done by taking the images by using atomic force microscopy (AFM). An
AFM image of zinc oxide nanoparticles is illustrated in Figure 13.

3.3 Biomolecules

The preparation of samples of targeted biomolecules is also an important factor
which helps in increase the performance of sensor probe. The analysis of samples of
the targeted biomolecules can be done by preparing them in different pH base
solutions. The similar kind of approach has been used to analyze the validity of
ascorbic acid (AA) samples and illustrated in Figure 14. The performed test was
basically done to check the solubility of artificial samples of AA [55]. The analysis
was done by dissolving the artificial sample of AA in different pH solutions and the
samples of lowest and highest concentration were prepared. Then, the peak reso-
nance wavelength was measured for the highest and lowest sample concentration
and their difference is plotted with respect to each pH solution. For the reported
work, it was concluded that the AA samples are highly soluble in phosphate buffer
solution (PBS) whose pH is about 7.4.

3.4 Sensing analysis

The sensing analysis of the sensor probe can be done in several steps. The first
step is to sense all the samples through the sensor probe. For each measurement

Figure 13.
AFM image of zinc oxide nanoparticles [55].

Figure 14.
Solubility test of ascorbic acid samples in different pH solutions [55].
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respective peak resonance wavelength can be recorded which is useful to plot the
autocorrelation coefficient of the sensor probe. The autocorrelation curve is used to
evaluate the linearity, regression coefficient, sensitivity and resolution of the sensor.
Then, the analysis of sensor can be done in terms of stability, reusability, reproduc-
ibility and selectivity.

The stability of any optical fiber biosensor can be evaluated by measuring the
base solution through a sensor probe more than 10 times. The results can be plotted
in terms of number of measurements and peak resonance wavelength. Then, the
standard deviation (SD) can be evaluated to observe the stability and for a good
sensor SD is usually less than 0.1.

The reusability is an another important parameter to analyze the performance
of optical fiber sensor. Reusability can be evaluated by measuring two different
concentration of bio-molecules through the same sensor probe. The measurement
of any concentration should need to be performed three times to attain higher
accuracy. The sensor head must need to be rinsed properly after all the measure-
ments by using base solution. Then, the results can be plotted in terms of recorded
spectra or in terms of peak absorbance wavelength. The resonance wavelength for
similar concentration should be same for each measurement to attain the higher
reusability.

The reproducibility is also an another important factor to analyze the
performance of any optical fiber sensor. The reproducibility test can be done
by measuring the similar concentration of bio-samples through one sensor probe.
The measurement must need to be done at least 5 times to attain the higher
accuracy. The outcome of the measurements can be plotted in terms of recorded
spectra and in terms of peak resonance wavelengths. The higher reproducibility of
the probe can be claimed if the peak resonance wavelength for all the measurements
is similar.

The selectivity or specificity of the optical fiber sensor is a crucial factor of
an optical fiber biosensor which helps in to remove the interference of other
biomolecules present in real liquid samples of human bodies. The higher
specificity of any optical fiber sensor can be attained by functionalizing the
sensor head with appropriate enzyme which oxidize only in the presence of
targeted bio-samples. For instance, the AA oxidized only in the presence of
ascorbate oxidase.

4. Conclusions

This book chapter presents a brief discussion about the different optical fiber
geometries which have been utilized for the development of different optical fiber
sensors and biosensors. The mostly common used geometry of optical fibers is
cladding less, tapered, interferometers, and gratings. The second section of the
chapter presents the brief discussion about the presence of biochemical markers
usually used in bio-sensing applications. The detection of biochemical markers is
generally done in two phases such as in gas phase and in liquid phase. The third
section of the chapter presents a brief discussion of the characterization and sensing
process of the optical fiber based biosensors. The characterization of optical fiber
sensor is done by capturing the images through TEM, SEM and AFM. The analysis
of nanoparticles can be done by recording the absorbance spectrum by using UV-
spectrophotometer. The sensing analysis of the optical fiber sensor can be done by
performing the stability, reusability, reproducibility and selectivity test of the sen-
sor probe. The optical fiber based biosensors are emerging in current era and can be
employed in various health care applications.
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Chapter

Photonics for AI and AI for
Photonics: Material and
Characteristics Integration
Sunil Sharma and Lokesh Tharani

Abstract

We are living in the technological era, where everything is integrated with each
other. If we are discussing regarding communication, it is integrated with one or
two technologies. If we are discussing regarding automation, discussing regarding
Image processing, discussing regarding embedded system, they all are integrated
with a combination of technologies. Correspondingly Artificial Intelligence (AI)
and Photonics are also integrated with each other. Now a day as AI is utilizing with
photonics in abundant fields as well photonics is also serving AI to facilitate
ultrafast AI networks to offer a novel class of Information Processing Machines
(IPM). This chapter is based on identification and implementation of photonics for
AI utility and AI for photonics. In this category a Dual core Photonics crystal fiber
(PCF) is proposed which serve to identify infected cells of human being along with
the integration of AI. This proposed design of PCF is providing relative sensitivity
and confinement loss in an optimized manner with the impact of AI. Here potency
of AI as well as of Photonics is explained to serve their applications related to each
other.

Keywords: Artificial Intelligence, Fiber Optics and Photonics, Optical Networks,
Photonic Crystal Fiber, Integration

1. Introduction

Latest technological development in photonics has multiplied only due to
integration of photonic platform with conception of Opto-electronic elements [1].
The Photonic Integrated Circuits (PICs) [2] have facilitated the ultrafast Artificial
Neural Networks (ANN) [3], to propose a novel class of Information Processing
Machines (IPM) [4]. There are number of reasons available which reveals that
photonics is somewhere associated with AI. In this direction the latest example can
be considered as development of Neuro-morphic [5] electronics, which shows that
high processor delay can be eliminated by offering a consequent technology to extend
the vicinity of AI. It offer sub-nanosecond [5] delay and consequently conquers
challenges in terms of present and future aspects.

This latest developed technology ‘Neuro-morphic electronics system’ [5]
is integrated with most recognized technology which is known as
semiconductor photonics. It is composed of third and fifth group of elements i.e.
GaAs and InP [2].
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Below Figure 1 represents the photonic integrated technology indicating fabri-
cation, characteristics like growing and mixing of GaAs and InP materials to provide
efficient, robust, and monolithic optoelectronic integration platform. It was devel-
oped and observed by Sandia National laboratory services.

The developmental growth of photonic crystals, components and meta-materials
[6] lead to the advancement of photonics in the area of designing, modeling and
technological integration. This kind of integration investigates AI with photonics.
This promising domain is someway sustained by ‘photonic materials’ [7] which
assist to find out and intend innovative applications of AI. It should be noted down
that how photonics is contributing for the implementation of AI tools and
techniques.

The contributing field of photonics towards AI includes Neuro-morphic
electronic system, Optical Neural Network (ONN), Nano Photonics,

Figure 1.
GaAs & InP Composed Photonic Integrated Circuits [2].

Figure 2.
Proposed dual cores PCF with different mode indexes.
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meta-materials, optical sensing, optical imaging [8], optical computing,
Information Processing Machines etc. These above mentioned optics emerging
domains can be integrated with AI tools [9] to enhance the efficiency and
performance of these systems.

Figure 2 represents the design structure of dual core silica PCF with an effective
index mode of 1.4053. By changing the mode index value we can have light
confinement variation which is shown below in Figure 3 (a & b).

As shown below in Figure 4 indicates contribution of photonics in terms of
machine intelligence with Neuro-morphic computing along with Optical neural
network and optical sensing for AI technology. These latest technologies helped AI
to diagnose critical disease.

Figure 3.
(a, b) Light Confinement through proposed design for different values of Index Modes (c) Identification of
infected cells with AI (d) Relative sensitivity (e) confinement loss of proposed design.
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2. Photonics materials and their characteristics for AI

We all are witnessing an inconceivable age of drastically development in appli-
cations that necessitate expansion in AI [10]. If we are discussing about the inge-
nious novel outcomes that are gradually trending towards the market place and
many more are preferred and expected. Fiber Optics & Photonic materials [11] are
widely used for these products like new display, personalized mobile devices, novel
sensors, and new information processing machining products for both storage and
data processing. It is trending in very clear manner that the areas of Fiber Optics &
Photonic materials are fundamental technologies for the globe. Inventing and
uncovering new materials [12] in the Fiber Optics & Photonics domain will be
exceedingly critical to see more and more novel outcomes to improve normal
people’s lives.

Materials that have been exposed at the crucial point of life, always changes the
history of human being along with the country. Materials that are used to senses,
materials that are used to stores, materials that can be used as energy efficient, some
translucent materials which can be folded easily and some materials that are manu-
facturable at low cost. New discovered materials such as doped silica materials [13],
resistance changing materials and spontaneously magnetize and polarize materials
have been discovered and using widely for AI integration and their applications.

In the line of discovery of new materials, the Picometer [7] can also be consid-
ered as a vibrant example in the field of atomic structures. There are numerous
atomic structures available that were simulated and their data were utilized for AI
analysis to identify artificially controlled ‘oxygen octahedral rotation’ (OOR)
patterns as shown in below Figure 5.

Figure 4.
Contributing field of photonics for AI (a) AI with Neuro-morphic computing (b) Optical Neural Network (c)
Optical sensing and computing [5].
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It was used as Disorder-Driven Metal–Insulator Transition in Crystalline
Vacancy-Rich Ge-Sb-Te Phase-Change Materials [7].

2.1 New Investigative Materials for AI

The discovery and development in the new materials plays an important role in
the technological progress. As we have already seen that how silica has revolution-
ized the microelectronics industry. Materials discovery and design efforts require
interplay between materials prediction, synthesis and characterization [12] have
increased applications of computational tools and techniques, increased generation
of material’s databases, and accelerated advances in experimental methods signifi-
cantly. Some of them are composed of three special elements i.e. germanium,
antimony and tellurium which is defined as Ge-Sb-Te alloy [2] and can be termed as
phase-change memory materials. This alloy is selected from the group of
chalcogenide glass (As2Se3) [12] which can be used in rewritable optical discs.

The above mentioned Figure 6 is used as a non-volatile quasi-continuously
reprogrammable platform. This phase-change memory material rapidly changes its
atomic structure from crystalline to solid amorphous when swiftly melted in pres-
ence of temperature. These kinds of materials are widely used in ‘electronic mem-
ory’ applications of AI tools such as data storage. Even though there are countless
integration is possible with Ge-Sb-Te alloy, the new material GST467 [6] revealed
by CAMEO (Closed-Loop Autonomous System for Materials Exploration and Opti-
mization) is most favorable for phase-changing applications.

CAMEO found the best Ge-Sb-Te alloy that had the largest difference in “optical
contrast” [6]. GST467 also found applications in photonic switching devices that
can be used to control the direction of light in given circuit. These devices can also
be utilized in Neuro-morphic computing [5], which is an emerging field focusing on
development of devices which imitate the formation and role of neurons in human
brain. Materials science or solid-state physics is plagued by the ‘curse of
dimensionality’.

3. AI for photonics

When the words “artificial intelligence” (AI) comes to mind, our first thoughts
may be of super-smart computers or robots that perform tasks without needing any
help from humans.

Figure 5.
Oxygen Octahedral Rotations and its characteristics [7].
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A multi-institutional team of research scholars from National Institute of
Standards and Technology (NIST) [6] have developed an AI algorithm known as
CAMEO. It was used for the discovery of potentially applicable new photonic
material without any additional preparation and efforts from the scientist. These AI
systems helped to reduce the trial-and-error time which generally scientists use up
in the lab. Along with this these systems maximizes the productivity and efficiency
of their research work. Another research scientists team at POSTECH (Pohang
University of Science and Technology) [7] got succeed in creating a novel substance
that generates electricity by effect of polarization at room temperature. The varia-
tion so observed would be confirmed in crystal structure by analysis of deep neural
network. The above mentioned examples revealed the techniques behind making
materials used in new memory devices by using artificial intelligence. So it is very
much clear that the use of modern computational techniques like AI can be used to
improve the rate of discovery of these new photonics materials and vice versa.
Helping scientists in reaching their outcomes more efficiently and quickly by
performing only few experiments with limited resources. All these things became
possible only because of integration of AI and Photonics.

The optical properties are typically calculated by using Maxwell’s Equations [13].
The desired optical response can be obtained by adjusting the initial design and
performing multiple simulations until the outcome is achieved. Despite designing
issues AI can help optics and nano photonics in different tasks, for example AI used
to estimate the optical properties of black carbon fractal aggregates. Another

Figure 6.
GST467 with AI (a) Schematic cross-section of the hybrid waveguide. (b)&(c) Fundamental quasi-transversal
electric (TE) mode profiles of the hybrid waveguide at 1550 nm for (d) complex refractive index of GST and
GST as a function of wavelength. (e) XRD data of GST [6].
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example is reported where they combines finite element simulations and clustering
for the identification of photonic modes [14] with large local field energies and
specific spatial properties. It is shown that the combination of machine learning
with photonics [15] can revolutionize one of the most important fields in optical
imaging.

4. Proposed dual core PCF design integrated with AI

The silica glass is easily available and have some characteristics due to this it is
preferred for designing PCF structures. Below Table 1 depicts some properties of
silica glass [15].

Silica is the purest form of SiO2 which is easily available from the sand as a raw
material. This raw silica is used to convert into Electronic Grade Silicon (EGS) from
various processes. This glass has superior transmission chatcteristics in the UV
(Ultra-violet) and IR (Infra-red) spectra, a very low dielectric coefficient and
excellent properties where fluorescence or polarization is an issue. This silica can be
shaped too many forms and sizes. It has excellent resistance to non-fluorinated
acids, solvents and plasmas. The finite-difference method is the most accurately and
numerically efficient method to solve Maxwell’s Equation [15] and needs less
computational time.

By selection of Silica glass as a core material for designing of PCF structure,
below mentioned Figure 7 depicts the cross-sectional view of proposed dual core
Silica PCF with circular sensing ring. The diameter of the air hole is 1.2 μm. Here
elliptical air hole is also used in the first layer and the semi major and semi minor
axis for that ellipse is 1.2 and 0.8 μm respectively. The pitch value for the proposed
structure is 2 μm.

After designing the structure of Dual Core PCF if there is a variation of index
mode then due to different mode index values, there must be some variation
measured in confining light through designed PCF. This variation is already
mentioned in above Figure 3 (a & b).

It indicates that as index mode value varies like 1.4053, 1.4055, 1.4088,
1.41… .. The variation is observed in confining the light through core of the
proposed fiber.

The proposed dual core PCF for sensing various applications like blood sample
detection, alcohol detection, disease detection, White Blood Cells (WBC), Red
Blood Cells (RBC) detection and for many more pathological detection can be
integrated with AI technology which provides optimized results to diagnose
infected cells. For this purpose below mentioned setup as shown in Figure 8 is

Properties Silica Glass

Density (g/cm3) 2.2

Refractive Index (micrometer) 1.458

Light Transmission wavelength (micrometer) 0.18–2.5

Max Temperature (Degree Centigrade) 1120

Poission’s Ratio 0.17

Specific heat capacity (J/Kg-K) 720

Speed of sound (m/s) 180 � 103

Table 1.
Properties of Silica Glass Material [12].
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arranged. With the help of this setup the proposed dual core PCF can be utilized
with AI to serve better and improved outcomes. The above mentioned Figure 3 (c)
represents the infected cell by using designed PCF structure integrated with AI.
Relative sensitivity and confinement loss is also displayed in Figure 3 (d & e).

In this setup the optical source is used to supply power to the Fiber. By using the
splicing technique fiber can be connected with the proposed PCF. IN and OUT ports
are used to control the unknown analytes whose refractive Index (RI) need to be
identified. When analyte interacts then the variations in terms of lows and peaks
occurs which can be observed and displayed using computer. The outcomes so
obtained can be enhanced to provide efficient result with AI. Dual core silica PCF

Figure 8.
Experimental Setup to Obtain Outcomes.

Figure 7.
Proposed Dual Core PCF with Perfectly Matched Layer (PML) Boundary.
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serve as a sensing element used to sense the selected parameter and the AI
technology boost the effects of results so obtained.

With the Above mentioned proposed design the following tested have been
performed using Dual core Silica PCF.

Depending upon the refractive index of blood serum, the intensity of light is
modulated and detected at other end of PCF [16]. The relation between evanescent
field absorbed by sensing species and intensity modulation at output end is
observed.

Sensitivity is obtained by using

r f ¼ f
nr
nc

� �

(1)

Where nr is the refractive index of the fluid, nc is core refractive index, rf is
relative sensitivity coefficient and ‘f’ is the ratio of optical power with in large holes
to the total power which is given as

f ¼
ð

ExHy �HxEy
� �

samples=

ð

ExHy �HxEy
� �� �

total

�

(2)

Confinement loss [17, 18] is calculated by

LC ¼ 40π= ln 10ð Þ λð Þ Im neffð Þ dB=km½ � (3)

or it can be written as

LC dB=mð Þ ¼ 8:686 k0 Im neff
� �

� 106 (4)

Here neff signifies imaginary part of effective refractive index, and k0 is the
free-space number.

The data set of blood serum, ethanol and water for this case of investigation is
selected as an input which can be passed through the setup and results so obtained
have been optimized by using AI. These results obtained numerically and
experimentally have been presented in above mentioned Table 2.

5. Discussion

The potency of the AI standards lies in its capacity to deal with anonymous
computing troubles. It is practically identified that it is giving not only innovative or
optimized solutions and forecasting, but also original substantial impending to the
structure by using integration with technologies. Here we have presented an inte-
grated discussion between AI and Photonics. The AI has been utilized to nurture
tiny investigational datasets in iterative method to envisage new materials and

Parameter Tested Refractive Index Relative Sensitivity (%) Confinement Loss (dB/km)

Ethanol 1.33 56.90 2.37 � 10�6

Blood Serum 1.39 46.51 3.814 � 10�10

Water 1.32 53.57 8.063 � 10�11

Table 2.
Test Performed for various parameters.
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execute multi objective optimization of properties for selected materials. Corre-
spondingly Photonics is also offering new materials for booming realization and
performing computation takes in an efficient manner to AI. The characteristics of
the dual-core photonic crystal fiber (PCF) sensor are studied using the finite ele-
ment method (FEM), and the structure is improved according to the numerical
simulation results.

6. Conclusions

In the revolutionary field of optics and photonics, most of the work has so far
been offered on purpose of photonics to the realization of AI to the intend, expan-
sion and optimization of photonic meta-materials and various devices. AI tech-
niques present prospects both to expand physical approaching and to investigate
constraints in a more proficient manner.

Most successful paradigms of AI and photonics like Neuro-morphic electronic
system, Optical Neural Network (ONN), Nano Photonics, meta-materials, optical
sensing, optical imaging have also been demonstrated here in this chapter in which
AI is boosting photonics and similarly photonics is also helping AI to perform
efficiently. The proposed Dual core Silica PCF is used to identify infected cell in a
human body. Due to easily presence of Silica glass and its vibrant characteristics it is
preferred for the proposed PCF design. The refractive index of selected material is
1.458, Specific heat capacity is 720 J/Kg-K, Light Transmission wavelength is 0.18–
2.5micrometer. It has been observed that the relative sensitivity for ethanol, blood
serum and water is 56.90%, 46.51% and 53.57% respectively. Similarly the confine-
ment loss for the proposed structure is 2.37 � 10�6, 3.814 � 10�10 and
8.063 � 10�11 dB/km respectively for the same parameters as mentioned above.
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Chapter

Laser Opto-Electronic Oscillator
and the Modulation of a Laser
Emission
Alexander Bortsov

Abstract

The autonomous optoelectronic generator (OEO) is considered in the chapter as
a source of low-noise oscillations. Differential equations are considered and
methods with OEO modulation with direct and external modulation are analyzed.
The complexity of both approaches is related to the non-standard way of descrip-
tion of the nonlinear method modulation for the internal (direct) structure and the
utilization of the specific Mach-Zehnder modulator for the first stage on external
modulation. The purpose of the presentation is to consider the main features of
OEO as a low-noise generator. This includes consideration based on the study of
differential equations, the study of transients in OEO, and the calculation of phase
noise. It is shown that different types of fibers with low losses at small bending radii
can be used as a FOLD in OEO. The important role of the choice of a coherent laser
for OEO with a small spectral line width is shown. The prospects of using structured
fibers with low losses at bends of less than 10 mm in OEO are described. The results
of modeling dynamic processes in OEO with direct modulation are presented.

Keywords: opto-electronic oscillator, phase noise, optical fiber, QW laser,
microwave oscillator

1. Introduction. The opto-electronic oscillator structure

Development and creation of the compact ultra-low-noise microwave signal
sources, which would be impact-resistant, is an important problem of modern
radio-physics and radio engineering. Levels of the phase noise spectral density at
the microwave source output must be for most of the applications �120 … -170 dB/
Hz at generation frequency 8 … 12 GHz for 1-kHz offset from a carrier. Construc-
tions of these oscillators must sustain the strong mechanical impact loads in 200 …

2000 N/cm and high accelerations up to 2 … 10 g. Geometrical dimensions of the
modern signal sources should often be approximately 10х10х10 cubic mm, espe-
cially for the satellite applications.

Development and implementation of new compact microwave and millimeter-
wave oscillators with improved performance would lead to revolutionary jump in
radio electronics, perhaps, comparable to discovery of the quantum-dimensional
lasers or (as in radio engineering) at arriving of the high-stability quartz crystal
resonator. The new type of oscillators called as opto-electroniс oscillator (OEO)
described in this paper will permit to use in the mobile communications and in
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Internet systems of new radiofrequency channels for information transmission,
including 30 … 75-GHz ranges at the low power of transmitters. A number of
publications devoted to OEO experimental investigations grows each year [1–8].

Opto-electronic oscillators will undoubtedly find wide application in the fiber-
optical communication lines as well as in on-board radar systems on millimeter- and
centimeter ranges, in communication systems as low-noise local oscillators in
receivers and as a master clock in transmitters, in an optical lidar technology, as
sensors of different physical quantities and in many other systems [8–16].

OEO diagrams with the direct modulation (OEO DM) presented in Figure 1a
and the OEO structural diagram with external modulation of optical emission, which
is often called as an opto-electroniс oscillator with the Mach–Zehnder modulator
(OEO MZ) presented in Figure 1b.

Let us consider the case of OEO operation with a small modulation index, and
under the condition that the width of the spectral line of the optical laser

Figure 1.
Structural diagrams of the optoelectronic oscillator (a) with the direct modulation by current and (b) with
external Mach-Zehnder modulator. Laser = the optical quantum generator (the laser or QWLD), MZ = the
electro-optical MZ modulator, OA = the optical amplifier, OF = the optical filter, OF = the optical fiber,
Pp = the pumping power, PD = the photo-detector, NA = the nonlinear amplifier, F = the RF filter, C = the RF
coupler, CH1, CH2 = the optical channels of the MZ modulator.
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generationΔvL is much smaller than the radio frequency f 0 of the OEO generation:
ΔνL < < f 0. In this case, the spectrum of the modulated radiation can be
represented by several harmonics. We will limit our analysis to the case of two or
three optical harmonics, respectively, with frequencies ν1 ¼ ν1 � f 0, ν2 ¼ ν0, ν3 ¼
ν3 � f 0. Two of these optical frequencies ν1 and ν2 are spaced from the central
optical laser frequency ν0 by the sub-carrier frequency f 0.

Figure 2a and b shows the analog model of statistical processes in OEO MZ with
utilization of the random variables correlator. The correlator structure is described
in [16]. It consists of the multiplier “* ”, two optical channels with different delays,
and the delay cell defining by he delay in the optical fiber. The functional diagram
Figure 2a and b illustrating principles of the correlator method and the frequency

Figure 2.
The functional diagram illustrating principles of the correlator method and the frequency discriminator method
in OEO with the MZ modulator and in the circuit with direct amplitude modulation at suppression of the one
harmonic. a) Diagrams (1–4) of optical frequency selection; b) L = the laser, Т1M and Т2M, = delay lines have
delay times in channels, “ + ” = (adding), “х” = (multiplication), “*” = (conjugate operation), “

Ð

” = (integration),
F = the low-pass filter, a = the amplifier.
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discriminator method in OEO with the MZ modulator and in the circuit with direct
amplitude modulation at suppression of the one harmonic.

2. OEO with direct modulation and OEO with the Mach Zehnder
modulator

As in [8–16] when studying noise, OEO is considered here as an optoelectronic
system in which oscillations are formed in the optical and radio frequency ranges.
The oscillation frequency of the laser is approximately 200 Hz, and the radio fre-
quency of the OAO generation is approximately 10 GHz. A VLD quantum-
dimensional laser diode is used to generate laser radiation. The positive feedback ring
is formed by an optoelectronic circuit consisting of a modulator, an optical fiber, a
photodetector, an electronic amplifier, an electronic filter, and a directional coupler.

Fluctuations are formed at the OEO output. Laser fluctuations are of a quantum
nature. When using a low-noise amplifier, the phase fluctuations of the laser deter-
mine mainly the noise of the OEO output.

3. OEO construction and its operation principle

Figure 1a shows a direct modulated OEO diagram. At the same time, the QWLD
laser it works in the mode of amplitude modulation or intensity modulation. In
Figure 1b the diagram of the OEO with external modulation is presented.

The OEO DM diagram (Figure 1a) is formed by a QWLD laser; a single-mode
optical fiber (FO); a photodetector (FD); an electronic amplifier (A); an electronic
filter (F), for example, based on a dielectric microwave resonator. The OOO MZ
diagram (Figure 1b), in addition to the QWLD laser, includes elements that form a
closed loop: the Mach Zehnder modulator (MZ); a fiber-optic system (FOS)
containing an optical filter (OF) and single-mode optical fiber (FO); photodetector
(PD), such as a quantum photodiode size; narrow-band RF filter (F), nonlinear
amplifier (A), and directional coupler (C). A fiber-optic delay line (RF FODL) is
formed by a laser connected in series, OF, FO, and PD (Figure 1a), or by a laser
connected in series, MZ, OF, FO, and PD (Figure 1b). OEO can be considered as a
delayed feedback oscillator.

Figure 1a and b show a laser as a source of optical oscillations, which includes a
closed-loop optical amplifier (OA) and an optical filter (OF). We consider the case
of the laser radiation modulation mode for single-mode, single-frequency, and
linearly polarized optical radiation. When self-excitation conditions are met in such
OEO systems (Figure 1) generation of microwave range oscillations occurs. A fiber-
optic delay line (RF FODL) is formed by a laser connected in series, OF, FO, and PD
(Figure 1a), or by a laser connected in series, MZ, OF, FO, and PD (Figure 1b).
OEO can be considered as a delayed feedback oscillator.

Figure 1a and b shows a laser as a source of optical oscillatons, which includes a
closed-loop optical amplifier (OA) and an optical filter (OF). The pump or pumping
power Pp of the laser is shown conditionally.

We consider the case of the laser radiation modulation mode for single-mode,
single-frequency, and linearly polarized optical emission of the highly-coherent
laser. When self-excitation conditions are met in such OEO systems, Figure 1
generation of microwave range oscillations occurs.

In the diagram in Figure 1, the Laser is presented by closed into a loop the
optical amplifier (OA), the optical filter (OF), which corresponds to the “traveling-
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wave” laser or the fiber-optical laser. The optical pump power Pp acts at the active
amplifier. If the excitation conditions are met, the laser generates optical oscillations
which pass from its output into MZ, then pass via two optical channels with
different delays, combine together and through OF and FO acts to the light-
sensitive PD area. An effective modulation by MZ is possible in microwave range
only for single-mode single-frequency and linear-polarized emission of the highly-
coherent laser. Quantum-Well (QW) laser diodes and the fiber-optical lasers with
polarizers at their outputs are such emission sources.

The laser is the pump source for the radiofrequency network (Figure 1b) closed
into a loop and formed by a modulator, an optical fiber, a photo-detector, an
electronic amplifier, an electric filter, and a coupler.

As a result of oscillation processes, the spectra are formed with fluctuations having
the various nature, but the spectral line width of radiofrequency oscillations is defined
by parameters of two oscillating system: the laser and the radiofrequency oscillator.

4. Problem statement

At present, in large-dimension models of laser OEO (Figure 1) with the fiber-
optical delay line the low phase noise level of �157 dB/Hz [5, 6] is achieved on the
10 GHz generation frequency at 1 kHz offset from a carrier.

Experimental and theoretical investigations of the power spectral density of the
laser oscillator phase noise described in [16], show that reduction of the phase noise
level of OEO in many respects depends on the laser phase noise level. At oscillation
frequency 8… 10 GHz at standard offsets from 1 to 10 kHz, the power spectral
density of the phase noise is �120 dB/Hz… -140 dB/Hz.

Appearance on the commercial market of nano-dimension optical fibers with
low losses (down to 0.001 dB per one bend, at small bend radii up to 2… 5 mm)
becomes the stimulus for improvement of OEO radiofrequency generation
methods. This allows implementation of comparably small (by geometric linear
maximal dimensions) fiber-optical 5μs delay lines of 10… 30 mm.

In spite of the growth of publications devoted to OEO experimental investiga-
tions, the theoretical analysis and systematization of main mechanisms of the phase
noise suppression in the low-noise laser OEO was not yet described in known
literature. The laser phase noise influence on the OEO radiofrequency phase noise
was not researched yet.

The purpose of the presentation is to consider the main features of OEO as a
low-noise generator. This includes consideration based on the study of differential
equations, the study of transients in OEO, and the calculation of phase noise. It is
shown that different types of fibers with low losses at small bending radii can be
used as a FOLD in OEO.

Following to an approach described in [16], for OEO noise analysis, we consider
the system in Figure 1, in which two different oscillation processes are developed:
laser oscillations with the generation frequency of approximately 200 THz and 10-
GHz oscillations in the radiofrequency network closed into a loop. At that, the
frequency multiplicity is approximately 20,000.

5. Laser in OEO

We will assume that the laser in OEO has high coherence and the spectral line
width is much smaller than the average generation frequency, and the laser

5

Laser Opto-Electronic Oscillator and the Modulation of a Laser Emission
DOI: http://dx.doi.org/10.5772/intechopen.98924



oscillations can be considered close to sinusoidal, and with a phase component of
noise with normalized amplitude noises mLm tð Þ and the phase noise component
φLm tð Þ:

EL tð Þ ¼ E0L þmLm tð Þ½ � cos 2πν0Ltþ φ0L þ φLm tð Þ½ �: (1)

Here EL tð Þ, E0L,mLm tð Þ are normalized non-dimensional quantities, respectively:
the instantaneous intensity, the EMF intensity amplitude, and the EMF amplitude
noise, ν0L is the average laser oscillation frequency, φ0L is the initial constant phase
shift, t is the current time.

In the opto-electronic oscillator system, under fulfillment of excitation
conditions in the electronic part of such an oscillator, the radiofrequency oscilla-
tions u ¼ ug tð Þ give rise. At that, the radiofrequency signal passes to the electric MZ
input from the output of a nonlinear amplifier through the C coupler during oscil-
lation generation. The instantaneous voltage of this signal is

ug tð Þ ¼ U10MZ þmem tð Þ½ � cos 2πftþ ϕ0e þ φem tð Þ½ �, (2)

where U0:1MZ ¼ U01C is the amplitude of fundamental oscillation at the electric
input of the MZ modulator or at the C output, f is the oscillation radiofrequency,
ϕ0e is the constant phase shift, φem tð Þ are electronic phase fluctuations, mem tð Þ are
electronic amplitude fluctuations.

The low-noise single-mode and single-frequency quantum-dimension laser
diodes or the fiber optical lasers are used as the light sources in OEO.

The laser included in the OEO structure (Figure 1) is formed by (closed in the
loop) the nonlinear OA, the narrowband optical filter (OF), and the optical delay
line. The optical oscillation frequency ν0L, which is generated by the quantum-
dimension laser diodes in the autonomous steady-state, can be found (under exci-
tation condition fulfillment) on the basis of the phase balance equations solution for
the steady-state optical intensity oscillations in the optical resonator and in the laser
active element.

To reveal the main mechanisms of the laser noise influence on the OEO radio-
frequency noise, the laser can be described by a system of semi-classical equation
with the Langevin’s sources of the white noise (ξE,ξP,ξN), relatively, for the EMF
intensity EL, a polarization of the laser active material Pn, a population difference N.
We studied the laser equation system under its operation in the single-frequency
single-mode regime. At that, oscillation are linear-polarized. The main assumption
for utilization of semi-classical equations is that the carrier life time on the upper
operation level and the time constant T0F of the laser optical filter (OF) are much
larger than the relaxation time of polarization T2. At that, the equation system with
the Langevin’s sources for the laser can be written as:

d2EL

dt2
þ 1

T0F

dEL

dt2
þ 2πν0Fð Þ2EL ¼ 2ω2Pn

εn
þ ξE;

d2Pn

dt2
þ 1

T2

dPn

dt
þ 2πν12ð Þ2Pn ¼

p2e
h
NEL þ ξP;

dN

dt
¼ αN0 � J0N � N

T1
� 1

h
PnEL þ ξN;
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(3)

In (3) T2 is the polarization time constant, the excited particles at the upper
energy level, T1 is the lifetime of the excited particles at the upper energy level,
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T0F is the time constant of the optical resonator, pe is the combined dipole moment,
h is the Planck constant, ν0F is the natural frequency of the optical resonator on the
specific n-th longitudinal mode, ν12 is the optical frequency of the transition, J0 is
the constant pump current, αN0 � J0 ¼ N02 �N01ð Þ= N02T1ð Þ is the constant pump,
εn is the permittivity, ν0F is the intrinsic optical frequency of the resonator, Pn is the
polarization of the active material, N ¼ N02 �N01ð Þ is the population difference
between the excited and unexcited levels produced by the pumping.

It should be noted that Eqs. (3) are similar to well-studied equations in the
oscillator theory for the double-circuit autonomous oscillator with the inertial
auto-bias chain with fluctuations.

6. Compact fiber optic delay line in OEO

At first, we would like to note that in RF FODL with geometric length of the
optical fiber of 1… 5 km, the useful volume (in which emission propagates in the
regime of one transverse mode) is not more that one cubic centimeter.

The extremely small geometric dimensions and dimensions of the FODL OEO
are important for its use in on-board systems of flying unmanned vehicles, since it
is possible to implement effective systems for suppressing force vibrations and
accelerations and to make high-precision thermal stabilization systems.

It is comparable in size to other commercial low-noise sources of microwave
oscillation. Figure 3, and represents a diagram of the maximum sizes for various
oscillators that operate in the 10 GHz frequency range: 1 - the quartz resonator
(QR), 2 – the disk dielectric resonator from ceramic alloys (DR), 3 – the disk
dielectric resonator from leuco-sapphire (DDLS), 4 - OEO the fiber-optical delay
line (OEO RF FODL) (delay time is 10–50), 5 - the optical disk microresonator
(ODR).

Figure 3, and shows that the smallest dimensions of the resonator have ODR.
The dimensions of modern microresonators, taking into account optical input and
output devices, lie in the range of about 10...100 cubic microns. Figure 3b shows a

Figure 3.
Maximal dimensions of resonators and delay lines used in modern high-stable OEOs and microwave oscillators
(а). Dependence of the resonator size in years (delay time is 50 μs). 1 – QR – The quartz resonator, 2 – DR –

The disk dielectric resonator from ceramic alloys, 3 – DDLS – The disk dielectric resonator from leuco-sapphire,
4 - FODL – The fiber-optical delay line (delay time is 10–50 μs), 5 - ODR – The optical disk resonator. The
plot of maximal overall dimensions’ variations of the fiber reels in years(b).
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graph of the geometric dimensions of the FODL coil of a single-mode optical fiber
(the geometric length of the optical fiber is 5...10 km).

The development of microstructural optical fiber technologies with low bending
losses suggests that in a few years the maximum geometric dimensions of RF FODL
will be 10...50 mm. This becomes possible because microstructured nanofibers have
a minimum loss of 0.001 dB per bend at a bending radius of 2...3 mm. It becomes
possible to reduce the thickness of the optical shell and reduce the required volume.
In this case, it is possible to apply the technology developed by the author [16] for
creating fibers by the plasma method when heating the quartz fiber support tube in
the temperature range from 1000° C to 19500° C.

The improvement of the technology of heating blanks of nitrogen-doped quartz
glass with the help of microwave generators, the automatic movement of plasma
columns along the support tubes will lead to the creation of small-sized low-noise
OEO with overall dimensions of 0.5 cm3 with a delay of optical oscillation in it of 50
microseconds.

Figure 4 shows images of various RF FODL with the optical fiber length of
10 km used in OEO.

We note (Figures 3 and 4) that FODL geometric dimensions for the length of
10 km with the delay 50 μs is about 100х100х20 (mm3), and dimensions of the

optical disk resonator are 100х100х100 μmð Þ3. The record small dimensions of
FODL and optical disk resonators allow manufacturing of microwave and mm-
wave oscillators in the miniature implementation with relatively high characteris-
tics in noises and frequency tuning.

At the present stage, the geometric dimensions of the FORD AO are approxi-
mately equal to the resonator made of leucosapphyre. If we talk about using them in
oscillators when generating oscillations with a frequency of 10 GHz.

Note the advantage of the linear topology of the fiber optic delay line FODL in
contrast to the leuco sapphire crystal. The optical fiber in the FODL is less suscep-
tible to extreme forces, which results in higher mechanical strength. These technical
characteristics are very important, since on-board systems are subject to destructive
shock effects and accelerations of several g.

Figure 4.
Views of Fiber optic delay line (FODL) with the optical fiber length of 10 km with dimensions 100х100х20
mm3 (a) . View of FODL with optical fiber length of 0.2 km with dimensions 20х 20х100 mm3 (b).
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Note that the FODL volume consists of only 10% of optical fiber wound on a
quartz cylinder. Therefore, by reducing the critical bend radius when winding the
optical fiber and the cladding diameter, it is possible to potentially significantly
reduce the maximum dimensions of the FODL OEO.

Moreover, in contrast to the disk microcavity, which is used in synthesizers, the
nonlinear optical Kerr effect, FODL in OEO operates in a linear mode. This means
that when light passes through an optical fiber, nonlinear effects and additional
optical harmonics do not appear. The width of the spectral line of the laser after
passing through the optical fiber in the FOLD does not change.

Figure 5a and b shows profiles of commercial “perforated” optical fibers with
the nano-dimension structure of the light-guiding thread.

Note that microstructured fibers with extremely low optical bending losses
(Figure 5) are used in photonic devices to generate the second optical harmonic.
But for this purpose, higher power (more than 20 MW) is used at the input to the
single-mode fiber. As a rule, an optical amplifier is placed after the laser or
modulator.

Plots of optical losses for different types of optical fibers are shown in Figure 5a.
From this plot, we can conclude that fibers with HALF type perforation are
promising for the development of small-sized delay lines.

Figure 5a shows the dependences of optical losses for different types of optical
fibers, and Figure 5b shows the cross-sectional profile of a microstructured optical
fiber with extremely small losses at small bending radii. Analysis of the research
results and optical fibers, gives the right to declare. That the HALF type optical fiber
is promising for creating compact FODL [16]. Application of special or nano-
dimension optical fibers (Figure 5) with low losses at small bend radii (1..3 mm)
(0.001 dB/one bend) allows creation of miniature delay lines (1...50 μs) with overall
sizes from 10 to 30 mm [17, 18].

Thus, when using microstructured optical fibers in OEO, it is possible to
significantly reduce the dimensions of the fiber-optic delay line of the FODL.

Figure 5.
a) 1)the plot of bending radius dependencies for standart optical fiber (OF) single-mode fiber G. 652 type with
core diameter about 10 microns SMF-28e (corning). 2)the plot of bending radius dependencies for special
microstructured optical fiber or hole-assisted light guide fiber (HALF). b)profile of commercial micro-
structured “perforated” optical fiber with the nano-dimension structure of the light-guiding core.
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7. OEO differential equations

To make the differential equations of a closed OEO circuit, it is necessary to keep
in mind the following. The positive feedback circuit includes FOS (fiber optic
system (FOS), which contains optical filters OF (Figure 1) optical amplifier (OA),
modulators, photodetector (PD), electronic amplifier(A), electronic filter (F) and
couple (C).

Taking into account the remark made, for the transfer function of the “feedback
loop” KFB, it is possible to write for the case of OEO DM (Figure 1a):

KDL ¼ KFB ¼ i1L
E2
n
¼ J1L

E2
n
, where En ¼ EL is the normalized strength in the QWLD

output, which is equal to the value of the FOS input, i1L ¼ im is a component of the
AC input voltage MZ in the OEM MZ structure and is simultaneously a component
of the AC input QWLD in the OEO DM structure. We obtain the following symbolic
equation for the variable component of the current:

J1L ¼ cos ΔϕOFð Þ½ � Enj j2 1=TEFð ÞKOFKPDp exp �pTDL

� �

SNY J1Lð Þ
p2 þ 1=TEFð Þpþ 2π f 0e

� �2
h i : (4)

Taking into consideration the circuit of positive FB, we transfer to equation
system in the time domain for OEO DM [16]:

dE2
0L=dt ¼ G0 � E2

0L:NL � E2
0L=T0F

dNL=dt ¼ αN00 � J0L þ αN01 � J1L �
N0L

T1
� G0NLE

2
0L,

dφ=dt ¼ 2πν0P NLð Þ � 2πν0 þ σ0L þ ρ0LE
2
0L,

d2J1L
dt2

þ 1

TF

dJ1L
dt

þ 2π f eF0

� �2
J1L ¼ SNY E2

0LKFOSKPD, J1L t� TDLð Þ
� � dJ1L t� TDLð Þ

dt2
,
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:

(5)

where the transfer function KDL ¼ KFOSKPD, KFOS is the transfer function of
FOS, which contains the optical fiber of two fibers of different length, KPD is the
transfer function of the photo-detector, which were defined in Chapter 2 in
book [16].

Now we present for comparison the similar to (4.18) system from four time-
equation for OEO MZ with QWLD [16]:

dE2
0L=dt ¼ G0E

2
0LNL � E2

0L=T0F,

dNL=dt ¼ αN00 � J0L �
NL

T1L
� G0NLE

2
0L,

dφ=dt ¼ 2πν0P NLð Þ � 2πν0 þ σ0L þ ρ0LE
2
0L,

d2U

dt2
þ 1

TF

dU

dt
þ 2π f eF0

� �2
U ¼ SNY E2

0LKMZKFOSKPD �U t� TFOLDð Þ
� � dU t� TFOLDð Þ

dt2
:

8

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

:

(6)

8. Dynamics of transients in OEO DM

Let us consider the transient process of the exit to the steady-state mode of the
free generation of OEO DM at representation of the oscillator in Figure 1a. As it had
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been mentioned earlier, such a structure is described by the system of differential
Eqs. (5). Let us describe in more detail the results of the study of the system of
differential Eqs. (5) for OOO DM (Figure 1a).

On the base of mentioned OEO differential Eqs. (5), the analog model of OEO
was constructed presented in Figure 1a.

Figure 5 presents the obtained solutions of system (5) and shows plots of the
square of the intensity, population, and pump current, as well as phase portraits in
the transient mode under the influence of a constant pump current in the form of a
step pulse.

The one of difficulties at solution of (4) finding at the analog modeling is the
determination of the nonlinearity of the RF nonlinear amplifier (A) in order to
“compensate of the multiplicative QWLD nonlinearity”.

At the same time, in the analog models, the following laser parameters were
taken in solution (5) (the same as in Chapter 3 [16]): for the mesa-strip laser with
the thickness of the dielectric film d = 1.2 μm: g0 = 103, τD=7,2�10�12 s, Ithr = 12 mA,
εsh = 0. The values of parameters of QWLD are: the life time of carriers T1 ¼ τn1 ¼
0.5�10�9 s, the threshold level population difference is 1018 1/cm3, the life time of
photons or the time constant of the optical resonator T0F ¼ τph ¼ 1,2�10�12 s, the

volume of the QWLD active zone is 10�11 cm�3.
The modes with and without delay in the OEO feedback ring were investigated.

(Figure 6).
The pulsations of the square of the intensity and population of the laser in the

simulation of the transition process OOO DM are established.These dependences
are shown in Figure 6. The nonlinear distortions are related to the multiplicative
nonlinearity of the laser. And their level depends on the value of the DC pump
current of the laser.

The period of laser pulsations in transients, which is approximately 0.4 ns,
depends on the level of the pump current and is determined by the carrier lifetime.

Figure 6.
The transient process in OEO and in the laser. The constant pumping level J0 = 30 mA. Activation of pumping
occurs in the time moment t = 0. Time-functions of normalized values: а) the population difference N (10181/
cm3), b) the normalized square of strength (E)2 = (E0L)

2, (1.0 point = 1 mW), c) AC component of pumping
current, d) the normalized square of strength (E)2 = (E0L)

2, (1 point = 1 mW) at initial part [0,50]. The
transient process is presented with the exit to the limit cycle on the time diagram E0L, N0. The scale on the time
axis t: 5 points = 0,1 ns. The setting time for the laser oscillations is 40 points (or 0,8 ns). The setting time of
OEO RF oscillations is on the time axis t 50… 250 points (or 40 ns).
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The setting time of the laser oscillations is 0.8 ns (or from 0 to 40 points in
Figure 6a and b). The time of setting the RF oscillations of the OEO on the time axis
t is 40 ns (or from 50 to 100 points in Figure 6). The oscillation frequency in the
steady-state mode is close to the natural frequency of the electronic filter (F) and
was approximately 10 GHz.

9. OEO DM system of the laser emission

As follows from the theory of oscillations, in a transient process, a special or
critical point can be a stable node, with real and negative roots p1 and p2 of the
characteristic equation of the system of differential Eqs. (5). When the feedback
coefficient in the OEO ring increases, the special point A becomes unstable. In this
case, the characteristic roots p1 and p2 must be positive.

As shown in Figure 7, there is a stable limit cycle around the unstable point A. The
generation is impossible if the isoclinic lines F1 NLð Þ and F2 ELð Þ are not intercepted.

The process of establishing the laser radiation oscillation ends, and then, due to the
positive feedback in the OEO DM ring, there are increasing oscillations of the laser
charge current, which also modulate the inverse population of the laser. This leads to
subsequent oscillations of the square of the electromagnetic field strength of the laser.

If there is a single singular point A in the upper half-plane (Figure 7) the
condition of self-excitation of the laser is fulfilled. Therefore, the excitation of the
OEO DM occurs in a gentle way. This is also true for the case of an arbitrary odd
numbers of nontrivial singular points. OEO DM generation may not be possible if
the isoclinic lines and are not intersect (Figure 7). If the number of singular points
is even (if there are two singular points points), the condition of self-excitation of
the OEO may not be met.

Laser generation can only be excited in a “hard” way, which is initiated by a
pulse from an external source.

If we consider the case of an unstable point A, the oscillatory system develops a
process of oscillation growth. The nonlinearity of the electronic amplifier limits the
growth of oscillations and the conditions for the existence of a limit or closed stable
cycle are met (Figure 7b).

Figure 7.
Transition mode scenario in OEO DM. A phase portrait of the normalized square force is presented. a) the
phase portrait of the normalized square strength (E)2 = (E0L)

2 and the population difference N and . Y-axis –
The normalized square strength (or the intensity), Х-axis – The population. The scale on the Y axis is 1.0 = 1
(V/m)2. The scale on the Х axis is 1.0 = 1 mW. N (1.0 point on the scale is 1018 1/cm3). b) the enlarged image
of the phase portrait is shown and the transient development with the exit to the limit cycle on the time diagram
E0L, N0. The scale on the time axis t is 5 points = 0,1 ns.
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If we consider the question the stability of a given oscillation cycle, then its
existence is determined by the sign of the partial derivatives of the right-hand sides
with respect to one variable when analyzing the characteristic equation obtained in
[16], Chapter 4.

The limit cycle is stable only if the corresponding expressions for the coefficients
are greater than zero [16].

When considering the hard-excited OEO DM mode, it is necessary to note more
complex dynamics, and the picture of the phase plane in the transition mode
becomes diverse. The number of singular points (intersection points of isoclinic
lines) becomes even. Therefore, long-term generation of OEO DM oscillations in
hard mode is possible only when an external generator is operating.

The transients of the oscillation tuning in the OEO DM with no lag in the
positive feedback loop are shown in Figure 8.

Modeling has shown that strong nonlinear distortions caused by the multiplica-
tive nonlinearity of the laser occur at a large oscillation amplitude [16] and their
level is determined by the choice of the operating point or the direct pump current
of the laser.

For example, a level of 1 ... 10% of the maximum possible values is performed
when a constant bias current is selected at a level of 1.5 to 5.0 exceeding the
threshold laser pump current. It is established that the nature of the transient
process is determined by the type of non-linearity of the electronic amplifier, the

Figure 8.
Plots of function of the dependences of the square of the electromagnetic field strength of the laser in the optical
channel, the population of carriers and the pump current. In abscissa axis – The normalized time, in ordinate
axis – а) N – The inversed population; b) (E)2 = (E0L)

2 - intensity of laser; c), �Оscillations of OEO the
electrical current of laser pumping.
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selection of the natural frequency of the electronic filter, and the delay value in the
FODL. At the same time, the duration of the OEO DM oscillation transition process
changes significantly.

Positive feedback is included in the DE system, taking into account the
photodetection of optical radiation, selectivity in the radio frequency, and nonlinear
gain on a nonlinear amplifier.

What is new in the analysis of the OEO DM operation is that the Lotka-Volterra
laser differential equations for the optical field intensity, inverted population, and
optical phase with positive selective feedback with a delayed argument can be
reduced to a single van der Pol differential equation for the pump electric current.

From our studies of differential Eqs. (5), it follows that in OOO DM, single-
frequency and two-frequency modes of relaxation oscillations are possible.

For a stable single-frequency mode of OOO DM generation, the following con-
ditions must be met: a twofold excess of the electron filter time constant (F) over
the electron relaxation time constant in the active layer of the laser.

10. Laser phase noise and OEO phase noise

Expressions for SSB PSD of the laser phase noise do not reflect the important
property of the laser oscillating system: a presence of the relaxation resonance on
the frequency ν00L at the offset from a carrier ν0L, i.e., at F00L ¼ 2π ν00L � v0Lð Þ. We
can take this “resonance peak” into account at linearization of system [16] with
account of the population equation. At that, the expression for SSB PSD of the laser
phase noise take a form:

SPL=P0L ≈
SSL Im

FT0Fð Þ2
þ SLED11

2 þ SLND22
2

T4
1 F2 � F2

00L

� �2 þ Fα00lð Þ2
� �2 (7)

where F00L ¼ 1=T1ð Þ T0F=T1ð Þα0 � 1ð Þ1=2, α0 is an excess of DC laser pumping
over its threshold value, α00l is a damping decrement, T1 is the lifetime of the
excited particles at the upper energy level, D11 and D22 are the constant coefficients,
and SLE,SLN are relatively, spectral densities of impacts in [15, 16] the Langevinian
noise of the laser ξE, ξN, relatively. Here ξE is the noise of the EMF intensity EL, ξN is
the noise of a population difference N. Figure 9 shows the curve 1 of SSB PSD of the

Figure 9.
Laser phase noise SSB PSD (curve 1), and OEO phase noise SSB PSD (curve 2).
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laser phase noise calculated by formula (7) for SSL Im ≈ SLED11
2SLND22

2 ≈ � 105dB/

Hz, F00L ≈ 14kHz, the time constant of the laser resonator TOF ¼ 10�7s.

11. OEO as the EMF correlator

We studied OEO as a correlator of two random variables ξ1, ξ2 with probability
density at the input of the correlator p1 ξ1, ξ2ð Þ. The random variables in the extrac-
tion of two optical harmonics [16] are phase noise ξ1 ¼ φ10Lm tð Þ and ξ2 ¼ φ20Lm tð Þ
corresponding harmonics with the amplitudes A1E0L and A2E0L. The resulting
phase noise of the current in the load of the PD photodetector is the result of
statistical averaging.The distribution probability p2 ηð Þ determines the appropriate
correlation function of the output process. Where f ηð Þ is the nonlinear characteris-
tic of the photo-detector, ητ ¼ η t� τð Þ of the η tð Þ process in the correlator output. At
that, p1 ξ1, ξ2ð Þ defines the probability density p2 ηð Þ of the statistical process in the
correlator output (Figure 2) of the OEO MZ (Figure 1b) at the closed loop of OEO
MZ for τ>TFOS.

The spectral density of radio frequency OEO oscillations SRFL Fð Þ is determined
by the formula:

SRFL Fð Þ ¼
E4
0L

2

U2
10MZSL
2

K2
ΓPN � 1� A2

A1
exp � 2 ΔTM þ TFOSð Þ

Tc

� 	
 �

,
(8)

where SPL- SSB PSD of the laser phase noise (7), K2
2ΓPN is the coefficient of the

noise suppression, which depends upon TFOS, the laser optical power E2
0L, the

transfer function of FODL KFODLj j, U2
10MZ is the square of the AC amplitude in the

MZ electrical input. When considering OEO as a correlator of two random variables
ξ1, ξ2 with a probability distribution density at its input p1 ξ1, ξ2ð Þ, we can conclude
from (8) that the SSB PSD of the laser phase noise is significantly determined by the
ratio of the delay time in FOS and the laser coherence time, and it significantly
depends on the ratio harmonics amplitudes A2=A1.

12. OEO phase noise

From Eqs. (7) with account for nonlinear characteristic of the amplifier A
(Figure 1a) as a cubic polynomial iA uð Þ ¼ αe0u� βe0u

3 (where u is the instanta-
neous voltage at the amplifier input, and the average slope of this characteristics is
σU ¼ σe00 � 3=4ð Þβe00P0G) and we can obtain through laser and delay line parame-
ters the power of the Opto-Electronic oscillator radiofrequency generation P0G:

P0G ¼ αe00

βe00
1� 1

P0L KFOLDj jαe00βe00

� 	

: (9)

We introduce the designation: Y00=P0L ¼ yM 1þ FTEF½ �= KFODLj j,
where yM is the input normalized conductivity of the MZmodulator. Similarly to

(7) for laser PSD, we obtain from the general symbolic Equations [16] the equation
for SSB PSD SΨ of the OEO phase noise.

SSB PSD SΨ reduced to the radiofrequency oscillation power P0G is determined
by expression derived in [14–16] according to the Evtianov-Kuleshov approach.
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The K2
ΓPN2 coefficient depends on the delay time in the optical fiber and on the

laser optical power and it is equal

K2
ΓPN ¼

Y00=P0Lð Þ
ffiffiffi

2
p

sin π=4� FTFOSð Þ
� �

� σU
 �2

Y00=P0Lð Þ½ �2 � Y00=P0Lð Þ � 1þ σUð Þ cos FTFOS½ � þ σU

n o2 :
(10)

where yM is the input normalized conductivity of the MZ modulator. Then the
function of OEO phase noise PSD can be represented [14–16] as

S Fð Þ ¼ SΨ
P0G

¼ K2
ΓPNCAhvNsp

P0G
, (11)

where CA - the constant coefficient, Nsp is a number of spontaneous photons
received by PD.

Plots of (10) are shown in Figure 9. which are limited functions of OEO of the
phase noise PSD with account of small noises of PD and the A amplifier, at laser
phase noise for the offset frequency 1 kHz equaled to about �120 dB/Hz, at laser

power 30 mW, the delay of TBC ¼ 5 � 10�6s (the OF length is 1000 m), σU ¼ 1. We
see that the first peak is defined by the laser phase noise PSD, and average suppres-
sion of the phase noise for 50 kHz offset is more, that �10 dB/Hz.

It should be noted that at the optical fiber length of 2 km the uniform suppres-
sion of the laser phase noise is achieved in the offset range 1… 50 kHz.

Calculation of the phase noise suppression factor K2 Fð Þ suppression factor
according to (9) is presented in Figure 10 σU ¼ 1σU ¼ 1 : TFOS=TF ¼
1, P0L∣KFODL∣ ¼ 2 (curve 1); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 2 (curve 2); TFOS=TF ¼
10, P0L∣KFODL∣ ¼ 4 (3 curve). It can be seen that increase of delay time from
TFOS=TF ¼ 1 (curve 1) to TFOS=TF ¼ 10 (curve 2) results in reduction of K2 factor
more than 10 times in the rated offset frequency F � TF range 0.05…0.5.

It is shown that at OF length, the further reduction of the OEO phase noise is
possible using the PLL (phase-locked loop) system. Calculation results are well-
agreed with experimental dependences of OEO phase noise PSD, which can be
found in [14–16]. Here, we should remind that first publications on research of
frequency stability in OEO with the help of FOLD were fulfilled in 1987–1989 at

Figure 10.
The phase noise suppression factor K2 ¼ K2

ΓPN (9) versus the rated offset frequencyF � TF : TFOS=TF ¼
1, P0L∣KFODL∣ ¼ 2, (curve 1); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 2 (curve 2); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 4

(3 curve).
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Radio Transmitter Dept. of Moscow Power Engineering Institute (now NRU MPEI)
while the OEO circuit was offered in [12, 13].

13. Experimental investigations

Experimental researches were devoted for several experimental OEO of micro-
wave range with various pumping laser diodes, which emit at wavelengths of
1310 nm or 1550 nm. The maximal output power of optical emission for used laser
diodes formed about 10… 20 mW. Figure 11 shows the photo picture of one piece
assembled on the base of the circuit in Figure 1b. As the photo-detector, we applied
the PD on the base of InGaAs. The radiofrequency filter represented the dielectric
resonator of microwave range with the loaded Q-factor of 1000. This resonator was
made on ceramics and had a natural frequency 8.2 GHz. This breadboard model
used the wideband (up to 12 GHz) modulation of laser emission, which was
performed by the Mach-Zehnder modulator from Hitachi Co. The single-mode light
guiders with lengths from 60 m to 4640 m were used for experiments. The stable
generation of single-frequency oscillation at frequency close to 8.2 GHz was
observed in OEO system for various OF lengths.

The delay of OEO signal was performed with the help of additional fiber-optical
light guider with the 10 km-length and the additional photo-diode. The phase noise
level at usage of different lasers formed the value �100… –127 dB/Hz, for offsets
1… 10 kHz from the microwave sub-carrier frequency under generation and it
depends on the spectral line width of laser emission.

Essential reduction of the phase noise by 15 dB was observed in OEO using the
differential delay line on the base of two optical fibers of different length. These
experimental functions are well-agreed with theoretical at account of the stabiliza-
tion effect at OF lengths more than 2000 m.

14. Conclusion

At that, formation of the final phase RF noises of OEO is examined as the result
of the convolution operation of the laser optical spectrum and the RF spectrum of
the oscillation. Thus, when using microstructured optical fibers in OEO, it is possi-
ble to significantly reduce the dimensions of the fiber-optic delay line -FODL.

Figure 11.
General view of the experimental breadboard of low-noise laser opto-electronic oscillator of microwave range.
The mean oscillation frequency is 8… 10 GHz.
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For a stable mode of OEO generation in the single-frequency mode, it is neces-
sary to double the time constant of the electron filter (F) over the time constant of
the relaxation of electrons in the active layer of the laser.

We have shown that the resonant curve of the electron-photon resonance of the
laser has a significant influence on the formation of the power spectral density PSD
of the phase noise in OEO. For stable operation of the OEO, the laser coherence time
and the delay time in the optical fiber must be balanced. The use of microstructured
fibers with low bending losses makes it possible to create compact fiber-optic delay
lines for OEO.

Under assumption of the small and large oscillation amplitude at the modulator
electrical input, we study OEO as a system in which two oscillation processes are
developed on the optical frequency and in radiofrequency. The relatively simple
expressions for phase noise PSD of the radiofrequency generation in optoelectronic
generator in the mode with the single-side carrier with an account of the laser phase
noise. The analysis fulfilled shows that under condition of predominance of laser
noises being detected over v noises of the electronic amplifier and the OEO
photo-detector of the filtering system.

For reduction of spurious influence of DC intensity component on the photo-
detector we offer to use the modulator operation mode with an offset of the optical
channels “pi”.

The suppression factor of the OEO laser phase noise at optical fiber lengths from
2 to 10 km is about �8… -10 dB/Hz at offset of F ¼ 1kHz. Utilization in OEO of the
highly-coherent laser with the phase noise less than S Fð Þ ¼ �100 dB/Hz (at the
same offset) is the condition of OEO small phase noises less than S Fð Þ ¼ �130 dB/
Hz at the F ¼ 1 kHz offset. The value of the OEO power spectral density is propor-
tional to the spectral line width of the laser optical emission.
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