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Abstract

Single-mode optical fibers are widely used for data transmission, and form the backbone
of our communications infrastructure. However, these fibers have a finite capacity, which
we are approaching.

The most promising solution to increase the capacity of optical fibers is the use of space-
division multiplexing (SDM), where several spatial paths in a single optical fiber are used
to enable simultaneous data transmission of several independent data streams for each
carrier wavelength.

This thesis examines SDM using orbital angular momentum (OAM) modes, and linearly
polarized (LP) modes. A special air-core optical fiber supporting stable propagation of
OAM modes is characterized, and used in a communications experiment. This resulted
in simultaneous transmission of 12 OAM modes in the air-core fiber, without the need of
multiple-input multiple-output signal processing.

Raman amplification of OAM modes in the air-core fiber is explored, using different pump-
ing schemes, and is found to be a solution in order to amplify OAM modes in the trans-
mission fiber.

Finally, the complexity of SDM systems is addressed, through a novel SDM receiver struc-
ture, which significantly reduces the number of components needed to receive an SDM
signal. The receiver is demonstrated using a system based on LP mode multiplexing in a
fiber supporting 3 modes.
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Resume

Optiske fibre der kun understgtter en enkelt transversal bglgetype er rygraden i vores
kommunikationsinfrastruktur. Disse fibre har dog en endelig kapacitet, som vi nzermer os.

Derfor er der brug for nye optiske fibre, og den mest lovende lgsning pa kapacitetsprob-
lemet er rumlig multioverfgring, hvor flere veje i samme fiber bliver brugt til at overfgre
uafhzengige data pa samme tid, og pa samme bglgelzengde.

Denne afhandling beskaeftiger sig med rumlig multioverforing med optiske bglgetyper der
har orbitalt anguleert moment, samt linesert polariserede bglgetyper. En speciel optisk
fiber, med en luftkerne, der understotter stabil transmission af bglgetyper med orbitalt an-
gulzert moment, bliver karakteriseret, og anvendt i et kommunikationseksperiment. Dette
resulterer i samtidig datatransmission pa 12 bglgetyper med orbitalt anguleert moment,
uden at der er behov for signalbehandling med flere indgange og flere udgange.

Raman forsteerkning af bglgetyperne i denne luftkernefiber bliver undersggt, med flere
forskellige pumpekonfigurationer, og det konkluderes at Ramanforstraekning giver mu-
lighed for at forsteerke bglgetyper med orbitalt angulsert moment i luftkernefiberen.

Kompleksiteten af kommunikationssystemer der benytter sig af rumlig multioverforing
er typisk hgj. I denne afhandling preesenteres en ny type modtager til denne type af
systemer. Modtageren reducerer antallet af komponenter der kraeves for at kunne modtage
et rumligt multioverfgrt signal. Den bliver demonstreret i et kommunikationseksperiment
hvor der benyttes et system basseret pa multioverfering i en optisk fiber der understgtter
3 balgetyper.
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Chapter 1

Introduction

The low loss silica optical fiber was first proposed in 1966 |1] and was realized in practice in
1970 [2]. Since then, optical networks have been continuously developed, and the capacities
have been increased. Today, optical networks are the backbone of our communications
infrastructure, and the high bandwidth of optical fibers have enabled many business models
that would otherwise not have been possible, such as services based on video streaming.

During the years, optical communications systems have been improved. Starting from
single wavelength systems in the 1980s, the erbium doped fiber amplifier (EDFA )| was de-
veloped [3], followed by [wavelength-division multiplexing (WDM)| which was implemented
in the 1990s. In the 2000s, higher order modulation, combined with digital coherent tech-
nologies has been the enabling technology behind the capacity improvements. While these
technologies have increased the amount of data that can be transmitted in the
and while this fiber has been continuously developed over the years, in order
to reduce loss and tailor dispersion, it has been fundamentally the same fiber.

The Shannon limit [4], relates the achievable information rate to the [signal to noise ratiol
Thus, in order to transmit more data, the must be increased. In practice, it
is very hard to reduce the noise, which in turn requires an increase in signal power. The
optical fiber, however, is a nonlinear medium, and thus a high power signal undergoes a
nonlinear phase shift. This gives rise to the nonlinear Shannon limit [5], which can be
seen as a compromise between the [SNR] and the nonlinear distortions. This means that
there is a capacity limit for the and the closer we get to this limit, the harder it is to
improve the data-rates [64[7]. One of the methods for increasing capacities has been to use
more of the optical spectrum, expanding outside the C-band, and thereby avoid increasing
the power per wavelength. However, any optical fiber has a power limit, where the core of
the fiber will fuse, and be permanently destroyed [8]. Thus, the maximum capacity of the
will eventually be reached, in the so-called capacity crunch [9,/10], and new optical
fibers will be required.

The most promising solution to further increase the transmission capacities in optical
fibers is [space-division multiplexing (SDM)| |[11H13]. In systems, multiple spatial
propagation paths are used to transmit independent data streams at the same carrier
wavelength, in the same fiber. Suitable fibers for are either multi-core fibers |14}/15],

1



2 Chapter 1: Introduction

where several fiber cores are arranged inside a common cladding or few-mode fibers (FMF's)|
and [multi-mode fibers (MMFS5)| [16], where a single fiber core is designed to support several
orthogonal modes that can carry independent signals. This type of [SDM] is also known
as [mode-division multiplexing (MDM)| Hybrid few-mode multi-core fibers have also been
demonstrated and showed strong potential, currently holding the record for maximum
data-rate in a single fiber . Furthermore may also reduce the energy consumption
per bit, through [SDM] resource sharing.

Within several types of modes can be used as a basis to carry data. Modes are
usually split into two classes, vector modes, and [linearly polarized (LP)/modes. modes
exist in step-index or graded-index fibers, where the index contrast is weak, and are two-
fold degenerate in polarization. It should be mentioned that in this case, vector modes
are still the true eigenmodes, however, they appear in bands of near-degenerate modes,
which to good approximation can be treated as [LP] modes.

These modes usually experience significant coupling during fiber propagation, and thus
communications systems using higher order [LP| modes usually rely on
[multiple-output (MIMO)| equalization [18].

Alternatively, vector modes can be used to carry data. These modes generally require
special optical fibers with e.g. elliptical cores, to break the symmetry , or strong
refractive index contrasts. However, if these fibers are properly engineered, propagation
with very little coupling can be achieved. This is especially true in the case of
langular momentum (OAM)|modes [20121], that have been shown to be propagation stable
over long distances .

In this thesis,[MDM]is explored, with a focus on[OAM|modes. The modes of an optical fiber
are derived, starting from the Maxwell equations, and an air-core optical fiber designed for
[OAM)] modes is characterized numerically and experimentally. A transmission experiment
with 12 modes propagating simultaneously in the air-core [OAM] fiber is performed,
and Raman amplification of these modes is investigated. Finally, communications using
[LP| modes is explored through transmission experiments, with a focus on reducing the

complexity of systems.

1.1 Overview of thesis

Chapter 2: Contains the derivation of full vectorial modes in optical fibers, starting
from Maxwell’s equations. The scalar approximation, leading to [LP] modes is introduced.
Finally, [OAM] modes are introduced, and the transformation from HE and EH modes to

modes is presented.

Chapter 3: Presents the air-core[DAM] fiber. The modes of this fiber are solved, and the
properties are discussed. Methods of exciting pure[OAM] modes in this fiber are presented,
and the fiber samples are characterized.

Chapter 4: Presents and characterizes a communications system using 12 modes
in the air-core fiber as [SDM] channels, is presented and characterized.
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Chapter 5: Investigates Raman amplification of[OAM]|modes in the air-core fiber. Several
experiments are performed, characterizing the Raman interaction between one or several
signals in pure [OAM] modes, and pumps in either pure [OAM] modes, or superpositions of
modes.

Chapter 6: Demonstrates a novel few-mode |[Kramers-Kronig (KK)|receiver, for communi-
cations systems using [FMF| for LP| modes. This design reduces the number of components
required to build a coherent few-mode receiver, by utilizing [SDM] resource sharing.

Chapter 7: Concludes the thesis.




Chapter 1: Introduction




Chapter 2

Modes in optical fibers

This chapter examines the topic of transverse modes in optical fibers, starting from the
Maxwell equations, the eigenvalue equations for light propagation in optical fibers are
derived. The eigenmode problem is solved analytically in the scalar case. In the full
vectorial case, the equations are discretized, allowing numerical solutions for any refractive
index profile with cylindrical symmetry. Finally, the concept ofjorbital angular momentum|

(OAM)| modes is explained.

2.1 Wave guide theory

2.1.1 Basic formulation

The propagation of light in optical fibers is governed by the Maxwell equations in matter
23],

V-D = py, (2.1)
V-B=0, (2.2)
V x E=-0B, (2.3)
VxH=J¢+ 0D, (2.4)

where E and H are the electric and magnetic vector fields, respectively. D is the electric
displacement field and B is the magnetic induction. p; is the free charge density, and J¢
is the free current density. Bold symbols denote vector quantities, while ¢ is time, and 0;
denotes partial differentiation with respect to time. Assuming a linear, isotropic material,
the relationships between the E and D fields, and the B and H fields, respectively, are
given by the constitutive relations

D = ¢peE, (2.5)
1
H=—B, (2.6)
fop
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where ¢ is the permittivity, and p is the permeability, and g9 = 8.854 x 1072 F/m is the
vacuum permittivity and po = 47 x 1077 H/m is the vacuum permeability. Restricting
the analysis to dielectric media, the permeability is unity, and there are no free charges
and free currents

pr=Jr=0. (2.8)

Thus, the Maxwell equations can now be written in terms of E and H, when assuming
that £ has no time dependence

V. (eE) =0, (2.9)
V-H=0, (2.10)
V x E = —pod,H, (2.11)
V x H = g E. (2.12)

These equations can be solved in order to determine the electric field distribution in optical
fibers [24]. In order to do this, the equations are translated to the frequency domain, by
assuming a harmonic time dependence

E(r,t) = E(r) exp(—iwt), (2.13)
H(r,t) = H(r)exp(—iwt), (2.14)

the time derivatives in the Maxwell equations can be done explicitly. This leads to

V x E =iwpoH, (2.15)
V x H = —iwepeE. (2.16)

Since the electric field can be calculated from the magnetic field, and vice versa, it is
advantageous to restrict calculations to one of them. To make this choice, the boundary
conditions for the F and the H field are examined

e1Ef = 2 Ef, El = Bl (2.17)

jHi = poHy H| = Hj, (2.18)

where | denotes the field component that is perpendicular to the boundary, and || denotes
the field component that is parallel to the boundary [23]|. From these equations, it is seen
that the H field is continuous across a step in e, while the E field is discontinuous.
Therefore the H field is chosen. An eigenvalue equation for H is obtained by taking the

curl of both sides of Eq. (2.16))
VXV x H=—iwegV x (¢E). (2.19)

Exploiting the relation,
V x(eE)=¢e(VxE)+VexE, (2.20)
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and Eq. (2.15)) is used to eliminate the V x E term
V xV x H=k}H — iweo(Ve x E), (2.21)

where it is used that eoug = 1/c?, where c is the speed of light in vacuum, and ko = w/c.
Now Eq. (2.16]) is used to eliminate E

VXVXH:kﬁsH—F%xVXH. (2.22)

The vector identity
VxVxH=V(V-H)-V*H, (2.23)

can be used with Eq. (2.10) to get
9 9 Ve
—V2H = k2eH + ~—~ x V x H. (2.24)
£

In addition, a straight waveguide is assumed, which leads to a known z dependence of the
fields

H = H | exp(ifz — iwt), (2.25)

where [ is the propagation constant in the z direction. As with the time derivatives, this
allows the z derivative on the left side of Eq. (2.24)) to be done explicitly

ViH + kjeH + % xV x H=j3H. (2.26)

To continue, it is convenient to expand H in components, and thus, a choice of coordinate
system is needed. In this case, a straight waveguide with azimuthal symmetry is studied,
and this assumption is mathematically stated as Oge = 0.e = 0. In order to study this
case, cylindrical coordinates are chosen, such that

H,
H = |Hy| . (2.27)
H,

It is noted that this assumption excludes fibers such as photonic crystal fibers and polar-
ization maintaining fibers, but simplifies the problem. This leads to the expansion

L0, (ro,Hy) + 5 03H, — I — Z0,Hy H,
10, (royHy) + 503 Hy — 2 + 20,H, | +koe | Hy
10, (ro,H.) + 503 H. H, |
) 0 T H,
+- ~0,eX (0,(rHy) — 0sH,) | = B* |Hy| . (2.28)
e (0.H, — 0, H,) | H.

The 6 fields (F and H in 3 dimensions), are uniquely determined through two of these [25].
H, and Hy are chosen, because they decouple from H, allowing calculation of H, and
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Hy without calculating H,. Finally, the fields radial and angular dependence must be
separated. This is done as
¥ = R(r)®(6), (2.29)

where W represents any field component, R(r) is the radial dependence and ®(¢) is the
angular dependence. The angular dependence, and the differential of the angular depen-
dence, must be 27 periodic, and can therefore be taken as either

O () = cos(ma), or ®(¢p) = sin(ma), (2.30)

where m is an integer. It is seen that to ensure separation of the variables, the choice of
either sin or cos must be opposite for H, and Hy, respectively. This choice simply leads
to a rotation of the mode, and thus a degeneracy, since an azimuthal symmetric fiber is
assumed. Thus 83,@ = —m?® and 9,® = —m® in the cosine case or 9y® = m® in the
sine case. Using this, one arrives at the final full-vectorial eigenvalue equations for the H
field

1 m? 41 2m
O*H, + ~OpHy = —5—H, &~ Hy + kieH, = 3*H,, (2.31)
and
1 2+1 2 0
P Hyt— 0, Hy— "= H oyt “ H, k2 Hyt 25 [£mH, — Hy — 10, Hy) = f2H,, (2.32)
r r T er

where the top sign (+) corresponds to H, having a sine dependence, and Hy having a cosine
dependence, while the bottom (—) sign corresponds to H, having a cosine dependence,
and Hy having a sine dependence. When these field components are calculated, one can
calculate the four remaining field components using the following equations [25]

1 (1 m
H, = E (Tar(THr) + ’I“H¢> ) (2'33)
7 +m .
E, = (HZ — Z,BHd,) , (2.34)
WEene T
) .
Ey = o (iBH, — 0, H), (2.35)
1 Ore 1
E, = B (Er - + ;[@(rET) + mE¢]> . (2.36)

In addition to the field equations, boundary conditions are needed in order to obtain a
solution. By definition, the field strength of a guided mode, must be zero far away from
the fiber core. At r = 0, the boundary conditions for a fiber with cylindrical symmetry
are [26]

0,H,(0) = 0,Hy(0) = 0, for m=1, (2.37)
H,(0) = Hy(0) =0, for m # 1. (2.38)

The solutions to this set of equations are known as fiber modes, and are typically divided
into [transverse electric (TE)| modes, where E, = 0, |[transverse magnetic (TM)| modes,
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where H, = 0, and hybrid (HE and EH) modes, where none of the field components
are zero. [TE] and [TM] modes only exist for m = 0. This finalizes the derivation of the
equations for a straight, dielectric waveguide, with cylindrical symmetry.

2.1.2 Scalar approximation

If the fiber is assumed to have a weak index contrast, such that 0, =~ 0 it is possible to
simplify the equations, by applying the so-called scalar approximation.

Starting from Eq. (2.26]), it is seen that by applying the scalar approximation, the entire
% X V x H term vanishes. Thus the equation reduces to

VAU 4 k2eV = 20, (2.39)
where H has been replaced by W, since the exact same equation can be derived for the FE

field. It is noted that this also results in the E field now being continuous. As previously
done, this can be written in cylindrical coordinates

1 1
RV + =0,V + 03V + kje¥ = 0. (2.40)
r T

And as in the full-vectorial case, the solution is separated as shown in Eq. (2.29)), leading
to

1 2
O2R+ -8R — "R+ k3R = B°R. (2.41)
r r
This equation can be solved analytically for a fiber with a single step-index, but it can
also be solved, like the full vectorial version, using the finite difference method, for a fiber

with any index profile. In the step-index case, the solution is split into two, one in the
core, and one in the cladding. To do this, the new variables £ and o are introduced as

k= \/kie. — 32, o =1/B?—k3ca, (2.42)

where €. and ¢, are the core and cladding dielectric constants, respectively. This leads to

r20?R +r0, R+ (r*k? —m*)R + k3R = f°R, 0<r <a, (2.43)
r20?R + 10, R — (r*0® + m*)R + k3R = °R, r > a, (2.44)
where a is the core radius. These equations are recognized as forms of Bessel’s equation,
which has Bessel functions as solutions. By requiring that the mode has finite energy, the

core solution must be finite for » = 0 and the cladding solution must go to zero for r — oc.
Therefore the solution becomes

U = AJ,(kr)®(¢), 0<r<a, U = BK,,(or)®(¢), r>a, (2.45)

where J,, is the Bessel function of the first kind, and K, is the modified Bessel function
of the second kind. The final problem is to find corresponding values of k¥ and o, and thus
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a) LP01 LPlla (C) LP11b
d) LPoy (e) LP21a f) LPa1p,

Figure 2.1: Simulated field distributions of the first 6[LP|modes in a step-index fiber. Each
of these modes are two-fold degenerate in polarization.

finding 8. This can be done by requiring the fields to be continuous and differentiable
across the boundary between the core and the cladding, which leads to

Km-1(ka)  0Kp-1(ca)
Tn(ka)  Km(oa) (2.46)

Thus, one can calculate § from the fiber parameters, by using Eq. and Eq. .
The field distributions can then be found by using Eq. . This leads to the so-called
[inearly polarized (LP)| modes, where the [LP},,; mode corresponds to the solution to the
problem with the used m value and [ zero crossings. The field distributions of the first 6
LP modes in a step-index fiber are shown in Fig.

2.1.3 Solving modes for a measured refractive index profile

In practice, the designed refractive index profile may deviate slightly from the actual
produced refractive index profile. This happens when e.g. when dopants diffuse, creating
rounded index steps. Therefore, the refractive index profile of a fiber or a preform is
measured, and the guided modes must be solved on the basis of the measurement results,
rather than the idealized design profile. This is typically done using the finite difference
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frequency domain method. In order to use this method, the eigenvalue equations, Eq.
(2.31) and Eq. (2.32) need to be discretized. Thus, the following finite differences are

applied [27]
r+ Ar) —U(r — Ar)
2Ar ’

ow = U (2.47)

U(r+ Ar) + ¥(r — Ar) — 2U(r)
(Ar)2 ’

PV = (2.48)

where W can be any field component. Transferring these to a grid with ¢ points and step
size Ar = h, yields
_ Yy — Y-y

om\ o7 , (2.49)
Wiy +P,_1) — 29
92y = — 0+ f(ﬂ DN O} (2.50)
The discretization for Eq. (2.31]) then becomes
1 1 1 1
il H. .. - = \H..
|:h2 + 2h7“(i)] r(i+1) + [h2 QhT(i):| r(i-1)
2
9 m* 41 2 2m 5
+ /{05(1‘) — 77”(2) — h2] Hr,(i) + %qu,(z) = B HT,(i)' (251)

When discretizing Eq. (2.32)) the term with the e derivative, also needs to be discretized.
The other terms are the same as before, except now H, and Hyg has swapped places. Thus,
the discretization for Eq. (2.32)) becomes

1 1 €(i+1) — E(i—1) 1 1 E(i+1) — E(i—1)
il _ 4 — H. .
h? + Qh’l“(i) 4h26(i) H¢’(Z+1) + h? 2h1"(2-) 4h28(i) ¢(1-1)
2
9 m*+1 2 E(i+1) — E(i-1)
- -2 H. ..
+ ]‘505(1) T(Qi) h2 2h5(z’)7"(i) #,(3)

m [ 2 | €ut1) — 8(@'1)] 5
+— [ + | Ho) = F Hy )
@ LT 2he ;) v

(2.52)

It is seen that in a given point, the equations depend on the previous, and the following
point. This obviously gives complications when treating the last point iepq and the first
point ¢1. Provided that the mode is guided, and that the numerical domain is big enough
Viat+1) = 0 in addition, discretization of Egs. and yields that if m = 1 then
Py =Wy and if m # 1 then Wy = 0. For ¢, it is assumed that g = €1 and €endr1 = €end-

Using the boundary conditions and Eqs. (2.51)) and (2.52)) it is possible to set up a
discretization matrix for the problem. This has the form
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ai(1) 1) f 0 0 0 H,
Q) Qn@2) X9 0 0 0 ag) 0O 0 0 H, (s
0 - 0 0 0o . 0 :
0 0 a;(i) Q- () Oz::(i) 0 0 0 agu O H,
Boy Bpy O 0 0 By 00 0 0| [Hyq
B(;(g) ﬁ¢7(2) /3;;(2) 0 0 /Br,(Q) 0 0 0 H¢7(2)
0 . i i 0 e 0 0 K 0 0 " :
i 0 0 ﬁ¢>,(i) ﬁ(ﬁ,(i) 5@(1.) s 0 0 0 ﬁr,(i) 0_ L ¢,(4) J
(2.53)
where
2
+1 2
) = ke — =~ = 2.54
A (3) 0E(4) T(QZ) B2’ ( )
1 1
L
Oy = 12 + 2h7“(i)7 (2.55)
_ 1 1
2m
(4)

Boy =koew) ——3— — 73~ o (2.58)

B‘;(") 2T 2hr ;) a 4h25(Z; ’ (2.59)
Briiy = i;z) ri) + W . (2.61)

However, if modes with m = 1 are chosen, then « and 3 are adjusted such that
o1y = By 1) = k() — migl - % - zhi(i) if  m=1 (2.62)

The generated discretization matrix is solved in e.g. Matlab, and is the basis for several
of the fiber characteristics presented in Ch.

2.2 OAM modes

It was experimentally demonstrated in 1936 [28], based on theoretical predictions from
1909 29| that light can carry angular momentum. This type of angular momentum is
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known as|spin angular momentum (SAM)| typically denoted S, or in optics, simply circular
polarization, here denoted

ot = \}5 (& +19), (2.63)

where & and ¢ are unit vectors in the Cartesian coordinate system.

Much later, in 1992, it was further demonstrated that a beam with a phase dependence of
E(r,¢) < exp(iL¢), (2.64)

carries an of Lh per photon [30]. This helical phase profile is the defining feature of
an mode. The total angular momentum of a light beam is thus

J=L+85, (2.65)

as is also known from atomic physics [30].

In free-space, and in the paraxial approximation, L and S are separable [31], although this
is not the case in general. In some cases, [SAM]| and [OAM]| may couple through spin-orbit
interaction [32]. This can happen at e.g. large refractive index steps in optical waveguides,
or in high numerical aperture beams, resulting from tight focusing.

2.2.1 From HE and EH modes to OAM modes

As described in Sec. the HE and EH modes are degenerate in pairs with identical
radial dependence, and either sin(m¢) or cos(m¢) radial dependence. This difference
in radial dependence corresponds to a rotation, leading to two degenerate modes, with
orthogonal local polarization everywhere in the transverse plane. Since the fields are real,
the local polarization is linear, i.e. the x and y components of the electrical field are in
phase, such that the temporal evolution of the electrical field in a given spatial point is
linear.

In order to go from these modes, to modes, i.e. modes with a exp(iL¢) phase
dependence, the basis for the polarization is changed as in Eq. (2.63). This leads to the
following superpositions

OAM, a7, = HE} ,, ,, £iHEQ ., (2.66)
OAM, aa7,, = EHj_, ,, +iEH}_, ,, (2.67)

where OAM, at  denotes the spin-orbit aligned |OAM| modes, indicating that L and ¢ has
Lm

the same sign, and OAM,aafm denotes the spin-orbit anti-aligned modes. These

superpositions are illustrated in Fig. In this work, only modes with a single ring are
used, thus setting m = 1. Additionally it is noted that EHg,, modes do not exist, and
thus for L = 41 the anti-aligned modes do not exist. Fig. also illustrates how the LP14
modes are created as superpositions of the [TM}y, HES,, HES,, and [TEp; vector modes.
Note that the HES; and HE$; modes are degenerate, and that the transformation to [OAM]
modes is simply a basis change, from linear to circular polarization, and thus the [DAM]
modes are true vector modes. The LPi; modes, on the other hand, are superpositions
of non-degenerate vector modes, and are therefore not propagation stable, and are not
solutions to the full-vectorial eigenvalue problem.
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Figure 2.2: Illustration of how superpositions of the 1, HES,, HES,, and 1 vector
modes, create the [LP}; modes, and how a basis change from linear to circular polarization

transforms the HEy; modes to modes. Black arrows indicates addition, and red
arrows indicates subtraction.



Chapter 3

Air-core OAM fiber

This chapter briefly explains the history of [0DAM] modes in optical fibers, before moving
on to analyze the air-core [OAM] fiber, used throughout this thesis, in detail.

The modes of the air-core [OAM] fiber are solved numerically, and experimental setups for
excitation of [OAM] modes in this fiber are presented and analyzed using Fourier optics.
Finally, the fiber samples are characterized experimentally.

3.1 Introduction

While standard jmulti-mode fibers (MMFs)|can guide hundreds of modes, including the HE
and EH modes that form [OAM]| modes, these fibers do not allow the modes to propagate
stably. This happens because the HE and EH modes are near degenerate, thus forming
[LP| modes. In order to achieve stable propagation of [ODAM] modes, the near-degeneracy
must be broken. This has been achieved in several optical fibers with ring-cores, and was
first demonstrated with the “Vortex” fiber [33]. The Vortex fiber was initially designed for
stable propagation of the TEg; and TMp; modes. However, breaking the degeneracy of
the LP;;, group, also means that the HE2; mode becomes propagation stable, which led
to the realization that the Vortex fiber can guide modes [34]. This fiber went on to
be used in the first based fiber communications system [35]. Other groups have also
performed communications experiments in similar fibers [36], demonstrating that these
modes are propagation stable on the order of kilometers.

While these experiments have utilized modes, the multiplicity has been limited,
and thus other fiber designs have been developed, increasing the number of guided
modes. To achieve this, so-called air-core fibers have been developed. These fibers guide
light in a doped ring core, using a central air-hole to provide a large refractive index
contrast, maximizing the number of guided [DAM] orders, without increasing the number
of radial mode orders m. This principle was first shown in [37], demonstrating 36 states
from L = 0 to L = £9, however this was achieved in 85cm of fiber. In [3§], the air-core
fiber principle was also used, creating a fiber that guides L = +5, L = 46 and L = +7
leading to a total of 12 [OAM] modes over a distance of 1.2km. This design was further

15
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developed into a fiber supporting 24 [OAM]|modes, by making the guiding ring thinner and
increasing the diameter [39]. However, this results in significant spin-orbit coupling, such
that L and ¢ are no longer independent variables. This means that while this fiber design
can propagate more modes, it requires more equipment to excite a pure eigenmode, and
therefore it is impractical for mode-division multiplexing (MDM)|

3.2 Modes in the air-core OAM fiber

In this thesis, several experiments have been performed using the air-core fiber, manufac-
tured by OFS-fitel Denmark [38]. This section describes the fiber design and properties
in detail. The measured refractive index profile of the air-core fiber is plotted in Fig. [3.1}

0.04 . .

0.02 _

n — Nsi0,

-0.02 . .
0 ) 10 15

7 [pm]
Figure 3.1: Refractive index profile of the air-core fiber. Provided by Patrick Gregg.

By using the theory described in Sec. some of the fiber properties can be calculated.
In Fig. the calculated effective refractive indices neg of the guided modes in the air-
core fiber are shown, as a function of wavelength. The colored lines denote the desired
[OAM] modes, while the dashed black lines denote other guided modes in the fiber. The
desired 12 modes are the L = +5,0%, L = 45,0F, L = £6,0%, L = 46,0F, L = +7,0%,
and L = £7,0T. The modes come in degenerate pairs, and thus only 6 lines are shown.
It is seen that the aligned and anti-aligned modes with a given topological charge, L
have similar refractive indices, while modes with different |L| show a large separation in
effective refractive index. At a wavelength of 1550 nm, the splitting in effective index
is Aneg ~ 5 x 1073, while the aligned and anti-aligned pairs have Aneg ~ 6 x 1072,
Aneg ~ 1 x 1074, and Aneg ~ 1.5 x 1074 for |L| =5, |L| = 6, and |L| = 7, respectively.
The distance in neg to the nearest neighboring mode influences the propagation stability
of the mode, since it dictates the magnitude of a fiber perturbation that can couple light
between modes. Thus, the |L| = 7 modes are expected to be more stable than the |L| =5
modes. It is also seen that the |L| = 6 modes have other modes (dashed black lines) close
by. This may affect the propagation stability of this set of modes, especially at shorter
wavelengths, where it is seen that the distance is shorter. Allowing for manufacturing
tolerances, and other small perturbations, the lines could shift slightly.
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Figure 3.2: Calculated effective refractive indices of guided modes in the air-core fiber.
The colored lines denote the desired modes, while the dashed black lines denote
other guided modes in the fiber.
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Figure 3.3: Derived properties for the air-core fiber.
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Table 3.1: Relative arrival times for 1550 nm pulses launched into different fiber modes in
the 1.2km air-core fiber.

Mode Time [ns]
|L| =5, aa 0
|L| =5, a 0.7
|L| = 6, aa 15.4
IL| =6, a 16.5
|L| =7, aa 31.1
IL| =7, a 32.6

By differentiating the data in Fig. the inverse group speed and the dispersion of the
fiber are found. These are plotted in Fig. [3.3] The inverse group speed can be used to
calculate the time it takes for a pulse of light to propagate through the fiber. It is seen
that like the neg, the modes all have unique values of inverse group speed. This can be
used for so-called time of flight measurements, where the mode content is characterized
by launching a short pulse, and detecting the output time with a fast detector and a fast
oscilloscope. The calculated relative arrival times are shown in Tab.

The dispersion in the fiber is large, compared to standard optical fibers, with values
ranging from 67 psnm ™' km ™! to 82psnm~! km~! at 1550 nm. However, due to the short
fiber length of 1.2km, the accumulated dispersion is low, and thus, it does not result in
any problems when using the fiber for optical communications.

3.3 Excitation of OAM modes in fiber

In order to utilize [OAM)] modes in the air-core fiber, it is important to be able to excite
the modes effectively, with minimal loss and crosstalk.

Here, a system where a fiber coupled laser source is coupled to the air-core fiber using
an [spatial light modulator (SLM)| or a g-plate [40], as shown in Fig. is analyzed.
The setup consists of a fiber coupled [external cavity laser (ECL)| followed by a fiber
polarization controller and a reflective silver collimator with a focal length of 15 mm. This
creates a collimated beam in free-space, with a 1/exp(2) intensity diameter of 3.5 mm.

In the case where an is used (Fig. 3.4(a))), a computer generated hologram, consisting
of a superposition of an azimuthal phase dependence, matching the desired [OAM] mode,
and a spherical lensing phase is displayed on the [SLM] This is given by

T 2
OsLm(r, ¢) = Lo — Y (3.1)
where (r,¢) are the spatial coordinates, A is the wavelength, and f is the desired focal
length. The beam is steered, and aligned to the fiber, using two silver mirrors, before
passing through a quarter wavelength plate, creating the desired circular polarization.
This is done because the [SLM] can only phase modulate horizontal linear polarization.
Finally, the light is focused into the fiber using an aspheric lens.
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OAM fiber
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(a) Using |[SLM (b) Using g-plate.

Figure 3.4: Experimental setups for excitation of modes in fiber. [ECL} external
cavity laser, PolCon: polarization controller, spatial light modulator, A/4: quarter-
wave plate.

In the case where a g-plate is used, the setup is simpler, since it replaces both the [SLM]
and quarter-wave plate. Additionally, a single g-plate can generate a set of two degenerate
[OAM]modes, depending on the input polarization state. A g-plate is a liquid crystal based
half-wave plate with a fast axis rotating as a function of the azimuthal angle, described
by

a(9) = q¢ + v, (3.2)

where «a(¢) is the fast axis angle, ¢ is a half-integer, and «ag is an offset. The g-plate
generates a polarization dependent set of free-space[OAM]|modes, by transforming the light
such that an input of o~ is converted to L = —2¢,0" and o is converted to L = +2q, 0.
Thus, the sign of the g-value dictates if the g-plate generates spin-orbit aligned, or spin-
orbit anti-aligned modes. In both cases, a superposition of circular polarizations at the
input is converted to a superposition of two degenerate modes at the output. As
with the [SLM] based setup, the beam is aligned using two mirrors, and focused into the
fiber.

3.4 OAM fiber coupling using Fourier optics

Free-space propagation of [DAM] beams is not trivial, and the ideal choice of lenses can
not be estimated in the same way as for Gaussian beams. Typically, free-space [DAM]
beams are described as Laguerre-Gaussian modes , which, to some degree, can be
treated analytically. However, using a setup as described in Fig. does not result in
a pure Laguerre—Gaussian mode, but rather a so-called circular beam , which is a
superposition of several Laguerre-Gaussian modes .

Thus, in order to estimate the ideal parameters for excitation of modes, the setup
can be analyzed using Fourier Optics . As source, a collimated Gaussian beam, is used

i yT , (3.3)

U(xa y) = exp |:_ 2

Wo
where U is the electric field, (z,y) are the transverse Cartesian coordinates, and wy is the
beam waist. As described in Sec. [2.1.2] the fundamental mode in a step-index fiber is a
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Bessel function, and the collimator is not ideal. Despite this, a collimated Gaussian beam
is used as an approximation.

This is multiplied with the phase mask on the as given in Eq. (3.1)), and then prop-
agates in free-space. The free-space propagation is modeled using Rayleigh-Sommerfeld
diffraction

U(z,y,z+ Az) = Fi {F{U(z,y,2)} H(fz, fy. A2)}, (3.4)

where F denotes the Fourier transform, and 7! denotes the inverse Fourier transform.
Az is the propagation distance, and (f, fy) are the frequency domain coordinates. The
transfer function H is given by

H(fz, fy, Az) = exp |:Z‘27TA)\Z\/1 — (Mfe)? — ()\fy)2 . (3.5)

The focusing lens is modeled as a spherical lens, of focal length f

Hlens(way) = 2]30 (1’2 + y2) ) (36)

where k = 27/ is the wavenumber. Intensity outside the clear aperture of the lens is set
to zero, and the field is free-space propagated to the fiber end facet using Eq. . The
quarter-wave plate is handled using Jones calculus [44]. The can only modulate x
polarized light, and thus the polarization of U before the quarter-wave plate is

U-U (é) . (3.7)

The Jones matrix for a quarter-wave plate rotated at an angle ¢ is

_ex —im cos(¢)? +isin(¢)? (1 —i)sin(¢) cos(¢)
M(¢) = exp ( 4 > ((1 —4)sin(¢) cos(¢)  sin(¢)? + icos(¢)? ) ’ (3.8)

and setting ¢ = +m/4 results in circularly polarized light. The matrix-vector product
M (+7/4)U then transforms U to o or o~ polarization. It is noted that the position
of the quarter-wave plate in the model is changed compared to the real setup, in order
to simplify computations. Finally, the overlap integral of the free-space field, and the
transverse part of the fiber mode is calculated as

yo LB By daP
J|E1 |?dA [|Ey  |2dA

(3.9)

Here F, and E5 are the two electric fields, in this case the free-space field, and the fiber
mode, respectively, and L signifies that only the transverse part of the fields is used in the
calculation. The fiber mode is calculated as described in Sec. [2.1.3]
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3.4.1 Implementation

In practice, this method is implemented numerically in Matlab, with the main goal to

estimate which focal length should be chosen for the focusing lens right before the air-core
fiber.

The size of the beam from the collimator was analyzed using an InGaAs camera, and
based on this, wg = 3.5mm was chosen. The propagation from the collimator to the
[SLM] was ignored, since the beam was assumed to be perfectly collimated. The distance
from the to the fiber end facet was set to 0.8 m, which corresponds to the typical
distance used in the experiments included in this thesis. Varying this distance affects
the coupling efficiency slightly, but in an effort to reduce the number of variables that
need optimization, it is kept constant. Four different lenses with focal lengths of 4.6 mm,
6.24 mm, 8.15mm, and 11.0 mm are modeled, corresponding to the focal lengths of molded
aspheric lenses available from Thorlabs. The clear apertures of the lenses are 5.07 mm,
5.0mm, 8.0 mm, and 6.59 mm, respectively. The free-space propagation distance between
the lens and the fiber is varied for each simulation, in order to find the distance resulting
in the strongest possible coupling.

A numerical grid with a side length of 210 = 1024 points is chosen, and the pixel pitch is

set to 12.5 um, corresponding to the pixel size of the [SLM] The numerical domain is zero
padded such that the total side length is 2'' = 2048 points, in order to avoid aliasing.
The large difference in physical size between the [SLM]and the fiber end facet was handled
by using a two step Fourier propagation algorithm [45], allowing a change in the spatial
domain during propagation. At the fiber end facet, a pixel pitch of 39 nm was chosen,
leading to a side length of 40 pm.

The modes of the air-core fiber are solved as described in Sec. [2.1.3] and interpolated
onto the same numerical grid, and the overlap integrals between the generated free-space
mode and each of the 12 guided modes are calculated. The simulation is repeated
for each of the 4 lenses, and for L = 45, L = 46, and L = 47 with the quarter-wave plate
rotation fixed, leading to excitation of 6 modes with a single polarization.

3.4.2 Results

First, the case where no lensing is applied to the [SLM]is analyzed, which makes it equiva-
lent to the case where a g-plate is used. The results are plotted in Fig. It is seen that
in this case, the 6.24 mm lens delivers the best results, focusing all the modes in the same
place, resulting in overlaps from 0.53 to 0.56, equivalent to a coupling loss in the range
—2.7dB to —2.5dB. The 8.15mm lens also delivers usable results, however, a splitting
into two peaks is observed. The right peak results in coupling losses in the range —4.4dB
to —4.1dB at the same propagation distance. It is seen that good coupling is not possible
using the 4.6 mm and 11.0 mm lenses.

The simulations are repeated with lensing added to the [SLM] This effectively creates a
two-lens system, enabling adjustment of the ring diameter in the focal plane. [SLM] focal
lengths of 500 mm, 600 mm, 800 mm, 1000 mm, 1500 mm, 2000 mm, 3000 mm, 5000 mm,
Omm, —5000 mm, —3000mm, —2000mm, —1500 mm, —1000mm, —800 mm, —600 mm
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Figure 3.5: Overlap integrals between the generated free-space field, and the desired fiber

mode, in the case where a g-plate, or an |S]:_M| with no lensing is used.
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Figure 3.6: Overlap integrals between the generated free-space field, and the desired fiber
mode, in the case where the optimal [SLM]lens is used.
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and —500 mm are simulated, and the best results for all of the physical lenses are shown
in Fig. It is seen that performance across all of the lenses is significantly improved,
but that the 6.24 mm lens and the 8.15 mm lens still deliver the best results. The 6.24 mm
lens results in coupling losses of —2.0dB, —2.2dB and —2.6dB for the |L| =5, |L| = 6,
and |L| = 7 modes, respectively. This is achieved using a focal length of 5000 mm for the
|L| =5 and |L| = 6 modes, while no lensing is needed for the |L| = 7 modes. The 8.15mm
lens results in losses of —2.2dB, —2.4dB and —2.6 dB using focal lengths of —3000 mm,
—2000 mm and —1500 mm for the |L| =5, |L| = 6, and |L| = 7 modes, respectively.

In practice it was found that both the 6.24 mm and the 8.15mm lens deliver excellent
results, with the 8.15mm performing slightly better, presumably because of the larger
clear aperture. In the laboratory, coupling losses of down to —2.5dB for the |L| = 5
modes, and —3.0dB for the |L| = 7 modes, were measured using an [SLM]| with lensing and
the 8.15mm lens.

3.5 Characterization of air-core OAM fiber

For the experiments presented in this thesis, two different samples of the air-core [DAM]
fiber were used. The two fibers both have a length of 1.2km and are manufactured by
OFS, from the same type of preform. However, due to variations in the drawing process,
the properties of the fibers are slightly different.

The best sample supports 12 [DAM] modes, and was used for the communications experi-
ment, described in Ch. [4l This sample was not available for the remaining experiments,
and therefore a sample supporting 8 [DAM] modes was used. In the following, the two
samples are experimentally characterized by performing loss measurements, and time of
flight analysis. Additionally, mode images are presented for the 12-mode fiber.

3.5.1 Loss measurements

The loss measurements were performed by using a tunable [ECL] scanning through the
wavelength range from 1440nm to 1600nm. The 6 modes were excited cleanly using a
[SLM] as described in Sec. the purity of the modes was confirmed using time of flight
measurements, and the [SLM] settings for each of the modes were saved. The input power
was recorded using a power meter connected to a 10dB tap, and the wavelength was
recorded using a wavelength meter. The output power was recorded using a 2nd power
meter. This process was done for each mode, using the spool of fiber. Afterwards, the fiber
was cut to ~ 1 m, without touching the input end, making sure that the mode excitation
stays constant. The measurements were then repeated using the short fiber. Afterwards,
the measurements for the long and the short fiber were corrected for fluctuations in the
using data from the wavelength meter and the reference power meter, before finally
calculating the loss by simple subtraction.

The measured loss in the 12-mode fiber is plotted in Fig, It is seen that the propagation
loss in the C-band is ~ 0.8dB/km, and is similar for all modes. At short wavelengths,
the loss is significantly larger, and a clear separation between the modes is observed, with
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Figure 3.7: Measured loss in the 12-mode air-core fiber.
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Figure 3.8: Measured loss in the 8-mode air-core fiber.
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the |L| = 6 having the highest loss, the |L| = 5 modes in the middle, and the |L| = 7
modes showing the lowest loss. The high loss at short wavelengths is presumably caused
by water absorption.

The loss measurements for the 8-mode fiber are plotted in Fig. [3.8] The loss is seen to be
comparable to the 12-mode fiber, with a few key differences. It is seen that the |L| = 7 cuts
off at ~ 1580 nm, meaning that fiber does not guide these modes at longer wavelengths.
Additionally, the short wavelength loss is larger in the 8-mode fiber, while the loss in the
C-band is comparable.

3.5.2 Time of flight measurements

Time of flight measurements are a useful way of characterizing the purity of mode exci-
tation [46], provided that the [fiber under test (FUT)|is sufficiently long. As seen in Fig.
the different modes propagate with different group velocities (1), and this can be
used to analyze which modes are excited at the fiber input. It can also, to some degree,
be used to analyze distributed mode coupling in the fiber. The main advantage of time of
flight measurements compared to interferometric methods such as S? imaging [47] or C?
imaging [48], is that time of flight measurements are truly real time, which has not been
achieved for the interferometric methods [49|.

Time of flight measurements were performed by launching a mode locked laser with a
wavelength of 1558 nm, and a [full width at half maximum (FWHM)| pulse with of 1.7 ps.
The pulses are transform limited solitons, and thus assuming a sech? shape with a time
bandwidth product of 0.315 yields a spectral [FWHM] of 1.5nm. Using the calculated
dispersion values from Fig. the pulse with at the fiber end is estimated to ~ 150 ps.
The repetition rate is 15 MHz, and the pulses are launched into the air-core fiber using
an as shown in Fig. At the fiber end, the output is focused onto a free-
space InGaAs [photodetector (PD)] with a bandwidth of 5 GHz, connected to a fast digital
sampling oscilloscope. In this setup, it is important that the wavelength of the pulsed
laser is close to the wavelength at which the setup will be used after alignment, i.e. within
the C- and L-bands for the purpose of this thesis. This ensures that the setup is aligned
for the wavelength where it will be used.

The resolution in time is determined by the pulse width of the laser, and the bandwidth
of the [PD] and the oscilloscope. In this case, the [PD]is the slowest part, and thus, the
temporal resolution is expected to be ~200 ps. As seen in Tab. the minimum expected
group delay difference in the air-core fiber is 0.7 ns, and thus, the resolution is sufficient
to characterize mode excitation in this fiber. The resolution could be improved by up to
an order of magnitude by using a faster [PD] and using longer pulses to avoid dispersion.
Even with an order of magnitude improvement in resolution, the time of flight method is
not suitable for characterization of short (~1m to 10m) fibers, but is excellent for real
time input alignment in the 1.2 km air-core fiber.

The time of flight measurements of the 12-mode fiber are shown in Fig. [3.9] The figure
is split into two parts, where the top panel shows the 6 measured impulse responses,
normalized and plotted on a linear scale, with an offset for clarity. The location of each
of the peaks is marked with a vertical black line, and the values are tabulated in Tab.
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Table 3.2: Relative mode delays for the 12-; and 8-mode air-core fibers, measured using
time of flight.

Mode 12-mode fiber time [ns] 8-mode fiber time [ns]
|L| =5, aa 0.0 0.0
IL| =5, a 0.6 0.8
|L| = 6, aa 13.6 -
|L| =0, a 14.6 -
|L| =7, aa 27.3 30.5
IL| =7, a 28.7 32.2

It is seen that the group velocity of the modes comes in 3 pairs of spin-orbit aligned,
and spin-orbit anti-aligned modes, with a ~1ns spacing, and ~15ns spacing between the
groups. These values are similar to the calculated values from Tab. The bottom panel
shows the impulse responses plotted individually on a logarithmic scale, making it easier to
evaluate the purity of the modes. Here, a main peak, normalized to 0dB is seen, followed
by some ringing from the Unfortunately this ringing obscures any anti-aligned to
aligned coupling that may happen either during the mode excitation or distributed in the
fiber. However, this can be estimated to be similar to the aligned to anti-aligned coupling,
which can be identified as a shoulder to the left of the main peak of the aligned modes.
This shoulder is largest for the |L| = 5 modes, as expected. Additionally, some coupling
between the mode orders is observed. When exciting |L| = 6, aa, coupling of —19.3dB to
|L| = 5, aa is observed. In this case, no significant coupling to |L| = 5, a is seen. When
exciting |L| = 6, a, the situation is reversed, and it is seen to couple to |L| = 5, a, but not
|L| = 5, aa. In general, coupling to the nearest neighbor i.e. between the two modes with
same |L| and coupling between modes of different |L| with same handedness is observed.
In all cases, the modes have a purity of at least —17dB, corresponding to 98 %, marked
by the horizontal black line.

Time of flight measurements of the 8-mode fiber are seen in Fig. [3.10, and the relative
mode delays are tabulated in Tab. The general observations are similar to the case
of the 12-mode fiber. Aligned to anti-aligned coupling, is seen to be slightly stronger, and
thus it is assumed that anti-aligned to aligned coupling is also stronger. A mode purity of
at least —17dB, as measured in the 12-mode fiber, is also observed in the 8-mode fiber.
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Figure 3.9: Time of flight measurements for the 12-mode fiber.
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3.5.3 Mode images

The 12-mode fiber was also characterized visually, where the fiber end facet was imaged
onto an InGaAs camera. In addition, the [OAM] modes were interfered with an expanded
Gaussian beam, providing a phase reference. The sets of mode images (left), and the
images with interference patterns (right) are shown in Fig. It is seen that the
intensity profiles of the modes are ring-shaped, and that the diameter of the ring increase
with |L|. The smoothness of the rings is related to the purity of the mode, where a
perfectly smooth ring would indicate a pure mode. The interference patterns reveal the
phase of the rings, such that the number of “arms” of the spirals correspond to |L|, while
the direction of the spirals correspond to the sign of L. Additionally, the spirals document
that the light exiting the fiber does indeed carry [OAM]
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3.6 Conclusion

This chapter has introduced the air-core [DAM] fiber, and the modes of this fiber were
solved using the theory described in Ch.

Experimental setups for excitation of modes in the air-core fiber were presented, based on
either or g-plates. These setups were analyzed using Fourier optics, and a theoretical
coupling loss down to 2.0 dB was calculated. In practice this loss was 2.5dB.

Two fiber samples were characterized experimentally, the 8-mode air-core fiber, and the
12-mode air-core fiber, both with a length of 1.2km. The loss in the fibers was measured
to ~0.8dB/km in the C-band, and it was found to increase for shorter wavelengths. The
mode purity was measured to be at least —17 dB, corresponding to 98 %, using the time of
flight method. Finally, mode images showing the intensity distribution, and interference
patterns showing the phase fronts of the OAM]| modes were presented.
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Chapter 4

Optical communications using OAM
modes

This chapter is based on results originally published in [50] and [51].

4.1 Introduction

In recent years, [MDM)] has been explored extensively in order to increase the capacity
of optical fiber links [13]. In several spatial modes propagate simultaneously in
the same fiber core. During propagation, these fiber modes can mix in the presence of
perturbations such as fabrication imperfections or bending. This mixing can be fully com-
pensated using multiple-input multiple-output (MIMO)||digital signal processing (DSP)|
in the absence of mode dependent loss. However, [MIMO] processing scales in complexity
with N2, where N is the number of modes, including polarization modes, such that e.g.
30 modes require 30 x 30 equalization [52].

Alternative schemes have been developed to reduce inter-modal mixing, and thus avoid or
reduce the use of cost and power intensive [MIMO] processing. One proposal is mode-group
multiplexing, where several groups of near-degenerate modes are used as data channels.
This is achieved either by optically pre-compensating to launch a specific superposition
of modes for a given fiber [53|, or by reduced-complexity applied to the groups
independently [54]. A second proposal is mode multiplexing, where every individual mode
is used as a data channel in a fiber in which all degeneracies are broken, e.g. elliptical-core
fibers [19]. In these cases, scalability in the number of modes have yet to be demonstrated.

Another option for [MIMO)] free MDM] is [OAM] modes. With appropriate fiber design, as
described in Ch. [2| and Ch. these modes are separated from their nearest neighbors
in effective refractive index (neg), and have been shown to be propagation-stable on the
order of kilometers [21].

Previously, MIMO}ree data transmission has been demonstrated with four [OAM] modes
over km-lengths of suitably designed optical fibers [35,/36]. Fiber transmission of eight
[OAM] modes has also been demonstrated over longer lengths, though this required the

33
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use of [MIMO| [55]. However, considering that fibers supporting a larger number of
states have been designed and tested [37,/38], the number of modes used for

can be increased.

This chapter investigates [MIMO}Hree [MDM] transmission of 12 [OAM)] modes, which is
the highest number of modes transmitted [MIMOLree over an optical fiber longer than
1km. [wavelength-division multiplexing (WDM)| compatibility is demonstrated, by using
a 25 GHz spaced frequency comb with 60 channels modulated with 10 GBaud QPSK. All
measured data channels achieve |bit error rates (BERs)| below the [soft-decision forward]
ferror correction (SD-FEC)| limit, and it is found that the system performance is limited
by intermodal crosstalk. This crosstalk is analyzed, in terms of in-fiber crosstalk contri-
butions, and mux/demux contributions, in order to identify which parts of the system is
limiting the performance.

4.2 Experimental setup
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Figure 4.1: Schematic of the experimental setup, including the modulated spectrum (top
left inset), and a microscope image of the fiber (top right inset). WSS: wavelength
selective switch, AWG: arbitrary waveform generator, 1/Q Mod: 1/Q modulator,
spatial light modulator, OBF': optical band-pass filter, OMA: optical modulation analyzer,
q: g-plate, PolCon: polarization controller, POL: linear polarizer, A\/4: quarter-wave plate.

The experimental setup is shown in Fig. A frequency comb of 60 WDM] channels with
a 25 GHz spacing, spanning from 1550 nm to 1562nm is generated, by using a 1544 nm
[continuous wave (CW)| laser, which is phase- and then intensity modulated at 25 GHz.
This creates initial sidebands, which are amplified and broadened in two stages of highly
nonlinear fiber, resulting in a broad comb. The comb is long pass filtered at 1550 nm, since
the part of the spectrum near the seed wavelength has low [optical signal to noise ratio|
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The amplitude of the 60 channels are equalized, and odd and even channels
are split using a wavelength selective switch (WSS). The upper limit of 1562 nm was chosen
since it is the maximum wavelength allowed by our lerbium doped fiber amplifiers (EDFAs)|
while the lower limit of 1550 nm is chosen since the fiber does not support all 12 [OAM]
modes at shorter wavelengths. The fiber was designed for enhanced intermodal splitting
for modes of |L| = 5,6, and 7, which also determines the launched mode orders
in the experimental system. This splitting is enabled via a ring fiber design with large
refractive index steps [38].

Odd and even channels are separately amplified and modulated with 10 GBaud QPSK
signals, before being amplified again, and recombined in a 3 dB polarization maintaining
coupler. This results in 60 single-polarization [WDM] channels with odd and even decorre-
lation. Polarization multiplexing is emulated by splitting the signal in two, rotating and
delaying one part by ~ 1.5ns, and then recombining in a [polarizing beam splitter (PBS)|
Finally, the signal is split in a 1x8 coupler, 2 outputs are discarded while the remaining 6
polarization multiplexed outputs are amplified separately and temporally decorrelated.

The 12 [OAM] modes are generated and multiplexed in free-space. Each of the 6 ampli-
fied outputs is passed through a polarization controller, collimated into free-space, and
passed through a g-plate [40], which is a liquid crystal based half-wave plate with a fast
axis rotating as a function of the azimuthal angle. The g-plate generates a polarization
dependent set of free-space [OAM] modes, by transforming the light such that an input of
o~ is converted to L = —2¢,0" and o7 is converted to L = +2q,0~. Thus, the sign of
the g-value dictates if the g-plate generates spin-orbit aligned, or spin-orbit anti-aligned
modes. In both cases, a superposition of circular polarizations at the input is converted
to a superposition of two degenerate [DAM] modes at the output.

The polarization of the light in each of the six outputs into free-space is adjusted, using
the polarization controllers, in order to generate a linear combination of the degenerate
states, such that the desired [OAM] modes are detected at the fiber output. This is needed
such that the modes can be separated by the mode filter, which is described later. This
means that each signal is not mapped onto a pure circular polarization state at the input
of the fiber, but rather to a linear combination of the two degenerate modes. During
transmission in the fiber, perturbations lead to a unitary transformation, rotating these
polarizations, such that pure circular polarization states are detected at the output. This
polarization rotation is similar to what happens in a [single-mode fiber (SMF)| although
the perturbation required to achieve a polarization rotation is significantly larger in [OAM]
modes [38]. This means that unlike in the polarization does not have to be realigned
even if the fiber is exposed to small movements.

All of the six beams are individually aligned using silver mirrors, and combined using
five 3dB plate beam-combiners, before being coupled into the [DAM] fiber using a lens
(f = 8mm), with a coupling loss of ~ 2.5dB. Since the beams pass through a different
number of beam combiners, the loss is different for each free-space path, therefore the
signal powers are equalized using the six Ultimately this results in a total of 12
multiplexed modes; L = +5,0%, L = 4+5,0F, L = £6,0%, L = 46,07, L = £7,0%, and
L=47o0F.

The 12-mode signal is transmitted over a 1.2 km fiber [38] and at the output, the 12
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[OAM)] modes are measured one at a time, using a mode filter. This is achieved by passing
the light through a circular polarizer comprising a quarter-wave plate with the fast axis
oriented at 45° relative to the transmission axis of a linear polarizer. After this step, 6 of
the 12 modes remain, each with unique L values. The desired mode is projected onto a
mode with L = 0 using a with a spiral phase pattern, generated from an azimuthal
phase, matching the desired mode, and a parabolic phase, giving a lensing effect. This
mode is coupled into a[SMEF] which acts as a pinhole, filtering the remaining five undesired
modes [20].

Finally, the signal is amplified, and a single channel is filtered out with a tunable
band-pass filter. The signal, now containing only a single data channel, is amplified again,
and sent to an optical modulation analyzer (OMA) that handles demodulation, digital
signal processing, and error counting.

The system is aligned using a picosecond pulsed laser source and a 5 GHz free-space [PD]
to measure the temporal impulse response of each of the six paths independently [46].
Since the fiber modes have different (1 values (inverse group speed), this reveals how
much power is coupled into each of the 6 non-degenerate modes, with a dynamic range
of ~ 20dB. This process is described in Sec. Afterwards, the polarization of each
path is aligned by temporarily removing one output polarization from the polarization
multiplexer, and adjusting the polarization controller such that projection into one de-
generate state is minimized across the frequency comb, by using a circular polarizer and
an optical spectrum analyzer. The polarization is stable, and thus does not need further
adjustments during the process of alignment and data transmission. It is observed that
while it is easy to get a strong suppression at a single wavelength, it is not always possible
to achieve strong suppression of degenerate states across the entire comb. This may be
due to either imperfect input coupling, or in-fiber mode coupling [56].

4.3 Results and discussion

The system performance was evaluated by measuring at 3 different wavelengths,
1550 nm, 1556 nm, and 1562 nm, corresponding to the comb’s shortest, center, and longest
wavelength, respectively. All measurements were performed with all 60 wavelengths and 12
modes present in the fiber. The results are shown in Fig. with example constellation
diagrams, from the 3 different wavelengths, 3 different mode groups, and corresponding to
low, middle, and high All 34 measured channels are below the of 2x 1072,
while 24 are below the hard-decision forward error correction (HD-FEC)| threshold of
3.8 x 1073,

It is noted that data from the L = +6,0T (anti-aligned) modes is missing at 1550 nm.
As seen in Fig. a) this mode (top red line) experiences accidental degeneracies with
double ringed, m = 2 modes (dashed black lines). This leads to significant
interference (MPI), and thus these two modes could not be detected at this wavelength.
At the other two measured wavelengths, all 12 modes were detected. By design, this fiber
should have experienced no mode crossing for any of the 12 modes. Thus, it is possible
that future fabrications of this fiber would yield transmission in all 12 modes across the
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Figure 4.2: Measured with example constellation diagrams, from the 3 different
wavelengths, 3 different mode groups, and corresponding to low, middle, and high
(inset). All 34 measured modes are below thelimit, and it is noted that data from
the L = +6, 07T (anti-aligned) modes is missing at 1550 nm, due to accidental degeneracies
in the fiber.

C-band.

The main limitation to the system performance was intermodal crosstalk. In order to
analyze this, the system transmission matrix was measured, and results are shown in Fig.
4.3(b). Each column corresponds to an output projection setting, while each row indicates
which modes are launched and thus contribute to crosstalk at the receiver. It is seen that
total crosstalk (top row in Fig. [.3(b)) into each of the modes was measured to be between
—10.3dB and —11.8dB. This crosstalk has two main contributions, namely fiber mode
coupling, and crosstalk at the mux/demux. By comparing the middle and bottom rows in
4.3(b), it was found that the strongest parasitic contribution for the |L| = 5 modes is in-
fiber crosstalk between the |L| = 5 spin-orbit aligned and anti-aligned modes (—12.8dB),
because this mode group has the smallest neg splitting of 6 x 107°. This analysis also
reveals that the |L| = 6 and |L| = 7 modes are mainly limited by crosstalk from modes
of different |L|. As seen in Fig. [1.3(a), the neg splitting between L and L £ 1 is an
order of magnitude larger than between modes with the same |L|. Therefore in-fiber mode
coupling between adjacent mode orders is unlikely to be significant at ~ 1km [57],
and thus it is concluded that this [MP]]is primarily due to imperfections in the free-space
mux/demux. Furthermore, significant temporal drifting of the mux/demux was observed,
leading to crosstalk increasing with time, thus limiting the number of measurements that
could be performed before re-alignment was needed.

Assuming that all 30 [WDM] channels between 1550nm and 1556 nm fail to carry the
|L| = 6 spin-orbit anti-aligned modes, and thus only support 10 modes, while the 30 longer
wavelength channels support 12 modes, the demonstrated system may potentially have a
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Figure 4.3: a) Simulated neg as a function of wavelength, the red shaded area denotes
the bandwidth where the |L| = 6 anti-aligned modes have strong b) System trans-
mission matrix where each column corresponds to an output projection setting, while the
rows correspond to modes launched. Each column is normalized to 0dB in the desired
mode with entries denoting crosstalk in dB. —L indicates crosstalk from in-fiber nearest
neighbors, # L, —L indicates contributions from other mode orders, and # L indicates
total crosstalk. Crosstalk is measured using the frequency comb, yielding an average for

the used optical spectrum.
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total aggregate capacity of 10.56 Tbit/s after 20% [forward error correction (FEC)|overhead
has been deducted for all channels. Compared to previous fiber-based [OAM] transmission
systems, this corresponds to a 6-fold improvement in capacity compared to [35], or a 3-fold
improvement in capacity, and a 12-fold improvement in distance compared to [58].

4.4 Crosstalk analysis

To improve the understanding of the crosstalk contributions, namely in-fiber crosstalk,
and mux/demux crosstalk, they are further analyzed. In the mux, crosstalk comes mainly
from misalignments, where the input beam is shifted compared to the fiber end facet. In
order to compute how much power is coupled into each fiber mode, the normalized overlap
integral between the free-space field and each fiber mode is computed for different spatial
offsets. At perfect alignment, the input field is matched with a single fiber mode, and is
orthogonal to the remaining modes. However, a misalignment (shift in spatial position)
results in parasitic mode excitation.

To do this, the fiber modes were solved using a finite difference frequency domain mode
solver. A total of 52 guided modes were found at 1555 nm (26 in each polarization), where
12 are the desired modes, and the remaining 40 are lower order modes that do not
propagate stably in the fiber, but must be included in these calculations. The overlap
of each desired mode (simulating the input beam) with all of the 52 modes (simulating
the fiber mode) is computed, then the input field is shifted along the x-axis, and the
computations are repeated. Because of circular symmetry, shifting the input along a
single axis is sufficient.

The results are shown in Fig. where the maximum crosstalk contributions for the 12
desired modes are plotted. The crosstalk is split into contributions to modes with other
|L|, and the same |L| i.e. inter-group crosstalk and intra-group crosstalk, respectively. The
maximum crosstalk is chosen as a figure of merit since it ensures that all spatial channels
perform within a given threshold. The individual modes behave similarly to the maximum,
and are within 1dB of the maximum for the case of other |L|, and within 4 dB in the case

Other |L|
Same |L|

-50

Crosstalk [dB]

-100

Misalignment [pm]

Figure 4.4: Simulated maximum crosstalk to modes with different |L| and modes with the
same |L| as a function of input misalignment. Crosstalk is defined as the amount of power
coupled to an undesired mode, divided by the power coupled to the desired mode.
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of same |L|. It is seen that in order to have a maximum crosstalk of —15dB (corresponding
to the measured values in Fig. |4.3(b)) the maximum allowed alignment error is 350 nm.
At this tolerance, the crosstalk contribution to modes with the same |L| is —87dB, thus
concluding that misalignments in the mux/demux only affects crosstalk to modes with
other |L|. This crosstalk mainly goes to neighboring modes with same polarization and
same handedness, i.e. when trying to excite L = +70" the main undesired mode will be
L = +607". This, along with the fact that the |L| = 6 modes have two neighbors, explains
why they perform worse than the |L| = 5, modes, even though they have a larger neg
splitting.

In addition to crosstalk from misalignments, crosstalk from polarization mixing in the
free-space optics should also be considered. Since the fields are circularly polarized, it is
impossible to align them to either the s- or p-axis of the optical components, as would
be done with linear polarization. Therefore, any difference in the complex reflection (or
transmission) coefficients of the mirrors and beam combiners transforms the polarization
from circular to elliptical. This corresponds to a coupling between the two orthogonal
polarization states o™ and o, without affecting the thus resulting in crosstalk from
spin-orbit aligned modes to spin-orbit anti-aligned modes. This crosstalk contribution is
estimated to ~ —25dB based on time of flight measurements and specifications of the
optical components. Compared to the measured spin-orbit aligned to spin-orbit anti-
aligned crosstalk for the full system (shown in Fig. 4.3(b)), this is an order of magnitude
lower. Thus, it is concluded that the majority of the crosstalk to modes with the same |L|
does not come from the mux/demux, and therefore must originate in the fiber.

To examine in-fiber crosstalk, further measurements were performed, by transmitting a
set of four modes with the same |L|, and thereby only looking at crosstalk within this
group. As concluded above, this should reduce the effects of mux/demux crosstalk by an
order of magnitude. Since in-fiber crosstalk depends on the difference in effective refractive
index, Aneg, the impact can be predicted by studying Fig. (a). It is seen that modes
with different |L| have Aneg ~ 5 x 1073, while the aligned and anti-aligned pairs have
Aneg ~ 6 x 1075, Aneg ~ 1 x 1074, and Aneg ~ 1.5 x 107% for |L| = 5, |L| = 6, and
|L| = 7, respectively. Thus it is expected that in-fiber crosstalk should be most significant
for the |L| = 5 modes, and least significant for the |L| = 7 modes, while in-fiber crosstalk
to modes with different |L| should be virtually nonexistent.

These results are shown in Fig. using colored points, while the 12-mode results, from
Fig. are shown in black for comparison. It is seen that the in the 4-mode case
are better than in the 12-mode case. In the case of |L| = 6, and |L| = 7 all of measured
4-mode are better than the corresponding 12-mode measurements, while in the case
of the |L| = 5 modes, 8 of the 12 modes have lowerthan the corresponding 12-mode
measurements. Additionally, it is seen that the match the predictions based on the
simulated Aneg, thus confirming that in-fiber crosstalk is the limiting factor in the 4-mode
measurements. This also means that mux/demux crosstalk was a main limiting factor in
the 12-mode transmission, and thus if an ideal mux/demux was used, the 12-mode
could be expected to be as low as the 4-mode In the future, new multiplexers based
on multi-plane light conversion [59], or photonic lanterns [60] could solve this problem.



4.5. Summary and Conclusion 41

1.5}

SDFEC _ _ _ _ _| L _______] L _______
m] A
) A P o o Al
A 8 4 R A
25ADTFEC T o W I a© i~ i I i,
- | A 2 § . @ A A R o
3 ] ]
= A o
=) 9 ® m] i
¥35; o ° i Y 8
[ u A A
4t F A o ©® ]
A
451 o . ®
[ ] A
spfguenentinlt _ | Lo —@-———— L®m—a — —»
¢ § § S § § § ¢ § § § §
><</a /<3 ><<’D /<0 ><“Q /“0 X“o /“0 X(\ /(\ >Z\ /«
B 4 mode 1550 nm ® 4 mode 1556 nm A 4mode 1562 nm
[m] 12 mode 1550 nm O 12 mode 1556 nm A 12 mode 1562 nm

Figure 4.5: Measured for sets of four modes with same |L| (colored markers) and
the 12-mode measurements from Fig. for reference (black hollow markers).

4.5 Summary and Conclusion

12 [OAM] modes, each carrying a 10 GBaud QPSK signal have been transmitted over a
1.2km air-core fiber. [WDM] compatibility was demonstrated by using a comb source
with 60 [WDM] channels with 25 GHz spacing. This is the largest number of modes over
which [MIMO}ree data has been transmitted over a fiber longer than 1km. The most
significant limitations encountered in this demonstration were the difficulties and drifts
associated with aligning 6 free-space optical arms with high accuracy. Crosstalk was
analyzed in terms of in-fiber contributions and contribution from the mux/demux, and
it was concluded that the mux/demux was the main limiting factor. Thus it is expected
that developments in mux/demux technologies would significantly enhance the system
performances and capacity of [MIMO}Hree data transmission using [DAM] fiber modes.
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Chapter 5

Raman amplification of OAM modes

5.1 Introduction

Optical amplification is essential for many applications. In optical communications it is
needed to transmit data over long distances, and in nonlinear optics it is needed to achieve
high powers leading to large nonlinear phase-shifts. In many applications are the
preferred type of amplifiers, although, in order to fabricate an supporting a specific
set of modes, an erbium doped fiber that can guide this set of modes must be fabricated.
This is extremely difficult, but has been achieved for the first 6 modes [61]. It has
also been shown in [62], that an [EDFA]for the 12-mode air-core[OAM]fiber is theoretically
possible, although this has only been demonstrated in practice for modes with |L| = 1 [63].

Raman amplification is an alternative to the [EDFA] that offers several advantages. In the
case of [higher-order modes (HOMs)| the possibility of amplification in the transmission
fiber, means that no special doped fibers have to be fabricated. In the case of com-
munications systems, Raman amplification can also offer a smoother power profile, i.e.
dP/dz — 0, leading to lower noise.

Raman amplification of modes is especially interesting because the intensity profiles
of the different [OAM] modes are nearly identical. This is very different from the case of
modes, where e.g. the fundamental mode has the intensity maximum in the center
of the fiber, while the LP1; mode has zero intensity in the center of the fiber, see Fig.
Raman amplification depends on the intensity overlap between the pump and the
signal [64], and thus, if they are propagating in modes with little spatial overlap, the
amplification will be small. Additionally, if different signal modes have a different overlap
with the pump, the signals will be unevenly amplified, i.e. a mode dependence of the gain,
also known as differential mode gain, is seen. The spatial intensity distribution of [DAM]
modes, means that they have the potential to avoid these issues, making them ideal for
multi-mode Raman amplification.

43
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5.2 Raman theory

Typically Raman amplification in is treated in the scalar case, and is well described
as [24.(65]

dP. _
d; = g(Pf 4+ Py )Ps — asPs, (5.1)
dP* w
dé’ = —wlgP]jEPS — a,pPF, (5.2)
S

where Ps is the signal power PpJr is the forward propagating pump power, P, is the
backward propagating pump power, a, and o, are the fiber loss coefficients for the signal
and the pump, respectively, and ws, w, are the angular frequencies of the signal and the
pump, respectively. g is the Raman gain experienced by the signal, and is given as

9Rr

== 5.3
9= A, (5.3)

where gp is the Raman gain coefficient, which is determined by the fiber material compo-
sition, wavelengths and polarization states of the pump and the signal. In silica fibers, gr
is maximized when the pump frequency is ~13.2 THz larger than the signal frequency, and
when the signal and the pump are co-polarized [65]. If the signal and pump polarizations
are orthogonal, gr ~ 0 [24]. Aeg is the effective mode area, which is assumed to be equal
for the signal and the pump, and is calculated as

(J1dA)?

Aot = A

(5.4)
where [ is the intensity profile of the fiber mode. This set of coupled equations can be
solved numerically. If the pump power is much larger than the signal power, the pump
depletion term in Eq. (5.2)) can be neglected, which allows an analytic solution

Gonfoff = €xp (gPOLeff) ’ (55)

where Gopn_of is the on-off gain, and P is the total input pump power. The on-off gain is
defined as the ratio between the output signal power when the pump is off, and the output
signal power when the pump is on. This is different from the net gain, which is typically
defined as the ratio of the input signal power and the output signal power. The difference
between these two gain figures is the signal propagation loss. For distributed amplifiers,
the on-off gain is typically used, because the transmission loss cannot be removed in any
case. Leg is the effective fiber length, which is less than the actual fiber length because of

pump losses, and is given as
1 —exp (apL
Leg = #. (5.6)
Qp
For convenience, Eq. (5.5)) is also given in dB, with the units of the variables as super-
scripts, since this will be used later

10 —1,-1 mn
C;grllg—oﬂr = ln(10) gW P(}N eff* (57)
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These equations cannot directly be used in the case where the pump and the signal prop-
agate in different modes, since the different modes have different spatial intensity distri-
butions. Additionally, the equations do not account for the case where the same mode has
different intensity distributions at different wavelengths. In this is not a problem
in general, but in some fibers supporting this effect can be significant, especially
close to the cutoff wavelength.

Here, we stay within the scalar theory, and consider the case where the pump has an
intensity distribution I, corresponding to a given mode and a given wavelength. The
signal has the intensity distribution I, also corresponding to a given mode and a given
wavelength.

The major difference in the case of different signal and pump modes is that the Raman
overlap is not A.g but rather the intensity overlap between the modes. Following the
methods presented in [64,/66], but in the scalar case, rather than the full vectorial case,
this overlap is written as
_ [LdA[I,dA
Aeft = —r—7— 1
[ I,I;dA

The material parameter ggr is also a function of the spatial position within the fiber, and
thus should be included in this integral. For many fiber designs, this difference may be
insignificant. However the air-core fiber has an air core, a highly doped guiding
region, and a silica cladding, and this means that the Raman activity of the materials is
very different. Accounting for this, we get

(5.8)

[ IIgrdA

FLdA [I,dA (5.9)

g:

5.2.1 Estimation of Raman gain in OAM fiber

In order to evaluate g, using the theory described in the previous section, the intensity
profiles of the desired modes, and the Raman gain coefficient as a function of the transverse
spatial position in the fiber are needed. As described in Sec. 2.1.3] the refractive index
profile of the fiber was measured, and using that data, the fiber modes were calculated
using a full vectorial mode solver. This gives the 2 and H fields, and the intensity profiles
are calculated from those, as the z component of the Poynting vector.

gr is calculated using [67], where it was determined that for Germanium doped silica, the
refractive index change relative to undoped silica is

An = 1.47 x 1072 x mol% GeOo, (5.10)
and in [68] the peak Raman gain coefficient is found to be
gr = (14 0.08 x mol% GeO) X gr si0,- (5.11)
Thus, from the index profile, gr can be calculated as

gr(r) = [An(r) x 54.4 + 1] X gR, si0,, (5.12)
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Table 5.1: Calculated Raman gains ¢, in units of W='km™! for all combinations of pump
and signal modes.

5a | 1.17 1.10 1.17 1.09
7a | 1.13 1.14 1.14 1.13
5aa | 1.17 1.10 1.17 1.10
7aa | 1.13 1.13 1.13 1.13
5a 7Ta BHaa Taa

Pump OAM mode

Signal OAM mode

with
1 x107¥m?2/W

Ap
where ), is the pump wavelength [24]. This method of estimating gr from An agrees with
the investigations in [69] when the germanium concentration is ~20 %, which is the case
in the air-core fiber. The results of these calculations are given in Tab. It is noted the
all pump and signal combinations results in similar theoretical gains, which is expected,
because of the circular intensity profiles.

9R,Si0z ™~ (5.13)

5.3 Raman amplification of OAM modes using a CW pump in a
superposition of modes

This section examines the case where one or several signals, in pure [OAM]| modes are
amplified by a pump in a superposition of fiber modes. This section is based on results
originally published in [70] and [71].

As described in Sec. modes are typically excited using either or g-plates.
These devices are both based on liquid crystals, and therefore the power handling is

limited. The used during the experiments in this thesis can handle average powers
up to 1 W according to the manufacturer, and the g-plates have a similar power tolerance.
If this power is exceeded, the liquid crystals starts to heat up, eventually reaching the
boiling point, where the device is destroyed.

Raman amplification is a nonlinear process, and thus requires large pump powers. The
effective mode area of the modes in the air-core fiber is ~160 pm?, and thus the
pump power should be doubled compared to As a consequence, other methods of
coupling the pump to the air-core fiber are needed. Here, the case where the pump is
offset coupled to the air-core fiber, resulting in a superposition of modes, is examined.

5.3.1 Raman amplification of a single OAM mode using a CW pump

Experimental setup

The experimental setup is shown in Fig. where a tunable is launched into the
8-mode air-core fiber, using an [SLM] as described in Sec. Thus exciting a single



5.3. Raman amplification of OAM modes using a CW pump in a superposition of modes 47

];’L PolCon S F @ DM -~
.‘__ _4. '_ 1455 nm

(Signal) 19 km CW pump
OAM fiber Power
meter

LPF

Figure 5.1: Schematic of the experimental setup. external cavity laser, PolCon:
polarization controller, spatial light modulator, \/4: quarter-wave plate, LPF: long-
pass filter, DM: dichroic mirror.
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Figure 5.2: Radial intensity distributions of the |L| = 5 modes, the |L| = 7 modes, and the
pump. Each curve is normalized such that the area, corresponding to the power, is unity.

[OAM] mode with purity of at least —17dB, measured using time of flight, as described
in Sec. [3.5.2 The fiber is backward pumped, using a 1455 nm unpolarized [CW] Raman
laser, which is offset coupled to the fiber without any beam shaping. Thus the pump is
not coupled to a pure fiber mode, but to a superposition of several modes. At the input
end (for the signal) a long pass filter is used to make sure that the pump does not hit the
[SLM] At the output of the fiber, the signal is separated from the pump using a dichroic
mirror and a long pass filter. The long pass filter is not strictly needed, but improves
the spectral filtering significantly compared to only using the dichroic mirror. The signal
power is measured using a free-space power meter.

The intensity distributions of the pump and the [DAM] modes are characterized using an
InGaAs camera, and the averaged radial profiles are shown in Fig. 5.2l Each mode is
normalized such that the area, corresponding to the power, is unity. It is seen that the
intensity distributions do overlap, but that the pump is wider than the signals.

The input signal power is set to —20 dBm, and is swept from 1530 nm to 1570 nm with the
pump turned off. The output power is recorded. The pump is turned on and the signal
is swept again. This is repeated for pump powers between 15dBm and 25 dBm, which is
the maximum output power from the used pump. Finally, the signal is turned off, and the
pump power is swept while the famplified spontaneous emission (ASE)| power is recorded.

The pump propagation loss and coupling loss are calculated by measuring the input power
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and the output power, followed by cutting back the fiber to a length of ~1m, without
changing the input end, and then measuring the output power again, and subtracting
the results. This yielded a pump coupling loss of 0.8dB, and a pump propagation loss
of 6 dB/km. This propagation loss does not correspond with the measurements shown in
Fig. because the pump is in a superposition of modes.

The on-off gain can then be calculated by subtracting the [ASE| power from the amplified
signal power, and dividing by the unamplified signal power, all in linear units

W W
lin o Psig, pump on PASE, pump on 5.14
on—off — pW : ( : )
sig, pump off

Results

The results are shown in Fig. where the left panel shows a power sweep averaged
over the peak wavelengths, and the right panel shows a wavelength sweep at maximum
pump power. Triangle markers indicate modes with o polarization, while circles indicate
modes with 0~ polarization. The colors indicate the handedness i.e. spin orbit aligned or
spin orbit anti-aligned of the modes, using the same convention as the previous chapters.
The black lines in the left panels are least squares linear fits to the |L| =5 and |L| =7
modes, with the top line being the |L| = 5 modes.
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Figure 5.3: Results of the Raman amplification measurements. The left panel shows a
power sweep, and the right panel shows a wavelength sweep.

It is seen that the gain in dB is linear with the pump power, as predicted by Eq. .
Furthermore, it is seen that the |L| = 5 modes exhibit a slightly larger gain than the
|L| = 7 modes. No consistent dependence of polarization or handedness is observed,
which is expected since an unpolarized pump was used. The gain difference is examined
by fitting a line to the |L| = 5 and the|L| = 7 modes, respectively. The slope is found to
be 0.90dB/W, for the |L| = 5 modes, and 0.86 dB/W, for the |L| = 7 modes, leading to
a differential mode gain of 0.04dB/W.
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The expected gain can be estimated by evaluating Eq. using gr as computed in Sec.
5.2.1l and the experimentally measured intensity profiles presented in Fig. This leads
to an expected gain of 1.05dB/W and 0.97dB/W for the |L| = 5 and |L| = 7 modes,
respectively. Thus the measured gain is on average 13 % lower than expected.

Peak gain is observed for a wavelength of 1555 nm, corresponding to a frequency offset of
13.25 THz, thus agreeing with the theory.

5.3.2 Simultaneous Raman amplification of several OAM modes using a CW
pump

Experimental setup

The investigations of the previous section are expanded by launching several modes si-
multaneously. This is done in order to examine, if in this case, one mode may “steal” the
gain from another mode, resulting in a large differential mode gain. This situation is most
likely to happen if g is different for the co-propagating modes, and the pump is depleted.
The experimental setup is modified as shown in Fig. enabling excitation of all four
|L| = 7 modes at the same time. The signal is launched into a 3 dB splitter, and the
paths are decorrelated using 10 m [SMF] The paths are aligned to the axes of a fiber [PBS]
and the outputs are decorrelated using 5m [SMF] This creates two orthogonal polarization
states in each of the two outputs, effectively emulating a polarization multiplexed signal.
Coherence control is enabled on the ECL, to ensure that the used 5m of decorrelation is
sufficient. The two outputs are collimated, and g-plates are used for mode excitation, since
each g-plate allows excitation of two modes, thereby reducing the number of free-space
beams by a factor of two, compared to using The two beams are combined in a
beam splitter, and are coupled to the 8-mode fiber.

— S e eell _.__ __.. ._ 1455 nm
ECL e @ g 19k CW pump
: e e BS -2 km
(Signal| 12| 000 T OAM fiber A4 POL
§ PolCon =

Pol mux emulation and decorrelation

Figure 5.4: Schematic of the experimental setup. |[ECL; external cavity laser, PolCon:
polarization controller, BS: beam splitter, LPF: long-pass filter, DM: dichroic mirror, A/4:
quarter-wave plate, POL: linear polarizer [SLM} spatial light modulator, foptical spectrum]|
lanalyzer (OSA)t optical spectrum analyzer.

At the output, the modes are demultiplexed, using a circular polarizer comprised of a
quarter-wave plate and a linear polarizer and an [SLM] that projects each mode onto a
Gaussian-like mode that can be coupled to a [SMF] This creates a mode filter, enabling
measurement of the gain in each mode. Finally, the power is measured using an [OSA]
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Compared to the setup used in the previous section, the [DSA]enables spectral filtering of
the out of band [ASE] thereby improving the measurements. The pump launching scheme
using offset coupling, dichroic mirror and long pass filters, is identical to the previous
setup.

In addition to the pictured setup, a modification where the signal is amplified using two
after the fiber [PBS| was also used in order to investigate the effects of gain satu-

ration.

Results

The results are seen in Fig. The left panel shows the results when the four modes
are propagating together in the fiber, with an input power of —20dBm each, resulting in
a total signal power of —14dBm. In this case, the fit shows a slope of 0.86 dB/W which
is identical with the case where a single mode was excited at a time. However, with four
modes propagating simultaneously in the fiber, the difference between the largest gain and
the smallest gain is 0.16 dB, while it was 0.09dB in the previous case. This shows that
there may be some interaction between the modes, but that it is minimal.
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Figure 5.5: Results of the Raman amplification measurements. The left panel shows a
power sweep with a signal power of —20dBm per mode, and the right panel shows a
power sweep with a signal power of 6 dBm. Gain saturation of 0.05dB/W is observed.

The right panel shows the case where two are used to boost the signal power to
6 dBm per mode. In this case, the slope is decreased to 0.79 dB/W, showing a degree of
gain saturation. The differential mode gain is 0.15 dB, showing that the modes also share
the gain well in the slightly saturated case. The measured spectral dependence is identical
to the previous experiment, and is therefore not repeated here.

5.3.3 Scalability

It is clear that Raman amplification in the air-core fiber requires large pump powers in
order to reach significant gains. Using the measured gain per pump power, it is estimated
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that in order to reach a gain of ~15dB, a pump power of 17 W is needed. This would lead
to a gain of 15.4dB for the |L| = 5 modes, and 14.7 dB for the |L| = 7 modes, resulting in
a differential mode gain of 0.7 dB.

In theory, there is no reason why scaling the pump power should not work, although, in
practice, it may be difficult. Alternatively, the gain could be increased by reducing the
fiber loss at the pump wavelength, leading to a significantly longer effective length.

5.4 Raman amplification of an OAM mode using a pump in a
single OAM mode

The previous section described the situation where an unpolarized pump in a superposition
of modes amplified an [DAM] mode. In order to better understand the nonlinear dynamics
on a more fundamental level, this section examines the situation where a signal propagating
in a single, pure [OAM] mode, is amplified by a pump, also propagating in a single pure
mode.

As previously explained, the liquid crystal based and g-plates cannot handle large
average powers, and therefore a scheme using a pulsed pump and a pulsed signal is adopted.
A pump is emulated by using a long pump pulse and a short signal pulse. The pulses
are then timed such that even though the group velocities for the pump and the signal are
different, the signal always propagates “inside” the pump, as shown in Fig. [5.6

L)l

Input Middle Output

Power [a.u.]

Distance [a.u.]

Figure 5.6: Sketch of the principle of the pulsed Raman amplification measurements, in
the case where the pump (black) propagates faster than the signal (red).

5.4.1 Experimental setup

The experimental setup is shown in Fig. Two tunable are used as pump
and signal sources, respectively. The pump is set to 1470 nm, and the signal is set to
1571.7nm in order to achieve a 13.2 THz frequency difference. This set of wavelengths is
chosen because the fiber propagation loss decreases with the wavelength as shown in Fig.
and thus a long pump wavelength is desirable. Minimizing the pump loss, in turn
maximizes the effective Raman length, as described in Eq. , thereby maximizing the
Raman gain. However, the |L| = 7 modes have wavelength cutoff at ~ 1580 nm, and thus
the signal has to be below this wavelength.
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Figure 5.7: Schematic of the experimental setup. Red indicates the signal path, and
green indicates the pump path. [ECL} external cavity laser, MOD: modulator, TDFA:
thulium doped fiber amplifier, PolCon: polarization controller, DM: dichroic mirror, \/4:
quarter-wave plate, spatial light modulator, FM: flip mirror, [PD} photodetector,
OBEF: optical band-pass filter.

The signal and pump are modulated using standard telecom intensity modulators, driven
directly using an [radio frequency (RF)|signal generator. The signal is modulated to 1ns
pulses, while the pump is modulated to 50 ns pulses. The period is set to 50 pus in order
to achieve a duty cycle of 1/1000. The long pump pulse is needed because the maximum
walk-off between the fastest pump mode and the slowest signal mode is ~41ns in the
1.2km fiber. Using a 1ns signal pulse, this means that the minimum pump duration
should be 42ns, but, 50ns is chosen to allow for rise- and fall times and to add some
tolerance for temporal misalignment.

The pump is amplified in a[thulium doped fiber amplifier (TDFA)| resulting in flat topped
pulses with a peak power of 12W. The signal and the pump are separately collimated
and sent into free-space, where they hit [SLM] 1 in separate spots, allowing for independent
pump and signal modes. This is coded with a phase pattern as in Eq. , with
the addition of a blazed grating in order to isolate the diffraction orders spatially, leading
to larger mode purity and additionally making the [SLM] act as a linear polarizer. The
blazed grating increases the wavelength sensitivity of the mode excitation, but this is
not a problem when monochromatic light is used. The beams are passed through separate
quarter-wave plates in order to achieve circular polarization, and combined using a dichroic
mirror. The combined beam is focused into the fiber through an aspheric lens with a focal
length of 8 mm.

At the output of the fiber, the light is collimated using another 8 mm lens, and detected
using either a 5 GHz free-space [PD] or a 10 GHz fiber coupled [PD] In the case of the fiber
coupled [PD] the light is passed though a mode filter consisting of a quarter-wave plate
and [SLM] 2. This is programmed with a phase pattern similar to the one used on [SLM]
1, matching the selected signal mode. Additionally, an optical band-pass filter is used to
filter out the pump and and an electrical 3 GHz low-pass filter (not pictured) is used
to reduce the noise. In the case of the free-space a long pass filter is inserted (not
pictured) to filter out the pump, but the is not filtered out. In both cases, the signals
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are digitized using a fast oscilloscope.

The setup is spatially aligned using time of flight measurements, where both the pump
and the signal are switched to a 1 ns pulse duration, and detected using the free-space [PD]
The temporal alignment of the pump and signal pulses is also done using the free-space
[PD] at the fiber output end, using measured relative propagation delays of all pump and
signal combinations.

For each signal and pump mode combination, 50 waveforms consisting of 4096 data-points
are acquired, with the pump on, and with the pump off. The sampling window is set
to 2ns, to ensure that the entire signal pulse is captured, and the central 400 points,
corresponding to 0.2 ns are used for calculating the gain. This ensures that only the part
where the signal pulse has a flat top is used. The gain is calculated by dividing each pump
on trace, by the corresponding pump off trace, and then averaging across the resulting
400 x 50 data points.

The setup is characterized to determine the pump loss, in order to be able to calculate
the Raman gain, g. It is found that the loss in the free-space path was 1.5dB for the
|L| = 5 modes, and 1.8dB for the |L| = 7 modes. This is mainly caused by diffraction
loss at the [SLM] The coupling loss is 2.5dB and 3.1dB, while the propagation loss is
4.2dB and 3.0dB for the |L| = 5 and |L| = 7 modes, respectively. Before each series of
measurements, the pump power is measured using a —20 dB tap and a fiber [PD] as well as
using the free-space [PD] at the output. A fiber attenuator and a free-space neutral density]
(ND)| filter, respectively, is used, and the are characterized, by doing a power sweep
with a[CW]source and a power meter.

Measurements are performed for all 64 combinations of 8 signal modes and 8 pump modes.
For each combination the signal is measured in both of the degenerate modes in order to
allow for polarization rotation, as observed in Ch. {4, and the results are averaged.

5.4.2 Results

The on-off gain is measured, as described above, and the Raman gain g is calculated using
Eq. . The results are shown in Fig. with the 8 signal modes on the vertical
axis, and the pump modes on the horizontal axis. A large difference in gain is observed,
with a minimum of 0.08 W' km™! and a maximum of 0.75 W' km™!. It is seen that the
diagonal, corresponding to having the signal and the pump in the same mode, results in
the largest gains, while the super- and sub-diagonal, corresponding to having the signal
and the pump in degenerate mode pairs, but with opposite polarizations, show the lowest
gains. This corresponds with the expected polarization dependence. Excluding these
fields, the remainder of the matrix has a minimum gain of 0.30 W~'km™!, a maximum
gain of 0.44 W~'km™!, and an average gain of 0.37 W~ km~!.

It is noted that the case where the pump and signal are both in the |L| = 7, a modes, the
gain is opposite compared to what is expected, i.e. the gain is larger when the pump and
the signal is launched with opposite polarizations.

From previous investigations, as described in Ch. it is well known that polarization
rotations happen, when propagating through long sections of air-core[OAM]fiber. However
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Figure 5.8: Results of the pulsed Raman measurements. The largest Raman gain is ob-
served in the diagonal, corresponding to identical pump and signal modes.
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it is also known that if two orthogonal states with the same wavelength e.g. L = +7,0"
and L = —7,0~ are launched, they remain orthogonal during the entire propagation. In
other words, the transformation is unitary, otherwise these orthogonal states could not be
used for multiplexing. In Ch. [ however, a relatively narrow spectrum was used, while
here the difference between the signal and the pump is 13.2 THz. Thus, it is concluded
that while a signal, or a pump launched into e.g. L = +7,0" remains orthogonal to a

signal or a pump launched into L = —7,07, respectively, during the entire propagation,
a signal launched into L = +7,0" does not necessarily remain orthogonal to a pump
launched into L = —7,0~. Previous investigation [38] suggests that polarization rotation

can be completely avoided if the fiber length is reduced to ~10m, but this would also
reduce the Raman gain by two orders of magnitude, and thus it is not a viable option in
this case.

In order to avoid the complications relating to the polarization rotation, the four data-
points for each degenerate mode pair are averaged, effectively returning to an unpolarized
pump. These averaged results are shown in Fig. It is seen that that gain is relatively
uniform, but slightly lower across all signal modes when the |L| = 5 modes are pumped.
In order to evaluate if the measured Raman gains, correspond to the theory of Sec.
the gains are compared to the values displayed in Tab. [5.1] These values are for the
co-polarized case, and thus should be halved, in the unpolarized case. This results in an
average expected Raman gain of 0.57 W~ km™!, while the averaged measured Raman gain
is 0.37 W~ km~!. This corresponds to the measurements being 34 % lower than expected.
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Figure 5.9: Raman gains averaged across polarizations. Similar gains are seen for all
combinations.
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5.5 Conclusion

Raman amplification of modes was examined in the case where a [CW] pump in a
superposition of modes, was used to amplify one or several pure OAM] modes, and in the
case where a pump in a pure [OAM] mode, amplified a signal in a pure [DAM] mode. The
results were compared to a scalar theory, and it was found that in practice the gain was
lower than expected. Based on this investigation, it is clear that Raman amplification of
[OAM)] modes with low mode dependent gain is possible, but that it requires a significant
amount of pump power.



Chapter 6

Few-mode Kramers-Kronig receiver

This chapter is based on experiments performed during the external research stay at NICT
in Japan. The results are originally published in [72] and [73].

6.1 Introduction

In recent years, [space-division multiplexing (SDM)| has attracted significant attention as
a way to increase data rates in optical fibers [13]. Moreover, the attractiveness of
stems from the potential for integration with high scalability of optical hardware, such as
optical amplifiers [74] or optical switches [75] as well as sharing processing resources.

In this chapter, we propose a novel coherent receiver, capable of handling few-mode [SDM]
signals with a front-end structure that is scalable to large numbers of modes. The receiver
concept is based on mixing the [local oscillator (LO)| light with all incoming modes si-
multaneously, before polarization- and mode-demultiplexing. Detection can be performed
using single-ended with a coherent [Kramers-Kronig (KK)| detection scheme, adapted
to few-mode systems [76], which allows reconstruction of the full optical field in the digital
domain.

By performing [LO|] mixing and polarization splitting directly on few-mode signals, sub-
stantial hardware savings are achieved, compared to traditional receiver structures that
are based on mode demultiplexing followed by conventional coherent receivers for each of
the spatial modes.

6.2 Few-mode Kramers-Kronig front-end

Fig. shows a comparison between the principles of different [KK] receiver schemes and
the proposed scheme. Fig. [6.1(a)[shows the conventional single-mode [polarization division|
fmultiplexing (PDM)HKK] receiver [77,[78], where the signal is split into two polarization
components by a[PBS|and combined with a co-polarized [LO]

57
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Figure 6.1: Principle of the few-mode PDM-KK receiver compared to previous PDM-KK
receivers.

Fig. [6.1(b)| shows a variation of this scheme where the signal is first mixed with an
which is aligned at 45 degrees with the polarization axis of the [76]. In this way, the
outputs of the [PBS| correspond to the two signal polarization components, co-polarized
with equal power components of the Compared to the scheme in Fig. this
reduces the number of 3dB couplers from 3 to 1.

In the proposed receiver, Fig. the signal and are replaced by a few-mode signal
and a few-mode [LO] The outputs of the [PBS| are then single-polarization spatial modes,
consisting of co-polarized components of the signal and [LO] modes. The receiver uses two
mode demultiplexers, one for each polarization component. It is noted that although the
required mode demultiplexers are dependent on the number of received modes, the signal-
[LO| mixing and polarization splitting are done independently of the number of modes. In
addition, a few-mode band-pass filter can be added at the receiver input, to accommodate
dense [WDM] transmission schemes.

Comparing these 3 receiver structures, they all use the same number of and the [LO|
source can be split and amplified to enable scaling. Scheme @ and @, requires a single
mode demultiplexer, while scheme requires two. However, only in the case of scheme
scaling in the number of spatial modes, is possible without the number of and
3dB couplers, rapidly increasing.

6.3 Single wavelength experiment

This section describes an experiment, demonstrating the few-mode [KK| receiver principle,
as explained in the previous section.
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6.3.1 Experimental setup

The experimental setup is shown in Fig. A narrow-linewidth (< 100kHz) [ECL
at 1546.6 nm is modulated with a 24.5 GBaud [PDM}lquadrature-amplitude modulation|
signal with root-raised cosine pulses and a roll-off of 0.01, using a (dual polarization|
(DP)HQ modulator, driven by a 4 channel 49 GS/s [arbitrary waveform generator (AWG)]
The signal is amplified using an [EDFA] and attenuated with a [variable optical attenuator]
The signal is split in a 3 x 3 coupler, and the 3 paths are decorrelated by adding
two optical delays of 100ns and 200 ns, respectively, creating 3 spatial channels. The 3
signals are multiplexed using a 3D waveguide, mapping the signals onto the LPgy,
LP11, and LPq11, modes of a 3-mode fiber. The signal is transmitted through a 55km
graded-index 3-mode fiber link, with a loss of 12dB ,.
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Figure 6.2: Experimental setup of the single wavelength PDM-KK receiver.

The free-space [KK] receiver consists of 3 stages; [LO| generation, [LO| combination, and
finally mode demultiplexing. In order to generate the 3-mode [LO| a 25kHz linewidth
[ECT]is tuned at a 12.5 GHz offset from the signal center-wavelength, and passed through
a[VOA]and polarization controller. The[SMEF|output of the polarization controller, is offset
spliced to a 5m segment of graded-index 3-mode fiber in order to excite a superposition
of modes. The 3-mode fiber is inserted in a fiber polarization controller with 3 x 17.5 mm
diameter loops in a configuration of 1-2-1 turns. This provides a controlled method to
perturb the fiber, and thereby adjust the [LO] polarization and mode superposition at the
fiber output. The 3-mode [LO| and the 3-mode signal are each collimated into free-space
where they are combined in a 3dB beam splitter. The two collimators have variable focus,
and are mounted on stages allowing for x, y, yaw and pitch adjustment. Using these
adjustments, the [LO] and signal beams are co-aligned.

Demultiplexing of the 6 data signals is achieved by passing the beam through a[PBS] and
then splitting the modes in two separate free-space demultiplexers, marked with dashed
lines in Fig. [6.2] Before these demultiplexers, two sets of two dielectric mirrors are used to
allow independent steering of the two beams. These demultiplexers operated by splitting
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the beam in a 3dB beam splitter, and focusing one part into a [SMFEl The [SMF] acts as a
pinhole, filtering away the LP;; modes. The second beam is split in an additional 3dB
beam splitter, and each output beam is passed though a phase plate. These phase plates
converts the LP1; mode content, aligned with the axis of the phase plate, to a Gaussian-
like intensity profile, that can be coupled to while converting any LPg; content to
a LPj;-like intensity profile, that is filtered away by the [SMF] The two phase plates are
adjusted to have a relative angle of 90°, while the remaining parts of the demultiplexers
are fixed, and thus cannot be optimized.

The demultiplexing loss for the LPgp; mode is 4.8 dB while the loss for the LP1; modes is
9.0dB, leading to an average loss of 7.0dB. The beam splitters gives the demultiplexer
a minimum loss of 3dB for the LPy; mode and 6 dB for the LP1; modes, before any loss
from fiber coupling, and thus the measured losses are as expected.

The[LOJis aligned such that the power ratios of [LO]and signal at each of the 6 outputs are
identical. This is achieved with the same average loss as the signal, thus confirming that
the scheme for generating a 3-mode superposition of the [LO]is effective. Additionally, it
is done with a loss of 1.2dB from the offset splice and polarization control stage, which
is significantly less compared to what can be achieved using a dedicated multiplexer, and
similar to what can be expected if using a custom phase plate or computer generated
hologram on an [SLM] to achieve this superposition.

Each of the 6 [SMF] outputs has a signal to [LO| ratio of 14dB, and is individually pream-
plified and band-pass filtered to reduce the [ASE| power. The signal is detected using 6 x
40 GHz and digitized and stored for offline processing with a 6-channel real-time
oscilloscope operating at 80 GS/s. The consists of a front end operating at 4
samples per symbol to compute the optical fields of the signals, followed by a few-mode
digital receiver. The latter consists of a resampling stage to 2 samples per symbol, fol-
lowed by a least-mean squares 6 x 6 [MIMO]equalizer with 117 taps. The equalizer taps are
computed using a data-aided algorithm. After convergence, the update of the equalizers
is switched to a decision directed algorithm. Carrier recovery is performed within the
equalizer loop.

6.3.2 Results

Constellation diagrams of the 6 received modes after transmission are shown in Fig. [6.3
The average Q-factor is 8.5dB, and the |error vector magnitudes (EVMs)| are 13.7 %,
13.5 %, 16.2 %, 16.1 %, 179% and 192% for the LP01X, LPQly, LPHaX, LPHay, LPHbX
and LP11py modes, respectively. It is noted that the LPy; modes performs better than the
LP11 modes, most likely due to their lower demultiplexing loss. Tests are also performed
in a back to back configuration, with 1 m of 3-mode fiber. Here, the average Q-factor is
8.9dB, and thus a 0.4 dB transmission penalty is measured.

The estimated impulse response of the system, computed by running the inverse of the
[MIMO| equalizer, is shown in Fig. [6.4] for both transmission and back to back configura-
tions. In the back to back case, there are two distinct peaks, presumably corresponding
the LPg; and LP1; modes. In the transmission case, the overall shape of the impulse re-
sponse is preserved, although it is slightly smoothed and the temporal extent is increased



6.3. Single wavelength experiment 61

EVM = 13.5% EVM = 16.1% EVM = 19.2%
=
A E S8 ES
Slewwn e
Sieeew A EE
g T T T ®EE»

EVM = 13.7%% EVM = 16.2% EVM = 17.9%
= ’
-% ' E F #8aa e
Sleeee ‘T T e e
S e ES LA B2 L
; s ew Eeae L= E

LPy; LPq1, LPyy

Figure 6.3: Constellations of the received signals.

by ~0.15ns. Since the spread of approximately 0.5 ns is present in both cases, it is mainly
attributed to different path-lengths in the free-space part of the receiver.

Fig. [6.5 shows the squares of the frequency domain singular values of the channel, cal-
culated as in . A spread can be observed between the six tributaries, and the system
[mode dependent loss (MDL)| here defined as the ratio of the maximum to the mini-
mum of the frequency-averaged squared singular-values, reached 5.6 dB. This is mainly
attributed to the demultiplexers. A non-symmetric behavior of the frequency-domain sin-
gular values was also observed, in contrast to previous observations with standard coherent
receivers . This asymmetry is supposedly induced by the frequency-response of the
as well as the oscilloscope. While the current free-space implementation of the few-
mode [KK] receiver induces a considerable performance penalty, a further reduction of loss
and [MDT] should be possible when using better mode demultiplexers.
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Figure 6.5: Singular values square of the frequency-domain channel matrix.
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6.4 WDM experiment

In this section, the few-mode [KK]receiver from the previous section is extended to[WDM]
operation. Furthermore, the optical amplifiers are removed in order to simplify the setup,
and thereby make the receiver more attractive in low cost scenarios.

6.4.1 Experimental setup

The experimental setup is shown in Fig. A frequency comb generates carrier lines
with 25 GHz spacing. A tunable filter is used to select a pair of neighboring lines which
are split, independently modulated in two DP-IQ modulators and optically decorrelated
before recombination in a 3dB coupler. The modulators are driven by a four channel
[AWG]| generating 24.5 GBaud root-raised cosine shaped 16{QAM] signals with a roll-off
factor of 0.01.

The remaining comb spectrum is modulated in a third DP-IQ modulator, driven by a single
electrically decorrelated [AWG] generating 24.5 GBaud root-raised cosine shaped 16{QAM]
dummy channels. A MEMS based optical processor is used to flatten the optical spectrum,
as well as to generate the spectral channel assignment, consisting of two adjacent channels
with a 25 GHz guard band. The test and dummy channels are separately amplified before
combination in a 3dB coupler with used for power equalization. The resulting
optical spectrum, shown in Fig. consists of 16 x 24.5 GBaud channels, occupying
a spectrum of 575 GHz. This configuration enables positioning the such that the
frequency offset to the center of the test channel is 12.5 GHz, while the frequency offset
from the center of the nearest neighboring channel is 37.5 GHz. The signal is transmitted
through a 55km graded-index 3-mode fiber link, with a loss of 12dB . The total
launch power into the 3-mode fiber is 19.8 dBm.

After transmission, the 3-mode signals are collimated into free-space, and filtered using
a free-space optical band-pass filter in order to select a WDM] channel under test. The
[CO] generation and combination is identical to the single-wavelength experiment described
in the previous section, except that it is now amplified using an [EDFA] As before, po-
larization demultiplexing is done with a [PBS| producing two 3-mode light waves with
co-polarized signal and [LO| modes. Mode demultiplexing is handled using two mode de-

Comb
Source

Test-band 000 -

w
4ch - AWG B
49 GS/s <3
O
8 a
000 - e
] .
>
% Dummy channels
Signal
000 - OP splice  Pol. Contr. Reception
50/50 3x3 Pol. Optical . Optical Electrical
L J
» EDFA g VOA e Q00 e (@) delay -NPBS .PBS .Colllmator Interleaver (LN processor ® delay

Figure 6.6: Experimental setup of the WDM few-mode KK receiver.
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Figure 6.7: Spectrum before transmission, consisting of 16 WDM channels arranged in 8
pairs.

multiplexers based on 3D waveguides, which leads to a fiber coupling and demultiplexing
loss of 2.6 dB. This is significantly better than the free-space demultiplexers used in the
single-wavelength experiment, and additionally the is less than 1dB. alignment
is optimized to achieve similar electrical powers for all of the six demultiplexed channels.
After transmission and receiver losses, the input power to each [PD]is —17.6dBm per
wavelength channel with an [LO] power of 5dBm to each [PD]

The signals are detected using 6 x 40 GHz amplified using electrical amplifiers before
being digitized and stored for offline processing in a 6-channel real-time oscilloscope oper-
ating at 80 GS/s. The consists of a front-end operating at 4 samples per symbol
to compute the optical fields of the signals, followed by a few-mode digital receiver. The
latter consists of a resampling stage to 2 samples per symbol, followed by a least-mean
squares 6 x 6 equalizer with 117 taps. The equalizer taps are computed using a
data-aided algorithm. After convergence, the update of the equalizers are switched to a
decision directed algorithm. Carrier recovery is performed within the equalizer loop.

6.4.2 Results

Fig. a) shows the Q-factors of the 16 measured spatial super channels, ranging between
5.4dB and 7.8dB. Fig. (b) shows the resulting data-rates for each channel on the
left axis and the required code-rates on the right axis. The higher values are calculated
with the [generalized mutual information (GMI)| [82], indicating the achievable data-rates
assuming an ideal code and bit-wise decoding. To assess the data-rates under more realistic
conditions, a coding scheme similar to , is also implemented using soft-decision
density parity-check (LDPC)|codes to reduce thebelow 2.18 x 107° and a further
outer with 2.7 % overhead to guarantee error-free transmission. Code-
puncturing is implemented, for finer code-rate granularity. The average measured data-
rate after decoding was 548.9 Gbit/s, and the total data-rate is 8.8 Thit/s, leading
to a spectral efficiency of 15.3 bit/s/Hz.
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Figure 6.8: Results of the measurements. The top panel (a) shows the Q-factors of the 16
measured spatial super channels, ranging between 5.4dB and 7.8dB. The bottom panel
(b) shows the data-rates for each channel on the left axis and the required code-rates on

the right axis.

6.5 Conclusion

An[SDM]receiver, which is highly scalable in the number of modes, has been demonstrated.
This was done by transmitting 16 [WDM] spatial super channels over 55 km 3-mode fiber,
without the need for optical pre-amplification in the receiver. The receiver made use of
[KK] detection, reducing the number of required by a factor of two. This receiver
design may be attractive for short-reach metro or inter-data center links, where low cost

is important.
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Chapter 7

Conclusion

This thesis has presented the theoretical background for modes in optical fibers, and
several experiments were performed demonstrating the use of for communications
purposes.

Starting with Maxwell’s equations, a brief introduction to electromagnetic theory was
provided, leading to the eigenvalue equations for modes in optical fibers. These equations
were discretized, in order to be able to solve the guided modes in a fiber, for a measured
refractive index profile. The scalar approximation, leading to[LP|modes was also examined.

The theory was used to characterize the air-core [OAM] fiber, supporting stable propaga-
tion of 12 states, L = +5,0%, L = 45,07, L = 4+6,0%, L = 46,07, L = £7,0%,
and L = +7,0T. Mode excitation in this fiber was examined, using and g-plates,
and the experimental setups for mode excitation were analyzed using Fourier optics. The-
oretical coupling losses down to 2.0 dB were found, while in practice the lowest achievable
loss was 2.5 dB. Experimental characterizations of the air-core fiber were performed, the
loss was measured, and found to be ~0.8dB/km in the C-band, with increasing loss at
shorter wavelengths. The purity of modes was examined using the time of flight method,
and excitation of modes with at least —17dB, corresponding to 98 % was found to be
achievable. Finally, the intensity- and phase distributions of the modes were studied.

The 1.2km, 12-mode air-core[OAM] fiber was used in a transmission experiment, resulting
in the largest number of simultaneously transmitted fiber modes, without the need of
[MIMO] processing. The crosstalk of the system was analyzed, and found to be the main
limiting factor of the achievable data-rates. It was concluded that the crosstalk could be
significantly improved by using a better multiplexing technique.

Raman amplification of[0DAM|modes, in the air-core fiber was studied experimentally, as a
possible alternative to a complicated OAM|[EDFA] It was found that Raman amplification
in the air-core fiber is possible, and that the Raman gain can compensate the propagation
loss. However, the large loss at the pump wavelength, and the large effective area of the
fiber modes resulted in a need for large pump powers, in order to extract meaningful gains.

A novel receiver structure, utilizin resource sharing, and detection, was pro-
) ) )
posed. This was successfully demonstrated in transmission experiments with [LP] modes in
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graded-index [few-mode fiber (FMF)| in both the single-wavelength case, and the [WDM
case.

Thus, this thesis has examined [SDM]using both[OAM]and [LP]modes, corresponding to two
different scenarios. [OAM] modes are offering uncoupled channels, over short propagation
lengths, and thus there is no need for [MIMO)] processing, leading to low latency and power
consumption. [LP| mode based systems, on the other hand, requires [MIMO] processing,
but can be implemented using simpler fibers, and offers the possibility of [MDM] in long
distance communications systems.

Continuing the work within the field of [SDM] using [OAM] modes, it would be interesting
to explore propagation of these modes in longer fibers, and thereby explore the distance
limit of [MIMO}ree [MDM] Increasing the number of modes would also be highly inter-
esting. Currently this is limited by the available fibers, but also by the multiplexing and
demultiplexing techniques. Therefore new, and more practical mode multiplexers and
demultiplexers for [OAM] modes will enable significant progress in this field.
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