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Adaptive Mode Control in Few-Mode and Highly Multimode Fibers

Tong Qiu

Abstract

Few-mode fibers (FMFs) and multimode fibers (MMFs) can provide much higher data-carrying
capacities compared with single-mode fibers. But in order to achieve this goal, one must address
the challenge of intermodal coupling and dispersion. Therefore the ability to accurately control the
optical signal propagation in FMFs/MMFs can play a pivotal role in FMF/MMF applications. This
thesis demonstrates the ability to excite, in FMFs and MMFs, the desired linearly polarized (LP)
modes as well as their superpositions through adaptive optics (AO). Specifically, in the case of
step-index FMFs, a phase-only spatial light modulator (SLM) is employed to manipulate the light
at the fiber input end, driven by the feedback signal provided by the correlation between the charge
coupled device (CCD) camera captured images at the fiber output end and the target light intensity
profile. Through such an adaptive optical system, any arbitrarily selected LP modes can be excited
at the distal end of the four-mode and seventeen-mode fibers, respectively. For a graded-index
MMF with a uniform Bragg grating, we use a deformable mirror (DM) to perform the wavefront
modulation at the fiber input end, where the feedback is based on the ratio of the grating-reflected
signal power to the transmitted signal power. At the Bragg grating position of this highly
multimode fiber, any desired principal mode groups can be successfully chosen. These
experimental results suggest that adaptive control of optical wavefront in FMFs/MMFs is indeed
feasible.
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General Audience Abstract

Optical fibers, in terms of the number of modes they support, can be generally divided into single-
mode fibers (SMFs), and few-mode fibers/multimode fibers (FMFs/IMMFs). FMFs/MMFs can
provide much higher data-carrying capacities than SMFs. For example, an FMF/MMF that
supports M modes can ideally increase the data transmission rate by a factor of M, where each
mode can serve as a distinct communication channel. However, in order to achieve good
performance, one must accurately control signal propagation in FMFs/MMFs, which are often
degraded due to the multiple-mode nature. This thesis demonstrates the ability, using adaptive
optics (AO), to control signal propagation in FMFs and a highly MMF, respectively. Specifically,
in the case of FMFs, a phase-only spatial light modulator (SLM) is employed to manipulate the
light at the fiber input, driven by AO feedback signal provided by the similarity between the real-
time fiber output image and the target mode profile. Through such an adaptive optical system, any
desired linearly-polarized (LP) modes can be excited at the output of the four-mode and seventeen-
mode fibers, respectively. For the highly MMF with uniform Bragg grating, we use a deformable
mirror (DM) to perform the wavefront modulation at the fiber input, where AO feedback is
provided by the fiber Bragg grating (FBG) reflectivity. At the FBG position, any desired principal
mode groups can be successfully chosen. These experimental results suggest that adaptive control
of optical wavefront in FMFs/MMFs is indeed feasible, and may find a large number of

applications in optical communication, sensing, and imaging.
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Chapter 1

Introduction

Optical fibers, characterized by lightweight, high flexibility, small size, etc. have become one of
the most attractive components in numerous areas. Traditionally, single-mode fibers (SMFs) are
usually the preferred platform for practical applications, compared with few-mode fibers (FMFs)
or multimode fibers (MMFs). In FMFs/MMFs, the optical signals tend to experience far more
significant intermodal dispersion arising from the multimode nature [1], together with the
inevitable modal chaos introduced by imperfect fabrication, fiber bending, stress, etc. [2]. These
two factors twist together and can render the FMF/MMF an unreliable signal transmission channel.
However, with the continued growth of data traffic, the limited transmission capacity of SMFs is
unlikely to support our information-driven society [3]. To move beyond such limitations of SMFs,
researchers have studied multiplexing in time, wavelength, and polarization domain for decades
[4-6]. Yet three dimensions of single fibers have been explored to increase data-carrying capacity,
whereas the spatial dimension remains untapped. However, this new dimension starts to play a

role recently, with the development of mode-division multiplexing (MDM).

1.1 Mode-Division Multiplexing
The concept of MDM was proposed as far back as 1982 [7], the principle is quite straightforward:

In an MDM system with M modes, if one can utilize these entire modes as M distinct transmission
channels, the overall transmission capacity of the fiber network could increase by a factor of M.
However, subject to technology limitations, the implementations of MDM in telecommunications
were delayed until the emergence of optical multiple-input-multiple-out (MIMO) digital signal
processing technique. MIMO technique was originally developed for wireless microwave
communications [8], where antenna array elements serve as transmitters and receivers, and the

radio signals propagate in a rich scattering environment. The scattering environment is an analogy



to FMFs/MMFs where the optical signals propagate as fiber modes. In FMFs/MMFs, the presence
of intermodal coupling and differential mode group delay can randomize the light propagation and
thus make the signals indeterminable at the receiver end [9]. To recover the signals at the receivers,
MIMO technique needs to be performed: One can determine the transfer function of the system by
sending training symbols [1]. Some successful realizations of MDM strategy are elaborated in [10-
12]. In addition to optical communications, the concept of MDM can also be extended to sensing

[13], imaging [14, 15], and micromanipulation [16] to name just a few.

However, for all those applications, one major challenge is how to accurately control the optical
signals in real-life fibers, i.e. in the presence of random coupling and dispersion. Such issues can
be settled by multiple techniques, among which long period gratings in MMFs [17], spot-based
samplers [18], phase masks [19, 20], and spatial light modulators (SLMs) [11, 21, 22] are primarily
applied in optical communications; photonic lanterns [23, 24], endoscopes [25], and transfer
matrix calibrations [26] are originally developed for imaging applications. These existing
approaches can significantly improve the performance of FMFs/MMFs, whereas most of them
lack of adaptability and acceptable tolerance to environmental perturbations. Aiming to address
these two issues, our group have proposed and implemented a new mode selection mechanism
based on adaptive optics (AO) [27-29].

1.2 Adaptive Optics

AO is a scientific and engineering discipline, which aims to improve the performance of an optical
system by using information about the environment the optical signal passes [30]. Originally
developed for astronomy to correct and recover an image for a higher resolution, the concept of
AO has been extended to biomedical imaging since the late 1970s. Retinal in vivo imaging is one
of the most promising application areas, where it is notoriously known that the quality of the retinal
images can be prohibitively degraded by human eye aberrations (defocus, astigmatism, coma,
spherical aberration, monochromatic aberration, etc.), especially when the pupil size is large [31].
Conventional ophthalmoscopy techniques, such as scanning laser ophthalmoscopy [32] and optical
coherent tomography [33], suffer from those aberrations. However, the merging of the traditional
ophthalmoscopy techniques and AO can considerably reduce the impacts of most aberrations and
thus improve the image resolution [34-36]. Below we explain the principle behind it: The effects
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of ocular and system aberrations on the optical signal distortion can be adequately modeled by a

wavefront distortion (or phase) &(x, y) across the entrance pupil of the taking system [37]. If one
can compensate such a distortion by introducing a —@(x,y) phase change, an aberration-free

image can be recovered in principle. Further, this conjugate phase shift —6(x,y) can be

determined and realized by an adaptive optical system. In that system, the wavefront is firstly
measured by one means or another [31, 37, 38], and then a set of control signals is developed to

drive a phase modulation device, so that the image blurring is mostly removed.

Beyond living human retinal imaging, AO can also be incorporated with modern microscopy
technologies to observe large populations of neurons in vivo at single-synapse resolution [39], in
which the researchers extended AO approach to strongly scattered tissues by exploiting the
reduced scattering of near-infrared guide stars, and achieved a functional imaging down to 700
mm inside the mouse brain. More recently, the emergence of multi-pupil AO enables simultaneous
wavefront correction over a large field of view [40], which further enables 3D nonplanar imaging

in vivo.

Our group incorporates AO with fiber optics, where the compensation for unpredictable mode

coupling and intermodal dispersion can be determined through an adaptive optical system.

1.3 Organization

This thesis is organized as follows:
Chapter 2: Background

In this chapter, we briefly introduce the background knowledge and the major devices used in this
thesis. We first summarize the theoretical analysis of optical fibers, including the step-index and
graded-index fibers. We then proceed to wavefront modulation, mathematically show the process
of phase modulation. Then we introduce two major phase modulation devices, which are
respectively based on liquid crystal and reflecting mirrors. In the subsequent section, we turn to
the fiber Bragg grating, start from its fabrication to reflection characteristics, among which

coupled-mode theory is briefly discussed.



Chapter 3: Adaptive Mode Control in Four- and seventeen-Mode Fibers

In this chapter, we investigate the effectiveness of applying AO to mode control in the step-index
FMFs, using the feedback provided by the correlation between the experimentally captured
intensity distributions and the theoretical desired mode profile. We experimentally demonstrate
the ability to control the linearly polarized modes respectively in four- and seventeen-mode fibers
through a phase-only spatial light modulator. Mode decomposition is then performed, and the

results of selective excitations of individual fiber modes are shown.
Chapter 4: Adaptive Mode Control in Highly Multimode Fibers

In this chapter, we move from the FMFs to MMFs, using AO to selectively excite the fiber mode
groups within a graded-index MMF with a uniform fiber Bragg grating inscribed towards the distal
end. A deformable mirror is used to modulate the fiber input wavefront, based on the feedback
signal provided by the ratio of grating-reflected signal power to the transmitted signal power.
Selective excitations of the low-, intermediate-, and high-order mode groups are experimentally

achieved.
Chapter 5: Conclusions

In this chapter, we draw the conclusions of our two experiments.
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Chapter 2

Background

2.1 Optical Fibers

Optical fibers are cylindrical dielectric waveguides with higher refractive index (RI) in the middle
and lower RI surrounded. Figure 2.1 shows the typical geometric structure of a step-index fiber

and its corresponding RI distribution along radius.

“j cladding r
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Fig. 2.1. Representative geometric structure of a step-index fiber in cylindrical
coordinates, and its index distribution n(r) along radius. The core region and cladding
region are in blue and grey, with index values as n, and n, , and radius values as a and

b, respectively. An observation point P (r, ¢, 0) is placed in the plane Z = 0.

One can summarize the RI distribution on cross-section of step-index fibers as below:

n, |r<a
n(r) = 2.1

n, |r|>a’



2.1.1 Step-Index Fibers and Linearly-Polarized Modes

In linear, source-free, isotropic dielectric media, the four Maxwell’s equations can be simplified

as.
O°E
VE=gu—r, 2.2a
/“lat2
VH=¢ o'H 2.2b
e :

where ¢ and u are the permittivity and permeability of the media in which the light is propagating.

Equations. 2.2a and 2.2b are the standard wave equations.

Consider the case where the light is propagating along a step-index fiber shown in Fig. 2.1, with
its time-dependence in harmonic form, then electric filed E and magnetic field H can be

represented as:

E=[eE.(r.p)+e,E,(r,p)]e’ ", 2.3a
H=[eH,(r,p)+e,H,(r,)]e" ", 2.3b

where S is the z-component of propagation vector, and it will be determined by boundary
conditions later.

Before we substitute Eqg. 2.3 into Eq. 2.2, it is worth noting that, the transverse components of E
and H can be expressed in terms of E, and H,, based on the Maxwell’s curl equations, together

with the assumption that the form of time- and z- dependence follows ~ e!t*42),

Er:_lz ﬂ—aEZ 4 40 OB, : 2.4a
q or r oe

H, = @ _po, ) 2.4b
g\ r op or

e N = 2.4¢
q or r op



H :_l ﬁ%.}.a)gaEz , 24d
r op or

where
q2=a)28/1—ﬁ2=k2—,32. 25

It is now explicit that, if one can find the solutions to E, and H,, one can determine the distribution
of the entire electromagnetic field. Having this point been clarified, we substitute Eq. 2.3 into Eq.

2.2 in cylindrical coordinates, resulting in the Helmholtz equation for E, and H,,

aZEZ 10E, 1 82EZ )
> +— +_2 5 -|-q EZ =0’ 2.6&
or ror r° oep

2 2
CLIECUNE TS 260

+
o’ r or r* o¢’

Applying the approach of variable separation, we can obtain the solutions E, and H, as

AJ, (ur)e?e @9 - Ir|<a
E, = o : 2.7a
CK, (wr)e?e@2 |r|>a
BJ, (ur)e™ el |r|<a
, = o : 2.7b
DK, (wr)e™e!?  |r|>a
where A, B, C, and D are arbitrary constants that are determined by the initial condition, and
u? =k’ -4, 2.8a
W =% —kZ, 2.8b

which can be determined by the value of z.

To thoroughly determine E, and H,, the only unknown now is the propagation constant g . Yet

we can only set the upper and lower boundaries of s from Eq. 2.8 as:

2 2
nzjﬂ:kzsﬂgkl:nlf, 2.9
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but not all the values of 4 satisfying Eq. 2.9 can exist. A further constraint on g is the boundary
conditions: The tangential components E,, E,, H,, and H,, at the interface between the core and
cladding should be respectively equal. In order to have E  and H , we substitute Eq. 2.7 into Egs.
2.4c and 2.4d and yields the form of E, and H . Applying the boundary conditions to the

corresponding components, we finally have the characteristic equation as below:

2 1 1 2
(/v+/v)(k12/v+k224)=[%j (FJFWJ ) 2.10
where /4, = %, (ua) , and /V:—KV(Wa) :
uJ, (ua) wK, (wa)

In practice, the refractive index difference is sufficiently small that makes A <1, and a simpler

but highly accurate approximation, weakly guiding fiber approximation, can be performed on Eq.

2.10. When A<1, n, ~n,, Eq. 2.10 becomes

W, (va) WK, (wa)
(@) K (wa)

211

The solutions to Eq. 2.11 are called linearly polarized (LP) modes. In Fig. 2.2, the intensity

distributions of the first four LP modes are plotted.

OOO
O

LPy, LPy, LP, LPy,

Fig. 2.2. Intensity profiles of the first four LP modes
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2.1.2 Graded-Index Fibers and Mode Groups

Similar to the step-index fibers, the graded-index fibers are termed so due to the “graded” shape
of their RI distribution along radius. One of the most common types of graded-index fibers

possesses parabolic index profile along radius, defined as

n’|1-2A(r/a)’ |, |r|<a
n’(r)= i ] , 2.12
n[1-2A]=n;, |r|>a
where A is the refractive index difference, defined as:
A 2.13
2n?

When the difference between n, and n, is on the order of 1072, the quantity A can be further
simplified as:

2.14

Based on the assumption that the parabolic profile extends to infinity, one can solve the
propagation constants S following similar steps when analyzing the step-index fibers [1]. We here
skip all the derivations in [1] and directly to the conclusion: The propagation constant of the

parabolic profile garded-index fiber can be represented as

p=nk /1—4A$, 2.15

where m = 2u + v + 1 is the mode group number [2]. The mode group in graded-index fibers is
essentially a group of LP modes that have the same (2u + v + 1) values, where u denotes the

azimuthal number, and v the radial number.

2.2 Wavefront Modulation

As we mentioned in the first chapter, the selective excitation of the desired modes are achieved
through sophisticated input wavefront modulation, which can be performed primarily by SLMs

and deformable mirrors (DMs).
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2.2.1 Wavefront Modulation Process

The modulation process based on SLM is described mathematically in [3]. Here we consider the
simplest case where we ignore all other linear optical components between the phase-only SLM
and the fiber input end, as depicted in Fig. 2.3.

ESLM,out
Phase-only SLM

Efiber,out

fiber,in

Fig. 2.3. Schematic of wavefront modulation based on phase-only SLM. SLM working

area is divided into N identical blocks, which is shown as the illustration.

We define the complex reflectance of SLM as
N
V(X Y) =D usxY), 2.16
k=1

where v, denote the complex reflectance of the k-th block (|uk| =1 for a phase-only SLM), N is

the total number of blocks, and s, (X, Y) is an indicator function of the k-th block:

1, if (x, y)intheinterior of thek -thblock
0, otherwise '

S (X! y) :{

After reflected by SLM, the field Egy v ou: beCOMES:

ESLM,out(X’ y) :V(X' y)ESLM,in (X! y) . 2.17

With the ignorance of all other linear optical components between the SLM and the fiber input
end, the wave incident upon the fiber Egperin IS Supposed to be identical to the field reflected by

the SLM, and thus we have
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N N
E fiverin (X, y)= Esimou (%, Y):ZUkSk (X, y)ESLM,in (X,y)= ZUkEk (x,Y), 2.18
k=1 k=1

where Ey corresponds to the portion of the electric field incident on the k-th block of the SLM.

Before we introduce any further systematic operations on Egper in, let’s go back to the view of the
optical fibers. According to the superposition theorem, any fields in an optical fiber can be

represented as a linear combination of the fiber eigenmodes.

Efiperin (X, Y) = ZciEMi (X, y) +radiation modes , 2.19

where Ey, ; is the i-th propagation mode supported by the fiber, and c; the corresponding

coefficient
¢ = [[[ Enin 05 )< HY, (%) -6, dxdly
= Zv [[[EcCxv)xH: (x,y) |-, dxdy 2.20
—aly,
a, = ”[Ek(x, Y)xH (%, y)}ez dxdy . 2.21

Physically, c¢; quantifies the portion of the input field Egypein that couples to the i-th propagation

mode, and therefore one can describe the “coupling” of all propagating modes by a state vector

Ecoupled,in as

Ecoupled,in =C= AD! 2.22
where
a
A=|a} 2.23

The optical signals should then experience phase-shifts and mode coupling during propagating
within the fiber (for now we ignore all other potential phenomena), which can be described by a

14



unitary operation U. After the propagation within the fiber, the electric field at the fiber output end

can be represented by another state vector E¢qypled,out @S

E UE =UAv. 2.24

coupled,out = coupled,in

Thus the electric field distribution at the fiber output end can be quantified as

Efibelr,out (X’ y) = Z Ecoupled,out,iEM | (X' y) = MT (X’ y)EcoupIed,out’ 225
where
Eba(X%Y)

M(xy)=| EL,,(x.¥) | 2.26

Finally, the output electric field distribution can be represented as

Efiber,out (X’ y) = MT (X’ y)EcoupIed,out = MT (X’ y)UAD <, 227

which is a linear function of the SLM reflectance v, .

The linear dependence of output field distribution on SLM reflectance provides the theoretical

support that, the output field distribution can be manipulate by the input wavefront modulation.

2.2.2 Mechanism of SLMs and DMs
In general, the phase modulation, i.e. the complex reflectance v, of SLM, can be represented as

an additional exponential term multiplied by the original field,

E E e, 2.28

modulator,out — —modulator,in

where ¢ = 2% nd denotes the phase shift introduced by modulators. Equation 2.28 reveals that the

phase modulation could be achieved by varying either the refractive index n (SLMs) or optical
path length d (DMs).
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The most commonly used phase-only SLMs are based on untwisted nematic liquid crystal (NLC),
the schematic is shown in Fig. 2.4. A thin layer of NLC is placed between two parallel transparent
glass plates that are polished in the same direction shown in Fig. 2.4. In the absence of a steady
electric field, the molecular direction is parallel to the direction of polish as illustrated in Fig. 2.4(a).
When a steady field E is applied, as shown in Fig. 2.4(b), the molecules tend to align in the

direction of the applied field, the equilibrium titled angle @ is quantified as

0, O <V,

0= 2.29

Z—2tan‘1exp[—V Ve j 6>V, '
2

where V, is the threshold voltage for titling occurrence, and V,, is a constant.

(a) (b) E
Molecular
\‘Iirection \ Molecular
- | N direction
.. Y «>»
) T - g
- NN N N =
. «>» <
Q N ‘i % N\ N ()-\
‘ \\\ \\\
Direction ) ‘* A Direction Direction - a«» Direction
of polish \\ % of polish ~ of polish ‘% \ of polish

Untilted state Tilted state

Fig. 2.4. (a) Untilted state in the absence of a steady electric field. (b) Tilted state when

a steady electric field is applied.

A normal incident light with polarization in parallel with the polishing direction, will experience

different effective indices with varied tilted angles. For a tilted angle @, the effective index n(9)

is represented as [4]

1 cos?d sin’o
= + .

- 2.30
n“(e) n ng

Therefore, the untwisted NLC SLM can serve as a phase-only modulator for the lights with
polarization parallel to the polishing direction. However, there are two major drawbacks of the

NLC-based SLMs: Each device has a very limited working wavelength range, and the response
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time of the liquid crystal molecules to the applied electric field is relatively slow. These two issues

can be adequately addressed when using DMs to manipulate the wavefront.

Briefly speaking, DMs use electrostatically induced mechanical deformation to modulate a
reflected light wave. One of the most advanced DMs have been developed by Boston
Micromachines Corporation, which consists of mirror membrane supported by an underlying
actuator array, and each actuator in the array can be individually deflected by electrostatic
actuation to achieve the desired pattern of deformation. The schematic is shown in Fig. 2.5(a). A
negative bias voltage is applied to the metalized membrane, when a positive voltage is applied to
the address electrodes under the membrane, the electrostatic forces force the membrane to move
downward [5], as shown in Fig. 2.5(b). Furthermore, the moving distance can be determined

individually in each actuator, by applying distinct positive voltages to individual address electrodes.

(a)

Metalized
membrane |

(b)

Segmented mirror surface

-Vhbias -Vhbias

| "7*- = * J— Substrate [ 0 ]
1 |
> +Vi +V2

Fig. 2.5. Schematic of (a) segmented DM when no positive address voltage is applied,
and (b) when different address voltages +V, and +V, are applied to individual address

electrodes.

2.3 Fiber Bragg Gratings

The uniform Bragg grating inscribed in an optical fiber introduces a periodic dielectric perturbation
along light propagation direction, which is shown in Fig. 2.6.
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A

Fig. 2.6. Schematic of a uniform FBG with period A .

2.3.1 Fabrication

When exposing photosensitive fibers to ultraviolet (UV) light, we can induce a permanent
refractive index change in the fiber core region, due to the photosensitivity of optical fibers.
Photosensitivity may be regarded as quantification of the amount of fiber core index change
following a specific UV light exposure [6]. Based on UV light exposure, there are three major
approaches to inscribe Bragg gratings within optical fibers: Interferometric fabrication, phase
mask, and point-by-point (PBP) techniques. Briefly speaking, interferometric technique is based
on the interference pattern of two first-split-then-combined UV lights, the two light beams need to
be focused to the fiber core where the interference occurs. Phase mask technique employs a
diffractive optical element to spatially control the UV beam. PBP technique induces core index
changes a step at a time, and thus possesses the highest flexibility to alter the Bragg grating

parameters. More details can be found in [6].

2.3.2 Coupled-Mode Theory
The detailed derivation of coupled-mode theory [7] might be beyond the scope of this thesis, here

we merely show the major conclusions.

In the presence of dielectric perturbation Ag, wave equation Eq. 2.2a becomes
{V2+w2y[ga(x, y)+Ae(x, y,z)]}E:O, 2.31

where ¢, is the unperturbed permittivity. Again, from the superposition theorem, the electric field

E can be presented as a superposition of unperturbed waveguide eigenmodes
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E=> A/2)E,(xY)exp[i(at-B,2)],

where the expansion coefficient A, (z) depends on z.

2.32

Further, since the perturbation As(x,y,z) is periodic in z, therefore we can expand it as a Fourier

series

Ae(X,Y,2) = &, (X, y)exp( m%z}

m=0

2.33

Substitution of Egs. 2.32 and 2.33 into Eq. 2.31, together with the assumption that the perturbation

is “weak” yields

d

wzzcm exp{ [ﬂ -5, —m—z”j }

where C,E,T ) is the coupling coefficient, defined as

C = JEc-en(x.y)-E, dxdy,

which quantifies the coupling strength between the modes E, and E, introduced by ¢, .

It is worth noting from Eq. 2.34 that, a strong coupling occurs only when, firstly

m2z

fi= == =0,
secondly,

c™ »0,

2.34

2.35

2.36

2.37

Eq. 2.36 is the phase-matching condition, which is simplified further for the uniform FBGs as

s

nef‘f,k + neff,n = X .
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Equations 2.37 and 2.38 determines whether a strong coupling occurs between two counter-
propagating waves, these two waves can either belong to the same fiber modes (k=n), or to

adjacent fiber modes (k = n) [8].
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Chapter 3

Adaptive Mode Control in Four- and Seventeen-Mode Fibers

3.1 Introduction

Recently, few-mode fibers (FMFs) have been studied for numerous potential applications
including optical communications [1-3] and optical sensing [4-6]. Using mode-division-
multiplexing (MDM) [7], for example, an FMF that supports M modes can increase the data
transmission rate by a factor of M when each mode is used as a distinct communication channel.
Additionally, since different linearly polarized (LP) modes propagating inside an FMF respond
differently to the surrounding environment, FMF-based sensors can be used to simultaneously

monitor multiple sensing parameters [8, 9].

A major challenge of using FMFs is the presence of intermodal coupling that can significantly
increase the complexity of data processing [10]. Therefore, in order for such FMF-based
applications to work effectively, reducing the impact of intermodal coupling and controlling the
mode profile within an FMF are essential. Several methods have been reported in the literature to
control mode profiles in FMFs [11-14]. In particular, we used feedback signals produced by optical
intensity distribution [11], coupling ratio of a directional coupler [12], and optical reflection by an
FBG [13, 14] to govern adaptive optics (AO) algorithm to control the form of optical waves in a
two-mode fiber (TMF). Another example is reported in [15] to also control the mode profiles in a
TMF using adaptive polarizers. However, the existing studies were only conducted using TMFs.
In this work, we extend our method reported in [11] to excite a specific LP mode in four- and
seventeen-mode fibers. The accuracy of selective modal excitation is evaluated through comparing
the profiles of the experimentally produced LP modes with those calculated theoretically.
Additionally, we report a nonlinear optimization algorithm which extracts the complex amplitudes
of different LP modes using the intensity-based images and we apply it to decompose the
experimentally obtained results for the four-mode fiber. The reported mode control method would

address important problems found in high-order mode-division-multiplexers and optical sensors.
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3.2 Methods

Our experimental setup is shown in Fig. 3.1. A single mode fiber coupled laser diode (QPhotonics,
QFLD-660-10S) generates linearly polarized signal at 660 nm. The laser beam is collimated to
pass through a half-wave plate followed by a polarizer. The light beam is then reflected by a mirror
towards a phase-only spatial light modulator (SLM) (Holoeye, Pluto). The polarizer rotates light
polarization to be in parallel with the optical table, which is in the same direction as modulation
axis of the SLM, and the half-wave plate maximizes the light intensity accordingly. The center
functional area of the SLM screen (approximately 6.2 mm by 6.2 mm) is divided into 9>9 identical
square phase modulation blocks to modulate the expanded light wavefront. A 10x (NA = 0.25)
and a 40 (NA = 0.65) objective lens are used to focus the light into fiber and then expand it out
of the fiber, respectively. A CCD camera captures the output laser beam intensity profile, whose
correlation with a target image is calculated by the computer (PC) and used as our feedback signal

for mode control.

Laser == Collimator

: Fiber i

Fig. 3.1. Schematic of the experimental setup. A/2: half-wave plate; P: polarizer; M:
mirror; SLM: phase-only spatial light modulator; L1: 10> objective lens with NA =
0.25; L2: 40> objective lens with NA = 0.65; Fiber: ~ 1m; CCD: CCD camera.

We define an objective function f(k) which quantifies the correlation between the captured images

and theoretical target images:

> (6 ) =T (% ) =T,)
I U6y =T (1 (x, ) -T,)7

f(k)=1- 3.1

where I, denotes the target intensity profile, and I, represents what is captured by the CCD camera,

I, and I, are the averaged I, and I, respectively. As Eq. 3.1 shows, a smaller f(k) indicates higher
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similarity between the captured and target images. Using the stepwise sequential algorithm [16],
the phase of the individual blocks of the SLM is changed sequentially to reshape the beam profile
at the output end of the FMF. This optimization process is repeated in cycles until f(k) is minimized.
The completion time of each optimization cycle is approximately 180 s and it is mainly dependent
of the SLM speed. More details about this process can be found in [11].

3.3 Results
We first use a silica fiber (Thorlabs, SMF-28-J9) in our experimental setup. According to the

specifications of this fiber, it supports four LP modes (six modes when mode-degeneracy is
considered) at the operation wavelength. Starting with an arbitrary intensity profile, we adaptively
reshape it to excite a specific LP mode at the fiber output end. The results of two representative
experiments (Expl and Exp2) are shown in Fig. 3.2(a) and 3.2(b), respectively. In Fig. 3.2, each
column corresponds to an independent optimization process to excite one of the LP modes at the
fiber output; the first row represents the initial optical intensity profiles captured by the CCD
camera, the second row shows the target images generated by theoretical analysis, and the third
row reveals the optimized intensity profiles captured by the CCD camera after a completed
optimization process. From the two sets of results, it is convincing to say that, at the fiber output,
we can modulate a certain but arbitrary light intensity profile to any desired LP mode as long as it
is supported by the fiber.
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Fig. 3.2. Selective excitation of the individual LP modes in a four-mode fiber for (a)
Expl and (b) Exp2.

Figure 3.3 illustrates the variations of the objective function f(k) with the optimization cycles for
Expl. Within each optimization cycle, f(k) exhibits significant variations. This is due to the fact
that the SLM inevitably produces numerous “wrong” wavefronts before selecting the most
appropriate one for the desired outcome. However, it is clear that the objective function tends to
decrease consistently throughout the entire optimization process. Additionally, Fig. 3.3 suggests

that it generally take 3 or 4 optimization cycles to achieve f(k) less than ~—20 dB for all LP modes.
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Fig. 3. Variations of the objective function f(k) obtained during the optimization
process for Expl to excite the pure () LPo1, (b) LP11a, () LP11p, (d) LPo2, (€)LP21a,
and (f) LP21, mode.

To further assess the accuracy of the mode control experiment, we compare in Fig. 3.4 the
optimized intensity profiles (depicted in red square) within vertical cross-section with their
corresponding theoretical targets (depicted in solid blue line). The illustrations in Figs. 4(a)-4(d)
are for the optimized intensity profiles of Expl when exciting the LPo1, LP11b, LPo2 and LP21a mode,
respectively. The dashed line indicates the cross-section we chose. As can be seen, the optimized
intensity profiles are consistent with the theoretical profiles.
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Fig. 3.4. Comparison of optimized intensity profiles (red square) and their
corresponding theoretical distributions (blue solid line) within vertical cross-section
when exiting the (a) LPos, (b) LP11b, (C) LPo2 and (d) LP21a mode in Exp1.

In order to evaluate the ratio of the power of an optimized LP mode to the total power of all modes,
we introduce a mode-decomposition algorithm based on nonlinear optimization. Here, we express

optical intensity distribution within the four-mode fiber as:

2

I (X’ y) = ZAm exp(jelm)Elm (X’ y) ’ 3.2

where Ep,, (x, ) and A;mexp(j6,y,) are the field distribution and the complex amplitude of an
LP,,, mode, respectively. Without loss of generality, we normalize the amplitudes and the phases
of all LP modes relative to that of the LPo1 mode. As a result, we can define the vector X that

includes the values of the complex amplitudes of different modes as:

X= [1 Alla eXp( j‘911a) Anb exp(jellb) Azlb eXp( j921b)] . 3.3

- 2 . -
Furthermore we equalize [f|E;n(x,¥)| dxdy of all LP modes to unity. Our goal is to reconstruct
the vector X that minimizes the objective function f(k), defined in Eq. 3.1, to increase the

correlation between the CCD camera image (1P (x, y)), and the “reconstructed” image (1% (x, y))
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calculated using the reconstructed mode coefficient XR. The reconstruction algorithm is illustrated
in Fig. 3.5(a). To start reconstruction, we first capture the to be decomposed CCD camera image
of intensity distribution 1P (x, y). Then, to expedite our optimization problem, we normalize the
maximum of IP(x,y) to unity to get I5?(x,y), where the subscript “N” denotes
“normalization”. Afterwards, we randomly choose an initial guess for X and denote it as X!.
Substituting with X! into Eq. 3.2 and, again to expedite the optimization problem, normalizing its
maximum to unity, we calculate I3 (x, y). Normalization of the CCD camera image 15 (x, y) and
the reconstructed intensity distribution I3 (x, y) is optional. Doing so, however, can significantly
speed up the nonlinear optimization process. We then substitute I5¢? (x, y) and I3 (x, y) into Eq.
3.1 to calculate the objective function f. The goal of the nonlinear optimization process is to
minimize the value of the objective function as much as possible. If, after the first run, the value
of f is not minimized, we use an interior-point programming algorithm [17], implemented through
the Matlab “fmincon” function (Mathworks, 2013), to update the trial solution from X! to X2. This
process continues until the convergence criterion is met. We denote the final reconstructed
amplitude-phase vector as XR. The only constraint applied in this nonlinear optimization method
is any amplitude in the X® belongs to the interval [0,100]. Practically, this interval is sufficient to
represent any combinations of LP modes or even a pure one. To avoid the nonlinear optimization
process being stuck at a local minimum, we perform the optimization process in parallel starting
at ten different initial random vectors, which we find can guarantee obtaining the correct global
solution. Figure 3.5(b) shows representative results of applying the reported nonlinear optimization
algorithm. The left column includes three arbitrary captured CCD camera images, and the right
column shows their corresponding reconstructed images. The high similarity between the original
and reconstructed images confirms the ability to reconstruct the amplitude-phase vector with high

accuracy.
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Fig. 3.5. (a) Flowchart of the nonlinear optimization process for mode-decomposition.

(b) Original and reconstructed intensity profiles for three representative experiments.

We then apply this nonlinear optimization process for the CCD camera images captured after each
optimization cycle when exciting the different six LP modes. We define the purity of any given
LPim mode purity as the ratio of its power to the total power, i.e. |4;,,1%/ Xim |A1m|?. Figure 3.6
shows the purity of the target LP modes during Expl after each optimization cycle. The mode

purity that can be obtained after finishing the whole mode control experiment is approximately
between 85% and 97%.

28



(a) (c) L L L L L L 'l L Il Il

291 I i

2.0.6 &0.6

[P L

F802 802

z ‘ L) L) L) L) L) L) L) L) L) I;I;;Il ; ; lZ ]
123456789 123456789 123456789
Optimization Cycle Optimization Cycle Optimization Cycle

(d) p y () II:I)IlIIIlyll (D II:I)IIII § lyll

fy 1 H ‘B] 1 Pl g g &gt

2 6&06

Q [

3 5555555530255555555

=41 : s
123456789 123456789 123456789
Optimization Cycle Optimization Cycle Optimization Cycle

Fig. 3.6. Mode purity of the (a) LPo1, (b) LP11a, () LP11b, (d) LPo2, () LP21a and (f)

LP21», mode after each optimization cycle during Expl.

The same experimental procedure can also achieve selective LP mode excitation in a seventeen-
mode fiber (Optical Fiber Solutions 60816, operated at 660 nm). (If counting degenerate LP modes
as distinct, the fiber supports 28 modes.) Representative experimental results are shown in Fig. 3.7

where we select the LPo3, LP13a, LP424, and LPe1a as our target modes.

LPos LPi3, LP4, LPsi4

Initial

Fig. 3.7. Selective excitation of the individual LPo3, LP13a, LP42a, and LPs1a mode in the

seventeen-mode fiber.
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Figure 3.8 plots the objective functions f(k) for the optimization processes shown in Fig. 3.7. The
objective functions in this case saturate at higher values than those of the four-mode fiber
experiments. This is to be expected since, as the number of LP modes supported by an FMF
increases, intermodal coupling, which is caused by fiber bending, stress, etc. [18], becomes more
effective. Consequently, because of inevitable mechanical vibrations, the modes transfer matrix
might slightly change during the mode optimization experiment which causes deviation from
getting the optimum target. However, these results are still very beneficial for applications not
contingent on exciting exactly pure LP modes. For example, in a quasi-distributed FMF-
absorption-based optical sensing network [5], a beam of light intensity focused around the fiber
axis is used for signal delivery and collection, and another beam distributed around the core-
cladding interface is utilized for absorption-based sensing. Additionally, the mode control in the
seventeen-mode fiber could be improved by reducing the time of the optimization experiment via

using faster adaptive light wavefront modulator, such as deformable mirror [13], instead of the

SLM we use.
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Fig. 3.8. Variations of the objective function f(k) obtained during the optimization
process to excite the purely (a) LPos, (b) LP13a, (C) LP2a and (d) LPs1a mode in the

seventeen-mode fiber.

In Fig. 3.9, we show the horizontal cross-section of the profiles of the optimized modes shown in

Fig. 7, and their corresponding theoretical ones. Comparing the results shown in Fig. 3.4 and Fig.
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3.9, we again confirm that the less the number of LP modes supported by an FMF, the higher mode

selectivity for the mode control experiment.
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Fig. 3.9. Comparisons of optimized Intensity profiles (red square) and their
corresponding theoretical distributions (blue solid line) within horizontal cross-section

when exiting the (a) LPos, (b) LP13a, (C) LP422 and (d) LPe1a mode.

Finally, the aforementioned mode decomposition algorithm cannot be applied for the case of the
seventeen-mode fiber. This is because, for the seventeen-mode fiber, the number of the unknowns
in the X vector is relatively large (54 amplitude and phase values) which makes the reverse
nonlinear optimization problem ill-posed. However, another image-based mode decomposition

technique [19] might be helpful to solve this large scale inverse problem.

3.4 Future Applications

The obtained results would have potential applications in both optical communications and sensing.
For example, an optimized LP mode at the end of an FMF could be injected to another identical
FMF using 4f system [20] to design a mode-division multiplexer. Furthermore, controlling the
distribution of the optical power within the fiber to be around the core-cladding interface (higher
order modes excitation) or to be concentrated around the fiber-axis (lower order modes excitation)

is important to design large scale absorption-based sensing networks with high sensitivity as in [5].
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Chapter 4

Adaptive Mode Control in Highly Multimode Fibers

4.1 Introduction

In the last decade, we have witnessed an exponential increase of the studies on multimode fibers
(MMFs), for their potential applications in optical communications [1-3], sensing [4], imaging [5,
6], and micromanipulation [7] to name a few. However, practical expansions of such applications
are always limited by the MMF nature that gives rise to modal dispersion [2], together with
inevitable modal chaos introduced by imperfect fabrication, fiber bending, stress, etc. [8]. These
two factors twist together to render the MMF an unpredictable and unreliable signal transmission
channel [9]. It is thus strongly desired to determine and further control light propagation within
MMFs.

To date, multiple approaches have been reported to control wave propagation in MMFs through
the fiber input field modulation. In general, these existing approaches can be divided into two
major categories. The first one modulates the fiber input wavefront based on prior knowledge of
the MMF transfer matrix (TM) calculated by either empirical measurement [5] or numerical
modeling [9]. However, for most practical applications, accurate measuring or estimating the TM
can be very difficult and may require frequent MMF calibrations. The other class of controlling
wave propagation in MMFs is based on adaptive optics (AO) [10, 11]. The AO feedback is
provided by calculating the correlation between a desired mode profile at the fiber output end and
the actual captured one. Then, the input field is manipulated in a way to maximize the correlation.
The AO-based approach does not require prior knowledge of the optical system, and is inherently
tolerant of environmental perturbations. Such features can compensate the complexity and
unpredictability of light propagation within MMFs, thus making AO suitable for a wide range of
practical applications. In general, existing methods of wavefront control in MMFs can only
selectively excite a desired mode profile only at the output end of an MMF, and not within it. The
only exception is the case when the MMF TM is calculated through numerical modeling, however,
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its usage is limited to step-index MMFs of just few centimeters length [9]. For optical imaging
related applications, for example, one is mainly concerned with the optical intensity distribution
at the MMF output port [5]. But if we extend the concept of controlling the mode profiles for
MMF-based optical sensing applications, it is essential to be able to control the form of optical
fields within the MMF at a sensing segment. The reason is that the response of an MMF-based
sensor can be highly mode dependent. For example, in an MMF-absorption-based sensor [12],
higher-order modes of light intensity focused at the core-cladding interface offer higher absorption

attenuation than the lower-order ones concentrated around the fiber axis.

In this work, we extend our method introduced in [13, 14] to use AO with feedback from a fiber
Bragg grating (FBG) written in an MMF to selectively excite principal modes within the MMF
and at the FBG location. A principal mode in an MMF is a group of multiple linearly polarized
(LP) modes that have identical propagation constants [15, 16]. The FBG can naturally distinguish
these principal modes by assigning each mode a unique Bragg wavelength calculated using the

phase-matching condition [16].

4.2 Methods

We firstly characterize the reflection spectrum of the FBG which provides feedback signal during
our adaptive mode control experiment. The FBG reflection spectrum is measured using the setup
in Fig. 4.1(a) which includes a component test system (CTS, Micron Optics, HR-SLI), a circulator,
and a standard Bragg grating (Ascentta Inc.) written in a graded-index MMF (~1.2 m, Corning
ClearCurve OM2). As shown in Fig. 4.1(a), the three ports of the circulator are made of single
mode fiber (SMF) and connected/spliced to the CTS/MMF. Since SMF delivers only the
fundamental LPo1 mode to the MMF, we intentionally bend the MMF to excite as many core modes
as possible within it. A representative FBG reflection spectrum is shown in Fig. 4.1(b). Each
dominant reflection peak, located by a solid grey line, corresponds to a Bragg wavelength (1g) of
an individual principal mode. The Bragg wavelengths of various principal modes are shifted
because each of them has a unique effective refractive index [16]. Because of intermodal coupling,
the mixed principal modes create tiny peaks in the FBG reflection spectrum, as those identified by
the dashed grey lines in Fig. 4.1(b). The measured spectrum is in general consistent with the results
in [16], except for some missing reflection peaks in the shorter wavelength range. We attribute
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such missing to splicing the MMF to the SMF which, even with bending the MMF, does not

necessarily guarantee exciting higher-order modes which possess shorter Bragg wavelengths.

(a) (b)
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Fig. 4.1. (a) Experimental setup for measuring the FBG reflection spectrum. The FBG
is written in an MMF (blue line) while all other components are connected using SMFs
(grey line). (b) Representative reflection spectrum of the FBG. The Bragg wavelengths
of the individual principal modes and the mixtures of adjacent principal modes are
located by the solid and dashed grey lines, respectively.

After characterizing the reflection spectrum of the FBG, we can then carry out the mode control
experiment using the setup shown in Fig. 4.2. A tunable laser (New Focus, TLB-6728) is used to
generate a continuous wave light at a predetermined wavelength (one of the measured Bragg
wavelengths of the principal modes). The laser beam is then coupled into free space through a
collimator (L1). The wavefront of the collimated beam is modulated by a deformable mirror (DM)
(Boston Micromachines) which consists of 140 blocks. Afterwards, the modulated beam is focused
by an objective lens (L2, 10X into the MMF with the FBG written near its output port. At the
output of the MMF, an objective lens (L3, 100 is used to collimate the transmitted beam which
is then split by a beam splitter (BS1). One of the split beams is captured by an infrared CCD
(Hamamatsu, C10633-13), and the power of the identical other one is measured using a photodiode
(PD1). Since the FBG is placed near the MMF output, we can use the CCD images to validate the
results of the mode control at the FBG location. Before L2, a beam splitter (BS2) is placed to
collect the reflected beams from the MMF, either Fresnel or FBG reflections. The reflected power
is measured by a photodiode (PD2). Signals from the PD1 and PD2 are acquired by a digitizer
(National Instruments, NI-5114, 250 MS/s sampling rate), and analyzed by the computer (PC) to

provide the feedback for the DM for adaptive mode control.
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Fig. 4.2. Experimental setup for FBG-based adaptive mode control within an MMF.
L1, collimator, NA=0.24; L2 and L5, 10><objective lens, NA=0.25; L3, 100>xobjective
lens, NA=0.9; L4, 20=objective lens, NA=0.4.

Our adaptive mode control is based on the algorithm described in [13] which requires identifying

a feedback function (F) as:

F = P — P oc Ven2 =Vee ’ 4.1
R Voot

where P denotes the total reflected power, P is the transmitted power, and Py represents the
background power reflected by all other optical components, including fiber facets, except the
FBG. Experimentally, it is easier to write Eq. 4.1 in terms of the voltages measured by PD1 and
PD2. In other words, Vpp, and Vg are the voltages measured by PD2 when receiving P and Py,
respectively. Similarly, Vpp, is the voltage recorded by PD1 when receiving Pr. In order to
experimentally measure Vg, we fix the laser power and tune the operation wavelength away from

the Bragg wavelengths range. Under this scenario, the measured V5, equals V.

Having defined the feedback function in Eq. 4.1, we can then explain the principle of our algorithm
for principal mode control in MMF. Suppose we tune the operation wavelength to one of the Bragg
wavelengths identified in Fig. 4.1(b) by solid grey lines. At this Bragg wavelength, several
principal modes can ideally be excited at the location of the FBG. However, only one of them,
which satisfies the Bragg condition at the operation wavelength, is reflected back by the FBG. If
such a principal mode dominates the incident wave at the FBG location, it experiences a strong
reflection and a weak transmission, which leads to a large F value. Consequently, when the
operation wavelength matches one of the Bragg wavelengths, maximizing the feedback function
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F results in exciting a single pure principal mode at the FBG location. Experimentally, F is
maximized through programming the DM to adaptively modulate the wavefront of the incident
light beam. We identically set the 140 blocks of the DM to individually produce 12 different phase
shift values between 0 and ~2r. As we previously reported in [13], for each block, the 12 phase
shifts are sequentially applied. We then record the phase shift value for each block which
maximizes F. Afterwards, we simultaneously apply the recorded 140 phase shifts of the individual
block to complete one optimization cycle. Starting from the obtained optimized phase shifts, we
then initiate a new optimization cycle. The optimization cycles are repeated until the F value
almost saturates at a maximum value. For a more detailed description on the algorithm and the

optimization procedure, refer to [13].

4.3 Results

Following the optimization algorithm described above, we can start with an arbitrary intensity
profile at the FBG location and adaptively reshape it until it turns to the desired principal mode.
We carry out three representative experiments (Expl-Exp3) to respectively excite a low-, an
intermediate-, and a high-order mode group at the FBG location. In Expl-Exp3, we respectively
set the operation wavelength to 1551.25 nm, 1546.69 nm, and 1540.56 nm to match the Bragg
wavelengths of the desired principal modes. Figs. 3(a)-3(c) show the initial (labeled as “Init.”) and
the optimized (labeled as “Opt.”) intensity distributions of Expl-Exp3, respectively. For
clarification, the “Init.” intensity distributions are those captured by the CCD camera before
running the optimization experiment, while the “Opt.” ones are the final images after finishing the
optimization cycles. In each experiment (Expl-Exp3), we carry out four independent optimization
trials (Trial1-Trial4), such that the initial intensity distribution at the FBG location in each trial is
different. We intentionally select two of the initial intensity distributions to be concentrated around
the MMF axis and the other two are quite scattered within the MMF core. Eventually, each trial
(Trial1l-Trial4) is repeated three times (Runl-Run3) to test the repeatability of our results. As
shown in Fig. 4.3(a), regardless of the initial intensity distribution, the optimized ones are always
concentrated around the fiber axis. In contrast, as observed in Figs. 4.3(b) and 4.3(c), the intensity
centralization around the MMF axis of the optimized principal modes decreases as their order

increases. These results agree with theoretical expectations in terms of the correlation between the
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order of a principal mode and its spatial intensity distribution. It is worth noticing that, in each
experiment (Expl-Exp3), the optimized profiles are different, likely due to the fact that a principal
mode contains multiple LP modes with similar propagation constants but significantly different
optical field distributions. As a result, the optimization process may end up exciting a random
superposition of LP modes that belong to the same principal mode. Even if we start with the same
initial intensity distribution, as shown in Run1-Run3 in Fig. 4.3, the inevitable slight mechanical
vibrations which occur during the mode optimization process may drift the final superposition
weights of the LP modes of the optimized principal mode, and thus the final profile differs at each
run. Similar results were obtained in [13] when we adaptively tried to excite the LP11 mode at a
FBG location within a two-mode fiber. In such case, the optimized profiles were always random

superpositions of the two degenerate LP11a and LP11n modes.
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(c)

Runl

Representative experimental results when exciting (a) a low-, (b) an

intermediate-, and (c) a high-order principal mode at the FBG location. In each
subfigure, the solid black lines separate the four different trials, and the dashed black

lines set apart the three independent runs repeated for the same initial intensity

distribution.
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In order to prove that the optimized mode profiles obtained in each experiment (Expl-Exp3) all
belong to the same desired principal mode, we carry out the following verification process. In each
of Expl-Exp3, right after every complete optimization run, we apply the optimized phase shift
values of the 140 DM blocks which results in exciting the optimized mode profile at the FBG
location. Then, we tune the operation wavelength (1) within £0.4 nm away from the Bragg
wavelength at which we carry out the optimization experiment. While tuning the operation
wavelength, using Eg. 4.1, we calculate F(1) every 0.1 nm step. Using the CCD camera, we
experimentally observe a slight change in the optimized profile as we tune the operation
wavelength. This change increases with raising the difference between the operation wavelength
and the Bragg wavelength of the optimized principal mode. To make sure that the change in FBG
reflection is not caused by the change in mode composition, we choose the +£0.4 nm wavelength
tuning range to ensure that the overall optical intensity distribution at the fiber output remains

similar within this tuning range. This is quantified by defining a normalized correlation function

Py aS:

Z(Ia(xa Y)_I_z)(lzs (X, y)_l_/ls)

Py = — —, 4.2
\/Z(IA(X1 Y)_I/l) Z(IAB(X! y)_lis)

where |, and |, are the CCD intensity profiles of the optimized mode captured at the shifted
wavelength and its Bragg wavelength, respectively. The average of |, and | ,, are respectively

denoted as 1, and I_ZB . The summations in Eq. 4.2 cover the total number of pixels within an image

captured by the CCD camera. Figures 4(a) and 4(b) show two representative examples for the
change of py with (1 — As), along with the corresponding CCD camera images captured after each
wavelength tuning step for the optimized mode profiles of Expl-Trial3-Run3 and Exp3-Trial3-
Run3, respectively. As observed in these figures, py is within [0.9, 1] which indicates that the
weights of the LP modes which belong to the optimized principal mode group remain almost
constants when tuning the wavelength to calculate F(4) for the verification purpose. Figures 4.4(c)-
4.4(e) show some representative examples for [F(1)/F(Ag)] calculated for the optimized mode
profiles obtained after Triall and Trial3 of Expl-Exp3, respectively. As can be observed, in each
experiment (Expl-Exp3), the final optimized mode profiles possess the maximum F(A) value at

the Bragg wavelengths at which we run the optimization processes, and smaller F values at the
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neighboring wavelengths. In other words, based on the definition of F in Eq. 4.1, all of the
optimized mode profiles obtained during each of Expl-Exp3 experience maximum reflection and
minimum transmission when passing through the FBG at the experiment Bragg wavelength,
compared to the neighboring wavelengths. Combining this result with that of the intensity
distributions of the optimized mode profiles with respect to the MMF axis, one can conclude that
all of the target mode profiles obtained in each experiment (Expl-Exp3) belong to the same desired

principal mode.
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Fig. 4.4. Normalized correlation p, between the optimized mode profiles captured at
the shifted wavelengths and the one at the Bragg wavelength, calculated after (a) Expl-
Trial3-Run3, and (b) Exp3-Trial3-Run3. Change of the feedback function with the
wavelength shift from the Bragg wavelength of (c) Exp1, (d) Exp2, and (e) Exp3. For
each experiment (Expl-Exp3), all three runs (Runl-Run3) of Triall and Trial3 are

presented and denoted as “Traill-Runl”, “Trial1-Run2”, etc. in different colors.
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To take a deeper view into the optimization process, in Figs. 4.5(a)-4.5(c), we show the variations
of the feedback function F during the entire optimization process (nine cycles in total) of six
representative runs. The selected six examples are Runl of Triall and Trial3 in each experiment
(Expl-Exp3) which intentionally include focused and scattered initial intensity distributions.
Within each optimization cycle, F values experience significant variations. This is because,
following the optimization algorithm, the DM inevitably excites numerous incorrect principal
modes at the FBG location before getting the desired one. However, the general trend is clear:
Throughout the entire optimization process, the feedback function tends to consistently increase
until its average almost saturates around a maximum value. In Figs. 4.5(d) and 4.5(e), we show an
example for the MMF output at the end of each optimization cycle obtained during Expl1-Triall-
Runl and Expl-Trial3-Runl, respectively. Figs. 4.5(a)-4.5(e) together suggest that it usually takes
less than 6 optimization cycles for an arbitrary profile to become the desired principal mode.
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Fig. 4.5. Variations of the feedback function F during the 9 optimization cycles of
Trial1-Runl and Trial3-Runl in (a) Expl, (b) Exp2, and (c) Exp3. The initial intensity
distributions and the optimized ones at the end of each optimization cycle obtained

during (d) Expl-Triall-Runl, and (e) Expl-Trial3-Runl, respectively.
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4.4 Future Applications

It is worth mentioning that we fail to apply this AO method to control principal modes within
relatively long MMF (~>50 m). This is because the modes transfer matrix of the long MMF rapidly
changes relative to the time of the optimization experiment. However, our results are still very
beneficial for the short-distance MMF-based applications, such as the case in some optical imaging
[6, 17] and sensing [18, 19] systems.
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Chapter 5

Conclusions

In this chapter, we summarize the experiment results presented in this thesis.

By using the correlation between the CCD camera image and the theoretical target profile as the
feedback for SLM control, we experimentally demonstrate the feasibility and effectiveness of
using AO to achieve highly selective mode excitations in four- and seventeen-mode fibers. The
accuracy of our results is evaluated through calculating the normalized correlation between the
optimized LP mode profiles and their corresponding theoretical ones. Furthermore, using nonlinear
optimization, we report a mode decomposition algorithm which confirms the ability to excite an

LP mode in the four-mode fiber with purity approximately between 85% and 97%.

By using AO with feedback as the FBG reflection/transmission ratio, we can adaptively excite a
specific principal mode group within an MMF. We experimentally demonstrate that, by
maximizing the feedback function F at the Bragg wavelength associated with a principal mode,
we can selectively excite this principal mode group at the FBG location. This AO approach is
applied at multiple Bragg wavelengths to individually excite low-, intermediate-, and high-order
principal mode groups. The accuracy of our results is assessed through comparing the intensity
distributions, with respect to the MMF axis, of the optimized mode profiles. For further verification,
we also show that F(1) of an optimized principal mode has a maximum value only at its Bragg

wavelength.
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