1
Introduction

Self-imaging is a distinctive property observed in multimode waveguides where an ini-
tial input field profile reappears as single or multiple images periodically along the direction of
propagation within the waveguide. The self-imaging phenomenon is observed in all multimode
optical waveguides; however, the resulting interference pattern depends on the geometry of the
waveguide. Self-imaging, also known as the Talbot effect, was initially observed by Henry Fox
Talbot in 1836 [Talbot, 1836]. Talbot observed that when a plane wave illuminates a periodic
diffraction grating, the image of the grating is replicated at regular intervals away from the grat-
ing plane. Since then, the self-imaging phenomenon has been studied in various types of optical
waveguide structures and extensively exploited for numerous applications. The ability to manip-
ulate light through self-imaging in waveguides has revolutionized the development of compact
and high-performance photonics devices, which find applications in telecommunications, optical
sensing, biomedical imaging, and integrated photonics. Self-imaging was initially proposed by
Bryngdahl in 1973 [Bryngdahl, 1973]. In planar waveguides, Ulrich demonstrated it for the first
time in 1975 [Ulrich, 1975]. Since then, a variety of devices based on self-imaging phenomenon
have been proposed [Soldano and Pennings, 1995]. Self-imaging in circular optical fibers was first
demonstrated by Bryngdahl in 1978 [Bryngdahl and Lee, 1978]. However, self-imaging in optical
fiber-based devices has become more popular only in the last two decades. Recently, self-imaging
in specialty fibers, such as square core multimode fibers (SCMMEF), has also been explored [Zhang
et al., 2018, Jiang et al., 2021, Velsink et al., 2021].

Optical waveguides can be categorized based on their geometry into two main types: pla-
nar and non-planar waveguides [Okamoto, 2005]. In planar waveguides, optical confinement
occurs in only one transverse direction. Here, the core is confined between cladding layers in just
one direction. In contrast, non-planar waveguides, such as optical fibers, provide two-dimensional
transverse optical confinement. In these waveguides, the core is surrounded by cladding in all
transverse directions. In the following discussion, the self-imaging phenomenon in both types of
waveguides is briefly demonstrated.

One of the popular device structure is the single mode-multimode-single mode (SMS)
structure which has been studied extensively in recent times. Here, a multimode fiber section is
spliced between two single mode fibers [Wang et al., 2008]. These kinds of structures are very
popular in sensing applications [Wu et al., 2020]. The study will begin with an analysis of the
planar waveguide-based SMS structure, followed by a brief look at the fiber-based SMS structure.
The multimode interference (MMI) effect will be examined in both types of structures to see how
it works in each. Two different fiber-based structures will be explored: one using conventional
circular core multimode fiber and the other using square core multimode fiber. Figure 1.1 shows
the schematics of a planar waveguide based SMS structure. The multimode waveguide has a core
dimension of 70 ym and a numerical aperture (NA) of 0.22. The normalized MMI intensity pat-
tern within the multimode waveguide when excited by a single mode waveguide is shown in
Fig. 1.2. As shown in the figure, a pattern is generated due to the interference of multiple modes
within the waveguide structure. The colorbar shows the points of high and low intensities. The
tigure also show that the re-imaging of the input field occurs around 4.8 mm length of multi-



mode section where the input field replicates in shape and size. This length is referred to as the
self-imaging length. This can be further verified by computing the power coupling to the out-
put single mode waveguide. The transmission characteristics of the planar waveguide-based SMS
structure is shown in Fig. 1.3. It is computed by coupling the fraction of input power into the
output waveguide for various lengths of the MMF. The transmission of the SMS structure is cal-
culated by aligning the output single mode waveguide with the launch axis. The power coupling
can be achieved by computing the overlap integral (OI) as

oI = /pa;‘d:v (1.1)

where p is the field profile of the multimode waveguide at a particular length, and o, is the mode
field profile of the output single mode waveguide. This overlap integral will provide the fraction
of power coupled from the multimode waveguide to the output waveguide. The transmission
characteristics is computed as

Transmission (dB) = 10 x logy, | OI |? (1.2)

The transmission of the SMS structure approaches 0 dB at the self-imaging length. In regions
around a length of 2436 pm, where re-images do not appear along the launch axis, the transmis-
sion is significantly low, almost —50 dB, as shown in Fig. 1.3. The normalized intensity profiles
at different propagation lengths within the multimode waveguide, showcasing both single and
multiple images of the input field profile are also shown in the insets of Fig. 1.3.

A different SMS structure utilizing circular core multimode fiber is shown in Fig. 1.4. The
circular core diameter is set to 105 ym, with NA=0.22. The normalized MMI intensity pattern at
y = 0 plane inside the multimode fiber, with center-fed launch from an SMF, is depicted in Fig. 1.5.
The transmission characteristics of the SMS structure for different lengths of the multimode fiber,
along with the normalized cross-sectional intensity profiles at various lengths are illustrated in
Fig. 1.6. From these figures, it can be seen that the self-imaging length for this SMS structure is
obtained around 4.2 cm of MMEF. The transmission characteristics of a circular core multimode
fiber based SMS structure exhibit multiple transmission dips at different fiber lengths, as shown
in Fig. 1.6. The transmission characteristics is computed by calculating the overlap integral as

oI = / / potdA (1.3)

Transmission (dB) = 10 x logy, | OI |? (1.4)

where p is the field profile of the multimode fiber at a particular length, and o, is the mode field
profile of the output single mode fiber. These dips occur due to multimode interference within
the circular core MMF, which creates ring-type interference patterns, as illustrated in the insets of
Fig. 1.6. The lengths at which the transmission reaches its minimum correspond to points where
there is no power along the axis of the MMF.

A third SMS structure that utilizes a square core multimode fiber as the MMI section is
illustrated in Fig. 1.7. This thesis is centered on square core multimode fiber (SCMMF). A method
for computing the fields in SCMMEF is proposed, and the design and analysis of various optical de-
vices based on SCMMEF are presented, which will be demonstrated in later chapters. At this stage,
a brief study of SCMMEF based SMS structure is conducted for comparison with other SMS struc-
tures. The normalized intensity in the xz plane, which demonstrates the self-imaging phenomenon
resulting from excitation with an SME, is illustrated in Fig. 1.8. The transmission characteristics



of this SCMMEF based SMS structure for different lengths of the multimode fiber, along with the
normalized cross-sectional intensity profiles at various lengths are illustrated in Fig.1.9. The trans-
mission characteristic for this SMS structure is computed using Egs. 1.3 and 1.4. The SCMMF has
a core dimensions of 70 um x 70 um and a numerical aperture of 0.22. The self-imaging length
for this structure is obtained at 4.8 mm of SCMMEF, as indicated in Fig. 1.9. In a square core mul-
timode fiber, the self-imaging phenomenon can be observed as an extension of the self-imaging
seen in planar waveguides, occurring in both transverse directions. Additionally, as evidenced by
the insets of Fig. 1.6 and Fig. 1.9, the multimode interference pattern in 2D waveguides depends
on the geometry of the waveguide. Different waveguide geometries result in varying MMI pat-
terns; therefore, choosing the appropriate device geometry is essential for specific applications. In
the design of power splitters for fiber optic networks, circular core multimode fiber is not suitable.
Therefore, square core multimode fiber is used. A comparison of circular core multimode fiber
and square core multimode fiber is presented in Table 1.1. The propagating field and transmission
calculated in the aforementioned discussion are determined using the mode propagation analysis
in MATLAB. The mode computations for circular step index fibers are well-established. However,
for square core fibers, a method for mode computations has been developed in this work. This
method is thoroughly discussed in Chapter 2.

This work explores the multimode interference phenomenon in square core multimode
fibers and uses it to design and analyze higher order mode transparent all fiber power splitter and
switch.
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Figure 1.1: Schematic of a planar multimode waveguide based single mode-multimode mode-single mode
(SMS) structure
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Figure 1.2: Normalized MMI intensity in multimode waveguide excited by a single mode waveguide
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Figure 1.3: Transmission of a planar SMS structure for different lengths of multimode waveguide. Normal-
ized intensity profile are also shown at different lengths. (The x-axis of insets is in pm)
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Figure 1.4: Schematic of a circular core multimode fiber based single mode-multimode mode-single mode
(SMS) structure
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Figure 1.5: Normalized MMI intensity at y = 0 plane in circular core multimode fiber excited by a single

mode fiber
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Figure 1.6: Transmission of a fiber based SMS structure for different lengths of circular core multimode fiber.

Normalized cross-section intensity profiles are also shown at different lengths. (The x-axis and
y-axis of cross-section intensity profiles are in pm)
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Figure 1.7: Schematic of a square core multimode fiber based single mode-multimode mode-single mode

(SMS) structure
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Figure 1.8: Normalized MMI intensity at y = 0 plane in square core multimode fiber excited by a single
mode fiber
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Figure 1.9: Transmission of a fiber based SMS structure for different lengths of square core multimode fiber.

Normalized cross-section intensity profile are also shown at different lengths. (The x-axis and
y-axis of cross-section intensity profiles are in pum)
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1.1 Motivation: Mode Division Multiplexing In Few Mode Fiber And Need For All-
Fiber Mode Transparent Devices

In fast growing digital era, the demand for low latency internet connectivity has become
of prime importance. With the addition of online activities such as streaming high-definition con-
tent, video conferencing, gaming, and remote work, users require faster and more reliable internet
connections. High-speed internet enables seamless access to information, entertainment, and com-
munication platforms, enhancing productivity and connectivity. Moreover, emerging technologies
like Internet of Things (IoT) and cloud computing further intensify the need for rapid data transfer
and low latency. However, the existing infrastructure, particularly single mode optical networks,
is struggling to keep pace with this surging demand. single mode optical networks, while efficient
for traditional data transmission, are limited in their capacity to handle the exponential growth
of data traffic in modern networks. Space Division Multiplexing (SDM) has become a focal point
of research in recent years because it allows for significantly higher data transmission capacity by
using multiple spatial channels, such as separate fibers or modes within a fiber. This increases
bandwidth without the need for additional physical infrastructure [Richardson et al., 2013]. This
technique can be implemented through two main strategies. The first strategy involves the cre-
ation of multiple cores within a single fiber [Sakaguchi et al., 2012] or the arrangement of closely
spaced waveguides on a chip [Liu, 2015]. The second strategy utilizes mode-division multiplexing
(MDM) in few mode or multimode fibers (FMF/MMF) [Berdagué and Facq, 1982], as well as in
multimode waveguides, which can accommodate higher order modes [Wu et al., 2017]. MDM pro-
vides an extra flexibility for expanding communication bandwidth by employing distinct guided
modes to transport multiple data channels concurrently at a single wavelength. The evolution of
optical fiber communication is comprehensively outlined in [Winzer et al., 2018]. By the year 2037,
it is anticipated that capacity requirements will significantly increase, reaching approximately 5
to 100 petabits per second (Pb/sec) [Winzer et al., 2018]. In addressing these escalating demands,
mode division multiplexing (MDM) is expected to play a crucial role.

To summarize, following are the main advantages of few mode fiber (FMF) networks over con-
ventional single mode fiber networks [Richardson et al., 2013]:

1. Increased Data Capacity: FMFs would enable the simultaneous transmission of multiple
data channels by utilizing different spatial modes. This capability allows for significantly
higher data throughput per fiber compared to single mode fibers (SMFs), which only support
a single mode.

2. Enhanced Bandwidth Efficiency: By leveraging multiple modes within the same fiber, FMFs
would make better use of the available bandwidth. This improved bandwidth efficiency
allows FMFs to achieve higher data rates and more efficient use of the optical spectrum.

3. Reduced Fiber Footprint: With FMFs, fewer fibers would be needed to achieve high data
rates due to the multiplexing of multiple modes within a single fiber. This reduction in
the number of required fibers translates to savings in physical space, installation costs, and
infrastructure complexity compared to deploying multiple SMFs.

Few mode fiber (FMF) networks, despite their advanced capabilities, do come with their
unique challenges as compared to the single mode fiber (SMF) networks. The added complexity
of FMFs involves higher costs for sophisticated equipment needed for mode multiplexing and de-
multiplexing, as well as managing mode-specific issues such as coupling and crosstalk [Su et al.,
2021]. Additionally, FMF technology is still evolving, which can lead to integration challenges
with existing infrastructure. However, ongoing advancements are addressing these challenges,
making FMFs a promising option for expanding network capacity and efficiency. The effective
deployment of few mode fiber (FMF) networks requires mode-transparent devices such as power
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splitters, optical switches, mode sorters, amplifiers, etc.

Need For All-Fiber Devices

Many contemporary optical components are based on planar waveguide technology. However,
coupling between fibers and planar waveguide based components presents several challenges
due to the following reasons [Marchetti et al., 2019]:

1. Mode Field Diameter Differences: There is a large mode mismatch between fiber and pla-
nar optical waveguides, which can result in a significant portion of light not being coupled
into the waveguide, leading to insertion loss. The diameter of FMF is much larger compared
to SMFs, so the losses would be more pronounced.

2. Alignment Tolerances: Achieving and maintaining precise alignment between a fiber and a
waveguide is difficult. Even slight misalignments can cause significant coupling losses.

Figure 1.10 shows the schematics of fiber to chip coupling. All-fiber devices would overcome the
coupling issues and can be easily integrated into the existing optical fiber networks. These devices
would provide a low-cost, high-performing solution for potential usage in optical networks. In
addition, all fiber devices could be deployed in a plug-and-play manner.

Optical fibers are categorized into two types based on their refractive index profile: step
index (SI) fibers, with a uniform core refractive index and an abrupt change at the core-cladding
boundary, and graded index (GI) fibers, where the refractive index gradually decreases from the
center of the core to the cladding. GI MMFs exhibit self-focusing behavior and have not been
widely utilized in MMI devices. Their use is limited to a few applications, such as sensing [Wu
et al., 2020] and mode field converters [Hofmann et al., 2012]. Furthermore, commercially available
square core multimode fibers are step index, which is why step index fibers have been used in this
study.

1.2 A Survey Of Multimode Interference Devices

The demand for multimode interference (MMI) devices has been steadily increasing across
various optical systems. This is driven by their numerous advantages, such as low loss, compact
size, wide optical bandwidth, high fabrication tolerance, uniform power distribution, and insensi-
tivity to polarization [Rajarajan et al., 1996]. Multimode interference devices are extensively used



as power splitters, optical switches and in various sensing applications.

Power splitters are optical devices that play a crucial role in modern photonics and telecom-
munications by efficiently distributing optical signals across multiple output channels. There are
number of ways in which an optical power splitter can be realized. However, due to aforemen-
tioned advantages, MMI based power splitters are very popular. Figure 1.11 shows the schematics
of various design for MMI power splitter. A design for 1 x 64 power splitter featuring S shaped
output waveguides is proposed, offering a minimum loss of 0.5 dB and a uniformity of 1.7 dB [Ras-
mussen et al., 1995]. A 3 dB power splitter design, shown in Fig 1.11 (a), for different lengths and
widths of MMI section with the excess loss and power imbalance of less than 0.1 and 0.2 dB, re-
spectively is demonstrated in [Zhou et al., 2013b]. In [Deng et al., 2014], an arbitrary ratio 1 x 2
power splitter is proposed by removing a section of particular width and length from MMI region
as shown in Fig 1.11 (b). The measured excess loss is less than 1 dB. The wavelength sensitivity of
MMI based splitters is addressed in [Fan et al., 2017], by introducing a tapered section between ac-
cess waveguides and MMI section as shown in Fig 1.11 (c). For 1 x 8 configuration, the measured
loss for each branch is less than 6.74 dB and imbalance less than +1 dB. Similar kind of struc-
ture for a 1 x 2 power splitter based on asymmetric ladder shaped MMI coupler is also proposed
in [Li et al., 2020], with excess loss and phase deviation less than 0.67 dB and 2.80, respectively for
splitting ratio varied from 50 : 50 to 11 : 89. The schematics of such design is shown in Fig 1.11
(d). An ultra compact power splitter with a QR code like nanostructure has been developed us-
ing a nonlinear fast search technique [Xu et al., 2017]. The schematic of such structure is shown
in Fig 1.11 (e). The proposed design includes 1 x 2 and 1 x 3 splitters with variable split ratios
having transmission efficiency of around 80% [Xu et al., 2017]. A similar structure is proposed
in [Chang et al., 2018], where an inverse design method is employed to achieve a dual mode 3 dB
splitter. For both modes, the excess losses and crosstalk are reported to be below 1.5 dB and —20
dB, respectively [Chang et al., 2018]. A very compact hybrid plasmonic based 1 x 2 MMI power
splitter with footprint area less than 1 x 2 ym? and transmission of about 94% for 50 : 50 division
is reported in [Nikoufard et al., 2017]. Another design for a plasmonic based 1 x 2 power splitter
is reported with transmission efficiency of around 89% [Han and He, 2007]. In [Nikolaevsky et al.,
2018], a 1 x 8 splitter that operates in the visible light regime from 460 — 671 nm with excess loss
less than 0.11 dB is proposed. In [Xie et al., 2018], an arbitrary power split ratio 1 x 4 MMI power
splitter based on meta structures to operate in 2 m band with measured transmission efficiency
greater than 70% for all the split ratios is demonstrated. A dual mode 2 x 2 3 dB power splitter is
experimentally demonstrated in [Liu et al., 2020] where the excess loss are 0.24 dB (TEy mode) and
0.63 dB (TE; mode), simulated average crosstalks are less than —22.9 dB and the average power
imbalance is below 0.04 dB (TE) and 0.4 dB for (TE;). In [Liu et al., 2004], a compact photonic
crystal based 1 x 2 power splitter, as shown in Fig 1.11 (f), is presented with ratio of output power
to the input power close to 0.9. Similarly, a 3 dB 2 x 2 photonic crystal based power splitter with
transmission efficiency of about 98% is reported in [Yu et al., 2011]. A variable power splitter de-
signs, shown in Fig 1.11 (g), utilizing an angled MMI and a cascaded MMI structure are presented
in [Jiang and Rahman, 2018]. The proposed design demonstrates that a 1.2° angled section can
achieve a 10 : 90 power split with an insertion loss of 0.74 dB.

Furthermore, the cascaded MMI structure with phase shifters, shown in Fig 1.11 (h), can
provide an improved performance with a lower insertion loss of 0.41 dB [Jiang and Rahman, 2018].
In [Zhang et al., 2019], it is shown that MMI couplers can be used as a mode transparent 1 x 2 power
splitter over the whole C-band. For the proposed design, the variation in the power splitting ratio
for each mode is less than 0.4 dB across the entire C-band [Zhang et al., 2019]. An integrated optical
power splitter with a continuously tunable power splitting ratio is proposed, utilizing a traditional
MMI structure combined with a waveguide grating structure that leverages the thermo-optic effect
[Liao et al., 2020]. A compact 1 x 2 power splitter utilizing MMI is developed by incorporating a
metal cap silicon on insulator (SOI) waveguide to achieve polarization independence, with excess
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Figure 1.11: Schematics of various MMI based power splitters

loss of only 0.66 dB for the quasi transverse electric (TE) mode and 0.86 dB for the quasi transverse
magnetic (TM) mode. [Pan and Rahman, 2016]. The impact of the Kerr nonlinear effect on the
developed MMI power splitter has been investigated [Tajaldini and Jafri, 2014]. A tunable power
splitter design has been proposed, where gold contacts are deposited at intermediate locations on
a 2 x 2 MMI coupler to control the power distribution at the output ports [Leuthold and Joyner,
2001]. This design utilizes the carrier related plasma effect, which induces a negative change in
the refractive index. As a result, a tunability of approximately 20% in the splitting ratios was
achieved [Leuthold and Joyner, 2001]. A broadband 1 x 2 power splitter based on asymmetrically
tapered multimode interference is proposed to achieve arbitrary power splitting ratios. The device
maintains low losses, approximately 0.2 to 0.4 dB, while allowing for adjustable power splitting
ratios ranging from 50 : 50 to 75 : 25 [Zhu et al., 2024]. Another design for an asymmetrical
1 x 2 power splitter is proposed [Liang et al., 2024], where adjusting the angle of the tapered MMI
section allows for power splitting ratios ranging from 50 : 50 to 95 : 5. The splitter achieves a
low loss of 0.4 dB and maintains power splitting ratio fluctuations below 3% [Liang et al., 2024].
In addition, optical fiber based splitters have also been reported. A 1 x 9 square core multimode
fiber based power splitter was demonstrated, with power distribution at nine distinct locations
measured using an infrared (IR) camera [Zhang et al., 2018]. The reported power imbalance for
this splitter was approximately 0.72 dB [Zhang et al., 2018]. The schematics of SCMMEF based
splitter is shown in Fig 1.11 (i). Similarly, a power splitter that couples light from an SCMMF
into a dual layer planar waveguide structure is reported [Jiang et al., 2021]. Most of the designs
proposed to date rely on planar waveguide structures, which encounter coupling issues due to
a significant mode mismatch with single mode fibers. There are very few reports available that
focus on the design of power splitters for higher order modes. Most existing devices are primarily
tailored for single mode operation, highlighting a notable gap in research and development for
higher order mode applications.

Apart from power splitters, optical switches are also one of the essential components in
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Figure 1.12: Schematics of various MMI based optical switches

modern communication networks, enabling high-speed, low-loss routing and switching of optical
signals. Several optical switching technologies have been employed depending on the network
and system requirements such as optical MEMS, thermal optical, electro-optical, opto-optical, and
acousto-optic switches [Ma and Kuo, 2003]. The schematics of MMI based optical switches are
shown in Fig. 1.12. The control mechanisms and operational principles of a two stage MMI coupler
based switch utilizing analytical transfer matrix theory have been extensively discussed [Zhou and
Gallion, 2011]. A photonic switch utilizing MMI with an index modulated region is proposed [Na-
gai et al., 2002]. This switch modulates the index of the MMI region through current injection,
achieving input signal switching with crosstalk levels of less than —20 dB [Nagai et al., 2002]. Most
of the MMI based switches reported so far are fabricated as planar lightwave circuits (PLC) and
utilize thermal optical effect for their operation. An optical switch utilizing the thermo-optic ef-
fect in a polymeric material is demonstrated [Wang et al., 2006]. The operation of the device is
based on the modulation of the self imaging phenomenon in a side heated MMI coupler as shown
in Fig. 1.12 (a) [Wang et al., 2006]. Similarly, a 4x4 thermo-optic switch based on MMI architec-
ture, which incorporates trapezoidal air trenches, shown in Fig. 1.12 (b), has been proposed to
enhance performance by minimizing undesired phase shifts [Shang et al., 2023]. A 2x2 thermo-
optic switch utilizing an MMI structure has been developed, where the geometry of the heater
elements is modified to achieve lower power consumption [Rosa et al., 2016]. The schematic of
such structure is shown in Fig. 1.12 (c). Another approach involves directly heating the MMI re-
gion to control the effective index of symmetric interference modes [Kim et al., 2018]. Furthermore,
a polymer thermo-optic switch that achieves efficient performance with minimal driving power
through a localized small heater has been demonstrated [Xie et al., 2009]. A 2x2 thermo-optic
MMI-MZI switch with a heater positioned on a laterally supported suspended ridge waveguide,
shown in Fig. 1.12 (d), has been proposed, focusing on reduced power consumption [Duan et al.,
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Figure 1.13: Schematics of various MMI based SMS sensors

2021]. Another 2x2 thermo-optic MMI-MZI switch with high refractive index contrast has been
designed to offer low switching power and fast switching times [Al-Hetar et al., 2010]. An ultra
compact optical switch has been evaluated for its power consumption and the impact of power
imbalances on switching operations [Zhou et al., 2013a]. Another design incorporates a variable
width MMI coupler to reduce losses caused by imperfect self-imaging [Song et al., 2022]. In ad-
dition to the fundamental mode switching, various higher order mode switches have also been
reported [Priti ef al., 2017, Xiao et al., 2016]. A mode selective switch using cascaded MMI cou-
plers and thermo-optic phase shifters has been proposed, enabling selective switching between
TEO and TE1 modes [Priti et al., 2017]. Another design involves cascading MMI couplers, shown
in Fig. 1.12 (e), where the fundamental mode is initially split into two equal power modes, with
their phase adjusted using the thermo-optic effect to achieve desired mode coupling at the out-
put of the second MMI coupler [Xiao et al., 2016]. A silica waveguide 1 x 8 thermo-optic switch,
based on a cascaded 1 x 8 MMI splitter and an 8 x 8 MMI coupler, is being theoretically designed
and experimentally demonstrated, exhibiting crosstalk of less than —16 dB and an extinction ratio
greater than 16 dB [Yue et al., 2024]. An MMI coupler-based electro-optic (EO) switch utilizing
unique Bezier S-bend waveguides is proposed, having excess loss/crosstalk of 0.33 dB/—20.44 dB
and 0.64 dB/—13.66 dB for bar and cross port switching, respectively [Afsary et al., 2024]. A non-
volatile 2 x 2 photonic switch based on multimode interference in a hybrid Sb,Ses silicon waveg-
uide is proposed and experimentally demonstrated, achieving crosstalk less than —15 dB [Shang
et al., 2024]. An optical switch utilizing an MMI and Y-coupler design is both theoretically devel-
oped and experimentally validated, capable of performing mode insensitive and mode selective
switching functions for four modes. The proposed device show insertion losses of less than 13.5
dB and extinction ratios greater than 8.4 dB for all the four modes [Sun et al., 2024]. A silica waveg-
uide 1 x 8 thermo-optic switch, consisting of cascaded three-stage Mach-Zehnder interferometers
(MZIs), is proposed with extinction ratio larger than 15.63 dB, while the crosstalk is maintained
below —15.65 dB [Wang et al., 2024]. In the domain of fiber based MMI switches, literature is rel-
atively sparse. However, one study demonstrates a fiber based MMI switch, shown in Fig. 1.12
(f), that employs a combination of multicore and ring core optical fibers, coupled with an array
of fixed and tunable phase shifters [Zhou, 2015]. Similar to the research gap identified in power
splitter design, there is a pressing need for optical switches that can effectively handle higher order
modes.

In recent years, circular core multimode fiber based SMS structures utilizing MMI have
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garnered significant interest and advanced the development of various types of sensors for prac-
tical applications. The schematics of some sensor designs based on SMS structure are illustrated
in Fig. 1.13. A lateral force sensor is proposed that utilizes a core offset design, shown in Fig. 1.13
(a), where the output SMF is misaligned with the multimode section [Dong et al., 2008]. A fiber
optic temperature sensor is designed using circular multimode fiber with a polymer cladding [Li
and Peng, 2008]. The schematic of such design is shown in Fig. 1.13 (b). A strain sensor design
has been introduced, incorporating a non-uniform multimode section [Tian et al., 2017]. This de-
sign involves reshaping the cladding layers of two multimode fibers into a hemispherical shape,
followed by splicing them together [Tian et al., 2017]. A biosensor based on an SMS structure,
shown in Fig. 1.13 (c), is proposed. This design is achieved by chemically etching the cladding of
the multimode fiber to a smaller diameter [Socorro et al., 2017]. A side polished multimode fiber
design, shown in Fig. 1.13 (d), for a humidity sensor has been proposed [Wang et al., 2017]. In
this design, a section of the multimode fiber’s cladding and core is removed to achieve the desired
functionality [Wang et al., 2017]. In addition, several designs have been proposed for sensing var-
ious parameters, utilizing MMI [Puspita et al., 2015, Ascorbe et al., 2017, Li et al., 2017, Zhao et al.,
2014, Liu and Wei, 2007].

Most of the devices mentioned in the literature are based on planar lightwave technology,
each with its own limitations, as discussed in the previous sections. Whether it is a power splitter
or an optical switch, the performance of these devices is significantly impacted due to their re-
liance on planar waveguide technology. If these devices were instead based on optical fibers, they
could be easily integrated into optical fiber networks. Therefore, the current technological need
is to develop solutions that not only offer optimal performance but are also cost-effective. This is
why the main focus of this thesis is on all-fiber-based power splitters and optical switches. The lit-
erature also suggests that the combination of fiber and waveguide technologies enables all-optical
devices to achieve a wide range of functionalities.

1.3 Major Contributions Of The Thesis

The major contributions of this thesis are as follows.

1. An all-fiber multimode interference device for power splitting in single and few mode fiber
networks is designed and experimentally demonstrated.

2. A computationally efficient method for the design and analysis of 2D MMI structure using
square core multimode fibers is developed.

3. A design of mode transparent optical switch for few mode optical networks is proposed and
investigated to ascertain its practical feasibility. In addition to this, a mode sorter for [ = 0
and [ = 1 modes is also proposed.

1.3.1 Thesis Organization

The thesis is organized as follows:

In chapter 2, a detailed explanation of self-imaging phenomenon in square core multimode
fiber along with the method for computing propagating fields inside square core multimode fiber
are presented for Gaussian Launch. Here, the existing methods and their applicability to the device
design proposed in this work are explored.
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In chapter 3, multimode interference phenomena in SCMMEF with launch from an FMF is
examined and experimental results are presented to verify the theory.

In chapter 4, the design and characterization of all-fiber power splitter for single mode and
few mode fiber networks are presented.

In chapter 5, designs for all-fiber optical switch for the FMF modes and I = 0 & [ = 1 mode
sorter are proposed and analyzed.

Conclusions and Future Works are presented in Chapter 6.

15



	Abstract
	Acknowledgment
	List of Abbreviations
	List of Symbols
	Introduction
	Motivation: Mode Division Multiplexing In Few Mode Fiber And Need For All-Fiber Mode Transparent Devices
	A Survey Of Multimode Interference Devices
	Major Contributions Of The Thesis
	Thesis Organization


	Design Of All-Fiber 2D MMI Based Optical Devices Using 1D Mode Propagation Method
	State Of The Art Methods
	Modes In Planar Waveguide
	Symmetric TE Modes
	Antisymmetric TE Modes

	Proposed Method: Field Propagation In Rectangular And Square Core Multimode Optical Fiber
	Comparison Of The Proposed Method And BPM For Center Launch
	Comparison Of The Proposed Method And BPM For Off-Center Launch
	Advantages Of The Proposed Method Over Beam Propagation Method

	Self-Imaging In Multimode Waveguides
	Methods For Computing Self-Imaging Length And The Positions And Phases Of Self-Images In Transverse Direction

	Self-Imaging Phenomenon In Square Core Multimode Fiber With Gaussian Launch
	General Interference
	Restricted Interference

	Experimental Demonstration Of The Formation Of NxNy Images In The SCMMF With Gaussian Launch
	Controlling The Formation Of Output Images And Their Positions In The xy Plane With Respect To The Input Launch Position

	Summary

	Multimode Interference In Square Core Multimode Fiber With Launch From Few Mode Fiber
	Linearly Polarized (LP) Modes In A Step Index Cylindrical Core Optical Fiber
	2D Mode Propagation Analysis
	Self-Imaging In SCMMF When Launching Pure LP Modes From An FMF
	Self-Imaging In SCMMF When Launching Mixed LP Mode From An FMF

	Experimental Demonstration Of The Formation Of NxNy Images In SCMMF For Launch From Few Mode Fiber
	Generation Of LP02 Mode And Self-Imaging In SCMMF
	Generation Of LP11 Mode And Self-Imaging In SCMMF

	Summary

	An All-Fiber Multimode Interference Device For Power Splitting
	Design Of 14 Power Splitter For Single Mode Fiber Networks
	Experimental Setup For Characterizing 14 Power Splitter For Single Mode Fiber Networks

	Design Of 14 Power Splitter For Few Mode Fiber Networks
	Performance Parameters
	Fabrication Tolerances
	Power Splitting Characteristics Of The Device For A Mixed Mode Launch
	Experimental Setup For Characterizing 14 Power Splitter For Few Mode Fiber Networks

	Summary

	Higher Order Mode Optical Switch And Mode Sorter
	Design Of MMI Coupler As Power Splitter
	Design Of MMI Coupler As Power Combiner
	Design Of An Optical Switch 
	Performance Characteristics Of The Proposed Switch
	Launch Field Profile From An SMF
	For Higher Order Mode Launch From An FMF

	Mode Sorter For l=0 & l=1 Azimuthal Order
	Summary

	Conclusions
	Future Work

	List of Publications
	References

