
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Silicon Photonic Integrated Devices for Space-Division Multiplexing

Baumann, Jan Markus

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Baumann, J. M. (2019). Silicon Photonic Integrated Devices for Space-Division Multiplexing. Technical
University of Denmark.

https://orbit.dtu.dk/en/publications/9a81f5f8-2cf8-4c8a-b303-9764625029b7


Technical University of Denmark

PhD Thesis

Silicon Photonic Integrated
Devices for Space-Division

Multiplexing

Jan Markus Baumann

November 2019



ii

Project period: February 2016 - July 2019

Supervisors: Dr. Lars Hagedorn Frandsen
Dr. Yunhong Ding
Prof. Toshio Morioka

Ph.D. defence date: 23/10/2019

Ph.D. defence comitee: Assoc. Prof. Haiyan Ou
Prof. Siyuan Yu
Dr. Mirco Scaffardi



Abstract

Space-division multiplexing (SDM) is seen as a promising technique to further
enhance the capacity of optical transmission systems. In SDM, different spatial
paths are used as parallel channels to transmit independent data streams.
Different orthogonal modes inside a multimode fiber can also be such spatial
paths.
This thesis explores devices on silicon photonic chips for the use of SDM,
especially for directly coupling from a chip into different modes of few-mode
fibers. The use of silicon photonics can make such devices compact, reliable,
low-priced and capable of being integrated with other silicon photonic devices.
First, a concept of a vertical off-chip emitting device that uses silicon oxyni-
tride waveguides and total internal reflection is presented. Calculations about
its coupling are made and first fabrication results are shown. This device is
designed to have a wide-bandwidth operation.
Furthermore, the multiplexing and demultiplexing of data into different lin-
early polarized modes of a few-mode fiber using two silicon photonic mode
multiplexers is experimentally demonstrated. This presents the capability of
chip-to-chip operation of mode-division multiplexing.
Finally, the design, fabrication and characterization of a mode multiplexer that
is capable of coupling to different orbital angular momentum (OAM) modes of
an OAM fiber is comprehensively described. The successful coupling to OAM
fiber modes with topological charges of L = 5, 6, 7 is demonstrated.
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Resumé

Space-division multipleksing (SDM) er set som en lovende teknologi for at
forbedre kapaciteten af optiske transmissionssystemer. SDM bruger forskellige
rumlige veje for at sende uafhængige datastrømme. Forskellige ortogonale
modes i en multimode fiber kan ogs̊a være s̊adanne rumlige veje.
Denne afhandling undersøger enheder p̊a siliciumfotoniske chips til brug af
SDM, især til direkte kobling fra en chip til forskellige modes i f̊a-mode-fibre.
Brug af siliciumfotonik kan gøre s̊adanne enheder kompakte, p̊alidelige, billige
og i stand til at blive integreret med andre siliciumfotoniske enheder.
Først præsenteres et koncept med en vertikal fra-chip-emitterende enhed, der
bruger siliciumoxynitridbølgeledere og total intern reflektion. Beregninger af
dens kobling foretages, og resultaterne af den første fabrikation vises. Denne
enhed er designet til at have en bred operationsb̊andbredde.
Desuden demonstreres eksperimentelt multipleksering og demultipleksering af
data i forskellige lineært polariserede modes af en f̊a-mode-fiber ved anvendelse
af to silikonfotoniske mode-multipleksere. Dette præsenterer muligheden for
chip-til-chip-operation af mode-division multipleksing.
Endelig er design, fabrikation og karakterisering af en mode-multiplekser, der
er i stand til at koble til forskellige orbitalt impulsmoment-modes (OAM) i
en OAM-fiber, beskrevet omfattende. Den vellykkede kobling til OAM-modes
med topologiske ladninger L = 5, 6, 7 er blevet demonstreret.
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Chapter 1

Introduction and state of
the art

1.1 Optical communication

Ever since the possibility of low-loss silica fibers was shown as a mean for op-
tical communications by Kao and Hockham in 1966 [1] and the fabrication of
such low loss fibers was demonstrated a few years later, optical fiber communi-
cation quickly became the most efficient way to transmit large amounts of data
over long distances and now is the backbone of our modern communications
infrastructure.

Silica fibers can guide light with extremely low loss (around 0.2 dB/km) and
offer a huge bandwidth compared to any other type of transmission technology.
The invention of semiconductor lasers and light-emitting diodes have made
useful light sources for data transmission.

In optical fibers communication, an electrical data signal is modulated onto
laser light and transmitted in glass fibers. After possible re-amplification dur-
ing the transmission, the light is detected at the receiver and the signal is
converted to an electrical signal by a photo diode.

With optical communication in glass fibers being the backbone of the Internet,
information and large amounts of data can be accessed and sent around the
world almost instantly which is one of the key technologies of our information
age. Nowadays’s society uses and relies more and more on services like video
calls, e-mail, online banking, mobile Internet and video streaming, which all
rely on the optical communication behind them.

The amount of internet traffic has been exponentially growing in the recent
years and is predicted to further grow with a rate of currently 26% per year
[2]. Especially the increasing use of high definition video streaming and mo-
bile Internet on smartphones have recently been leading to higher and higher
traffic.
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Another problem is that the power consumption of the whole Internet in-
frastructure together with data centers is steadily increasing and the whole
information and communication technology (ICT) ecosystem is estimated to
already consume more than 4.6% of the global energy production [3]. Some
other estimation places the power consumption already at around 10% of the
global energy production and it could even rise to up to 20% until 2030 [4]. A
part of this needed power is for optical communication systems, both for long
distance communication as well as within data centers between servers over
distances from several meters to kilometers.

To keep up with the quickly rising demand for data transmission capacity
and decrease the energy consumption per bit, space-division multiplexing has
been proposed [5]. Furthermore, the integration of optical systems on chips
(e.g. silicon photonics) promises lower costs per system and increased energy
efficiency, especially compared to electrical connections [6].

1.2 Space-division multiplexing

Nowadays, most optical communication systems use single-mode fibers to
transmit data over long distances. Over time, more and more degrees of free-
dom were used to increase the data rate in single-mode fibers, such as different
wavelengths, both polarizations and quadrature amplitude modulation. Tech-
nologies such as coherent receivers and more complex signal processing that
can compensate many influences that occur during transmission to further
increase the data capacities of optical transmission systems. But with the
current technology, the data rates or spectral efficiency that can be achieved
in a single mode fiber seems to be limited by noise and nonlinearities with a
capacity in the order of 100 Tbit/s per fiber or a spectral efficiency of around
10 bit/s/Hz [7, 5]. With an ever increasing demand in higher data rates, the
last degree of freedom for multiplexing, namely space, has been under intense
research in the last decade as a possible solution for keeping up with the de-
mands in capacity. In space-division multiplexing (SDM), different parallel
spatial channels are utilized to increase the data throughput of a transmission
system. To realize SDM in the simplest way, parallel single-mode fiber systems
can be used to multiply the data rate by the number of used fibers (as shown
in Fig. 1.1(a)). But the cost and energy consumption of such parallel systems
also increases linearly with the number of parallel systems and there might be
better ways to implement SDM, where some resources like fibers, amplifiers,
switches, transmitters and receivers can be shared between the different spatial
channels, lowering the cost per bit.

A number of different ways to implement SDM with fibers are illustrated in
Fig. 1.1: one rather straightforward way is multicore fibers (MCFs), shown
in Fig. 1.1(b) with uncoupled cores. In such fibers, each core acts basically
as a single-mode fiber. When the cores are separated enough, the crosstalk
between cores is low enough not to degrade the performance of each channel.
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By now, many fibers with low crosstalk and up to 37 cores have been fabri-
cated and transmissions over long distances demonstrated [8, 9, 10, 11, 12, 13].
Furthermore, amplifiers that can amplify all cores simultaneously have been
presented [14, 15, 16].

(a) (b) (c) (d) (e)

Figure 1.1: Different variations of fibers for space division multiplexing (partly
redrawn after [5]): (a) Fiber bundle, possibly with reduced cladding diameter,
(b) multicore fiber with uncoupled cores, (c) few-mode fiber, (d) coupled-core
multicore fiber, (e) multi-mode-multicore fiber, in which each core supports
more than one mode.

Another way to perform SDM is mode-division multiplexing (MDM). Here,
different orthogonal modes of a fiber are used as separate spatial channels to
transmit data. For MDM, usually few-mode fibers (FMFs) are used (illustrated
in Fig. 1.1(c)). FMFs are multi-mode fibers (MMFs) that support only a small
number of modes, often in the range of 2-10 modes. A thing that needs to
be considered with MDM, is mode-coupling between the different fiber modes.
Mode coupling is unavoidable when transmitting over longer distances. Even
for short distances, there will be a strong coupling between modes of the same
mode group. A way to undo the effects of mode coupling is the usage of
multiple-input-multiple-output (MIMO) signal processing. With the use of
MIMO, the full capacity of the spatial channels can be used and the data rate
can be increased N times when N modes are used, with the cost of MIMO
signal processing at the receiver and possibly a small overhead in the data rate.
The use of MDM multiplexing with the use of MIMO has been demonstrated in
a number of experiments [17, 18, 19, 20, 21]. MIMO is however not usable with
very large mode numbers as the complexity of the signal processing increases
proportional to 2N × 2N . Essential devices of MDM are mode multiplexers
and demultiplexers, which will be further discussed in the next section 1.2.1.
Multicore fibers with cores that are close enough to couple (see Fig. 1.1(d)) are
another possibility for SDM [22, 23, 24]. The light propagates in super-modes
between the cores and behaves very similar to FMF.
Hybrids between multicore and FMFs have also been explored (see Fig. 1.1(e)).
Here, each core of the multicore fiber supports several modes and the fiber can
therefore reach large number of spatial channels. A number of such fibers and
transmissions using those fibers have been demonstrated [25, 26, 27].
Space-division multiplexing can furthermore help in solving the rising energy
consumption of transmission systems that follows the demand for higher data
rates. Instead of maximizing the signal-to-noise ratio by raising the launched
power into fibers to be able to increase the data rate in the fiber, it is more
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energy efficient to use several spatial channels. According to the Shannon
limit, when the launched power is increased by a factor of N , the reachable
data rate improvement scales proportional to logN , but when multiple spatial
channels are used instead, the data rate improvement scales linearly with the
used N channels [28, 29, 30]. Or if the data rate is given, it can be reached
with less power using SDM. Moreover with less power per spatial channel,
nonlinearities can be avoided to a greater extent.

This is of course from a theoretical point of view. In a real SDM system, more
devices might be needed like e.g. SDM multiplexers and special amplifiers
which add additional cost and energy consumption.

1.2.1 FMF mode multiplexers

An essential element for MDM is a mode multiplexer. A mode multiplexer
images a set of N inputs to a set of N fiber modes. Usually, these devices are
made to couple to the linearly polarized (LP) modes of a FMF (see also section
2.2 about LP modes). An important property of such mode multiplexers, is to
have low mode-dependent loss, meaning that the power needs to be coupled
equally into the different fiber modes.

By now, a large number of different techniques for the generation and multi-
plexing of FMF modes have been reported: Modes can be created with free-
space beams using fixed phase plates or spatial light modulators [31, 32] and
then overlaying the different beams, for example using beam-splitters. More-
over, long-period fiber gratings [18] can be used to excite certain modes in a
fiber.

A very popular and rather low-loss way to multiplex into FMFs is to use
photonic lanterns [33, 34, 35, 36, 37]. Such devices taper down different single-
mode fibers to the size of FMF modes.

Another way of coupling free-space beams to FMF modes is so-called multi-
plane light conversion [38, 39, 40]. In this technique, beams are transformed
into the targeted mode patterns by a number of successive phase plates. This
has been implemented into more compact devices by letting the beam bounce
back and fourth along a mirror and a larger phase plate. A large number of
inputs can be transformed into a large number of modes in parallel.

Chip-based mode multiplexers

A number of on-chip MDM compatible mode multiplexers have been reported,
using a number of different technologies.

Most on-chip devices work in a spot-based approach and use grating couplers
to vertically emit light spots with different phases. By creating the correct
field pattern above the chip, the targeted mode inside a FMF can be excited.
Different devices have been reported based on silicon-on-insulator (SOI) tech-
nology [41, 42, 43, 44, 45, 46]
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A similar approach has also been shown with total internal reflection emitters
in indium phosphite waveguides [47].
Another way of coupling to FMFs is to use edge coupling to couple from an on-
chip waveguide directly into the fiber at the edge of the chip. The modes are
then already created in a multimode on-chip waveguide, for example a silica
planar lightwave circuit (PLC) waveguide [48, 49, 50]. The same approach has
also been demonstrated using indium phosphite waveguides [51]

1.2.2 MDM using OAM modes

Instead of using LP modes for MDM, orbital angular momentum (OAM)
modes can be used as an alternative, orthogonal mode basis (for more about
OAM modes, see section 2.3).
Such modes can be created in free-space using q-plates [52], phase plates or
a spatial light modulator (SLM) [53, 54, 55]. Furthermore, the generation of
such modes using multi-plane-light-conversion has been demonstrated [56, 57].
Special fibers have been developed in which OAM modes can propagate in a
stable manner over long distances (see section 2.3.2). The multiplexing and
transmission of data in these fibers using OAM modes has been shown, for
example over 1.1 km [58], 1.4 km [59], 2 km [60], 10 km [55], or over 18 km [61],
or 50 km [62]. These experiments show that the crosstalk between different
OAM mode groups can be small enough that no MIMO signal processing is
needed to receive the data, even after many kilometers, which is an advantage
compared to many FMF experiments using LP modes.
Another advantage is that OAM modes need no rotational alignment, due to
their invariance to rotation. Furthermore, all OAM modes inside fibers have a
very similar shape with a large mode-field overlap, which makes the fiber based
amplification very even for all modes with low mode-dependent gain. Raman
amplification of OAM modes in OAM fibers has been shown experimentally
[63, 61].

Integrated on-chip OAM generation

In the recent years, a number of integrated on-chip solutions to create OAM
beams have been proposed and demonstrated. Many are used to emit OAM
beams into free-space, but others can also be used to couple into OAM fibers.
Such integrated devices promise large cost and space savings, less needed align-
ment and faster switching times.
A large number of integrated OAM emitters are based on microring resonators
[64, 65, 66, 67, 68, 69]. They consist of a resonant ring made of an on-chip
waveguide, for example a SOI nanowire waveguide, that is coupled to a bus
waveguide. The ring has periodic scattering elements, for example a grating
on the waveguide sidewalls or holes in the waveguide, that scatter the light of
the waveguide into free-space. Due to the ring structure and the periodicity
of the grating, the emitted light has a helical phase front and therefore carries
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OAM. The topological charge of the OAM is directly linked to the resonance
wavelength of the ring and grating periodicity. Beams with different OAM can
be created by exiting different resonances of the ring at different wavelengths.
The emitted beams of such devices are usually radially or azimuthally polar-
ized. The monolithic integration with a laser in indium phosphide has been
demonstrated as well [70]. These devices have for example been proposed to
serve as on-chip interconnects between stacked chips [71]. Furthermore, ring
resonator based devices have been used to couple to OAM fibers [60, 72].

A variation of this principle uses a larger ring resonator with small grating
couplers to emit light [73, 74]. In another variation, omega-likes structures
with an included periodic grating are used to emit an OAM beam [75, 76].
Compared to the ring resonator devices, these structures are not resonant.

A disadvantage of the ring resonator structures is that the OAM mode depends
on the used wavelength. Not all the possible OAM modes can be created at
one given wavelength and each mode is rather narrow-band. Therefore, no
true WDM + MDM operation over a wide bandwidth is possible.

A concept that works differently and can have a wide-band operation uses a
ring of spots to emit OAM beams. In this spot-based approach, the OAM
mode is approximated by a number of spots while the light of each spot is
set to an appropriate phase. All the needed phases can be created by a star
coupler structure, which allows also mode-multiplexing operation by creating
the phases for many targeted modes at once. Such devices that emit to free-
space has been demonstrated in silica PLC with a 3D printed ring of output
waveguides [77, 78] and in SOI with a ring grating coupler as an output [79,
80]. Moreover, an implementation on SOI that used vertically curved silicon
waveguides that are created by ion implantation has been demonstrated [81].
With this device, the demultiplexing of free-space OAM beams with L = −2
to +2 has been shown with a wide bandwidth and crosstalk below 23 dB.

In chapter 5 a device will be presented that works in a similar way and is
designed for coupling into higher order OAM fibers.

On-chip vertical-cavitiy surface-emitting lasers (VCSELs) that emit an OAM
beam have been demonstrated as well [82]. This can be achieved by adding a
spiral phase plate onto the VCSEL.

1.3 Silicon photonics

Silicon is the material of choice for the microelectronic industry and the pro-
cessing technologies that have been developed for silicon allow the very-large-
scale integration of basic building blocks like transistors. The name of the
most common technology process as well as its basic building block is the
complementary metal-oxide semiconductor (CMOS) transistor. Nowadays, up
to billions of these transistors can be integrated on a single chip by the means
of advanced, state-of-the-art fabrication methods, while the cost of a single
chip can be very low by means of mass-production.
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The idea of silicon photonics is to use the same principle of a common silicon
fabrication process that can be mass produced to drive down the fabrication
costs per chip and at the same time allow for more reliable, more complex
and higher integrated on-chip photonic circuits. Furthermore, a compatibility
with CMOS fabrication allows the use of advanced microelectronic fabrication
technology and equipment and even promises the co-integration of electronics
and photonics on a single chip.

Silicon is an optically transparent material for wavelengths between 1.2 µm and
1.6 µm, which includes the near-infrared wavelengths that are commonly used
in optical communication systems [83]. Its high refractive index of nSi = 3.5
and thus large contrast to materials like silicon oxide (nSiO2 = 1.44) allows
a strong light confinement in silicon waveguides and therefore a small size of
on-chip waveguides with tight bends, which enables a high integration den-
sity. The material platform of choice for silicon photonics circuits has become
silicon-on-insulator (SOI), which consists of a thin silicon layer (usually 200-
250 nm) on top of a thick buried oxide (BOX) layer which optically isolates the
top silicon layer from the bottom silicon substrate. Through either e-beam or
deep ultraviolet lithography followed by etching, waveguides and other struc-
tures can be formed out of the top silicon layer. The created waveguides are
then usually covered by a cladding of a SiO2 based material that is deposited
in relatively low temperatures using plasma-enhanced chemical vapor depo-
sition (PECVD) [84]. Fig. 1.2 shows an illustration of a silicon-on-insulator
waveguide, a so-called nanowire waveguide.

BOX layer (SiO2)

Silicon substrate

Si waveguide

Cladding (SiO2 / SiON)

n = 1.44

n = 3.48

Figure 1.2: Illustration of a cross-section of a silicon-on-insulator nanowire
waveguide.

Usually, the waveguides are designed to be single-moded and most applications
use the TE mode of the SOI waveguides in which the polarization is parallel
to the wafer surface. The TM mode exists as well, but has in most waveguide
geometries a very different group index and the waveguide therefore has a high
birefringence [84].
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1.4 Outline of the thesis

Chapter 2 A background to electromagnetic waves is given as well as LP
modes and OAM modes in fibers that will be used in the later experiments.

Chapter 3 A concept for a silicon photonics compatible, wide-band vertical
off-chip coupler is introduced. Calculations about expected performance and
first fabrication results are presented.

Chapter 4 An LP mode multiplexer is presented and chip-to-chip mode
multiplexed data transmission experiments using LP modes are demonstrated.

Chapter 5 The design, fabrication and characterization of a silicon pho-
tonics chip are presented. The chip is designed for multiplexing into the
|L| = 5, 6, 7 OAM modes of an OAM fiber.

Chapter 6 The theses is concluded by a short summary and an outlook.



Chapter 2

Electromagnetic Modes
and Coupling

2.1 Electromagnetic Fundamentals

2.1.1 Maxwell’s Equations in Dielectric Media

Electromagnetic fields and their behavior are described by a set of differential
equations known as Maxwell’s equations, which describe the temporal and spa-
tial evolution of the electric and magnetic field. They are in their differential
notation: (the shown notation and derivation follows mostly [85, 86] and [87])

∇ ·D = ρf (2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

∇×H = jf +
∂D

∂t
(2.4)

(2.5)

with the E(r, t) being the field vector for the electric field, H(r, t) being the
magnetic field vector, D(r, t) the electric displacement vector, B(r, t) the mag-
netic flux density vector, ρf the free charge density and jf the free current
density.

The equations use the divergence of a vector V which is defined in a certesian
coordinate system as

∇ ·V =
∂Vx
∂x

+
∂Vy
∂y

+
∂Vz
∂z

(2.6)
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and the rotation (curl) of a vector V defined as

∇×V =

(
∂Vz
∂y
− ∂Vy

∂z

)
x̂ +

(
∂Vx
∂z
− ∂Vz

∂x

)
ŷ +

(
∂Vy
∂x
− ∂Vx

∂y

)
ẑ (2.7)

with the x̂, ŷ and ẑ being the unit vectors in a cartesian coordinate system.
Within this thesis, in most cases, the used materials will be dielectric insulators
without any free electric charges or currents, meaning that the electric charge
density ρ and the current density j will be zero.
Assuming a medium that is linear, homogeneous and isotropic, which is mostly
the case in this work, the relations between E and D can be written as:

D = ε0εrE (2.8)

with the electric permittivity of vacuum ε0 ≈ 8.85 · 10−12F/m and the relative
permittivity of the medium εr. Similarly, for the relation between B and H
can be written as

B = µ0µrH (2.9)

with the magnetic permeability of vacuum µ0 = 4π ·10−7H/m and the relative
permeability µr, which is further on assumed to be µr = 1 (non-magnetic
material).
If moreover, the materials are assumed to be time invariant, Maxwell’s equa-
tions are separable and the time variance can be expressed as complex expo-
nential functions:

H(r, t) = H(r)ejωt (2.10)

E(r, t) = E(r)ejωt (2.11)

with the imaginary unit j. Many further calculations can then just use the
complex amplitudes H(r) and E(r).
All these assumptions put into Maxwell’s equations simplify them to:

∇ · εrE = 0 (2.12)

∇ ·H = 0 (2.13)

∇×E = −jµ0ωH (2.14)

∇×H = jωεrε0E (2.15)

2.1.2 Wave equation

When taking the curl (∇×) on both sides of equation 2.14:

∇× (∇×E(r)) = ∇× (−jω2µ0H(r)) = −jω2µ0∇×H(r)

By inserting 2.15, an equation for the electric field E(r) can be obtained:

∇×∇×E(r) = ω2µ0ε0εr(r)E(r) =
ω2

c20
εr(r)E(r) (2.16)
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with defining c0 = 1/
√
µ0ε0, which is the speed of light in vacuum and has the

value c0 = 299792458 m/s.
In a similar way, an equation for the magnetic field H(r) can be obtained:

∇× (ε−1
r (r)∇×H(r) =

ω2

c20
H(r) (2.17)

In this case, it has to be paid attention to the fact that εr(r) can be dependent
on the location. If the derivatives of εr(r) are small, an common approximation
is to neglect them, called the ”weakly-guiding” or ”scalar” approximation,
which leads to the following equation for the magnetic field, which represents
a wave equation called Helmholtz equation (if the identity ∇ × ∇ × V =
∇(∇ ·V)−∇2V and the fact that ∇ ·H = 0 and ∇ ·E = 0 are used):

∇2H(r) + εr(r)k2
0H(r) = 0 (2.18)

Equally, the wave equation for the electric field is:

∇2E(r) + εr(r)k2
0E(r) = 0 (2.19)

with the wave number in vacuum k0 = ω/c0 = 2π/λ0.
These equations describe the propagation of an electromagnetic wave in vac-
uum or a bulk material. The wave propagates with the speed c = c0/

√
εrµr =

c0/n with the refractive index of the medium n =
√
εrµr.

The way the equations are written, they describe monocromatic waves of an-
gular frequency ω. Any other kind of non-monocromatic waves and signals can
be simply described as a number of mono-cromatic waves using the Fourier
transform. This is made possible by the linearity of all used Maxwell’s equa-
tions equations as well as the Fourier transform, which means that a linear
combination of solutions is a solutions as well.
A simple solution is a so-called transverse electromagnetic (TEM) plane wave
that is propagating in the direction of the wave vector k with the following
complex amplitude vectors:

E(r) = E0 exp(−jk · r) (2.20)

H(r) = H0 exp(−jk · r) (2.21)

with the vectors of their complex envelops E0 and H0 both orthogonal to
each other and orthogonal to the propagation direction (TEM wave). The two
amplitudes have a constant ratio given by the medium, called impedance of
the medium η:

η =
E0

H0
=

√
µ0µr
ε0εr

(2.22)

2.1.3 Power flow

The Poynting vector S describes the flow of electromagnetic power. It is given
by the relation:

S(r, t) = E(r, t)×H(r, t) (2.23)
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The optical intensity is the magnitude of the time-averaged Poynting vector
〈S〉, where the time averaging should be over many periods of the electromag-
netic wave, but short enough compared to other times of interest.

When the complex amplitudes of E and H are used, the intensity is:

I = 〈S〉 =
1

4
(E×H∗ + E∗ ×H) =

1

2
(S + S∗) = Re(S) (2.24)

with a defined complex Poynting vector

S =
1

2
E×H∗ (2.25)

The optical intensity I is then simply the real part of the complex Poynting
vector.

The power flowing through a cross-section can be obtained by integrating over
this surface the real part of the Poynting vector that stands orthogonal on the
integration surface:

P = Re

∫
S · dA =

1

2
Re

∫
(E×H∗) · dA (2.26)

2.2 Linearly polarized modes in fibers

Dielectric waveguides, which include fibers, can be used to guide electromag-
netic waves. They are made of a core with a higher refractive index surrounded
by a so-called cladding of lower refractive index. Such a structure confines the
wave inside the core region, where it can propagate along the waveguide.

In waveguides, only certain modes are able to propagate in a stable manner.
Such a mode has a spatial distribution and polarization that is maintained
while it is guided along the waveguide with a distinct group velocity vg and
propagation constant β. The number and shape of the possible modes is given
by the waveguide geometry and the used materials.

The most common type of optical waveguides are fibers made out of silica
glass. If the fiber core is small enough, only a single mode is able to propagate
(single-mode fiber). If the core gets larger, more and more modes are supported
by the fiber (multi-mode fiber). For the use in space-division multiplexing,
especially so-called few-mode fibers are interesting, where a small number of
modes (often around 2-10) are able to propagate.

For a fiber with cylindrical symmetry, which extends infinitely in z-direction,
a Helmholtz equation for the field U (which can be either the electrical or
magnetic field) in cylindrical coordinates can be set up using the scalar ap-
proximation [85]:

∂2U

∂r2
+

1

r

∂U

∂r
+

1

r2

∂2U

∂φ2
+
∂2U

∂z2
+ n2k2

0U = 0 (2.27)
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The fiber has a circular refractive index profile n(r). The modes, which are
propagating in z-direction need to be periodic in the angle φ with a period of
2π, which makes it possible to write the function in a

U(r, φ, z) = u(r)e−jlφe−jβz, with l = 0,±1,±2, .... (2.28)

For step index fibers, this equation is solvable and leads to well-known solutions
for u(r) that are different Bessel functions [85]:

u(r) ∝ Ji(kT r) for r < a (2.29)

u(r) ∝ Ki(γr) for r > a (2.30)

with a being the fiber core radius, Ji being the Bessel function of the first kind
and order i and Ki being the modified Bessel function of the second kind and
order i. Furthermore, the definitions for the wave numbers

k2
T = n2

corek
2
0 − β2 (2.31)

γ = β2 − n2
claddingk

2
0 (2.32)

are used, with the refractive indices of the core and the cladding ncore and
ncladding.
The number of modes and their propagation constants can be found as for
example described in [85]. For a given waveguide geometry, at a certain fre-
quency of the light only a limited number of modes are supported by the fiber.
As the frequency is increased (or the waveguide geometry is enlarged), the
number of possible modes inside the fiber increases, as more and more modes
are above their so-called cut-off frequency, a frequency below which they are
not supported by the fiber.

2.2.1 LP modes

In the scalar approximation, which neglects the index gradients, these calcu-
lation of the modes lead to the so-called linearly polarized (LP) modes. These
kind of modes all possess a linear polarization and their field distribution are
described by the above shown Bessel functions (equation 2.29 and 2.30) with
a azimuthal dependence in the form of cos(lφ). LP modes are usually labeled
”LPlm”, with l = 0, 1, 2, 3... being the angle dependence (l = 0 then means no
angle dependence) and m = 1, 2, 3, 4... being the mode order in radial direction
that is characterized by the Bessel function of the (m− 1)-th order.
The fundamental (= lowest order) mode of the fiber is the ”LP01” mode and it’s
field distribution is often approximated by a Gaussian beam. In a single-mode
fiber, only this LP mode (in both orthogonal polarizations) can propagate.
Fig. 2.1 shows the electric field distribution of the first few LP modes of a step
index fiber.
In chapter 4, such LP modes of a few-mode fiber are used for mode-division
multiplexing using a silicon chip to couple into them. Since they all are or-
thorgonal to each other, they can be used as separate spatial channels.
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LP01,y LP11b,x LP11a,y

LP02,y LP21a,x LP21b,y

Figure 2.1: Different LP modes inside a step index fiber. The magnitude of
the electric field is plotted and the direction of the electric field is indicated
by small arrows. The size of the fiber core is drawn into the images in white.
Each of the shown modes has also a version in the other polarization (not
shown).

2.2.2 Relations to vector modes

If the scalar approximation for the fiber is not used, different full-vectorial
solutions for the eigenmodes of the fiber are obtained that are not linearly
polarized [87]. The fundamental mode, called HE11, is equivalent to the LP01

mode. The second order modes are called TE01, HE21 (which exists in two
strictly degenerate configurations, called even and odd) and TM11. Their
shape and relation to the LP modes are illustrated in Fig. 2.2. When the
scalar approximation is not used, these three modes are almost degenerate
with slightly different propagation constants. When the scalar approximation
is used, they are all degenerate with the same propagation constant and the
LP11 modes can then be constructed out of these modes as shown in Fig. 2.2,
which form an alternative mode basis. Higher order LP modes can be equally
described as linear combinations of the different full-vectorial solutions. The
scalar approximation, which neglects the index gradients, is often used in fibers
due to the very small index difference between core and cladding, but it must
be kept in mind that the LP modes are not true eigenmodes of the fiber and are
not stable over long distance. If light is coupled into an LP mode, it is actually
coupled to a linear combination of different eigenmodes which propagate with
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slightly different velocities.

LP11b,x LP11a,y

TM01 TE01HE21, even HE21, odd

LP11b,y LP11a,x

+ + + - + + - +

Figure 2.2: Relation between the LP11 modes and the correspondent true
eigenmodes in a step index fiber. In the scalar approximation, all shown
modes are degenerate (they have the same propagation constant) and they
form a different, equal mode basis. Similarly, LP modes with an oven higher
order can also be composed of different full-vectorial mode representations.
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2.3 Orbital Angular Momentum of Light

2.3.1 OAM beams

It is known from Maxwell’s equation and quantum mechanics that light and the
involved photons can carry angular momentum, besides their linear momentum
of ~k0 per photon [88].
Hereby, two different kinds of angular momentum can be involved: spin angular
momentum (SAM) and orbital angular momentum (OAM). Both types of
angular momentum in modes and the possible momentum transfer with a
following torque that is applied to a body have been shown theoretically and
demonstrated experimentally [89, 90, 91, 92].
The SAM that photons carry is related to the polarization of the photon.
A circularly polarized photon carries an angular momentum of ±~ with the
sign depending on the handedness of the circular polarization. As a quantum
number, the SAM is usually denoted as S. The circular polarization is often
denoted as σ±:

σ± = x̂± jŷ (2.33)

with x̂ and ŷ being the the cartesian unit vectors.
The OAM that photons carry is related to the spatial ”twist” of the light
beam. OAM beams possess a helical phase front and are ring-shaped. When
following along the ring, the phase changes by L2π.
The OAM is characterized by an integer value, the so-called topological charge
L (also often denoted as l or m) with the OAM of a single photon being L~ [91].
The sign of the topological charge L defines the handedness of the OAM and
thereby the azimuthal phase dependence of the beam. For a beam, the phase
at each point is proportional to Lφ, with φ being the azimuthal coordinate
[88]:

E(r, φ) ∝ ejLφ (2.34)

At the center of an OAM beam, a phase singularity exists with a intensity of
0.
An example of such an OAM mode is shown in Fig. 2.3.
The total angular momentum of a photon (or light beam) is the sum of both
the SAM and OAM [91, 93]:

J = S + L (2.35)

In paraxial free-space beams, the OAM and and SAM are usually independent
from each other, but in fibers they can interact and have a certain relation to
each other.
Free-space OAM beams can also be constructed by Hermite-Gaussian modes
and represented in a Laguerre-Gaussian mode basis, where the azimuthal in-
dex of the Laguerre-Gaussian mode (usually called l) is then the same as the
topological charge of the OAM mode [88]. For example, a helically phased
Laguerre-Gaussian mode LG01 can be created by the addition of the two
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(a) (b)

Figure 2.3: (a) The normalized magnitude of the electrical field and (b) the
phase of an OAM mode with a topological charge of L = +1. The phase
changes by 2π when going around the center of the beam. In the center point,
there is a phase singularity with intensity 0.

Hermite-Gaussian modes HG01 and HG10, when the HG01 mode is added
with a π/2 phase shift.

2.3.2 OAM modes in fibers

Modes that have OAM also exist in fibers. In Fig. 2.4 an example of two OAM
modes in a step index fiber is displayed that can be created by the HE21 fiber
modes that were shown in Fig. 2.2. The resulting OAM modes have a circular
polarization.
Generally, OAM modes inside a step index fiber can be created by combining
the following fiber modes (for |L| > 1) [94, 95]:

OAML,m, σ
±
a = HEeven

L+1,m ± jHEodd
L+1,m (2.36)

OAML,m, σ
±
aa = HEeven

L−1,m ± jEHodd
L−1,m (2.37)

For OAM modes, the polarization is denoted as spin-orbit aligned (σ±a ) or
spin-orbit anti-aligned (σ±aa), depending on whether the SAM and OAM have
the same direction/handedness (aligned) or opposite directions (anti-aligned).
A problem with such OAM fiber modes is their stability in the fiber, as the
modes of the same mode groups have very similar effective refractive indices
neff / propagation constants β and therefore couple strongly. To create more
stable OAM fiber mode, special fibers with ring-shaped guiding regions have
been designed [96, 97, 98, 55] that separate the OAM modes further (larger
∆neff between modes) and decrease the coupling between them which makes
their propagation more stable.
An large neff splitting between different OAM modes can be achieved by an
air-core fiber with a ring guiding region [99], due to the large index contrast.
Such fibers can also support well-seperated OAM modes with high topological
charges |L| while not having higher order mode numbers in radial direction
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HE21, even HE21, odd

+j∙+ + -j∙

OAM mode with L = +1, σ+ OAM mode with L = -1, σ-

Figure 2.4: Example of two OAM modes inside a step index fiber. By adding
or subtracting the two degenerate HE21 modes, while one is phase-shifted by
π/2 two OAM modes are created. These modes could be equally taken in a
mode basis instead of the two HE21 modes. The resulting modes are circularly
polarized. The magnitude of the electrical field and its phase are shown in the
lower images and small arrows indicate the direction of the electrical field, but
are just a snapshot at a certain time, because they rotate due to the circular
polarization. The topological charge of the resulting modes are L = +1 and
L = −1 as can be seen by the phase image.

(a ”single ring”). Fig. 2.5 shows the fiber facet and an OAM mode of such
a fiber. The higher order modes that such a fiber supports propagate very
stable with low coupling. The transmission of mode-multiplexed data in 12
OAM mode of topological charges |L| = 5, 6, 7 over more than a kilometer
has been demonstrated without the need for MIMO signal processing to undo
mode coupling [58]. The same fiber will be used in chapter 5.

In this fiber, all OAM modes have a circular polarization. The two polariza-
tions (spin-orbit aligned and anti-aligned) of a mode with a certain topological
charge L have slightly different effective refractive indices [99], but the two
modes with the same |L| and handedness of polarization are degenerate, e.g.
L = +5 with aligned polarization (σ+) and L = −5 with aligned polarization
(σ−) are degenerate.
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(b)(a) (c)

Figure 2.5: Example of an L = 5 OAM mode inside an air-core OAM fiber.
(a) Image of the fiber facet (reprinted from [58]). (b) Intensity and (c) phase
of the mode profile of an OAM mode with L = +5.

2.4 Overlap integrals and coupling efficiency

In a waveguide, the electromagnetic field can be written as a linear combination
of the the eigenmodes of the waveguide that extends in z-direction:

E(r, t) =
∑
m

AmEm(r⊥) exp(j(ωt− βmz)) (2.38)

H(r, t) =
∑
m

AmHm(r⊥) exp(j(ωt− βmz)) (2.39)

where Am describes the amplitude, βm the propagation constant and Em,Hm

the fields of the m-th eigenmode propagating in z-direction.
An inner product between two modes in such a waveguide can be defined as
[87]:

〈Em,En〉 =
1

2

∫ [
En(r⊥)×H∗m(r⊥) + E∗m(r⊥)×Hn(r⊥)

]
z
dr⊥ (2.40)

which calculates the overlap integral between the two modes over the waveg-
uide cross-section. Here, r⊥ denotes transversal position vector inside the
waveguide cross-section which is orthogonal to the propagation direction (z-
direction).
Two modes m,n are called orthogonal if 〈Em,En〉 = 0.

In-coupling of power

To calculate the in-coupling efficiency η from an arbitrary field Ein into a
certain waveguide mode, the overlap between the field and the fiber mode Em

needs to be calculated, using the definition of equation 2.40 [87]:

η =

∣∣〈Em,Ein〉
∣∣2

〈Ein,Ein〉〈Em,Em〉
(2.41)

In this equation, the numerator is an overlap integral between the two fields
and the denominator provides a normalization of the power.
So in order to maximize the in-coupled power, the overlap between the both
fields needs to be maximized.
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Chapter 3

A concept for broadband
vertical off-chip coupling

In the following chapter, a concept for an on-chip, silicon photonics compatible,
extremely broadband, vertical coupler is presented. This coupler is made for
coupling from a chip to fibers above the chip or just generally for emitting
light out-of-plane from a silicon photonics chip.
Such vertical couplers could be used for on-chip SDM multiplexers by arranging
them in an array on the chip, like it is done in chapter 4 and 5. In such a
system, they could replace the wavelength-dependent grating couplers to reach
a more broad-band operation.
The idea or this coupler will be presented and its functionality examined us-
ing three-dimensional finite difference time domain (3D-FDTD) simulations.
Thereafter, first fabrication results are shown and an outlook for this idea is
given.

3.1 Coupler idea

3.1.1 Introduction

Coupling light to and off silicon photonics chips, usually to single-mode fibers,
is a task that needs to be done on almost every chip. For example, because
there no light sources available on silicon, the light always needs to be first
brought into the chip waveguides from somewhere else before the chip can fulfill
its function. Other chips might be receivers in fiber communication systems
and the signal needs to be transferred from the fiber to the chip efficiently to
avoid the loss of valuable signal power.
Generally, there are two ways to perform off-chip coupling from chips to fibers
(and vice-versa):

1. In-plane coupling (edge coupling): Here, the signal is coupled at the edge
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of the chip. For this method, the wafer first needs some post-processing:
It needs to be diced and the chip facet needs to be in a good condition
by having a good cleave or further polishing. The advantage of this
method is that many edge couplers have broadband coupling and are
often polarization-insensitive.

2. Out-of-plane coupling: Coupling from the chip surface to a fiber above
the chip is almost always done by grating couplers. Such couplers can be
placed anywhere on the chip and not only on the chip edge. The acces-
sibility from the top makes wafer-scale testing possible, so the function
of the chips can be tested before they are diced and packaged. A main
disadvantage of grating couplers is their bandwidth limitation which is
inherently connected to the way they work.

The goal for the wanted device is to create an out-of-plane coupler with a very
wide bandwidth operation. It should be able to couple to single-mode fibers or
if several are combined in a spot-based approach to modes of few-mode fibers
(FMF). Another possible application could be to couple into the different cores
of a multi-core fiber from the chip. The whole device should furthermore be
based on silicon photonics processing to make it compatible with other silicon
photonics devices and their fabrication methods.

3.1.2 Concept

Fig. 3.1 shows the concept of this off-chip coupler. It consists of two parts:

1. A spot-size converter: The light is coupled from the small silicon single-
mode waveguide to a much larger silicon oxynitride (SiOxNy) waveguide.
This mode size conversion is essential to efficiently couple into fibers due
to the large difference in confinement and therefore mode size between
on-chip silicon waveguides and single-mode fibers.

2. A coupler with a 45◦ angle that redirects the light from the large SiON
waveguide out of the plane in a vertical direction. This can be archived
by the total internal reflection of the light that will occur at the SiON-
to-air interface at a 45◦ angle. Alternatively, a metal-coated slope of 45◦

can act as a mirror that redirects the light to the vertical (see Fig. 3.2).

The advantage of this design is its broad bandwidth. The inverse taper spot
size converter can be made extremely wide band and the light redirection by
total internal reflection is almost wavelength independent as well.

The couplers works naturally in both ways due to the linear, reciprocal be-
havior of the used materials. The electromagnetic fields of light can either
be emitted from the on-chip waveguide or can be injected vertically into the
on-chip waveguides.
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Figure 3.1: Concept for a broadband vertical off-chip coupler in (a) side view
and (b) top view: The light in the silicon waveguide is coupled by an inverse
taper to larger SiON waveguide in which the small silicon waveguide is em-
bedded. From the SiON waveguide, the light is redirected upwards by total
internal reflection at a 45◦ SiON-air interface.

Silicon oxynitride

Silicon oxynitride (SiOxNy, further on mostly simply called SiON), is an amor-
phous material that is ”in between” silica (SiO2) and silicon nitride (Si3N4).
By changing the ratio between the oxygen and nitrogen in its composition,
its refractive index can be tuned between the refractive index of silicon diox-
ide (nSiO2

≈ 1.45) and the refractive index of silicon nitride (nSi3N4
≈ 2.0)

[100, 101]. Moreover, SiON has low optical losses (< 0.2 dB/cm [101]).

In the following sections, a variety of SiON with a refractive index of nSiON ≈
1.52 will be used. The deposition of this SiON material has been tested before
at the facilities of DTU Fotonik/DTU Danchip. SiON can be easily deposited
on a sample using plasma-enhanced chemical vapor deposition (PECVD), see
section 3.3 (fabrication).

With a refractive index of nSiON ≈ 1.52, waveguides can be formed on top of
the buried oxide (BOX) silica of silicon-on-insulator (SOI) samples. The index
contrast to silica is ∆n ≈ 0.08 which provides enough mode confinement in
the SiON to make waveguides.

SiON can also be used as a cladding material for the whole SOI chip on top
of the fabricated silicon structures. To form waveguides, it can be selectively
etched away around the wanted waveguide (see for example the concept draw-
ing in Fig. 3.1(b)). Alternatively, SiON can be deposited just where waveg-
uides are needed and another material (e.g. silica) can be deposited afterwards
as a chip cladding (also covering the SiON waveguides).
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Figure 3.2: Alternative concept for a broadband vertical off-chip coupler in
side view: Compared to 3.1, the light from the SiON waveguide is redirected
by a metal mirror.

Creating a 45◦ angle

Creating a slope at a 45◦ angle is a nontrivial task in fabrication. Most chip
fabrication methods are planar methods that create layers of material with
vertical side-walls. The angle of such side walls can be slightly tuned, but
usually not to an extend that they create overhanging 45◦ side-walls, as shown
in Fig. 3.1.

Another way to create angles in chip fabrication is anisotropic etching, which
etches at different speeds along different crystal orientations and can thus
create slopes along crystal axes, for example along the {111} plane in silicon
crystals using anisotropic wet etching with tetramethylammoniumhydroxide
(TMAH) or potassium hydroxide (KOH). But in the case of a material like
SiON, this wouldn’t work due to the amorphous and therefore isotropic nature
of the material.

The technology that is chosen to create the slope in the SiON, is focused ion
beam (FIB) milling (also called FIB etching).

A FIB device works similar to a scanning electron microscope (SEM) and is
often installed with one. Instead of using electrons that are accelerated in a
beam and used for imaging, a FIB uses a source of liquid metal ions, most
commonly Gallium ions [102]. A beam of these ions is accelerated, focused
and scanned over the surface of a sample. The current of ions inside the beam
can be controlled as well as the acceleration voltage. At low beam currents,
this system can be used for imaging like an SEM with the difference that the
ions create different contrasts compared to electrons. At higher beam currents,
more atoms or molecules get knocked out of the sample by the fast metal ions
and the whole system can be used for controlled, local milling of material. The
removal of material can in some systems be further increased by the injection
of etching enhancing gasses (gas assisted etching) like e.g. xenon difluoride.

FIB milling already has been used to create such total internal reflection slopes
for redirection or out-coupling of light from on-chip waveguides, for example
from silica planar lightwave circuit (PLC) waveguides [103], from silicon ni-
tride waveguides to a surface mounted detector [104], emitting from indium
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phosphite waveguides [47] or vertically emitting the light of an in-plane edge-
emitting InGaAsP/InP laser [105].
A similar approach with etching at an angle could be done with a chemically
assisted ion beam etching (CAIBE) system, as for example demonstrated for
coupling out of silicon waveguides in [106, 107]. CAIBE works quite similar
to FIB milling, but etches not only locally with a focused beam, but over
the whole sample at once. CAIBE was not further investigated in the scope
of this work, but might be an alternative to FIB for a more industrial scale
production.
Light redirecting mirrors with a 45◦ slope have also been demonstrated with
large polymer multi-mode waveguides inside printed circuit boards (PCB) to
connect optical elements and chips on the PCB [108, 109, 110] and are fabri-
cated by laser ablation, which is a possibility for such larger polymer waveg-
uides.

3.2 Design and simulations

To test the design that was proposed in the previous sections, the two parts of
the coupler, the spot-size converter and the 45◦ vertical coupler are designed
and optimized individually. The designs are checked and gradually optimized
using 3D-FDTD simulations of the structure to simulate the propagation of
electromagnetic fields inside of them and calculate estimated values for pa-
rameters such as the insertion loss or reflection coefficients.

3.2.1 Silicon to silicon oxynitride spot size converter

The spot-size converter is an inverse silicon taper design for coupling to a larger
waveguide surrounding the silicon waveguide, as for example demonstrated in
[111], [112] or [113].
In such a design, the width of the single-moded silicon waveguide is slowly,
adiabatically narrowed down. In such a narrow waveguide, the light won’t
be confined inside the waveguide anymore, but rather ”pushed out” into the
surrounding area and has a much larger mode area. In this spot size converter,
the silicon waveguide is embedded inside the core of a larger SiON waveguide.
Fig. 3.3 shows a model of the designed spot size converter which was set up in
Lumerical FDTD [114]. The taken values for the silicon single-mode waveguide
are hSi = 260 nm and wSi = 480 nm. The length of the inverse silicon taper
is LTaper = 150µm. In the taper, the width of the waveguide gets linearly
thinner until a tip size of wTip = 80 nm, which is an estimate of the minimal
reachable tip size in fabrication. The thickness of the silicon buried oxide is
assumed to be 3µm.
The dimensions of the SiON waveguide are 4µm x 4µm. The surrounding is
simulated as air. At these given dimensions and conditions, the SiON waveg-
uide is multi-moded and power might be coupled to higher order modes of the
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waveguide.

Figure 3.3: Image of the simulation setup inside Lumerical FDTD for the
spot size converted which couples the light from the silicon waveguide to the
fundamental mode of a larger SiON waveguide by an inverse taper.

Fig. 3.4 displays the insertion loss of the device, which is defined as the power
in the fundamental mode in the SiON waveguide exiting the structure in rela-
tion to the power entering in the fundamental mode of the silicon waveguide.
The simulation were performed for both the TE mode (polarization parallel
to chip surface) and the TM mode (polarization vertical to chip surface). It
can be seen that the TE mode has a better performance and its performance
is quite wide-band. Both polarizations actually have almost no loss of energy
(transmission more than 99%) through the device in this simulation, but the
main difference is that the TM mode has less power in the fundamental mode
of the SiON waveguide and more power in other modes of the multi-mode
SiON waveguide and the used definition of the insertion loss only considers
the power in the fundamental mode. The calculated reflection coefficients are
at all times < −37 dB for both TE and TM. It seems, the longer the taper is,
the better the coupling to the fundamental mode gets.

In Fig. 3.5, the field at the input of the silicon waveguide and at the output
of the SiON waveguide is shown for the simulation with the TE mode. It can
be seen that the field at the output is mostly in the fundamental mode, but
not entirely, indicated by the slight asymmetry.

The working principle of the inverse taper coupler is furthermore visualized in
Fig. 3.6, which shows the electric field inside both waveguides: As the silicon
waveguides gets narrower, the mode transfers its power more and more to the
SiON waveguide mode.

The main parameter to influence the performance of the inverse taper spot
size converter is the length of the taper. The shape of the taper could also
be adjusted, but in this work, only a linearly decreasing waveguide width was
used.

Fig. 3.7 shows the influence of the taper length when coupling to a 4µm x
4µm SiON waveguide. The device can be made shorter at the cost of a higher
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Figure 3.4: Calculated insertion loss for the spot size converter for both the
TE and TM mode from the FDTD simulation. The defined loss considers only
the power in the fundamental mode of the SiON waveguide. The ”lost” power
is mostly in higher order modes of the SiON waveguide.
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Figure 3.5: Magnitude of the E-fields of the TE mode at (a) the input silicon
waveguide, (b) the output of the SiON waveguide. It can be seen by the
slight asymmetry of the mode profile that large parts, but not all of the power
is in the fundamental mode of the SiON waveguide. The geometry of the
waveguides is drawn into the image in white lines.

insertion loss or less clean coupling to the fundamental modes of the SiON
waveguide and more into different higher order modes.
Fig. 3.8 depicts the influence of the SiON waveguide width (with height still
4µm and a 100µm taper). The coupling to smaller waveguides is more effi-
cient. The wider the SiON waveguide gets, the more power will be coupled to
higher order modes of the multi-moded SiON waveguide.
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(a)

(b)

Figure 3.6: Magnitude of the E-field inside the inverse taper spot size converter
at λ = 1548 nm (for the TE mode, calculated by FDTD simulation): (a) Field
magnitude in the middle of the silicon waveguide (at z = 230 nm). (b) Field
magnitude in the middle of the SiON waveguide (at z = 2µm).
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Figure 3.7: (a) Simulated insertion loss for different taper lengths LTaper when
coupling to a 4µm x 4µm SiON waveguide, calculated by FDTD simulations
(TE mode). (b) The values from (a) at a single wavelength of λ = 1550 nm.
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3.2.2 Silicon oxynitride vertical coupler

For the beam deflector that redirects the light from the SiON waveguide ver-
tical to the chip, two designs were considered and tested using FDTD simula-
tions:

1. A design using the total internal reflection at a 45◦ interface between the
SiON material and air (see Fig. 3.1).

2. A design using a mirror as a beam deflector (see Fig. 3.2).

The two designs were tested using FDTD simulations. For testing the effi-
ciency, the field emitted vertically is examined. Furthermore, the coupling
into a single-mode step index fiber above the coupler is evaluated, although
this is only one possible use case and the device could also be used to just emit
into free-space.

Vertical coupler with total internal reflection

Fig. 3.9 shows the set up 3D model of the design with total internal reflection
for a FDTD simulation. Light is coupled into the fundamental TE mode
of the SiON waveguide. The field above the coupler is saved and analyzed.
Furthermore, a step-index single mode fiber can be inserted above the coupled
and the power coupling to the fiber mode is evaluated. The boundaries of the
simulation area are simulated to be perfectly absorbing. In the simulations,
the TE mode of the SiON waveguide was used.

Figure 3.9: 3D model that was set up in Lumerical FDTD for simulating the
emission of light or the coupling to a single-mode fiber.

The best dimensions of the SiON waveguide mostly depend on what kind of
beam or field above the waveguide is wished, as the reflecting slope mostly
just redirects the mode inside the waveguide upwards. For coupling to single-
mode fibers, a mode field in the SiON waveguide that is similar is size to the
fiber mode is best, which means the waveguide dimensions need to be around
10µm x 10µm, which is rather thick for the used fabrication methods. In the
following the thickness of the SiON is assumed to be 4µm, which is a thickness
that was already tested in fabrication.
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Fig. 3.11 shows the magnitude of the electric field 17µm above the SiON
waveguide, as well as the calculated intensity of the far field for an SiON
waveguide that is 4µm x 4µm and with a gap length LGap = 1.5µm. A cut
along this coupler using total internal reflection is shown in Fig. 3.10. What
can also be seen is that some power is coupled to the substrate or the contin-
uing waveguide. The power that is transmitted in the beam upwards and the
reflected power back into the input are displayed in Fig. 3.14. The transmis-
sion is very wide-band and almost flat over the whole simulated bandwidth of
1500nm to 1600nm.
The same calculations have been performed for the TM mode of the SiON
waveguide, see Fig. 3.12, 3.13.
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z 
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 µ
m

Figure 3.10: TE-mode: Simulated magnitude of the electric field at the center
axis of the coupler at a wavelength of λ = 1548 nm.

Coupling to a single mode fiber The coupling efficiency to a single-mode
fiber, located 10µm above the SiON waveguide was investigated. The setup
and the simulated electric field are shown in Fig. 3.15. The dimensions of the
SiON waveguide are WSiON = 5µm and hSiON = 3.86µm (which were the
dimensions of a fabricated test waveguide) and a gap length LGap = 1.5µm.
The calculated coupling efficiency and reflection coefficient of this setup for
different values of of the gap length LGap are displayed in Fig. 3.16. Depending
on this length, the efficiency for coupling to the fiber mode is mostly in between
-6 dB to -7.5 dB with almost the same performance over the whole investigated
bandwidth. A good part of that loss is due to mode mismatch, because the
fiber mode is larger than the spot that is created by this coupler (see Fig. 3.11,
which is a bit smaller than a usual fiber mode).
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(a) (b)

Figure 3.11: (a) Simulated magnitude of the electric field 17µm above the
coupler at a wavelength of λ = 1548 nm when using the TE mode of the SiON
waveguide. The emitted beam is polatized in y-direction. The power trans-
mitted in this beam is shown in Fig. 3.14. (b) Calculated far field (intensity)
out of (a) using Lumerical’s built-in far field calculation.
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Figure 3.12: TM-mode: Simulated magnitude of the electric field at the center
axis of the coupler at a wavelength of λ = 1548 nm. Compared to the TE-
mode (shown in Fig. 3.10), much more light is coupling to the waveguide on
the right.
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(a) (b)

Figure 3.13: TM mode: (a) Simulated magnitude of the electric field 17µm
above the coupler at a wavelength of λ = 1548 nm when using the TM mode
in the SiON waveguide. The emitted field is polarized in x-direction. The
power transmitted in this beam is shown in Fig. 3.14. (b) Calculated far field
(intensity) out of (a) using Lumerical’s built-in far field calculation.
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Figure 3.14: Simulated transmitted power from the TE and TM mode of the
SION waveguide in the fields shown in Figs. 3.11 and 3.13, as well as the
reflected power back to the input. Both are in relation to the input power of
the device. The transmission at 1548 nm is -2.1 dB for the TE mode and -4.5
dB for the TM mode. The performance is almost completely independent of
the used wavelength.
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(a) (b)

Figure 3.15: (a) Side view of the structure and (b) simulated magnitude of the
electric field in the center of the device when coupling to a single mode step
index fiber that is located 10µm above the SiON waveguide. Most of the power
is directed upwards, but some is propagating in the continuing waveguide and
the BOX layer.
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Figure 3.16: Coupling efficiency to a single-mode fiber located 10µm above the
SiON waveguide, simulated by FDTD. (a) Coupling efficiency over wavelength
for different gap lengths. (b) The same data as (a), but ploted at a single wave-
length λ = 1550 nm over the gap size. (c) Reflected power in the fundamental
mode of the SiON waveguide. It seems like the efficiency is slightly dependent
on the gap length, due to a second, much smaller reflection at the interface
from air to the second waveguide. Depending on the distance, this reflection
interferes constructively or destructively.
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Vertical coupler with a metal mirror

Fig. 3.17 shows the alternative coupler design with a metal mirror instead of
using total internal reflection. The mirror was extended downwards until the
end of the SiON waveguide (see Fig. 3.17(b)), as well as made wider (16µm
wide) to capture more of the light that is exiting the waveguide. For the
simulation, aluminum was chosen as the mirror material.
The electric field at the central axis seen from the side is displayed in Fig. 3.18.
A cross-section of the beam that this device creates (from the TE mode) at a
distance of 15µm above the SiON layer and the calculated far field are shown
in Fig. 3.19. The transmitted power in this beam is displayed in Fig. 3.20.
The upwards coupling is extremely wide-band with a similar performance over
the whole simulated bandwidth of 1300 nm to 1700 nm. The reflected power
back into the input is less than -13.6 dB over the simulated bandwidth.

(a) (b)

Figure 3.17: (a) 3D model of the device that uses an aluminum mirror to
redirect the light upwards. A simulation was set up in Lumerical FDTD for
simulating the emission of light or the coupling to a single-mode fiber. (b) side
view of the device. The aluminum mirror was extended downwards until the
end of the SiON waveguide and was made wider to capture more of the light
that is leaving the SiON waveguide.

(a) (b)

Figure 3.18: Simulated magnitude of the electric field at the center axis of the
coupler with a metal mirror at a wavelength of λ = 1578 nm (see 3.17).
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(a) (b)

Figure 3.19: (a) Simulated magnitude of the electric field 15µm above the
coupler with a metal mirror at λ = 1578 nm. The power transmitted in this
beam is shown in Fig. 3.20. (b) Calculated far field (intensity) out of (a) using
Lumerical’s built-in far field calculation. The emitted beam spreads out more
in y-direction than in x-direction.
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Figure 3.20: Simulated transmitted power upwards into free-space in the field
shown in Fig. 3.19 in relation to the input power for the coupler with a metal
mirror.

Conclusions about the simulations

The simulations that are shown in the previous sections indicate that this
coupling concept indeed can work. The performance is almost independent of
the wavelength of the light for all considered devices which makes it suitable for
broadband operation. The version with the metal mirror shows a performance
that is superior to the version using total internal reflection at the interface,
but might be more complicated to actually fabricate.
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3.3 Fabrication

In several fabrication trials, the creation of SiON waveguides and the milling
of a 45◦ slope using FIB were investigated.

3.3.1 Fabricating SiON waveguides

The process flow for the creation of SiON waveguides on top of a silicon wafer
is shown in Fig. 3.21.
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Figure 3.21: Used process flow for fabricating SiON waveguides on top a silica-
clad silicon wafer. (a) Starting silicon wafer with polished upper side. (b) Cre-
ation of an oxide by wet oxidation. (c) Deposition of SiON layer by PECVD.
(d)-(g) UV lithography with an image reversal process for highly vertical side
walls. (d) Spin coating the sample with AZ 5214E photo resist after HMDS
priming. (e) UV exposure with mask, followed by a reversal bake. (f) UV
flood exposure. (g) Puddle development in TMAH developer. (h) Anisotripic
dry etch using ICP etch. (i) Removal of the photo resist.

Instead of using an SOI sample, for testing the process, SiON waveguides are
created on a basic silicon wafer. A thick oxide (> 1.5µm), which is needed to
separate the SiON waveguides from the bulk silicon, is formed on a polished
wafer using either wet oxidation or directly depositing SiO2 using PECVD
(Fig. 3.21(b)).
On top of the silica, SiON is deposited. SiON is a material that has its
properties and its refrective index somewhere between silica and silicon nitride.
The chosen PECVD recipe creates a SiON layer with a refractive index that
is only slightly above silica. The parameters for the PECVD deposition are:
process temperature: 300 ◦C, RF power: 380 W at 380 kHz, gas flows: SiH4:
17 sccm, N2O: 800 sccm, NH3: 250 sccm, process pressure: 400 mTorr. With
this values, the expected deposition rate is approx. 140 nm/min. A deposition
time of 30 min is chosen.
The created SiON layer was afterwards measured by an ellipsometer to have
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a thickness between 3838 nm and 3959 nm, depending on the position on the
wafer, which corresponds to a reached deposition rate of 228 nm/min to 132
nm/min. The refractive index at a wavelength of λ = 632.8 nm was measured
to be 1.490.
For the definition of the waveguides, an image reversal lithography is used that
is known for quite vertical side-walls of the waveguides using the photo resist
AZ 5214E. For this, the sample is primed with hexamethyldisilazane (HMDS)
and a 2.2µm layer of AZ 5214E is deposited by spin-coating, followed by a
soft baking at 100◦ for 90 s. The structures are then defined by ultraviolet
(UV) lithography with a mask in hard contact with an exposure for 1.9 s at
13 mW/cm2 (λ = 365 nm). The exposure is followed by a reversal bake for
110 s at 120 ◦C. After that, the wafer is left for 15-20 minutes for outgassing
of N2 out of the photo resist. A second, flood exposure is then performed for
14 s at 13 mW/cm2 (λ = 365 nm). The photo resist is afterwards developed for
60 s (single puddle development) with the AZ 726 MIF developer, which uses
2.38% tetramethylammonium hydroxide (TMAH) in water, and rinsed with
deionized (DI) water.
The structures are then etched into the SiON by inductively coupled plasma
(ICP) etch, which is an anisotropic dry etch (using the equipment M/PLEX
ICP - Advanced Oxide Etcher by STS). The used process parameters for this
etching are: Coil power: 1300W, platen power: 200W, platen temperature:
0◦C, He gas flow: 174 sccm, C4F8 gas flow: 5 sccm, H2 flow: 4 sccm, pressure:
4 mTorr, which should result in an etching rate of around 240 nm/min. A
processing time of 16min 30s is used for the etching.
The photo resist is removed after etching by a bath in acetone followed by a
rinse with DI water. In some cases, the leftover photo resist was removed by
plasma ashing.
Optionally, a PECVD made SiO2 cladding is added on a few samples.
Fig. 3.22 and 3.23 show SEM images of different fabricated SiON test waveg-
uides. The targeted etching depth could be met quite well and the resulting
side walls of the waveguide are vertical.

3.3.2 FIB milling

Only the coupler design using total internal reflection was fabricated, as the
other design with a metal mirror on the slope is significantly more complex to
fabricate.
Into the fabricated test SiON waveguide, cuts were milled using a FIB. To avoid
charging of the insulating sample, a thin gold layer was added by sputtering for
charge dissipation. Furthermore, the edges of the sample are connected to the
conducting sample holder by a conductive silver paint for charge dissipation.
The used FIB uses Ga+ ions for its beam.
A number of different cuts at different angles and FIB parameters like the
beam current and milling depth/time were tried to find good results. Some
FIB cuts of different sizes into SiON waveguides that has a thin SiO2 cladding
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Figure 3.22: SEM image of a fabricated SiON waveguide. On this waveguide,
it seems like some photo resist is left over or did redeposit on the waveguide.

Figure 3.23: SEM image of a cleave through a fabricated SiON waveguide.
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Figure 3.24: SEM image of a cleave through a fabricated SiON waveguide to
measure the SiON thickness when looking straight at the edge. The sample
was slightly charging up from the electron beam because it is insulating.

layer are shown in Figs. 3.25, 3.26 and 3.27. For all the shown cuts of FIB
milling, the FIB used an acceleration voltage of 30 kV, a beam current of
0.44 nA and a stage tilt of -8◦, which will lead to cutting angles around 45◦,
because the FIB is mounted inside the SEM chamber at an angle of around
52◦ to the vertical. Before each cut, the FIB was refocused to the waveguide
or a visible element close to it to make sure that the milling area was properly
in focus of the beam when performing the cut. The cutting area was 5µm
x Lgap and different gap sizes Lgap and cutting depths were tried out. With
these settings, depending on the exact dimensions of the defined area, the FIB
milling takes around 2 - 3.5 minutes for each cut.
One concern with FIB milling is the re-deposition of the milled material. This
material could for example redeposit on the side of the waveguides or slope
and change the shape and dimensions of the device. In the displayed images,
some slight redeposition is visible, but judging by the inspection by SEM, the
redeposition is quite limited and is probably not affecting the performance
much.
After finishing the FIB, the sputtered-on gold layer was removed by a bath in
aqua regina (nitric acid and hydrochloric acid) and a rinsing in DI water.
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Figure 3.25: SEM image of a SiON waveguide with a slope created by FIB.
The dimensions of the milled area are 2µm x 5.5µm with a milling time of
2 min 48 s, beam current: 0.44 nA, acceleration voltage: 30 kV, stage tilt -8◦

(the FIB is mounted inside the SEM at an angle of approximately 52◦). This
SiON waveguide sample has a thin SiO2 cladding layer. Some re-deposition
of milled material can be seen on the side of the waveguide (close to the cut,
below the text) and of the flat areas of the sides.
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Figure 3.26: SEM image of a SiON waveguide with a slope created by FIB.
The dimensions of the milled area are 3µm x 5µm with a milling time of 3 min,
beam current: 0.44 nA, acceleration voltage: 30 kV, stage tilt -8◦ (the FIB is
mounted inside the SEM at an angle of approximately 52◦).
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Figure 3.27: SEM image of a SiON waveguide with a narrower cut created by
FIB. The dimensions of the milled area are 1µm x 5µm with a milling time of
2 min, beam current: 0.44 nA, acceleration voltage: 30 kV, stage tilt -8◦ (the
FIB is mounted inside the SEM at an angle of approximately 52◦).
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3.4 Conclusions and outlook

Light could be coupled into a test waveguide with a total internal reflection
coupler on each side and light coming out of the other coupler could be observed
by a sensitive IR camera. Unfortunately, the output power was so low that
the coupling to a fiber or to free-space couldn’t be measured, because the
waveguides seemed to have a very high loss. An inspection of the waveguide
indicate that during the removal of the gold something went wrong or some
material redeposited on the waveguide, causing high losses.

In future iterations of this device, the charge dissipation layer of sputtered
gold will be avoided, due to the more complicated ways to remove it. Since
a conducting layer is needed for the FIB step to avoid charging of the other-
wise completely insulating device, an aluminum layer could be used. Another
possible way for charge dissipation are conductive polymers. Such polymers
(e.g. the polymer ”ESPACER” [115] or similar) can applied by spin coating
and are quite easy to remove.

The device that uses a metal mirror instead of the total internal reflection
mirror to redirect the waveguide light upwards was not fabricated, even though
the simulation indicate that the performance is superior. This might be a topic
for future work, but the needed fabrication is more complex with the need for
a metal deposition after the FIB etching of the slope.

Generally, the advantages of this device are the constant performance over
an extremely wide band-width. This makes it a good device in use cases for
which normal grating couplers are too limited by their bandwidth, while still
having the advantages of vertical coupling like free placement of the couplers,
not only on the chip edge, which leads to more design freedom and possibly
also higher density of outputs. Moreover, with vertical coupling, wafer scale
testing of components without further dicing/post-processing is possible.

Furthermore, with the presented device, coupling at an exactly vertical angle
(90◦) is possible. At such an angle, grating couplers create a strong reflection
which is why they are usually designed to couple at a small angle of 5-15◦

to the vertical, where a back reflection is avoided. The presented device is
advantageous for use cases where truly vertical coupling is preferred, like the
coupling from vertical-cavity surface-emitting lasers (VCSELs) [116].

Another advantage for the presented device, compared to a grating coupler, is
the possibility to work with both polarizations (even when the efficiency might
be a bit different for the different polarizations, which could be improved). This
enables on-chip circuits that use both polarization. Grating couplers usually
work only for one polarization, due to the birefringence of the used silicon
waveguides, which then need a different grating period for each polarization.
There have been grating coupler designs demonstrated that can make use of
both polarizations (e.g. [117, 118]) by guiding each polarization in a different
direction when coupling from a fiber to the chip. But in those cases, the two
polarizations do not propagate in the same on-chip waveguide.

The main challenge of the shown design is the usage of FIB milling, which is a
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process that is time consuming and probably not easily usable in a large scale
production of chips. A possible alternative, which has not been examined in
this work, is CAIBE etching, which also has the possibility to etch with an
ion beam at an angle by tilting the sample. Here, the etching occurs over the
whole chip and a hard-mask is required to protect the areas where no etching
is wanted. Such a process has for example been demonstrated in [106, 107] for
coupling out of silicon waveguides. For the presented device, the fabrication
of the mask and opening it at the right places might be more challenging,
because the used SiON waveguide is much thicker than a silicon waveguide
and probably harder to cover by a mask.
The work that was presented in this section is mainly a first concept and
needs further experimental work to find the optimal fabrication methods and
a characterization of the device.



Chapter 4

Transmission experiment
for chip-to-chip
multiplexing of data via LP
modes

In the following chapter, a silicon photonic chip that is capable of multiplexing
the signal of a number of single-moded inputs into LP01 and LP11 modes of a
few-mode fiber (FMF) is presented and discussed.

The fabricated chip together with its design and a characterization was already
shown in [46], [119] and an earlier design version in [44]. In the scope of this
work, the coupling to the fiber modes is further analyzed using simulations
of the grating couplers. Furthermore, two transmission experiments are pre-
sented that demonstrate a mode-multiplexed chip-to-chip operation (partly
also described in [120]). Finally, the possible use cases and an outlook are
discussed.

4.1 Coupling to LP modes via a spot based ap-
proach

The chip is designed to couple to linearly-polarized (LP) fiber modes of a
FMF using a spot based approach: Four 2-dimensional (2D) grating couplers
are arranged in an array close to each other. This combination of couplers can
create different field patterns above them by feeding light with appropriate
phase differences to the corresponding couplers. The phases are created by a
feeding network before the grating couplers that splits up the signals from the
different chip inputs, gives them different phase differences, partly combines
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signals and guides them to different emitting grating couplers.

The mask design of the grating coupler array is shown in Fig. 4.1(a). It
consists of four 2D grating couplers which are made out of fully-etched holes
in a photonic crystal arranged in a two dimensional pattern. The grating
couplers are designed to emit light exactly vertically.

The whole chip is designed for a silicon-on-insulator (SOI) platform with a
250 nm silicon layer. To enhance the efficiency of the grating couplers, a
metal layer is added 1.6 µm below the silicon layer (see fabrication in section
4.2), which acts like a mirror and reflects the wave that is emitted downwards
from the grating coupler and by that increases the power that is propagating
upwards (for a further explanation of the design of such a grating coupler, see
[121]).

Three-dimensional finite difference time domain (3D-FDTD) simulations with
the software Lumerical FDTD solutions [114] are used to simulate the propa-
gation of the electromagnetic fields of the grating coupler. The fields created
above the chip by one of the 2D grating couplers when using its two inputs
are shown in Fig. 4.1(b) (x-polarization) and 4.1(c) (y-polarization). The
calculated fields are at a distance of 16 µm above the silicon.

The efficiency of a single grating coupler emitting upwards (the power of the
field in fields shown in Fig. 4.1 in relation to the power entering the in-
put waveguide of the grating coupler) is calculated from the simulation to be
around 30% (-5.3 dB) for both inputs. The largest fraction of the loss is caused
by a strong reflection from the grating. This is always the case for a grating
that is designed for exactly vertical emission, because such a grating will be
a reflection grating for the input waveguide as well (which is the main reason
why grating couplers are normally designed to emit at a small angel towards
the vertical to avoid the back reflection). The calculated reflection coefficients
out of the simulation are 56% for input 1 and 54% for input 2.

Using these four 2D grating couplers, the FMF mode fields can be approx-
imated in a spot-based approach by emitting from multiple spots with the
correct phase difference. With the chosen grating coupler configuration, it is
possible to couple to the LP01 mode in both polarizations, the LP11 modes in
both orientations (further on called LP11,a and LP11,b) and both polarizations,
as well as the LP21 mode in one orientation, but in both polarizations. The
LP21 mode won’t be used further since the later used FMFs only support two
mode groups (LP01 and LP11) and only one of the two possible orientation of
the mode can be addressed.

Estimating the coupling efficiencies

The approximation of the FMF modes by spots is shown in Fig. 4.2: In (a)
to (c), the mode fields of the LP01 of one polarization and the LP11 mode
in one orientation in both polarizations of a two-mode step index fiber are
displayed. Below that, the spot-based fields that are generated by the grating
coupler array are shown. They are calculated by adding the simulated fields of
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Figure 4.1: (a) Layout of the grating coupler array on the SOI chip. The white
areas are the SOI layer and in the dark areas the layer is fully etched away.
The grating couplers are made by fully etched holes like a photonic crystal
and are designed to emit light exactly vertically to the chip. (b)-(c) 3D-FDTD
simulated electrical field magnitude at a distance of 16 µm above a single
grating coupler when fed from waveguide 1 or 2 with light at a wavelength of
1550 nm. The feeding waveguides have a width of 5 µm, which is adiabatically
tapered to the 480 nm wide single mode silicon nanowire waveguides used in
the rest of the chip design.
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a single grating coupler, that are shown in Fig. 4.1(b) and (c), move them to
the correct position of the grating coupler and add the individual fields with
the correct phase differences.
The LP01,x field is created by adding the fields from input 1 for the left and
right coupler and the field from input 2 for the top and bottom couplers (see
Fig. 4.1(a)). All the fields should be in-phase. To reach that, the left and
bottom one are not changed in phase and the top and right one have a phase
shift of π, so the field is still oriented in the same direction when the field is
rotated by 180◦. The resulting field is polarized in x-direction (left-right in
the image).
The LP11,a,x field is created by adding the fields from the input 1 of the left
and right grating coupler. To couple to the fiber mode, there needs to be a
phase shift of π between the fields. This phase shift is already accomplished
by rotating the field by 180◦ to account for the different orientation of the
second grating coupler which is fed from the top.
The LP11,a,y field is created like the LP11,a,x field, but using the input 2 for
the left and right grating coupler.
The modes LP11,y, LP11,b,y, LP11,b,x, which will also be used, are not displayed
as they are a the same fields as the shown ones with a simple 90◦ rotation due
to the symmetry of the grating coupler array and the fiber modes.
To get an estimate for the coupling efficiency between the fields created by
the grating coupler array and the fiber modes, overlap integrals between the
two fields are calculated. The overlap integrals result in coupling coefficients
of -7.74 dB for LP01,x, -6.65 dB for LP11,a,x and -5.70 dB for LP11,a,y. Out
of the overlaps with the modes that are not the wanted mode for coupling,
the crosstalk to other modes can be calculated. The results for all overlap
integrals are shown in table 4.1.

LP01x,fiber LP11ax,fiber LP11bx,fiber

LP01x,grating couplers -7.74 dB -83.12 dB -69.07 dB
LP11ax,grating couplers -89.32 dB -6.65 dB -19.78 dB
LP11bx,grating couplers -93.26 dB -28.48 dB -5.70 dB

Table 4.1: Results of the overlap integrals between the spot fields created by
the grating coupler array and the fiber modes.

To get the final coupling efficiency (waveguide to fiber mode), the result of
the overlap has to be multiplied with the efficiency of the single grating cou-
pler (30%), resulting in the following coupling efficiencies: LP01,x: -13.0 dB,
LP11,a,x: -12.0 dB and LP11,a,y: -11.0 dB.

Inverse operation

Due to the reciprocity of the field equations and used materials, the device
works the same way if the fields are all inverted and propagating in the opposite
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(d) (e) (f)
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Figure 4.2: Simulated electrical field magnitude of the step index fiber modes
and the corresponding field created by the grating coupler array with the
correct phase differences. (a) LP01,x, (b) LP11,a,x and (c) LP11,a,y inside the
fiber. (d)-(f): The combined fields created by 2 or 4 grating couplers that
should couple to (d) LP01,x, (e) LP11,a,x and (f) LP11,a,y coming from the
grating couplers. The other polarizations/orientations of the modes (LP01,y,
LP11,b,y and LP11,b,x) are not shown, but are simply a 90◦ rotation of these
fields.

direction, leading to a demultiplexing operation of the fiber modes. But in this
case, the fiber modes need to be aligned to the grating coupler array to get
the same performance. In the multiplexing direction, this is not a concern,
because the FMF is circular symmetric and not like the grating coupler array
which is symmetric for only 90◦-rotations.

4.2 Chip layout and fabrication

The chips are fabricated on a commercially available SOI sample with a 250
nm silicon layer. A simplified process flow is shown in Fig. 4.3:

All structures in the silicon layer are defined by electron beam lithography
and are fully etched using inductively coupled plasma (ICP) etching. To fur-
ther enhance the efficiency of the input and output photonic crystal grating
coupler, a metal mirror is inserted below the silicon structures. Such a mirror
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improves the grating couplers by reflecting the wave that is transmitted to-
wards the bulk. By properly designing the distance between the Si device layer
and aluminum mirror, the reflected wave can interfere constructively with the
upwards emitted wave of the grating coupler and can lead to coupling losses
to single mode fibers of less than 1 dB [121]. Further information about the
processing and the back mirror can be found in [46] and [121].
The metal back mirror is added by depositing a 1.6 µm glass layer (800 nm SiO2

+ 800 nm borophosphorsilicate glass) by plasma-enhanced chemical vapor de-
position (PECVD), reflowing it to get a smooth surface and then depositing a
thin, 100 nm aluminum layer (the wanted mirror). On top of the aluminum,
another SiO2 glass layer (1 µm thickness) is deposited by PECVD. To have
the aluminum mirror below the structures, the whole sample is flipped upside
down and bonded to a silicon carrier with the help of a 2 µm benzocyclobutene
(BCB) layer, so now the aluminum mirror is below the grating couplers. The
original silicon substrate of the SOI sample, which is now on top, is removed
by ICP etching and the original BOX layer is thinned by buffered hydroflouric
acid (BHF) to a thickness of around 1 µm. Afterwards, the thermal phase
shifters (heaters) are defined by e-beam lithography and created by titanium
deposition and lift-off. In the final steps, gold contacts to the heaters are
created using ultraviolet (UV) lithography.
The finished chip is glued to a printed circuit board (PCB) and the contacts
for the heaters are connected to the PCB using wire bonding. Fig. 4.4 shows
an image of the finished chip, which is approximately 1.5 mm x 6 mm in size.
The chip has 8 single mode inputs using grating couplers. Each of those inputs
will be mapped to a mode of the FMF. The available inputs are: LP01,x,
LP01,y, LP11,a,x, LP11,a,y, LP11,b,x, LP11,b,y, LP21,a,x and LP21,a,y. The LP21

inputs and modes won’t be used in the further sections, as the fibers used in
the experiment are FMFs that support only the first two LP mode groups.
The used grating couplers are fully-etched apodized photonic crystal grating
couplers with insertion losses of up to -0.58 dB [121] and are designed for a
coupling angle of 15◦ to the vertical.
In the distribution network, the signals of the different inputs are split up and
partly combined using multi-mode interferometers (MMIs). The combined
signals are then guided to the output 2D grating coupler array. Within the
signal paths for the different modes, thermal phase shifters are located to
fine-tune the phase difference. The waveguides between the generation of
the phases and the output are matched in length for all modes to secure an
operation over a broad bandwidth.
The output grating coupler array can be seen in the scanning electron micro-
scope (SEM) image in Fig. 4.4(b). Each 2D grating coupler and all connected
waveguides are 5 µm wide. A 200 µm long adiabatic taper before each input
changes the waveguide width from the width of 480 nm that is used as the
standard single-moded waveguide on the rest of the chip to the 5 µm wide
waveguide of the grating couplers.
A characterization of the insertion loss and coupling to a FMF can be found
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in [46]. The best insertion loss (fiber to FMF output) was measured to be 10.6
dB for an LP11 mode, while the LP01 modes have a slightly higher insertion
loss of around 15 dB.

4.3 Experimental setup

In the following, the setup and the results of two slightly different MDM experi-
ments to test and characterize the multiplexing and demultiplexing capabilities
of the chip are presented, further on called experiments A and B. Both exper-
iments use two identical version of the chip that was presented in the previous
sections: One chip for multiplexing data from a number of single mode input
fibers to different FMF modes and one chip to demultiplex the data again.

4.3.1 Experiment A: 3 mode MDM with an elliptic core
FMF

A simplified schematic of the experimental setup is presented in Fig. 4.5. As a
source, a 1550 nm laser is used. The laser light is modulated using quadrature
phase shift keying (QPSK) at 16 GBd which results in a data rate of 32 Gbit/s.
The used data is a pseudo-random bit sequence of length 780000. The created
data signal is amplified by an erbium-doped fiber amplifier (EDFA) and split
into three paths. The data in each path is decorrelated to the data in the other
paths by adding short fibers of different lengths (3 m and 1 m). All signals
are then coupled into different input grating couplers of the multiplexing chip
at 15◦ to the vertical using a fiber array that consists of single mode fibers.
Polarization controllers are used for each signal to align the its polarization
with the input grating couplers of the chip. The chip multiplexes each input to
another mode of the used FMF that is positioned vertically above the output
grating coupler array (see Fig. 4.6). In this experiment, a 6 m long, elliptical-
core two-mode FMF is used. The fiber was produced as a normal FMF, but
found to be slightly elliptical (expected ellipticity around 1-2%) probably due
to a fabrication error, which means that the two orientations of the LP11 mode
(LP11,a and LP11,b) are not degenerate and therefore their mode pattern is
stably aligned to the inside of the FMF and does not couple if the fiber is
moved. But the ellipticity is not strong enough that the two polarizations of
the modes are not degenerate, so they will still couple to each other strongly.
The three signals are coupled into the LP01,y, LP11,a,y and LP11,b,y modes of
the few mode fibers, so all into the same polarization.
At the output of the FMF, the modes are demultiplexed by a chip that is
identical to the multiplexing chip. The elliptical FMF is rotated above the
both chips to align the pattern of the LP11 modes to the grating coupler
arrays. The signals are coupled off-chip to single mode fibers by another
grating coupler array.
For analyzing the output signals, one output of the fiber array is connected at



52
4. Transmission experiment for chip-to-chip multiplexing of data

via LP modes

a time. Its signal is amplified by a low noise amplifier and then received by
a coherent receiver. At the receiver, the data is recorded by a digital storage
oscilloscope and is processed offline.

Before the measurements can be performed, the the heater voltages on both
chips need to be tuned to get the correct mode field patterns at the chip
outputs. This is achieved by having the input of the FMF vertically over the
output grating coupler array and imaging the output of the FMF. Only one
mode input is connected at a time and the phase shifters are optimized while
looking at the mode patterns. The same process is then performed for the
demultiplexing chip by coupling light into it in the reverse direction, having
the FMF connected and observing the output of the FMF.

Fig. 4.7 shows the imaged mode pattern at the FMF. It can be seen that
coupling to the three targeted modes of the FMF can be quite well achieved.

After the voltage values of the phase shifters are found (they need to be set only
once and are not used in a switching kind of operation), the FMF is connected
again to both chips and its position above the chip is optimized for power and
crosstalk. Generally, the alignment of the FMF over the grating coupler array
is critical and only slight misalignment can already produce strong unwanted
coupling into other modes (crosstalk).

4.3.2 Experiment B: 2 mode MDM

In this experiment, a two mode transmission test is performed in a kind of
mode-group-division multiplexing using an LP01 mode and an LP11 mode.

The used setup is identical to the one used in experiment A shown in Fig. 4.5,
except in the following points:

The tested fiber is a 2 m long two-mode graded index fiber. Only two channels
of the multiplexers and therefore spatial channels are used: The LP01,y mode
and the LP11,y mode. To decorrelate the created data signal, a 2 km fiber was
added before one of the multiplexing chip inputs.

A simple 10 Gbit/s on-off-keying (OOK) modulator is used to create the signal
and a corresponding 10 Gbit/s receiver is used. A variable attenuator with a
power meter is located at the receiver input to check the signal at different
power levels. The receiver is furthermore equipped with a preamplifier and
the ability to check the bit error rate (BER) of the received pseudo-random
bit sequence. In the measurements, the BER is calculated for different power
levels of the two channels and compared to a back-to-back measurement at
the same receiver power levels, where the transmitter is directly connected to
the receiver.

The voltage values for the thermal phase shifters are found as described in the
previous section 4.3.1.
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4.4 Experimental results

4.4.1 Experiment A: 3 mode MDM with an elliptic core
FMF

The transmission and crosstalk in the three channels measured after aligning
the position of the FMF over the chip output are shown in table 4.2. The
shown values are measured at λ = 1550 nm over the whole system, from the
input of the fiber array that coupled to the multiplexing chip to the fiber array
output of the demultiplexing chip.
For this measurement and the transmission experiment, the demultiplexer out-
puts of the polarization with the higher power output are taken as the trans-
mission channel. In this setup, with a slightly elliptical FMF, the pattern of
the LP11 mode can be aligned to the grating coupler array of the demultiplex-
ing chip, but the two polarizations are degenerate and can rotate inside the
fiber. Therefore due to the lack of control, the incoming polarization is more
or less random. At the output chip the ”x-polarization” output is taken for
the measurements, since it has more power than the other polarization.

Output port
Input port LP01,x LP11,ax LP11,bx

LP01,y -37.6 dB <-57 dB -53.1 dB
LP11,ay -51.0 dB -33.8 dB -53.3 dB
LP11,by -52.4 dB -45.9 dB -32.9 dB

Table 4.2: Measured trasmission/crosstalk matrix of the used spatial channels,
measured at λ = 1550 nm over the whole system.

At 1550 nm, the LP01 channel has a transmission level of -37.6 dB and
crosstalks from the other channels that are at least -13.4 dB below that. The
LP11,a channel has a transmission level of -33.8 dB and crosstalks from the
other input below -12.1 dB. The LP11,b channel performed the best with a
transmission level of -32.9 dB and crosstalks from the other two inputs that
are at least -20.2 dB below that.
In Fig. 4.8(a)-(c), the measured constellation diagrams at the coherent receiver
after signal processing are shown. All signals could be well received without
errors. Out of the received data, the signal-to-noise ratio (SNR) is estimated
for the three channels to be around 14.0 dB (LP01), 11.6 dB (LP11,a) and 16.2
dB (LP11,b). Moreover, the optical signal-to-noise ratio (OSNR) of all three
channels are measured to be 23.9 dB, 26.9 dB and 28.2 dB. The degradation
of the signal comes mostly as crosstalk from the other two channels and is
limiting the system performance. This can be seen particularly well in the
constellation diagram in Fig. 4.8(b), which suffers from the most crosstalk,
especially from the LP11,b channel, which is so strong that the constellation
diagram of LP11,b (which comes from the same coherent source) can already
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be seen as the deviation from the optimal QPSK constellation.
That the signal degradation stems from the crosstalk from the other channels
can be further seen in Fig. 4.8(d)-(f), where the same constellation diagrams
are shown, but only one of the multiplexer inputs is connected at a time, so
there is no crosstalk from the other channels. The signals are much cleaner
and the estimated SNR is above 19.3 dB for all channels.
The total data rate of this three-mode MDM system is 3 · 16 GBd = 3 · 32
Gbit/s = 96 Gbit/s.

4.4.2 Experiment B: 2 mode MDM

In this experiment, only two input of the multiplexer and therefore modes
of the FMF are used: The LP01,y input and the LP11,a,y input. The used
graded index is circular symmetric and therefore the LP11 modes in both
orientation and polarization won’t be stable inside the fiber when it is moved,
but will change their shapes. At the demultiplexer, the outputs of an LP01

mode and an LP11 mode with the highest power at 1550 nm are taken for the
measurement, making this practically mode-group-division multiplexing with
two spatial channels. In a practical case, a kind of receiver structure that
automatically selects the best output or combines outputs would be necessary.
The measured transmission and crosstalk of the two channel system are shown
in Fig. 4.9(a) and IR images of the used modes at the output of the FMF in
Fig. 4.9(b)-(c). They are measured from before the fiber array that coupled to
the multiplexing chip to after the fiber array that is connected to the demul-
tiplexing chip. It can be seen that in this case, the LP01 channel has a better
performance with a loss at 1550 nm of around 29 dB and a crosstalk from the
LP11 mode of -18.4 dB compared to its own power level. The LP11 channel
has a transmission loss of 32.8 dB and crosstalk from the other channel of -12.8
dB below that.
Fig. 4.10 shows the BER for different received powers (adjusted by a variable
attenuator at the receiver) for both channels as well as a reference back-to-back
measurement. The used data rate in each channel is 10 Gbit/s (using OOK),
resulting in a total data rate of 20 Gbit/s for the two-channel system. All
channels could be received with a BER< 10−9 (which is often called ”error-
free”). The LP01 channel is performing slightly better which is expected from
the power measurement in Fig. 4.9. Compared to the back-to-back case, the
power penalty for using the MDM is around 1-3 dB. This penalty is mainly
caused by the crosstalk between the two modes.

4.5 Conclusions and outlook of chip-to-chip mode-
division multiplexing

The presented experiments show that chip-to-chip mode-division multiplexing
using silicon photonics chips is possible.
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Both a 3·32 Gbit/s connection using three modes and a 2·10 Gbit/s connection
with two modes have been successfully demonstrated.

The bandwidth of the multiplexing device is mostly given by the spectral
response of the used grating couplers which covers the whole C-band (see
[46]). The multiplexer should therefore be compatible to wavelength-division
multiplexing (WDM).

Not all spatial channels that the multiplexer can address were used, because the
polarization or orientation of the incoming signal at the demultiplexer cannot
be controlled. Generally, the incoming mode is not aligned to the demultiplexer
and therefore it’s power can be spread out over more than one demultiplexer
output which makes the reception dependent on the mode orientation, while
ideally, the receiver should be invariant to e.g. fiber movement.

Considering this problem, the multiplexing and demultiplexing chips could be
used in three possible ways in a practical system in a chip-to-chip operation:

1. All 6 modes (LP01 and LP11 in all polarizations and orientations) could
be used for multiplexing. At the demultiplexer, all 6 outputs are used
and multiple-input-multiple-output (MIMO) signal processing needs to
be used to undo the coupling effects between different modes. To reduce
the signal processing cost, partial MIMO signal processing could be used
to reverse the coupling between the modes of the same mode group,
which are expected to have a strong coupling compared to the coupling
between the mode groups (between LP01 and LP11). Such a solution
would require the capability of signal processing at the receiver.

2. There is the possibility to use elliptical ([122, 123]) or even rectangu-
lar core fibers over short distances without the need for MIMO signal
processing, just as it was used in experiment A. In these kind of fibers,
the LP11,a and LP11,b modes are not degenerate and stay aligned to the
shape of the fiber. In strongly elliptical fibers or fibers under stress, the
two polarizations of the modes are not degenerate modes either and stay
aligned to the fiber shape. If such fibers are used, the input and output of
the fiber need to be aligned to the demultiplexer. For transmissions over
longer distances, this method would however not work without MIMO,
because the modes would couple anyway due to their still quite similar
propagation constants.

3. Another possibility is mode group division multiplexing, using the LP01

and LP11 mode group as two spatial channels as in experiment B. At
the multiplexer light is launched into one LP01 and one LP11 mode, but
at the demultiplexer, all mode outputs need to be used. The receiver
needs to be built in a way that it combines the different outputs of the
same mode group, so when mode changes within the same mode group,
its signal is still received and the whole receiver is invariant to fiber
movement.
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4. Using OAM modes with another chip design. This will be discussed in
chapter 5. Compared to LP modes, OAM modes do not need a rotational
alignment of the fiber due to the ring shape of the modes.

Compared to the simulations and calculations in section 4.1, the performance
was slightly worse in terms of crosstalk. The crosstalk is generally also found to
be highly dependent on the position of the FMF and only a slight misalignment
can drastically increase the coupling to unwanted modes.
The conducted experiments used very short fibers and are mainly a charac-
terization of the multiplexing and demultiplexing performance of the silicon
chip. MDM transmissions over longer distances may be a subject of further
investigation. Over long distances, coupling between the modes of the FMF
is unavoidable and MIMO signal processing needs to be used to reverse the
mode coupling and get the full benefits of MDM.
One of the main disadvantages of chip-based mode multiplexers like the one
presented are the rather high insertion losses. Other mode multiplexing meth-
ods like photonic lanterns or multi-plane light conversion can reach much lower
insertion losses of < 2 dB [124] or 4 dB [38]. But there might be possibilities
further improve the insertion loss of the on-chip multiplexer by an improved
grating coupler design which provides a better mode overlap or has less back
reflection by not emitting exactly vertically, but at a slight angle.
The main advantage of this device is its compactness and the possibility to
integrate the multiplexer or demultiplexer directly on the chip with many
other silicon photonic devices and potentially build whole integrated MDM
transmitters and receivers. When the transmitter and receiver is on the chip,
the insertion loss would be slightly better because there is no need to first
bring the data signal onto the chip or get it off the chip using grating couplers,
if the detector is already on the same chip.
A possible application of the presented chip could be short distance trans-
missions in data centers, where link distances of around 10 m to 1 km are
needed. On such short distances, MIMO-free multiplexing should be possible
using the methods described before. Furthermore, in such a data center envi-
ronment, the compactness, low cost and capability of possible integration of
such a device are all desired properties.
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Figure 4.3: Simplified process flow of the SOI chip fabrication with creation of
a metal mirror below the silicon by flipping and bonding the chip to another
substrate. (a) Starting SOI sample (b) Defining structures via e-beam lithog-
raphy and developing the e-beam resist. (c) Inductively coupled plasma (ICP)
etching of the structures in the silicon. (d) SiO2 glass deposition by plasma-
enhanced chemical vapor deposition (PECVD) and reflow. (e) Deposition of a
thin aluminum layer and another PECVD glass layer. (f) Flipping the sample
and bonding it to a silicon carrier using BCB so that the aluminum layer is
now below the silicon. Afterwards, the original silicon substrate of the SOI
sample is removed. (g) Thinning the top SiO2 to around 1 µm (BHF etch). (h)
Creating the heaters by e-beam lithography, titanium deposision and lift-off.
(i) UV lithography to define the contacts, followed by a metal deposition to
create contacts to the heaters.
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Input grating couplers Phase shifter contacts

Coupling
arrayLP11ay

LP11by
LP21y
LP01y
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LP11bx
LP11ax

(a) (b)

Figure 4.4: (a) Photo of the multiplexing chip. On the left side, input grating
couplers for standard single mode fibers are located. The emitting grating
couplers are located on the right side and are shown in detail in the SEM
image (b). Note that the shown SEM image is from an earlier version of the
chip. The chip used in the following experiments has the grating coupler design
shown in Fig. 4.1. The difference is that the holes of the grating extend a bit
further to the input waveguides. The electrical contacts on the bottom of the
chip can be used to tune the phase shifters. The structures on the chip are
approximately 1.5 mm x 6 mm in size.
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Figure 4.5: Simplified drawing of the used experimental setup A: Three test
signals are created and coupled into different inputs of the multiplexing chip,
which puts them into different modes of a short FMF. On an identical de-
multiplexing chip, the signals are separated again and coupled off-chip. One
output of the demultiplexing chip is investigated at a time.
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Multiplexing chip
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Figure 4.6: (a) Image of the setup for coupling on and off the multiplexing
chip. (b) The FMF is positioned vertically above the grating coupler array of
the multiplexing chip.

(a) (b) (c)

Figure 4.7: IR images of the FMF output when only one input of the multi-
plexing chip is connected at a time. (a) LP01,y, (b) LP11,a,y and (c) LP11,b,y.
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(c)

(d) (e) (f)

(a) (b)

Figure 4.8: Signal constellation diagrams of the three different channels at the
receiver after signal processing. (a) LP01, (b) LP11,a, (c) LP11,b. (d)-(f): As a
comparison, the same channels but with only the corresponding input at the
multiplexer connected at a time, so without crosstalk from the other inputs.
While the signals at the top could be received without errors, it can be seen
that most of the signal degeneration is caused by crosstalk, which limits the
performance in a MIMO-free use case.
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Figure 4.9: (a) Measured transmission power and crosstalk for the two mode
system using the LP01,y and LP11,a,y modes. The power is measured over the
whole system from before the multiplexer to after the demultiplexer. (b)-(c):
IR images of the used modes when the end of the FMF is disconnected from
the demultiplexing chip and the output of the FMF is imaged instead.
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Figure 4.10: (a) Measured BERs at different power levels of the received data
via the LP01 and LP11 channels as well as a back-to-back measurement for
reference. (b)-(d): corresponding recorded eye diagrams at the receiver around
BER= 10−9.)



Chapter 5

On-chip Orbital Angular
Momentum Mode
Multiplexer

The following chapter describes the design, fabrication and characterization of
a silicon photonic chip-to-fiber orbital angular momentum mode multiplexer.

5.1 Concept for coupling into orbital angular
momentum modes inside a fiber

As presented in chapter 2, orbital angular momentum modes also exist in
fibers and can propagate very stably in specially designed fibers that consist
of a step index fiber with an air core, resulting in a ring shaped guiding region
[125, 99]. A coupling to these OAM fiber modes can be achieved in a spot-
based approach by a ring of N spots. Instead of the phase gradually changing
along the ring, the phase is discretized with each spot n having the phase
ϕn = 2πL n

N .
Fig. 5.1 shows this coupling concept: An image of the facet of the mentioned
fiber is shown in Fig. 5.1(a), which is a step index fiber with an air-core. The
intensity and phase of one of the OAM fiber modes (with L = 5) are shown in
Fig. 5.1(b)-(c). It has a ring shape along which the phase smoothly changes
by 2πL. These fiber modes are approximated by N beams in a ring (shown
in Fig. 5.1(d)). The phase of each beam has a value of ϕn = 2πL n

N , see Fig.
5.1(e). Furthermore, each beam is circularly polarized to match the circular
polarization of the OAM modes of the fiber.
In the following sections, this concept is further explored and it is shown that
the coupling to such fiber modes by a ring of spots is possible. The calculation
of the reachable coupling efficiency, possible crosstalk and the influence of
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errors such as misalignment are shown. Afterwards, the design of a chip that
can create such a ring of spots for multiplexing into OAM fiber modes is
presented. Finally, the fabricated chip and its coupling to the OAM fiber is
characterized.

Δφ = 2πL/N

(d)(b)(a) (e)(c)

Figure 5.1: Concept for coupling to OAM fiber modes: (a) Image of the OAM
fiber facet: The fiber consists of a ring-shaped guiding region with a slightly
higher refractive index than its surroundings and an air core (reprinted from
[58]). (b) Intensity profile of an OAM mode with L = 5 inside the air-core
fiber. (c) Phase of Ex component of the mode shown in (b). It can be clearly
seen that the phase changes smoothly over five times the whole 2π range when
going along the ring, identifying this mode as a L = 5 OAM mode. (d)
Intensity profile of a ring of Gaussian beams. (e) Phase of Ex component of
the fields shown in (d). The phases of the beams are set to resemble the L = 5
OAM beam, but compared to (d), the phase changes not smoothly around the
ring, but is rather discretized.

5.2 Theoretical analysis of the expected cou-
pling efficiencies and crosstalk

5.2.1 Calculation setup

Fig. 5.2 shows the parameters that are used for the calculations in the following
analysis:

The field which should couple to an OAM fiber modes consists of N spots
in a ring of radius R with the center points Pcenter = (0, 0, 0). In the next
sections, the size of the calculated area is always Lx = Ly = 30µm, with both
parameters ranging from -15µm to 15µm, centered around 0.

The individual spots are modeled as Gaussian beams with a waist w in the xy-
plane propagating in the +z direction with a flat phase front at this plane. The
beams have a circular polarization, which is needed to couple to the fiber OAM
modes, which possess also a circular polarization. The complex amplitudes of
the individual field components of a Gaussian beam with right-handed circular
polarization with a center point ~r0 are:
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R

w

Lx

Ly

Figure 5.2: The parameters for the calculation of coupling to the OAM modes
with a ring of Gaussian beams: R: ring radius, w: waist of the Gaussian beam,
Lx, Ly: dimensions of the calculation area.

Ex =
E0√

2
exp(−|~r − ~r0|2

w2
);

Ey = −i E0√
2

exp(−|~r − ~r0|2

w2
);

Hx = −Ey/Z0;

Hy = Ex/Z0

Or with left-handed circular polarization:

Ex =
E0√

2
exp(−|~r − ~r0|2

w2
);

Ey = i
E0√

2
exp(−|~r − ~r0|2

w2
);

Hx = −Ey/Z0;

Hy = Ex/Z0

with Z0 being the impedance of free space, Z0 =
√
µ0/ε0 ≈ 276.73Ω and

~r = (x, y, z) the spatial coordinate.

For the calculations of the coupling, the N Gaussian beams are arranged in a
circle of radius R and are set to different phases in respect to each other. To
match the OAM modes, each beam is set to a phase ϕn by multiplying the
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complex amplitude (phasor) with exp(iϕn) with

ϕn = 2πL
n

N
(5.1)

where n from 1 to N describes the beam number.
To get an estimate for the coupling efficiencies to different modes and the
crosstalk to other modes, overlap integrals are calculated like defined in [126]
between a ring of Gaussian beams and all the fiber modes:

overlap =

∣∣∣∣∣Re
[

(
∫
~E1 × ~H2

∗
· d ~A)(

∫
~E2 × ~H1

∗
· d ~A)∫

~E1 × ~H1
∗
· d ~A

]
1

Re(
∫
~E2 × ~H2

∗
· d ~A)

∣∣∣∣∣
(5.2)

This overlap integral is equivalent to the coupling efficiency between the two
fields that are inserted into the equation. Furthermore, the reflection from
the fiber facet needs to be taken into account, which is R = |nfiber−1

nfiber+1 |
2 ≈

4%=̂− 21dB between air and the glass fiber (refractive index ≈ 1.5).
The used fiber was designed for the OAM modes with the topological charges
L = ±5, 6 and 7 [125, 99] with a low crosstalk between those modes. Fig.
5.3 shows the eigenmodes that were calculated to exist in the used air-core
fiber out of the measured index profile (calculated fiber modes provided by
Kasper Ingerslev [95]). It can be seen that the highest OAM order is L = 7,
but furthermore there are all other OAM modes down to L = 0, some OAM
modes with a higher order in radial direction seen as two rings, as well as some
non-OAM modes. In total, the number of eigenmodes is 52, counting also the
two different polarizations.
In the calculations, for each of the targeted 12 modes (L = −7,−6,−5,+5,+6,+7
in both polarizations), an overlap integral is calculated between spot based
fields made for coupling into those modes with each of the 52 fiber modes.
To calculate the overlap integral numerically, the space and field values need
to be discretized: The lengths Lx and Ly were discretized into Nx and Ny
values. Unless otherwise specified, these values in the following sections are
always Nx = Ny = 1000 which provides grid with a high accuracy while having
acceptable calculation times. All field values are calculated using complex
numbers in a double-precision floating-point format. The numerical integrals
are calculated using the trapezoidal method.

5.2.2 Finding the optimal coupling parameters

In order to find the best values for the radius of the ring R, the spot size of
the beams w and the needed number of beams N , several parameter sweeps
are performed. For each parameter value, 12 fields of N Gaussian spots with
the phases to couple to the OAM modes with the topological charges L =
−5,−6,−7,+5,+6,+7 in both polarizations (right-handed circular and left-
handed circular) are created and overlap integrals into all the 52 fiber modes
are calculated, resulting in a 12 x 52 matrix of coupling coefficients.
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Figure 5.3: Calculated intensity, amplitude and phase of the electric field
components of the eigenmodes of the air-core fiber (shown in Fig. 5.1(a)).
The calculated number of modes is 52, but not all are shown here. The not-
shown modes are modes with identical field shapes, but different polarizations
or different chirality of the OAM. OAM modes with L = 1 to 7 can be seen, as
well as some non-OAM modes and OAM modes with a higher order in radial
direction that have two rings. The targeted modes, for which the fiber was
designed, are the ones with |L| = 5, 6 and 7 which are here (p-r). It can be
noticed that when L gets higher, the rings get slightly larger in diameter.
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To visualize the coupling, the coupling coefficients for the targeted modes
are plotted as well as the coupling coefficients to other, unwanted modes
(”crosstalk”). In order not to plot hundreds of coupling values, only the worst
(highest) crosstalk value is plotted. Hereby, the crosstalk into any fiber mode
is plotted as well as the crosstalk into a mode of the targeted set of modes
(|L| = 5, 6, 7), which might be the same in some cases. The two cases are
distinguished, because it seems that only the set of OAM modes which the
fiber is designed for (|L| = 5, 6, 7) propagate well over longer distances, while
the other modes, especially OAM with L < 5 are not propagating stably and
couple to each other a lot (see [95]).
Fig. 5.4 shows the coupling coefficients and crosstalk for different values of the
ring radius R. A good coupling to OAM modes can indeed be achieved and
the optimum coupling is achieved for a value around R = 6.7µm. The best
value is slightly different for each OAM mode.
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Figure 5.4: (a) Coupling efficiency vs. ring radius for different rings of beams
to their corresponding fiber OAM modes. Only the modes with positive OAM
are plotted, the ones with negative OAM have the same coupling efficiencies.
The two polarizations, right handed circular (σ+) and left handed circular
(σ−), have only hardly noticeable different coupling coefficients. For a larger
OAM, the mode size gets slightly larger and the optimal radius is slightly
larger. (b) Largest coupling coefficient to any fiber mode as well as to one of
the other targeted OAM modes. Both calculations with N = 22, w = 2.2µm.

Fig. 5.5 shows the coupling efficiency and crosstalk for different waist sizes w of
the individual Gaussian beams (with N = 16 and R = 6.7µm). It can be seen
that the optimum coupling is archived for w ≈ 2.2µm, although the optimum
depends of the mode. Such a beam waist size means that the individual beams
will be overlapping and approximating the OAM mode of the fiber very well,
reaching coupling coefficients < 1 dB. Fig. 5.6(b) shows the shape of this field
with N = 16 spots and w = 2.2µm.
In the real system, such overlapping spots might not be usable and smaller
beam sizes have to be used. As can be seen in Fig. 5.5, decreasing the waist
of the Gaussian beam leads to a lower coupling efficiency, but has almost no
impact on the crosstalk to other modes, meaning the system will still work for
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Figure 5.5: (a) Coupling efficiency for different rings of beams to their corre-
sponding fiber OAM modes. The performance is independent of the polariza-
tion. The |L| = 7 modes have a lower coupling efficiency. (b) Largest coupling
coefficient to a mode that is not the targeted mode. Both calculations with
N = 16, R = 6.7µm.

(a) (b)

Figure 5.6: Examples of rings with different beam waists (N = 16 beams):
(a) w = 1µm, (b) w = 2.2µm. The calculated intensity of the electromagnetic
field is plotted.

smaller beam sizes, but a coupling loss of a few dB needs to be accepted (an
example with w = 1µm is shown in Fig. 5.6(a), which would have a coupling
loss around 3-4 dB, depending on the mode).

Another question that needs to be answered is how many spots in the ring
are needed to couple to the OAM modes inside the fiber. For that, the same
calculations have been performed for different amounts of beams N in the ring.
Fig. 5.7 shows the coupling efficiencies and crosstalks for different numbers
of small beams. The coupling efficiency to the OAM modes increases with an
increasing number of spots. The lower OAM modes need less spots to reach a
certain coupling than higher order modes, because their phase is changing less
quickly along the ring, whereas the higher the OAM mode order gets, the more
spots are needed to properly approximate the mode with its quickly changing
phase along the ring. It can also be seen that at least 15 beams are needed to
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couple into modes for up to |L| = 7. For N < 15, there is immediately a lot
of coupling into other OAM modes. This can be easily explained by the fact
that if for instance there are only N = 14 beams, the needed phase difference
between two spots for the OAM mode with L = 7 is exactly ∆ϕ = 2πL/N = π,
which is the same for L = −7. This means with N = 14, the coupling would
occur equally to the L = 7 and L = −7 fiber mode and not cleanly to one
mode. Generally, the needed number of beams in the ring needs to be larger
than two times the topological charge: N > 2L.
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Figure 5.7: (a) Coupling efficiency to fiber OAM modes vs. number of spots
in the ring. The two polarizations are only slightly different. (b) Largest
coupling coefficient to a mode that is not the targeted mode. Calculated with
R = 6.7µm, w = 2.2µm. In the dip of the red curve for lower values of N ,
there is still a lot of crosstalk, but mostly to the OAM modes with |L| < 5,
while the red curve only shows the crosstalk to ”wanted OAM” modes, defined
as 5 ≤ |L| ≤ 7.

In summary, it has been shown that coupling to OAM fiber modes by a ring
of Gaussian beams is possible and can in theory even have a high coupling
efficiency and a low crosstalk (< −40 dB).

The coupling efficiency is mostly determined by the size of the beams. The
number of beams in the ring is not as significant, as long as it’s 15 or more (in
the examined case of coupling to |L| = 5, 6, 7). If one has a restriction that
the beams shouldn’t overlap, the coupling efficiency would actually decrease
with a increasing number of beams, because the beams need to be smaller to
fit more of them into the circle without them overlapping with each other.

The question that needs to be answered is, how reproducible can those values
be in a real system. In a real system, many of the assumptions and values
might be slightly different: The beams might not be Gaussian-shaped, there
might be misalignment and the amplitude and phase of the individual beams
might deviate from the optimal values. The influence of such errors is discussed
in the next section.
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5.2.3 Estimating the tolerance to misalignment and other
expected errors

Having a certain robustness of the coupling between the ring of spots and the
OAM fiber modes is essential for a working system as there can be many errors
that will influence the performance of the mode-multiplexing. In the following
sections, the coupling efficiency and crosstalk into other modes is examined
when there are errors present such as misalignment (linear offset and coupling
at an angle), unequal amplitudes of the individual beams and phase errors.
Errors in the positions of the small beams in the ring in respect to each other
won’t be examined, because the beam will in the final product be fabricated
by nano-fabrication processes on the same chip and the positions of the output
grating couplers in respect to each other will be very accurate.

Misalignment

An error that will be unavoidable to some degree in a real setup, is the mis-
alignment between the ring of small beams and the fiber modes.

Here, at first, a linear offset is examined: The ring of beams is off-set by xoffset
in x direction. In Fig. 5.8, the coupling efficiency and crosstalk is shown for
different values of xoffset. Due to the symmetry of the ring, the misalignment
is only tested in x-direction.
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Figure 5.8: Influence of a linear offset to the coupling. The rings are misaligned
in x-direction in respect to each other. (a) Coupling efficiency to fiber OAM
modes vs. misalignment. (b) Largest coupling coefficient to a mode that is
not the targeted mode. Calculated with R = 6.7µm, w = 1.32µm, N = 22.

It can be seen that the offset has a large influence on the coupling to unwanted
modes. Only 200 nm of misalignment (on the facet of the fiber) already causes
the coupling of up to -20 dB of power into another OAM mode. If a maximum
crosstalk of around -10dB is targeted, the maximum allowed misalignment is
around 700nm. The coupling efficiency also gets reduced with larger misalign-
ment.
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Furthermore, the influence of a wrong coupling angle is examined. To test this,
an angle error θx, measured towards the vertical center line in x direction, is
added by multiplying all field components of the small beams by the phase
term exp(ikx sin(θx)). The influence of the coupling angle is shown in Fig. 5.9.
It can be seen that is is critical for the performance to have the correct angle
and that a way to tune the angle is probably needed in the coupling setup.
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Figure 5.9: Influence of a wrong coupling angle: (a) Coupling efficiency to
fiber OAM modes. (b) Largest coupling coefficient to a mode that is not the
targeted mode. Calculated with R = 6.7µm, N = 22, w = 2.18µm.

Amplitude imbalance

Simulations of the star coupler that is used to create the phases (shown in
section 5.3) indicate that not all the outputs will have the same amplitude,
but a certain imbalance of the output amplitudes has to be expected. The
star coupler outputs will have more power in the middle of the star coupler
and less power at the outer output waveguides. This is simulated here by a
linear amplitude change along the ring, where the spot on the very left side
has a higher amplitude Amax = A0 + Aimbalance/2 and the spot on the very
right side has a lower amplitude Amax = A0−Aimbalance/2 and the amplitude
changes linearly between the left and right side along the ring. Fig. 5.10 shows
the effect of such a linear amplitude imbalance. The unequal amplitudes lead
to higher coupling into unwanted modes and slightly less coupling efficiency.
If a crosstalk to other modes below -20 dB is desired, the maximum amplitude
imbalance between the edges of the ring should be below 4.2 dB.

In a further calculation, it is examined how the coupling is influenced if one
of the spots has a quite lower intensity, which happened for one of the later
fabricated chips. Here, the intensity of one Gaussian beam is lowered by -
11 dB, while the rest has the same intensity (shown in Fig. 5.11(b)). The
calculation shows that the coupling efficiency is only getting worse by 0.1 dB
(with N = 26, w = 0.7µm, which is close to the fabricated chip). The crosstalk
into other modes is not affected too much either, with the highest coupling
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Figure 5.10: Influence of a linear amplitude imbalance: (a) Coupling efficiency
to fiber OAM modes. (b) Largest coupling coefficient to a mode that is not
the targeted mode. Calculated with R = 6.7µm, N = 16, w = 1.32µm.

coefficient into another modes is around -32.3 dB (from -43.3 dB with equal
intensities).

(a) (b)

Figure 5.11: (a) Intensity of the field with N = 26, w = 0.7µm, R = 6.7µm.
(b) The same as (a), but one beam with -11 dB less intensity.

Phase errors

Another source of errors can be that the set phases of the individual small
beams are not entirely correct. In the final design, there will be thermal on-
chip phase shifters in front of every output in the ring to fine-tune the phase,
but it might be that the phase, to which they are set, is not entirely correct.
To get a rough estimate of how much errors in the phases are allowed, a
calculation is set up in which the phase of each Gaussian beam has a random
deviation from the correct value. The phase error ϕerr is a normally distributed
random variable with a standard deviation σ. Fig. 5.12 shows a result of how
the coupling efficiency and crosstalk is influenced by such a phase error with
different standard deviations of the phase error. This has been calculated for
different numbers of beams N to see its influence. It can be seen that phase
errors can have quite an influence on the coupling and already small phase
errors with a standard deviation of 1% of 2π lead to crosstalk around -20 dB.
It also seems that a number of spots N more than 22 has no influence at all
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on this behavior.
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Figure 5.12: Influence of random phase errors terms added to each beam for
different amounts of beams in the ring (single run of the random simulation).
The phase error is plotted as the standard deviation of its normal distribution,
as parts of 2π (e.g. 0.1 would be a standard deviation of 10% of 2π): (a)
Coupling efficiency to fiber OAM modes. (b) Largest coupling coefficient to a
mode that is not the targeted mode. Calculated with R = 6.7µm, w = 2.2µm

Conclusions about coupling errors

In the previous sections, the influence of different errors have been examined.
It can be seen that especially the alignment accuracy needs to be very high, if
a very clean coupling into the targeted modes (low crosstalk to other modes)
is desired. Furthermore, errors in the phases of the spots will lead to increased
crosstalk and worse coupling.
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5.3 Star coupler design

As shown in the previous section, the coupling into fiber OAM modes is the-
oretically possible. A lot of beams spots are needed with each spot having a
constant phase difference to its neighboring spots. In order to achieve this, a
device is needed that splits an incoming signal up and creates such relative
phase differences. Furthermore, if a mode-multiplexing function is desired,
different phase differences corresponding to different OAM modes need to be
created for each multiplexer input at the same time and need to be combined
into a common ring emitter.
A star coupler is such a device that can fit to these requirements and the design
will be described in the following. As seen in the previous section, having the
correct phases and amplitudes is critical to the performance to the coupling
to fiber OAM modes and the design of the star coupler needs to take that into
account.

What is a star coupler?

A star coupler is an element that distributes an incoming signal into many
waveguides with a lot of phase differences at once for different inputs. It is
often used as a part of an arrayed waveguide grating for wavelength division
multiplexing in optical communication systems [127, 128].
Fig. 5.13 shows a simplified schematic of a star coupler. It consists of M input
waveguides, a free propagation region and N output waveguides.
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WTaper,input
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Figure 5.13: Schematic of a star coupler device (not drawn to scale). The
inputs and outputs are spread at equidistant angles ∆β and ∆α respectively.
Furthermore, the waveguides can be optionally tapered at the input and out-
put.

For our case, the star coupler should be designed to create phase differences
between neighboring output waveguides of multiples of ∆ϕ = L

N 2π. These
phase differences occur because of the different delay, with which signals from
different star coupler inputs reach the output waveguides.
The input and output waveguides are located on a circle with a center point
and a radius that is the length of the free-propagation region LFPR. All
waveguides point to the center point of their circle. If a signal is coming
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from the center input waveguide, all outputs will be in phase due to the same
distance to all outputs. Positive or negative phase differences will be created
between the outputs, if signals are coming from the upper input waveguides
or the bottom ones. Moreover, the phase differences become larger the steeper
the angle of the input waveguides gets. The values of the phase differences
are influenced by the combination of input positions, output positions and the
length of the free-propagation region.
Further adjustable parameters are the width and length of possible taper struc-
tures at the input and output waveguides. The input taper mostly influences
the spread of the beam in the free-propagation region and the output taper
the amount of light that is picked up from the free-propagation region.

Star coupler design

The design of this star coupler was simulated and incrementally improved by
changing the parameters (especially ∆α,∆β) to meet the design specifications
using 2.5-dimensional finite difference time domain (2.5D FDTD) simulations
using the commercial software Lumerical Mode Solutions [129]. Furthermore,
the validness of the 2.5D FDTD simulation was tested by a full 3D FDTD
simulation of the structure using Lumerical FDTD, which resulted in agreeing
results.
The simulation used the parameter of the silicon-on-insulator (SOI) technology
used at DTU Danchip for the later fabrication: a 260 nm silicon layer on top
a 1 µm buried oxide (BOX) layer. The whole structure is covered by a 1 µm
SiO2 cladding. The used single-moded waveguides on the chip are usually 480
nm wide.
As an example of the simulation, Fig. 5.14 shows the top view of the structure
with the calculated intensity of the E-field when light is coupled into the middle
input.
In the simulation, the amplitude and phase of the signal at each output is
evaluated and the performance of the device is assessed by them, since they
are critical for an efficient coupling to OAM fiber modes.
A general problem with using the star coupler as a way to split up the incoming
signal and creating the phase differences, is that it creates a certain power
imbalance between the outputs: When the light leaves the input waveguide
and enters the free-propagation region of the star coupler, it spreads out like a
beam with a cross section similar to a Gaussian beam in two dimensions (see
Figs. 5.14 and 5.15). The beam reaches the different output waveguides with
different local intensities, leading to more power in the output waveguides in
the middle of the star coupler and less in the outer waveguides. As shown
in Fig. 5.10, an amplitude imbalance between the ring spots will worsen the
performance of coupling to OAM modes.
The imbalance can be improved at the cost of insertion loss by making the star
coupler longer, which gives the beam more distance to spread out and leads to
a more equal field intensity at the output waveguides, but at the same time,
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Figure 5.14: 2.5D-FDTD simulation of the star coupler when coupling into the
middle input waveguide. The intensity of the E-field is plotted when viewing
the star coupler from the top. The free propagation region is 100 µm long.

a good part of the light’s power is thrown away. Furthermore, the spread of
the beam can be controlled by a taper at the input waveguides towards the
free-propagation region: A wider input taper leads to a narrower beam in the
propagation region.

With the previous points in mind, an output power imbalance PIout was de-
fined for each input L between the largest and lowest output power as

PIout,L =
Pout,max
Pout,min

(5.3)

The aim of the star coupler design was to reduce this imbalance while keeping
an acceptable insertion loss. The insertion loss ILL for each input L was
defined as the ratio of the input power to the sum of all output powers:

ILL =
Pin, L∑
n Pout, n

(5.4)

The power that is picked up by the outputs can be further improved by larger
output waveguides that then slowly taper down to the waveguide width that
the normal single-moded waveguides have (480 nm). The output waveguide
widths are chosen to be maximally wide to cover the whole right side (see Fig.
5.17).

With these parameters in mind, the design was optimized using 2.5D FDTD
simulations. The results for output amplitudes and phases for the inputs L =
5, 6 and 7 are shown in Fig. 5.16 and the mask design of the star coupler is
shown in Fig. 5.17. It can be seen that the phases are quite accurately created
with phase errors below 2% of 2π. The largest power imbalances of the output
were for the L = 5 input: PI5 = 1.04 dB; for L = 6: PI6 = 1.14 dB and for
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Figure 5.15: 2.5D-FDTD simulation of the star coupler when coupling into the
lowest input waveguide, corresponding to L = −7. The intensity of the E-field
is plotted when viewing the star coupler from the top. The free propagation
region is 100 µm long.

L = 7: PI7 = 1.23 dB, with insertion losses of IL5 = 5.4 dB, IL6 = 5.6 dB
and IL7 = 6.1 dB.
The used parameters for the star coupler design are: LFPR = 100µm, ∆α =
1.638◦, ∆β = 1.816◦, Ltaper, input = 6.7µm, Wtaper, input = 0.876µm, Ltaper, output =
22µm and Wtaper, output = 1.73µm. The width of the single-moded waveguides
before and after the star coupler are 480nm, the same as on the rest of the SOI
chip. The top and bottom of the star coupler are left open to avoid possible
reflections from the there, which could influence the output amplitudes and
phases. The whole design is made for a fully-etched silicon-on-insulator (SOI)
platform.
Furthermore, a second design of the star coupler with 26 outputs (see Fig.
5.18) was created on the basis of the shown design with 16 outputs, by leaving
the top and bottom waveguides at the same position and by replacing the
output waveguides in between by 24 outputs instead of 14. The width of all
individual output waveguides was set to a maximum to cover the whole right
side of the grating coupler.

Star coupler test chip

To test the design that was created using simulations before realizing a whole
mode multiplexing chip, a chip was designed to validate the function of the
star coupler and its generated phases.
Three different star coupler designs were put on a test chip: The design cre-
ated by simulations shown in the previous sections and additionally two slight
variations of that for testing purposes: A design where the input waveguides
of the star coupler were slightly wider spread (larger ∆β), leading to larger
phase differences at the output and a design where the input waveguides were
slightly closer together (smaller ∆β), leading to smaller phase differences.
Fig. 5.19 shows the mask design of the test chip: grating couplers are used
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Figure 5.16: 2.5D FDTD simulation results of the final star coupler design
with 16 outputs when power is coupled into the L = 5 (a-c), L = 6 (d-f) and
L = 7 (g-i) inputs of the star coupler. The power distribution in the output
waveguides is shown in (a), (d) and (g). The phase of the signal in the different
output waveguides is shown in (b), (e) and (h), which matches the targeted
phases very well. To better see the deviation of the phases, the phase error is
plotted in (c), (f) and (i), which is in all cases below 2% of 2π. Simulations
for the opposite OAM states of L = −5,−6 and −7 are not shown since the
star coupler is symmetrical, meaning the distribution of powers and phases in
the output waveguides would simply be inverted.
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Figure 5.17: Mask layout for the star coupler with 16 outputs and a free-
propagation region length of 100 µm. It is open to the top and bottom to
avoid reflection from there that can worsen the performance. The areas shown
in red will be etched away, while the white areas are silicon on insulator (inverse
mask).

Figure 5.18: Mask layout for the star coupler with 26 outputs and a free-
propagation region length of 100 µm. It is open to the top and bottom to
avoid reflection from there that can worsen the performance. The areas shown
in red will be etched away, while the white areas are silicon on insulator (inverse
mask).
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to couple light into on-chip waveguides and into the different inputs of the
designed star coupler. To test the phases of the star coupler, different outputs
are interfered in multi-mode interferometers: each n-th output of the star
coupler is interfered with the (n+N/2)-th output. The two waveguides leading
to each interferometer have a length difference which creates a interference
pattern with a free spectral range of around 2.8 nm (at 1550 nm).

(a)

Input grating couplers
Output grating couplers

Star
coupler

Multimode interferometers

Figure 5.19: Mask layout for the star coupler test chip. The areas in red will
be etched away (inverse mask).

The outputs of the interferometers are coupled off the chip by grating couplers
for analysis. Additionally, reference grating couplers are added to the chip to
subtract the influence of the grating couplers from the measurement and to
test grating coupler designs.

The chip was fabricated in silicon-on-insulator using a standard process with
e-beam lithography and fully-etched waveguides and grating couplers, that
would later be used for the multiplexing chip (for more information, see section
5.4). An SEM image of the star coupler after lithography is shown in Fig. 5.20.

Star coupler test chip analysis

The created phases were tested in the following way, to confirm the location
of the input waveguides:

For the star coupler with 16 outputs, on the chip each output n of the star
coupler is interfered with the n+8-th output. These two outputs correspond to
exactly opposite sides of the coupling circle (see section 5.1). This can also be
seen when looking at the phase difference ∆ψinterferometer,n at the multimode
interferometer between the two incoming signals with ∆ϕn that the star cou-
pler should create (with an unknown phase term θunknown that is accounting
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Figure 5.20: Scanning electron microscope (SEM) image of the star coupler
structure after e-beam lithography and development.

for the unknown exact length difference of the arms of the interferometer):

∆ψinterferometer,n = ϕn − ϕn+8 + θunknown (5.5)

=
n

8
2πL− n+ 8

8
2πL+ θunknown (5.6)

= −πL+ θunknown (5.7)

If the input of the star coupler is changed from one to a neighboring one (e.g.
from L = +5 to L = +6), the phase difference of any two interfered outputs
needs to change by π (according to equation 5.7, when L is changed by ±1).
If the spectrum of the interference is measured, this means the interference
patterns changes by half the free-spectral range (FSR), turning the minima
into maxima and vice-versa. If the input is then changed to the next one
(e.g. L=+7), the phase should be the same as in the first measurement (e.g.
L=+5), because the phase change should be 2π and the interference pattern
has it’s minima and maxima in the same place. By measuring the spectrum
of one interference output for all star coupler inputs (L=-7 to L=+7) and
tracking the location of the minima (or maxima) of the interference spectrum
over the different inputs, it can be checked if the phase changes correctly
when the input/mode is changed, confirming the correct position of the input
waveguides (∆β) in relation to the interfered output waveguides.
Unfortunately, due to a fabrication error, the star coupler design shown in the
previous sections could not be measured, but only its two variations that were
put on the chip for testing purposes with changed positions of the input waveg-
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uides (different ∆β): One design that creates slightly larger phase differences
(with ∆β = 1.88◦) and one that creates slightly smaller phase differences (with
∆β = 1.7694◦). But through the combination of those, the optimum can be
calculated.
Fig. 5.21 shows an example of measuring the spectra of chip output 1 (inter-
ference between star coupler outputs 1 and 9) for all star coupler inputs of the
design that is creating slightly smaller phase differences. The influence of the
grating couplers is subtracted from this measurement. The high extinction
ratio at the minima of the interference indicates a even power distribution
between the two interfered signals.
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Figure 5.21: Example for measured spectra of the interference: Shown are the
spectra of the interference of star coupler outputs 1 and 9 for all star coupler
inputs for (a) the test star coupler that creates phase differences that are larger
than wanted and (b) the test star coupler that creates phase differences that
are smaller.

Out of this measurement, the location of the minima in the spectrum is
recorded for the different inputs of the star coupler and an error is calcu-
lated. The error is calculated as the deviation of the position of the sharp
minima in the interference spectrum compared to their ideal position, which
would always fall at the same wavelength or the wavelength + FSR/2, if the
phase changes from one to the next input changes by exactly π.
Fig. 5.22 shows the phase difference error in relation to the FSR for different
star coupler inputs and at different wavelengths when interfering the star cou-
pler outputs 1 and 9 for both the design that should create slightly larger phase
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differences and the one that should create slightly smaller phase differences.
A linear fit is shown for the curve around 1550 nm and the slope of this curve
is taken as an estimate of how much the star coupler creates too large/small
phase differences. The slope of the first design is 0.0182·FSR and that of the
second design −0.0116·FSR. Since these star coupler designs only differ in the
input waveguide position ∆β, the optimum value for ∆β is found by linear
interpolation between the two slopes to get a flat slope, which corresponds
to the correct phase differences. The found value is almost the same one as
the value that was found by the 2.5 FDTD simulations, ∆β = 1.81◦ instead
of the old ∆β = 1.816◦, which indicates a high accuracy of the 2.5 FDTD
simulations. An updated design with the new value of ∆β is then taken for
the design of the multiplexing chip.
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Figure 5.22: Error estimate of the created phases by the two star coupler
designs on the test chip calculated from the interference spectra. Design (a)
creates phase differences that are larger than wanted and design (b) phase dif-
ferences that are smaller than wanted. A linear fit is drawn for the wavelength
closest to 1550 nm.

5.3.1 Grating couplers

For coupling to and off the chip, two different grating coupler designs were
used, that were already previously designed and used at DTU Fotonik for SOI
circuits: The one for coupling to the chip from a single mode fiber is a photonic
crystal crating coupler with fully etched holes [121]. It is designed to efficiently
couple to single-mode fibers at an angle of approximately 15◦ to the vertical.
Its mask layout and an image of a fabricated grating coupler are shown in Fig.
5.23 and measured insertion loss spectrum of a pair of grating couplers on a
test chip is shown in Fig. 5.24.
For emitting light off the chip in the ring, a more compact grating coupler
design is needed, because the grating couplers need to be arranged in a circle
that is as small as possible. Furthermore, they should all be arranged in the
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(a) (b)

Figure 5.23: (a) Layout for the used photonic crystal grating coupler for cou-
pling from a single mode fiber to the chip: The red areas will be fully etched
away, the white areas are the remaining SOI layer. (b) SEM image of the
grating coupler during fabrication after lithography (the image is rotated 180
degrees compared to (a)).
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Figure 5.24: Spectrum of a insertion loss measurement of two test photonic
crystal grating couplers used for coupling to the chip (shown in Fig. 5.23).
The measurement is from coupling to and off the chip via two grating couplers
that are connected by approximately 8.5 mm silicon waveguide, giving an
estimated insertion loss of around 5-6 dB per grating coupler. The coupling
was measured to standard single mode fibers at an angle of 15◦ to the vertical.
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same orientation to emit their light in the same direction and polarization.
The used design is a compact focusing grating coupler design, which also uses
fully etched holes like in a photonic crystal. The mask design is shown in Fig.
5.25 and a measurement of the insertion loss spectrum of a pair of grating
couplers on a test chip is shown in Fig. 5.26.

(a) (b)

Figure 5.25: (a) Layout for the used photonic crystal grating coupler with a
compact, focusing design for emitting light from the chip: The red areas will
be fully etched away, the white areas are the remaining SOI layer. (b) SEM
image of the grating coupler during fabrication after lithography).
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Figure 5.26: Spectrum of an insertion loss measurement of the compact focus-
ing photonic crystal grating couplers used for emitting light off the chip (shown
in Fig. 5.25). The measurement is from coupling to and off the chip via two
grating couplers that are connected by approximately 8.5 mm silicon waveg-
uide, giving an estimated insertion loss of around 5-7 dB per grating coupler.
The coupling was measured to standard single mode fibers at an angle of 15◦

to the vertical. Note that this design will not be used to couple to single mode
fibers, but to emit the light to free-space where it will be collimated by a lens.

5.3.2 Final design for the OAM multiplexing chip

The two different designs of the OAM multiplexing chip that were fabricated
are shown in Fig. 5.27: One with an emitter ring of 16 grating couplers in a
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200 µm ring which is close to the minimum required number of 16 spots and
one with 26 couplers in a 325µm ring, to experimentally see the influence of
a larger number of couplers. The emitter rings are designed to be as small
as possible while still fitting the needed amount of grating couplers and their
feed-waveguides.
The total dimensions of the multiplexer designs in silicon are ca. 8.7mm x
1.8mm for the layout with 16 couplers and 11.7mm x 2.3mm for the layout
with 26 couplers. The whole chip designs are made intentionally rather long to
have the in-coupling and out-coupling further apart for an easier experimental
setup, but could be designed much more compact if needed. The major size
limitations come from the emitter ring, the star coupler, the input grating
couplers with a 500 µm adiabatic taper and the metal contacts for the heater
voltages.
The waveguides between the star coupler and the emitter ring are all matched
in length by adding additional loops of waveguide.
The 15 input grating couplers (which will be multiplexed to OAM modes with
L = −7 to +7) are arranged in a linear array with a pitch of 127 µm, designed
for coupling to a fiber array of standard single mode fibers.

(a)

(b)

Figure 5.27: Layouts used for the fabrication, with (a) 16 emitting grating
couplers and (b) 26 emitting grating couplers. The silicon layer is shown in
red, the thermal phase shifters in blue and the contacts in gold.
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Figure 5.28: Zoom into the layout shown in figure 5.27(a). The ring of emitting
grating couplers has a diameter of 100 µm.
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5.4 Chip fabrication

The whole chip was fabricated on a commercial silicon-on-insulator (SOI) plat-
form, which consists of a 260 nm silicon layer on a 1 µm silicon dioxide (BOX)
layer on a silicon substrate. For the fabrication, a tested standard process for
SOI at DTU Fotonik / DTU Danchip was used. A simplified process flow is
shown in Fig. 5.29:
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Figure 5.29: Simplified process flow of the silicon chip fabrication: (a) Starting
SOI sample (b) Defining structures via e-beam lithography. (c) Developing the
e-beam resist. (d) Inductively coupled plasma (ICP) etching of the structures
in the silicon. (e) SiO2 glass deposition by plasma-enhanced chemical vapor
deposition (PECVD). (f) Polishing of the glass. (g) E-beam lithography for the
heater stuctures. (h) Development, followed by titanium deposition (heaters).
(i) Metal lift-off. (j) UV lithography to define the contacts. (k) Photo resist
development, followed by gold deposition to create contacts to the heaters. (l)
Metal lift-off.

All structures in the SOI-layer are defined by a single E-beam lithography
process and are then fully etched by inductively coupled plasma (ICP) etching.
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After the creation of the silicon structures, they are capped by a SiO2 glass
deposited by plasma-enhanced chemical vapor deposition (PECVD). To create
a planarized surface for the next lithography step, the PECVD glass is polished
to a thickness of around 1 µm. In the next step the heaters for the thermal
phase shifting are defined by e-beam lithography and a titanium deposition was
made. In the last step, the contacts for the heaters (consisting of a titanium-
gold alloy) are created by UV lithography.
Fig. 5.30 shows a photo of the finished chip, that is glued on a printed circuit
board (PCB) and the electrical contacts are wire-bonded to the PCB.

Input 
grating couplers

Contacts for heaters

Star
coupler

Heaters for
phase adjustment

(a)
Ring of
output 
grating 
couplers

Figure 5.30: Image of the fabricated chip with a ring of 26 emitters, with a
length of around 11.7 mm.
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5.5 Chip characterization

To characterize the chip, an experimental setup is built to couple from the
chip to OAM modes inside a short test OAM fiber. The modal content of the
fiber is then analyzed using different methods.

Fig. 5.31 and 5.32 show the used experimental setup: Light from a laser is
coupled into one of the multiplexing chip’s inputs via its input grating couplers.
For coupling to the OAM fiber, the emitting ring on the chip is imaged at a
correct scaling ratio onto the fiber facet using two lenses. The position and
angle of the coupling can be adjusted using two mirrors. Furthermore, the
linear polarization of the light emitted by the on-chip grating couplers needs
to be converted into a circular polarization that the OAM modes inside the
fiber have. This is achieved by adding a quarter-wave plate into the beam
path at an angle of 45◦ in relation to the linear polarization of the beam.

In the characterization, a short, ∼2.25 m long OAM fiber is used that is de-
signed to support OAM modes with L = ±5, 6, 7, fabricated by OFS Denmark
[99].

At the output of the OAM fiber, the beam is collimated, converted to linear
polarization by a quarter-wave plate and sent to an spatial light modulator
(SLM), which can be set to different phase pattern to analyze the modal con-
tent of the beam. After the SLM, the beam is imaged with an infrared (IR)
camera.

Additionally, before coupling to the fiber, a beam-splitter is inserted to image
the beam from the chip with an IR camera. With the same beam-splitter, a
reference OAM beam created by an SLM can be inserted into the beam path
and coupled into the fiber. This reference OAM beam is utilized to align the
output SLM and camera.

To image the emitter ring onto the fiber facet, two lenses are used: For the
chip with 16 couplers in an 200 µm ring, the first lens has a focal length of
f1 = 75 mm and the second one f2 = 4.51 mm. For the chip with 26 couplers
in a 325 µm ring, another scaling factor is needed and two lenses with focal
lengths of f1 = 125 mm and f2 = 4.51 mm are used.

To verify the scaling of the imaging onto the OAM fiber facet, the fiber facet
is imaged with an IR camera. Fig. 5.33 shows the imaged OAM fiber facet
when either light was imaged from the chip or when light is coupled through
the fiber from its other side to illuminate the fiber core. It can be seen that
the targeted scaling can be reached.

Aligning the system and setting the phase shifters

The alignment for the in-coupling to the fiber can be adjusted by the two
mirrors and the position of the two lenses (see Fig. 5.31). Laser light is
coupled into one of the multiplexing chip’s inputs (e.g. L = 5). Then the
alignment is optimized to maximize the power coming out of the OAM test
fiber.
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Figure 5.31: Experimental setup for coupling OAM modes into the fibre and
characterization of the chip. Additionally, a beam-splitter is added before
coupling to the fiber to image the chip output or to feed in a reference beam
to align the output.

After the coupling is optimized for output maximum power, the modal content
inside the fiber is still a mix of many modes, because the on-chip phase shifters
haven’t been set yet. They are used to fine-tune the phase in each waveguide
between the star coupler and the emitter ring.

In the used setup, the voltages for all on-chip thermal phase shifters can be set
in the range of 0 to 4096 mV using a array of 8 bit digital-to-analog converters
controlled by a PC.

To set the heater voltages for coupling into the correct mode, two methods are
considered:

Chip

Lens Lens

OAM
fiber

λ/4 plate

Microscope

Mirrors

Beam splitter

Figure 5.32: Photo of the used experimental setup for coupling into the OAM
fiber. The microscope is used to align the fiber to the input grating couplers
on the multiplexing chip.
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(a) (b) (c)

Figure 5.33: IR images of the input OAM fiber facet to check if the imaged
ring of spots has the correct size on the fiber facet. (a) Illuminated fiber core
by coupling in uncorrelated light made by amplified spontaneous emission into
the OAM test fiber from the other side. (b) Reflected/scatterd light from the
imaged ring of the fiber facet. (c) Both the ring of spots and the fiber core
imaged at the same time to check if they have the same size.

1. Overlapping the chip-emitted beam with a Gaussian beam and imaging
the interference (shown in Fig. 5.34):

Here, the phase of each spot is changed by manually tuning the voltage of
each heater. Through observation of the interference between the spot and
the Gaussian beam, all beams are set to the same phase (the same intensity
of the interference). This method was however found not exact enough due
to the low accuracy of judging the phases by observing the intensity of the
interference by eye and the ambiguous phase-intensity relation of the inter-
ference. Furthermore, there is a slight thermal cross-coupling between the
heaters, meaning that changing one voltage also slightly influences the phase
in the neighboring waveguides. This method was then discarded for a more
automated approach.

(a) (b)

Figure 5.34: A possible way of setting the on-chip phase shifters (heaters)
to the targeted phases. Shown are IR images of the beam emitted by the
chip in superposition with a coherent Gaussian beam: (a): unadjusted phases
and (b): after setting the phase shifters. The heater voltages are manually
changed while observing at the IR camera images to set the interference to
similar intensities.

2. Demultiplexing / decomposing the modes of the fiber output and maxi-
mizing the power in the targeted mode:
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At the output of the fiber, the modes can be demultiplexed / decomposed by
loading different phase patterns onto the SLM. This means that if a certain
mode is present inside the fiber, the inverse OAM phase pattern can be loaded
on the SLM, e.g. L = 5 is demultiplexed by the pattern for L = −5 on the
SLM. The modal content of the L = 5 mode gets then transformed to L = 0
by subtracting the targeted OAM. Such a mode is not ring shaped anymore
but instead has it’s maximum in the center of the beam in a Gaussian-like
shape. Other OAM modes, for example L = 6 or L = 7 would be transformed
to the OAM modes with L = 1 and L = 2, which both have an intensity of
0 in the center of their beam. Before the output of the chip is analyzed, the
output SLM pattern and camera are aligned by using the OAM reference beam
of the setup (see Fig. 5.31), which is set up to couple an SLM-created OAM
beam into the OAM fiber. After the output is aligned, the reference beam is
switched off.
The voltages for the phase shifters are then optimized in the following way:
The inverse pattern for the targeted OAM mode is loaded onto the SLM (e.g.
L = −5). An automated script on a PC can set the voltages for all the heaters
and take images of the transformed output. The power in the targeted mode is
estimated by integrating over the central spot of the image. In a feedback loop
with an optimization algorithm, images of the transformed output are taken
and the power in the center spot is analyzed. Based on this, the voltages of
the on-chip heaters are adjusted by the optimization algorithm and the next
image is taken. As an optimization algorithm, two methods are implemented.
One is a simple ”pattern search” algorithm. Another one is ”Surrogate Op-
timization” algorithm integrated in MATLAB [130] which is specialized in
optimizing functions that are expensive (time-consuming) to evaluate and this
is the case here since taking the image and setting the heaters takes several
seconds. Both methods come to similar results and need usually around 10-20
minutes to converge to a set of either 16 or 26 voltage values.
The values for the heater voltages need to be set only once and they are not
used in a switching operation. While no long term stability or temperature
test were performed, the found voltage values were found to be quite stable
and repeatable and could, for example be loaded a week later yielding the
same results.

5.5.1 Coupling results

In the following sections, only results from the chip design with 26 emitters will
be presented and discussed, as after fabrication it was found that the design
with 16 coupler has a layout error that makes the waveguides between the star
coupler and the emitter ring not matched in length. This error could however
easily be avoided in another fabrication run.
Furthermore, as can be seen in the imaged chip output in Fig. 5.35, one of
the couplers in the ring has less output power. The defective grating coupler’s
output power was measured to be around 11-12 dB below the other emitters.
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This will cause a less clean coupling into the targeted OAM fiber mode and
more coupling into unwanted fiber modes. Fortunately, as presented in section
5.2.3 and Fig. 5.11, the coupling should still work as intended in this case,
as the crosstalk created by this worse emitter seems to spread out into all the
other fiber modes and not into a specific mode.

Figure 5.35: IR image of the OAM chip output. The chip used for characteri-
zation has 26 grating couplers in a ring. One of them has a around 11 dB less
output power.

Fig. 5.36 shows the results of the 26 coupler chip after optimizing the heaters
with L = +7 at λ = 1560 nm (which is a wavelength at which the fiber
modes are known to be quite stable in the fiber used). Both the fiber output
for different chip inputs (L = +5,+6,+7) as well as the transformations of
these outputs with different SLM phase patters are shown. It can be observed
that the largest power is in the desired mode, indicated by a bright spot in
the middle, while the middle of the image is dark for other OAM modes. At
the same time, the fiber outputs are not clear rings which is an indication of
crosstalk which partly might also be from non-OAM modes.

The modes with L = −5,−6,−7 which the fiber and chip also support are not
used, because it was found that the star coupler created slightly wrong phase
differences. When optimizing the heater voltages for L = +7, the L = +5,+6
and +7 modes all worked fine, but the modes on the other side of the the
star coupler (L = −5,−6 and −7) had a very poor performance. In the same
way, if the heaters are optimized for L = −5,−6 and −7, the L = +5,+6
or +7 modes did not perform as expected. The difference in the star coupler
performance compared to the simulation might be fabrication related, but
should be solvable with a fabrication run with variances of the star coupler
design to find the optimal design.

For L = 5 at 1560 nm, the total power loss of the whole system (laser to fibre
output) was 36 dB, of which 16-17 dB comes from the chip. The large power
loss in free-space stems from the fact that the lenses do not capture all the
light from the chip and partly from the 3 dB beam splitter that is inserted to
couple in the reference OAM beam or to image the beam from the chip. The
loss due to mode mismatch at the in-coupling to the fiber is expected to be in
the range of 4-7 dB.
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Figure 5.36: IR images of the fiber outputs to check the OAM modal content.
Top row: output without an applied phase pattern to the SLM. In the rows
below: the beams from the top row when an inverse OAM phase pattern
(with some slight lens pattern) is applied to the SLM (shown on the left side),
subtracting the corresponding topological charge from the output beam and
thereby transforming the OAM beams.

5.5.2 Mode analysis via spatial and spectral (S2) imaging
method

The analysis in the previous section, that is done by transforming the beam
to L = 0 and imaging it, indicates that the largest part of the power inside
the fiber seems to be in the targeted modes, but it is not straight forward to
quantify the power versus the crosstalk inside the fiber.

To further analyze and quantify the modal content in the fiber, the spatial and
spectral (S2) imaging method [131] is used. In this method, the fiber output is
imaged spatially and spectrally, by taking images of the output while sweeping
the laser wavelength over a certain bandwidth. From the gathered data, the
modal content and the relative power of the modes can be calculated if certain
conditions are met: the modal content needs to be the same within the sweep
bandwidth and one mode needs to be stronger (dominant) while the other
modes need to be weak in comparison. This method needs no prior knowledge
of the fiber or the modes inside the fiber to identify them and measure their
relative power levels.
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The spatial and spectral imaging method

In the following, a short introduction to the method is given, but for further
information and the calculation of the modal content, see [131] and [132]. The
used implementation of the S2 method follows [131].
For using the method, spectral and spatial data needs to be collected of the
modal content. One way to achieve this, is by moving a fiber end in an x-y
grid in the image plane of the facet, and then measuring the optical spectrum
for each point using a sweeping laser and an optical spectrum analyzer (OSA).
This method is used in [131]. In the following section, instead a camera is used
to image the output facet. The laser wavelength is changed in small steps ∆λs
over the bandwidth ∆λspan and for each step an infrared image of the fiber
output is taken. In the end, a power spectrum for each pixel in the image is
obtained.
When sweeping the laser wavelength, the intensity distribution in the imaged
profile changes even when the modal content is the same. This is due to
the different group velocities / propagation constants β1 of the modes inside
the fiber, leading to changing phases and therefore changing interference pat-
terns between the fiber modes. The change of the interference pattern while
sweeping the laser wavelength leads to a ”beating” between the modes over
wavelengths depending on the group delay differences between the fiber modes.
The S2 method Fourier-transforms the spectrum of each pixel into the differen-
tial group delay (DGD) space while the dominant mode is set as the reference
mode (DGD = 0). If the average of the Fourier transforms of all pixels is
plotted, the beating of the other modes is clearly visible as different peaks at
their corresponding group delay difference to the dominant mode. The power
inside another mode can be calculated by integrating over the corresponding
peak in the average of all Fourier transforms (DGD domain).
To perform the measurement, the length of the test fiber, the wavelength sweep
span ∆λspan as well as the wavelength step size ∆λs or rather frequency step
size ∆fs need to be chosen accordingly to observe the beating inside the sweep
range. To be observable, the largest group delay difference should be smaller
than 1/(2∆fs). A higher sweep span ∆λspan will lead to a higher resolution in
the DGD space, but at the same time the sweep span needs to be chosen small
enough that the modal content inside this span doesn’t change significantly.

S2 method: experimental setup

For performing a mode analysis using the S2 method, the same experimental
setup as shown in Fig. 5.31 can be used. For this method, the SLM at the
output is not used for the S2 measurements (it then simply acts as a mirror),
but was left in the setup for alignment purposes.
The whole system is aligned as described in section 5.5 for λ = 1560 nm and
the previous found voltage values for the on-chip phase shifters are used. It has
to be made sure that power is coupled to the correct modes by transforming
the OAM modes as seen in Fig. 5.36.
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The S2 measurements are then performed for each of the three OAM modes
with L = +5,+6 and +7 of the same polarization.
To see the changing of the fiber output field pattern of the 2.25 m OAM test
fiber with expected DGDs of < 100 ps, the wavelength span for the S2 method
is chosen to be 5 nm, which provides enough resolution to clearly distinguish
modes. The laser wavelength is changed in steps of ∆λs = 16 pm and at each
step an IR image of the imaged fiber output is taken.

S2 mode analysis: Results

Fig. 5.37 shows the spectrum of the total power recorded by the camera: The
spectral shape follows the spectrum of the grating couplers, which is the main
limitation of the system bandwidth. It can be seen that the OAM mode with
L = 5 has the most power.
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Figure 5.37: Measured output powers of the fiber by the camera, normalized
to the largest power. The spectral shapes stem mainly from the bandwidth of
the grating couplers.

The S2 method calculations are done for each mode every 5 nm with a span
∆λspan = 5 nm (±2.5 nm around the center wavelength) for wavelengths 1550
nm to 1575 nm. Fig. 5.38 shows an example one of such measurements for
L = +5 around 1560 nm: The average of all Fourier transforms to the DGD
domain is plotted. The crosstalk modes show up as different peaks and the
dominant mode is located at DGD = 0. It has to be noted that more than one
fiber mode is included in every peak, as several modes can have the same or
almost the same difference in group delay to the dominant mode. Furthermore
have the two polarizations (aligned and anti-aligned) of each mode slightly
different group delays, but those are usually so close that the two peaks cannot
be resolved separately. For example in the shown measurement of L = +5,
the modes L = ±6 in both polarizations are all included in the first large peak
around DGD ≈ 30 ps.
The other modes that are present in the fiber can be further identified by
plotting the amplitude and phase of each peak, as shown in the small images
in Fig. 5.38. In the small images, each pixel is the value at a single DGD
point of the Fourier transform of this pixel spectrum. It can be seen that the
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dominant mode and all the other peaks have a ring shape, which was expected
due to the possible eigenmodes of the fiber. Moreover, when looking at the
phase of these points which is in relation to the dominant mode, it can be
clearly seen that the peaks stem from OAM modes due to their circular phase
profile. The first peak has a phase profile which has a phase change of 2π
when following around the ring, indicating an OAM mode with |∆L| = 1. The
next large peak has a topological charge difference of |∆L| = 2. Furthermore,
modes with |∆L| = 3, 4, 5 and 6 are visible containing less power.

Figure 5.38: Example of the S2-analysis for the modal content in the fibre. The
plot shows the average of the Fourier transforms of all pixels for a measurement
of L = 5 around 1560 nm (5 nm sweep in 16 pm steps). The smaller inset
images show the amplitude and phase (in relation to the dominant mode) at
the selected peaks, which are obtained by just plotting the value at that DGD
for each pixel.

The power in the different crosstalk modes in relation to the main mode can
be calculated by integrating over the corresponding peak in the Fourier trans-
form. The found powers of the largest crosstalk for each measured mode and
wavelength are displayed in Fig. 5.39. In this figure, the values are from S2

measurements around the indicated center wavelengths with in a sweep range
of λcenter±2.5 nm. The largest crosstalk was in most cases in the neighboring
OAM modes with |∆L| = 1 and was typically around 10-15 dB below the
targeted mode, with the L = 7 mode performing slightly better than the other
two measured modes.
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Figure 5.39: Power of the mode which provides the largest crosstalk component
to the targeted mode measured using the S2 method. In most cases, the largest
crosstalk stems from neighbouring OAM modes (|∆L| = 1).

S2 mode analysis: Discussion

The performed S2 measurements show that other OAM modes exist in the
fiber, but the analysis of the power of the crosstalk modes indicated that
those modes are around 10 dB below the wanted OAM mode over almost
the complete measured bandwidth and showing that this device can indeed
function as a wide-band mode-division multiplexer. But while the crosstalk
performance is quite wide-band, the power spectrum of the coupled power is
mostly given and limited by the used on-chip grating couplers.

The calculated power levels by the S2 are only valid if the dominant mode
is strong, while the other modes are weak in comparison. If this was true
was checked by transforming the beam with the SLM and decomposing it to
all the different OAM components, as shown in Fig. 5.36 and verifying that
the targeted OAM mode is by far the strongest. But because this method
doesn’t allow a good quantification of the mode powers, it cannot be said
accurately how much stronger the dominant mode is and therefore no possible
error on the calculation of the relative powers by the S2 method can be given.
Furthermore, the S2 method needs the modal content in the fiber be the same
over the measured bandwidth. It was found that that the content of modes
and their relative powers in the used 5 nm span is quite equal when comparing
these measurements to measurements with shorter wavelength spans or with
neighboring center wavelengths, which is a strong indication that the modal
content doesn’t change significantly within the measured 5 nm span.

What can be seen in the S2 measurements, is that there are a whole range of
other modes present in the fiber, not only the OAM modes with L = ±5, 6, and
7, but also OAM modes with |L| < 5 and possibly non-OAM modes. Yet the
measurements with a 1.2 km long version of this fiber performed in [95] show
that only the OAM modes with L = ±5, 6, and 7 could be seen in the long fiber.
This indicates that the other modes don’t propagate stably or with a higher
loss and will probably vanish eventually. The S2 measurement can however not
be performed in much longer fibers due to the fact that the needed test fiber
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length is determined by the group delay differences ∆τg between the modes
and the longer the fiber gets, the more accurately and in smaller steps ∆fs the
laser wavelength needs to be swept to be able to see the same phase changes in
the field exiting the fiber (∆fs should be smaller than 1/(2∆τg,max)). Other
methods, e.g. time-of-flight measurements with a pulsed laser, as performed
in [95], which also use the different group velocities of the modes, could be a
way for characterizing long fibers.

5.6 Conclusions about OAM multiplexing by
chip

In the previous sections, silicon photonic chips for multiplexing into OAM
modes of an OAM fiber were presented. Its design and fabrication as well
as its characterization were investigated comprehensively. The coupling into
OAM modes of a single polarization with L = +5,+6 and +7 in the C-band is
demonstrated. The modes with L = −5,−6 and −7 are not used in this exper-
iment, due to the star coupler producing slightly wrong phases, but this could
be easily fixed in a future iteration of the star coupler design and fabrication.
In the characterization, the multiplexing into the OAM fiber is demonstrated,
but due to the reciprocity of electromagnetic fields, the same device can also be
used in the inverse way for demultiplexing the OAM modes of a fiber. When
used as a mode demultiplexer, the incoming modes need to be in the same
polarization, because this device only supports only one polarization with the
used design. In the used OAM fiber, polarizations were stable inside the short
test fiber and did not couple, but in longer fibers, the two polarization of the
OAM modes (aligned and anti-aligned polarization) will couple to each other
due to their very similar propagation constants. So in a realistic demultiplexing
use case with longer fibers, the signal will be spread out over both polarizations
and one polarization needs to be discarded.
The fact that this chip was fabricated using a standard commercial silicon-on-
insulator sample and rather simple processing makes it compatible to many
other silicon photonic devices and could be integrated into whole on-chip sys-
tems.

Outlook

While the cleanness of the coupling or crosstalk had a good performance over
the whole bandwidth, the bandwidth of the whole device is still limited, mostly
by the used grating couplers. To improve the performance, one could try to
optimize the grating couplers to make them as wide-band as possible, while
still keeping the design compact to fit them into a small circle on the chip.
But since grating coupler are inherently bandwidth limited devices, it might
also be a good idea to look into devices that don’t have this limitation, for
example the concept that is presented in chapter 3.
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This device currently works with one polarization of the OAM modes inside the
fiber: The grating couplers generate a linear polarization and it is converted to
a circular polarization by a quarter-wave plate in the beam path. A desirable
goal would be to include the other polarization in the device. This could be
achieved by using two dimensional grating couplers as on-chip emitters and
a second star coupler to create the phases for the second polarization. But
since such grating couplers need to be fed from two sides, a larger chip area
is needed and the on-chip coupling ring needs to be larger. This will result in
a larger scaling factor when imaging the ring onto the facet as well as a lower
coupling efficiency because the spot size created by the grating coupler will
be smaller compared to the ring size. But this disadvantage might be worth-
while, because by using both polarizations, the capacity of the multiplexer in
a communications system would be doubled. Furthermore, it is possible to
even create the circular polarizations by the use of two dimensional grating
couplers by splitting up the signals and emitting them in both polarizations of
the 2D grating coupler, while giving one polarization with a π/2 phase shift.
This would replace the needed quarter-wave plate in the free-space path.
A general challenge with this device, that is not easily avoidable, is the need
to have at least some free-space setup to image the ring to the fiber facet
in the correct scaling factor. This kind of device always needs some down-
scaling of the on-chip emitter ring, since it is not possible to make the ring as
compact as the mode size inside the fiber, which is around 12-13 µm. But with
an optimized design, it is certainly possible to make the imaging setup much
more compact than what was used in the experimental setup in the previous
sections where the size of the setup was not of concern.
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Conclusions

In this thesis, different aspects of on-chip MDM multiplexers and the coupling
from chip to fiber modes were explored.

SiON vertical coupler: A concept for a silicon photonics compatible, ex-
tremely wide-band vertical off-chip coupler was presented. The device is de-
signed to emit light from an on-chip waveguide exactly vertically off the chip or
inject light from above into an on-chip waveguide. The design was confirmed
by different 3D-FDTD simulations of the structures and indicate a good cou-
pling efficiency over a large bandwidth. The fabrication of the device was
outlined and some first fabrication results shown. An experimental character-
ization of this device still needs to be done. The deposition and etching of
SiON is a process that should be compatible to standard silicon photonics and
the needed FIB milling could be done in a post-processing step. This device
could replace grating couplers in applications where grating coupler are too
bandwidth-limited and could also be used as light emitting elements in on-chip
mode multiplexers like the ones that were presented in chapter 4 and chapter
5.

Chip-to-chip LP mode multiplexing: Furthermore in this thesis, the
chip-to-chip transmission of mode-division multiplexed data has been shown
using two identical silicon photonic chips, one as a mode multiplexer and one
as a mode demultiplexer. Data has been transmitted using the LP01 and LP11

modes of a FMF. The used system is very compact compared to many other
types of LP mode multiplexers that use free-space beams or photonic lanterns.
The data was transmitted over a short test fiber and could be received error-
free without any MIMO signal processing. This was mainly a characterization
of the in- and out-coupling and transmissions over longer distances might be
a subject for future investigations.



104 6. Conclusions

Chip-to-fiber OAM mode multiplexer: Finally, the design, calculations,
the fabrication and characterization of a silicon photonic chip-to-fiber OAM
multiplexer has been presented. The coupling to OAM modes with the topo-
logical charge L = +5,+6 and +7 of a single polarization has been shown. The
device shows a wide-band performance and could be used for WDM signals.

All the shown devices in this thesis are using a silicon-on-insulator (SOI)
platform. This makes them compatible to many other silicon photonic devices
and is a step towards fully integrated MDM transmitters and receivers on a
single chip. Such MDM transmitters and receivers could for example be used in
data centers where the size and cost of each transceiver unit plays a significant
role. Over short distances, MIMO-free mode-multiplexed transmissions might
be an option to increase the data rate in data center links.
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