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Abstract

This thesis is focused on benchmarking different nonlinear media that are currently
used for all-optical signal processing. The materials survey has been based on both low
linear losses and highly nonlinear characteristics. We firstly introduce a general knowledge
about nonlinearities in the optical communications field before leading the reader to the
analysis of such nonlinear materials properties. Some analytical indicators found in the
literature review allow for getting a first rough comparison. Nonetheless, the different
detrimental effects that we describe hereinafter such as Stimulated Brillouin Scattering,
Two Photon Absorption and Free Carrier Absorption require numerical models in the
analysis. Three numerical methods are employed in order to estimate more accurately
the Conversion Efficiency considering the losses resulting from such phenomena in the
wavelength (frequency) conversion process. Finally, a power-minimisation along with
a length-optimisation provide us with a global comparison embracing some promising
nonlinear materials. Such a benchmark shows when positive Conversion Efficiency (i.e.

parametric gain) can be achieved by the elected media.
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CHAPTER 1

Introduction

The use of optical communications all over the world keeps continually increasing
due to their good performance under high-speed conditions. It all started, as in most
of the cases, within short-range communication links, however, it has already been and
will continue being changed into long-haul systems. Therefore, some solutions had to be
thought in order to keep the information well preserved all along the link. All required
components have the same importance into the design ambit, from the emitting source

(the laser), going through the fibre spans and ending onto the receiver.

..... ((0>

—
Fibre Span #1 Fibre Span #N

Figure 1.1: Scheme of an optical communications link. Both transmitter and receiver have been represented
together with different fibre spans (long haul), each one consisting of a fibre link and an amplifier box.

Looking at the fibre span part, one can appreciate both, the light conduction path (fibre)
and the amplifying block. Even though newly used fibres present really low losses (e.g.
~ 0.2dB - km™ 1), after long distances the transmitted signal suffers from this attenuation
bringing it, then, down to levels where information misinterpretation could occur. Here
comes the amplifier, which has the goal of signal amplification. Throughout many years
such amplification has been made in the electrical domain using the so-called optoelec-
tronic devices, which are the optical-to-electrical (OE) and the electrical-to-optical (EO)
transducers. The exchange between these domains has been needed owing to the lack
of resources in the optics, nevertheless great advances has already been demonstrated.
Hence, this necessity of using electrical signal processing can be spared laying all the
responsibility on optical amplifiers. Mostly, the so-called EDFAs (Erbium Doped Fibre
Amplifiers) have lately been used for such objective. Yet, it is pursued the use of nonlinear
media in order to get better performances. High-Nonlinear Fibres (HNLFs) will be pre-

1



2 CHAPTER 1. INTRODUCTION

sented since they provide high amplification. On the other hand, waveguide structures
will be analysed since they allow for integrated circuits, which is one of the nowadays
sought goals. Concretely, the main goal for this work consists in compare different nonlin-

ear media intended for such amplification part.

Finding out which is the most appropriate media for your design can be a rough task.
So, part of this process has been presented hereafter. One either hears from somebody
or reads in somewhere that some of the groups have been working with such material,
but is it the one that meets your requirements? It is known that various studies have
been performed using the same materials and they differ in the results which is totally
normal, considering the fact that is almost impossible to get twice the same exact design.
Besides, not all the studies are carried under the same conditions, their goals might be
slightly different. In this work what has been done is to benchmark from different sources
so as to facilitate the decision process, saving the reader from all the research. It is worth
mentioning that the state-of-the-art examples have always been chosen, though sometimes
was not possible to find such information. It is not an easy job to gather all the information
needed for this kind of comparison, since some of the properties are from time to time
eluded.

The comparison will be made by means of Four-Wave Mixing (FWM) (hereafter de-
scribed) which is a nonlinear effect resulting from the interaction of different signals.
Hence, the list of materials under consideration has been made taking only the nonlin-
ear ones allowing for what is known as nonlinear optics (NLO) processes. Thus, these
so-called optical parametric amplifiers (OPA) can be fabricated in different both material
and structure. The former can be (among others) either pure or doped Silica High-
Nonlinear Fibres (HNLF); Silicon compounds such as crystalline (c-Si), amorphous (a-Si)
or nitride (Si,NN,); Chalcogenide glasses, for instance arsenic-sulphur (As,.S3), arsenic-
selenium (As2Se3) or germanium-arsenic-selenium (Gei_,_,As;Sey); and lately some
groups are investigating in the III-V group of materials such as aluminium-gallium-arsenic
(Aly—y—yGay Asy), indium-phosphide (InP) or indium-gallium-phosphide (InGaP). Here

it will be presented both fibres and waveguides structures.

Nonetheless, working with nonlinear media entails some effects that can become either
useful or detrimental in our system. They have to be separated into two main groups,
which are the second-order and the third-order nonlinearities (x'? and x*, respectively).
The former can be, for example, second harmonic generation (SHG), sum frequency gen-
eration (SFG) or difference frequency generation (DFG). The second group can be shown
thanks to the Kerr effect (presented later on) as self-phase modulation (SPM), cross-phase
modulation (XPM), four-wave mixing (FWM), Raman and Brillouin scattering, or two-
photon absorption (TPA). In the present case, just the stimulated Brillouin scattering (SBS)
and the TPA are considered as negative effects to our scheme although some of them are



presented in the following chapter. The author remarks that much of the results reported
in here are obtained under the FWM scenario since it is widely used for the parametric
amplification as well as in other applications not belonging to the scope of this project.
Specifically the degenerate four-wave mixing (DFWM) has been contemplated, always in
the continuous-wave approach (CW) working at the telecommunications band (C-band),
which implies A ~ 1550 nm (f ~ 193 THz).

Last but not least, let us clarify how we get the comparison of all these media. From
all the previous phenomena, the one considered in here is the degenerate four-wave
mixing (DFWM) since it provides us with a scheme that facilitates the comparison in
terms of amplification. More specifically, what comes into play here is the frequency
(wavelength) conversion efficiency coefficient (CE), which gives us the amplification in
the newly generated signal (idler) at the output with respect to the signal at the input.
This is clearly stated in the next chapter.

This document is divided into 4 more chapters in addition to this introduction. Firstly,
in Chapter 2 a general background knowledge about nonlinear optics is presented. The
aforementioned nonlinear processes described by the respective susceptibilities x? and
X(3) are described. Secondly, both the effects of TPA and SBS are more deeply exposed
in Chapter 3 together with different analytical and numerical models used throughout
the thesis in order to classify such nonlinear media. Thirdly, Chapter 4 is presenting the
results obtained along the simulations. Moreover, a comparison between the different
selected nonlinear media is displayed. Finally, the conclusions and some possible future
work are given in the last Chapter 5.






CHAPTER 2

Theoretical Background

All-optical signal processing has lately been raising more and more interest in the

scientific community, willing to avoid the electrical domain and thereby, reducing power
consumption while increasing both bandwidth and capacity. One of the ongoing tasks
is the utilisation of the optical parametric amplifiers (OPAs) instead of switching to the
electrical domain through opto-electronic (OEO) transducers. Consequently, it leads
us to nonlinear optics (NLO), in what parametric amplification is based. However, an
open-ended research is still being carried out in order to decide which materials could
meet the requirements in terms of either gain or conversion efficiency, together with all
the nonlinear effects that could accompany to the implementation.
This chapter is settling the reader into the nonlinear optics by presenting some of the
more relevant aspects (with relation to this study) emerging in this specific branch of
the optical communications. Mostly, the theory has been extracted from [1-4]. As an
introduction, the OPA’s main concept is stated, followed by a general view of some of
the nonlinear effects commented before. In the one hand, the X(Q) nonlinearities such
as second-harmonic generation and, sum- and difference-frequency generation. On the
other hand, phenomena pertaining to x® nonlinearities including Kerr effects, self- and
cross-phase modulation, and (degenerate) four-wave mixing are described. Notice that
the latter is mainly used all over this thesis so as to get the desired benchmark by studying
how it behaves on different materials.

2.1 Optical Parametric Amplifier

The promising advances in NLO lead us to be optimistic when it concerns to the
all-optical schemes. In order to get the amplification in the optical regime one needs to
benefit from the parametric nonlinear properties of some materials. The process is simply

based on launching the signal into either the waveguide or the nonlinear fibre together

5



6 CHAPTER 2. THEORETICAL BACKGROUND

with one or two pumps. As a consequence, an interaction between those input signals
occurs bringing them at the output along with idler waves resulting from such interaction.
Fig. 2.1 shows the scheme of an OPA.

Vp_’ Vv
S
—
Y, OPA Vi

Figure 2.1: Scheme of an optical parametric amplifier. Only one pump power is launched with the signal.

Note that some approximations have been made in Fig. 2.1 since only 3 waves are inter-
acting unlike some other usual cases where at least 4 waves are considered. Besides, not
only one idler signal is produced at the output but lots of them, yet they have not been
taken into account because of their negligible contribution to the analysis.

In the energy conversion from the pump to both the signal and the idler signals there is
no such important heating effect on the material in comparison with that of the electrical
case making them a good choice for high-power systems, but still, little thermal variations
could become detrimental in some of the media when high powers are used. It is worth
remarking that the law energy conservation is always fulfilled when the incident photons
through the pump channel are separated giving rise to two other signals. Note that OPAs
just amplify whilst being pumped, no storage elements are included in such devices.
Moreover, these output idlers can be tuned at the desired wavelength so that one can work
in another range for the due application (namely optical parametric generation). This
wavelength conversion effect has more deeply been presented in the following four-wave
mixing section as well as the phase matching condition, determining in these parametric
amplifiers, since allowing for degeneracy in the frequency conversion between the inter-

acting waves makes the amplifier be phase-sensitive.

Although in some cases pulsed signals are used owing to their extremely high peak
powers, hereafter the continuous wave (CW) assumption will be considered. Additionally,
x® nonlinearities have been considered in the development of this project albeit in so
many other examples x® nonlinearities are investigated in the ambit of parametric ampli-
fication. While the scope of this thesis has not included exclusive attention to dispersion

effects, they are the responsible for the enhancing/deterioration of gain bandwidth.

2.2 Nonlinear Optics

Given that we are working in this world of parametric processes we are in need of
presenting a bit of nonlinear effects appearing on them. It is frequently attributed the com-
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mencement of nonlinear optics to initial discoveries at the early 60s when second-harmonic
generation (SHG) was firstly observed thanks to the previous laser demonstration. This
sort of sources permits the user to work at extremely high intensities which makes the
nonlinear media exhibit their properties, inducing some changes to the waves travelling
through them. As the name indicates, NLO stands for the branch of physics where the
response to an optical field depends nonlinearly on the strength of the latter. Equivalently,
nonlinearities become defined by the polarization (P) when varying in a nonlinear manner
with the applied optical field (E). Hence, at working power ranges high enough (usually
tulfilled by lasers) it can be described as [2]

P(t) = ¢ »_ X"VE'(t) = PL + Pnu, 2.1)
i=1

where ¢y = 8.854 - 107 '2F/m is the vacuum permittivity, x are the linear (i = 1) and
nonlinear (¢ > 1) optical susceptibilities giving rise to the respective linear, Py,, and non-
linear, P, polarizations. In turn, E denotes the optical field.

From the Eq. (2.1) one can see that infinite nonlinear interactions theoretically are partici-
pating, though contributions from susceptibilities higher than x® will be neglected from
now on.

In order to present the behaviour of the light waves advancing through the nonlinear
media, the wave-equation must be stated taking some approximations in the Maxwell
equations (see Appendix) as the absence of both free charges (p = 0) and currents (J = 0)
since we are working with dielectric media, together with the nonmagnetic material
assumption B = ;0H leading finally to the wave-equation [1]

g L 5°E §?Py, §°PNL

—C*QW—MO 52 + Lo 52 (2.2)

where ¢ = 299,792,458 m/s and g = 47 - 1077 V - s/(A - m) are the speed of light and
the permeability in the vacuum, respectively. It can be observed that polarization effects
include both linear and nonlinear contributions, P = Pt, 4+ Pnr.. In the left-hand side of

Eq. 2.2, the optical field interacting in the system is given by
E(z,t) = Z E;(2)e ™' + c.c., Ei(2) = Aj(z)ei?, (2.3)
J
where z and ¢ stand for the propagation length and time, respectively, n define the number

of interacting waves and c.c. stands for the complex conjugate. A;(z) denotes the field
njwj

amplitude while k; = represents the propagation constant, where the refractive

index, nj, is frequency-dependent.

Focusing on the nonlinearities, it is worth mentioning that second-order ones related

to x'® can occur only on those materials lacking inversion symmetry (namely noncen-
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trosymmetric media) like some crystals. On the contrary, the so-called centrosymmetric
materials (included some crystals as well) manifest the before-mentioned inversion sym-
metry making y® fade away. Accordingly, x* can emerge on either previous media.
Hereinafter some of these peculiarities have briefly been detailed.

(2)

2.2.1 Second-Order Nonlinearities, X’

Some crystals, when interacting with the light waves passing through them at high in-
tensities, induce some effects on such waves. In addition to the target gain (or conversion
efficiency, when idler signal is of interest) some effects come out of this light-matter inter-
play. In the present case, the following second-order nonlinearities have been depicted:
second-harmonic generation (SHG), sum-frequency generation (SFG) and difference-
frequency generation (DFG).

Second-Harmonic Generation

In some applications people often need to work at either the visible spectrum or the
ultraviolet range of frequencies. In one case or the other, this shorter-wavelength conver-
sion can be achieved by means of SHG. Besides, in Biology, where optical microscopy is
needed or in surface diagnostics, SHG has likewise been used [4]. As mentioned before,

this process is commonly considered as the starting point for the nonlinear optics.

Virtual level
(a) (b) 1
@, ®p ®p
— _
(2) Virtual level
X -u.-.u.l\. ..... (DI = 20)p
@p ®i =20,
—
O‘)P
v

Atomic ground state

Figure 2.2: (a) Scheme of the second harmonic generation process through a nonlinear crystal (b) and its
energy-level transitions diagram.

Fig. 2.2 visually describes the effect of this frequency doubling (also referred to as SHG),
where the pumped signal at the input, w,, generates, usually towards the same direction,
another signal at double-frequency (i.e. half the wavelength), w; = 2w,,.

The incident electric field related to the laser beam is defined by n = 1 in Eq. 2.3.
Afterwards, from Eq. (2.1) it can be seen, when propagating along the noncentrosymmet-

ric crystal, the polarization created in the latter is represented by
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PP (1) = coxPE(1)
SHG (2.4)
2) * (2) 2, —2iwpt
= 2¢0x! EpE, + (eox' W Eye """ +e.c.).

From Eq. (2.4) it can be seen the generation of this doubled-frequency wave. This is
a phase-sensitive process in need of phase matching to become efficient. The latter
(phase matching) is explained in the following four-wave mixing (FWM) subsection. As a
nonlinear process, the intensity of the new-generated signal, w;, increases with the square
of the pump intensity P; PpQ, obviously until pump depletion appears since P; < P,
holds throughout the process.

Sum- and Difference-Frequency Generation

The processes of sum- and difference-frequency generation are analogous to that of
Fig. 2.2 when not one but two signals are launched into such noncentrosymmetric crystal.
The first (SFG) is pretty similar to the frequency doubling effect mentioned above, but
taking n = 2 in Eq. 2.3. Indeed, one particular case occasionally used is the so-called
third-harmonic generation, which consists of doubling one of the two input frequencies
with respect to the other, resulting in a tripled-frequency output wave, being sometimes
more efficient than the process obtained by the x® nonlinearities. On the other hand, DFG
is often related to parametric amplification since the lower-frequency signal is amplified

by the process per se (see Fig. 2.3), so that energy conservation is fulfilled.

Virtual level Virtual level

e SEULCULIEI TR
(a) (b)
®; ®
Virtual level v Virtual level

Y Coi = (Dl + (DZ 0)1 ...............
(O] ;

\ 4 \

Atomic ground state Atomic ground state

Figure 2.3: Energy-level diagram for (a) SFG and (b) DFG.

Fig. 2.3 shows both energy-level schematics for such processes.
From Eq. 2.1 the polarization field across the material has been derived to
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SHG SHG
7 . N /—M
P® (t) = 260X(2) [E\Ef + EQFE3] + 6ox(2)(Efe —2iwyt +E§e —2iwst
(2.5)
+E1Ese —i(witwa)t +E\Eje —i(w1—wa)t Yec).
— —_———
SFG DFG

These phase-sensitive (phase matching condition modifies the conversion efficiency, CE)
processes are usually employed for wavelength conversion to either ultraviolet and visible
spectral range (SFG) or mid-infrared band (DFG).

3
2.2.2 Third-Order Nonlinearities, X( )

The third term (y¥)) in Eq. 2.1 describes the polarization changes induced in the
centrosymmetric materials (e.g. high-nonlinear fibres, HNLFs) due to third-order nonlin-
earities. Almost all media show such kind of properties. Let us have a look now at some
of these high-intensity-caused effects owing to x® properties, for instance Kerr effect,
four-wave mixing including the degenerate case (DFWM) and, finally, an introduction to
the TPA and SBS effects.

Kerr Effect

Once the polarization is related to the electric field through y® susceptibility, one
could say that the commonly named Kerr nonlinearities start occurring. Historically, it
was firstly discovered by the physicist John Kerr in 1875, and it is defined by (and often
referred to as) the intensity-dependent refractive index, by means of [2]

n =ng + nal, (2.6)

where ng and ny are the weak-field and the nonlinear refractive index, respectively, and
I = 2npepc| E(w)|? stands for the field intensity. Notice that ny is expressed in {sz} .

This nonlinear (Kerr) refractive index leads to a wide variety of events that affect the
travelling waves albeit only SPM and XPM are concisely commented below. The case
when four waves are processed (three when degeneracy is supposed) has been described
in the next subsection.

Whether the optical field stated in Eq. 2.3 (when n = 1) is crossing the device under high-
intensity conditions, a phase-shift (®) is induced by the wave itself (self-phase modulation)

which can be used, e.g., for spectral broadening and solitons creation. It is represented by

o = (’no + TLQI) koL, (2.7)
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2
where ky = Tﬁ, being A the wavelength and L is the device length. Note that it has been

considered the lossless fibres case. Nevertheless, losses could be included by utilising the
_ ,—al
effective length, L.y = L, instead of L.
a

On the other hand, when two waves are travelling along the medium and each wave
is changing the other one’s phase, then we have cross-phase modulation. Its usual
applications consist of spectral broadening, lasers synchronisation or measuring tool.

Neglecting other terms, the nonlinear shift can be described as

by = (Il + 2[2) ngkoL, (28)

where I; and I; are the intensities of both signals. One could see both the SPM and the
XPM contributions to the phase shift, respectively. Notice that the factor 2 in the XPM
term holds up as long as both beams are generated in the same polarization, otherwise it
should be reduced by some factor [4].

Four-Wave Mixing

Many of the applications in the NLO field of research are based on the so-called FWM
process. Main attention has been paid on it in this project since all the comparisons have
been made under this scheme. Precisely, under the degenerate case, since only one pump
has been taken into consideration.

The main difference between the previous effects and FWM is that the latter involve
energy [5] exchange during the process. We are still looking into a phase-sensitive effect in
need of phase matching in order to get high efficiency in the frequency conversion. Let us
consider now n = 3 in Eq. 2.3. When the input signals (w,,, wp, and w;) are launched all
together into the system, an extra signal is created in a symmetrical manner, thus meeting

both the energy and the momentum conservation laws [3]

2
> Tiwy, = hws + fiw;, (2.9a)
j=1

2
> hky, = liks + Tik;, (2.9b)
Jj=1

where w; and k; stand for the newly generated idler signal frequency and propagation
constant, respectively and 7 is the reduced Planck’s constant. Eq. 2.9b is known as
the phase matching condition, which is difficult to obtain in many occasions due to the
dispersive behaviour of some of the materials. In case the system satisfies Eq. 2.9b the
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maximum conversion efficiency (hence, the gain) is achieved.
Let us present the nonlinear coefficient
now 21Ny

= = 2.10
ry CAeff )\Aeff’ ( )

where ny is the nonlinear (Kerr) effective index and A,y the effective area of the device
(see Appendix). Note that frequency-dependence (w;) have been ignored, thus ~ takes an
average (constant) value for all the signals. After some approximations, such as single-
mode propagation and neglecting pump depletion, and including the nonlinear effects
governed by the above-defined +, an effective phase-mismatch can be stated as [2]

2
k=~ Akpy + Aknr, Akny, =7 (Z ij) , (2.11)

where Ak, is the phase mismatch due to the material dispersion described in Eq. 2.9b
where k;

when considering only one pump signal (see Fig. 2.4),
c
ie. degenerate-FWM (Pp, + Py, = Pp), the phase mismatch is finally given by [2]

Ak?NL

big ) P, (2.12)

K~ (5292 + =

Ak]w

where (33 and 3, represent the second- and fourth-order dispersion parameters, respec-
tively and €y = w, — w, stands for the signal detuning from the pump frequency.

In practice, 34 is often neglected. Moreover, instead of the group velocity dispersion (GVD)
parameter [, sometimes the dispersion parameter D is utilized which can be written as

27rc )\ d*n
D = —_
=T

(2.13)
Note that getting phase matching would imply an almost suppression of dispersion ef-
fects, which consists in working close to zero-dispersion wavelength, A = Azp, in Eq.
2.13. However, it is often considered the zero-dispersion condition as the phase-matching
fulfilment by neglecting the nonlinear contribution (2vF,).

Two possible schemes, as shown in Fig. 2.4 could be used: two different pump signals,
wp, and wy,,, on the one hand, or just one pump signal providing two photons at the same
frequency, 2w, on the other.

In Fig. 2.4 both non-degenerate and degenerate FWM phenomena have been presented.
Moreover, the energy conversion, i.e. the photons given by the pumps to both idler and
signal waves, has been depicted (grey dotted line). The dotted lines illustrate both the
signal (red) and the idler (green) at the output. The correlated gain (G) and conversion



2.2. NONLINEAR OPTICS 13

................... AT
y ;
f . A Y
IG A A ICE
......... FE - B I —
X > W 5 > W
e s Wi Wp2 Ws W, w;

Figure 2.4: Schematic diagram for the (a) FWM and the (b) DFWM processes.

efficiency (CE) parameters have also been represented by showing the increase in power

at the output after exchanging photons.

As already mentioned, in order to efficiently convert the input frequency by FWM pro-
cess, the phase-matching requirement must be satisfied (x = 0). Hence, the amplification
to the output signals, ws and w;, becomes maximum. In accordance with Fig. 2.4, such

amplifications are defined as follows

out
— PS
o in
P s

out
— Pi

G = P

CE

(2.14)

where P" and P?"* denote the signal powers at the input and the output, respectively
and P is the idler power at the output.

From time to time, for simplicity, in the literature one could find the relation for CE
with the powers taken at the output. They are directly related by means of G =1+ CE.
Henceforth, the use of gain is no longer used since all the comparisons have been made in

terms of conversion efficiency.

FWM has been used in different kind of applications, mainly focused on parametric
processes such as supercontinuum generation (spectral broadening when pulsed lasers
are used), phase conjugation or parametric amplification. Besides, it has been useful for
spectroscopy, as well as holography and optical image processing [4]. Nevertheless, it can
be detrimental in wavelength division multiplexing (WDM) systems causing cross-talk
between channels. In the present work, much attention has been paid in the study of the
idler signals behaviour, which brings us to analyse how the material properties affect to
the conversion efficiency parameter.

Firstly, as a rough approximation, let us consider the following inputs influencing the

performance of the CE

CE = f (7, Py a, k), (2.15)

where
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* 7 is representing the effect from nonlinearities over the idler wave generation.
Certainly, it will strongly modify the newly generated power, thus, the conversion
efficiency. The stronger the v, the higher the C'E. Therefore, laborious work has

been focused on finding high-nonlinear materials.

¢ P, is determinant since it will shape the nonlinear contributions to the system. Not
to mention that the pump is the one transferring photons to the signals of interest.
It is worth commenting that pump-depletion and gain saturation must be avoided
in order to get better efficiency. In addition, extremely high powers can become
harmful.

* «a denotes the linear losses which might be one of the most limiting influence in
the scheme. Even though they cannot be avoided in any way, much progress has
been achieved in minimizing them. The most lossy schemes appear when using
waveguides while fibres already present really low losses. The loss will determine
the optimum length, L,,, of our device.

* x stands for the aforementioned phase mismatch. It is rather difficult to meet the
phase-matching condition in some cases, shrinking then the maximum CE achiev-
able. Dispersion effects, aside from varying x and n, will also characterise (along
with L) the gain-bandwidth.

The main goal is to obtain high-enough conversion efficiency (CE > 1) so that conven-
tional amplifiers can be avoided, hence, no extra noise is added to the system. It has
graphically been represented in Fig. 2.5, where the amplifier characterised by the gain
factor, G, and the noise factor, N F', is adding noise, P,, to the useful signal, P;.

@ P,>P (b)P P,>P
. i— s s iZS
P =CE<0dBL'»{G ML » CE >0 dB|—»

Figure 2.5: Schematic representation whether (a) noise is added or (b) not due to the conventional amplifier.

Different schemes from early work has been presented in Chapter 3 in order to study
either analytically or numerically the conversion efficiency in the degenerate four-wave

mixing process.

Two-Photon Absorption and Stimulated Brillouin Scattering

By contrast, the light-matter interaction also present non-parametric processes, where
the quantum state of the material is no longer invariable. This means that, contrary to the
previous effects, either energy-exchange exists between the waves and the centrosymmet-
ric material (TPA) or the process become inelastic, generating backscattered light from the
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launched field due to molecular vibrations in the material (SBS).

In the early 30s M. Goppert-Mayer described the TPA effect for first time and it was
demonstrated afterwards by W. Kaiser and C. G. B. Garrett in 1961 [6]. It affects the system
with an extra-loss term since the material is absorbing two photons while travelling
through it, producing a decrease in the transmitted power. The absorption process can be

understood through Fig. 2.6.

Conduction Band

A Egap

Valence Band

Figure 2.6: Energy-level diagram for TPA process.

From the scheme in Fig. 2.6 it can be seen the two photon jumping to the excited state
through an energy leap of hw (each one). Hence, TPA can occur only in those media whose
band-gap energy (Fyq;) allow for such energy absorption, meaning that

Egap < 2hw. (2.16)

Note that high intensities are still required, otherwise linear absorption («) is more strongly
affecting the system. Nonetheless, at important intensities TPA becomes considerable
since its effect increases with the optical intensity, which is the same that saying the ab-
sorbed power is proportional to the square of the input power. In addition, TPA eventually
induces the generation of free carriers in the system, limiting even more the performance.
Even though TPA has been thought of as an adverse phenomenon in the present docu-
ment, it has alternatively been related to a wide variety of applications like spectroscopy,
lithography or power limiting amongst others [7].

On the other hand, L. Brillouin and L. Mandelstam in the 20s firstly discovered the
scattering effects, which could also be understood as extra losses since energy from the
pumped wave is transferred to a frequency-shifted and backscattered one (it can travel
also forwards in the stimulated Raman scattering effect but it does not belong to the goal
of this project), namely stimulated Brillouin Scattering (SBS).

In 1964, R. Y. Chiao et al. [8] initially tested the fact that when the intense field is launched
into the device, thanks to the electrostriction phenomenon, the light interacts with the
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acoustic waves of the material stimulating a backscattered, and so-called, Stokes signal at

a down-shifted frequency not greater than [1, 2, 9-11]

2nvy

5, (2.17)

UB

where v, is the acoustic velocity of the material and the pump wavelength is (in here)
chosen as A\, = 1.55 um.

In order to analytically study the effect of SBS (see Chapter 3), the pumped signal has not
been considered depleted, though, in practice, the higher the intensity of the pump (w,),
the higher (nonlinearly increasing) the power of the Stokes wave (ws). That means, the

former travelling wave becomes depleted at some point.

Pin

Pout

(G
Psgs

Figure 2.7: Theoretical scheme of the SBS effect in the material.

Fig. 2.7 presents the schematic for the backscattered wave due to the X(S) nonlinearities
of the material. It is represented in red the pumped signal coming from the CW laser
source, which travels along the device suffering from attenuation (dotted lines) while
transferring power to the Stokes signal (in blue). One could appreciate that the latter is
likewise weakened owing to the losses. Supplementary to this, it is worth recalling that
the number of photons going backwards becomes increased provided the pump power

keeps augmenting (see Fig. 2.8).

Psgs (dBm) Pout (dBm)
A A
25 + - 15
15 =+ = 10
s 4 L 5
s+ - 0
15 T - -5

> Pi, (dBm)

0 5 10 15 20

Figure 2.8: Example of the SBS behaviour in a 13 km-long Silica dispersion-shifted fibre (DSF).

The evolution of both signals has been represented in Fig. 2.8, taking as an example 13
km of a Silica dispersion-shifted fibre (DSF) [9]. Regarding the scheme in Fig. 2.7 the red
curve shows the signal crossing the material in the forward direction while the blue one
represents the backscattered power (Pspgs).
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One of the principal differences between SBS and TPA is that the former is directly related
to the configuration design (i.e. A.ys) while the latter is completely geometry-independent.

Analogously to the TPA, different applications have been connected to the SBS phe-
nomenon [12] disregarding its negative contribution. Mainly, one can find nonlinear fibre
amplifiers based on the SBS effect albeit fibre sensors, beam combiners or pulse delaying
are benefiting from it as well. Thanks to the time delaying, SBS allows for slow-light
generation [13-15], lately studied in order to enhance NLO'’s efficiency, although it has
not been considered in this work.






CHAPTER 3

Modelling of Nonlinear Tools for the
Comparison

Lately, the interest in nonlinear properties of some materials has noticeably been
grown. From now on, the author has just considered the third-order nonlinearities in the
comparison. As previously seen in Chapter 2, not all the consequences resulting from
X(3) nonlinearities are positively affecting the performance. In order to carry out the main
scope of this work, i.e. benchmarking different nonlinear media, some main parameters
have been chosen, which are TPA and SBS as counter-propagating inputs from the one
hand, and the CE as the comparison tool in itself, from the other.

3.1 Stimulated Brillouin Scattering Computation

Usually, most of the fibres present the mentioned acoustic characteristics reflecting
the pumped light backwards, making the output (forward) wave seem saturated when
high intensities are launched into the system. This is the consequence of the pump
photon annihilation creating the new backscattered wave, which brings us to regard the
conservation laws (Eq. 2.9), considering now the Stokes signal as an interacting wave.
Accordingly, the Brillouin frequency shift is defined by the angle (§) between pump (w))
and Stokes (wg) signals as (please, do not confuse the Stokes frequency, wg, with the signal
one, w;) [1]

0
Qp %21},4\kp\sin§7 (3.1)

2mny,

where |kp| = . The single-mode fibre approach has been considered, meaning that

P
only two propagation directions in such fibre are possible, forwards and backwards. The
former implies # = 0, hence no frequency shift exists, while the latter entails § = T,

19
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Q
resulting in Eq. 2.17 whether vp = Q—B.
™

The signal travelling at that shifted-frequency, as previously mentioned, increases as
the input intensity grows. It is governed by the so-called Brillouin gain, which describes
the amplitude of such a signal. The variations in the medium’s characteristics due to
electrostriction phenomenon together with the chosen working conditions (\,) decide the
maximum Brillouin gain. Different definitions could be found in the literature. Hereafter,
two of them are presented, the first one defined in [1] and the second one in [10, 11] as

87T2’y§ 27”1;7)1?%2

9Bmax = (32)

B pr— —_—
9Bmaz C)\IZ)POUAAUB7

npA2pocval'p’
where 7. and py are the electrostrictive constant and the density of the media, respectively.
The phonon (i.e. elastic vibrations) lifetime is defined as T = T';', usually taking
values of the order of nanoseconds. On the other side, p12 is known as the elasto-optic

coefficient, while Avg = g—f_ is the full-width at half-maximum (FWHM) of the Brillouin
gain spectrum gp(2), which normally takes the value of tens of MHz, reaching a higher
order of magnitude when straining techniques are applied to the fibre [16].

Thereafter, gg(2), which is considered to have a Lorentzian form, is given by

(T'/2)*

0= On) 1 (522 (3.3)

gB(Q) = gBmax(

It can be seen that the maximum ¢pq. is achieved at the Brillouin shift Q = Qg. The
latter consideration has been taken throughout the whole thesis when referring to gp.
Eq. 3.3 has been defined under steady-state conditions which is acceptable only in a
CW scheme and, considering the laser (Lorentzian) profile spectral width Av, < Avp.
Yp

Otherwise, the before-mentioned maximum gain is diminished by a factor 1 + Ao
UB

increasing then, the threshold power defined below.

The next step is to analyse the effect that SBS induce to the field propagation as
depicted in Fig. 2.7. Such an interaction between the pump and the Stokes waves has
been described in here, considering firstly the CW scheme and secondly, the negligible
differences between both frequency and the losses of the interacting waves, which means
Qp = 0and o), = ag = o, respectively. Thirdly, the polarization of both signals has been
thought of to be the same and invariable all over the device, particularly polarized along
a main axis. Thus, the set of coupled equations that characterises the SBS turns out to be

dI
Aé¥>4%@h+a5% (3.4a)
dI

—=5 = gpl, s — ols, (3.4b)

dz
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where g = ¢B,,,. 15 taken from Eq. 3.3 when 2 = Q. Note that counter-propagation is
considered when describing the Stokes field propagation in Eq. 3.4b. In addition, this
general definition has not taken into account neither dispersion nor nonlinear effects
unlike the Nonlinear Schrodinger Equations (NLSE) do [17]. Nonetheless, from now on
the coupled equations have been taken under consideration in order to establish the SBS
threshold, named as SBST.

Not only the above-named constrictions but the disregard of pump depletion has
been as well contemplated. The first step then, consists in knowing the Stokes intensity

—Qz

waveform whether 1,,(z) = 1,(0)e”“* is considered to be the pump intensity interacting
throughout the media. Hence, integrating Eq. 3.4b by using such I, results in the counter-

propagating wave by means of

I5(0) = Ig(L)esBlp(OLess=aL, (3.5)

Notice that the propagation direction is backwards as expected. The SBS contribution term

is scaling with the effective length, L.;s. Given that the threshold is often sought in the
£ (0)

power domain, the latter relation is alternatively expressed by considering I,,(0) = "
eff

Let us now move on to the threshold power computation. In the present section two
different methods have been presented. The first one consists in analytically defining the
threshold power whilst the second one is numerically simulating the system described by
Eq. 3.4.

3.1.1 Stimulated Brillouin Threshold: Analytical Approximation

Generally, one procedure to calculate which is the maximum P, allowed before its
depletion becomes important, consists in the analytical computation. The starting point
lies in the common definition stated as [10]

Ps(0) = uBy(0), (3.6)

which decides the amount of Stokes power at the input of the device by a fraction y of the
pump power. Regarding the latter parameter, different criteria have been settled when
deciding which percentage of backscattered pump power should determine the threshold
such as 100% (p = 0,1) in [1], 10% (1 = 0,1) in [18] or 1% (1 = 0,01) in [10, 17].

Later on, the more restrictive condition has been chosen, allowing solely 1% of the pump
power as the Stokes power at z = 0.

The commonly used approximation of the SBST, directly related to the device properties,
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becomes described as follows

ﬂ7 (3.7)

where the constant «, deeply demonstrated in [10], takes values usually within [16, 21]
depending on the adopted value of . It might be seen that x = 21 is widely used in the
related work.

Notice that P, stands for P,(0) stated in the definition given by Eq. 3.6. Depending on
the application field, such threshold may be desired either to be as low as possible so as
to amplify the backscattered signal at low pump powers (i.e. Brillouin lasers) or high
enough not to limit the intense power (by depleting it) required by efficient nonlinear
effects (i.e. wavelength conversion).

Last but not least, in order to compare distinct media people often use the so-called
Figure of Merit (FOM). Different ways to define the latter exist depending on the appli-
cation [19], though in here a modification of the commonly used FOM (L) has been
presented as [20]

FOMsps = yLesfPip. (3.8)

Combining egs. (2.10), (3.7) and (3.8) the FOM is given by

2mTKNY
/\pr ’

FOMgsps = (3.9)

3.1.2 Stimulated Brillouin Threshold: Numerical Computation

On the other hand, in order to obtain a more precise conception about the SBS thresh-

old, one needs to solve the set of coupled equations in Eq. 3.4 in a numerical manner, by
using some computation software. Hereinafter, the Matlab® Tool has been utilised for the
estimations.
Firstly, let us introduce the principal scheme under study somewhat modified in order
to numerically picture the propagation behaviour. Therefore, knowing that the system
defined in Eq. 3.4 merely accounts for stimulated influences, some adaptation has been
performed in order to add the participation of spontaneous effects which, in turn, are
somehow responsible for the SBS commencement [18, 21]. Such variations become speci-
tied as below
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dP _ _ _
=2 = — (GpPyPs+d'By+ BB, (3.10a)
d¢
dP. _ _ _
_dT'S — GpP,Ps — o' Ps + B/ D, (3.10b)
D P; < gBLPp(O) / /
where P, = ———,(=——,Gp=>——",d = aland 3; = L.
P,(0) L Ay

Note that normalisation of the respective parameters to L in space and to F,(0) in power
have been made for computation simplicity. The last term 3] stands for the spontaneous
contribution somehow represented in Fig. 2.7 which is inducing the phenomenon start-up.
The numerical computation model is based on a shooting algorithm, which gives rise to a
solution for Eq. 3.10. It has graphically been depicted and afterwards, the step-by-step
definition of the algorithm has been listed.

Secondly, an appropriate schematic for the proposal is given in the next Fig. 3.1. It has
been represented the contour conditions taken for the later on described solution. Notice
that for the present example a fibre has been depicted.

Solution Solve the
) —]
P's(0) System | T——
* Initial
Compare |() )| Guess
+ P,(L
it P’5(0) < P,(0) > P,(L) 2 | plL)
Initial
Condition P’u(0) > P,(0) > Py(L) N —
Py(0) |P5(0) < P,(0)| < 10™ p(z)I ;(z)
solve

Figure 3.1: Graphical representation of the Shooting algorithm.

Concretely, the shooting algorithm can be readily interpreted by the following steps:
1. Guess a value for P,(L) = K P,(0)e” L, where K is a percentage parameter.
2. Solve the coupled equations backwards obtaining a solution for P,(0).

3. Compare such a solution to the initial condition decided for P,(0). The relation

|P,(0) — P,(0)| < Tolerance must be fulfilled to consider the solution acceptable.
a) if P)(0) > P,(0), the previous guess P,(L) is down-shifted. Consequently, the
process is restarted from step 2.

b) if P,(0) < P,(0), the previous guess P,(L) is up-shifted. Consequently, the
process is restarted from step 2.
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¢) if |[Py(0) — Py(0)| < 1071, the system is considered solved, being 10~!! the
chosen tolerance not to overrun Matlab® computation capacity.

4. Finally, P,(z) and Ps(z) become described for the whole path.

It is worth mentioning that some other particularities have been considered in the algo-
rithm in order to control the convergence speed in the guessing process together with the
computation time. Nevertheless, this does not belong to the scope of this work.

Thirdly, once the algorithm has been clarified, the process can be completed stating the
initial guess with K = 0.5.

The propagation of both the input pump and the Stokes waves along the fibre has been
exemplified in Fig. 3.2. Notice that length axis has been normalized in the plot.
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Figure 3.2: Both pump (blue) and Stokes (red) power propagations along the (normalized) fibre length.

The example depicted in Fig. 3.2 belongs to a Silica DSF characterised by ny = 2.6 -
10720m2. w1, v=24 Wtikm ™, a=3-10"*dB-m™', L =8km, D = —1.6ps- km~t.
nm~t, A, =44 pm? and gg = 6.17m - W (see Table in Chapter 4). The working point
has been thought of as \, = 1.55 um, P,(0) = 0.5 W, Ps(L) = 0 W and 3; = 10~ * m~".

3.2 Two-Photon Absorption Computation

As it has been seen so far, the marvellous properties of nonlinear media come ac-
companied by a few negative effects. In addition to such detrimental consequences,
two-photon absorption appears frequently in some waveguides structures (occasionally
in fibres) bringing the system performance down, too. Indeed, it is one of the effects that
has importantly increased the interest in finding new nonlinear media, since some very

promising materials (e.g. Silicon) are still limiting some applications due to their high TPA.

Considering that all-optical switching requires interactions with high powers and long
lengths through materials with large ny, TPA is often treated as a limitation to that [22-24].
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Contrary to the SBS effect, whilst high intensity is still demanded, the phase matching
is no longer a condition in TPA schemes [7]. Such power-condition has previously been

presented in Eq. 2.16 and graphically depicted in Fig. 2.6.

( ( [0]

C 10 e

Figure 3.3: Graphical representation for the nonlinear reduction of the beam intensity owing to the TPA.

In Fig. 3.3 it has been pictured the nonlinear nature of such phenomenon, which behaviour
meets the rule: the more power launched into the device (the lower beam in the scheme),
the stronger the attenuation.

Different comparison paths has been found in the literature whether TPA is negatively
contributing to the system. It is worth remarking that some applications are based on such
effect albeit they are not exposed in this document. Regarding the comparison task, two
main possibilities has been described. In the first place, one analytical process is provided,
whereas a much more precise alternative, which is directly related to the CE parameter,

will be described afterwards in Section 3.

Let us move on to the analytical interpretation of this geometry-independent nonlinear
absorption and its consequence to the performance, such as power saturation. Despite
a thorough study could be done, by means of molecular particularities describing the
behaviour that we are looking into as seen in [25], the general definition for such beam
propagating along the media has been described in here as

dI

— = —al — Brpal?, (3.11)
dz

where both linear and nonlinear absorption contributions have been taken into account.
While « stands for the linear losses coefficient in {%} , Brp A represents the so-called two-

photon absorption coefficient measured in [{%].

Analogous to the SBS study, the two different comparison methods presented in the
present work to compute the TPA phenomenon have not been acquired from the NLSE as
in [26] but resulting from Eq. 3.11 on the one hand, and from a set of coupled equations
on the other.

Hence, the analytical comparison taken into consideration is given by [7, 22]

e—aL

P(L) = P(0) Ok (3.12)

1+ ,BTPALeffm
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where no coupling losses have been included. It is worth mentioning that such a relation
is considering peak powers, meaning that really high values can be used. It provides the

behaviour of the power propagation whether both linear and nonlinear absorption are

participating.
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Figure 3.4: Representation of the TPA analytical study showing the output power varying with (a) the
length and the (b) input power for a Silicon waveguide. It has been compared to the linear absorption case
Pyt = Pie™ " (red line).

In Fig. 3.4 one simulation example of such analytical comparison has been depicted for a
Silicon waveguide. One could appreciate the sharp increase of losses due to nonlinear
contributions in both length and power dependence. The Silicon device under estimation
is characterised by v = 110 dB - m™, Brpa=5-10"2m - W' and Acpr=0.1 ,umz.

Furthermore, one should examine how the known free carriers induced by the two-
photon absorption are likewise limiting such power efficiency. It will be later demonstrated
that this free carriers absorption (FCA) is saturating the power travelling within the device
whether such power keeps increasing. Model described in Eq. 3.12 has not included this
further contribution, nonetheless it will be deeply studied in the scheme presented in the
following section. In order to add FCA parameters into the above method, one should
start from the definition presented by [27] instead of that of Eq. 3.11.

Lastly, the present nonlinear losses mainly affecting the phase-shifting along with the
power saturation has been related to another FOM so as to compare materials exhibiting
two-photon absorption. Once again, related works have used different definitions for
such relation.

The aforementioned figures of merit become described as

20rpar (3.13a)
na
12 (3.13b)

BrpaX’
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Note that the first relation [22, 23, 27-29] requires the lowest possible value in order to
declare the material under comparison the best one whilst the second one [24, 26, 30]
demands the opposite (i.e. the highest).

3.3 Conversion Efficiency Computation

The main tool in order to get all the media compared has been decided to be the CE
parameter. Even though lots of studies have been focused on the gain characteristics, the
present one has been concentrated on the wavelength conversion and, thereby, the CE
coefficient. As already mentioned, DFWM is the technique considered in here in order to

carry out such wavelength transformation.

First of all, working with the scheme in Fig. 2.4 under degeneracy conditions and
the general definition in Eq. 2.14, the starting point for benchmark the media in terms of
efficiency is declared as

CEmaz = (YPpLess)? e L, (3.14)

which gives us a first approximation on how the media characteristics together with
the pump power are affecting the frequency conversion. It is worth remarking that the
maximum value for CE is evaluated in Eq. 3.14 where some ideal approximations have
been made (e.g. no linear phase-mismatch, Aky; = 0).
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(a) Maximum conversion efficiency vs. length when (b) Maximum conversion efficiency vs. input power

P, =1W is used. when L = 8 km is used.

Figure 3.5: Representation of the C'E;.q. approximation varying with (a) the length (when the pump power
is fixed to 1 W) and the (b) input power (when the length is fixed to 8 km) for a DSF.

In Fig. 3.5 the dependence of such maximum CE with both length and power variations
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has been depicted. The DSF chosen for this example is the same as in Fig. 3.2. Notice that
an optimum length appears giving rise to the maximum of CE. After such an optimum
point, the efficiency not only saturates but decreases. Thus, one could optimise the length

by maximising the following relation extracted from Eq. 3.14

_ 2 —alL
Lopt = max (Leffe ) , (3.15)

which can be graphically represented as in Fig. 3.6.

Note that the maximisation condition for the length optimisation has been normalised.

The case depicted in Fig. 3.6 belongs as well to the DSF example chosen in the previous
estimations.
Let us move onto the power efficiency once the length has already been optimised. It is
worth observing that the power optimisation in here is not fair enough since not all the
parameters required in such light-matter interactions are taken into account. Nevertheless,
it has introduced us into the posterior comparison by presenting a general idea on how
all the media could be compared in terms of power efficiency. Such behaviour has been
pictured next to the length optimisation in Fig. 3.6.
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Figure 3.6: Graphical representation of the (a) length optimisation and the subsequent (b) power efficiency
for a target C Erna.

From now on, 4 different methods for CE computation have briefly been explained.
Firstly, two well-known analytical methods give us different approximations of such
efficiency computation and secondly, two numerical models bring us an accurate fre-
quency conversion process description, with and without nonlinear losses contribution,

respectively.
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3.3.1 Analytical Models

In the first place, the method induced from Shibata et al. work in 1987 [31] suggests
the modification of Eq. 3.14 as declared below

CES’hibata = ('YPpLeff)2 €_O‘L77 = nCEmaa:> (316)

where 7 is an efficiency parameter that behaves as

a? 4e—oL SiHQ(%)
=—— 1 2 3.17
1= 2+ AR ( + (1 — e—oL)? ’ (3.17)

where av and A = Ak stand for the linear losses and the linear phase mismatch, respec-

tively.

On the other hand, let us go five years back, in 1982, when the theory presented by
Stolen and Bjorkholm [32] allowed for the following CE definition

P 2
CEStolen = (’ng Sinh(gL)> s (318)
where the parametric gain coefficient is given by

9= ¢ (vBy)* - (’;)2 (3.19)

The parameter « stands for the phase mismatch.

The first computation model gives us an approximation where nonlinear phase mismatch
is not considered but takes the losses into account. By contrast, the second method
estimates the solutions by fully contemplating the phase mismatch (not only linear contri-
bution), yet no losses are taken into consideration.

A comparison for both methods can be seen in Fig. 3.7 where such CE has been repre-
sented in function of signal wavelength detuning \, — A,.

Note that Shibata et al. model is better approaching the maximum achievable CE (i.e. con-
sidering losses, o) while Stolen and Bjorkholm model represents better the gain behaviour
(i.e. considering phase mismatch effect). However, the unrealistic high values obtained by
the Stolen method could be a bit more well-estimated for small detuning by considering
L.y instead of L, thus part of the losses effect would be regarded. The example in Fig.
3.7 belongs to a Silicon waveguide [20] characterised by a = 110 dB - m~t, L =10cm,
v =243 (W - m)_l, By =~ —0.02 ps® - m~ " and B4 = 0. The working point is defined by
P, =200 mW at A = 1.55 um.
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Figure 3.7: Comparison of conversion efficiency versus wavelength detuning for Shibata et al. and Stolen
and Bjorkholm methods in a Silicon waveguide.

In conclusion, if we need to obtain a much more accurate response, the use of numerical
methods is required. Thus, the next subsection will describe two different numerical
models that give a better estimation for the desired comparison of CE.

3.3.2 Numerical Models

In this subsection the numerical models accurately studying the behaviour of all
the interacting waves in the DFWM have been presented. The first method consists in
simulating the field propagation along the device by solving the Nonlinear Schrodinger
Equations (NLSE). Besides, the system of coupled equations presented by [33] has been
utilised in this work in order to allow for nonlinear losses due to TPA and FCA.

Let us firstly present the split-step Fourier method that solves the NLSE by using a
frequency sweep. That means, for every wavelength detuning the scalar value of the
field propagating along the device is obtained which increases the computation time with
respect to the other methods. Accordingly, either signal gain or CE can be derived. This
method takes into account the effects of dispersion (x) and linear losses («) providing
more rigorousness to the estimation. However, the model does not evaluate the output
signals properly when the media presents nonlinear losses since it is not accounting for
effects such as SBS, TPA or FCA. The computation process is thoroughly detailed in [1, 21].
This method is graphically represented by an example in Fig. 3.8
One could appreciate that linear losses are affecting the maximum reachable CE level (as
in Shibata et al. model) whilst parametric gain behaviour is still being exhibited owing to
the phase mismatch contribution (as in Stolen and Bjorkholm model).
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Figure 3.8: Conversion efficiency versus wavelength detuning for the split-step Fourier method in a Silicon
waveguide.
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On the other hand, a model that includes nonlinear losses due to TPA and FCA in the
DFWM scheme is required for a much more meticulous comparison. Consequently, the
set of coupled equations revealing the effects resulting from TPA (arpa), TPA-induced
FCA (arca) and linear phase mismatch (A = Akjs) has been employed. Hence, the
system can be expressed as

0= —y(a+arpay +arca) Ay + iy (1452 + 21 A, + 2| Aif?] Ap + 2j7 A5 A, Ae?™?
(3.20a)
dAS 1 . 2 2 2 . * A2 —jABz
5 = 5 arpas b arca) A+ iy 2147 + AP+ 2A] Aty AT Ae
(3.20b)
dA; 1 ) 9 2 2 . ax 42 —jABz
= —5(05 +arpai + arcai)Ai + jy [2‘Ap| + 2[As]” + | A } Ai + jrAsAge

(3.20c)

where A; denotes the amplitude of the interacting waves (j = p, s, ¢ for the pump, signal
and idler, respectively) propagating along the distance z, « the linear losses, arp; and
arca, stand for the nonlinear losses coefficients due to TPA and FCA, respectively, v is
the nonlinear coefficient and A3 = Ak refers to the linear phase mismatch parameter.
Specifically, such nonlinear losses can be clearly stated as

arpaj = iﬂ;? (|Aj|2 +2)° |Am|2) (3.21)
e oy

AmAn| A |?| Anl?
OFCA; = UﬂTPAT ( g )\m‘Am‘4 +4 g | | ‘ ’ ) (322)
eff

2hcA2 pon n Am + An
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(j = p, s, for the pump, signal and idler waves)

where rp4 indicates the TPA coefficient, A,y the effective area, o designates the FCA
cross section and 7 the carriers lifetime. Notice that arpa directly increases with the
incident power while apc 4 is quadratically proportional to that power since P; = |A;|.
Similar to the previous numerical solution, by solving the system in Eq. 3.20 all the
fields (Ax(z)) has been defined and thereby, the powers at the output which permits
us to calculate the CE by means of Eq. 2.14. It is worth remarking that this method is
valid under the CW assumption. It has graphically been represented an example for this
method in Fig. 3.9.
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Figure 3.9: Conversion efficiency versus wavelength detuning for the coupled equations method in a Silicon
waveguide.

Three different cases have been exemplified in Fig. 3.9 where either absence of nonlinear
losses (blue curve), only TPA (green curve) or both TPA and FCA (red curve) assumption
is supposed. It can be seen how the raise in losses due to TPA and FCA notably reduces
the CE. Even though linear phase mismatch has solely been considered, the estimation is
in good agreement with the split-step Fourier method. The simulations have been made

considering the same Silicon waveguide utilised above.

3.4 Comparison Procedure

In this section we are going to describe the procedure performed in this study in order
to compare the different nonlinear materials. It is based on an optimising process in
terms of power requirement and the device length. Correspondingly, the minimum power
needed for a target CE will be investigated via the coupled equations method presented

in the end of the previous section.
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As aforementioned, the benchmark presented in here focuses on the estimation of
the maximum achievable CE in a DFWM scheme. Hence, such parameter defined in Eq.
2.14, which compares the idler power at the output to the signal power at the input of a
waveguide, has been computed using the system in Eq. 3.20. It is worth remarking that
for such comparison linear phase matching has been considered (A = Ak = 0) so as to
expect the maximum CE together with the signal power of P; = 1 mW.

First of all, we need to present the result for the estimation of the CE vs. both power and

length parameters.

CE (dB)

0 o 02 Pump Power (W)

Figure 3.10: Conversion efficiency versus pump power and length for the coupled equations method in an
amorphous-Silicon waveguide.

In Fig. 3.10 one could observe the variation in CE that both parameters, input power
and length, are inducing. In the depicted example we have considered an amorphous-
Silicon waveguide characterised by o = 450 dB - m~L, v = 1200 (W - m)_l, Brpa =
2.5-1072m- W, Agpp = 0.07 um?, opca = 1.9- 1072 m? and 7pca = 400 ps (see Table
4.1).

Another computational step is needed in order to clarify such behaviour. The information

contained in Fig. 3.10 is mathematically represented by

CEyn CEip --- CEqp

CEyy CEyp --- CEoy
CEm7n = . . . .

CEm,l CEm,2 te CEm,n

where each row contains the CE values for a certain pump power, P, € [0,1] W, while
varying the length, L € [0, 5] ¢m. The optimisation premise from that CE matrix has been

stated as

Popt = {Pp,pin | CEmn = X dB}, (3.23)
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meaning that, the minimum power required to reach a certain CE target value will decide
the optimum couple [Py, Lopt|. This optimising determination has graphically been
represented so as to facilitate the comprehension. Hence, the contour lines from the
3D-plot (see Fig. 3.10) have been pictured so that one could appreciate the variations in a

much more perceptible manner together with the optimising process on it.
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Figure 3.11: Conversion efficiency contour levels [—20, —10] dB versus pump power and length for the
coupled equations method in an amorphous-Silicon waveguide. The optimisation process has also been
presented for the level of CE = —12 dB indicating the minimum pump power, P,,:, and the corresponding
optimum length, Lp:.

Consequently, the minimum pump power required for each target CE could be defined.
This final step of the procedure is basically the comparison and it will be seen in the next
Chapter 4.

3.5 Summary

To sum up, this chapter has been divided into 4 different sections plus this summarising
part. Each of them has presented different tools intended for the estimation of nonlinear
effects originated in different media.

¢ Firstly, some SBS characteristics has been described together with two methods.
The first one gives an analytical approximation of the threshold power in some
materials while the second one is numerically evaluating the field propagation along
the device.

¢ Secondly, the analogous characterisation has been made for the TPA phenomenon,
where an analytical method to obtain the power efficiency is exemplified.
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¢ Thirdly, different models for the CE computation are provided. Whereas the first
two models consist of an analytical estimation of such parameter, the other two
models numerically calculate the field components giving a much more accurate
result. It is worth commenting that the last numerical method allowing for nonlinear
losses contributions will be used for precise comparison while some of the results
will be corroborated by using the split-step frequency sweep calculation, where the

dispersion effects are meticulously examined.

¢ Finally, the optimising procedure is detailed in the fourth section. It will be used for
the different selected media in the next Chapter 4.






CHAPTER 4

Simulation Results: Comparison of
Nonlinear Media

This chapter will guide the reader through different results obtained by means of some
of the tools previously presented. Different analytical and numerical models have been
used so as to analyse different nonlinear media when phenomena such as SBS, TPA or
FCA are participating. Moreover, the case study considered in this work in order to obtain
a benchmark for the materials consists of a wavelength conversion through the degenerate
case (DFWM) with A, = 1.55 um (f, = 193 T Hz in Fig. 2.4). Accordingly, some numerical
and graphical outcomes containing information about nonlinear effects will be presented.

Matlab® software has been used for such computations.

First of all, it is noteworthy that an important part of this thesis has been dedicated
to literature review. Therefore, an exhaustive research has been carried out in order to
classify different nonlinear media examined beforehand in the related work. The main
parameters taken into account in such classification are the nonlinear refractive index, no,
the nonlinear coefficient, v, the linear losses, o, the effective area, A.f, and respectively
the SBS gain coefficient and the TPA coefficient, g and S7p4. In addition, the FCA-cross
section, opc 4, and the carrier lifetime, 7, become important in case the efficiency turns to
be diminished by the FCA.

Hence, in Table 4.1 we have listed a wide variety of nonlinear media that we found to be

promising in the field of nonlinear optics throughout the research.

From Table 4.1 we will compare some of the media in order to understand how the
nonlinear phenomena modify the efficiency in the process of wavelength conversion by
means of DFWM. Notice that some materials will not be taken into consideration for such
comparison since few properties were missing. In the first two sections some of the fibres

have been analysed starting from the Silica high-nonlinear fibre (HNLF), followed by the

37
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Properties of Nonlinear Media

n2 o D « Aeff gB ﬁTpA Ref.
: m? 1 ps dB 9 m m

Materlal <W> (W) (km . nm) (W) (Nm ) (W) (W)
Silica HNLF 42x1072°  11.5x107° —0.1 8.3 x 1074 11 7.9% 10712 - [20, 34]
Biy03 HNLF 8.2 x 101 1.1 —260 0.8 3.1 6.43 x 10~ = [20]
AsyS3 HNLE 2x 10718 0.16 410 0.88 5 6.1x107Y 6.2x107  [35]
AsySes HNLF 1.1x 1077 1.2 —504 1 37 6x1077  25x107'2  [35]
AsyS3 WG 2.9 x 10718 1.7 —342 5 6.9 - 6.2x 1071 [35]
AsySe; HNLF taper 1.1x 10717 93.4 282 1 0.5 - 2.5 x 10712 [35]
Asy 83 disp-engin. WG 3x 10718 9.9 29 60 11 - 6.2x 1071 [35]
Gei1 5AsouSegn s nanowire 9 x 10718 136 70 250 0.3 = 1x10713 [35]
Ag-AsySes PAC WG 7x 10717 2.6 x 10* - 1x10°  1.1x107? - - [35]
Lead-Silicate (SF57) HF 41 %107 0.82 —4 2.1 2 = - [36]
Tellurite HNLF 2.5 x 1071 0.110 - 5.4 %1072 9.2 1.47 x 10710 - [19]
Silica Holey Fibre 8.9x107* 562 x107° 38 12x1072 6.4 1.33 x 1071 - [20]
Silica DSF 26x10720  24x1073 —-1.6 3% 1074 44 6.17 x 10712 - [20]
Ge0,-Si0, HNLE 33x1072° 116x10% —6x10"2 83x10°* 11.5 3.02 x 1012 E [16]
Al-Si0y HNLF 25x107%  74x107° —0.35 1.5 x 1072 13.5 1.41 x 10712 - [16]
AlGaAs WG 1.43 x 1077 10 —910 200 5.7 - 5x 10713 [37]
Hydex® WG 11x107% 0.22 - 6 2 - - [38]
SisN4 WG 9x 102 0.2 = 3 1.8 = E [39]
crystalline-Silicon WG 6x 10718 243 - 110 0.1 - 5x 10712 [40,41]
amorphous-Silicon WG 2.1 x 10717 1200 330 450 7 x 1072 - 2.5 x 10712 [42,43]

Table 4.1: List of properties for different nonlinear media at the telecommunications band (A, = 1.55 um).
Different structures such as fibres, waveguides and nanowires have been presented. Parameters describing
SBS and TPA contributions have been gathered whereas FCA characteristics (for Silicon devices) have been
excluded from the Table.

Bismuth (Bi203) HNLF and finally, these two fibres will be compared to other nonlinear
HNLFs that exhibit SBS effects as well. Afterwards, some of the waveguides structures
will likewise be examined. Whether TPA and FCA deteriorate the efficiency or not will
also be observed in such sections. After all, a general comparison between all the selected
media will be presented in the last section.

4.1 Silica High-Nonlinear Fibre

One could assert that Silica (Si02) HNLFs have mostly been employed throughout
many years in nonlinear optics (NLO). Amongst other properties, Silica HNLFs present
extremely low linear losses and dispersion controllability [44] allowing for high paramet-
ric gain within a wide wavelength range. Nevertheless, the launched power must be
limited in many cases due to nonlinear losses coming from SBS. Thus, some techniques

must be performed so as to suppress such effect.

Moving on to the analysis, it has been observed that Silica HNLFs do not present any
symptom of nonlinear losses resulting from neither TPA nor FCA. However, the efficiency
of such devices could be heavily decreased owing to the scattering losses emerging from
SBS. Hence, the field propagation along the Silica HNLF has been studied considering the
fact that SBS is limiting the CE.

Firstly, an analytical study has been done for the Silica fibre listed in Table 4.1 in order to
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get a general idea for the threshold power. In addition, the corresponding figure of merit
(FOM) will be provided by means of Eq. 3.8. Whether the threshold power due to the SBS
phenomenon is defined as in Eq. 3.7 the fibre length could be affecting such threshold as
depicted in Fig. 4.1.

Length (km)

Figure 4.1: Stimulated Brillouin Scattering threshold power (SBST) varying with length in a Silica HNLE.
Three different cases has been presented with k£ = 16, 18 and 21, respectively.

One could observe the sharply decreasing behaviour for the threshold power SBST while
augmenting the length of the fibre. However, after a few kilometres, the threshold
does not decrease so intensively. It is worth mentioning that unlike other typical values
of gp for Silica HNLF [1], this fibre presents a Brillouin gain one order of magnitude
lower, g = 7.19 - 10~ '? m - W', Hence, SBST values are quite higher than usual (e.g.
Py, = 9.8 dBm for a fibre length of 6 km when the factor £ = 21 in Eq. 3.7). Consequently,
by means of Eq. 3.8 the FOM for this concrete Silica HNLF is

FOMgsps = 0.366.
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Figure 4.2: Optimum length by means of linear losses optimisation in the present Silica HNLF.



40 CHAPTER 4. SIMULATION RESULTS: COMPARISON OF NONLINEAR MEDIA

Secondly, and much more accurate, the aforementioned numerical method has been
applied. It is worth recalling that the coupled equations described in Eq. 3.10 has been
solved by the use of a shooting algorithm. Moreover, for such solution, the specific device
length is needed thus, we have followed the optimisation procedure stated in Eq. 3.15. The
CE maximisation in terms of the linear losses, o, brings the optimum length as depicted
in Fig. 4.2.

Accordingly, the Silica HNLF of 5.8 km has numerically been examined in order to
display the SBS effect involved in the field propagation. For such goal, the input pump
power (F,) and the Stokes power (Ps) propagating along the fibre will be illustrated when
the former (P,) keeps increasing. Those behaviours are pictured in Fig. 4.3.

It can be seen from Fig. 4.3 that the wave travelling forwards is being nonlinearly de-
creased due to the scattering losses coming from the SBS effect when the input pump

power overcome some threshold.
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Figure 4.3: Graphical representation of the (a) output power and the (b) Stokes power in a Silica HNLF when
the input power keeps increasing.

For the purpose of deciding the SBST, the relation defined in Eq. 3.6 with ;z = 0.01,0.1 and
1 has been plotted. The resultant intersections with the Stokes curve settle the so-called
SBST for each case. Notice that the less restrictive condition (;z = 1) settles the SBST at
a power higher than those represented in the picture. Henceforth, the more restrictive
condition (1 = 0.01) will be chosen giving rise to a threshold power and a FOM of

Pth =12.9mW (11.1 dBm) — FOMSBS = 0.522.

Compared to the analytically calculated value, when k = 21 and L = 5.8 km, the threshold
obtained by means of the numerical computation is 1.3 dB higher.

On the other hand, the analysis that will essentially be the comparison, consists in
representing the minimum pump power required to attain each maximum CE. The method
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employed in here has been explained in the previous Chapter 3. Therefore, considering
the model of the coupled equations described in Eq. 3.20 such power evolution has been

pictured in Fig. 4.4.
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Figure 4.4: Graphical representation of the minimum pump power (optimum) versus the target CE for a
Silica HNLF. It has been included the computation using the split-step frequency sweep model.

The power optimisation depicted in Fig. 4.4 shows the minimum input power required
for each CE computed by the two numerical models. Not in the following cases but in this
one (Silica HNLF), the relation obtained for efficiencies higher than 5 d B (approximately)
with the coupled equations model is not trustworthy thus, the split-step computation
has been included. It is worth remarking that the device length is not being affected
by the nonlinear losses, so the optimum length coincides with that calculated before by
maximising the product L2 7 fe_aL. Hence, the length of 5.8 km stands for the optimum
length in the present case.

However, one should take into account that fibres of such a long length are not used in
practice since the polarisation instability notably increases which leads to a rise in losses.
Furthermore, phase matching can be challenging in long devices, so A = 0 would not
be longer accomplished. Hence, one of the goals could be the spatial optimisation of the
device. Note that neither polarization nor dispersion changes along the fibre have been
contemplated in here.

If one pays attention to Fig. 4.4 will observe that SBST has been pointed in the curve.
It reminds that, although Silica HNLFs provide a good performance in the wavelength
conversion process, whether no countermeasure is used to suppress the SBS effect, the

efficiency could become drastically deteriorated.
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4.2 Bismuth Oxide High-Nonlinear Fibre

Even though Silica HNLFs present a good behaviour in the frequency conversion
application, they are limited by a relatively modest Kerr nonlinearity. In the current
section an ny-enhanced material will be likewise analysed. The nonlinear device in ques-
tion consists of a bismuth oxide (Bi203) HNLF, which presents a much greater gamma
coefficient (y = 1.1 (W - m) ') than that of Silica.

Analogous to the case of Silica, no nonlinear losses coming from TPA, and hence,
nor from TPA-induced free carriers (FCA) have been noticed in this bismuth fibre. Yet,
SBS could be diminishing the efficiency of the process at high input powers. Thus, the
following behaviour depicted in Fig. 4.5, analytically obtained, describes in a general view
the SBS impact to the fibre.
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Figure 4.5: Stimulated Brillouin Scattering threshold power (SBST) varying with length in a BioOs HNLFE.
Three different cases has been presented with k = 16, 18 and 21, respectively.

Note that even its higher Brillouin gain (g5 = 6.43 - 107" m - W™1), the SBST for the
bismuth HNLF is higher than that of Silica. This is because of its higher linear losses
(o = 0.8 dB - m™!) that force to use shorter devices. Such threshold (with k = 21) for this
material and its corresponding FOM for a fibre length of 6 m are equal to

Py, = 277.3mW (24.4dBm) — FOMgpg = 1.11

One could observe that the SBST for the bismuth HNLF is much higher than that of the

Silica one (P ;,00n = 21 X Pipg,,...) While the FOM is about 2 times greater.

It is not recommended (in terms of losses optimisation) to use more than 6 m of Bis-
muth fibre for the wavelength conversion process in a DFWM, otherwise the linear losses
will become more and more important thus, rapidly decreasing the CE. It can be extracted
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(analogously to the Silica case) from the length optimisation in Eq. 3.15.

Besides, the pump and the Stokes signals interaction can be detailed by the plots in Fig.
4.6. Again, the inelastic process (SBS) inducing backscattered power across the nonlinear

media has been described versus the increase of the input power for the Bismuth case

study.
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Figure 4.6: Graphical representation of the (a) output power and the (b) Stokes power in a Bismuth HNLF
when the input power keeps increasing.

The numerically estimated threshold for the Bismuth fibre considering the restriction

= 0.01 (i.e. 1% of the pump power backscattered) and its FOM turn out to be
Py, =373.3mW (25.7dBm) — FOMgps = 1.49

which is 1.3 dB higher than the analytical estimation as occurred in the Silica HNLFE.

Let us now move on to the CE computation utilising the system defined by the set of
coupled equations. In this second (Bismuth) fibre, the corroboration from the split-step
Fourier method has not been necessary. Hence, such power minimisation has been pic-
tured in Fig. 4.7.

This scheme brings us a pretty good performance still at not so high powers because
of the high nonlinear coefficient () together with the relatively low linear losses (c).
Nonetheless, one should remind the effect of SBS in the fibre, which could entail a notable
reduction of the power efficiency. Actually, in the case of bismuth fibre, it does present
a higher threshold but still not allowing for powers higher than 450 mW which would
imply positive efficiencies (i.e. gain). Though, some techniques such as core-doping or
multi-segmenting the fibre [10] can be applied so as to suppress (or lessen) the SBS effect.

By way of comparison, let us present both the analytical and the numerical SBST results
obtained for the different materials declared in Table 4.1 exhibiting the SBS phenomenon.
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Figure 4.7: Graphical representation of the minimum pump power (optimum) versus the target CE for a
Bismuth HNLE.

Firstly, the Table 4.2 shows us the comparison for the analytical formulation considering
k = 21 and the respective optimum lengths for each media by means of maximising

Lgffe_aL.
Analytical Comparison

Material Lopt (m)  Legs (m) Py, (mW)/(dBm)  FOM
SiOy HNLF 5748 3488.2 9.2 (9.64) 0.369
BiyO3 HNLF 6 3.6 277 (24.43) 1.1
AsyS3 HNLF 6 3.5 5 (6.95) 3x 1073
AsySes HNLF 4 2.6 49.5 (16.95) 0.154
Tellurite HNLF 88 53.5 24.6 (13.9) 0.145
Si0Oy HF 398 2414 41.9 (16.22) 0.568
Si0y DSF 15904 9651 15.5 (11.91) 0.359
Ge — S102 HNLF 5748 3488.2 22.9(13.6) 0.927
Al — SiO9 HNLF 318 193 1041.8 (30.18) 1.488

Table 4.2: Comparison by means of the analytical estimation between different fibres. The threshold (P;z),
in both mW and dBm, and the figure of merit (FOM) have been stated together with the optimum and the
corresponding effective lengths, Lop: and L.y, respectively.

It is worth remarking that the optimum length for the Silica HNLF presented in the
previous section, has been approximated to 5.8 km whilst it should precisely be a bit
shorter as seen in Table 4.2.

The comparison in terms of both SBST and FOM has been made in order to reflect that a
higher FOM does not necessarily mean a better threshold. Chalcogenide fibre made of

AsyS3 is not presenting a good performance in terms of SBS threshold however, it will be
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observed that in a waveguide scheme it is a promising material. It can be clearly observed
that core-doping (Germanium and Aluminium) decreases the SBS effect in terms of power
efficiency. In conclusion, the two best solutions seem to be Al — Si0, and Bismuth fibres.
The trade-off between them lies in the length-power optimisation, since the former shows
a higher SBST but the second allows for shorter devices. In this work the Bismuth fibre
has been selected owing to its higher nonlinear coefficient ().
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Figure 4.8: Graphical representation of the Stokes power versus the input power for different HNLFs. The
condition of Ps(0) = 0.01 - P,(0) has been traced to visualise the SBST.

On the other hand, the numerical comparison between these nonlinear media has graphi-
cally been presented. The result can be observed in Fig. 4.8, where the evolution of the
output and the backscattered (Stokes) powers have been pictured while varying the input
power. The threshold powers acquired by the numerical procedure are listed down in
Table 4.3.

From now on, the comparison for the waveguide structures will be reported in the
next sections. The waveguides chosen for the comparison are those composed of materials
with enhanced nonlineariteis such as high-index doped Silica (Hydex ®), Silicon Nitride
(Si3Ny4), Chalcogenide glass (As2S3), the alloy made of Aluminium-Gallium-Arsenic
(AlGaAs) and finally, the crystalline and amorphous Silicon compounds, ¢ — Si and a — 5%,

respectively.

4.3 Hydex ® and Silicon Nitride (Si3N,) Waveguides

The waveguides comparison is essentially the same as the previous one realised for
the fibres consisting in minimising the required power for a target CE. In the group of
waveguide structures the phenomenon of SBS is no longer affecting hence, no power
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Numerical Comparison

Material Py, (mW)/(dBm)
$i02 HNLF 12.94 (11.12)
BiyO3 HNLF 374.11 (25.73)
AsyS3 HNLF 7.16 (8.55)
AsySes HNLF 53.09 (17.25)
Tellurite HNLF 33.04 (15.19)
Si0, HF 56.49 (17.52)
$i0y DSF 20.84 (13.19)
Ge — SiO, HNLF  30.83 (14.89)

Al — SiO, HNLF  1402.8 (31.47)

Table 4.3: Comparison by means of the numerical estimation between different fibres. The threshold (P;1), in
both mW and dBm, has been stated.

limitation will emerge from such effect. Nevertheless, in some cases the effects coming

from TPA and/or FCA will be the limiting factors.

Let us focus on the first couple which consists of Hydex® and Si3 N4 waveguides. The
particularity of these devices is that none of the nonlinear losses presented in this thesis is
affecting the performance. Hence, the comparison will be made directly looking at the
power optimisation procedure. First of all, one can see in Table 4.1 that both media present

similar linear losses resulting in the optimum lengths depicted in Fig. 4.9.

1 : N \ \ 1 . . e
,’// \ - o ™~
0.9- / B 0.9F e ~
// \ / ™
/ / N
0.8- / 0.8 / ~
/ \ // \\
I \. / h
3 07 / N\, 3 0.7 / .
—F — N\, -—
J? 6L // Lopt—0.795m \ 4? 06 / Lopt:1'59m
rut / \ mt /
s | N ~F
/ \ = 05 /
3 / N\ 3 /
2 / \ i /
g 04 / g 04 /
1S / = /
2 / \\ 2 /
o3 . 03 /
/ \\\ /
o2t | - o2/
/ S~ /
L/ R
o1/ ol
/
L 1 L L - / L L L L L
0 05 1 15 2 25 0 05 1 15 2 25
Length (m) Length (m)
(a) Hydex. (b) Silicon Nitride.

Figure 4.9: Length optimisation in terms of linear losses (L? if ek ) for the (a) Hydex® and the (b) Silicon

Nitride waveguide.

Once the devices lengths are estimated to be 79.5 cm and 1.59 m respectively for the
Hydex® and the Si3 Ny, we can carry on with the analysis of the system described in Eq.
3.20. The set of coupled equations has been solved giving rise to the CE computation
and thus, the optimisation procedure (declared in the previous Chapter 3) provided the
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relation between the minimum power required and the CE in the wavelength conversion
process as illustrated in Fig. 4.10.
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Figure 4.10: Power minimisation representation. The minimum pump power required for a target CE in a (a)
Hydex® and a (b) Silicon Nitride waveguides.

Even though Hydex® exhibits a little bit greater (), the lower linear losses («) in the
Silicon Nitride device allow for a better performance. Notice that at the same pump
power, the maximum attainable CE in the Si3 N4 is approximately 5 dB higher than that
of Hydex®. In addition, one could assert that an extra amplifier will be needed in order to
get either transparency or gain (P;(L) > Ps(0)) because of the low efficiency achievable in
these structures within the range of 1 W of pump power. This power range is considered
to be more than acceptable since higher powers would not provide a fair comparison.
Furthermore, we must recall the assumption of CW scheme hence, high powers could
become harmful for some of the media.

4.4 AlGaAs and Chalcogenide (As2S3) Waveguides

In this second group two different materials are investigated. The reason to gather

this pair of devices is that the literature reported TPA coefficients for the two of them.
Notwithstanding, the nonlinear losses resulting from TPA turn out to be insignificant in
our CE computations. No free carriers are induced by the TPA so no FCA repercussions
appear in the system.
Chalcogenide glass fibre has presented a bad performance if no countermeasure is used to
suppress the SBS however, this section is providing another scheme for the As,.53 that will
show a totally different performance in terms of frequency conversion efficiency. AlIGaAs
is one of the media which has recently raised interest in nonlinear optics since really high
nonlinear coefficients seem to be feasible in the near future.
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The analytical comparison previously stated for the TPA effect is not helpful in this
two designs because accounting for nonlinear losses shows no difference in the behaviour.
Hence, the procedure analogous to the one of the previous waveguides has been per-
formed. On the one hand, the optimum length for both structures is extracted from Eq.
3.15 as outlined in Fig. 4.11.
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Figure 4.11: Length optimisation in terms of linear losses (L2 ¥ fe_aL ) for the (a) AlGaAs and the (b) Chalco-
genide waveguides.

Note that the difference of two order of magnitude in the linear losses factor («) between
them results in two different structures, allowing lengths of 2.37 cm and 0.95 m for the
AlGaAs and the As2S53 waveguides, respectively. On the other hand, the efficiency for
such devices will be provided in order to benchmark the two media in terms of power
requirement. Therefore, the graphical representation in Fig. 4.12 displays such power

optimisation for the maximum achievable CE.

1 ‘ 1 ‘
// /
0.9 09 /
/
/ /
0.8 / 08 Vs
/ /

07 Y, 07 //
2 04 / < osf
= Y = y
o © /
z z
S os s Gos S
= // a e
£ o4 - o4 d
a e a

/// e
03 /// 03 -
0.2 o 02t _—
_— — //////
01 =
38 36 34 32 30 28 26 24 22 22 20 -8 -6 14 12 10 8 6
CE (dB) CE (dB)
(a) AlGaAs. (b) Chalcogenide.

Figure 4.12: Power minimisation representation. The minimum pump power required for a target CE in an
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The almost 6 times better nonlinear gamma () for the AlGaAs design has not resulted
in a better performance. Comparatively to the last two waveguides benchmarking, the
deciding factor in the power minimisation has been the linear losses () which are much
more important for the AlGaAs. Hence, about 16 dB of improvement (with respect to
AlGaAs) in the frequency conversion efficiency is accomplished by the As,.S3 waveguide.
It must be remarked that despite higher powers in the Chalcogenide waveguide might
end in positive efficiencies (C’E > 0 dB), it could become harmful.

In the same research group, my colleague Jaume Bohigas [45] has simultaneously
realised a deeper study on the III-V materials (AlGaAs and InGaP). By optimising an
Alp.1s8Gapg2As (and BCB cladding) waveguide structure, the simulation results have
provided efficiencies up to 11.3 dB whether A3 = 0. When total phase matching was
considered (x = 0), parametric gain was observed, reaching CE peaks of 42.2 dB at a
pump power of 700 mW. In order to avoid gain saturation, the signal power was fixed
to 1 uW. The alloy concentrations in such waveguide allowed for TPA avoidance. The
structure utilised is characterised by ny = 1.45 - 107 m?2. WL,y =179.8 (W -m) 71,
a=57.7dB-m™ ', L =827cmand A.;; = 0.33 um?.

4.5 Crystalline and Amorphous Silicon Waveguides

In the last section the Silicon waveguides will be examined. Silicon has widely been
used in nonlinear optics [26, 27, 33, 40-43, 46—48] due to its really high nonlinearities. The
crystalline and the amorphous compounds exhibit respectively v.—g; ~ 21000 x 7gizicq and
Ya—si ~ 103000 X 7Ysizicq- Such exceptionally-enhanced nonlinear coefficients have settled
the Silicon devices as one remarkably promising material for the wavelength conversion.
In contrast, big efforts are still intended for reducing the really high linear losses ()
displayed by the Silicon waveguides.

Moreover, one of the main drawbacks of Silicon that has emerged the interest in other
media, is the notable nonlinear losses due to the TPA and the FCA phenomena. Lately,
different related work have demonstrated the suppression of such free carriers by utilising
either p-i-n junctions [46, 47] or slot waveguide structures [48]. The comparison has been
done taking into account the 2 different schemes where only TPA influences the system
and secondly, when both TPA and FCA losses reduce the efficiency.

Let us introduce the comparison by firstly presenting the analytical solution for the
output power expressed in 3.12. Note that this model does not consider the absorption
coming from the generated free carriers (FCA) hence, the comparison extracted from
this starting analysis will not be the fairest one. Accordingly, the output power variation
has been pictured versus the increase of either the length or the input power. Both
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comportments can be seen in Fig. 4.13.
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Figure 4.13: Representation of the TPA analytical study showing the output power varying with (a) - (b) the
length and the (c) - (d) input power for a crystalline and an amorphous Silicon waveguides, respectively. It
has been compared to the linear absorption case Pyy: = Pine” " (red line).

The increase in losses induced by TPA can be observed in both representations for the
two devices. Notice that the pump power has been fixed to 1 W when varying the length.
Differently, in the input power sweep, the length for each device has been settled to
4.31 cm and 1.06 cm, respectively for c-Silicon and a-Silicon, by means of linear losses
minimisation (L2 ¥ fe_aL ) to be consistent in the comparison. Concurrently, an increment in
length as well as in launched power give rise to higher nonlinear losses. As a consequence,
the optimisation of the two parameters will be performed so as to compare these designs.
This preliminary study must include, as in the previous SBS analysis, the FOM in order to
stablish some benchmark. Considering both relations presented in Eq. 3.13 such factor
turns out to be

FOM,_g;, =258 < FOM,_g;, = 0.388
FOM,_gi, =0.774 +— FOM,_g;, = 5.33.
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In one way or another, the a-Si waveguide is presenting a better FOM. In the first case
presenting the lowest value, whilst taking the greater in the second definition, as requested.
In addition, it will be demonstrated that a-Si devices present a better power efficiency in
the wavelength conversion application.

Continuing now to the numerical evaluation, the system of coupled equations has
likewise been solved for the actual devices giving the impact of TPA and FCA in the
process of power minimisation. Once again, the wavelength conversion efficiency (CE)
has been sought by fulfilling the maximum conditions, which is linear phase matching.
The study followed in here shows the behaviours for both crystalline and amorphous
Silicon structures whether TPA and FCA are affecting on the one hand, or just TPA is
modifying the performance, on the other. One can observe those representations in Fig.
4.14.
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Figure 4.14: Power minimisation representation. The minimum pump power required for a target CE in a (a)
crystalline and an (b) amorphous Silicon waveguides.

Note that the curves containing both TPA and FCA effects are not taking values after
some point. This is normal since we are looking into the minimum power requirement
for a target maximum CE. These shorter curves display the fact that a better CE is not
achievable hence, the minimum pump power is attained once (an extended curve would
have no sense, otherwise the term "minimum power" would lose such meaning). This can

be numerically clarified by an example such as
P, =161mW = {min P, | CEs_g; = —12dB}
hence
P, =200mW = CE,_g; = —12dB but P, =200 mW ¢ Pin

A part from that, it can be seen how the free carriers are strongly affecting the system as
the power increases. In contrast, if one of the aforementioned FCA-suppression techniques
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was used, the Silicon compounds would bring us quite good efficiencies. Not to mention
that positive CEs would be reachable within the range of 1 W.

Although they are extremely lossy materials (a.—g; = 110 dB - m~ ! and a,_g; = 450 dB -
m~1), they benefit from the highest nonlinear coefficients with respect to the other com-
pared media (y.—g; = 243 (W - m)_1 and v,_g; = 1200 (W - m)_l). Thereby, such high

efficiencies can be reported whether no FCA is detrimentally impacting the system.

Let us lastly present another repercussion from the TPA effect. In the previous devices
the optimum length has been decided in terms of linear losses («), however, in these two
materials presenting the stronger nonlinear losses, the optimum length must be reduced
as the pump power increases. It is illustrated in Fig. 4.15
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Figure 4.15: Length optimisation representation. The optimum length for each pump power in a (a) crystalline
and an (b) amorphous Silicon waveguides.

As optimum length it has been considered to be the one resulting in a maximum CE. Note
that not a good resolution has been achieved in order to reduce the computational time
for the calculations. Nonetheless, it can be seen the effect of FCA in the length reduction
with the power increase. It is not methodically decreasing because FCA at high power
produces power depletion thus, the CE becomes flattened and the length diminution with
the power growth lose its relevance.

So far, different nonlinear media presented either in fibre or waveguide structure have
been compared practically in an individual manner. The nonlinear losses coming from
the scattering effect, namely stimulated Brillouin scattering (SBS), from the two-photon
absorption (i.e. TPA) and from the consequently induced free-carrier absorption (FCA)
have also been taken into account, showing the limiting nature they bring to the system.
The scheme in all the cases has been chosen as a wavelength conversion through a degen-
erate four-wave mixing (DFWM).
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To conclude, let us gather all the 8 selected media in one single comparison. The final
result is provided in the next section.

4.6 Comparison of Selected Nonlinear Media

In this concluding section we essentially present the comparison in itself. After the
introduction and analysis of these promising media in the nonlinear optics, this section is
collecting the results for all of them at once. A much more clear vision will be acquired
while comparing the nonlinear media all together. It is worth remarking that the results
presented below have likewise been submitted in two conferences (first, to the electro-
optics & communications conference CLEO-PR & OECC/PS 2013 (Kyoto, Japan) and after,
to the IPC 2013 (Seattle, USA). The submitted paper can be found in the Appendix.

As the analytical methods are neither giving an accurate interpretation nor a fair com-
parison between fibres and waveguides, the numerical model described by [33] has been
adopted. Relying on the coupled equations to solve the fields propagation and therefore,
calculate the CE, the individually afore-presented behaviours have been assembled all
together. The resulting comparison is pictured in Fig. 4.16.
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Figure 4.16: Power minimisation representation. The minimum pump power required for a target CE in all
the nonlinear media presented before.

As a reminder, all the compared media in this thesis has been elected from the literature
review trying to find the best and more recently manufactured devices. It is worth com-
menting that usually the media presenting the lowest possible linear losses («) while
exhibiting enhanced Kerr nonlinearities () have been sought. Indeed, some of the media

still are under investigation to achieve better performances however, not a fully-described
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and already-tested example has been found in the research.

As aforementioned, for instance, III-V semiconductors (i.e. AlGaAs in the present case)
show encouraging theoretical behaviours. Equally, FCA in Silicon devices has lately been
reduced by using some techniques which brings us really good performances. In the
case of Chalcogenide glasses, whether both the SBS (in the fibres) and the TPA (in the
waveguides) phenomena could be avoided, good efficiencies are obtained. Furthermore,
some recent studies suggested optimistic devices [35, 49].

Regarding the widely used Silica HNLFs, they allow for extremely high efficiencies but
not for short devices in the CE maximisation. Some novel work has been intended for
improving the dispersion instabilities along the fibre [50-52]. In the present work neither

dispersion effects nor polarisation changes have been accounted for.

Additionally, the comparison for the optimum length of such devices has depicted
in order to provide a much more clear idea for the structures design. Notice that great
importance has been destined to the power optimisation though, the manufacturing of
these up-to-date devices is also important. Henceforth, the different lengths variation
with the pump power are pictured in Fig. 4.17.
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pump power increase for all the nonlinear media presented before. Note that the lower plot is represented in
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It is worth observing that no power minimisation is considered in Fig. 4.17. The graphic
is showing the optimisation of the length with an increase of the pump power concerning,
always, about the maximum CE. The latter has additionally been pictured (a) to provide
a better understanding of the optimisation procedure for such length. All the points
depicted in this CE curve result from the corresponding couple [P,, L,,:], whose relation
is delineated in (b). Notice that Silica HNLF has been deleted from this group-comparison
since the optimum length was about 6 km, which is much lengthier than the rest of devices,

distorting then the clearness of this graph.

To sum up, one could assert that the Silica HNLFs bring us the best performance in
terms of CE maximisation at the price however, of very long devices. Similarly, Bismuth-
oxide HNLF reaches a really high efficiency while allowing for quite short devices within
the range of 1 W.

On the other hand, regarding the waveguide structures, it can be split into three different
groups. Firstly, Hydex®, AlGaAs and Silicon Nitride present results on CE in between
—25 dB and —20 dB for power minimisation, being the Si3 N, the one with the higher CE.
Optimising the length, Silicon Nitride result in designs of almost 2 m, Hydex® in lengths
close to 1 m and the III-V semiconductor (AlGaAs) allows for the shorter device which is
about 2 cm.

Secondly, the Chalcogenide (As2.53) waveguide shows a quite good CE, almost achieving
positive values, with an optimum device length of 1 m. As stated before, some promising
designs may provide higher efficiencies. We must recall that high powers are not recom-
mended in such media.

Finally, the third group consists of the Silicon compounds (both crystalline and amor-
phous). It has been shown that such devices exhibit strong drawbacks coming from TPA
and FCA. Nonetheless, some techniques can avoid them shifting the CE for such media
from [—12, —10] dB up to positive values. One could observe an enhancement in the a-Si
case, since the maximum attainable CE saturates at higher powers. Besides, these two
mediums permit the shortest optimum devices. Note that the length variation in these
cases is important whether the power keeps incrementing. Crystalline Silicon optimum
designs must be shorter than 4 ¢cm while amorphous Silicon devices cannot exceed lengths
of 1 em.

Hence, only those materials reaching at least C E = 0dB, which are (from the results) Silica
and Bismuth HNLFs and, the amorphous and crystalline Silicon (a-Si and c-Si, respec-
tively) waveguides when no FCA is affecting, allow for the avoidance of an extra-amplifier

box adding noise to the signal.






CHAPTER 5

Conclusions and Future Work

This Master Thesis has been focused on the comparison between different nonlinear

media widely used in various studies regarding the CE (and so, the amplification) of a
transmitted signal.
The case-study proposed in here, as in many other cases found in the literature review,
consist of a degenerate FWM scheme. The effects of the different selected nonlinear media
on the resulting output wave (idler) has been examined both analytically and numerically.
The latter method has been realised by means of Matlab® tool.

After a thorough research concerning up-to-the-minute nonlinear media, different
effects emerging from such materials peculiarities have been described such as SHG,
SFG and DFG as X(Z) nonlinearities, and from the other hand, Kerr effects, FWM, TPA
and SBS as ¥ nonlinearities. Either the frequency (wavelength) conversion process or
the efficiency reducer phenomena (SBS, TPA and FCA) have been useful in the comparison.

Furthermore, all the investigation tools together with the comparison procedure used

in this work have been described. Accordingly, results on the TPA, FCA and SBS have
been presented in order to provide a benchmark for these nonlinear media. In addition,
the consequent CE for each media has been detailed as well.
Divided into two main groups one can find the study of the HNLFs made of either Silica
(Si02) or Bismuth-Oxide (Bi203) and, by contrast, the second group, which consists of
Hydex®, Si3Ny, AlGaAs, AsySs, crystalline and amorphous Silicon, includes the waveg-
uides analyses.

SBS evidences have been demonstrated in the fibres examination. In both cases, Si09
and Bi203, the commonly named SBST has been investigated. Firstly, in an analytical
method and after, for a more precise estimation, numerically, obtaining (by means of the
latter method) values of Py,,,,., = 11.1dBm and Py, .. = 25.7dBm.
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Despite no SBS symptoms are present in the waveguide structures, some of them exhibit
power efficiency reduction owing to the effects of either TPA or FCA. Similarly, analytical
results (showing some FOM for the TPA comparison) have been provided together with
the numerical examination for the TPA and the FCA effects on the CE.

Regarding the main scope of this work, the comparison between all the elected media
has been accomplished by power and length optimisation. Thanks to the numerical
investigation by means of the set of coupled equations, the materials collection has been
outlined in two different graphs. On the one hand, it can be seen the minimum power
required to achieve a certain maximum CE. On the other hand, an alternative design
comparison has been presented by illustrating the optimum length required for each

device while varying the pump power.

The materials determination has been effectuated based on the lowest linear losses
(). Accordingly, the comparison provide us with a general view gathering different
nonlinear media utilised for wavelength conversion applications. More precisely, this
study has been focused on the CE concerning the idler signal generated at the output as
a result of the wave mixing (DFWM) from the input signals. Such efficiency parameter
gives us an amplification knowledge on the nonlinear materials. As a consequence, it
can be seen that a few media allow for keep the system away from using extra-amplifier
boxes, which results in no extra-noise addition to the performance. At the present compar-
ison, amplification (within the range of 1 1) has been observed in both fibres (Silica and
Bismuth-oxide) together with the waveguides made of crystalline and amorphous Silicon
when FCA is eradicated. However, some advanced studies are presenting amplification
in Chalcogenide and AlGaAs devices.

As aforementioned, neither dispersion nor polarization effects have been considered
in this comparison. Hence, the values obtained in the comparison would be slightly down-
shifted in terms of CE, since these effects would entail efficiency reduction basically in the
tibres analyses. As one could see, the optimum length for the Silica fibre is about 6 km,
which is much longer than the ones normally used in practice (300 — 500 m). Thus, such
effects would have an important impact on the CE, since the perfect linear phase mismatch
assumption (AS = 0) would be no longer acceptable. Therefore, such imperfections
inclusion together with a practical examination in the laboratory should be implemented
in the next future to get a much more accurate comparison. Moreover, considering the
noise addition by a well-known amplifier, a Bit Error Rate (BER) comparison could be
included for the media that need such amplifier. Finally, other up-and-coming nonlinear
materials could be investigated to increase the benchmark carried out herein to help the
designer out choosing the appropriate device for wavelength conversion applications.
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APPENDIX A

Basic Concepts

A.1 Maxwell Equations

Similar to many fields in the Physics, the study of the propagation of the optical fields
branch emerge from the well-known Maxwell Equations. They are used to obtain the
wave equation describing the light propagations along the devices. Such equations in the
SI (International System) units are given by [1]

B

E=— Al
va:J+55—]?, (A.1b)
7-B=0, (A.1d)

where E and H are electric and magnetic field vectors, respectively, and D and B are

corresponding electric and magnetic flux densities described as

D =¢E+P, (A.2a)
B = noH + M, (A.2b)

where P and M are the induced electric and magnetic polarizations, respectively, and ¢q
and jig are the vacuum permittivity and permeability.
In absence of free charges and considering non-magnetic media the following approxima-

tions are considered

p=0, J=0, M=0(B=_pH). (A.3)
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A.2 Frequency and Wavelength Relations

The main topic in this thesis has been the CE regarding the efficiency in the wavelength

(or frequency) conversion process. Both the frequency, f, and the wavelength, A\, domains

are directly related by
c 1 1 1
Hz|=— = = —4+—=— A4
[ [Hz] N T Wit =ws NN N (A.da)
Af = %A)\ (Bandwidth relationship) . (A.4b)

A.3 Linear Losses

The main detrimental effect present in this devices are the linear losses. Throughout
many years, big efforts have been intended for reducing such effect in these nonlinear
devices. Such losses become gathered in the so-called attenuation parameter, ¢, that

describes the power-reduction through

0P(2)
0z

=—az = P(z)= Fe . (A.5)

The attenuations is usually expressed in [ZB} or [dB] when the material presents re-
m cm

ally high losses and hence, short devices are employed. Such phenomena depends on

the wavelength range the device is used. The following picture reflects this frequency

dependence for a Silica fibre A.1.

All the simulations along the thesis have been made under the A = 1550 nm window
which can be seen is the lowest losses range. Outstanding optical fibres already reached
values around 0.2 % However, due to the required highly nonlinear characteristics,
such losses are quite higher in the materials studied in this document.

Besides, this linear losses determine the effective length of the device defined as follows

1—e oL
Loy = — (A.6)
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Figure A.1: Attenuation spectrum for a Silica fibre. Picture extracted from www.lightemittingdiodes.org.

where L stands for the physical length of the device.

Another typical parameter taken into consideration in nonlinear effects calculations is

the effective mode area, A. s, which is expressed by

(125 F ) Py

Aesy =

where F(z,y) is the modal distribution of the device.

JIZS 1 F (w0, y) [ dady

(A7)
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Article Submitted

B.1 Paper Submission

In this second appendix we present the paper regarding the thesis main topic submitted
in both the electro-optics & communications conference CLEO-PR & OECC/PS 2013
(Kyoto, Japan) and after, to the IPC 2013 (Seattle, USA). Although it was rejected in the
first attempt (CLEO-PR & OECC/PS), the article has been accepted for the upcoming
conference that will be held in Seattle (IPC 2013).
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Abstract

We systematically compare nonlinear media for
parametric signal processing by determining the minimum
pump power that is required for a given conversion
efficiency in a degenerate four-wave mixing process,
including the effect of nonlinear loss.

I. INTRODUCTION

All-optical signal processing relies on nonlinear media
through which optical waves are made to interact. Among
the available physical mechanisms, third order parametric
processes are particularly attractive since they allow the
realization of a wide range of functionalities, including
wavelength conversion, phase conjugation, switching,
sampling, logic and amplification. Traditionally, specially
designed highly nonlinear fibers (HNLFs) have been
largely used for the demonstration of parametric signal
processing [1]. In spite of their low loss and inherent
compatibility with fiber optic systems, they are however
limited by a relatively modest Kerr nonlinearity.

Recently, a wealth of alternative media presenting
enhanced Kerr nonlinearity, sometimes several orders of
magnitude large than that of HNLFs, have emerged.
Those include, among others, bismuth oxide fibers [2], as
well as waveguides (WGs) made of cristalline [3] or
amorphous [4,5] silicon, silicon nitride [6], chalcogenide
glass [7], AlGaAs [8] or high-index doped silica glass
(Hydex®) [9]. The motivation behind the introduction of
these material is not only to obtain higher nonlinear
coefficients thanks to their enhanced nonlinear index and
strong confinement, but also the possibility of dispersion
engineering enabling phase matching over a wide
bandwidth. However, in spite of their attractive Kerr
nonlinearity, these materials may also suffer from
drawbacks including linear and nonlinear loss or
stimulated Brillouin scattering (SBS), which limit the
achievable conversion efficiency. Although extensive
literature demonstrates applications of these materials
individually, their relative merits are so far unclear.

In this paper, we report a thorough and systematic
comparison of nonlinear media for parametric signal
processing. By estimating the pump power required in a
degenerate pump wavelength conversion process, we
highlight the relative strengths and weaknesses of eight
popular nonlinear media.

II. DESCRIPTION OF THE MODEL

The study focuses on the estimation of the maximum
attainable conversion efficiency (CE, defined as the ratio
of the idler power at the waveguide output to the signal

power at its input) in a degenerate four-wave mixing
(FWM) wavelength conversion process. For this purpose
the system of equations linking the complex envelopes of
the signal 4, the pump A4, and the idler 4; is solved under
continuous wave (CW) operation,

dA, 1 . 2
L= —5(0{+ gy + ) A, + _/7(‘14,,‘ +2]4 ] +2|4 ‘Z)Ap ,

+2jyA,4,.4""

dd,; 1 .
= = _5(0{ + pygi t Opcy ) 4, + ./7(
iy Al ALe™

i p

F+24| +2

2

o is the linear loss, yis the nonlinear (Kerr) coefficient
and Af is the linear phase mismatch between the waves.
The nonlinear loss due to two-photon absorption (TPA)
and TPA-induced free-carrier absorption (FCA) are

— ﬂTPA [‘Ak‘z +2Z Am 2] S
7 m#k

Oy i A

>

20, 12
O-ﬁTPA Z 4 ]'mj'n Am Am
ey = 2 Z/lm 4, + 42 5
2hedy, | o o A, + 4,

n

respectively. Brpy is the TPA coefficient, Orc4 is the FCA
cross-section, 4, is the effective area and 7. is the carrier
lifetime. This model is valid in the absence of pump
depletion by the FWM process. In case of SBS, the
threshold is defined as the value of the input pump power
for which 1% of the power is back-scattered and is
calculated using a shooting algorithm. The maximum CE
is obtained under phase matching condition AS=0 at a
pump wavelength of 1550 nm. The comparison is
performed between the nonlinear materials in Table 1.

III. RESULTS AND DISCUSSION
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Fig. 1. CE as a function of waveguide length and pump power for
(a) crystalline silicon (c-Si), (b) chalcogenide (As>S3), (¢) Aly.1sGags2As
waveguides and (d) bismuth oxide (Bi,03) fiber.
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TABLE I
NONLINEAR MATERIALS PARAMETERS
Y a Aoy Brea OFca 7 9B Ref
W'm") | (@Bemh) | (um’) | (cmGW) () (ns) (m-Wh

silica HNLF 11.5x107 8x10° 11 - - - 7.9x10™"2 [1]
Bi,0; HNLF 1.1 8x107 3 - - - 6.4x10™" [2]
c-Si WG 2.43x10? 1.1 0.1 0.5 1.45x107! 1 - [3,10]
a-Si WG 1.2x10° 4.5 0.07 0.25 1.9x10% 0.4 - [4,5]
SisNy WG 0.2 3x107 1.8 - - - - [6]
As,S; WG 1.7 5%107 6.9 6x10™ - - - [7]
AlGaAs WG 10 2 5.7 0.05 - - - [8]
High index silica WG 0.22 6x10” 2 - - - - [9]

First, the CE is calculated as a function of waveguide
or fiber length and pump power, as illustrated for sample
materials in Fig. 1. This enables to determine the
optimum length that minimizes the pump power for a
given value of CE. For materials presenting nonlinear
absorption, such as silicon, the optimum length depends
on the pump power. In case of materials presenting only
linear loss, it corresponds to the value obtained from
maximizing qu/e'“L, where Leﬁ=(1-e'“L)/ o is the effective
length. The minimum pump powers resulting in a given
maximum CE (i.e. at phase matching) are represented in
Fig. 2. This minimum required pump power (P, ;) is
considered to be a good figure of merit to compare the
intrinsic benefits of the materials since it assess the pump
power efficiency of the process for the same functional
performance.

1
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Fig. 2. Minimum pump power required to achieve a given CE for
the different materials.

The results of Fig. 2 are limited to the regime where no
strong parametric gain is achieved, and where the
undepleted pump approximation is valid. Parametric gain
could be obtained at higher pump powers for some of the
media, for instance silica HNLF. However, this would
require SBS mitigation techniques to be implemented,
which is outside the scope of the study. Based on our
SBS threshold definition, the pump power should be
limited in practice to 1 mW for silica HNLF and 390 mW
for Bi,O; HNLF (at the optimum fiber lengths of 5.8 km
and 6 m, respectively) if no SBS countermeasure is used.
For Si, in which carriers are generated via TPA, P, ,,;, has
also been calculated neglecting FCA, which would
constitute an optimum case when the generated carriers
are removed using a reverse-biased p-i-n junction.

Among the investigated media, silica HNLFs allow to
achieve a given CE for the smallest pump power thanks
to their low loss allowing long interaction length. Note
that the calculations assume perfect phase matching,

which would be challenging in practice for long HNLFs.
The linear losses of high index silica (Hydex®), silicon
nitride (Si3N,) and chalcogenide (As,S;) waveguides are
of the same order of magnitude, but the former two media
are limited by their smaller y Their performance is
similar to that of Al ;3Gagg,As, which presents higher
linear loss but a larger y Crystalline (c-Si) and
amorphous (a-Si) silicon benefit from their high ybut are
limited to CEs to about -10 dB due to TPA and FCA. If
FCA can be suppressed, a-Si offers the second best
performance after silica HNLFs. The performance of
bismuth oxide (Bi,O;) nearly matches that of c-Si
(without FCA) until it reaches its SBS threshold.

10 C T BiO, T T T T 3
T 1 E SiN, 3
S E S E|
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Fig. 3. Optimum waveguide lengths at which the minimum pump
powers in Fig. 2 are obtained.

The waveguide lengths corresponding to the maximum
reachable CEs are also shown in Fig. 3 for the planar
waveguide materials. It is clear that if TPA and FCA are
present, the waveguide length needs to be optimized for
each pump power.

IV. CONCLUSIONS

We have performed a systematic comparison of
nonlinear media for all-optical signal processing in case
of degenerate FWM wavelength conversion. The relative
impact of loss (linear and nonlinear) and nonlinear
coefficient has been assessed for a fixed CE target.
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