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EPIGRAPH

In our history, one should distinguish between
two different things. The distinction is between
those who speak and those who act. History is
made not in words, but by acts. Only those who
act are making history.

David Ben-Gurion
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ABSTRACT OF THE DISSERTATION

Locally Controlled Deeply Saturated Fiber Optic Parametric Amplifiers

by

Ron Reuven Nissim
Doctor of Philosophy in Electrical Engineering (Photonics)

University of California, San Diego, 2014

Professor Stojan Radic, Chair

A new class of highly efficient Optical Parametric Amplifiers (OPA) is
explored in this dissertation, which have the potential to reduce the power requirement
on the pump and enable new functionalities. This originates from the simple notion
that figure of merit (FoM) of an OPA is proportional to the product of the pump power
and amplifier’s length and nonlinearity. Silica fibers have been developed for over five
decades and offer unparalleled transparency. By merely extending the fiber, i.e. the

amplifier’s length, a high FOM amplifier can be formed while keeping the pump at a

XVii



moderate, sub-Watt power level. Unfortunately, optical fibers are inherently non-
uniform. Their core size fluctuates along the fiber on a nanometer scale which is on
the order of the fiber’s molecular constituents. It is currently established that the
performance of a fiber-based OPA (FOPA) is dictated by its stochastic nature. In fact,
given a moderate pump power level, the highly efficient OPA will be required to
maintain a strict phase matching condition across hundreds of meters. Facing this
challenge, this dissertation focuses on a locally-controlled, high FoM FOPA.

A high FoM FOPA operates in the deeply saturated regime in which a weak
signal saturates the amplifier and depletes the pump power, effectively generating an
inverse response of the pump output power to the signal input power. Given FOPAS’
inhomogeneous nature, the performance limit of deeply saturated FOPAS is studied.
So far, FOPAs have been commonly treated as a uniform entity; however, this study
discovers unique features of the system which originate from and are strongly
influenced by the fiber’s inhomogeneous nature. One major example is the non-
reciprocal response of deeply saturated FOPAs.

It was found that deeply saturated FOPAs perform very highly, as the pump
can respond to a rapidly varying (sub-THz) weak (sub-uW) signal. This is a novel
method which obtained orders of magnitude improvement over current alternative
technologies and relies on spectrally uninhibited construction in an open architecture.
Successful ways to harness local dispersion are bound to benefit both science and
engineering by enabling access to highly efficient FOPAs’ full potential and creating

viable technology.
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Chapter 1

Introduction

1.1. Background

The origin of this dissertation dates back to recent points in history. One is the
study of nonlinear optics (NLO) [1] which was proliferated by the invention of the
laser [2]. The second is the invention of low loss optical fibers [3] which enabled
today’s fiber-optic communication systems [4]. Fiber-optic communication systems
have experienced major changes since their early days in the mid-seventies. In the past
forty years, lightwave systems evolved through several generations. These changes
include: replacing multi-mode with single-mode fibers; lowering fibers’ propagation
loss and dispersion; developing faster integrated circuits (ICs); introducing optical
amplifiers’ and developing WDM techniques. Presently, the main challenge of the
field focuses on sustainable growth of optical communication networks. This growth
is driven by the continuously increasing number of users and high bit-rate
applications. This challenge is addressed at two levels: Increasing the energy
efficiency of (sub-) systems and extending their capacity-distance product.

Currently, the capacity-distance product limit of fiber-optics communication
systems continues to be pushed further by the development of complex optical
modulation techniques; PIC (which is also relevant for energy consideration); SDM;

coding methods (ECC/FEC), and by flexible and efficient use of the network resources



in the form of network virtualization (SDN). On the other hand, this work aims to
enable reduction in complexity and power consumption of the next generation of high
speed optical communication systems, and may also impact areas outside of optical
communication.

This dissertation pertains to two concurrent challenges in the optical
communication industry. One is the growing gap between optical transmission data
rates and electrical signal processing speed. There is a growing demand for faster
networks due to the continuous increase in the number of users and the type of content
they consume, which consequently requires improvement in network design and
infrastructure. For example, previous changes were driven by the transition from
stationary to mobile devices and from plain text to high-definition content. While
optical waves are used to transmit data, the routing at the junctions of the network is
done in the electrical domain. At the junctions, the incoming optical signal is
converted into the electrical domain where the signal is processed, which is followed
by conversion of the post processed electrical signal back to the optical domain for
further transmission, commonly known as OEOQ architecture [5]. The growing data
rate and complexity (complex modulation formats) of the optical signal [6], which is
orders of magnitude faster than the electrical domain, makes the two domains
incompatible with each other. Consequently, OEO solutions become increasingly
complex and of a higher power consumption. Additional power consumption is
incurred by the tendency of RF waveguides and devices to operate inefficiently with

increased dissipation at higher frequencies.
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Figure 1: Sustainability Challenge in Optical Communication | Current routing technology
cannot support sustainable internet growth (left) Power consumption of Peta bit Class Router; after
reference [7] © 2010 NICT. (right) North American internet traffic; after reference [8] © 2012
IEEE.

The second challenge concerns the growth rate of internet networks and their
associated power consumption, which as shown in Figure 1, is not sustainable [7], [9].
Consequently this motivates the exploration for energy efficient technologies. One
aspect of the solution to telecommunication’s energy crisis is to minimize the power
consumption of various power consuming elements in the network, such as
modulators, receivers, amplifiers, switches, etc. The other aspect is their speed of
operation. Namely, any future solution must have compatible processing speed and
lower power consumption.

For example, it will be highly desirable to switch or process the optical signal
without the need to convert it to the slow and highly dissipative electrical domain. All
optical switching and signal processing have been proposed as a potential replacement
for OEO configuration and such investigation was underway by 1990 [10]. The idea is
obviously not to replace electronics completely but to use these solutions where it is
suitable. In the literature it is occasionally referred to as O/O architecture. The premise
of this proposition is to directly manipulate the optical beam carrying the data, thus

avoiding the conversion of the optical signal to electrical domain. This technology is



based on NLO where optical beams can efficiently interact inside a nonlinear optical
medium. Generally the NLO interactions can be divided into two types: resonant and
non-resonant, where the latter has a faster response but requires higher optical
intensity and vice versa for the resonant NLO. Additionally, resonant NLO incurs
absorption loss. Section 1.3 provides a review on a variety of platforms and
technologies.

This work explores a type of non-resonant NLO effect, known as parametric
amplification; specifically, four waves mixing (FWM). NLO platforms are typically
divided into bulk crystal, chip scale waveguides and fiber based platforms. The
various platforms are compared by evaluating their Figure of Merit (FOM). A basic
expression to the FoOM of an optical parametric amplifier (OPA) is given by the
product of the pump power P and the amplifier’s nonlinear coefficient y and length L.
Other versions of FOM may include dispersion and parasitic effects such as two
photon absorption (TPA) and free carrier absorption (FCA) [11]. NLO crystal offers
no optical beam confinement, and consequently the beam divergence limits the
interaction length [12], [13], which is typically compensated for by the use of high
optical power. In contrast to free space optics, waveguides confine the beam size, and
thus support longer interaction length. Still, relative to fibers, chip scale platforms are
considered short, millimeter- to centimeter- long waveguides, with core material made
of high nonlinearity coefficient and small core size to obtain high intensities.
Unfortunately, such waveguides typically suffer from high (linear) propagation loss
(~dB/cm) and parasitic effects (nonlinear photon absorption), which limit their length.

On the other hand, silica fiber based OPAs are characterized with unparalleled low



propagation loss (< 0.2 dB/km) which, despite their relatively low nonlinear
coefficient, can achieve superior nonlinear interaction length in comparison with chip
scale waveguide and other competing technologies (see Section 1.3). In some cases,
amplifiers are placed in a cavity to enhance their light-matter interaction; however this
adds a spectral constraint which limits their speed of operation.

Having been developed for over four decades, silica fibers possess highly
controlled low dispersion, specifically in the region of interest — the telecom band. By
utilizing the unparalleled transparency of silica fibers, it is possible to extend the
amplifier’s length and reach very high FoM while keeping the pump at a moderate,
sub-Watt, power level. In fact, given a power-limited pump, silica fibers can provide
the highest FoOM. A very high FoM OPA operates in a deeply saturated regime where a
weak signal can saturate the amplifier and deplete the pump. If properly designed,
such an OPA can provide very high performance in terms of: power consumption,
efficiency, sensitivity, and response time. Silica’s near-instantaneous response [14] in
such a high performance device could be exploited for diverse applications such as:
sensors, novel modulators, switches, amplifiers, receivers, etc.

Fibers in general and silica fibers specifically are commonly treated as a
longitudinally uniform structure, which usually is indeed a practical description.
Unfortunately, a silica fiber is not an absolute uniform entity. Minute random
variations are created along the fiber during the fiber-drawing process, and are also
due to fiber handling in the form of twists and pressure points; consequently, the OPA
experiences performance degradation [15]. Longitudinal variations in the fiber’s

transverse core geometry generate a local dispersion in the fiber and have a local



affect on the amplification process in the OPA (see Section 1.2.1). It will therefore be
important to quantify this effect and establish engineering rules necessary for the
construction of high FoM Fiber OPA (FOPA). This work studies the physical limits of
such a system and its future potential. Developing such a device will be a far reaching
contribution to the creation of highly efficient parametric amplifiers. Such a device
can act as a building block for various applications: it will consume less power;
amplify light more efficiently; and exhibit unparalleled combination of high sensitivity
and high speed.

From the technological perspective, this work is studying the feasibility of
utilizing highly nonlinear fiber (HNLF) based OPAs as a platform for ultrafast few
photons control. The premise is that by operating the system in a spectrally
uninhibited manner, it will be possible to manipulate the FOPA using a rapidly
varying, weak control beam. In practical terms, the goal is to control a device using
only a few photons at speed rates compatible with the next generation of optical
communication. The scientific aspect of this work is the study of FWM in a FOPA
which operates in the deeply saturated regime while taking into account vacuum

noise’ and the FOPA’s inhomogeneous nature.

! Section 1.2.2 and Chapter 3 include information on the importance of vacuum noise in high FoM
FOPAs.



1.2. Challenges

This section details the challenges in the research of deeply saturated FOPAs.
As this is a new research topic, it involves many challenges, scientific as well as
technical, and therefore can grow in many directions. The following paragraphs
describe scientific challenges which are most relevant to this work, whereas the rest
may be found at Section 6.2 (Future Directions). Technical challenges are described in

the body of this dissertation, each at their relevant section.

1.2.1. Local Dispersion in Distributed
Amplification

A FOPA is typically described as a lumped device. That is one which has a
short (< 100 m) length and has a fixed gain coefficient, go. Indeed, if the amplifier is
not saturated, then the pump is undepleted and the gain coefficient is constant.
Moreover, in such a case, the fiber propagation loss may be neglected. In the case of
distributed amplification, the gain assumes a spatial dependence, g(z), and the Non
Linear Schrodinger (NLS) equation needs to be solved along the fiber’s axis. A high
FoM FOPA operates in the regime of deep saturation. Additionally, we limit the pump
to a moderate power level, which mandates the use of a long silica fiber. Hence, a high
FoM FOPA is necessarily a distributed amplifier.

Recent studies have shown, experimentally and numerically, the degradation of
FOPA performance due to longitudinal variation in the fiber’s core geometry. In fact,

this variation occurs at nanometer scale which is on the order of the molecular



constituent of the fiber — that is at the limit of fabrication control. The ability to
carefully characterize in a non-destructive manner the minute variations in the local
structure of the fiber is currently unique. This work studied and demonstrated the
importance of fiber variations to the understanding of high FoM FOPA. For example:
(1) Locally dissimilar fibers with identical global properties show drastically different
parametric amplification behavior. (2) A high FoM FOPA has a non-reciprocal
transfer function. (3) Locally varying fiber can reach performance levels which are not
attainable by uniform fibers. All of which require modeling high FoM FOPA using
locally varying fiber.

The vast majority of FOPA studies neglects the local dispersion of fibers and
assumes only global properties, thus effectively describing them as a perfectly uniform
entity. Indeed, the uniform fiber model is an excellent approximation for many fiber-
optics studies. However, in the case of high FoOM FOPA, any study which neglects the
fiber’s local properties will be very limited. Unfortunately, this approximation
eliminates critical features of high FoM FOPAs and fails to represent physical
limitations one meets when approaching to build such device. For example, a high
FoM FOPA that is longitudinally inhomogeneous (spatially non-uniform) can have

superior performance compared to when modeled using a perfectly uniform fiber.

1.2.2. Rapidly Varying Low Power Switching

The quest for an optical transistor has been an ongoing, long pursuit. It deals
with the ability to directly control a strong (many photon) beam using a weak (few

photons) beam. To implement such a device, the common approach is to use either



cavity resonances to enhance the optical power levels in the cavity; or molecular
resonances to enhance the nonlinear susceptibility coefficient; or both. Although this
approach has proved to be efficient in achieving light manipulation at the few photon
level, it is inherently slow and is orders of magnitude below optical communication
transmission rates. Cavity resonances are limited by spectral inhibition while
molecular resonances are limited by the material response time (T4, T). Additionally,
for the latter, the strong beam is usually limited in power to a weak, micro-Watt, level.

Conversely, this work takes a different approach which removes the use of
resonances; as it relies on long interaction length in transparent silica fibers. A long
silica fiber can be used to create a FOPA with a high FoM. Such a device will not only
be sensitive to weak inputs, but can also have a wide bandwidth. However, such a
device supposedly has two drawbacks which require investigation. (1) The fiber local
structure will need to be addressed as previously described. (2) This wideband device
operates as a saturated amplifier with a weak input. Consequently wideband noise will
be seeded into the amplifier. The wideband noise is expected to compete with a
rapidly varying weak input signal, consequently limiting the sensitivity of the device.
For this reason fast devices are inherently noisy, and sensitive devices are inherently
slow.

This work asks for to create a fast device and to keep it sensitive, which

intuitively is contradictory in nature.
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1.2.3. Optical non-Reciprocity

As the vast majority of optical systems are reciprocal in nature, the idea of
having an optical diode is intriguing. Certain areas in science and engineering make
use of the Faraday’s effect by placing a magnetic media in a magnetic field to
construct optical isolators and circulators. Such devices are normally used to stabilize
and protect communication systems and lasers, which can be disturbed by external
inputs. Other applications which use optical isolators are typically affected by
scattering effects, back reflections or bi-directional light propagation, for example as
in optical systems which rely on SBS [16].

In recent years there has been a renewed interest in optical non-reciprocity:
effect and devices. Driven by advancement in nanotechnology fabrication techniques,
emerging platforms, such as PIC and SPP, are pursuing miniaturization of optical
systems, including that of isolator. The new methods seek more than simply scaling
down existing Faraday’s devices, but instead focus on creating new technologies.

Fundamentally, non-reciprocal devices rely on (breaking) Lorentz reciprocity
theory and Parity-Time symmetry. Various reports [17,18,19,20,21,22,23,24,25],
theoretical and experimental, were published on this topic, which in fact sparked a
debate in the community regarding basic definitions [26].

This dissertation demonstrates for the first time, a silica-based non-reciprocal
device. The non-reciprocal behavior relies on the existence of local structure in glass
fiber. Specifically, it is shown here that it is the random core scaling which dominates

the effect. In conjunction, this work extends FOPA reciprocity theory by operating the
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FOPA in its nonlinear regime. The physical limits of FOPA non- reciprocity outlined
here are yet to be found and may be applied in equivalent platforms such as chip-scale
parametric waveguides. It is an open question as to whether FOPA non- reciprocity

can be explained in term of PT symmetry or Lorentz Theorem.

1.3. Literature Review

1.3.1. Saturated Parametric Amplification

This section provides a current image on the state of the field with respect to
this dissertation. The topic of fiber-optic parametric amplification is considered a well-
established research field. Surprisingly, little research has been done so far on deeply
saturated parametric amplifiers. Indeed, most of the published work in the field was
performed in FOPA’s linear amplification regime. Whereas research which was done
in the saturated regime was only weakly saturated and studied in the context of optical
regeneration and impairment mitigation.? Equally important, previous discussions on
saturation did not include the role of local dispersion.

The reason most of the focus has been on the linear amplification regime is
practicality. The majority of amplifiers operate in the linear amplification regime
where the noise figure is lower; and in general is theoretically simpler. With respect to

OPAs, the linear regime adheres to a relatively simple theory, whereas in the nonlinear

? Readers who are familiar with EDFA literature would be able to make an analogy between the term
“self-saturation” in the context of EDFA and “deep-saturation” in the context of FOPA. Self saturation
is a regime in which power of ASE is comparable to that of the pump.
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regime the amplification involves many simultaneous processes and may be
considered as inefficient. From a standpoint of optical communication, cross talk
effects (interaction between various input signals) are enhanced and signal
amplification is less efficient as it gives raise to generation of spurious optical tones.

Other types of experiments which seemingly studied saturated parametric
amplification had made use of bulk crystals or short wave guide. These were
employed in a cavity configuration to overcome losses, weak focusing, and short
interaction length — which resulted in poor efficiencies. Similar experiments which did
investigate a cavity free apparatus, used high intensity beams (i.e. pump and signal) to
drive the interaction. Seemingly, such an experiment could be considered as a
saturated amplifier since both beams are comparable in power, Ps = Pp. However,
these amplifiers were usually inefficient and did not cause the pump power to deplete;
thus lacking an important component of saturated parametric amplification. In fact,
this dissertation explored saturated parametric amplification specifically in the limit of
weak input signal, Ps << Pp.

Nevertheless, several relevant studies to this field were made. In the early
nineties, Cappellini and Trillo found an exact solution to ® three CW wave mixing.
The instructive solution indicated the possibility of strongly depleting the pump wave
using an extremely weak signal [27]. The conditions to such an effect were detailed
while highlighting the fact this phenomenon is bandwidth limited. However, this
article did not include three major factors: vacuum noise, higher order idlers, and local
dispersion. All of which play a role in physical saturated parametric systems. Later,

Kylemark et al. published a semi-analytical saturation theory of FOPA [28]. It
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provided a successful description of MI wavelength-dependent gain under weak
saturation conditions. The article mainly focused on signal/idler gain variation. The
validity of this model was studied for gain above 20 dB but was limited to a region
where the system’s gain could not affected by noise amplification. Then, saturation is
caused by signal and idler amplification. At signal input power levels above the small
signal gain approximation, the model is less suitable due to the increasing role of
higher order idlers which were not directly included in the model. In fact, as described
in the following chapter, the region of strong saturation by weak input signal is vastly
different since saturation is caused by amplification of noise, signal, and idlers; and
currently doesn’t not have a known analytic solution. The first demonstration of
FOPAs’ viability, specifically of silica fibers, as an efficient mediator for fast photon-
photon interaction was made by Andrekson et al [29]. The majority of all optical
experiments use resonances, for example by form of cavity structures, molecular
transitions or both, to enhance the nonlinear interaction; an enhancement which is
needed in order to operate at low power levels. With this in mind, these resonances
also limit the operational speed by restricting the spectrum. Conversely, silica fibers
are able to break the tradeoff between efficiency and speed, by providing high L
(excess of 100 W™) while offering femtosecond scale response time. Similar
experiments which did not employ resonances, used unpractical power levels to drive
the process, thus not only making the device unappealing but also forbidding its
continuous operation due to the lack of ability to continuously provide extreme power

levels. Thus far, the role of fibers’ local dispersion in this system was ignored; this
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critical component to the study of deeply saturated FOPAs and their limits is studied

here for the first time.

1.3.2. Wave Guiding Platforms for Parametric

Amplification: y and x®

Even though Kerr nonlinearity exists in a variety of materials, so far, the only platform
in which a deeply saturated parametric amplifier was demonstrated, specifically using
Watt scale CW light, was silica fibers. This is mainly the result of silica fiber fitting
properties as an optical medium. Table 1 lists the properties of state of the art optical
waveguide possessing of Kerr nonlinearity of which silica fibers are among the
weakest. Nevertheless the interaction length in the medium is equally important and
could be effectively limited by both linear and nonlinear losses. Additionally, the
efficiency of the nonlinear process depends on the dispersion properties of the
waveguide which are derived by the materials as well by the geometry and the quality
of fabrication. Evidently, given a limited power budget, silica fiber unparalleled loss
compensates for its low nonlinearity well above and beyond the alternative platforms.
Chalcogenide platform seems to have a great potential but currently their fibers are
limited by high dispersion and TPA. Similarly, photonic crystal chalcogenide
waveguides are also limited by dispersion and TPA, and gain has yet been
demonstrated. On the other hand silica fibers dispersion tailoring in the telecom band
is by far more advanced, routinely demonstrating wideband amplification (covering
C+L bands) and high gain. The performance of PCF silica fibers is currently limited in

the telecom due to complex fabrication requirements [30].
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Y a yla  Dispersion  TPA'
Material (W'km™) (dB/m) (W?h  (ps/nm/km)  (m/W) Ref.
Silica
Fiber 18 0.0013  60.13 0 [31]
20 0.0005 173.72 0 [32]
25 0.0010 108.57 0 [33]
25 0.0012 90.48 0 N/A [34]
10 0.0005 86.86 0 [35]
30 0.0013 100.22 0 [36]
WG 5 0.0800 0.27 - [37,38]
PCF 70 0.1900 1.60 0 [39]
Bi,O3
Fiber 1,100 0.8000 5.97 -260 [40]
1,360 1.9000 3.11 -260 N/A [41]
1,360 0.8000 7.38 -260 [42]
PCF 1,100 3.4000 1.41 +40 [43]
TeO, HF 675 0.4000 7.33 -25 6.2e-12 [44]
PbSiO; HF 1,860 3.0000 2.69 +210 7.2e-15 [45]
Chalcogenide
As,Se;
Fiber 1,200 1.0000 5.21 -504 2.5e-12 [46]
Fiber Taper 93,400 1.0000 405.63 +282 2.5e-12 [47]
As,S;3
Fiber 160 0.8800 0.79 +410 6.2e-15 [48]
Rib WG 1,700 5.0000 1.48 -342 6.2e-15 [49]
9,900 60.0000 0.72 +29 6.2e-15 [50]
Ag-A32883
PhC WG* 26,000,000 1,000.0000 112.92 - 4.1e-12 [51]
63,000.000 21,000.0000 13.03 +40 - [52]
GeAsSe nanowire 136,000 250.0000 2.36 +70 1.0e-13 [53]
AlGaAs WG 521,000 650.0000 3.48 - Neg. [54]
Silicon**
WG (146,308) 125.0000 5.08 +500 - [55]
(175,570) 150.0000 5.08 +800 (1.3e-11)F  [56]
(52,671) 30.0000 7.62 - - [57]
150,000 400.0000 1.63 - 5.0e-12 [58]
52,671 27.4000 8.35 - - [59]
Hydex™ Glass 233 4.0000 0.25 - Neg. [60]

Note: Values in prentices were calculated based on the reported information in the references.
TTPA cutoff wavelength: SiO;: 0.3 um [61]; Bi,Os: 1.2 um [62]; TeO,: 0.7 um [61]; PbSiO3: 1 pm

[63,64]
*Gain has not been demonstrated

**Silicon TPA cutoff wavelength is 2.2um was measured to be 1.0e-11 m/W [65].

tIncludes TPA and FCA

When inspecting the performance of state of the art quasi phase matched »**

waveguides, shown in Table 2, to check for existence of suitable alternatives to

saturated parametric amplification, it is evident none are currently available.
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n a nla Pp CE
Material ANW).km) (dB/m) (1AW) (W)  (dB) Type Ref.
PPLN WG
ZnO:LiNbO3  (93,808) 30 1358 0.60 +8.00 CcSGH/DFG [66]
RPE 87,178 - - 012 -1.19 SFG [67,68]
(122,474) 60 886  0.12 +10.00 DFG [69,70]
(122,474) 60 886 020 +10.00 CcSGH/DFG [69]
GaP PhC WG (41,595) - - 2mwW  -63.01 SHG [71]
PePSi
WG (27) 200 58e-4 070 - SHG [72]
GaAs/AlGaAs
QPM WG 187,083 565 1.44 209.00 -41.76 SHG (Typell) [73]
354,965 391 3.94 - - SHG (Typel)  [73]
GaP/AlGaP
QPM WG 40,000 3,000 0.06  0.08 -47.10 DFG (Typel) [74]
KTP
WG 30,166 800 0.16 0.3 -19.83 SHG (Typell) [75]
BULK 5,916 - - 1.00 -24.81 SHG (Typell) [75]
PPKTP WG 34,799 120 126 1.60 -7.13 SHG (Typell)  [76]
PPLT
WG - 200 - 0.10 -51.76  cSHG/DFG [771
(8,868) 200 019  0.02 -32.00 SHG [77]

Notes: Values in prentices were calculated based on the reported information in the references. The

equivalent FoM for @ waveguides is V(;P)L.

These waveguides possess several key problems. Their temperature requires constant

regulation. In fact, an optical beam, if sufficiently strong will modify the geometrical

structure of the waveguide [76]. This is mainly due to heating effects cause by

waveguide absorption and results in resonance shift. In fact, their high insertion loss

forbids launching the sufficient amount of power levels needed for gain, which is

often not observed in these platforms. Recently, progress has been made regarding

their limited phase matched bandwidth. This was done by utilizing a good conversion

scheme, which cannot produce gain, particularly using a-periodic poling [78] — this is

conceptually connected to the challenge of local dispersion. Nevertheless, until these

platforms could demonstrate strong gain, they will not be suitable for the study of

deeply saturated parametric amplification.
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1.3.3. Optical Switching

The former discussion resulted in the recognition that silica fiber is the most
suitable platform to study deeply saturated amplification. Moreover, given a moderate
pump power levels, currently, this is the only platform which could produce the
required high FoM. This dissertation studies the limits of deeply saturated parametric
amplification, including in the context of switching. This means to control the pump
state using a rapidly varying signal input. To provide a perspective on the quality of
results shown in this dissertation, a survey on the state of the art of optical switching is
shown in Table 3 and Figure 2. The comparison is based on five categorize: energy
consumption per bit, switching (control) energy per bit, switching speed, extinction
ratio, and demonstrated repetition rate. The survey consisted of a variety of platforms:
MQW_ISBT — based on fast intersubband transition [79]; PhC — a PhC WG with a
defect (cavity), using FCA to shift the cavity’s resonance [80]; PhC-MZM — the arms
are coated with quantum dots which induce a nonlinear phase [81]; SlotWG — A slot
WG filled with Organic Polymer for FWM [82]; u-Ring — optically modulating the
ring transfer function using a plasma-dispersion effect [83]; p-Disk — optically
toggling between the two lasing mode, clockwise and counter clockwise, of an
whispering gallery resonator [84]; EAM — GeSi electro-absorption modulator [85];
Cold Rb/PCF — Cold Rubidium gas trapped in PCF [86]; Hot Rb/PCF — Rubidium gas
trapped in PCF [87]; BBO — Degenerate down conversion in a ¥ bulk crystal [88];

u-Cavity — Kerr effect is used to shift the resonance [89]; Cavity QED — a strong



Table 3: Optical Switching Survey

Total Energy Switching Energy Switching Extinction Repetition
Per Bit Per Bit Speed Ratio Rate
PhCsys BBO BBO p-Disk p-Cavity
(0.42 fJ) (0.25aJ) (0.2 ps) (11 dB) (3.33 THz)
PhC1ods HNLF*345 p-Cavity MQW ISBT HNLF*
(0.66 J) (2.7 aJ) (0.3 ps) (10 dB) (160 GHz)

Cold Rb/PCF Hot Rb/PCFy 548 MQW_ISBT HNLF* HNLF*

(11I) (5 aJ) (0.6 ps) (10 dB) (160 GHz)
EAMzgs HNLF*1445 HNLF* PhC Slot WG
(131J) (19 aJ) (2 ps) (10 dB) (42.7 GHz)
Cavity QED Hot Rb/PCF3gs HNLF* p-Ring p-Disk
(451J) (50 aJ) (2 ps) (9 dB) (10 GHz)
EAMggs Cold Rb/PCF SlotWG EAM EAM
(50 1J) (0.18 fJ) (3 ps) (8 dB) (1 GHz)
PhC-MZM PhCsys PhC -MZM Slot WG EAM
(100 1J) (0.42 1J) (15ps) (7.7dB) (1 GHz)
SlotWG PhCioas u-Ring BBO Hot Rb/ PCF
(180 1J) (0.66 fJ) (25 pJ) (7 dB) (200 MHz)
p-Disk u-Disk PhC PhC MZM Hot Rb/ PCF
(380 1J) (1.81J) (35 ps) (5.4 dB) (200 MHz)
p-Ring EAMzgs PhC HNLF* u-Ring
(1pJ) (13 1J) (35 ps) (3dB) (80 MHz)
MQW_ISBT Cavity QED Cavity QED PhC PhC MzZM
(6.9 pJ) (14.9 1) (55 ps) (3dB) (80 MHz)
HNLF*345 | EAMggs p-Disk EAM Cavity QED
(8.25 pJ) (50 1J) (60 ps) (3dB) (76.3 MHz)
HNLF* 1008 PhC —-MZM EAM Hot Rb/PCF MQW ISBT
(8.25 pJ) (100 1J) (1 ns) (3dB) (76 MHz)
Hot Rb/PCFy 548 SlotWG EAM Cold Rb/PCF PhC
(60 pJ) (144 1J) (1 ns) (3dB) (10 MHz)
u-Cavity p-Ring Hot Rb/PCF Hot Rb / PCF PhC
(127 pJ) (1pJ) (5.3 ns) (1.2 dB) (10 MHz)

Hot Rb/PCFs4s MQW_ISBT Hot Rb/PCF p-Cavity Cold Rb/PCF

(60 pJ) (6.9 pJ) (5.3 ns) (0.97 dB) (500 kHz)
BBO p-Cavity Cold Rb/PCF | Cavity QED BBO
39 1) (127 pJ) (1 ps) (0.36 dB) (1 kHz)

Note: Subscripts were added to prevent ambiguity as they indicate the extinction ratio

associated with the result.

*Based on this dissertation (High FoM FOPA)
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coupled system of quantum dot and a cavity (Jaynes—Cummings) [90]. While some
platforms have excelled in one or two categorize, clearly, high FoM FOPA (HNLF*)
over-all performed extremely well, except in its total energy consumption. When
judging these results in terms of speed vs. switching power, as summarized in Figure

2, given moderate power levels, HNLFs are orders of magnitude ahead of alternative
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Figure 2: Optical Switching Survey: Control Power vs. Switching Time | This figure shows a
graphical representation of Table 3, where the x and y axes are the switching time and the amount
power needed to control the switch. The green line represents the energy of a single photon in the
telecom’s C band, while the red trace is associated with the uncertainty principal.

technologies. Results which were reported before 2005 were taken from [91]. Bear in

mind these reports are not equivalent, since each one is measured at a different ER.

For example, in the uDisk experiment, 11 dB of ER was reported while only 1 dB was
observed in the pCavity. Future reduction of high FoM FOPA total power
consumption will be the result of harnessing local dispersion, albeit at the expense of

latency (fiber length).
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1.4. Outline of The Dissertation

The following four chapters are the core of this dissertation. Chapter 2
discusses the preliminaries of deeply saturated parametric amplification. It includes
introductory material and continues to properties of HNLF: their physical description
and relation to parametric amplification.

Chapter 3 describes a numerical analysis of deeply saturated parametric
amplification in physical fibers. It explains consideration in physical fiber modeling
and the required modification to the NLS model which are needed to incorporate
between them. This chapter studies the performance limit of this system, proposes a
characterization method, and provides predictions, which are experimentally
confirmed in the succeeding chapters. Additionally, the results of this chapter yield
engineering rules regarding design considerations one faces in realizing saturated
FOPAs.

In Chapter 4, a conception as to whether indeed longitudinally uniform fibers
are the most desirable for deeply saturated FOPASs is challenged. This study is
performed using numerical methods and describes a search for a “golden” dispersion
profile. This chapter contains a description of the method and the computational
challenge associated with this problem. The results of this chapter indicate on a wealth
of opportunities with regards to enhancing the performance of FOPAs via local
dispersion engineering. The computational cost associated with this problem is
computationally expensive and was enabled by the recent introduction of multi-cores

GPU to this field.
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Chapter 5 combines both numerical and experimental content. For the first
time, the non-reciprocal nature of deeply saturated FOPAs is experimentally
demonstrated and its origin is validated. The chapter begins by showing a simple
manifestation of the non-reciprocal nature of this system. Subsequently, this result is
leveraged in a novel simulation method to characterize the system which proves it is
governed by its local properties, specifically by geometrical scaling effects, and
confirms the predictions made in the preceding chapters. Next, a static characterization
technique is presented and demonstrated; and the simulation technique is shown to be
accurately describes the FOPA’s non-reciprocal behavior. Additionally, the results of
this characterization are analyzed, and predict record dynamical capabilities to the
saturated amplifier. These results prove that local dispersion is a key factor in the
behavior of saturated FOPAs.

Finally, Chapter 6 summarizes the dissertation, and discusses future research.



Chapter 2
Preliminaries to Deeply Saturated Parametric

Amplification

This chapter contains basic information pertaining to the study of deeply
saturated FOPAs, including coverage of essential points in a wide variety of topics,
with the aim of introducing this topic to new researchers in the field. This text is
written from both experimental and numerical perspective, and is mostly focused on

qualitative understanding, with references for more details.

2.1. Introduction

2.1.1. Linear and Nonlinear Optics

Linear and Nonlinear optics refers to the way in which light interacts with matter. In
everyday life, we are costumed that every material has color (frequency) dependent
optical properties and that these will remain the same regardless of the optical field’s
amplitude. However, if the optical field’s amplitude is sufficiently strong, the
material’s optical properties will also exhibit dependence on it. The former realm is
known as linear optics, while the latter is described as nonlinear optics.

Nonlinear optics originates from the polarization term in Maxwell’s equation.
This term is associated with the effect of light on matter. Conversely to a conductor,

which to a certain extent can be modeled as an electron gas with free charge carriers,

22
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in dielectric materials electrons are bounded to the nucleus. In the example of non-
polar molecules, external electric field may polarize the molecule: displace the
electron cloud of the molecule from its positive counterpart and induce polarization (a
collection of induced dipoles). Under illumination, the collection of oscillating dipoles
will in turn radiate and affect the illuminating field. The derivation of this interaction
shown in the following part of this section follows [92].

The phenomenon can be described using two of Maxwell’s equations:

VxE()=-= B() )

and

Vi ﬁ(t):gogé(t)n(t), @)
The current density J is composed from conduction current j. and displacement
(polarization) currentaP/at. As nonlinear optics is the result of oscillating dipoles in
dielectric materials, conduction currents may be neglected. Consequently, Egs. (1) and

(2) can be used to derive Maxwell’s wave equation in the following form:

2
()]

VxVx E(a))=c—2|§(a))+a)2ﬂol5(a)) (3)

The full form of the polarization vector is in fact complicated and is not necessary for

the purpose of this section. The polarization vector can be expressed as a series of
orders,

Bt) = PO+ PUE)+ PA)+ POI(H)+.... @)

The 0™ order polarization term can be neglect and is associated with polar molecules

or crystals’ static polarization. The 1% order is associated with the material’s linear

response; the 2" order has quadratic field dependence and it can be neglected in
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materials with inversion symmetry such as silica fibers. More information on silica
fibers is given in Section 2.2. The 3 order polarization has a cubic field dependence
and is considered the dominant (nonlinear optical) term when the 2" order can be
neglected. The 4™ order term and higher are not relevant to this dissertation and are
beyond the scope of this discussion. The 1% order polarization can be written in the

following form,

o0

|5(1)(t)= & I;z(l)(a))é (@)e'do (%)

—00

where ;2(1) is the linear susceptibility tensor. In the case of linear optics, Eq. (3) may

assume the known form,

V()= (1+ 79(0) (o) = 2 (0)E () ©)

c c
and the dielectric tensor will be defined as, #(w)=1+ 79 ().
The 2™ order polarization is expressed using the second order susceptibility
tensor. This is shown in Eq. (7) which is written using suffix notation for the sake of
completeness.

P‘(‘Z)(t) = %o J-dwl Idw?l;(tzo)zﬁ(w 102 (@ )Es(w,)e (oyar) @)

—00 —00

Generally, the susceptibility tensor contains permutation symmetry, which gives rise
to a numerical factor associated with each phenomenon. It is therefore recommended
to use existing tables to find the numerical coefficient. For example, if @, and @, are
degenerate (@, = a») the numerical factor is reduced by half compare to the general

case (@ # ).



25

The special property of nonlinear optics is to enable waves at different
frequencies to interact with each other and to create waves at new frequencies which
were not present before the (nonlinear) interaction. This can be seen by writing
Maxwell’s wave equation in the nonlinear regime:

2

VxV x E(a)):w—zg(a))lg(a))+ o’ 1,P"" () (8)
C

where PNt is usually either P or P®. In a simple case of second order polarization,
assume a monochromatic input field at frequency a,, where PN- can be expressed as

follows,

PM(t)= 501(2)[E0 cos (axt)f = SOZ(Z)E?g(COS (2eot) +1). 9)
Although this example can be made in the frequency domain, it would then require
dealing with 16 terms. This would unnecessarily complicate the point of this example,
and was therefore written in the time domain. Nevertheless, the susceptibility tensor,
%™, is defined in the frequency domain, and it is used in jointly with the time-
dependent field and polarization vectors, which is seemingly wrong. However, this is
allowed under the adiabatic limit in which the field’s envelope is assumed to be
changing much slower than the dipoles’ relaxation time. As seen in Eg. (9), a
fundamental wave ay generates both a DC term and a second harmonic (2ay) term. In
a similar manner quadratic and cubic field dependences give raise to terms with new
harmonics in Maxwell’s wave equation. The following example is non-degenerate and
is again based on a ;((2) process. Assume the field is a superposition of two

monochromatic waves, at wavelengths, A; and A, corresponding to 0.8 um and

1.5 um. Repeating the computation in Eg. (9),
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PN = g 7 ?[E, cos(eyt)+ E, cos(ayt )]
X (cosz(wlt)+ 2 cos(eyt )cos(w,t) + cosz(a)zt)) (10)

g g(cos(Za)lt) +cos(2myt)
2

=& X

+ cos|(a; + a, )t]+ cos[(a)l—a)z)t]+1j

, yielded five terms. The first two terms are related to second harmonic generation of
wavelengths A, and A, with corresponding wavelengths of 1.6 um and 3 um; the third
and fourth terms are related to sum and difference frequency generation with
corresponding wavelengths of 0.52 um and 1.72 um; and the last term is associated
with a static electric field generation. Using a x®® process, it seems the two original
waves will generate five new tones, however in practice, only one term will be
observed.

The reason is that new waves need to be generated in a (constructively)
coherent manner, commonly known as the phase matching condition. The structure of
the condition generally depends on the specific process, for example, whether it is sum
or difference frequency generation. In practical terms, the phase matching condition
requires satisfying a certain relation between the refractive index of the participating
waves (including the new wave), and is related to the material’s linear response, X(l).
By further examining Maxwell’s wave equation, Eq. (8), the mathematical
manifestation of the phase matching condition can be revealed. Assume a field
consisted of co-polarized, infinite plane waves propagating in the +z direction of a
losses, isotropic medium. This assumption coupled with the slowly varying envelope

approximation, enables us to simplify the wave equation:

Kl 0%y oL —ikz
- E(a))—l—zk PN (w)e ™. (11)
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Generally, Eq. (11) couples between the spectral components of the field through PN".
However, in practice, only few components will need to be taken into consideration.
Consequently, a set of coupled mode equation will be generated. The reason for this
simplification is the result of limited phase matching, resonant behavior of the
susceptibility tensor, a dominant process, or a combination of these. The set of
coupled mode equations can be decoupled in case the wave driving the nonlinear
process (known as the pump beam) effectively remains constant. Following the
previously mentioned simplification, Eq. (11) may take an explicit form. Equation

(12) is written for a generic »*® process involving monochromatic waves:

2 E(w,) =1 =22 K(ay, 03, 03 )1 e, 3, 00 )E e JE (0, JE ), (12)

where K is the numerical factor which depends on the specific process;
Ws= o + @ + a3, and Ak =k; + ky + K3 - k, Where k :n(a),)%. If for example, Eq.

(12) were to describe a modulation instability process, where power from E(y)

and E(a,) is transferred to E(ws;) and E(wy), it would be written in the following form,

£ Elo) =1 KooVl oo El 0 E e ™7, (1)
and Ak would be set as k; + ks - ks - k. Given that all the parameters on the right hand
side of the equation are constants (except z), as the waves (@i, @,, and @;) propagate
in the nonlinear (»¥) medium, the amplitude of E(w,) will change depending on the

value of Ak L, where L represents the distance the waves propagate. Integration over

the rotating exponential yields the following:
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[ o AKL) . gsin(a)
!exp(lAkz)dz _{a_ > }_ iLe . (14)

This is the manifestation of the phase-matching condition: for any given L, the
amplitude of this expression is maximized when Ak = 0. Figure 3 shows a graphical
illustration of Eqg. (14), and its dependence on Ak. Generally, satisfying the phase
matching condition is not straight forward as it calls for precise matching between the
participating frequencies and the available mediums. Evidently, when working with
bulk material, the properties of the crystal are given, and the user is left to utilize
material’s birefringence to achieve a minimal Ak. Additionally, the power efficiency
of this process is limited due to tradeoff between the focal length and beam spot size
[92]. As the beam size becomes smaller so will the focal length be shorten, and vice

versa. On the other hand, using a bigger spot size will require more power to drive the
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Figure 3: Phase Matching Concept in Optical Frequency Generation | In its most simplified
form, optical generation is a periodic process with a characteristic length associated with Ak, where
only one half of the period is constructively generating light.
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process, as it is in fact driven be the beam intensity. The benefit of using an optical
waveguide is in its ability to resolve these issues. Waveguides’ dispersion can be
tailored to achieve phase matching, confine the light to small spot size, and maintain
significantly longer interaction length. Additionally, waveguides have technological
significance in many other applications.

Further information on NLO in HNLFs is provided in Section 2.2.2.

2.1.2. Waveguide Physics and Fiber-Optics

Dielectric Optical waveguides are very-high aspect ratio structures capable of
confining, guiding, and bending light. Additionally, they can be designed to perform
variety of operations on light fields, including amplification, modulation, detection,
filtering, multiplexing, and more. Their cross sectional structure is made of core-
cladding geometry, where the core is surrounded by a relatively lower refractive index
cladding material.® Analytical models of waveguides are based on core geometries
such as slab, rectangular, or circular, but in practice they may have a different shape in
accordance with the selected architecture and fabrication process. Nevertheless, these
models provide much insight on the physics of waveguides.*

Waveguides are based on the principle of total internal reflection: if a ray
incident an interface between two spaces, coming from one refractive index (RI) space

toward a lower one, at a shallow angle according to Snell’s law, the beam will be

® Waveguides which are based on the photonic band gap principal, e.g. holey fiber, are an exception.
* More information may be found in [4], [136].
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completely reflected. This explains the reason a waveguide’s core Rl needs to be
higher than its cladding in order to guide light. Using wave-optics, given a complete
description (geometry and materials) of a waveguide’s structure, its mode profile
(field distribution) and associated effective index, nes, can be evaluated. The guiding
mode will have an effective wave-vector, £, known as the propagation constant, where
L= wne(w) / c. In fact, a waveguide can support a number of guiding modes each
having its own propagation constant. The maximum number of propagating modes for
a given wavelength can be pre-determined by properly engineering the structure of the
waveguide. This is done by applying boundary conditions matching the waveguide’s
structure on Maxwell’s wave equation. Then, an eigenvalue equation can be solved
where each solution provides a mode profile and its associated effective index. The
number of propagating modes supported by the waveguide will be the amount of
solutions with effective index greater than the index of the cladding.

The term effective index is used since the value of the wave-vector is dictated
by the structure of the waveguide. In fact, the propagating mode’s effective index will
have an upper and lower limit corresponding to the RI of the core and cladding,
respectively. Generally, modes with higher effective index will be better confined and
more resilient to bending. Using a unit less parameter known as normalized frequency,
V, it is possible to evaluate the cutoff wavelength of the WG. For example, in the case

of a fiber WG the expression for V will be

2z |
Vv :%a néore_nczllad ) (15)
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where Ao, a, Ncore, aNd Ncjag denotes the free space wavelength, core radius, core RI,
and cladding RI, respectively. For such a structure, Eq. (15) must satisfy V < 2.4 to
ensure the fiber supports only a single mode. Regarding the ratio between the
wavelength and the radius of the core, since the fundamental mode doesn’t have a
cutoff frequency, it may seem that V can be made arbitrarily small. In practice, if the
core size (diameter) is smaller than the wavelength, effective medium theory will be
applied and the mode will quickly lose its confinement, making it impractically
susceptible to any perturbation. On the other hand, high mode confinement increases
the sensitivity of the waveguide’s specification to structural imperfections; this point is
elaborated in the following section. To provide a perspective, a standard single mode
fiber (SMF) typically has the following structure: a core and a cladding size of 8 um
and 125 um, respectively. The fiber is made of amorphous silica glass (SiO,) and its
core is doped with GeO; to increase the RI. The core-cladding RI difference is (Ncore —
Ncitad)/Ncore ~ 0.3%; where Ncore=Nciagand is around 1.47 at 1.55 um wavelength,
resulting in V = 2 and a mode size of 10 um — making the mode well isolated from the
environment. In more advanced fibers, the doping profile is carefully tailored to
achieve specific dispersion properties, as reflected by ne frequency dependence. Over
time novel doping profiles were introduced resulting in new types of fibers including
dispersion shifted fiber (DSF), dispersion flattened fiber (DFF), and dispersion
compensating fiber (DCF).

The creation of these fibers is part of the evolution of fiber-optics
communication systems and the result of an effort to reduce fiber related limitations

which are fiber propagation loss, dispersion, and nonlinearity. Generally, the challenge
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in optical communication is to minimize and balance these three properties to
maximize the fiber reach-capacity product. The propagation loss « describes the mode
power-loss in the fiber as a function distance; it is measured and expressed in units of
dB/km. This quantity indicates on the distance a signal propagates before it is detected
or amplified. With regards to NLO, it tells us the effective interaction length between
a pump and a signal, after which their power will be too weak to further drive the
interaction. The dispersion of a fiber, expressed using the frequency dependent mode’s
wave-vector, A(w), is usually related to modulated signal (data) transmission. As a
parameter, it is customary to express the wave-vector as will be shown later in this
section as a series of Taylor expansion, and describe its higher order terms as a
function of experimental data. Dispersion in fibers can temporally broaden pulses, and
more generally distort signals. In the context of NLO, a phase matching and a
bandwidth of a nonlinear process are dictated by the dispersion of the fiber. The
nonlinearity of the fiber y is expressed and measured in units of w—km™. In the
context of optical communication, the fiber nonlinearity couples between signals and
distort them. In fact, nonlinearity in fibers, currently pose a limit on fiber capacity.
The source of nonlinearity in silica fiber is ® and it is described using nonlinear
refractive coefficient n in units of m*> W™. Details on the relation between 5, n,, and
7, are available in [13], [92]. x® [m?V?] is quantity associated with the electric field,
n, [m?W™] is associated with to the intensity, and » — which incorporate n, and the

fiber’s mode-area — is associated with the power launched into the fiber.
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Modeling of light propagation in fibers is done using the Non Linear
Schrodinger (NLS) model which incorporate «, £, and y. This universal approach
successfully enables comparison between waveguides, and is a straight forward
method to simulating them. For the purpose of this dissertation it will be sufficient to

focus on the scalar version of NLS equation (NLSE) in its following form,

oz A aT2 AT AT BATS
Eq. (16) describes light propagation in a fiber along its axis in the z direction, in a

oA Py O*A B PA B OA BPA 2 @
A, b Bs PoOA P OR A A-ZA (16)

moving frame-of-reference at a speed of the signal’s group velocity vq = 1/51, where

T =t—pZ. A represents a slowly varying envelop of an optical carrier ay travelling

with a propagation constant /% is related to the electric field E which can be written as,

E= %{ F(x, y)A(z,t)expli (Byz — wp t)] +c.c.}, (17)
where F(x,y) represents the (fundamental) mode’s field distribution. The state of
polarization of the field is ignored because this is a scalar model; therefore we assume
that all-spectral components of the field propagating in the fiber are linear and remain

co-polarized for the duration of flight inside the fiber. The dispersion in the fiber is

represented by £(w),

pl)= P+ lo—an)+ L2 (0-00F + L2 (0= 0o f + Ll o-n) +.. 19)
where the NSLE contain the coefficients of g ‘s Taylor expansion around the carrier
frequency. In the context of numerical simulations, the choice of ay is a matter of
convenience and is therefore known as a reference frequency. Since £ is related to the

group velocity of the fiber at the reference frequency, £ is therefore known as the
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group velocity dispersion (GVD) parameter, as it represents the group velocity
frequency dependence. In the special case where the reference frequency coincide

with the ZDW which is denoted by A,

2
fr =—22D(9)=0. (19)

27cC
If B, was set to zero, a propagating pulse would seemingly not experience any

temporal broadening, however, in this case the dispersion of the waveguide will be

dominated by s which is also associated with the dispersion slope S,

JE
=——|[2D(1)+ AS(A
B e} [2D(2)+ 48(2)], 20)
and when it is derived at the ZDW it reduces to
X
= S(A,
ﬂS (Zﬂ'C)Z ( 0). (21)

While g is a good parameter for numerical and analytical purposes, it is easier to
measure and understand the dispersion of a fiber D in terms of ps/nm/km. One method
to acquire D is by launching a pulse and measure the time it takes the pulse to pass
through the fiber (waveguide), and repeating this at different wavelengths, z(1). D can
be evaluated by taking z’s wavelength derivative and normalizing it to the length of

the fiber L,

D(2)=+— 22)
Using the general relation between £ and D,

D(A)d2 = B, (w)de (23)

and given that
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d i
Bi :(d_a)iﬂ] R (24)
W=y

any g coefficient can be expressed in terms of D and its derivatives as shown in Egs.
(19) and (20).

The use of scalar version of NLSE means polarization related effects are
neglected. The most common polarization effect in waveguides is the dispersion
dependence on light state of polarization, known as polarization mode dispersion
(PMD). The effect of PMD is the result of lack of rotational symmetry of the
waveguide cross section. For example in fibers, any deviation of the waveguide’s
cross sectional geometry from a circle can be approximated as an ellipse having a
magnitude and orientation, consequently inducing fiber birefringence. Further
complication arises from variations in the orientation of the ellipse along the fiber,
which leads to coupling between polarization modes and random rotation of the light
state of polarization. In the context of this dissertation, the question of whether such an
effect can be neglected was experimentally and numerically examined in Chapter 5.

The previous section presented the topic of phase matching in NLO which was
described using the instructive example of interaction between monochromatic waves.
However, particularly in the case of Saturated FOPA, when many waves and noise are
propagating or generated in a waveguide, it would become impractical to track each
one of the process. This will result in unreasonably large number of coupled mode
equations and be both numerically and analytically difficult to analyze. The common
approach is to treat the entire field as a single entity which experiences self phase

modulation in the time domain,
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aA(Z,t) _ i]/‘A‘ZA(Z,t)1 (25)
where yis given by,
_ MMy (e2)
A (@0) 2

The terms n, and A represent the nonlinear refractive coefficient and the effective
mode area at the reference frequency, an. Further description of y and its relation to

parametric amplification is given in the following sections of this chapter.

2.2. Highly Nonlinear Optical Fibers

2.2.1. General Properties

Highly Nonlinear Fiber (HNLF) is a type of specialty fiber which was
introduced in the literature at [93] and have since been gradually maturing to provide
high performance [94]. This is a GeO; highly doped silica fiber which takes advantage
of the high mode-confinement to reduce the mode size. Doing so, as indicated by Eq.
(26), produces an increase in the fiber nonlinearity. Thus, along with its low dispersion
and low propagation loss, result in light propagation in a fiber with predominant
nonlinear parameter y in comparison to standard single mode fibers [13]. Yet when
compared with alternative platforms, HNLF nonlinear parameter is considered to be
low (Table 1). This relative deficiency is beyond compensated — primarily by the
HNLF’s unparalleled transparency in the telecommunication band, which in

combination with its highly controlled low dispersion, allows for a long interaction
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Figure 4: Schematic of Refractive Index Profiles | (left) HNLF (right) Standard SMF. After
reference [94] © 2009 IEEE

length [11], [95]. Originally, the future of HNLFs as a practical platform was
questioned as it was believed stimulated Brillion scattering (SBS) will inhibit their use
[96]. Since then, effective methods for raising the SBS threshold were developed [97].
It is currently accepted that the main limitation of a HNLF based parametric
amplification is the fibers’ inherent nanometer scale fluctuation of the core size which
is caused by limited fabrication control [95].

Despite its high confinement, similarly to a standard SMF, a HNLF is designed
to be limited to single mode operation. The HNLF’s core has ~30 mol% of GeO,
doped silica glass, compared with the ~4 mol% doping in a standard SMF’s core
[98,99]. The core of the HNLF is surrounded by a layer of fluorine doped silica to
depress (lower) the refractive index of silica. Its purpose is to make the HNLF a single
mode fiber and to add a degree of freedom to its design — for better tailoring of the
fiber’s dispersion properties [99]. An illustration of the RI profile of a standard SMF
and a HNLF is shown in Figure 4. The ratio between the diameter of the core region

and the fluorine doped region is ~0.6 [100]. The increased doping in the fiber’s core
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acts twice by raising both the index contrast and the core’s n, parameter. The doping
result in an increase of n, in accordance to [101],

n{X:GeO; — (100-X):Si0,} = 2.76 + 0.0974X [x 10%° m*/W], (27)
consequently resulting in 2 fold increase of n, compared with silica. The index

contrast between the core and the silica cladding An" is proportional to the core doping
level, An" [%] = 0.1X, where X denotes the doping level in units of mol% [101]. As a
result of the increased index contrast, the HNLF’s mode area can reduced to ~10 umz,
that is 8 fold smaller compared with ~80 um? in standard SMF. Hence creating a fiber
possessing a nonlinear coefficient y of ~24 W'km™ — showing a 16 fold increase
compared with a typical 1.5 W'km™ in standard SMFs [102]. At the same time,
however, the increase in mode confinement leads to higher propagation loss « due to
enhanced interaction of the mode with the waveguide’s core-cladding interface.
Therefore causing an increase in the propagation loss « from 0.2 dB-km™ in standard
SMFs to above 0.5 dB-km™ in HNLFs (Table 1). Worse, the tight mode confinement
also makes the dispersion properties of the fiber extremely sensitive to the fiber
geometry [94], therefore making the efficiency of the nonlinear process vulnerable to
random variation in the core area [103].

The relation between the mode confinement in silica fiber and its sensitivity to
the fiber’s core geometry has been studied in the context of HNLFs. These numerical
studies were made by scaling the HNLF’s RI profile and solving its eigenvalue
equation (at different wavelengths). In this way, the ZDW was calculated as a function
of the core’s size (diameter), as shown in Figure 5. The RI profile of the core was

scaled relative to a 4 um core diameter and the dependence was plotted for two doping
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Figure 5: The Relation between Core’s Geometry of a HNLF and its Dispersion | (top)
Claculation of the ZDW as a function of the relative change in the fiber’s core diameter .The
dispersion slope for the solid and dashed lines is 0.030 and 0.050 psnm?km™ respecitvely.
(bottom) Claculation of the magnitude in which the fiber’s ZDW shifts when its core size is scaled
from +0.5% to -0.5% as a function of the dispersion slope. After reference [94] © 2009 IEEE

levels. The lower doping level equivalent to 1% core-cladding index contrast,
exhibited an 8 nm shift in the ZDW in response to 1% (40 nm) change in the core
diameter. Whereas for the profile with higher doping level, simulating a typical
HNLF, a 1% change in the core’s diameter resulted in a 30 nm shift in the fiber’s
ZDW. Interestingly, the study showed core variation caused a linear shift of the ZDW;
this information will be used when simulating this phenomenon. Furthermore, it was
shown that HNLFs with a lower dispersion slope S will experience a bigger shift in
their ZDW in response to core scaling. Generally, lower dispersion slope is highly
desired in FOPAS, because then it is possible to achieve better phase matching over a
wider range of wavelengths; thus increasing the FOPAs’ operating (gain profile)

bandwidth. For example, a typical dispersion slope of a HNLF is ~0.030 ps nm™? km™™;
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Figure 6: Dispersion Slope Sensitivity to HNLF’s Core Scaling | Caluculation of the chromatic
dependence of HNLF’s dispersion slope at differenct relative changes of its core size. After
reference [104] © 2009 IEEE

unfortunately it is difficult to produce dispersion-stable fiber with arbitrarily low S. In
the case a HNLF is designed with a dispersion slope S of 0.010 ps nm? km™, the ZDW
will shift by 120 nm in response to a 40 nm change in fiber’s core diameter (Figure 5),
having a detrimental effect on the FOPA’s performance.

After describing the affect core scaling has on the fiber’s ZDW, another study
showed the affect it has on the HNLF’s dispersion slope S [104]. The study simulated
a HNLF RI profile designed with a ZDW at 1560 nm, S of 0.028 ps nm? km™, and a
core diameter of 5 um®. Scaling the core diameter by 1% has shifted the ZDW by 15
nm; meaning a 3.3 nm change in the core diameter leads to 1 nm change in the ZDW.
Surprisingly, while the ZDW is highly sensitive to core size variation, the dispersion

slope is weakly influenced (Figure 6) and can be effectively described as constant

® The information on the core size was omitted from the reference and was obtained through personal
communication from its main author.
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under nanoscale variations in the core size. This point will be elaborated in the
following section which discusses practical FOPA requirements with respect to
physical fibers. Reports on the manipulation of ZDW profile of a HNLF, utilize the
fact that reduction in the core diameter, e.g. by applying tension on the fiber [105],
shifts the ZDW towards longer wavelengths as shown in Figure 5 [94].

In order to provide a perspective on HNLFs’ dispersion properties, it’s
important to present them with respect to conventional fibers such as standard SMF,
DSF, and DFF. It is important to note that despise their name DSF and DFF are also
single mode fibers. Typical standard fibers will have a ZDW positioned around 1.3
um, with S of 0.090 ps nm?km™, and a core area of 80 um®. A DSF will have its
ZDW shifted towards 1.55 um, S of ~0.060 ps nm? km™, and a core area above 50
um?. A DFF will typically have two ZDWSs, with 1.55 um wavelength positioned in
between, with a value of D between —2 and +6 ps nm km™, and a core area above 50
um?. The ZDW of a HNLF is can be similar to either DSF (standard HNLF) or DFF
(DF-HNLF). In the case of a standard HNLF, S can vary between 0.02 and 0.05 ps nm’
2km™, while for a DF-HNLF the slope will be even smaller, and generally HNLE’s

affective mode area is smaller than 13 pm?.

2.2.2. Nonlinear Optical Properties

These unique properties of HNLFs make them a useful platform for nonlinear
optics. As was described at the beginning of this chapter, nonlinear optics originates
from the polarization of a dielectric by optical fields. Silica fibers including HNLF are

made of a centro-symmetric material, causing its ;fz) coefficient to vanish due to
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inversion symmetry. Therefore normally they do not exhibit #'® processes such as
SHG. Nevertheless, silica fibers are able to produce such a process, by using either
higher order nonlinearities, for example 4, or by treating the fiber using its photo
refractive properties [106] to break its inversion symmetry. Hence, the dominating
nonlinear optical process in the HNLF is #®. [107]
Third order susceptibility can lead to a variety of optical effects: SPM, XPM, FWM,
SBS, SRS, and TPA, all of which can be broadly classified into two groups:
parametric and non-parametric. Mathematically, ;((3) is a complex variable which can
be expressed as 4, = 4,+iy," . Parametric interactions originate from the real part of the
susceptibility ,.', while non-parametric interactions stem from its imaginary part ..
Physically, a parametric interaction is classified as an effect in which the process is
lossless, namely the material’s excitation is virtual (the excitation starts and ends at the
same state without using a real intermediate transition) so that no real net power flows
from the total field to the material. Therefore a parametric process is far from
resonance where Manley-Rowe relations and permutations symmetry are valid. A
nonlinear interaction which does not fall into this category can be classified as a non-
parametric process. [92]

Amongst the parametric processes: SPM and XPM are independent of phase
matching, while FWM is a phase matching dependent process; however the non-
parametric processes: SBS, SRS, and TPA are all independent of phase matching

(although they do subject to selection rules). In the context of HNLFs, SBS and SRS
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Figure 7: Characterization of the SBS in a HNLF | A measurement of the transferred and back
reflected optical power as a function of the HNLF’s input power. In the absence of a counter
propagating signal the process initiate by spontanous Brillouin scattering. After reference [108]; ©
2012 OSA. Reprinted with permission from The Optical Society.

are important effects while TPA in glass doesn’t exist in the telecom band region.

SBS is an effect which couples the pump with the fiber’s acoustic phonons. As
a result of the coupling, initially, pump photons are back reflected in a spontaneous
Brillouin scattering process, as a result of this inelastic scattering, the reflected light is
frequency down shifted by ~10 GHz. The down shifted scattered light together with
the pump excite more phonons which increase the pump scattering. Consequently,
SBS puts a limit on the amount of power which can pass through the fiber [109], and
has a typical characteristic behavior as shown in Figure 7. Although SBS has a narrow
~50 MHz bandwidth, its SBS gain is considered to be strong, and is inhibiting the
pump from reaching to the required CW power level for parametric amplification.
Under the assumption of an undepleted pump and negligible propagation loss, the
counter propagating signal (from L to 0) in a silica fiber will experience an

exponential gain,
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ff

1(0)= |(L)exp£§TB PL] | (28)

where the SBS gain gg is 5 x 10~ m W™, In the case of HNLF, ga/Aes is equivalent
to a y of 5000 W™ km™. Using Eq. (28), it is possible to extract a threshold pump
power level in which a spontaneous Brillouin scattering will cause the scattered light

to be amplified to half of the pump power level; and can be expressed as [110]

21
Ry = (AVB@AVP], (29)

th
O Lest

where Avg and Avp represent the SBS gain BW and the pump BW, respectively. Given

Avg

silica fiber’s SBS gain BW Avg = 20-50 MHz [4], successful methods were able to
suppress SBS by either broadening Ave of a CW pump [111] or by operating the pump
in a pulsed mode. In the latter case, for a pulse width shorter than the phonon lifetime
(1/Avp), say <1ns, depending on the repetition rate R, the SBS threshold will be
calculated as follows: If R << Avp any excitation will have enough time to decay
before the arrival of the consecutive pulse. If R >> Avp then it is possible to use the
pump average power to evaluate whether the SBS threshold is surpassed. In the last
case, if R ~ Avp or alternatively the pulse width is longer, one should resort to SBS
dynamic to evaluate SBS threshold level.

SRS is based on the same principals as SBS; however, conversely to the latter,
SRS relies on the optical phonons to scatter the pump. For this reason, SRS gain in
silica fiber [112] is relatively weaker and has a broader BW. The optical phonons’

dispersion relation, enables SRS forward scattering of the pump’s photons in SMF,
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where its wide BW, as shown in Figure 8, is attributed to the amorphous nature
of silica fibers [114]. The peak of the SRS gain profile gr is down shifted 13 THz
away from the frequency of the pump and was evaluated as 6 x 10~%* m W™ when
positioning the pump wavelength Ap at 1.55 um. Consequently, in a similar manner to
Eqg. (28), the SRS gain in a HNLF results in gr/Ae of 6 W™ km™. When compared
with HNLFs nonlinear coefficient (> 15 W™ km™), the effect of SRS can be neglect
provided that one or more of the following occurs in a sufficient manner: (1) the
parametric process has a good phase matching to provide efficient amplification. (2)
SRS peak gain occurs 13 THz (100 nm) away from the pump; in comparison, the input
signal of a parametric amplifier is positioned where the parametric gain (phase
matching) is maximized (optimized), which is typically positioned closer to the pump,

on the order of 10 nm. Thus, unlike the parametric process which is seeded by a
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signal, SRS will be seeded by the vacuum noise. (3) As the signal and pump beams
interact in the HNLF, by-products in the form of newly generated optical tones will be
created, therefore extending the occupied BW around the spectral position of the
pump. A properly designed FOPA will reduce the exposure of the optical by-products
to SRS gain. [113]

Conversely to SRS and SBS, the parametric response in HNLF is based on the
real component of the third order susceptibility ;'. Physically, there are two
components to y;', electronic and nuclei (optical phonons), which can be described as
a sum of two individual contributor to the nonlinear refractive coefficient ny. In
practice, (i) the electronic response time is sub-femtosecond [115], and (ii) the nuclear
response time can be evaluated from the measured SRS gain profile (Figure 8) and
found to be ~30 fs [14]; additionally, the former contributes to 82% of the parametric
process in silica fibers. Generally, unless the field propagating in the fiber forms (1) a
sufficiently strong, ultrafast waveform to produce self-steepening, or (2) an efficient

wide band parametric mixing process, the system can be described using the adiabatic

limit in which the nonlinear response can be approximated as instantaneous, 7/|A|2A,

in a ~140 nm BW around the pump. [13,116]

For the sake of completeness, an extended description of the nonlinear term in
NLSE, Eq. (16), is briefly provided, in case the nonlinear polarization response cannot
be treated as instantaneous. Generally, various treatments can be found in the
literature, covering different degrees of approximations; as well as a variety of

approach for the physical description of this phenomenon. The following derivation is
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based on the approach described in [116,13]. In the general case the nonlinear term in
NLSE can be modified as follows

7| AP A A(z,t)j'dt' Rt-t)Az L) (30)

—o0

where R is the response function given as

R(t)=@- fr)s(t—t.)+ frhx(t). (31)

The left and right terms on the RHS of eq. 30 represent the electronic and the Raman
contribution, respectively; fg represent the fractional contribution of Raman to the
nonlinear response, t, represents < 1 fs delay in the electronic response, which is often
neglected, and hg(t) represent the Raman’s response. By using the relation between
hr(t) and (the measured) SRS gain profile it is possible to both calculate hg(t) and to
extract the value of fz. In case the BW is significantly wide, it is possible to introduce

a chromatic dependence to the nonlinear coefficient of the fiber in the following form,

YA A [7/ +iyy %)[A(z,t)jdt' Rt -t)AGzt) |. (32)

The time derivative term represent a linear frequency dependence of y. In a likewise
manner, higher order term may be added. The need for this arises in wide band
systems, for example as in octave-combs, where frequency-distant modes experience
different levels of confinement. In practice one can always simulate with and without

the delayed response, to check whether it is needed.



Chapter 3
Operation of Inhomogeneous Fiber-Optic

Parametric Amplifiers in Deep Saturation

3.1. Introduction

Since its early inception [1], optical parametric amplifiers (OPA) have been
studied and implemented with variety of physical platforms. In contrast to
conventional amplification devices [117,118,119], parametric amplifier response is
ultrafast since it originates with either three- [120] or four-photon [121] processes.
With inherent frequency conversion capability, ultrafast OPA can manipulate optical
frequency and photon state in a manner that cannot be matched by conventional
amplifiers even in principle [122].

An OPA can be viewed as a photon-exchange device designed to transfer the
pump to signal/idler frequencies [123] and simultaneously control the state of newly
generated waves [124]. While simplistic, this model leads to correct description of
parametric amplifier operating in the saturation regime [28]. Indeed, weak signal sent
to high-gain OPA is not only amplified but can also deplete the pump and create
multiple idler beams with comparable powers [125]. Saturated behavior was studied
extensively in general [27] and fiber OPA (FOPA) platforms [29,123,126]. Marhic has

demonstrated early [123] that near-ideal wavelength exchange is possible with highly

48
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efficient FOPAs. Saturated regime was used to improve signal regeneration
performance in one- and two-pump amplifiers [126]. Recently, Andrekson has pointed
to an important switching role that ultrafast FOPA operating in saturation can play in
high-rate systems [29].

The degree of OPA saturation is defined by the efficiency of the signal-pump
parametric exchange. In ideally phase matched device, pump-signal interaction
strength scales with product of its nonlinearity, pump power and effective mixer
length [28], commonly referred to as nonlinear figure of merit (FoM). While high
FoM can be routinely reached with high-peak (pulsed) pumps, it is not of particular
interest when the arrival of the signal photon is a random event that dictates either
continuous-wave (CW) or quasi-CW OPA operation. With great diversity of physical
platforms explored during the last decade [127,11], it can be shown that none, to the
best of our knowledge, possess FOM comparable to that of highly nonlinear fiber
(HNLF) [94]. This is rather surprising since silica nonlinearity remains nearly two-
and three-orders of magnitude below that of silicon and chalcogenide material
respectively [65,128]. The weak nonlinearity is balanced by its unmatched
transparency, allowing for very long photon interaction lengths and, ultimately, to the
superior FOM. Indeed, even if we assume that silicon has no impairments associated
with CW pumping [129], its FoM is nearly two orders of magnitude lower than HNLF
at practical CW pump levels [130]. Motivated by this fact, we specifically investigate
physical limits of saturated, high-FoM FOPAs.

More importantly, this work is also motivated by a need to map a weak, fast

signal variations on a strong optical beam. Intuitively, if high-FoM FOPA can be
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realized, then even a few-photon signal should be sufficient to deplete many-photon
pump in nearly instantaneous manner. This goal seems to be within easy reach since
large FOM can be reached by merely increasing the length of low-dispersion HNLF
[94]. Not only that such device would represent an ultrafast, low-energy switch as
originally pointed by Andrekson [29], but it would also be universally applicable in
fast sensing of weak photon beams.

Unfortunately, two basic limitations must be circumvented before the
construction of such device is possible. Firstly, the transfer characteristics of high-gain
FOPA critically depend on the vacuum noise [131], particularly in a case when the
input signal is weak. Secondly, high-FoM FOPA is necessarily a distributed
parametric device that is still governed by a localized phase matching [105]. While a
long fiber implies high FOM in case when its dispersion can be controlled with
arbitrary precision, this condition cannot be met with physical fibers [103]. Indeed,
even nanometer-scale transverse fluctuation will lead to local dispersion variation that
can drastically reduce the efficiency of the parametric process [132]. Worse, physical
fibers are characterized by stochastic transverse fluctuations [104] that can effectively
destroy the intuitive notion of high-FoM fiber parametric mixer [103]. While the
vacuum noise can be spectrally inhibited [120], randomly fluctuating phase matching
in long fiber cannot be easily suppressed.

Recognizing this limitation, we study the performance of dispersion-perturbed,
high gain FOPA driven by weak signal to characterize its response. We show that

dispersion localization is not only critical for achieving saturation in high-FoM mixer



o1

but prove for the first time, to the best of our knowledge, that dispersive fluctuation
lead to nonreciprocal FOPA transfer function.

Consequently, this chapter is organized as follows: in Section 3.2 we introduce
a homogeneous (zero-fluctuation) FOPA model incorporating vacuum noise to study
saturation with weak input signal; Section 3.3 introduces dispersion fluctuation
(inhomogeneous) FOPA model and applies it to physical FOPA driven by weak
signal. Finally, in Section 3.4 we show that inhomogeneous FOPA possesses truly

nonreciprocal transfer function.

3.2. Small-Signal FOPA Saturation: Homogeneous

Model

We limit the discussion in this section to that of a single-pump FOPA [124] to
preserve the clarity; while multiple-pump model can be derived by following a similar
procedure, it exceeds the scope of this report.

The simplest description of one-pump FOPA is provided by three-wave model
in which CW signal and pump waves are launched into a lossless, longitudinally
invariant (homogeneous) HNLF section. This model neglects the vacuum noise [131],
higher-order idler creation [126] and phase matching independent interactions such as
Raman and Rayleigh scattering. Following the analysis of Trillo [27], a FOPA is
described by a closed set of coupled-mode equations with unique phase matching
solution. It predicts that, when phase matching condition Ak = ks + k; — 2kp (S, 1 and P

corresponding to signal, idler and pump waves) reaches a unique value:
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Ak = —(1—3@Jm : (33)
Pn | 2

the pump power P can be transferred to a signal (idler) in monotonic manner [27]. In
this case, coupled mode description allows for closed analytic expression for the

normalized pump power at the fiber output L:

p=PL)_ mm(tanzhz(aé‘ )-1) (34)
Pn 7. tanh?(ag)-7,
where:
n. :@;m :1+§ Poie ;a= 772_77+ ;& =PnL

7 Py

P = P(0) + Ps is the total input power, and y is the fiber nonlinear coefficient. In
practical terms, Eq. (34) can be used to estimate the pump depletion P(L)/P(0) as a
function of the interaction strength »#P(0)L, input pump power P(0), and input signal
power Pgg. Although the interaction strength in Eq. (34) is defined using Py, for all
intended purposes Py may be approximated as the input pump power. Figure 9 shows
the pump depletion when the phase matching is set to the monotonous transfer
condition defined by Eq. (33). Since our primary interest is to describe the operation
of pump-depleted amplifier driven by a weak signal, the figure maps signal inputs
below 10 uW (-20 dBm). As expected, the model predicts that any pump depletion can
be realized with arbitrarily small signal, as long as FOPA possesses sufficiently high
FoM. As an illustration, consider a realistic HNLF segment (=30 Wkm™, L = 1000
m) pumped by a conventional 500 mW diode. The model predicts that a sub-
microwatt (Psic ~ 0.1 uW) signal is sufficient to cause 99% (-20 dB) pump depletion;

similarly, a 50% (-3 dB) depletion requires 1 nW input signal. If we assume that the
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Figure 9: Pump Depletion in a Noise free Three Wave Model | The pump depletion of a single
pump FOPA when phase matching condition is set to the monotonous transfer condition defined by
Eq. (33). The pump depletion P(L)/P(0) is described in decibels as a function of signal input power
and the FOPA figure of merit. The result is based on the analytical solution presented in Eq. (34),
given P(0) = 500 mW.

input signal occupies 10 GHz bandwidth, then this power would be approximately
equal to the vacuum noise level within the same band. Worse, if the input signal is
absent, three wave model predicts no pump depletion, regardless of FOPA FoM,
would occur. Both indicate a clear limit of the noiseless, three-wave homogeneous
parametric model. Consequently, if FOPA saturation by a small signal is to be
described in more physical terms, a three wave homogeneous model must be
generalized by the inclusion of vacuum noise and higher-order idler generation.

Even when physical signal is absent, FOPA amplifies virtual photon input
[133]. The vacuum noise seeds the parametric amplifier in achromatic manner and
FOPA phase matching condition then defines the spectral band over which

amplification occurs. In case when FOPA operates as a broadband device (spectrally
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Figure 10: FOPA Spectral Response in the Presense and Absence of a Weak Input Signal |
FOPA spectral response is presented at different FoMs: figures (a)-(d) correspond to FOPAs with a
FoM of 8, 9, 11.5, and 18, respectively. The gray (bright) and red (dark) traces correspond to signal
off and on (-35 dBm) respectively, with a resolution bandwidth set to 0.4 nm. The simulation was
solved for the following parameters: Ao = 1550 nm; Ap = 1562.83 nm; Agg = Ap + 8.21 nm; S =
47.82 sim®; o = 0.77 dB/km; y = 18.29 W'km™; P(0) = 31.44 dBm; Time window of 5.12 ns;
Sample rate of 25.6 THz. Figures (a) to (d) were generated using fiber length corresponding to
323.04 m, 364.75 m, 470.99 m, and 754.73 m. The FOPA FoM was calculated using the fiber
effective length, Les = [1-exp(-a L))/ c.
uninhibited operation), a significant portion of the originally launched pump can be
converted to the amplified vacuum noise (parametric fluorescence), even in case of
moderate parametric gain [12,134]. New, noise-seeded frequencies generated via
pump modulation instability will act as spectrally continuous signal, leading to further
pump depletion even in the absence of the physical input signal. As a result, it will
become increasingly difficult to separate pump depletion contribution from amplified
vacuum noise and a weak input signal. Contrary to three-wave model prediction

shown in Figure 9, decrease in input signal power cannot be matched by mere increase
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Figure 11: FOPA Saturated Behavior as a Function of its FoM | The output pump power
simulated for a FOPA in absence and presence (-35 dBm) of the input signal. The FOPA ON/OFF
depletion contrast is locally maximized at FoOM of 8.9 (dot-dash) and 11.5 (dash), and shows a
contrast of 6.4 dB and 10.45 dB, respectively. The simulation parameters are the same as in Figure
10.

in HNLF length (or, equivalently, increase in FOPA FoM); when spectrally integrated
vacuum noise becomes comparable to the input signal, the pump depletion
contributions are no longer separable.

Furthermore, a signal-noise induced pump depletion is accompanied by an
additional mechanism in high gain FOPA that inherently generates higher-order idlers
[125]. To illustrate this, three-wave model is replaced by nonlinear Schrodinger (NLS)
model [13] of FOPA seeded by an achromatic vacuum noise. The model was used to
calculate FOPA response with increasing FOM, as shown in Figure 10. In case when
weak signal (Psic = -35 dBm) is amplified in FOPA with FoM < 10, pump depletion is

clearly driven by signal-idler generation. Conversely, as FOM grows vacuum noise
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amplification and signal interaction (FOM = 11.5) dominate the pump depletion
process; the input signal role becomes negligible with FoM = 18.

A considerable insight can be obtained in case when pump depletion is
compared for FOPA in absence and presence of the input signal, as shown in Fig. 3. In
case when FOPA is too short (FOM < 7), the parametric interaction is too weak to
deplete the pump appreciably. In a special case (FoOM = 8.9), the amplifier exhibits
high sensitivity to the input signal, leading to 6.4 dB ON/OFF depletion contrast. The
maximal sensitivity is exhibited with FoM = 11.51, in case when pump depletion is
dominated by vacuum noise amplification and signal/idler creation.

It is sufficient to observe the depletion effect while increasing FOPA FoM and
note the range in which the mixer becomes dominated by amplified vacuum noise,
thus losing the sensitivity to the input signal. Figure 11 shows an example of FOPA
saturated behavior as a function of its FOM, when vacuum noise and higher order

idlers are accounted by homogeneous NLS model.

3.3. Small-Signal FOPA Saturation: Inhomogeneous

Model

OPA sensitivity to small signals can be increased by spectrally inhibiting the
amplification of vacuum noise. In conventional approach, OPA is embedded within
resonant structure [120] that suppresses the creation of new frequencies outside of the
intended pass band. In case of distributed mixer such as FOPA, a more promising

approach would comprise of gain synthesis that matches either the input signal or



S7

select idlers bandwidth. Such spectral inhibition would guarantee that pump depletion
not originating with the input signal be limited to noise confined to the specific
(signal/idler) band.  However, long before reaching FOPA sensitivity levels that
would justify vacuum noise suppression, one must first address the stochastically
varied nature of distributed parametric interaction. This also means that we must
dispense with homogeneous model description of high FoOM mixers. Indeed, the
homogeneous FOPA model rests on a simple, but false premise that fiber physical
characteristics are constant along its entire interaction length. As seen in previous
section, this leads directly to the conclusion that a mixer with an arbitrary efficiency
can be trivially constructed by merely extending the fiber.

Unfortunately, the very assumption that local phase matching can be
maintained over hundreds of meters of interaction length also means that fiber
transverse geometry cannot be perturbed [103]. Local phase matching (dispersion) in
FOPA is directly defined by the corresponding modal distribution [135], which, in
turn, is dictated by the effective index and waveguide geometry [136]. The importance
of transverse core fluctuations have been recognized and extensively studied in case of
wideband parametric amplification [33,104,105,132,137,138,139,140,141,142],
[15,143]. Both experimental [33,104,105,137,138,139,140,141] and theoretical studies
[132,142,15,143] have confirmed the existence of the stochastic bandwidth limit [103]
imposed as a consequence of random phase matching along the fiber length. In case
when FOPA is designed to operate in linear (unsaturated) regime, small HNLF
fluctuations were sufficient to decrease its bandwidth considerably, reduce gain and

affect spectral equalization [105,132]. A conventional HNLF index profile is
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specifically designed to provide high confinement [94] and is very sensitive to
transverse scaling effect: even a small change in a core radius can have significant
impact on its dispersive properties. Indeed, it is only necessary to perturb the HNLF
core by a percent to generate tens of nanometers variations in its zero-dispersion
wavelength (ZDW) [94,104]. As HNLF core radius measures approximately 1.6 um,
this also means that nanometer-scale fluctuations will result in drastically different
local parametric response for fibers that are otherwise indistinguishable, in global
(macroscopic) terms.

As long as FOPA bandwidth is comparable to the conventional communication
(~100 nm) band, the effect of HNLF transverse variations can be accurately modeled
by ZDW shift while keeping the dispersion slope constant [104]. This approximation
is not only accurate but is also instructive as it allows for an intuitive understanding of
the core impairment mechanism. Indeed, if ZDW shifts are large enough, they can
randomly translate the pump frequency from the anomalous (amplifying) to the
normal (attenuating) dispersion regime, thus qualitatively changing the photon
exchange along the FOPA interaction length.

By establishing clear equivalency between transverse HNLF geometry
fluctuations and ZDW variations, the performance limits of saturated FOPA can be
studied by longitudinally-varied ZDW model [142]. Specifically, we identify the
continuous variation model [142] in which ZDW fluctuations are represented by
correlated Gaussian noise, defined by the correlation length and standard deviation
parameters. To describe physical FOPA behavior, an ensemble of HNLFs was

generated, with each member possessing dispersive fluctuations constrained by the
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realistic fabrication limit [94]. For each HNLF realization, stochastic transverse
fluctuation was modeled by zero-mean ZDW perturbation profile d10(z). At any point
along FOPA, local HNLF ZDW is then defined by Ao(z) = Ao + 640(2), Where Ao
denotes the global ZDW satisfying <Ao(z)> = Ao. This normalizes global ZDW for all
ensemble members and guarantees that HNLF samples under investigations remain
indistinguishable in macroscopic terms. Indeed, any shift in global ZDW can be
regarded as a dispersion offset that can be measured by accessing two fiber ports and
subsequently compensated by merely repositioning the signal and pump. In contrast,
local ZDW fluctuations, as long as they are described by zero-mean process, cannot be
compensated, even in principle, by shifting the pump and signal wavelengths. Finally,
each HNLF realization is treated as an independent FOPA and is modeled using NLS
model with identical input (power and wavelength) conditions, nonlinear parameter,
loss and dispersion slope across the ensemble population. The procedure guaranteed
that the operation of saturated FOPA was investigated using globally identical fibers,
emulating the condition one faces with physically realizable device.

NLS solution of each HNLF sample generated full field FOPA description
posing an interpretation challenge, particularly in case of a large ensemble. To gain an
insight, we limit the observation only to physically measurable parameters originally
motivating this study. Consequently we consider the performance of one-pump device
in which weak (signal) beam interacts with strong (pump) beam, as shown in Figure
12. Since this topology strongly resembles the conventional notion of photon-photon
gate and single photon switching [29,80,87,88,90,144,145], we use the terms FOPA

and photon gate interchangeably henceforth. The performance of such gate is
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Figure 12: Schematic Description of a Generic Distributed Photon Gate System | The scheme
illustrate a weak (signal) and a strong (pump) beams which are coupled into a HNLF. The system is
designed to saturate in a presence of signal. Following the interaction, the pump is optically filtered
and detected. The system is rated by its ability to directly manipulate the strong beam using the
weak beam.

considered higher if a weaker signal can induce higher pump extinction (depletion).
The second aspect of its performance, gate speed, will be addressed subsequently.

The signal and pump were combined and sent to a HNLF section with
dispersion fluctuation and pump power at the output of the mixer is measured for each
ensemble member. The pump power was measured in the temporal domain, both in
presence of the input signal and in its absence. The performance of the gate is
evaluated in terms of the extinction ratio (ER), defined as the ratio of the pump output
power in absence of the input signal (Pore) and its presence (Pon). Since the HNLF
ensemble size must be finite, it poses a challenge with respect to gauging the effect of
the stochastic dispersive variations on FOPA performance parameter such as ER.
Recognizing this problem, we devised a simple strategy that compares ER of
stochastically varied HNLF to that of ideal (homogeneous) fiber. In first step of this
investigation, we have sought physical parameters of homogeneous FOPA with
respect to ER. Specifically, we considered a longitudinally uniform HNLF segment
with maximal ER with CW input signal set to -35 dBm (0.31 uW). To define such

HNLF, we used a conventional Simplex optimization [146] operated under constraints
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of practical HNLF fabrication limits for loss (0.5< a<1dBkm™), nonlinear
coefficient (10 < < 20 Wkm™) and dispersion slope (0.03 < S < 0.05 ps km™nm).
The ZDW was centered at 1550 nm, pump power was limited to 1.5 W (31.8 dBm)
and HNLF length to 500 m. The optimal ER of 11.46 dB was reached for a unique
HNLF homogeneous segment possessing «=0.77dBkm™ »=18.29 W'km™,
$=0.0478 pskm®nm? and L=470.99m. The optimized gate was driven by
31.44 dBm pump centered at 1562.83 nm and signal was centered at 1571.04 nm. The
vacuum noise was generated using an identical seed during the parameter sweep while
the pump power was measured using 50 GHz wide bandpass filter.

After identifying the optimal homogeneous HNLF segment, we have
effectively obtained the calibration gauge that can be used to measure ER performance
of a stochastically fluctuating fiber. Consequently, HNLF ensemble was generated by
perturbing the ZDW to obtain fluctuation map Aq(z). The ensemble shared the global
(mean) ZDW, <A,(2)>, = 4 = 1550 nm while the standard deviation (STD) was
defined as o = <640(2)>> Where 640(z) = Ao(z) - Ao. Maximal STD was constrained
below 8 nm, in accord with recently reported HNLF fabrication tolerances [94]. The
ensemble was composed of 6000 realizations and each one was characterized with
respect to STD (o) and ER. The results are presented in Figure 13, showing an x-y
scatter distribution of the entire ensemble. Each point in the plot represents a single
realization performance characterized by ER(i) and its standard deviation o (i), where

1 <i<6000.
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Figure 13: Performance Limit of a Deeply Saturated FOPA Subject to ZDW Fluctuations |
Each point in the figure represents a member of the HNLF ensemble, all of which share identical
global properties. The members were treated as independent FOPAs, simulated under identical input
conditions, and were characterized with respect to their ZDW STD (o) and ER (Pore/Pon). The
horizontal gray line represents the gate ER level (11.46 dB) when the sample is homogeneous (o =
0). The red line represents an average ER vs. STD, with green lines illustrating the upper and lower
limit of the distribution. The ensemble was generated using a correlation-length parameter set to 250
m, which is about half of the length of the fiber, a time window of 1.28 ns, and a sample rate of 25.6
THz.

The perturbation condition used the continuous variation model [39] to
represent 64o(z) as a zero-mean, correlated Gaussian noise. In the process of creating
the ensemble, many fluctuation maps were generated using model-parameters’ setting
of: 250 m correlation length, and standard deviation which varied between members.
As it was important to sample in a uniform manner, o-axis was divided to 6,000 bins
from O to 8 nm. Following the creation of each fluctuation map, its o was
characterized and only those with a o corresponding to an empty bin were selected as
member of the ensemble, where others were discarded. This process continued until

no bin was left empty.
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We have specifically chosen to plot the pump extinction ratio against the
standard deviation characterizing the stochastic phase matching fluctuation in each
HNLF ensemble member. This choice gives not only a direct measure of the gate
performance but also provides an insight in its operation. Firstly, as the magnitude of
fluctuations grows, signal-induced pump depletion diminishes. While the uniform
(o= 0) fiber corresponds to ER of 11.46 dB, dispersion fluctuations with only o= 2.2
nm are capable of cancelling any signal effect (ER = 0). Since glass matrix is
composed of silicon-oxygen rings that are only 0.6 nm in diameter [147], this also
means that fluctuations measured by only four Si-O molecular diameters can, at least
in principle, lead to the total function loss. To note a likely performance degradation,
we note that the averaged ER across the ensemble with 2.2 nm STD is only 8 dB. In
practical terms, this means that random trials of HNLF possessing molecular-scale
core fluctuation are likely to produce less than 50% of the homogeneous gate
performance. Secondly, as ZDW deviations grow beyond 2.2 nm, we observe a finite
probability that logarithmic ER assumes negative value. Physically, this means that the
vacuum noise is more efficient in depleting the pump for a particular HNLF dispersive
fluctuation realization than when the signal is present. Worse, the ensemble-averaged
ER severely degrades (ER ~ 2 dB) when dispersive fluctuations reach 6 nm — the

condition corresponding to most physical fibers in use today.

3.4. Inhomogeneous FOPA non-Reciprocity

The ability to construct a high-FoM mixer originates in the distributed nature

of parametric process supported by nearly lossless fiber waveguide. It is also this
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distributed characteristic that prevents the construction of mixers with very high FoM.
Indeed, the transverse control required for a long mixer device poses a fundamental
challenge that is not necessarily easier to overcome than the limit imposed by optical
loss in non-silica (lumped) mixer devices. Until we identify the physics that can
synthesize low-loss fiber waveguide and guarantee that its transverse geometry control
is comparable to the constituent (SiOz) molecular scale, any high-FoOM mixer
construction will have to incorporate the knowledge of distributed fluctuations.

However, the very fact that stochastic fluctuations lead to different outcomes
in saturated, high-FoM mixers also opens a path to new applications that were not
considered in the past. Indeed, since the pump depletion (and mixer response)
critically depend on the longitudinal evolution of the local phase matching, it is
intuitively plausible to expect that this process is not spatially reversible. In practice,
the question can be articulated in terms of inhomogeneous FOPA reciprocity: if high-
pump depletion can be achieved in specific HNLF, will reversing its port change the
response of the device? While Marhic [148] has originally shown that inhomogeneous
FOPA operating with non-depleted pump is strictly reciprocal, this analysis needs to
be generalized for a case when high mixer FoM allows for finite pump depletion.

To investigate reciprocity of inhomogeneous FOPA, we consider 500 m-long
HNLF realization possessing ZDW variation smaller than 4 nm, as shown in Figure
14(a). The fiber is characterized by » = 15 W'km™ and S = 0.025 ps km™nm and
used in single-pump architecture illustrated in Figure 12. The HNLF was pumped by a
CW pump centered at 1554 nm with 1 W power and combined with CW signal tuned

with respect to power (-40 < Pgig < -20 dBm) and wavelength (5 < Asig — Apump <15
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nm). Each wavelength-power state of the input signal was used to calculate ER of the
device; the aggregate result is plotted as a performance map shown in Figure 14, (b)
and (c).

The ER is shown in case when the device is operated in two directional modes:
Figure 14(b) indicated pump-signal launched at port A of the fiber while Figure 14(c)
corresponds to port B launch condition. While the FOPA response is obviously
different in two cases, indicating true non-reciprocal transfer characteristics, a distinct
set of characteristics can be identified in both operational regimes. When the signal is
off, the pump output power is Porr 29.16 dBm for both directions. In small-signal

regime (Psic < -32 dBm), the signal induced pump depletion remains below 2 dB and
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Figure 14: Simulation of Inhomogeneous FOPA Exhibiting Nonreciprocal Response | This
simulation is based on the NLS model (including vacuum noise and higher order idlers creation). (a)
ZDW profile of 500 m long inhomogeneous HNLF. Fiber ports located at 0 and 500 m are labeled
as ports A and B, respectively. Figures (b) and (c) correspond to signal-pump launched from port A
and B, respectively. The color map represents the pump ER (Pore/Pon) On a decibel scale starting
from 0 dB where each step in the contour is of 1 dB. The fiber is assumed to be lossless, and the
time window and sample rate were set to 2.56 ns and 51.2 THz, respectively
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FOPA response can be approximated as reciprocal, as originally predicted by Marhic
[148]. As the input signal power is increased, the directional FOPA performance
diverges as expected since signal induced pump depletion also grows. More
importantly, the spectral response of the device depends significantly on the launch
direction choice.

To quantify it, we introduce the notion of the parametric gate bandwidth,
illustrated in Figure 14(b). If we assume that the FOPA is designed as a photon gate,
then it is important to define not only the input power necessary to deplete the pump to
a target ER value but also the maximal bandwidth that such signal can occupy. The
upper limit for the input signal bandwidth can be estimated by simply tuning the CW
probe with fixed power and measure the resulting ER. As an illustration, Figure 14(b)
shows that a photon gate operated with -24 dBm input and producing over 7 dB ER
can accept the signal within 3.1 nm (377 GHz) range. Consequently, FOPA operated
in opposite directions shown in Figure 14, (b) and (c), possesses drastically different
bandwidth characteristics.

It is important to note that such bandwidth characteristic is still an estimate
since it is derived using CW pump and probe. In case when pulsed interaction occurs
in inhomogeneous, high-FoM FOPA, the photon exchange will also be limited by
incoming signal/pump self- and mutually-induced chirping effects that can alter these
estimates. However, if pump is operated in CW regime and the signal power remains
low, the CW performance mapping will be reasonably accurate. In case of specific
HNLF fluctuation shown in Figure 14(a), this means that a 1 uW signal possessing

bandwidth of 3.1 nm (380 GHz) is capable of 50% (3 dB) ER of a Watt-level pump.
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Equivalently, this means that ~2.7 ps pulse possessing only 21 photons can induce
additional depletion, Porr — Porr/2, 0of 412 mW on the pump output power.

Finally, we need to highlight the importance of vacuum noise role in high-FoM
FOPA designed to operate in high-depletion regime. While we have emphasized the
impact of dispersion fluctuation on distributed mixer performance, we have not
attempted to spectrally inhibit its response. In other words, all cases discussed in this
report possess a dispersion-defined phase matching intended to maximize gain and
depletion effects. Unfortunately, the FOPA design in this case does not impose any
restrictions on its bandwidth, allowing for a significant role of amplified vacuum noise
(parametric fluorescence). Indeed, Fig. 7 illustrates non-reciprocal FOPA behavior in
case when vacuum noise is absent, indicating a qualitatively different transfer
characteristics. While such example is also non-physical, it does serve an important

message: the fundamental operational limit of high-FoM FOPAs will be reached by
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Figure 15: Inhomogeneous FOPA Exhibiting Improved Sensitivity in the Absence of Vacuum
Noise | Figures (a) and (b) correspond to Figs. 14(b) and 14(c) respectively. In contrast to Fig. 14,
this simulation does not include vacuum noise. The maximal ER was above 40 dB, however, for
clarity, contour levels were limited up to 20 dB. The y-axis represents the detuning between the
signal and the pump wavelength, A1 = Agic - Apump, Where the 1 W pump was positioned at 1554
nm; and the HNLF global parameters were set as follows: = 15 W'km™, &= 0, S = 0.025 ps km"
'nm?and L = 500 m; the HNLF local ZDW profile is described in Fig. 14(a).
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investigating both stochastic variations and means for spectral inhibitions in HNLF.

3.5. Conclusions

We have considered the construction of a FOPA with a very high FoM. When
operated in saturation, this device is capable of controlling a strong beam using either
rapidly varying weak beam or fast pulses containing only few photons. Given a
moderate pump, we recognize that such a device can currently be implemented only in
a manner of distributed amplification via high confinement fiber and requires strict
local phase matching control across hundreds of meters. The local dispersion of
conventional HNLF is inherently sensitive to nanoscale variations of the fiber core,
and therefore we investigated the performance limit of an inhomogeneous FOPA
model.

By performing a statistical study using full NLS model, we showed that the
production of a high performance device requires a fiber fabrication process with
nanometer scale control. Given the currently available HNLFs it is not possible to
efficiently construct a high performance photon gate, as it is likely to produce poor
performance. The wide distribution generated by an ensemble of macroscopically
identical fibers indicates it is imperative to incorporate knowledge on the HNLF local
dispersion to accurately describe photon gate response, and therefore cannot be
studied using the homogeneous FOPA model.

This work extends Marhic reciprocity theory. Taking advantage of the
distributed nature of parametric process in high FoM FOPAs, we showed for the first

time, to best of our knowledge, that an inhomogeneous FOPA possess not reciprocal
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transfer function when operated in deep saturation. In fact, a small 4 nm drift of the
ZDW across 500 m was sufficient to produce non-reciprocal transfer characteristics.
Homogenous fibers in addition to being non-physical are not able to describe this
feature of high FoOM FOPA. The assumption that fibers are uniform is clearly not a
valid approximation for high FoM FOPAs.

HNLF, as a platform, can produce an extremely wide bandwidth photon gate
device. The example presented in section 4 demonstrates a device capable of
responding to 1 uW input signal occupying bandwidth of 380 GHz. The compatibility
of this technology with future data rates makes it interesting as it has the potential to
be applied for high speed low power direct light manipulation.

We also recognize the role of vacuum noise in limiting the sensitivity of
photon gate. Once the local dispersion will be controlled; further progress may be
achieved by spectral inhibition of vacuum noise in order to diminish the total power of
parametric fluorescence.

In applications where latency is not critical, areas such as low power
switching, sensing, single photon detection, photon counting and more may benefit
greatly.

Chapter 3, in part or in full, has been submitted for publication of the material
as it may appear in IEEE/OSA Journal of Lightwave Technology, 2014, Ron R.
Nissim, Evgeny Myslivets, and Stojan Radic. The dissertation author was the primary

investigator, and a primary co-author of this article.



Chapter 4
Enhanced Parametric Interaction via Local

Dispersion Engineering

4.1. Introduction

Optical parametric amplifiers (OPAs) have been studied since the sixties,
initially in bulk crystals [149] and later in waveguides [150]. One of the OPA
numerous advantages [151,95] over conventional optical amplifiers [117,118,119] is
its ultrafast response time [151], which originates from the non-resonant optical
nonlinearity [64,116]. The parametric effect can be described in terms of frequency
conversion of pump photons to signal/idler photons [121], where OPAs with higher
efficiency will deliver more pump power to the signal and idler. In fact, a high
efficiency (HE) OPA can be saturated using a very weak signal and cause the pump to
deplete [29]. The ability of ultrafast, direct manipulation of light using a rapidly
varying, weak control beam is of great importance in both science and engineering.

A common way to estimate the efficiency of a parametric amplifier is
according to its nonlinear Figure of Merit (FoM), given by the product of the pump
power, the amplifier’s length L, and its nonlinear coefficient y [152]. Although high
FoM can be achieved using a pulsed pump, it will be beneficial from a standpoint of

both energy and practicality to limit the pump to moderate power levels consequently

70



71

supporting CW pump operation. In fact, a highly efficient OPA with an increased
value of yL product will reduce the power requirement on the pump and will enable
new functionalities.

The fabrication of materials and structures which are characterized by high yL
product is technologically challenging. The advancement of material science and
processing capabilities lead the creation of controlled and high quality structures with
improved characteristics. Consequently, optical waveguide technology demonstrated
lower propagation lose [153], higher nonlinearities [154], and improved dispersion
engineering [155]. A variety of platforms have been studied to date; among the
dominant ones are Photonic Crystal Fiber (PCF), chalcogenide, silicon, and silica [11].
PCF platform, although being successful in the visible spectrum, has yet to
demonstrate a good fiber that can operate in the telecom band because the design
requirements impose a complex fabrication process [30]. When limiting the pump to
moderate power levels or alternatively searching for a high yL material, at least
currently, the leading platform to explore HE OPA is a high confinement silica fiber,
commonly known as Highly Non Linear Fiber (HNLF) [94].

While FoM dictate the gain of an OPA, its operation band is set by dispersion.
The dispersion of conventional HNLFs has been studied extensively [104,105,138].
HNLF local dispersion has a strong impact on the OPA behavior. Indeed, due to its
relatively high confinement, nanometer—scale variation in the fiber transverse
geometry drastically affects its local zero—dispersion wavelength (ZDW) [94]. The
perturbations of the HNLF core size along the fiber are caused by finite fabrication

tolerances, and translate to ZDW fluctuations along the fiber, effectively making it
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inhomogeneous [15]. Various studies have shown that ZDW fluctuations reduce the
performance of unsaturated (low FoM) OPA by degradation of its bandwidth (BW),
gain, and gain-equalization [105,132].

Given this concern, the affect of fiber inhomogeneity on a high FoM OPA was
investigated (Chapter 3). Its two main findings were: 1) High FoM OPAs can have
very high performance; unfortunately, however the quality of currently available fibers
is not sufficient and significantly reduces the likelihood to observe it experimentally.
2) Remarkably, high FoM OPAs exhibit non-reciprocity. Both findings require
attention to the fiber inhomogeneity, which is normally treated as uniform.

At the same time, in spite of the fiber inhomogeneity, when inspecting the
distribution of a large ensemble of seemingly identical inhomogeneous fibers, we are
able to identify a few members which do provide high performance (Figure 13). This
special group contains a variety of members possessing different magnitudes of
average core radius variations, which implies the existence of ZDW profiles that are
able to positively influence the mixing process. This contradicts the common notion
that a uniform fiber, i.e. with a constant ZDW, is the most desirable profile. Although
it can be argued that this previously held rule is true for the case of a low FOM OPA, it
is not clear whether a certain ZDW profile, i.e. not uniform, would improve the
response of a deeply saturated OPA, in particular the effect of signal-induced pump
depletion.

The report presents an investigation in which an attempt was made to find a
unique dispersion profile. This was done by optimizing the fiber profile showing that

non-uniform fibers are able to outperform a uniform fiber in the case of a high FoM



73

FOPA. We initially provide details on the problem (Section 4.2) and set a benchmark
(Section 4.3). Then, various profile optimization methods and their respective results

are presented (Section 4.4), and these are followed by conclusions (Section 4.5).

4.2. High Efficiency OPA

Following the introduction we describe a highly efficient (FoM = 7) OPA
comprised of a weak CW signal coupled to a HNLF pumped by a CW beam. The fiber
based OPA (FOPA) under investigation is operated in deep saturation. Operating the
FOPA in deep saturation requires positioning the wavelength of the pump in
resonance with respect to the fiber dispersion properties. Then, launching a weak
signal into the FOPA may induce pump depletion, as schematically illustrated in
Figure 12. A practical example can be a FOPA that is pumped by 1 W beam, and have
HNLF with a nonlinear coefficient of 20 Wkm™, and a length of 500 m which results
in a FoM of 10.

In fact, even in the absence of a signal, a FOPA with a high FOM operated in
deep saturation depletes the pump as a result of vacuum noise amplification, i.e.
efficient generation of parametric fluorescence [12]. In a case the FOM is low, the
FOPA will not be saturated and the output spectrum will show modulation instability
(MI) side bands around the pump [134]. As the FOM increases, the MI bands draw
more power from the pump, and generate higher orders of MI bands, hence
broadening the total BW and increasing the power occupied by noise. After the FoM

becomes sufficiently high, the noise will contain a significant portion of the spectral
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power and the pump will be depleted. A simulation illustrating the process is shown in
Fig. 2(a) and its corresponding trace (Signal OFF) at Fig. 2(b).

The pump of a FOPA of sufficiently high FoM can be further depleted by
introducing a weak signal, as shown in Figure 16(b). However, as the FOM increases,
so does the total noise power, as shown by Figure 16(c), and therefore the reduction in

the pronunciation of the signal-induced pump depletion effect, as shown in Figure
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Figure 16: Power Analysis of a Typical Pump Deplition Effect in a Highly Saturaed FOPA |
(a) The optical spectrum (RBW 50 GHz) at the output of the HNLF in the absence of a signal. Each
trace corresponds to the matching color point in (b) (signal OFF), describing the FOPA output
spectrum at that point. (b) The dependence of the pump power at the output of the amplifier as a
function of the FoM in the presence and absence of the input signal using a 50 GHz band pass filter.
(c) The distribution of the optical power at the output of the HNLF as a function of the FoM in the
presence of the signal. The figure shows the power distribution between the pump power, integrated
noise power, and the sum of signal and idlers power. The CW components were measured within a
50 GHz BW. The FoM was expressed in terms of the effective length of the fiber, Leff = [1-exp(-
a L))/ o, where « is the propagation loss.
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16(b). Indeed, each FOPA, depending on its fiber’s parameters and input condition,
has an optimal FoM which will generate a maximal increase in the pump depletion
when a signal is introduced, i.e. maximal signal-induced pump depletion. For clarity
we shall make use of the following notations: P denotes the pump power; Poy and
Porr denote the pump output power in the presence and absence of the signal,
respectively; The pump depletion represents the ratio between the pump input and
output power, P(0)/P(L), where L denotes the length of the amplifier; the signal—
induced pump depletion is represented in terms of extinction—ratio (ER), and is
calculated according to the ratio of Porr/Pon.

The amount of pump ER depends on the quality of the parametric interaction.
As pump and signal are launched into the FOPA, the system evolves and power is
exchanged between the pump, signal, newly generated idler(s), and noise. The quality
of this interaction will determine amount of pump ER. The strength of the interaction
between various participants also depends on the phase matching of the particular
parametric process. For example, the phase matching of the process describing the
photon exchange between the pump, signal and 1st order idler is given by the
following expression [27],

AP =kg +k, —2kp (35)

which can be expressed in terms of the ZDW of the HNLF,

AB= —%S(ﬂ»p 202~ P (36)
P

Subscripts P, S, I, and 0 denote the pump, signal, idler, and zero—dispersion,

respectively. S denotes the dispersion slope at the ZDW, and 4 and k denote the
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wavelength and wave—vector respectively. Along the fiber, changes in its transverse
geometry generate local ZDW. Therefore, according to (36), the phase matching
acquires spatial dependence which will consequently affect the parametric process. In
practice, for a system which is not spectrally inhibited, a FOPA with good ER will
tend to generate many idlers and have a wide (noise) BW. This will result in many
simultaneous processes, including mixing between different spectral components of
the noise, and will not be practical to trace each individually.

Consequently this complicates the search for a unique dispersion profile as one
cannot simply rely on enhancing a specific process. By using the standard NLSE, it is
possible to account all aforementioned parametric interactions simultaneously [13].
The equation can be expressed in the following scalar compact form,

L BepN-Da, @)

where the dispersion has a spatial dependence to account for the fiber
inhomogeneity. The fiber characteristics were described using the following
parameters: ZDW profile Ao(z), dispersion slope S, propagation loss a, nonlinear
coefficient y, and length L. Indeed, it is possible to consider higher dispersion—orders
terms; however, they were neglected for simplicity.

During the search for a unique ZDW profile various profiles were simulated.
Each profile under test was divided and simulated as a collection of many short
uniform segments. The length of each segment was set to correspond a 0.005 nm

average shift in the ZDW with respect to its adjacent segments but was limited to no

shorter than 1% of Ly, where Ly, = (y P(0))™. As implied by [142], in a FOPA which
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is driven using CW fields, the ZDW variations are effectively averaged on length
scales which are much shorter than Ly, which can be treated as a uniform segment.
Once the optimizer was done maximizing the ER, the solution, i.e. the optimized
ZDW nprofile, was validated. In the validation process, the optimized profile was
simulated multiple times using different segment sizes and ensured the ER converges
to the declared value as the segment size becomes shorter.

Another type of uncertainty concerning the validity of the solution originates
from vacuum noise. The simulated ER is influenced by the noise field realization at
the input. Namely, various noise realizations will generate different values of ER. The
uncertainty of the ER is inversely related to the length of the simulation time—window.
As a result of averaging, a longer time—window will reduce any uncertainty associated
with the noise realization. As part of the validation process, the performance level was
guaranteed by performing multiple simulations using random noise seeds to quantify
the level of uncertainty in the calculated ER due to noise.

It’s important to bear in mind that the reported performance of a FOPA with
good ER, is limited by the BW of the optical filter at the receiver; then, introducing
the signal will tend to bring the pump closer to the (amplified) noise floor.
Consequently the simulated value of Poy will be limited by the optical BW. For
example, narrowing the BW will reduce the amount of integrated noise power
reaching the detector and vice versa, therefore affecting both the ER and the noise
performance. In this report the investigation focused on the static (CW) response of
the amplifier and the pump detection was simulated using a 50 GHz optical filter

followed by a power meter.
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4.3. The Optimization Criterion

The question of whether a high FoOM inhomogeneous FOPA can outperform a
homogenous one requires establishing a benchmark. This was done by optimizing
FOPA based on uniform fiber model which resulted in an ultimate performance limit
and will be used in the next section, both for comparison and as a starting point to find
an optimal fiber profile.

Initially the parameters of a high FoOM homogenous FOPA were optimized
using realistic HNLF values [94] to provide the highest possible ER that can be
reached using this type of fiber model. Following the optimization, if the signal
wavelength will be detuned from its optimal value the ER will decrease, thus enabling
an estimate of the BW of the device. In a similar manner, one can have such a
discussion about the stability of the optimal solution to other parameters. The goal
then is to find an upper bound to the ER, a so—called performance budget from which
any parameter deviation causes a reduction.

When declaring a benchmark it is important to state the value of certain
parameters to create a common ground for future comparisons. In the framework of an
ideal three wave model [27], the problem of depleting the pump is reduced to three
parameters: normalized phase matching, FoM, and the ratio between the pump power
and the signal power, from which the ER can be calculated [28] (Section 3.2).
Therefore, when defining the benchmark level, in addition to declaring the signal input
power and the maximized ER, it is necessary to declare the pump input power. As

indicated by the three wave model, for a given FoM and signal input power, it would
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be easier to saturate (deplete) a weaker rather than a stronger pump. For this report the
pump and signal powers were set to 30 dBm and -35 dBm, respectively, and will
remain as such for the entire report.

After setting the system power levels, the remaining FOPA parameters were
optimized. The optimization was made within the normal working range of the HNLF
parameters: L ~ 500 m, 10 < y < 30 W*km™, 0.5 < a < 1.0 dB/km, and 0.03 < S < 0.05
ps/(nm? km). 4o was set to 1550 nm, where As and Ap were treated as free parameters.
The FOPA modeling was done using an NLSE [13], injected vacuum noise was
included [131], and the model was solved using the split-step algorithm [13]. Matlab
optimization toolbox was used to perform the optimization using the conventional
simplex algorithm [146]. An initial guess was provided to the optimizer: The fiber
parameters were set to the middle values of the normal working range, where the
initial signal and pump wavelengths were set to Ap = 4o + 10 nm and As = 4p + 10 nm.

The optimization yielded an intermediate solution of 500 m long fiber which in
principle corresponded to the location of the ER’s “first peak” (FP), as illustrated at
Figure 16(b). The length of the fiber was then prolonged (swept) to find the
corresponding position of the second peak which provided a higher ER. The
parameters of the system were then loaded as an initial guess for a second round of
optimization, to ultimately yield a maximized ER of 12.88 dB for the following set of
values: y = 17.66 W'km™, L = 672.3 m, a = 0.69 dB/km, S = 44.89x 10 ps/(nm* km),
Jp - Ao = 17.06 nm, As - Zp = 6.11 nm. This level of ER and its corresponding
parameters of system serve as the benchmark and will be compared against that of an

inhomogeneous FOPA.
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4.4, Unique ZDW Profile

This section describes a search for a unique dispersion profile; during which
the fiber’s parameters: o, S, and y remained set to the corresponding values of the
benchmark. Thus ensuring the fiber remains of the same type while the ZDW (global
and local) is being modified. Regarding the length of the fiber, the FOM of the
benchmark is relatively high (11.26) which makes it computationally expensive to
work with. Therefore, the length of the fiber was shortened (swept) in order to locate
the ER’s FP. It was found at fiber length of 507.5 m, provides an ER of 11.64 dB and
corresponds to a FoM of 8.62. In general, the higher the FoM, the longer the time it
takes to simulate the system. Due to limited computational power, one profile
optimization was made using a fiber length corresponding to the benchmark (672.3 m)
while all others were made based on the length corresponding to the FP (507.5 m).

During the search for an optimal fiber profile, it may be necessary to reposition
the pump and signal wavelengths. By fixing the pump wavelength to have it serves as
a reference for the signal wavelength and the ZDW profile, insignificant wavelengths
drift were prevented during the optimization process. The other parameters of the
system, excluding L, were set according to the benchmark and the optimization
algorithm remained the same as described in Section 4.3. The following subsections
will each describes the ZDW profile representation, the initial guess, and the

associated optimization result.
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4.4.1. Static Grid Representation

In the following description, the ZDW profile of the fiber was represented by
six equally spaced nodes, as illustrated by Figure 17. The ZDW profile was defined by
interpolation of the nodes using piecewise—cubic method. This interpolation method
kept the profile smooth and monotonous between each of the neighboring nodes, with
no over—shoot.

In the first profile optimization of the static grid, the benchmark settings were
used as the initial guess that was provided to the optimizer. Namely, the signal
wavelength was set such that As - Ap = 6.11 nm, L = 672.3 m, and each of the six nodes
was positioned at wavelength 1550 nm. The optimization yielded a maximized ER of
13.31 dB (6-Benchmark) with its associated profile shown in Figure 18. Afterwards a
similar optimization was made where the FP settings were used as the initial guess,

namely L was set to 507.5 m. This optimization resulted in ER of 17.75 dB (6-First
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Figure 17: Representation of the ZDW Profile: Static Grid | Illustration of ZDW profile
representation of a fiber using “static grid”. The profile is represented by six equally spaced nodes
where the first and last nodes are positioned at the entrance and exit of the fiber, respectively. The
full profile description is given by interpolating the ZDW between the nodes. Each of the double
headed arrows represents a degree of freedom. The signal wavelength (/s) remains a free parameter,
and a reference is formed by keeping the pump wavelength (1) fixed.
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peak) with its associated profile presented in Figure 18.

The finite number of nodes previously described was chosen somewhat
arbitrarily; additionally, the grid is equally spaced and fixed. It is then plausible that
the optimal solution attained under those constraints is in fact an approximation of a
more successful solution. Therefore the number of nodes (degrees of freedom) was
increased to ten (eleven) which was then used to optimize the profile. The grid was
made in a similar manner to that presented in Figure 17, using spacing of L/9. Also, in
order to gain access to new possible solutions, the number of nodes was chosen such
that the grid will be displaced relative to the six nodes grid. The initial guess of the
optimizer was set to be an interpolation of the latter solution. The ten nodes
optimization resulted in an ER of 19.18 dB (10-First peak) with its associated profile

also presented in Figure 18.
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Figure 18: Optimized Dispersion Profiles on a Static Grid | A plot of the optimized ZDW
profiles. The dashed line shows the profile of the benchmark. The blue trace (round markers) and
green trace (square markers) describe solutions which were made using the six nodes static grid
profile representation in the case that the initial guess of the optimizer was set as the benchmark and
first peak settings, respectively. The red trace (triangular markers) describes a solution which was
made using the ten nodes static grid profile representation in the case that the initial guess of the
optimizer was set as the green trace. The markers represent of the nodes while traces shows the
interpolated profile. The pump (dash-dot) and the signal (solid) positions are described by the two
uppermost horizontal lines. The optimizations resulted in a practically identical signal wavelength.
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Better solution may exist: The usage of a fixed grid representation confines the
solution of the optimizer to a continuous profile and of a specific predetermined
length. It is possible that an optimal solution may include discontinuities in the ZDW
profile with a corresponding optimal length, as it is likely to depend on the shape of
the profile. Such a solution will be effectively described by concatenation of two or

more fibers.

4.4.2. Dynamic Grid with Variable Fiber Length

In this subsection, the profile optimization was done on a dynamic grid. This
profile was described using six nodes as before, only in this section their spatial
location was considered a variable. Only the first node was spatially fixed since it

indicates the beginning of the fiber. This type of representation has a total of 12
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Figure 19: Representation of the ZDW Profile: Dynamic Grid | Illustration of ZDW profile
representation of a fiber using “dynamic grid”. The profile is represented by six nodes where the
first and last nodes are positioned at the entrance and exit of the fiber, respectively. Each of the
nodes, except the first one which is positioned at the entrance of the fiber, is free to be shifted both
laterally and vertically. The full profile description is given by interpolating the ZDW nodes. The
position of the signal (4s) remains a free parameter; however, the wavelength of the pump (Zp) is
fixed and acts as a reference.
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parameters to optimize. In addition to being able to simulate a bigger variety of curves
in comparison to the previous representation, the length of the fiber was also a
variable. An illustration of the dynamic grid structure is shown in Figure 19.

Two optimization attempts were made using this profile representation. In the
first case, the initial guess of the optimizer was set to the fixed grid six node solution
(6-First peak); whereas in the second case the initial guess was set as FP. This resulted
in an ER of 19.65 dB (6 nodes — FP) and 18.29 dB (FP), respectively. Their associated
profiles are shown in Figure 20.

The latter result effectively reduced the solution from six to four nodes, thus
simplifying and smoothing the solution while keeping a relatively high level of
performance. The former result, in comparison to the ten node solution, was able to
achieve a similar ER level while having a relatively different profile.

The optimized profiles have demonstrated a rapid change in the ZDW at the
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Figure 20: Optimized Dispersion Profiles on a Dynamic Grid | The dashed line shows the profile
of the benchmark. The upper horizontal line (dash-dot) represents the wavelength of the pump. The
green trace (triangular markers) describes a solution made by a dynamic grid representation in the
case that the initial guess of the optimizer was set as FP. The blue trace (round markers) describes a
solution made by optimizing a dynamic grid in the case that the initial guess of the optimizer was set
to the solution achieved by the six node static grid (6-First peak). Each of the markers represents a
node.
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last 100 m of the fiber, a distance which corresponds to approximately twice Ly (Lno
=57 m). Such fast changes tend to average; therefore it is plausible a simpler solution
may be found in the form of discontinuity. Additionally, if one would attempt to
generate such a profile by applying a varying tension across the fiber [105], a slowly

varying profile would be considered more desirable.

4.5. Bandwidth Analysis

Deeply saturated FOPA exhibit a tradeoff between the pump’s ER and the BW
of the effect [27]. This created an interest to know whether the enhancement of the ER
shown by the optimized profiles came at the expense of the BW of the effect. This was
investigated by simulating the dependence of the ER on the signal wavelength. As the
signal detune from the optimal position the pump’s ER will decrease; thus providing a
measure to the BW of the signal induced pump depletion effect. Figure 21 shows the

results of such analysis.
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Figure 21: Bandwidth of Dispersion Optimized Mixers | A simulation of the pump’s ER
dependence on the signal wavelength for different optimized ZDW profiles; the signal position is
shown with respect to the pump wavelength.
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It is clearly shown, that the BW of the effect was not compromised. In fact for
a given ER level of 10 dB the BW broadened from 0.65 nm (Benchmark) to 1.44 nm
(10-FP). Even though the accuracy of this estimation is coarse, it indicates the
optimized solution can perform well above unphysical uniform fiber model and that

opportunities lay in the inhomogeneous fiber model.

4.6. Noise Properties

The optimizer interacts with the simulator by running the simulation repeatedly
using a different settings each time to eventually maximize the ER. The same noise
realization was used during the simulations in order to assist the optimizer to converge
to a solution. For each of the reported solutions a certain level of ER was stated; in
practice the pump output power has a certain mean and variance levels. For each of
the solutions — i.e. optimized profiles — a histogram was generated using random noise
realizations. Each of the histograms consisted of 300 samples. The simulations were
performed using a time-window of 2%(150 GHz), and a sampling-rate of 2°x(150

GHz). Table 1 shows a summary of the noise performance of the main solutions.

Table 4: Summary of the optimized FOPA performance

Case Pon (MW) Poee (MW) ER (lin.)
Benchmark (672.31 m) 18.78 £ 1.59 259.5+6.3 1392+ 1.24
6-FP 10.58 £ 1.27 450.9 £ 10.2 43.23 £5.37
10-FP 7.77£1.09 435.04 £9.45 57.12 +8.27
Dynamic grid (FP) 941+1.16 433.03 £10.3 46.74 £ 6.06
Dynamic grid (6 nodes — FP) 5.65 £ 0.65 359.36 + 9.57 64.51 + 8.00
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The results remain sufficiently stable to distinguish between the qualities of
different solutions. In comparison to the benchmark, the optimized profiles keep the
pump less depleted in the absence of a signal and more depleted in the presence of it,
thus achieving better ER. Additional improvement in the ER can be made in exchange

to reducing the BW of the filter which will lower Poy.

4.7. Conclusions

Deeply saturated high FOM FOPA exhibit a highly sensitive signal-induced
pump depletion effect. This report explored the use of local dispersion to enhance the
effect and challenged the conception that a longitudinally uniform fiber is the most
desirable structure. In fact, optical fibers are commonly treated in the literature as a
longitudinally homogenous medium. Previous studies showed that such approximation
is not valid for HNLF based FOPA, and even more so for those operating in deep
saturation.

The investigation initiated by posing a question of whether a high FoM FOPA
which is based on inhomogeneous fiber can have a higher ER in comparison to
homogenous one, assuming both fibers are of the same type. A benchmark based on
the homogenous FOPA model was established by optimizing the parameters of the
system and resulted in an ER of 12.88 dB, effectively posing an upper limit to the
achievable ER using this model. The ER levels which were achieved afterward, using
the inhomogeneous fiber model, resulted in significant improvement of several
decibels, demonstrating ER levels which can only be accounted by an inhomogeneous

FOPA model.
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As this is the first study on the enhancement of signal-induced pump depletion
of high FoM FOPA using local dispersion engineering, it is emphasized on
maximizing the pump ER. Future reports may include a broader search with
constraints on the profile simplicity, the BW of the effect, performance stability to
profile perturbations, and noise performance, to name a few. New profile solutions
may be found through the development of the optimizer, e.g. the type of optimization
algorithm, fiber representation (degrees of freedom), initial guess (basin of attraction),
and the affect of noise which is averaged to a degree within the limits of the available
computational power. Modification of these factors could lead to additional solutions.

This work has showed, with regards to deeply saturated FOPAs, that
opportunities are available if one is able to abandon the uniform fiber model. Practical
FOPA designs may use heterogeneous fibers and include higher—order dispersion, all
together provide access to a greater inventory of fibers and will lead to new
capabilities.

Chapter 4, in part or in full, has been submitted for publication of the material
as it may appear in OSA Optics Express, 2014, Ron R. Nissim, and Stojan Radic. The

dissertation author was the primary investigator, and the primary author of this article.



Chapter 5
Low Power Fast Control of Fiber-Optics

Parametric Amplifiers

5.1. Introduction

Fiber-optic parametric amplification has been a fruitful research topic in the
past two decades and has led to diverse and remarkable experimental demonstrations,
including: sampling oscilloscope [156], wide-band amplifiers [157], low-noise
amplifiers [158], regeneration [126], long-range wavelength conversion [130], signal
processing [159], and frequency comb generation [160]. These successful results all
share a key component — a Highly Nonlinear Fiber (HNLF).

This type of fiber was initially introduced in the literature at [93] and has since
been gradually maturing to provide high performance [99]. HNLF is in fact a GeO,
highly doped silica fiber which takes advantage of the high mode-confinement to
reduce the mode size in order to generate higher light intensities for a given power
level. This, along with its low dispersion and low loss, results in light propagation in a
fiber with predominant nonlinear parameter y compared to standard single mode
fibers. Yet, when compared to alternative platforms, HNLF nonlinear parameter is
considered to be low [99]. This relative deficiency is more than compensated for —

primarily by HNLF unparalleled transparency in the telecommunication band, which
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in combination with its highly controlled low dispersion, allows for a long interaction
length [95], [11]. Originally, the future of HNLF as a practical platform was
questioned, as it was believed that stimulated Brillouin scattering (SBS) would inhibit
their use [96]. Since then, effective methods for raising the SBS threshold have been
developed [97]. It is currently accepted that the main limitation of HNLF-based
parametric amplification is inherent molecular scale fluctuation of fiber core size
caused by finite fabrication control [95].

Recent studies have highlighted potential use of HNLF for investigating a new
class of parametric amplifier (FOPA), which has the potential to both reduce the
power requirement on the pump and to enable new functionalities. The concept relies
on FOPA operation in the deeply saturated regime, in which the pump can be
controlled using an extremely weak, rapidly varying signal, as was originally
demonstrated by Andrekson [29]. In this topology, the signal input power acts as a
control knob on the pump output power; owing to its resemblances with an electronic
gate, photon gate and deeply saturated FOPA will be used interchangeably. Indeed, it
was shown that such a photon gate device has the potential to have broadband
operation of several hundred gigahertz at few photons level while producing a
substantial pump response of several decibels [161], [162]. Interestingly, a deeply
saturated FOPA also shows non-reciprocal behavior. Photon gate high performance
and its non-reciprocity are related to each other, as both critically depend on the
HNLF’s local structure (Chapter 3).

The construction of deeply saturated FOPASs, particularly of moderate pump

power, depends on the medium characteristics. The Figure of Merit (FoM) of
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parametric amplifiers, given by the product of the pump power P, the amplifier length
L and nonlinear parameter y provides a simple measure of the amplifier’s
performance. Deeply saturated FOPAs have high FoM (PL >7) (Chapter 3, Figure
11): By using a sufficiently high )L material, the pump power may be kept at a sub-
Watt power level and promote device operation using conventional laser diodes.
Ideally, one could simply use a nearly lossless HNLF to construct an arbitrarily long
amplifier to reach any performance level.

The performance of photon gate was numerically studied using an
inhomogeneous FOPA model (Chapter 3). Although it is a common practice to model
physical fibers as a uniform entity, the study showed that fiber non-uniformity dictates
photon gate performance. Moreover, it identifies saturated FOPAs as distributed
amplification devices which, assuming moderate pump power level, require the ability
to rigorously maintain local dispersion across hundreds of meters. Evidently, both
photon gate and its non-reciprocal behavior require attention to the fibers
inhomogeneous nature. In fact, a perfectly uniform fiber lacks the required spatial
symmetry breaking needed for non-reciprocal behavior, in which case a light field will
experience identical evolution whether it propagates in the forward or backward
direction of the fiber. Additional numerical evidence for the importance of FOPA
inhomogeneous nature to photon gate performance is found in Chapter 4.

Here we extend previous work, by experimentally studying non-reciprocity in
a deeply saturated FOPA. We present a simple manifestation of FOPA non-reciprocity
and for the first time, to the best of our knowledge, show clear evidence to the

connection between FOPA behavior under deep saturation and its inhomogeneity. In
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fact, results indicate non-reciprocity is indeed driven by dispersion rather than
polarization. Moreover, we present a simulation strategy for photon gate — a necessary
ability needed for the advancement of high FoM FOPA:s.

This report is organized as follows: The next section describes the parametric
fluorescence of a deeply saturated FOPA and demonstrates that its spectral shape
depends on the orientation (i.e. forward or backward direction) of the HNLF. In the
absence of a signal, this is the simplest manifestation of FOPA non-reciprocal
behavior. Equally important, Section 5.2 shows that the spectral shape is dominated by
core size variation rather than birefringence. In Section 5.3, a weak continuous wave
(CW) signal is launched into the deeply saturated FOPA. The system is excited at
different signal input conditions and the pump response is measured. As in Section
5.2, the pump response depends on the orientation of the fiber. In both sections, the
scalar (polarization-independent) inhomogeneous FOPA model was sufficient to

successfully explain the experimental results.

5.2. Parametric Fluorescence of Deeply Saturated

FOPA

A CW pump launched into a fiber in the anomalous dispersion regime may
generate a wideband parametric fluorescence (Figure 10) by amplifying vacuum noise
[131]. This process is complex and occurs in cascade. Initially, the pump generates
modulation instability (MI) [13]. During the MI process, pairs of pump photons

convert into pairs of signal and idler photons at frequencies satisfying energy
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conservation. In the absence of an input signal, the process will be seeded by vacuum
noise and the converted photons will populate the spectral region of the MI gain
profile in the vicinity of the pump effectively generating first order MI bands around
the pump (Figure 22(a)). The MI gain profile is set by both the fiber and the pump
properties; where higher product of )P will generate a stronger peak gain and a
broader gain bandwidth. The latter can also be promoted by using a lower anomalous
dispersion.

For a given fiber length, an increase in the pump power saturates the amplifier,
that is, it generates stronger first order MI bands which will mix with the pump to
efficiently generate higher order bands (Figure 22(b)). (Alternatively, a similar result
can be generated by increasing the fiber’s length or nonlinearity.) In this case, similar
to the MI process, the first order bands act as degenerate pumps and the original CW

pump will act as a signal to generate second order (idler) bands using the four wave
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Figure 22: Generation of Parametric Fluorescence in a Cascading Manner Using a Highly
Nonlinear Fiber Seeded by a CW Pump | This process relies on four-wave mixing and
modulation instability. Figures (a), (b), and (c) show the optical spectrum at the output of a fiber at
various input power levels, at a resolution bandwidth of 12.5 GHz. The pump input power is stated
in the legend for each figure. The pump output power at Figs. (a) and (b) is 28.9 and 29.9 dBm,
respectively; at Fig. (c), the pump output power is 30.8, 30.2, and 25.7 dBm — corresponding to
input power levels of 31, 32, and 33 dBm.
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mixing effect. Thus, in a cascading manner, additional higher order bands are created.
Proceeding further, in a FOPA with a sufficiently high yPL, amplifying vacuum noise
leads to saturation and eventually pump-depletion (Figure 22(c)). The simulation
shown in Figure 22 is generated using the nonlinear Schrodinger (NLS) model [13]
with the following parameters: Ap = 1560 nm, » = 13 (W km)?, 4, = 1550 nm, S =
0.04 ps/(nm® km), & = 0.2 dB/km, and L = 0.4 km, and it includes seeded vacuum
noise. Parameters Ap, Ao, S, and « represent the pump wavelength, the fiber’s zero-
dispersion wavelength (ZDW), dispersion slope, and propagation loss.

The broadband amplified vacuum noise is created in a cascaded (distributed)
manner. Consequently, the spectral shape of the amplified vacuum noise at the output
of the fiber depends on the input condition (pump’s power and wavelength) and the
fiber’s local properties. In physical terms, the fiber core experiences geometrical
changes along the fiber which may locally affect birefringence and zero-dispersion-
wavelength (ZDW). While in recent years [105], [163], [108] methods to handle local
ZDW were demonstrated, in the context of fiber-based parametric amplification, a
successful experimental approach for local birefringence has not yet been developed.
Therefore it is critical to identify which of these two is dominating the parametric
process.

FOPA reciprocity theory which holds under the three-wave, undepleted pump
approximation, asserts FOPA’s reciprocal behavior specifically in the presence of
local birefringence and core size variation [148]. In contrast to an unsaturated FOPA,
this approximation is broken in photon gate as a result of its high FOM. Indeed, even

in the absence of an input signal, a significant amount of amplified vacuum noise is
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generated by drawing power from the pump which significantly depletes it.
Consequently, this work extends FOPA reciprocity theory by studying FOPA behavior
in the pump depleted regime.

In the following experiment a quasi CW pump is launched into a HNLF while
monitoring its output using an optical spectrum analyzer (OSA). The quasi CW pump
has a repetition rate of 20 MHz and pulse width of 1 ns; it is created by externally
modulating the amplitude of a tunable laser source using a pattern generator driven by
a 10 GHz RF clock; subsequently, the modulated light is amplified using an EDFA
and its power level is set using a variable optical attenuator prior to the HNLF. The
suppression of SBS was validated by measuring the optical spectrum of the back
reflected light from the HNLF to ensure SBS tone was weaker than Rayleigh
scattering for the power levels used in this work. Therefore, SBS can safely be
neglected. Although SBS suppression improves with reduction in the pulse temporal
width, its duration cannot be arbitrarily short because the goal is to measure the static
response of the system; therefore the pulse duration should be sufficiently long to
resemble a CW behavior, in which case no additional phase matching limitation
associated with nonlinear pulse propagation will exist [164]. This condition will be
validated a-posteriori by showing that the measured response time of photon gate is
much shorter than the duration of the quasi CW pump. A schematic description of the
experimental setup is shown in Figure 23(a).

During the experiment it was evident that the spectral shape of the parametric
fluorescence depends on the input state of polarization (SOP) of the pump. Therefore a

motorized polarization controller is placed before the HNLF to average out the
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dependence of the pump SOP from the OSA trace (Figure 23(a)). The optical
spectrum is measured for both orientations using an average input pump power level
of 14.6 dBm: In the first measurement the pump is launched in the “forward” direction
and afterwards the measurement is repeated in the “backward” orientation, by
swapping the HNLF’s ports (Figure 23(b)).

For each fiber orientation three traces are displayed. During the measurement,
the ratio between the polarization scrambling rate and the OSA scanning rate is
sufficiently low to enable the OSA to capture an optical spectrum generated by a
nearly constant pump SOP during a single sweep. By capturing many traces, it is
possible to establish the range in which each spectral component is varying. Traces
“max” and “min” describe the upper and lower bound of this range, respectively.
Trace “average” on the other hand is created by averaging many traces. The
measurement of the average optical spectrum trace was validated by a repeated
measurement in which the polarization controller was replaced with a piezo based
scrambler, which operates at kilohertz rates. The OSA sweep time was then slowed to
enable the scrambling rate of the pump SOP to be significantly faster than it;
consequently, each sample on the OSA trace represents an average value.

It is evident that the optical spectrum of the parametric fluorescence is
distinctive and depends on the orientation of the HNLF. Moreover, it is not possible to
compensate the difference between them by manipulating the SOP of the pump.
Therefore, this non-reciprocal behavior is solely attributed to the combination of the
fiber’s inhomogeneous nature and the high FoM FOPA. Indeed, if the FOPA had a

low FoM these traces would overlap, regardless of the fiber inhomogeneity.
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Figure 23: Simple Manifestation of FOPA Non Reciprocal Behavior in the Form of
Parametric Fluorescence Created by a Quasi-CW Pump | (a) Experimental setup: CW tunable
laser source (TLS), Mach-Zehnder modulator (MZM), pattern generator (PG), 10GHz RF clock
(CLK), erbium doped fiber amplifier (Amp), optical filters (Fil.), programmable variable optical
attenuator (PVOA), and polarization controller (Pol. Ctrl.). Optical filtering is applied to eliminate
amplified spontaneous emission (ASE) and pump residues from the amplifier. The HNLF output is
connected to an OSA using the 1% port of a 20 dB coupler (not shown). The performance of the
setup is monitored to ensure the stability of the quasi CW pump (not shown). (b) The pump’s input
polarization state influences the optical spectrum at the output of the HNLF, measured at a
resolution bandwidth of 2 nm. The solid, dashed, and dot-dashed traces represent a measurement of
the average, min, and max power levels, respectively, when sweeping the pump’s SOP.

Interestingly, the result in Figure 23 can be simulated using a scalar
inhomogeneous FOPA model. Using the counter-colliding method [163], we attained

the local ZDW profile of the fiber (Figure 24) and subsequently incorporated it into
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Figure 24: The Zero Dispersion Wavelength Profile of the Fiber | The fiber length is 525 m,
with a propagation loss of 1.27 dB/km, spliced at 245.2 m with 0.27 dB splice loss, and an average
dispersion slope of 0.025 ps/nm?/km.

the simulation. The spectral profile of the wideband parametric fluorescence,
generated by a high FoM FOPA, is highly sensitive to the system’s parameters —
global and local. Given the local information, the wideband spectral profiles may be
used to calibrate the following parameters of the system: pump power, dispersion
(including higher orders), and fiber nonlinearity. The calibration process optimizes
these parameters to numerically produce the measured optical spectrum shown in
Figure 23. Thus, this unique, rich spectral content can be used to extract information
on the associated fiber. The other parameters of the system were predetermined and
remained fixed in the calibration process: fiber length, propagation loss, splice loss,

and, most importantly, ZDW profile. This process is done using the Simplex method
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Figure 25: Simulated Optical Spectrum at the Output of the Fiber in Both Orientations | The
solid traces correspond to the measurement of the polarization averaged optical spectrum from Fig.
Figure 23(b). The simulated (dashed) traces are the result of the calibration process. The black and
gray traces represent forward and backward orientation, respectively. This calucaltion is done using
a scalar NLS model.

[146] under constraints for: pump peak power (31 < P < 32.7 dBm), nonlinearity (10
< y< 15 W'km™), slope (20 < S < 50 s/m%), slope derivative (-7e8 < S’ < 9¢8 s/m?),
and dispersion (-40e-9 < D < 80e-9 s/m?). Although the input peak power is nominally
identical, the optimization allowed for a power difference between the input peak
power of the forward and backward pump to account for uncertainties associated with
fiber coupling (-0.7 < 6P < 0 dB). The outcome of the calibration process is shown in
Figure 25 and resulted in the following parameters: P = 31.13 dBm, 6P = -0.53 dB,

y=12.88 (Wkm)?, S = 24.12 s/m*® S’ = -1.2e8 s/m*, and D = 17e-9 s/m; the ratio D/S
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indicates a displacement of the global ZDW by +0.7 nm from 1554.6 nm. When
compared to realistic fibers [99], the slope derivative parameter is practical as it gives
rise to a S, value of 0.6e-55 s*/m. It’s important to recognize that this calibration
method succeeded even though polarization effects (including local birefringence)
were excluded from the model. This can only work when a system is dominated by
local dispersion. On the other hand, a perfectly uniform fiber with constant ZDW will
clearly generate an identical spectrum when its fiber ports are swapped.

The quasi CW nature of the pump is included in the simulation. A long flat top
pulse has the advantage that it can be simulated using a CW beam. Then, the simulated
CW beam will generate an optical spectrum which can be scaled down in power to

give correct results based on the pulse duration and the repetition rate. Such a
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Figure 26: Temporal Measurement Showing the Top Part of the Quasi-CW Pulse | This

measurement is taken at the 1% tap of the amplifier (shown in Fig. Figure 23(a)); the optical
power is normalized and presented in linear scale.
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computation method will indeed be the fastest. Unfortunately, this is not the case; the
pulse top has a significant variation of several percent. On the other hand, simulating
the exact temporal input as in the experiment will give accurate result but will incur
unreasonable computational cost. Fortunately, only the high power region of the
temporal input contributes to the nonlinear optical creation of parametric fluorescence.
Therefore, it is only the variations on the top of the pulse which are needed in the
simulation. In fact the optical spectrum measurement shows a contribution from a
collection of power levels, where the spectral shape created by each power level is
different. The field input used for the calibration was comprised of seven temporal
concatenation of the pulse top as captured by the equivalent time scope; the number of
concatenations was chosen in accordance with computational resources. Regarding the
y-axis, the pulse top was selected from its peak down by 9% (0.42 dB), as shown in

Figure 26.

5.3. Photon Gate Static Response

In this section we provide additional support to the claims made previously by
showing that photon gate static response can be simulated using the results of the
calibration process. The static response is described as the signal-induced depletion of
a quasi-CW pump in a deeply saturated FOPA using a weak CW signal. This reflects
our original motivation for this study: mapping a rapidly varying weak signal on top of
a moderate pump; therefore we limit the measurement to the pump response.

Generally, using this type of static characterization serves two purposes: extract an
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upper limit on the dynamic behavior of photon gate [161], [162], and identify the
extent of its non-reciprocal behavior (Section 3.4).

During this measurement, the pump input state is kept fixed while the signal
input (power and wavelength) is swept to measure the extinction ratio (ER) of the
pump, resulting in a two-dimensional contour map. The ER is defined here as the ratio
of the pump output power in the presence and absence of the CW signal. (A different
terminology can be chosen in which pump and signal are labeled as signal and control,
respectively [29].) By introducing a signal into the system, in addition to the creation
of a parametric fluorescence, the FOPA will amplify the signal and generate idlers.
Consequently, when a signal is present, FOPA saturation increases and so does the
depletion of the pump (Figure 11), thus generating an inverse response of the pump
output power to the signal input power. For example, if the insertion of a given signal
weakens the pump output power by 3 dB then this is the ER at that specific signal
state. To observe an appreciable signal-induced pump depletion using a weak signal,
the FoM of the amplifier needs to be sufficiently high. However, if the FOM is too
high, amplified vacuum noise may dominate the system’s response and reduce the
pump sensitivity to the presence of the signal (Figure 16).

Conversely to the measurement in the previous section where it is possible to
average the affect of the pump SOP, for the static measurement, specific SOPs need to
be selected for pump and signal. Prior to measurement, the SOP of signal and pump is
each manually optimized to produce maximal pump ER at a signal power level of -30

dBm (Figure 27). This power level is in accordance with our interest in weak signals,
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Figure 27: Schematic Description of the Experimental Setup for Photon Gate’s Static
Response Measurement | CW tunable laser source (TLS), Mach-Zehnder modulator (MZM),
pattern generator (PG), 10 GHz RF clock (CLK), erbium doped fiber amplifier (Amp), optical filters
(Filters), programmable variable optical attenuator (PVOA), power meter (Mon), detection (Det),
and polarization controller (PC). TLS.1 and TLS.2 are the pump and the signal branch respectively.
A circulator is located before PC.2 to monitor for SBS (not shown).

particularly when viewed as pulses temporally confined to picosecond scale. For this
demonstration the pump wavelength is set to 1552 nm, although other pump
wavelengths can equally be used; in fact, measurements were taken at additional pump
wavelengths: 1553, 1554, and 1555 nm and resulted in similar quality of agreement
with simulation (Figure 28), but for brevity are not displayed. After the CW signal and
quasi-CW pump are launched into the HNLF, a 2 nm bandpass filter is used to filter
the depleted pump following the HNLF. The filtered pump is then optically attenuated
and subsequently detected using a 10G photodiode and a time-equivalent scope
(Figure 27). By monitoring the averaged trace on the scope, specifically the voltage
reading at the center of the pulse and comparing it with the signal-off state reference
level, the pump ER is extracted for each signal state. The experiment is automated,
including the signal sweep and the detection, to ensure rapid and stable measurement.
During the experiment the CW signal is swept both in power between -40 and -20
dBm in intervals of 1 dB, and in wavelength between 1557 and 1567 nm at intervals of

0.1 nm, corresponding to a signal-pump detuning ranging from +5 to +15 nm. The
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Figure 28: Photon Gate Static Response | The figures show both experimental, (a) and (b), and
simulated, (c) and (d), results. The forward orientation response is shown at (a) and (c), and the
backward orientation is shown at (b) and (d). The figures show pump ER (contour-levels) in decibel
as a function of the signal state: power level (x-axis), and wavelength position with respect to pump
wavelength (y-axis).

average pump power at the input to the HNLF is 14.4 dBm, with period and pulse
durations of 63.1 ns and 1 ns, respectively. Figure 28, (a) and (b), show the static
measurement results for both forward and backward orientation. The ER is presented
in units of decibels, where each step in the contour map is of 1 dB. Indeed,
experimental results of the static measurements show photon-gate’s non-reciprocal
transfer function.

Using the results from the previous section, a simulation of the static-
measurement is performed for both orientations; however, since the measurement is
done in the temporal domain, specifically at the center of the pulse, and is focused on
a particular power level, it is possible to simulate the pump as a CW which simplifies
the simulation. Nevertheless, simulating a single map requires a significant amount of
time and computational resources, deeming map-optimization, at least currently,
unfeasible. As fiber parameters are known from the calibration process, the CW pump

power level was gauged by fitting the spectral trace of the parametric fluorescence at
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the signal-off state. The simulated maps are generated using pump power levels of
31.0 and 30.8 dBm for the forward and backward orientation, respectively —shown in
Figure 28, (c) and (d). The simulated results are computed at signal-sweep intervals of
1 nm and 1 dB. Remarkably, even though the scalar model neglects polarization
effects, the simulation is able to reproduce the measurement including FOPA non-
reciprocal behavior. This is the first time, to the best of our knowledge, a simulation
strategy capable of predicting FOPA non-reciprocal behavior is demonstrated. As
shown in this case, polarization effects (global and local) are not the factor dominating
the non-reciprocal response of the system, but instead it is dispersion; however, from a
fundamental standpoint, this does not rule out the possibility of observing non-
reciprocity in high FoM FOPAs due to random birefringence.

Following this experiment, further optimization was performed on the system
in an effort to produce a static response map with higher performance to investigate
the efficiency and speed of few-photon control. In the first set of measurements, the
depletion of a high-power pump seeded by a small continuous wave (CW) signal was
characterized. To eliminate any effect of Brillouin scattering, the high-power CW
pump was converted into quasi-CW, 1-ns pulse with 1.59-W peak power and 47-dB
OSNR, using 0.1 nm RBW. The pump depletion map (Figure 29(a)) illustrates the
static transfer characteristics of the photon gate when the pump was centered at 1554
nm. The static measurement accuracy (x0.065 dB) imposed the minimum observable
depletion level, limiting the smallest input signal power to 30 nW during the

measurement. To estimate the maximum bandwidth of the control signal pulse, we
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Figure 29: Static Response of a High Performing Photon Gate | (a) Measured bandwidth-
depletion map for fiber shown in Figure 24; 1-dB pump depletion corresponds to a 3-photon pulse
(N1), and 3-dB pump depletion corresponds to an 8-photon pulse (N2). Pump-signal spectral
separation was measured with 12-GHz resolution. Control power was varied with 1-dB step. (b)
FWM non-reciprocity; Bandwidth depletion map obtained by reversing the direction of pump and
signal propagation. Horizontal axis indicates power in the input (control) pulse (bottom) and the
corresponding average photon count (top).

consider a 1-dB pump depletion level that is ~10 times above the measurement
accuracy. For an input control power of 178 nW, the signal can be tuned over 520
GHz (line N1 in Figure 29(a)) while maintaining the minimum 1-dB pump depletion
level. This underestimates the true pump depletion level: The 178-nW signal
positioned in the middle of this frequency range (point P in Figure 29(a)) will lead to
higher (~2 dB) pump depletion. However, even with this constraint, it is possible to
estimate the minimum photon number in the control pulse allowed by this fiber: A 2.5-

ps-long pulse with peak power of 178 nW contains less than three photons, indicating
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the feasibility of few-photon switching at a 500-GHz rate. The same experimental
architecture was used to test the non-reciprocity hypothesis of this work by inverting
the physical direction of the interaction. Indeed, if a unique core variation function
leads to optimum photon switching, then a directionally inverted process would be
suboptimal. Consequently, the input and output ports of the fiber were swapped, and
the CW depletion map was measured again (Figure 29(b)). We note the striking
differences between the responses shown in Figure 29, (a) and (b), with respect to both
the maximum pump depletion and the depletion-bandwidth product. Although useful
in estimating the performance of few-photon control, these static depletion
measurements alone cannot accurately quantify the ultrafast switching response
because wide signal bandwidth precludes the assumption of monochromatic phase

matching.

5.4. Conclusions

This work studied the origin of non-reciprocal behavior in high FOM FOPAs.
Although this behavior was numerically shown to be related to local dispersion, prior
to this work a direct connection between the two including attention to polarization in
this context had not yet been discussed.

Initially, we demonstrated the simplest manifestation of high FoM FOPA non-
reciprocal behavior in the form of parametric fluorescence. We showed that this was
indeed the result of the fiber’s inhomogeneous nature rather than a polarization effect,
and specifically were able to demonstrate that the unique and complex signatures of

both forward and backward orientation can be described using a scalar model with the
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use of a single set of fiber parameters which include the local dispersion profile of the
HNLF. At the same time, this method was used as a calibration process for the fiber
global parameters.

In the second half of this work, we showed the strength of this method by
demonstrating its ability to correctly describe photon gate response to a weak CW
signal — the static response. The result of the experimentally measured static response
describes the gate’s non-reciprocal transfer function. Remarkably, using the
calibration process, the inhomogeneous scalar model incorporating the local
dispersion profile of the HNLF was able to accurately reproduce the static
measurement including the feature of non-reciprocity. This indicates that the affect of
(local) random birefringence is sufficiently weak compared to that of local core
scaling effects, which cause the ZDW to vary along the HNLF. Had polarization
effects dominated the system, the scalar model could not succeed in reproducing the
experimental results even in principles.

While it is important to establish local dispersion as the driver of this system,
the limitation of this model needs to be recognized. Future studies should include an
extended model which incorporates the pump optical signal to noise ratio (OSNR)
[162]. The extent to which this model can accurately describe the system is not clear,
specifically when it has a wider bandwidth and a higher signal-sensitivity level of the
signal-induced pump depletion effect. Then, the system might have an increased
dependence on birefringence, require inclusion of higher order dispersion term, and at
its ultimate performance limit of few photons levels might even require a fuller

description of the quantum nature of the interaction. Bearing in mind the
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computational cost of simulating high FoM FOPAs, development of a
computationally-efficient method to solve the NLS equation will be extremely
beneficial in expediting design studies and the exploration of their dynamical
properties [165].

Additionally, the high-performance static response measurement confirms that
HNLF is a feasible platform for construction of high FoM (distributed) FOPAs driven
by a moderate pump power level. The results predict that such distributed switching
device poses ultrafast switching capability (control power and response time) at few
photons level.

Lastly, it is important to emphasize the need to include the inhomogeneous
nature of the system when studying a high FoM FOPA. This report serves as an
additional step in highlighting the influence of local dispersion in dictating high FoM
FOPAs’ performance.

Chapter 5, in part, is currently being prepared for submission for publication of
the material. Ron R. Nissim, Ana Pejkic, Evgeny Myslivets, Nikola Alic, and Stojan
Radic. The dissertation author was the primary investigator, and the primary author of
this material.

Chapter 5, in part, is a reprint of material as it appears in Science 345(6195),
417-419 (2014), Ron Nissim, Ana Pejkic, Evgeny Myslivets, Bill P. Kuo, Nikola Alic,

and Stojan Radic. The dissertation author was a co-primary investigator.



Chapter 6

Summary and Future Directions

6.1. Summary

This dissertation discussed the topic of locally controlled, deeply saturated
parametric amplifiers and explored a new approach to light manipulation using low-
power ultrafast optical control. At the starting point of this research, in 2010, little was
known about such physical systems, let alone when they are operated in a weak input
regime. At that time, on the theoretical part, analytical analysis to the problem of deep
saturation in OPAs was limited to a uniform, noise-less, three-wave model. On the
empirical part, a single experiment was published in 2008 showed interesting results
but failed to address the underlying physics. In the second half of 2014, with the
completion of this dissertation, publication activity on this topic resumed as a result of
this work.

In April 2010, the starting date of this project, little was known and the goal of
the first part was set high: Studying the performance limit of this system. It included
establishing a benchmark by finding the ultimate performance limit of an ideal,
(unphysical) perfectly uniform fiber, and then introducing core-size longitudinal
fluctuation into the fiber, exploring its influence on the performance and establishing
engineering rules concerning device realization. With the completion of this part it

was understood that (1) core size fluctuations play a major role in this system and
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require molecular-scale fabrication control; (2) vacuum-noise must be included when
addressing this system; (3) at least theoretically, the system can be ultrafast and
extremely sensitive to weak inputs; and (4) have a non-reciprocal transfer function.

The consequences were clear and had broad implications: (a) previous
simplified models which were widely used were not valid for this type of problem.
Any model related to deeply saturated OPAs had to include broad-band vacuum noise,
higher order idlers, and the inhomogeneous nature of the fiber. (b) The effect of non-
reciprocity could especially not be predicted using a uniform fiber model, and
certainly cannot be studied without a non-uniform model. (c) Since this model had to
be solved numerically using a high FoM, it required significant computational
resources, which were not easily accessible at that time. (d) The benchmark predicted
the system can have, despite the presence of noise, very high performance — much
more than has been observed so far - but also that a fiber’s core will need to be
controlled to a nanometer scale; (e) fibers with identical global properties (mean and
variance) can show diverse level of performance in physical fibers and therefore
inhibits efficient construction of high performance deeply saturated OPAs.

The second part of this work was as a direct continuation of the previous part,
which showed a group of well-performing fibers composed of a variety of members
with different variance of core fluctuations. It implied the existence of dispersion
profiles which are able to positively influence the mixing process. Indeed, this
contradicted the common notion at that time, which considered a uniform fiber, with a
constant ZDW, as the most desirable. Consequently, the second part of this work

sought after a “golden” dispersion profile.
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The search for a unique dispersion profile was made in three steps: Initially, a
benchmark was reestablished using powerful tools. Then, two fiber-profile
representations were made, with a high and low number of degrees of freedom. These
representations were subsequently used to optimize the fiber profile to a shape that
will produce the highest ER. Finally, all the results were validated for their
performance. With the completion of this part it was understood that the conception
was wrong, and that performance of inhomogeneous (physical) fibers can be
significantly superior to that of a uniform fiber, if the fiber is properly designed.

Here, too, results had broad consequences: local dispersion again played a
critical role in the behavior of a deeply saturated OPA. The results obtained by the
inhomogeneous model demonstrated a significant improvement over the benchmark,
showing a performance level which can only be accounted for by introducing spatial
non-uniformities into the fiber. It showed that the common notion of uniform fibers
being the most desirable structure is not true. Indeed, any experimental result which
exceeds the benchmark level cannot be explained with the commonly used uniform
FOPA model. The inhomogeneous FOPA model introduces new opportunities, if one
is able to abandon the uniform fiber model.

The last part of this work dealt with experimental demonstration of a high
performance deeply saturated FOPA. It included (1) a demonstration of non-
reciprocity and its origin, (2) developing a simulation strategy capable of predicting
FOPA non-reciprocal transfer function, and (3) a static measurement predicting wide-

band low-power switching.
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The results obtained in this part have confirmed the claims made in the
previous parts. Non-reciprocity was demonstrated and was shown to be the result of
the local ZDW of the fiber. This was proven in part by numerically reproducing the
experiment with the use of inhomogeneous scalar FOPA model. Lastly, the static
response of the deeply saturated FOPA was characterized and shown to have high

performance.

6.2. Future Directions

This work presented a very promising technology; however, since this is the
first study of its kind, much work is left to be done in this area. As was shown, the
ability to perform simulations is very important, as it assists in a variety of studies
including: optimization; calibration; perturbation analysis; etc. Unfortunately,
simulating a deeply saturated OPA is computationally expensive because of its
combination of characteristics — that is, of being highly noisy with wide BW and high
FoM, and the need to perform averaging. The introduction of GPU computing into this
field in the early stages of this work enabled the numerical study; nevertheless, there is
a need to develop a computationally efficient method to solve the NLSE. Such studies
are occurring elsewhere [165], and could be utilized in this study. For example,
stronger simulation ability will enable one to perform constrained optimization, which
is necessary to the development of practical FOPA designs. Another point concerning
NLSE is related to the fact that as a deeply saturated OPA becomes more sensitive a
semi-classical NLSE model might not work well due to its continuous nature. This

requires the development of a theory, a more advanced theory which will allow
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researchers to explore this device at its fundamental limits: for example, whether
photon gate response can be discrete, as in [166]. This issue will need to be addressed
at some point. With regards to theory, this work contributed to intuitive understanding
of this system: nevertheless the system still lacks analytical and intuitive knowledge,
which also have to be extended to engineering rules. Since analytical methods to
solving a full NLSE with noise have not yet been demonstrated, a more practical
approach will be the development of a semi analytical approach for performance
estimation and design which could help reduce the computational load for a deeply
saturated inhomogeneous OPA. The discussion on polarization effects need to be
extended. Developing polarization stable photon gate will be required to make this
technology viable and will contribute to field of FOPAs in general. The first work on
the topic of FOPA reciprocity theory was done by Marhic. This work helped extend
this theory and show a regime in which FOPAs have non-reciprocal behavior, and it is
expected to be further developed. Open questions, for example: What is the role of
higher order idlers in promoting non-reciprocal behavior? What are the limits of this
non-reciprocal response and how is it affected by local dispersion (and local
polarization)? Additional future work can focus on pushing the extinction ratio —
bandwidth product. As shown in Torilo’s paper, as well as in this work, with the
increase in signal induced pump depletion the operating BW tends to shrink, which is
not necessarily desirable, and the questions on photon gate limits in this regard still
exist.

As this is the first study of its kind, the decision to start with typical HNLFs

seemed natural. Consequently this work focused on a (spectrally uninhibited) broad
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band single pass amplifier using conventional HNLFs. There are many more
architectures which should be studied before concluding on a preferred approach.
With the new knowledge encompassed in this work, other architectures can be better
evaluated. For example: Open structures (single/double pass amplifier) vs. closed
structures like an OPO. This work focused on a single pump, whereas future studies
can use multiple pumps in various configurations: Non/degenerate, Un/correlated, and
Co/Cross polarized.

With a better understanding on the role of noise and local dispersion, a natural
continuation will be to use tools to gain synthesis for noise suppression, and dispersion
stabilization. A mixer structure could be heterogonous and combine different types of
fibers. There is also room to investigate shock wave mixers because of their quality
combination of coherence, noise suppressing, and wide band operation; however, their
BW-operation capability regarding the acceptance of a modulated signal is not clear.
Local dispersion engineering needs to be harnessed and investigated further because of
its criticality for photon gate. Additionally, it will also benefit other applications, and
will need to be investigated further. Currently photon gate is not phase sensitive; the
natural next stage will be to explore the properties of a coherent (phase sensitive)
photon gate. The fact the three wave model is analytically solvable gives it an
advantage, and makes this system simpler to analyze. It will be interesting to develop
architectures which support noise inhibition and which will behave according to this
theory. On a general note, as shown in this work, noise plays a critical role in this

system, and the ability to discriminate between noise and signal is critical. Therefore,



116

it will be insightful to continue to study the role of noise by exploring spectrally
inhibited systems as the ones mentioned before.

The results shown in this work were based on a CW signal, effectively
resulting in a time-independent analysis. Future work should explore the dynamical
behavior of the system and include the relation between the behavior of a CW and
pulsed signal operation. There is also a need to continue the development of
characterization methods.

Lastly, photon gate should be applied to various high-demand applications: (1)
measure a sensitive physical effect in previously forbidden regimes; (2) combine
photon gate with a threshold-less laser to produce a real low power modulation; (3)

create state-of-the-art receivers, and (4) energy efficient amplifiers.
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