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The motivation of this thesis originated from the challenge of building high-speed
underwater optical communication links. Since current optical communication
technologies cannot be directly applied to the sea water transmission window (480-
560nm) due to the significant loss, a solution was pursued by building an optical mixer
that can translate the modulation from conventional optical communication window
(1550nm) to the visible spectral window, using parametric conversion based on photonic
crystal fiber (PCF) platform. The thesis therefore mainly focuses on the investigation of
the near-infrared band to visible band parametric translation process, both experimentally
and theoretically. We, for the first time, to the best of our knowledge, successfully
demonstrated Gb/s both amplitude and phase modulation translation across the record
400THz optical spectrum with error-free performance. At the same time, we achieved the
record conversion efficiency for such distant band translation in the PCF. We also, for the
first time, identified and characterized the impairment mechanisms of the parametric

conversion process in the PCF. The mathematical methods and fiber design process are
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developed for PCF calculation and PCF fiber design. Proper fiber structure was designed
for optimizing parametric phase matching and addressing the impairment mechanisms.
The idea of optical mixer is not confined to the NIR-to-visible translation
application and can be extended to other applications such that the complex transmission,
processing, amplification and reception technologies are accessible to arbitrary spectral
bands as well, by translating the telecom-band signal to arbitrary optical bands, which is
particularly useful and has found important applications in the fields of sensing,
spectroscopy, atmospheric communication and so on, detailed in the thesis.
The thesis is divided into seven chapters. Chapter 1 serves as the introduction of the
thesis, discussing in detail the motivation and the background knowledge including the
current relevant technologies and the rationality of our technologies. The content and
structure of the thesis are also briefed in Chapter 1. In Chapter 2, we study the parametric
conversion within the telecom band using step-index highly nonlinear fibers (HNLF).
One-pump and two-pump structures are compared and the differences between the two
structures are quantified. In Chapter 3, we discuss the PCF, focusing on its guiding
property and dispersion engineering feature. We also develop mathematical tools for PCF
transverse structure calculation in this chapter. In Chapter 4, we characterize the
parametric translation process from the telecom band to the visible band in PCF. For the
first time, to the best of our knowledge, we have demonstrated Gb/s amplitude and phase
translation from the telecom band to the visible band with error-free performance. The
impairment mechanisms are identified, quantified and simulated. In Chapter 5, we
perform the PCF structure design that aims for optimized phase matching condition and

at the same time, address or mitigate the impairment mechanisms discussed in chapter 4.
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In Chapter 6, parametric translation from the telecom band to the middle-wavelength
infrared band was studied, using Chalcogeinde glass fibers. We summarize the work in

Chapter 7 and discuss the potential future directions.
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Chapter 1 Introduction

1.1 Underwater Communication Challenge

The motivation for this thesis originated from the challenge of building high-
speed underwater communication and sensing links. Traditional underwater
communication uses ultrasound technology, which inherently limits the communication
speeds to several kb/s" 2. On the other hand, optical technology could potentially
provides communication bandwidth which are six orders of magnitude larger than
ultrasound™ *. However, conventional optical communication works at near infrared
(NIR) range, which possesses high absorption in the water. Sea water is in particular
transparent in the 460-560 nm band™ ¢, commonly referred to as the blue-green band.
Although there are optical sources operating at this window, their performance
characteristics generally fall short of those required for reasonable optical communication
which normally requires attributes such as high wavelength stability, high side-mode
suppression ratio, narrow linewidth and spectral tunability’. Moreover, there are no fast
modulation and amplification techniques at blue-green window; a fast receiver is not
feasible either. It would be very costly and impractical to develop a complete set of new
technologies for transmission, modulation, amplification and reception at this blue-green
range as the future complement of technologies do not exist. One solution is seen in
building an optical band translator to convert power from the conventional telecom band
to the visible band at the transmitter side while the translation process is reversed at the

receiver end, so that all the complex optical modulation, amplification, processing and



detection are performed at the telecom band to take advantage of the existing and well-
developed optical communication technologies®. Moreover, since visible light generally
has sufficient energy to excite electronic states, which for molecules larger than triatoms
are typically weakly fluorescent’, the ability of fast encoding and decoding visible light
provides new excitation and detection techniques in spectroscopy.

Distant-band communication challenges also exist in the ~2um Short-wavelength
Infrared (SWIR) and 3-6um Mid-Wavelength Infrared (MWIR) windows, where
enormous applications are abundant while suitable technologies have not been developed.
For example, SWIR sensing and detection is critical for homeland security applications
since 1.9um wave corresponds to a prominent TNT spectral feature'®. MWIR can be
efficiently transmitted through a set of low-absorption atmospheric windows''. Remote
sensing or general spectroscopy in the MWIR window is particularly important, because
the vibrational transitions of most molecules of interest occupy this band'?. However, the
same problems arise in this case that no suitable optical sources exist within this band;
neither the complex optical processing nor sensitive detection technique are available.

These distinct problems point to a single common issue in current optical
technology, that is, current optical technologies are very band specific - the optical
spectrum is artificially divided into discrete bands such as visible, NIR, SWIR and
MWIR band with technologies within different band being very different. This situation
brings the fact that it is difficult to move optical bands freely, unlike in electronics where
mixer is available to translate nearly arbitrary RF or microwave frequencies. Mixer
operation leads to the implementation that complicated signal processing techniques can

be developed at low frequencies and subsequently translated to an arbitrary RF band. In



optics, similar solutoins have to be replicated in each optical band, which greatly limits
the application of optical technologies. In this sense, an optical mixer that aims to convert
arbitrary optical bands is highly desirable.

The goal of this thesis is to investigate solutions for the above-mentioned
challenges. In particular, the discussion will be extended to the opportunities of building
a wide-band operational optical mixer. We will first briefly examine the electronic mixer
and then in the following sections, the concept, requirement and methods of the optical

mixer will be discussed in detail.

1.2 Frequency Mixer as an enabling technology

1.2.1 Electronic mixer

A radio frequency (RF) mixer plays numerous roles in the electronics industry
and has found important applications in very large scale circuit (VLSI) technology and
wireless communication and so on'” ', A mixer converts RF power at one frequency
(usually a high frequency carrier) into power at another frequency (usually an
intermediate frequency) to make signal processing easier and to provide for more robust
transmission of information'®. For example, a receiver may require as much as over one-
hundred decibels of gain. It might not be possible to put more than 40dB of gain into the
subsequent RF section without risking instability and potential oscillations'®. This
situation is particularly severe at high frequency RF bands. Likewise, the gain of the
audio section might be limited to 60dB because of parasitic feedback paths'’. The
additional gain needed for a sensitive receiver is normally achieved in an intermediate

frequency (IF) section of the receiver. Furthermore, in communication systems RF is



used as the carrier; however, signal processing and filtering are generally performed at IF
to allow improved selectivity and an easier implementation of low noise and high gain

amplification.

IF RF RF IF
Signal >> cen << Filtering, signal
LO

processing

LO

Figure 1 Schematic of the application of a mixer in an RF communication system

Taking the wireless communication industry as an example, each service provider

1819 If mixers did not exist, each

was assigned to a specific operational RF spectrum
service provider would have to develop a complete list of technologies, including
transmission, amplification, modulation and reception for that specific band, which
would be very costly and impractical. The mixer makes the general structure illustrated in
Figure 1 possible. All the processing techniques can now be developed in the low
frequency IF band, while a mixer converts the IF signal to the target, or the assigned
spectrum. The reverse process takes place at the receiving end: the RF signal is down-
converted to the baseband (IF), processed and received. While there are many criteria and
parameters that characterize an RF mixer such as conversion loss, noise figure, dynamic
range and so on'®, which are not going to be elaborated in this thesis, there are three basic
characteristics that are worth noting. An RF mixer has to, firstly, be accurate, meaning
that the IF signal has to be translated to a specific RF band precisely, which is extremely
important as the RF spectrum becomes more and more populated. Second, a mixer has to

be able to translate information (amplitude or phase) with high fidelity. In other words, a

mixer cannot distort the original information significantly. Finally, an RF mixer has to be



efficient. There will be no practical use if a mixer consumes a lot of power to generate

workable RF band signals.

1.2.2 Optical mixer — a missing link

The idea of RF mixer is very simple and can be in principle applied in the optical
range. An optical mixer would, ideally, works the same way as an RF mixer does: it
would serve to convert one optical band to another in an arbitrary manner. Illustrated in

Figure 2, a few distinctive optical bands relate to practical applications.

J— ;__A/\\
.1 .y rtr i1

visible Telecom SWIR Mid-IR
(1.55um) (2pm) (3.8um)

v

Figure 2 Distinctive optical bands serve different yet important applications.

Unfortunately, as explained earlier, optical technologies are band specific. There
are no effective ways connecting various optical band, owing to the enormous bandwidth
of the optical spectrum. First of all, present optical sources are not continuous over the
optical spectrum. Lasers and transmitters are developed at various bands and are based on
different materials, mechanisms and technologies™. For example, depending on the
output wavelength lasers are classified into UV-, visible-, NIR-, SWIR- and MWIR-
lasers. Depending on the gain medium, we categorize these lasers as gas lasers, solid-
state lasers, semiconductor lasers and so on. Lasers are also further differentiated by

different pumping schemes, cavity structures or pulsing schemes. The different types of



laser technologies have enriched the laser and optical science and have found important
applications in communications, biotechnology, and energy science, to name a few.
However, this diversity also has complicated technology integration and thereby rendered
enormous difficulties in developing a universal optical system architectures across the
optical spectrum. An optical mixer would enable similar optical system to what is shown
in Figure 1: in a transmitter operation, an optical mixer would translate an optical IF
signal to an arbitrary optical band with high fidelity and high efficiency; it should be able
to convert an arbitrary optical band to the IF window for easy processing and receiving in
the receiver structure as well. A general optical mixer can be termed a “Universal Band
Translator”, a term we adopted in previous works®'.

A subsequent question is, then, what is the optical intermediate frequency? The
comparison with electronics system implies that an optical IF should be the optical band
that is suited for optical signal processing, modulation, amplification, reception and so
on. Positioned between the visible and SWIR bands, near-infrared light (1550-nm) is
capable of nearly-lossless propagation in silica fibers, which forms the backbone of the

22 .. .
, where mature transmission, modulation,

modern telecommunication infrastructure™
amplification and receiving technologies are available. Indeed, no equivalents of erbium
doped fiber amplifiers (EDFAs), fast modulators or receivers exist outside the near-
infrared window. The overwhelming superiority of near-infrared technology is the result
of three decades of communications research, which is unlikely to be replicated in any

other spectral range in the near future®. Another optical window that could be potentially

served as the optical IF is the so-called silicon detection peak® at around 800-nm range,



where the single-photon detector is available®*. However, the modulation technique at

this band is inferior to those in the conventional telecom band.

¢ Telecom band
(optical signal
processing)

Telecom
band signal

window . e .
* high sensitivity
silicon detection band

Figure 3 Optical system architecture that is enabled by optical mixer

Figure 3 summarizes the optical system that could be enabled by the optical
mixer: modulation is encoded on a telecom frequency and the optical mixer translates the
telecom band (IF) signal to the target optical band, which is then transmitted. Reverse
translation back to the 1550-nm band for reception and decoding is conducted at the
receiving end in the communication link. Similarly, a general sensing architecture would
also translate light from arbitrary optical windows to take advantage of low-noise 1550-
nm amplifiers and detectors.

Indeed, a general optical mixer has the potential to bring fundamental changes to
many optical technologies. Not only would it provide non-conventional communication
functionality, such as submarine communications and transmission through the
atmosphere, but it also would enable,new spectroscopy tools and innovative sensing
structures in a cost-effective manner by leveraging the mature telecom band technologies

across the optical spectrum.



1.3 Physics of Mixer Devices

A mixer is generally a nonlinear device, which allows generation of new
frequencies. Taking a simple example, Figure 4 shows the typical I-V characteristics of a

Schottky diode, which can be described by the following equation®:
I=aV+aV:+alV’+aV'+-- (1)
Assuming that the diode is excited by two sinusoidal voltages cos(w;t) and
cos(mst), then the current flow through the diode is
I = a,(cos wjt +cos w,t) + a, (cos ajt +cos @,t)” ++- (2)
When expanded, this relation contains the term a, cos(w;t) cos(wst) which

produces the sum and difference frequencies. When a, becomes large, the sum and

difference terms become prominent and result in significant mixing output growth.
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Figure 4 I-V characteristics of a Schottky diode, showing a nonlinear behavior

In the classical atomic model, the nonlinear behavior of a medium originates from
the anharmonic motion of bounded electrons under the influence of an applied field. In
brief, the total polarization P induced by the electric dipoles is not linear with the electric

field E, and satisfies the following general relation for the atomic polarizability*®:



P=¢, (4" E+4?:EE+ y®:EEE+--) 3)

where & is the vacuum permittivity and 3 is the jth order susceptibility and, in
general, a tensor of rank j+1. It is obvious that the first term is the linear dipole response
of the medium, and the following terms represent the nonlinear terms of the second order,
third order and so on.

Without losing generality, consider the simplest case of second order nonlinear
behavior, enabling sum or difference frequency generation. Assuming that the nonlinear
medium is homogenous and instantaneous so that x® becomes a constant and that the
two fields incident in the medium are denoted as E; and E; and may be represented as the

following

E, = Re{E, (r,t)exp(—iayt)}

. ' 4)
E, =Re{E,(r,t)exp(—iam,t)}

where Re{} represents the real part of the complex field. According to equation

(3), the nonlinear polarization corresponding to the second order nonlinearity should be
P]E/2L) = OZ(Z)(El + Ez)z (5)

Expanding equation (5) yields the following expression:

2) 1 =12 1E P ~ : = :
PI(\IIZ =202 QUE[ +]E[ )+ Re(E exp(-i2aye) + E exp(-i20,0) ©
+2Re(E,E, exp[-i(w, + ®,)t]) + 2 Re(E,E, exp[—i(w, — @, )t])}
The physical meaning of each term in equation (6) is clear: the first two terms are
the self-phase modulation contributions; the next two terms represent the second-

harmonic frequency generation; the 5™ and 6™ terms correspond to the sum and

difference frequency generation, respectively. Equation (6) indicates that several new
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frequencies could be potentially generated. However, not all of the aforementioned
processes can be enhanced and efficiently produced. The efficiency of a new frequency

generation depends on the so-called phase matching condition. To understand this,

assuming E, and E, have the following forms:

E, = E,(r,t)exp(ik,z)

_ | @)
E, = E,(r,t)exp(ik,z)
where E (r,t) and E,(r,t) are the envelopes of the fields and varying slowly

with both time and space. Taking the difference frequency term as the example,
amplitude of the difference frequency is determined by the following term:
EE, = EE, expi(k,—k,)z (8)
As the optical waves propagate in the nonlinear medium, they develop a phase
difference due to their different phase velocities. The difference frequency generation
will be most efficient when the phase difference disappears (phase matching). The
detailed analysis of phase matching will be given later; however, a straightforward
physical picture may be obtained as following: when k and £, differ significantly, a fast
oscillation of the phase difference between the two waves will be developed during the

propagation. Considering E, and E, are slowly varying functions of space, the product
E,E; will be averaged out during propagation; on the other hand, when the difference
between k and k, is small, meaning the two waves are more or less in-phase during

propagation, the contribution from E,E, will be accumulated and efficiently enhanced.

Generally, phase matching is much more difficult for optical waves than for RF waves

since optical waves have much shorter wavelengths, implying much faster phase
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evolution. Thus phase matching of optical waves is a substantial work and generally
needs specific design of dispersion properties, which will be discussed in this thesis in
detail.

It is worth noting that, even though the previous discussion is for difference
frequency generation, it applies generally to any nonlinear process, meaning that the
efficiency of a nonlinear process depends on the corresponding phase matching condition

of the particular process in addition to the strength (intensity) of the applied electric field.

1.4 Optical mixing mechanism

In our work we have investigated a practical optical mixing scheme for various
applications in detail. The intention was to start from a relatively simple case, the small-
frequency-shift mixing within the telecomm band. Then we have enlarged the frequency
separation and investigated the possibility of translating from the telecom band to the
visible band, which serves to address the original challenge associated with this work.
Translation to the longer wavelength regime has focused on the telecom-to-MWIR

translation, studied in chapter 6.

1.4.1 Nonliear medium comparison

As discussed previously, a nonlinear medium is required for optical mixing. There
are two types of common nonlinear medium, crystaline and amorphous optical materials.
Nonlinear optics based on crystals has been investigated for over thirty years and the

28

technology is considered mature?’, As an example, doubling or tripling of

Neodymium-doped host laser sources has been commercially available” for some time.
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The sum frequency technique has been used to produce blue or UV light sources®™ *'.

The disadvantage of crystal technology is also recognized: although the nonlinear
coefficient is large, it is also difficult to fabricate nonlinear crystals to large dimensions™,
making the interaction length in a nonlinear crystal small. The effort of enhancing the
nonlinear response typically leads to either a pulsed operation in order to increase the
peak intensity of the optical pump, or a cavity structure to increase the interaction length,
as shown in Figure 5. Although these techniques are effective to enhance the nonlinear

response, they also restrict the device bandwidth.*”.

/\, J\
= |¢ —

P

Figure 5 A cavity structure is generally used in crystal based nonlinear optics.

The optical fiber, as a prime example of an amorphous material device, addresses
the above issues by a long interaction length. Fiber can be fabricated with small core size,
resulting in a highly confined optical field, and be pulled fairly long to hundreds of
meters or even kilometers of effective length’. Therefore, even for a fiber fabricated with
materials pertinent to a relatively small nonlinear coefficient (i.e., silica fiber), the long
interaction length still results in significant nonlinear response™, *°. As an example, the
four wave mixing process (FWM) is one of the major impairment mechanisms in the long

haul communication links®’, **. Some specialty fibers possess fairly large nonlinear
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refractive index (i.e., chalcogenide fibers), enhancing their nonlinear response further.
Most importantly, nonlinear fiber enables one-pass structure that is truly transparent to
the incoming IF signal. The response time of this structure is only limited by the response
time of the nonlinear process, which is generally ultrafast (femtosecond level). All these
attributes make nonlinear fiber a desirable platform for optical mixer construction, not
only enabling high-speed transmission, but also extending its usage to fast optical

. . . . . .39
processing and manipulation such as switching and routing™".

1.4.2 Parametric process in fiber

Optical fibers do not normally exhibit second-order nonlinear effect due to the
fact that x® vanishes in a material with a centro-symmetric molecular structure. The
lowest order nonlinear effects in optical fibers originate from the third order susceptibility
v, which is responsible for third harmonic generation, four-wave mixing (or parametric
process) and nonlinear refraction. Among these nonlinear phenomena, the parametric
process is of particular interests due to its ability to coherently map spectral bands. A

typical parametric process in fiber is illustrated in Figure 6, in which two pump photons

ol wl+
ol o

Figure 6 Illustration of parametric process in fiber.
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at frequency ®; are absorbed and two sideband photons at ®;. and ®;+ are
subsequently generated®’, *!. Parametric exchange is a resonant process with both energy
and momentum conserved. One can also understand the process from the classical
electrodynamics point of view: the pump and signal wave continuously beat with each
other as they co-propagate down the fiber. The beating tone then modulates the fiber
refractive index at frequency m;-—m; and this changing refractive index further modulates
the phase of the pump wave and generates a new frequency component at
01+=01—(®1-—m;)=2 ®1— ®-. The new frequency component will be enhanced if the
phase of the interacting waves maintain their relationship.

To summarize, an efficient parametric process has to satisfy the following criteria:

20, =0,_+o,
)
2k =k_+k,

The first equation in (9) states the energy conservation and the second equation
represents the phase matching condition (or momentum conservation). If an optical signal
is seeded as a sideband ®;., not only that signal will be amplified, but the difference
frequency ;+ will be generated at the same time. The ' parametric process offers sub-
picosecond response times, strict phase and quantum-state preservation over a wide
spectral range, and high efficiency (high gain) provided that the phase matching

d*® *. Therefore, the ¥ parametric process in fiber represents not

condition is satisfie
only a good mechanism for optical mixer operation, but also embodies an effective

optical amplifier and signal processor. Detailed analysis will be covered in the

following chapters.
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A practical parametric device may have some variations and therefore include
more functions, which certainly complicate the construction, but at the same time provide
advantages such as enhanced optical signal processing capability®, equalized gain
bandwidth* and so on, and therefore has drawn significant attention during the past ten
years® ** ¥ An important variation is the two-pump parametric architecture shown in
Figure 7. The two pump parametric interaction involves three major parametric
processes, namely, modulation instability (MI), phase conjugation (PC) and bragg
scattering (BS), which are tightly coupled and generate four sidebands that possess

certain phase relations with each other™.

Figure 7 Two pump parametric interactions, in which three processes, namely, modulation
instability, phase conjugation and bragg scattering, are coupled with each other and generate four

sidebands with certain phase relations.
The MI process is the same degenerate process as that in the one-pump structure -
each pump degenerates into two sideband photons as illustrated with the red arrow in
Figure 7. As to the PC process, shown in Figure 7 with the blue arrow, each pump

contributes one photon, and generates two sideband photons (®;+w;—>®_+wy, or
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®1+m—>01+02-,) that form a phase-conjugated pair; in the BS process, a pump photon
combines with a sideband photon and generates the other pump photon and another
sideband photon, shown with green arrow in Figure 7 (o;+®-—>®-+w;o0r
O1+0—>01+m2,). In the BS process, the two interacting sideband photons are non-
conjugated replicas of each other. The two-pump structure has considerably higher
operational complexity than the one-pump structure. For example, the phase of the two
pumps have to be aligned either in phase or out of phase to avoid excessive noise transfer
to signal®®, °°, °!; polarization of the two pumps have also to be aligned for gain
maximization® (or the two pumps are orthogonally polarized for polarization insensitive
amplification®”, ). However, the two-pump structure also provides operational
flexibility — each pump can be individually controlled and manipulated and the pump
separation can be finely tuned. Furthermore, the multi-band casting and multi-channel
amplification and processing capabilities are important for many applications™, .

Detailed analysis and applications of the two-pump structure will be discussed in Chapter

2.

1.4.3 High-confinement fibers (HCF)

As discussed earlier, fibers could be used as an excellent nonlinear platform due
to the highly-confined field and the long interaction length. In comparison to the regular
single mode fiber (SMF), a high-confinement fiber has enhanced effective nonlinear
coefficient that results from scaling down the core size. A high-confinement fiber
normally needs special design of the transverse structure in order to simultaneously

achieve single mode guiding and enhanced field-confinement. In this thesis, we divide
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HCF into two types, namely, the highly nonlinear fiber (HNLF) and the photonic crystal
fiber (PCF). HNLF generally has relatively simple step-index transverse structure. Two

typical HNLF structures ** ¢

are shown in Figure 8 Two typical HNLF transverse
structures with 1) raised inner cladding and 2) depressed inner cladding.. In each case, a
small cladding area near the core is doped such that its refractive index is different from
both the core and the other cladding material: a raised inner cladding has a refractive
index than its surroundings while a depressed inner cladding has a refractive index that is
lower than its surroundings. The idea for a raised inner cladding design is to provide a

barrier layer to prevent the field from extending further while a depressed layer design

enhances the index contrast between the core and its immediate cladding surroundings.

nl

n2

Raised inner cladding
with barrier layer

nl

n2 = e

Depressed inner cladding

Figure 8 Two typical HNLF transverse structures with 1) raised inner cladding and 2)

depressed inner cladding.
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Photonic crystal fiber, on the other hand, has a nano-structured cross section”’.

59
, We are

Although the pattern of the nano-structure could be designed arbitrarily™®,
particularly interested in the pattern that consists of a hexagonal silica core surrounded by

a cladding with a honeycomb arrangement of circular air holes, as shown

Figure 9 Transverse structure of a PCF consisting of a hexagonal silica core surrounded by a

cladding with a honeycomb arrangement of circular air holes

in Figure 9. This structure is very useful in the parametric translation applications
because it provides considerable freedom in the dispersion-engineering of the waveguide
and therefore enables the phase matching capability. The dispersion property of this type
of fiber is determined by the air-hole size and the period (or pitch) of the triangular
pattern, the details of which will be covered in Chapter 3.

The reason we have to consider both HNLF and PCF fibers is due to their
different dispersion properties. Although the parametric process could potentially provide
large operational bandwidth, no single fiber can cover the whole optical spectrum: for
different applications, various fiber platforms have to be chosen. In general, HNLF is
highly efficient for parametric translation with a relatively small frequency shift

(<20THz) while the PCF is suitable for distant band translation, such as NIR-to-visible or
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NIR-to-MWIR translation. This is intuitively understood by observing the dispersion
profiles of the silica HNLF and PCF shown in Figure 10. The dispersion profile of an
HNLF, due to its relatively simple transverse structure, is linear-like in the vicinity of the

zero-dispersion wavelength
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Figure 10 Comparison of the dispersion profile of silica HNLF and PCF

(ZDWL). Engineering the fiber transverse structure will vary the dispersion slope,
and not be able to generate arbitrary high-order terms because of the weak waveguide
dispersion in step-index fibers. The dispersion increases drastically as the wavelength
moves away from the ZDWL, making distant-band phase matching difficult in HNLF.
Phase matching however becomes considerably easier in the vicinity of ZDWL, where
most HNLF based parametric devices operate®, . On the other hand, PCF provides
strong waveguide dispersion across a broad wavelength range and therefore is able to

alter the total dispersion profile extensively. PCF described above normally has a
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parabolic dispersion profile (see Figure 10) with two ZDWL, which makes phase
matching of distant wavelengths possible.

Besides the fiber structure, different fiber materials are also of interest. The most
widely used fiber material is, silica; however, silica fiber becomes very lossy when the
wavelength approaches the SWIR band and beyond. Silica also has relatively small

nonlinear index (n,). Therefore, other materials such as Bismuth Oxide and Chalcogenide

fibers have also been explored extensively62,63, 64,65.
Table 1%
Material Nonlinear
index*

Chalcogenide ~100 to 500
glass

Bismuth ~55
Oxide
Silicon ~170%
Silica 1

* Relative to silica (n,=2.6x102’m*/W)

Table 1°7 shows the nonlinear property for several common nonlinear materials,
among which chalcogenide glasses exhibit the highest nonlinear refractive indices.

Indeed, chalcogenide glass PCF fiber was compared with silica in this work due to low
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loss in the MWIR range and large nonlinear coefficient, which will be covered in Chapter

6.

1.5 Summary

To summarize, the goal of this work is to investigate optical mixing through the
parametric process in high-confinement fibers. The mixing process must preserve the
amplitude and phase information of the incoming signal. The 1.55um telecom band is
chosen to serve as the optical IF signal at which signal processing including
amplification, filtering, modulation and reception are performed. The optical IF signal is
then translated to the target optical band, for example, other telecom frequency, visible,
SWIR or MWIR bands through a y® parametric process. Both HNLF and PCF were
studied for different applications. Besides the experimental demonstration of optical band
translation, we have also performed the fiber transverse structure design for specific
parametric translators. The thesis is organized as the following: Chapter 2 is dedicated to
the theory and experimental work on parametric process in HNLF. In Chapter 3 computer
modeling,is detailed and includes effective index model, Fourier decomposition and
beam propagation method in order to design the target PCF structure. Chapter 4 describes
the experimental effort for NIR-to-visible translation using silica PCF. High-speed and
high-fidelity translation is firstly demonstrated and the impairment mechanisms are
measured and analyzed. In Chapter 5 we focus on the PCF structure design to address the
impairment mechanisms based on the mathematical models established in Chapter 3. In

Chapter 6 chalcogenide PCF design was explored for the purpose of NIR-to-MWIR
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translation and compared to NIR-to-visible performance. We summarize our work and

discuss future research opportunities in Chapter 7.



Chapter 2 Parametric Process in Highly

Nonlinear Fibers

2.1 Introduction

In this chapter, we describe both one-pump and two-pump parametric processes in
HNLF. Indeed, research on one-pump parametric process in HNLF has been carrier out
for almost twenty years and has been demonstrated of high gain (>70dB)%, wideband
amplification® and wavelength conversion”’. The two-pump architecture has drawn
increased attention in the last few years due to their enhanced ability and multi-band
feasture®> 7' 7%, resulting in great potential applications in the high-speed, bandwidth-
demanding networks®. Modeling of one-pump parametric process is firstly studied in
order to understand the phase matching condition and the typical gain spectrum of the
one-pump structure. The function of high-order dispersions in various conditions is
discussed thereafter. In the subsequent section, the two-pump parametric process is
investigated. A four-sideband model developed in previous work is conferred and,
similarly, phase matching condition and gain spectrum are studied based on the
established four-sideband model, including various high-order dispersion situations. The
gain spectra between one-pump and two-pump structure are compared. Although the
examples shown in the discussions refer to the HNLF, the modeling and discussion on
both one-pump and two-pump parametric process are general and do not depend on the

specific platform. As we show in Chapter 4, the same method can be applied to model the

parametric process in PCF. The next three sections dedicated to three experimental and

23
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theoretical works we have developed using silica HNLF, including the construction of
record gain-bandwidth product parametric amplifier, implementation of the 40Gb/s
optical switching and multicasting and modeling the impact of dispersion fluctuation

using two-pump parametric systems.

2.2 One-pump parametric process

2.2.1 Phase matching condition

One-pump parametric scheme has been shown in Figure 6. A set of coupled-
mode equations describing one-pump parametric process could be derived from the
nonlinear Shrodinger equation®.Although mathematically equivalent, two sets of

equations were generally used in the past work. The first set of equations are given as

follows*® 7

O0A (z) , i i * o

=iyl | 4 +2QA] +|4[)4 +244 4 exp(infz)]-— A

2

oA (2) . ) ) . o

S = i7[(|A\_| A +2(|A1| +|Al| VA + 4 A exp(—iAfz)]-— A

o S - 2 (10)
OA (2)

_— ? 2 2 2 o
o | 2
in which y and o are the nonlinear and loss coefficients, respectively.

A;(j = p,s,i) represents the complex field amplitudes of the pump, signal and idler. AB

is the propagation constant®® difference and has the form of

AB=p.+p =25, (11)
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The equation (10) is obtained by directly expanding the ¥ term in the nonlinear
polarization expression. The physical meaning of equation (10) is clear: in each equation,
the first term represents the effect of self-phase modulation; the second and third terms are
the cross-phase modulation contributions; the fourth term is the four-wave mixing term and
the last term accounts for the loss. Other ¥ processes such as triple-frequency generation
and sum frequency generation are generally not phase matched and therefore are neglected.
The advantage of equation (10) is that it clearly states the physics involved in the
parametric process and is easy for simulation. However, phase evolution of the parametric
process is not explicitly illustrated in equation (10), which is sometimes important in order
to understand the dynamics of the parametric process (i.e, predicting the energy flow

direction). To address this, another equation set were developed as follows™:

dA
L=-2yA4.A4,A,sin[¢(z)]

zZ

dA, .
d—Z‘ = 7A1.AZ sin [¢(z)]

dA (12)

d_zi =y A A} sin[§(z)]

B - sper(agi - 4)r] £ 2r L] floco

Note that in equation (12) the complex field £, = Ajew/ (j=p, s, i) and A; and

¢ G = p, s, 1) represents the field amplitude and phase of pump, signal and idler,

respectively. The last equation in (12) describes the parametric phase evolution, where
W2)=AB-z+¢, +¢ 24, (13)
Equation (12) shows that the parametric phase shift has complex form. It,

however, could be simplified by assuming a non-depleted pump during the process,
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which is generally justified since a strong pump is typically used in a parametric system.

In this case, the phase equation becomes

?:Aﬂ+27P+27Pcos[¢(z)] (14)
z

where P is the pump power. At the same time, the field amplitude coupled-mode

equation reveals that the parametric gain for signal and idler could be written as:
G(z)=2yP[sin[$(£)]d& (15)
0

where G(z) is the decibel gain accumulated in length z. Equation (15) clearly
reveals the power-flow direction of the parametric process: for ¢ in 2nm and
(2n+1)m, power flows from pump to signal and idler; otherwise, power is given to the
pump. Secondly, maximum gain is achieved when sin[¢(z)] is maximized, that is when
d(z) = m/2. This could be achieved by choosing ¢(0) = /2 and making
AB+2yP=0 (16)
Equation (16) is the well-known phase matching condition at which the
parametric gain is maximized. Taylor expanding equation (16) gives the form of phase
matching condition as the following:

> @, 80y +27P =0 (a7

where B®" stands for the 2n™ order dispersion of the fiber, defined as

=——— and Ao is the frequency shift equaling ws-w,. Generally speaking, (17)

implies that all even order dispersion terms contribute to the linear (dispersive) phase
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shift. It is, however, impractical to include the contribution from all the high order
dispersion terms in the calculation. Simplification of equation (17) is conducted by
comparing the contribution of adjacent dispersion terms, for which purpose an o factor is

defined as follows:

. :ﬂz(ml) Aa)2
B 2(n+])

(18)

All terms pertinent to a small o factor (a<<1) could be potentially neglected. As
one can see from (18), the highest order dispersion term that needs to be accounted for is
determined by the curvature of the dispersion profile and the frequency shift of the
parametric process Am. As an example, in a regular dispersion flattened HNLF,
L ~1ps* /km, and B ~107 ps* /km in the vicinity of ZDWL; as long as
Aw <100 (THz-rad), o, << 1, implying that the 4™ order dispersion term is much
smaller than the 2™ order dispersion and therefore only the latter needs to be considered
in this case. Using the approximation that AA(nm)=1.27Aw (THz-rad), the above

calculation indicates that, normally, in a regular HNLF, as long as the wavelength shift is
less than 120nm, only the second order dispersion term is important. In other words, 4™

order dispersion or higher needs to be included if operating at wavelength shift larger
than 120nm. On the other hand, for an specialized HNLF with B as high as
107 ps* /km, o factor calculation suggests the 4™ order term becoming important when

the wavelength shift is larger than 32nm.
Practically speaking, for HNLF operating near ZDWL, high order dispersion

terms (n >4) become negligible”. In the following discussions we only keep the second
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order dispersion term with fourth order dispersion included only in some special cases,
where either the fiber has a large dispersion slope’® or the parametric frequency shift is
large.

Equation (15) also indicates that, even when one is offset from the phase
matching condition, parametric gain could still be obtained as long as the accumulated
sine value of the parametric phase shift is positive; in this case, parametric process will
gain an initial phase value that maximize the gain. In order to characterize the phase
evolution under this condition, we define a unit length parametric phase shift (termed as
parametric phase shift in the thereafter text) as

Kk=AL+2yP (19)

In which we have made the assumption that the parametric phase ¢ ~ n/2 so that

cos[P(z)] ~O..

It is instructive to take a look at the parametric phase shift x versus the

wavelength shift, shown in Figure 11a, where only second order dispersion is taken into
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Figure 11 a) wavenumber mismatch parameter and b) experimentally measured power

spectrum for one-pump parametric scheme.

account. In order to achieve phase matching, B, has to be negative to balance the
nonlinear phase shift, meaning the pump has to be placed in the anomalous dispersion
regime. In this case, k is a parabolic curve facing downward with the maximum value at

2yP. The gain region is the wavelength section where « falls in between —2yP and 2yP,

+ 2yP

with the (perfect) phase matching point at Q=+ . Therefore, two gain humps

|
symmetric to the pump position ought to be observed. In Figure 11b, we show a typical

experimentally measured ASE spectrum, agreeing with the prediction. The bandwidth of
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the gain region is 4 7P , shrinking as the pump moving away from the ZDWL. On the

18,

other hand, as the pump moving towards the ZDWL, second order dispersion
contribution decreases and nonlinear induced phase shift becomes dominant, potentially
resulting in reduced gain. Also, high order dispersion terms turn out to be important as
the pump approaches ZDWL. Therefore, there is generally an optimum pump position at
which maximum gain-bandwidth product is achieved. This is confirmed by the
experimental observation shown in Figure 12: when the pump is placed in the normal
dispersion region, there is very little gain; as we move the pump into the anomalous
dispersion region, the gain profile begins to develop and reaches maximum as the red

curve.

(dB)
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Figure 12 One-pump parametric gain versus the pump wavelength

2.2.2 High-order dispersion contribution

High-order dispersion plays important role for large frequency shift operation and

highly curved dispersion profiles. The influence of high order dispersion term is
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somewhat complicated. It generally bends the k curve, potentially rendering additional

phase matching regions. For example, parametric phase shift including fourth order

dispersion becomes
_ ﬂ4 4 2
K= E (Aa)) + ,62 (AC()) + 2}/P (20)

The discussion could be generally divided into three situations, briefed as follows:
(1) B2 < 0 and B4 < 0. The parametric phase shift and gain profile have typical

shapes as shown in Figure 13similar to what we have observed previously. B4 results in

reduced gain bandwidth.
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Figure 13 Parametric phase shift and corresponding gain shown in the same plot for 3, <0
and B4 < 0. Fourth order dispersion change does not change the profile of parametric phase.
(2) B2 < 0 and B4 > 0. The parametric phase shift and gain profile have typical
shapes as shown in Figure 14. New phase matching regions appear at relatively further
band positions with narrow bandwidth due to the prominent 4™ order dispersion. This

case is of particular interests because it indicates the possibility of phase-matching distant



32

bands by resorting to high order dispersions, which remains an important strategy to
reach distant bands into the visible, SWIR or mid-IR range. The nonlinear phase is

usually small in this distant band region and the phase matching points are at

+Q=+ % (21)

B

The bandwidth of the distant gain region could be estimated as the following:
Define Ao=Q+d0m, in which dw stands for the frequency shift from the phase

matching point. Therefore,

Aw’ =(Q+ o)’ = QO +2Q6w + 0’ =~ Q* +2Q6w

(22)
Aw' = (Q° +2Q6w)’ = Q' +4Q° 6w +4Q° 60" =~ Q' +4Q°Sw

Since parametric gain develops when k c [-2YP, 2yP], using gives

so<2F (23)
|:Bz| Q)
Therefore, the bandwidth of the distant-band gain-hump is
4y P
BW ns-hot = (24)
|ﬂ2| Q

(24) clearly shows the bandwidth is inverse proportional to the frequency shift of
the distant-band phase matching point.

The inner gain hump (close to ZDWL) should have increased bandwidth due to
the fact that 4™ order dispersion could cancel part of the 2nd dispersion in this region

provided 4™ order dispersion is important in this region at all.



33

~ 4 !/ @-P ] .
3 ‘ ! \ 113
g \ +— ) . 13
- 7 \ / \ I 1=
= \ / 1 I -
U - \ / / o
\ / \ /
T T 6 T - |lL
A®

Figure 14 Parametric phase shift and corresponding gain shown in the same plot for 3, <0
and B4 >0. Fourth order dispersion introduces additional phase matching region

(3) B2 >0 and B4 < 0. The parametric phase shift and gain profile have typical
shapes as shown in Figure 15, indicating two phase-matching regions at further band
positions, a similar situation to what has been observed above. However, the gain region
close to the ZDWL depends heavily on the detailed information of 3, and 4 value

All above cases are useful for understanding the gain behavior and have been
experimentally observed in a one-pump parametric structure. It is worth noting that while
the above analysis only includes fourth order dispersion, it applies to higher order
dispersion as well. In the next chapter, we will find out that the phase matching in PCF is
very similar to case 2 described above. The difference is that in a PCF, even higher order
dispersion terms need to be considered and phase matching is mainly due to the balance

between these high order dispersions.
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Figure 15. Parametric phase shift and corresponding gain shown in the same plot for 3, > 0

and B4 < 0. Fourth order dispersion creates phase matching region for normal-positioned pump.

2.2.3 Parametric gain discussion in a one-pump structure

Analytical solutions for the non-depletion case was derived previously ** °. Here
we focus only on the maximum and minimum parametric gain in order to understand the

gain characteristics:

G, =l+sinh’(yPz) (25)
G, =1+(yPz)’

One-pump parametric scheme provides exponential gain when phase matched,

while the gain becomes quadratic at the edge of the gain region, indicating a relatively

steep falling in gain profile. As we shall see in the next section, this rapid gain drop-off

could be corrected using two-pump scheme, in which both the maximum and minimum

gain has the exponential form, rendering more uniform bandwidth.
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For depleted pump operation, either equation (10) or (12) has to be solved
numerically. Applications of one-pump parametric scheme in HNLF has been studied and

68, 69, 70

covered in numerous past references and is not going to be further discussed in this

thesis.

2.3 Two-pump parametric structure

2.3.1 Four-sideband couple-mode equations

Mathematical description of two-pump parametric structure uses four-sideband
analysis developed by C.J. McKinstrie et al.*®. The coupled-mode equations have the

following form:
d.B =-i(6f_+yPR)B; —iyP,B, —i2y(PP,)"*B,_—i2y(RP)"B,,

dzBl+ = lj/PlBl*— +l(5181+ +7/P1)B1+ +i27/(P1P2)1/zB;— +i27(EP2)1/2B2+
(26)
d.B;, =-i2y(RP)" B ~i2y(RP,)"*B,, ~i(3p, +7P,)B; ~iyPB,,
d.B,, =i2y(RP,)"*B_ +i2y(RP)" B, +iyP,B, +i(3p,, +yP)B,,
where B; ( j=1-, 1+, 2-, 2+) are the complex field amplitudes of the four
sidebands. P; and P, are the two pump powers, assumed to be non-depleted during the

process. df; (j=1-, 1+, 2-, 2+) represent the propagation constant difference having the

following form:

§ﬂ1i = 1311 - ﬂl

27
5ﬂ2¢ = IBZi _ﬂz 7
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Equation (26)clearly shows that the four sidebands are strongly coupled to each
other and it is impossible to distinguish which sideband photon is generated through

which process.

2.3.2 Two-sideband analysis

In this section, we briefly discuss the two-sideband model that has been
developed in the past and illustrate that although two-sideband results give physical
insights in some aspects, they are generally incomplete to fully account for the parametric
interactions in the two-pump parametric structure. The parametric phase shifts for MI, BS
and PC processes, respectively, were developed in previous work and have the following

48
form™:

_ - L (2n) 2n P
KMI—; (2n)!ﬂ (@) Aw)" +2yP, (j=1,2)

e =2 oo B @ )I(80)" ~0 1+ 1R+ P) 28)
Kps = APy +y (P, = F)
where ®,=( o+ ®,)/2 is the central position of the two pumps while ®,=( ®;-
®2)/2 is the half pump separation. Ao in the Ky expression refers to the frequency shift
from signal to the pump while Aw in kpc is the frequency shift from signal to the pump
center m,. We do not expand the APBgs term because BS process does not provide net
gain, as pointed out in the past™. BS process could however be interesting when used in
noise reduction applications’’, .

In the two-pump structure, each pump individually develops the MI parametric

interaction. However, the MI process is not prominent for the shorter-wavelength pump
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since it is typically placed in the normal dispersion regime. The MI process for the
longer-wavelength pump is more pronounced since it is normally set at the anomalous
dispersion region. The MI behavior has been understood in the previous one-pump
structure analysis.

PC process is a non-degenerate process that differentiates the one-pump and two-
pump schemes. As observed in equation (28), the two pumps’ central position and the
pump-separation could be simultaneously adjusted, resulting in more operation
flexibility, as shown in Figure 16. For example, the parametric phase could be flattened
by decreasing the maximum phase profile (which is not possible in the one-pump
structure), resulting in much flatter gain profile in broader bandwidth comparing to the

one-pump structure.

A K
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Figure 16 Parametric phase shift of a PC process.

Indeed, the maximum and minimum gain of a PC process has the following

4
form™®:
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G, =1+sinh’[y(P +P)z]

(29)
G, =1+ 4sinh2[§7(ﬁ +P)z]/3

The maximum gain has exponential form in a PC process, similar to that in a MI
process. Note that the minimum gain maintains the exponential form in the PC process,
indicating a much more slowly gain-drop than in the MI process, an attribute that could
be potentially used for gain equalization, as we have investigated in section 2.3.2.

Two-sideband analysis based on PC process was often used in the past to predict
the two-pump parametric performance”, *. It gives good results in the PC dominated
region. The problem for two-sideband model is that, first, it fails to predict the behavior
of all four-sidebands; second, the gain profile predicted by two-sideband model is not
correct in non-PC dominated region, and mostly in the near-pump regions. As an
example, assume the following condition: y=12km™ W™, fiber length L=200 meters, {;
=0.12ps’/km, P4 =2.5x10'5ps4/km, P1=P,=1W, pump position ®;=—20THz, ®»;=20THz.

The gain profile predicted by two-sideband PC based model is shown in Figure 17:
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Figure 17 Phase conjugation gain for a two-pump parametric system with the operation

condition illustrated in the text.
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On the other hand, the complete gain analysis for all four sidebands for the same
problem is shown in Figure 18, which shows qualitative difference from the two-
sideband results. This example exemplifies the need for a more complete four-sideband

model to precisely describe the two-pump parametric process.

2.3.3 Four-sideband analysis

In this section, we study the two-pump parametric gain profile under different
pumping conditions based on the four-sideband analysis. The simulations are based on
the following parameters that exemplify typical experimental conditions: fiber length
L=200 meters, B3=0.12ps’/km, P;=P,=1W. Pump position and B4 are subject to variation.

o Low P4 case: P4=2.5x107ps"/km

(1) ®1=-20THz, 0,=20THz; pumps are centered at ZDWL

As we see from Figure 18, PC process dominates the gain when the signal is far
from the pumps (>5nm). As the signal approaches either pump, the MI process takes over
and signal gain is reduced. It is also clear from Figure 18 that three idler-bands are
generated simultaneously. The 2+ idler gain always matches the signal (defined as 1-)
gain since it is the phase-conjugation pair of the signal. The other two idlers’ (2- and 2+)
gain profiles are generally very non-uniform. This can be explained as follows: the 1+
idler is mainly generated through the MI interaction with the 1- idler, whose parametric
phase normally evolves fast in this case (because the pumps are normally away from
ZDWL in the two pump structure) and crosses multiple numbers of 7 value as the signal
wavelength changes, creating oscillation features in the gain profile. The 2- idler,

however, is mainly generated through the phase conjugation with 1+ idler and therefore
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almost exactly maps the gain profile of the 1+ idler. The non-equalized gain of 1+ and 2-
idler is certainly not desirable in the applications such as multi-band casting, wavelength
routing and sampling. Solution to this issue obviously requires a phase matched MI

process in a broad range, which in turn demands an HNLF with smaller dispersion slope.

a) Signal (1-) 2+ idler
40 = Gain(dB)

l 1+ idler 2-1idler l

l 30 4

-60 -40 2 i \zo 40 60
Angular Frequency(THz)

Signal band
b) s l 40 - Gain(dB)

f

2+ idler

2-idler

!

1+ idler

-60 60
-20

-30
Angular Frequency(THz)

Figure 18 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at ZDWL.

(2) ®1=-20THz, 0,=21THz; pumps are centered at normal dispersion regime
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Figure 19 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at normal dispersion regime.

(3) ®1=-21THz, ®;=20THz; pumps are centered at anomalous dispersion regime
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Figure 20 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at anomalous dispersion regime.
Case 2: high B4: P4=2.5x10ps*/km
(1) ®=-20THz, ®;=20THz; pumps are centered at ZDWL
The outer signal gain profile is narrowed due to the high B4. On the other hand,

the inner-band signal gain does not vary too much since the 4™ order dispersion

contribution is small due to the small frequency shift in this region.
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Figure 21 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at ZDWL.

(2) ®1=-20THz, ®,=21THz; pumps are centered at normal dispersion regime
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Figure 22 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at normal dispersion regime.

(3) ®1=-20THz, ®,=21THz; pumps are centered at anomalous dispersion regime
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Figure 23 Four-sideband gain when a) signal injected at outer band and b) signal injected at

inner band. Pumps are centered at ZDWL.

2.4 Optimizing the bandwidth of two-pump amplifier

High gain, large bandwidth amplifier is desirable not only for telecom
applications to compensate the fiber loss, but also in sensing structure for increased
sensitivity. Comparing to erbium doped fiber amplifier (EDFA), parametric amplifier
could potentially provide larger bandwidth and create mixed frequencies (sidebands) that

preserve the amplitude and phase information, which finds important applications in
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optical tunable delay line®' and WDM networking®. The bandwidth of CW operated one-
pump parametric amplifier is usually limited to 10-20 nm®. Furthermore, parametric
amplifier usually requires a phase-dithered pump for stimulated Brillouin scattering
(SBS) suppression in the HNLF, rendering reduced idler noise performance in one-pump
scheme®®. Two-pump parametric scheme could be successfully used to generate
broadband, equalized gain profiles critical for telecom-grade amplification, wavelength

- - - - e 43,82,83
conversion, all-optical signal processing and switching™™ "~

. Moreover, by dithering the
two pumps either in phase or out of phase, we can reduce the pump noise transferring for
the chosen idler bands®. In this section, we describe the construction of a parametric
amplifier measured to have more than 40dB of gain and 50nm of equalized bandwidth,
spanning from 1550.68nm to 1601.26nm. This, to the best of our knowledge, is the
largest equalized bandwidth for a two-pump parametric amplifier operating in
continuous-wave (CW) mode reported at the time the this effort.

Two-pump experimental setup is illustrated in Figure 24 C-band and L-band
pumps were seeded by the external-cavity lasers (Ai,2), and were phase modulated using
long (2*' —1) 10Gbps pseudo-random bit sequence (PRBS) to suppress the SBS generated
in the HNLF. The pumps were subsequently amplified and filtered to reject the amplified
spontaneous emission (ASE). Combined pumps were launched to HNLF segment using
the 90 port of a 10/90 coupler. The polarization controllers PC5 and PC6 were used to
align the pump along the principal polarization axis of the HNLF section. Optical

spectrum analyzers OSA1 were used to observe the spectrum after the HNLF; OSA3 was

used to monitor the back-reflection from the HNLF.
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Figure 24 Experimental setup of two pump parametric amplifier. ,: C-band pump at
1539.5nm; ),: L-band pump at 1614nm. J: tunable signal; DET could be either a power meter or an
OSA;

Before the HNLF, the pumps’ spectrum and power were measured using an OSA
or a power meter. The setup was built around a 200m long Sumtiomo Electric HNLF
segment, with the nonlinear coefficient y of 25 W'km™ and dispersion slope of
0.019ps/km/nm”. The zero dispersion wavelength of the fiber was measured at 1576nm.
To maximize the bandwidth, we placed the L band pump at 1614nm, coinciding with the
upper-limit of the wavelength operating range for the L-band amplifier. The C band
pump was positioned at 1539.5nm. The maximum power launched into the HNLF was
1.4W for the C band pump and 400mW for the L band pump. The pump powers were not
balanced throughout the experiment due to the limited L-band EDFA output at the band
edge. As a consequence, the C-band pump also acted as a Raman pump, transferring the

power to the L-band pump. The small signal (As) power into the HNLF was —28dBm.
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Figure 25 a) ASE spectrum of the two-pump parametric amplifier; the measured 3dB
bandwidth is 50.68nm b) Typical amplified signal and four-sideband spectrum. 40dB of gain is

observed
Figure 25a shows the measured ASE spectrum of the two-pump parametric
amplifier while Figure 25b illustrates the typical amplified signal and three idlers that are

generated by the parametric process.
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In Figure 26, we show the measured gain spectrum together with the theoretical
fit (based on coupled mode equations that do not incorporate dispersion fluctuations in
HNLF*) at different pump power levels. In the first example, 1.5W C-band pump and
0.4W L-band pump were launched to HNLF, resulting in 3dB-equalized bandwidth of
50.28nm (1550.68nm - 1601.26nm), covering the extended L-band. Two separate
examples, defined by 1.1W/0.325W and 0.92W/0.27W pump power levels, have still
maintained 50nm equalized bandwidth with corresponding gain of 32dB and 26dB,
respectively. The measured results were fitted using the following set of parameters
provided by Sumitomo Electric: y=25/(W'km™), 5=0.03ps*/km and B4=0.2x10"* ps*/km
and an effective interaction length of 162m. In all cases, the measurements agreed well
with the theoretical calculations. We note that an increase in pump power resulted in
more equalized gain response. The latter is expected due to the zero dispersion
wavelength fluctuation within the HNLF, which are not included in the coupled mode
analysis, as noted previously. At high pump powers, the nonlinear phase shift dominates
over the dispersion fluctuations*, as demonstrated by the improved flatness of gain
spectrum central region in Figure 28 (P1= 1.4W, P2=0.4W). At lower pump powers, the
dispersion induced phase shift carries more weight, thus dominating the parametric

amplifier response, inducing non-uniformity in the central region of the gain spectrum.
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Figure 26 Measured gain spectra at different pump power levels. 50.28nm bandwidth with
41.5dB average gain is obtained. The pumps are at 1539.5nm and 1614nm, respectively. The

resolution bandwidth is 2nm for all cases.
The calculation also showed that wider bandwidth is expected provided the two
pumps could be separated further. Using the same parameter, the couple mode equations
predict that one can achieve 100nm gain bandwidth by placing the pumps at 1510nm and

1647.5nm, respectively, with W incident power for both pumps. The result is shown in

Figure 27.
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Figure 27 Predicted gain profile with the pumps placed at 1510nm and 1647.5 nm,

respectively, with 1W incident power for both pumps.

In conclusion, we have demonstrated the record two-pump performance of 40dB
of CW gain and 50.28nm 3dB-equalized bandwidth using third-generation 200-meter
long highly nonlinear fiber. The attained gain bandwidth was limited by the available
pumps’ spectral and power tuning ranges. Our calculations indicate that HNLF is capable
of even wider amplification response, given the extended wavelength range of the
available components. Exceptional HNLF uniformity and high nonlinear parameters are

identified as the key parameters characterizing the latest fiber generation

2.5 Impact of dispersion fluctuation on parametric systems

Dispersion fluctuation stands as a major limitation to the performance of
parametric devices, preventing an arbitrary two-pump parametric design. It is well known
that parametric process requires phase matching among pump, signal and idler waves.

Dispersion fluctuation along the fiber, however, introduces random walk-off to the
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parametric phase shift, and consequently reduces the gain. Impact of dispersion
fluctuation has been previously studied in both one-pump®* and two-pump structures®.
The reported work on two-pump structure was a two-sideband model based on phase-
conjugation process. However, as has been pointed out, in the two-pump structure, three
physical processes, namely, modulation instability (MI), Bragg scattering (BS) and phase
conjugation processes, interact with each other, and generate four sidebands. A two-
sideband model produces less accurate results for not accounting for the real physical
processes. A complete model based on four-band analysis is required for the prediction of
a practical performance of a two-pump parametric device®. In this section, we first
discuss dispersion fluctuations in fibers and try to obtain a physical insight into the
problem. Then we will develop a stochastic four-sideband model, simultaneously
accounting for the aforementioned three parametric processes under dispersion fluctuated
HNLF. Numerical simulation models are discussed thereafter. Four-sideband analytical
results were firstly compared to the two-sideband ones, and then to the numerical
simulations. Due to the random nature of dispersion fluctuation, it is generally hard to
compare the theoretical calculations to the experimental measurements unless a
longitudinal dispersion profile is available for the HNLF. Therefore, only a set of

qualitatively experiments was conducted for the justification of the developed model.

2.5.1 Phase matching under dispersion fluctuation

Longitudinal dispersion fluctuation in fiber could originate from dopant level
fluctuation (resulting in index contrast fluctuation) or fiber transverse structure variation.

Dispersion fluctuation results in random offset from the phase matching in a parametric
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process, the details of which would require solving couple-mode equations. A simple
explanation based on the parametric phase shift, however, provides very useful physical

insight. Parametric phase shift could be generally written as’:
K =AB+Ap, (30)

where AP stands for the propagation constant difference, representing the linear
phase shift per unit length and A®y. denotes the nonlinear phase contribution. In an ideal
case, k maintains zero ed along the fiber and maximum gain is therefore obtained. When

offset from the phase matching condition, parametric phase ¢ is driven by the integration

value j k(z)dz and a reduced gain is expected. In particular, once ¢ is shifted by a value

of m/2 from the optimum value, power is transferring back from signal and idler to the
pump. Dispersion fluctuation induced effect is thus easily understood with Figure 28: «
equals 0 initially and phase matching condition is satisfied. At position zy, because of the
local dispersion variation, K jumps to Ko until zy+1l point from where the dispersion is back
to normal. The impact of this local dispersion fluctuation between [z, zo+1] is determined
by the parametric phase evolution within this region, namely, kol: if ol is small (<<m),
signal/idler experiences a reduced gain during the rest of the propagation; signal/idler

starts to see loss (meaning power flows back to pump) once Kyl approximate 7.
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Figure 28 A schematic illustration of parametric phase mismatch number x along fiber

length. x jumps from 0 to k, during the region [z, zy+l] due to dispersion fluctuation.

The above discussion illustrates that two parameters, namely, the amplitude of
dispersion variation (which results in k varying from 0 to ko) and its ‘interaction length’
(1), together determines the effect of a local dispersion fluctuation. In practice, the overall
performance of a parametric process could be viewed as an integrated result of many
sections with random local dispersion variations. In literatures, the effect of dispersion
fluctuation is modeled by considering a random longitudinal deviation from ZDWL and
the correlation length of that deviation®. While the treatment is standard for random
data, physical meanings of these two parameters are observed in the parametric phase
jump «o and interaction length 1, respectively. The illustration in Figure 28 is practically
useful as well. Sometimes a fiber may have a large local dispersion variation due to the
imperfect manufacturing process. This imperfection will not bring significant influence
as long as the dispersion variation is very localized so that the induced parametric phase
shift is less than m/2. A consequent conclusion is that, a shorter interaction length 1 is

desirable, resulting in better tolerance of dispersion deviation. This agrees with the
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previously reported result that a short period dispersion variation is less harmful than a
long period variation does®. A more rigorous analysis is illustrated in Figure 29 where
two adjacent dispersion variation regions causing opposite sign of parametric phase shift
are shown. Dispersion variation induced negative phase shift in the region [zo+];, zot]2]
could be partially compensated by the phase shift introduced by its preceding region [z,
Zotl;] and result in reduced overall parametric phase shift. For short period dispersion
fluctuation, there exist a large number of local dispersion fluctuation sections, which
statistically average out the parametric phase walk-off due to dispersion fluctuation and

results in larger overall gain than that of a large period variation does.

The effect of dispersion fluctuation depends also on the location of a dispersion
variation. Assuming that z, in Figure 28 is close to the input end of an HNLF and the
dispersion fluctuation in the region [zy, zotl] quickly shifts the parametric phase to ,
parametric gain would maintain a low level along the following fiber section ([zo+], L])
due to the unfavorable parametric phase even if the rest section satisfies the phase
matching condition locally. Simply flipping the fiber input-output would significantly
increase the parametric gain: parametric process is well phase matched and results in
significant gain before the interacting waves hit the local dispersion jumping [zo+1, zo].
Although the gain value would be reduced in the following section ([zo, 0)], a
significantly improved overall gain is still obtained at the output. Indeed, a gain
difference of 5dB as well as the gain spectra change is frequently observed in the

experiments by simply flipping the fiber coil.
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Figure 29 Illustration of a random pattern of dispersion fluctuation along the fiber.
Dispersion fluctuation induced negative parametric phase shift in region [zy+];, zy+1,] was partially

compensated by the positive phase shift introduced in region [z, zy+l].

2.5.2 Dispersion fluctuation in one- and two-pump parametric

structure

We have discussed dispersion fluctuation effect based on parametric phase shift in
the preceding section. On the other hand, phase matching conditions for degenerate and
non-degenerate parametric process are different, and therefore impact of dispersion
fluctuation to these two processes are different as well. Here we restrain the discussion to
continuous wave (CW), non-depleted condition, therefore nonlinear phase shift is kept
constant. Without losing generality, we neglect the high order terms temporarily. In a

degenerate parametric process, the linear phase matching relation could be written as™

AB=py(,)-Q° (1)
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where o, is pump’s angular frequency (will be called frequency in the thereafter

context). While in a non-degenerate process, for example, PC process has its linear phase

matching relation as follows™*:

AB = By (@) - )) (32)

where ®,=( 1+ ®,)/2 and wg= (02- ®1)/2 (®;, ®, are the two pumps’ frequency,
01<my); Q = w-m, in the degenerate and QO = w-w, in the non-degenerate process

describe the frequency shift of a signal.

a) Gain region b)

AK

o 2

Figure 30 Parametric phase shift versus frequency shift in the MI process (one-pump

structure) in a) an ideal condition and b) with longitudinal dispersion fluctuation

Some quick observations could be obtained by observing equation (31) and (32).
Parametric phase shift k for a degenerate process is plotted in Figure 30a, which is a

parabolic function of frequency shift QQ with maximum value kmax €qualing 2yP and the

parabolic opening proportional to 1/|Ba2(wp)|. £, =/2yP/ | ﬂ2| are the frequency shifts



58

of maximum gain. Dispersion fluctuation introduces additional phase shift
8[32{22, implying that the k-Q curve would vary longitudinal with the maximum point
fixed at (0, 2yP) while with the parabolic opening and +(). changes randomly. The
overall effect is that the average gain would be reduced while the bandwidth could be
maintained or even be broadened. This observation has been reported in™* | and
experimentally utilized to achieve a flat, broadband operation by deliberately introducing

a ZDWL variation in ﬁber87, 88,

A PC process has a similar k-Q curve as shown in Figure 31a. However, the
maximum value Kpyax and the gain-maximum frequency £}, are now modified by the

pump separation value wg, as shown in the following formulas:

Koax == Po(@,)0; + (R +P) (33)
and
QC:\/G)j—y(Pl—i-f)Z):\/— K nax (34)
pr(@,) pr(@,)

To simplify the discussion here, we assume the pumps are centered in the

anomalous dispersion regime, namely, B2(®q) < 0. As | B, (@,)| in creases, Kmax Increases

while €. is reduced. However, the phase curves always cross two fixed points at (—wq,
v(P1+P,)) and (—wq, y(Pi+P2)) where the two pumps are placed. As the interacting waves

propagate longitudinally, the parametric phase curves change randomly as Figure 31b
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shows, resulting in wildly variations of (), and thus reduces the maximum gain.
Furthermore, since PC process maintains exponential form across its gain region, a
random change of k.x develops significant non-uniformity in the gain spectrum, as has
been reported in previous literatures. An easy solution is seen by reducing the pump
separation ®4, which subsequently reduces the random dispersion fluctuation induced
parametric phase shift (cc 8B,m4”). This observation has been reported in previous work
with two-sideband model. We will show later that four-sideband couple-mode equation

results in the same conclusion.

a) b)

Gain region

I

Ak AK

Figure 31 Parametric phase shift versus frequency shift in the PC process in a) an ideal

condition and b) with longitudinal dispersion fluctuation

2.5.3 Mathematical description of dispersion fluctuation in fiber

Dispersion fluctuation results in 3, to be a function of both ® and z, as shown in
Figure 32. As one can see, as light wave travels from position 1 to position 2, not only the
ZDWL moves, but also the dispersion slope, namely, B3 varies, detailed in Figure 32b. A

mathematical expression for the aforementioned case could be written as
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<a)0>+§a)0
ﬂs = <ﬂ3> + 5ﬂ3
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’ (35)
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Figure 32 Illustration of 3, as a function of both ® and z. Dispersion fluctuation offsets the

ZDWL and changes the dispersion slope.

One can incorporate as many as possible the high-order dispersion terms for the
modeling; however, the complexity would also be increased. While a numerical
simulation could in principle take into account the random fluctuations of ZDWL and the
dispersion slope simultaneously, it is generally difficult to do so for an analytical model.
In the following work, we assume dispersion slope fluctuation is less significant than the

ZDWL fluctuation and keeps constant along the fiber length.
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It is instructive to ask, once the fiber is drawn, its dispersion property and
parametric performance determined, why, then, it is important to study the problem with
a statistical method? Indeed, a precise prediction of an HNLF’s performance depends on
complete knowledge of the longitudinal distribution of the dispersion, which requires
dispersion mapping with meter scale resolution for hundreds meters long HNLF. Before
such technique is available, dispersion fluctuation is HNLF can only retreated as random.
Moreover, an analytical model, predicting an average parametric performance, provides a
physical insight on the impact of dispersion fluctuation, and a criterion on the required
fiber parameters for a desired performance. More importantly, a numerical model, by
incorporating both ZDWL and dispersion slope variation locally, provides a potential for
dispersion mapping: a set of parametric gain spectra could be measured experimentally,
and iteratively approached by applying a random distribution of ZDWL and dispersion

slope to the couple-mode equations until a best fit achieved.
2.5.4 Stochastic Four-sideband Model

A non-depleted, two-pump interaction could be generally described as a set of

four-sideband equation as follows*®:

d—B =iDB (36)
dz

in which B:[B;i B, B, BZJTis the complex field of the four sidebands

generated in the two-pump parametric interactions; and
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D=E+F (37)
where
-op, 0 0 0
0 fo) 0 0
e B, (38)
0 0 -op_ 0
0 0 0 op,.
and

~yR ~yh 2y(RP)"*  -2y(RR)"
P 7R 27(RR)” 2(RR)” 59)
2y(RP)"* -2y(RR)"*  -yP, ~yP,
27(RR)"*  2y(RP)" VP, 7P,

OPi- and O, are the propagation constant mismatch between 1-/1+ waves and

the pump ®; and 8fB;- and 6. are the mismatch between 2-/2+ waves and the pump w;.

P, and P, stands for the two pumps’ power, v is the nonlinear coefficient. The physical

meaning of equations (36)-(39) is clear: E represents the linear phase shift while F is the

nonlinear phase shift induced by self-phase modulation (SPM) and cross-phase

modulation (XPM). Through mathematical manipulations, we can write:

5/31— = 131— _ﬂl

40
:&c)o{%(az—bz)—%(cf—b3)}+%(b3—a3)—%(b4—a4) (40)



63

where the dispersion terms 3= B3(®o) and B4 =P4(wo) and a and b are frequency

shift terms defined as a =@, —<co0>,b = —<a)0>. We assumed ow, << @, in deriving

(40). Similarly, 6B+, 6B,- and 6B, could be derived. Matrix E then could be written as
E=E +dw,E, (41)
Equation becomes

cj{—f =i[D, +dw,(z)*E, B (42)

where D;=E;+F. The equation (42) is remarkable in its form since it clearly
separates physical mechanisms responsible for two-pump parametric exchange in
stochastic nonlinear waveguide such as HNLF. The matrix D; incorporates the linear
static phase shift (E;), as well as the nonlinear phase terms formed by SPM and XPM
(F). In contrast, E; scales the fluctuating HNLF dispersion dwy and is independent of its

nonlinearity () and the pump powers.

Unfortunately, solving the equation (42) is not a trivial task since dw, represents
longitudinally varied function. In case when D; and E, commute, the closed-form

solution is readily written as:

B(z) = expi(D, + E,*A(z))B(0) (43)
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where A(z) = Ioz5ﬂo(z')dz'. In a more general case when D and E, do not

commute, the solution is written as:

B(z)= lim(]ﬂl expi(D, + dw,,E, )&j B(0) (44)

0z—0 i=1

A real distribution of 0w, could be quite complicated. To obtain some physical
insight on the impact of dispersion fluctuation, a simple assumption is that dw(z) being a
d-correlated Gaussian process. In addition to providing the algebraic tractability, the
Gaussian assumption is justified by experimental observations and the random nature of
HNLF drawing process. Physically, dw becomes d-correlated when its correlation length

is much shorter than the propagation length L in fiber, namely,
(Say(2))=0: (Se,(2)0,(2 =) = "1, 5(£) (45)

At the same time, under the o-correlation assumption, equation (43) becomes the
valid analytical solution. For a more complicated random distribution, one may solve for
an approximate analytical solution by referring to equation (44) and applying Taylor
operator expansion®’. Practically, one may feel more natural by considering A fluctuation
instead of wo. The two approaches are equal by noticing that in the vicinity of 1550nm

region, oA[nm]=1.276w[THz].

Parametric gain (conversion efficiency) represents an important figure of merit

used to evaluate any two-pump device. Consequently, we concentrate on the effect of dmy
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variations on the parametric gain. As is assumed to be a Gaussian process, the integral
B(z) in equation (43) is also a Gaussian process, allowing a simple expression for power

evolution as the following:

(B(z)) = exp(iDz —%(# NB(0) (46)

and (4°(z))=R,(0)= joz joz Ry, (&,8,)dEAE, =220, whereas Ru(&1, &) is the

statistical autocorrelation function of dw,. The average gain under dispersion fluctuation

is then readily to be obtained as
. 2 2 2
G = |exp(iD - E;0l, )| (47)

Accuracy estimation of the four-sideband model is obtained by comparing the
results to rigorous NLS solution, which will be treated in the next section. The four-
sideband model is firstly compared to a simpler (two-sideband) calculation by
considering the impact of dispersion fluctuations under the conditions stated in Figure 33.
The results of the two models are nearly identical in the central region between the
pumps that is dominated by PC process. In contrast, a significant difference is observable
within the outer bands as the two-band model is incapable of capturing the processes in
this region, overestimating the available bandwidth. The four-sideband model, however,
fully accounts for MI, PC and BS interplay. Indeed, we note the increasing importance of
degenerate MI process in immediate pump proximity, accounting for larger discrepancy

between two- and four-sideband models. More importantly, a four-sideband model is
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easily to be adjusted to two-sideband models accounting for MI, BS or PC processes

specifically.
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Figure 33 Comparison of the four-band and two-band model results on the impact of the
dispersion fluctuation on two-pump gain profile. Pumps changed from 1575.12/ 1525.12nm (solid
curve) to 1602.6/1500.6nm (dashed curve). A4 refers to the two-pump separation and lc is the

correlation length.

2.5.5 Numerical simulations

A numerical simulation is to model a fiber with large numbers of small sections
with constant dispersion and apply couple-mode equations to each section of fibers.
While a stochastic model could predict the average performance of a set of fibers with
physical insights, a numerical model is needed in accurately synthesizing the parametric

performance, e.g., the gain spectrum. Numerical simulations could deal with complicated
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distributions of ZDWL fluctuation and incorporate dispersion slope fluctuation as well. A
schematic illustration for numerical simulations is shown in Figure 34.a. A local ZDWL
fluctuation (e.g at z+Az section) could result from a local random fluctuation (called
stochastic part in the figure) and the legacy of the fluctuation from previous section z,
which is somewhat ‘deterministic’ as referring to section z+Az. The stochastic part is

Gaussian distributed, as mentioned previously.

The deterministic part depends on the correlation function. In a &-correlation
assumption (which we made in the previous section), a simple treatment is to make Az
equal I, and the deterministic part vanishes. In another case of exponential—correlation

assumption, we obtain that:

Awy(z+Az) = Awy(z) « cos(p)+ Gaussian(0; S, ) « sin(g) (48)

where cos(p) =exp(-Az/[)).

We are now ready to use numerical simulations to verify the previously developed
analytical four-sideband solutions. A comparison of three typical cases of different
correlation length is shown in Figure 35. In the calculations, the two pumps are placed at
1575.12 nm and 1525.12 nm, respectively. Fiber parameters are stated in the figure
caption. The numerical simulation results are the average value of 200 realizations.
Figure 35 shows very good match between the numerical and analytical solutions,

particularly in the case of short correlation length. Discrepancies begin to show up at
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Figure 34 (a) Schematic of fiber sections for numerical simulations. L: fiber length; lc:
correlation length; Az: section length within which dispersion is constant. (b) ZDWL offset at z+Az
section determined by both the influence from the pervious section (D) and the local fluctuations (S).

D: deterministic part; S: stochastic part.

longer correlation length (1>0.1L), which is due to the unsuitable d-correlation
assumption in long-correlation length condition. Results could be improved by using a
more complicated solution of equations (44) and (48). An important observation from
Figure 35 is that a reduced correlation length results in an improved gain spectrum, which
agrees with the previous conclusion from section 2 that a short period dispersion
fluctuation is less harmful than a long period fluctuation does. Dispersion slope

fluctuation could be treated in the same way, which is omitted in this work. Practically, it
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is important to incorporate both ZDWL fluctuation and dispersion slope fluctuation to fit

or synthesize an experimentally measured gain spectrum.
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Figure 35 Comparison of the numerical simulations and analytical results for different
correlation lengths with two pumps at 1575.12nm and 1525.12nm respectively. 1. denotes correlation
length. Other fiber parameters: y=10/km/W, <Ay>=1550nm, B;=0.12ps’*/km, f,=10ps*/km, L=500 m,

P1=P2=0.5W

Figure 36 plots changes in the gain spectrum for several pump-separations.
Parametric responses of both isotropic (Figure 36.a) and dispersion fluctuating HNLF
(Figure 36.b) are displayed in order to emphasize the stochastic effect of the gain profile.
We note again the increasing importance of degenerate MI process in immediate pump
proximity, accounting for larger discrepancy between two- and four-sideband models.

As the two pumps are brought closer to each other, their relative strength of modulation
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instability significantly grows resulting in gain spectrum that substantially departs from
equalized, PC-driven response. Another observation is that reducing pump separation
mitigates the impact of dispersion fluctuation within the inner band signal. Specifically,
when pump separation is reduced below a critical value (50nm this case), the impact of
dispersion fluctuations is drastically reduced. In contrast, an isotropic HNLF always
provides an equalized response, provided that proper pump spectral placement is

48, 85
chosen™

. This observation agrees with the previously reported results and is consistent
with the physical prediction discussed in section 2. A third observation is that distant
outer-band gain humps that appear in the isotropic condition are smoothened or even
‘washed out’ in the fluctuation case, which has also been discussed in section 2 and is
readily to be understood by observing equation (31) and (32). Parametric phase shift is a
high order (at least 2™ order) polynomial function of frequency shift, which becomes
extremely sensitive to dispersion variation at large frequency shift and makes distant

band phase-matching much harder than the near-ZDWL region phase matching, agreeing

with the experimental observations.
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Figure 36 Calculations of gain profiles for different pump separations without (top plot) and
with (bottom plot) dispersion fluctuations using four-band model. Reducing pump separations
mitigates the impact of dispersion fluctuation in the inner band region. Calculations were performed
assuming the following parameters: Aq= 1 nm, [.= 5 m, L = 500 m, ;= 0.1 ps’/km, =10 ps’/km; =

10/ km/W, and P;=P,=0.5 W.
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The afore-mentioned observations could be verified experimentally. Three HNLF
coils that originated from the same draw process were investigated: a single 500-meter,
and two 1000-meter coils, referred to as coil A and coil B in the following discussion. All
three coils have nearly identical average ZDWL measured at 1583nm and average
dispersion slope of 0.02ps/nm*/km. We emphasize that the average ZDWL value was
obtained using a conventional method possessing limited spatial resolution (~100m) and
accuracy in measuring very low dispersion values®’. The parametric experimental setup
used is identical to the configuration previously reported’>. The pump wavelength was
centered near ZDWL (1583nm) in the anomalous dispersion region. Probe (signal) was
inserted to measure and calibrate four-band response, generating three idlers, as
illustrated in Figure 37. In accordance to model expectations, measured gain spectra
becomes more equalized with closer pump spacing. An optimal pump spacing (in terms
of gain flatness) was measured at 1569.00nm and 1597.0nm, for normal- and anomalous-
regime pump wave, respectively. Excessive reduction in pump separation reduces PC-
dominated region, allowing the modulation instability to develop non-uniformity within
the inner band gain spectrum as well as developing higher order four-wave mixing tones.
Throughout the experiments, no distant-band spectral features were observed. The same

phenomenon was observed for the other two coils (not shown here).
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Figure 37 Experimental results of the gain profile of two pump parametric process with
different pump separations. Signal and idlers are shown to illustrate four-sideband nature of the two-
pump interactions. It is demonstrated that reducing pump separations does flatten out the gain
spectrum in the inner band region. Experimental condition: C band pump: Ac=1569nm, P;=0.5W, L
band pump: A;=1597nm, P,=0.5W; Fiber length L=500m; average ZDWL A(=1583nm; average

dispersion slope S=0.02ps/nm*/km.

As an important practical implication, the four-sideband analytic model can be
used to estimate the dispersion fluctuation in a given HNL fiber, thus providing a critical
tool in selecting high-performance HNLF spools. Figure 38 shows the gain spectra for all

three fibers for pumps positioned at 1569.0 nm and 1597.0 nm. The 500 m coil exhibited
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the most uniform gain spectrum of the three coils under investigation. In addition, the
gain spectrum corresponding to the coil B is considerably more uniform than that of the

coil A, implying the smaller magnitude of dispersion fluctuations.

B(500m Coil)
C(coil A)
D(coil B)

R.L Gain(dB)

1560 1560 "15¥0 1580 1590 1600 1610 "1620
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Figure 38. Experimentally measured gain profiles of the two-pump parametric process with

the equal pump positions and input power. Results are shown for 3 different HNL fiber coils drawn

from the same process. B is the result for a 500m coil, whereas plots C and D correspond to coils A
and B in the text, both with length of 1000m. The S00m coil is the best in terms of dispersion

fluctuation.
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In conclusion, we have discussed the impact of dispersion fluctuation in two-
pump driven parametric processes. An analytical, four-sideband parametric model
incorporating all FPM processes and across four frequency bands in a two-pump
parametric interaction has been derived. The stochastic model includes realistic
fluctuations within the nonlinear waveguide. A numerical model that could account for a
generally more complicated situation has been developed as well, which is potentially
useful for synthesizing parametric performance. Both models predict that a proper pump
separation can greatly mitigate the impact of the dispersion-fluctuation-induced gain non-
uniformities for two pump schemes. In contrast to previously reported two-sideband
model, we were able to predict an accurate parametric gain in vicinity of pumps and
within the outer parametric bands. The experimental findings are in an excellent

qualitative agreement with the predictions of the newly developed model.

2.6 Practical implementation of two-pump interaction:40Gb/s
switching

Two-pump parametric (TPP) scheme can be used for numerous applications; here
we illustrate its versatility by constructing ultrafast optical switch. The mechanism for
two-pump parametric switching is illustrated in Figure 39. Since the C-band pump is
placed at the normal dispersion regime, parametric response for this pump is negligible if
L-band is not present. On the other hand, as the L-band is turned on, the two pumps
couple through parametric process and results in wideband, large parametric gain.

Therefore, turning the L-band pump on-and-off will switch the parametric gain on-and-
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off. Since the parametric response if ultrafast, High-confinement fiber potentially allows
for terabits/second switching rates, bit-level manipulation is ultimately limited by the

speed of pump control which needs to be comparable to input data rates.

(dB) n

(&

(nm)
156 1570 1580 15

90 1600

Figure 39 Optical switching of the two-pump parametric gain by switching the L-band pump

on and off.

This section demonstrates, for the first time to our knowledge, multiple-band 40-
Gb/s switching with a conversion efficiency of at least 21.2 dB and an extinction ratio
exceeding 25.0 dB. The two-pump parametric configuration was used to achieve
multicasting and 40-Gb/s bit-level signal processing within four operational bands. More
importantly, the feasibility of subrate pump control was demonstrated for OC-768 signal
processing.

Our two-pump experimental setup is shown in Figure 40. Two continuous-wave
(CW) tunable lasers (A;=1568.5nm; A,=1598.0 nm) served as the pump seeds, and were

amplified and filtered by two 0.25-nm filters (TF1 and TF2) to reduce the amplified
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spontaneous emission (ASE) prior to the booster amplifier. The anomalous pump was
controlled using a programmed nonreturn-to-zero (NRZ) bit sequence in both packet and
bit-level switching experiments. A tunable optical delay line was used to adjust the
relative delay between the pump and the signal. The two pumps were counterphased
using a 5-Gb/s pseudorandom bit sequence to suppress stimulated Brillioun scattering
generated inside both the booster amplifier [erbium- doped fiber amplifier (EDFA)] and
the highly nonlinear fiber (HNLF). The EDFA booster provided an average output power
of 2.3 W, measured prior to the ASE-filtering section (dashed box in Figure 40). The
booster ASE was filtered out using two 1-nm tunable filters (TF3 and TF4) in order to
guarantee pump spectral puri‘[y42 greater than 75 dB (measured within 0.2-nm
bandwidth). A third tunable CW laser served as the signal. It was modulated using a 40-
Gb/s NRZ pattern and was inserted into the HNLF through a 10/90 coupler. PC7, PCS8,
and PC9 were all adjusted to achieve a copolarized SOP for the pumps and the signal
inside HNLF. The 520-m HNLF used in the experiments had an effective areaof 11 m, a
dispersion slope of 0.025 ps nm km , and a zero-dispersion wavelength of 1582 nm. The
four sidebands were individually selected using a 2-nm-wide optical filter (TF5) and

observed using a fast oscilloscope (37-GHz response).
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Figure 40 Experimental setup. TF: tunable filter. PM: phase modulator. AM: amplitude
modulator. PC: polarization controller. ODL: optical delay line. OSA: optical spectrum analyzer.
OSC: oscilloscope. BS: band splitter. C1: 10/90 coupler. C2: 1/99 coupler. C: circulator. DET:
detector; it can be either an OSA, an OSC, or a power meter used for characterizing the input signal,

C- or L-band pump. OSA2 is used for monitoring Brillouin scattering of the pumps.

As a first goal of this study, we investigated the performance of arbitrary-bit-
sequence (packet) extraction from the input OC-768 stream. Unlike the previously
reported result’’, the switching of the OC-768 sequence required precise control beyond
that of the OC-192 rate. Indeed, while the length of the switched sequence ( 1000 ps, see
experiments below) allows for slow pump control, extraction with zero guardband does
require speed comparable to the input data rate (OC-768) or faster. However, parametric
generation inside an HNLF helps to reduce significantly such requirement on the pumps
because the output signal/idler powers are related to the pumps by an exponential gain

function. For simplicity, if the parametric process is assumed to be dominated by a single
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phase-matched FPM process, the true switching rise—fall time is determined by the
parametric response as , where represents the effective pump power, defined as for the
nondegenerate (two-pump) interaction and for the degenerate (one-pump) interaction; is
the HNLF length and is the nonlinear parameter . For a parametric gain of 20-30 dB, this
formula yields a parametric response two to four times faster than the corresponding
pump rise—fall time.

In general, the single-pump configuration exhibits faster response’’. However,
dual-pumping provides more functional sidebands and, thus, enables wavelength
multicasting. The parametric rise—fall time associated with 10-Gb/s pump control ( 25 ps
rise—fall time) was indistinguishable from that of the 40-Gb/s sequence in practice. This
indicates that 10-Gb/s pump control could be effectively used to achieve the practical
packet switching at OC-768 rates. Consequently, it allowed a control of the anomalous
pump by a 10-Gb/s, rather than a 40-Gb/s, programmed sequence.
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Figure 41 Optical spectrum measured at the output of HNLF, recorded with 0.2-nm

resolution when a 1559-nm signal is launched. Other details are given in the text.
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To demonstrate OC-768 packet switching, the long-wavelength pump was
modulated using a 1-ns-long rectangular pulse (composed of ten successive logical ones
at 10 Gb/s, corresponding to 40 bits at 40 Gb/s) in order to extract a selected sequence
from the data stream of the small input signal (Pij;=-14dBm). The average pump powers
launched into the HNLF were 545 and 155 mW for the normal ( -band) and anomalous ( -
band) pumps, respectively. The TPP spectrum is shown in Figure 41, illustrating three
new switched wavelengths at 1578.1, 1588.1, and 1608.0 nm. The input signal at 1559.0
nm is simultaneously amplified by 25.2 dB (“ON-OFF” value, measured at the HNLF
output) and multicasted with conversion efficiencies of 21.2, 21.4, and 25.9 dB,
respectively, covering a spectral range of 49 nm. The corresponding 0.2-nm optical
signal-to-noise ratios were measured to be 33.6 dB (1559.0 nm), 28.5 dB (1578.1 nm),
28.9 dB (1588.1 nm), and 34.8 dB (1608.0 nm). The absence of higher order wave®' in
the vicinity of the switched sidebands confirms the linear TPP operation required for
crosstalk-free waveband switching.

The temporal waveforms of the four sidebands and the L-band pump are shown in
Figure 42. The input signal had a mark density of 1/2 [Figure 42a], with the extinction
ratio limited by the electronic driver used for the 40-GHz AM modulator. Figure 42b
shows the square waveform imposed on anomalous pump used for OC-768 sequence
extraction. Switched packets were obtained from all four parametric bands. That at the
signal wavelength (1559.0 nm) is shown in Figure 42c, and the corresponding idler
packets at 1578.1, 1588.1, and 1608.0 nm are shown in Figure 42 (d)—(f), respectively.
Switched packet traces were recorded by a simple tuning of the output (TF5) filter, since

high power ( 5 dBm) in any of the four streams eliminated the need for post-
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amplification. The switching is realized with low noise and high extinction ratio: No
artifacts were observed in the immediate vicinity outside the switched window [indicated
by an arrow in Figure 42c], in spite of the dense bit content carried by the input signal in
this region. The higher noise levels seen with innerband packets (1578.1 and 1588.1 nm)
are attributed to lower conversion efficiencies and the fixed input level used with the
oscilloscope; no attempt was made to adjust the power levels to reduce the receiver noise.
Physically, a high extinction ratio stems from the exponential dependence of the
parametric gain on the pump powers. For example, in the phase-matched region, the

parametric gain (in decibels) produced via nondegenerate FPM scales with pump powers

as /BP, . In contrast, neither is the signal amplified nor are the idlers created in the

absence of -band pump, since the -band CW pump located in the normal-dispersion
region produces negligible FPM. Clearly, high parametric gain guarantees switching with
high extinction ratios in all four sidebands.

The TPP process allows for arbitrarily long packets to be switched simply by
varying the time interval in which both pumps are simultaneously present. More
importantly, the effective compression of rise—fall time allows the use of slow pump
control to achieve precise bit control. Indeed, the pump rise—fall time of 25 ps in this
experiment was sufficient to achieve zero guardband packet switching. To demonstrate
this capability, the anomalous pump switching window was shifted to cover the selected
“1” bit, as indicated by Arrow 1 in Figure 42a. The switched packet is shown in Figure
43: It can be seen clearly that the selected “1” was switched in, with the preceding bits

eliminated completely. At the same time, the last bit in the sequence, “1” indicated by
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Arrow 2, was steeply carved out from the successive logical ones. Clearly, the

instantaneous parametric response of FWM dramatically reduces the requirement of the
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Figure 42 Temporal waveforms showing packet switching. A fixed input level was used in

the oscilloscope for all signal/idlers waves. (a) Input 1559.0-nm signal; (b) L-band pump; (c)

amplified signal; (d) switched 1578.1-nm idler; (e) switched 1588.1-nm idler; (f) switched 1608.0-nm

idler.
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guard time for packet switching” and, thus, would help to increase the efficiency of
optical processing schemes required in transparent networks.

As a second goal of this study, we demonstrated optical switching at the bit level.
The input signal is modulated with a 40-Gb/s NRZ bit pattern, as shown in Figure 44a
(other bit patterns can also be used). The anomalous pump was controlled by an isolated
bit, as illustrated in Figure 44b. The pump was used to select the bits of a logical “0” and
a logical “1” from the input sequence, as indicated by arrows in Figure 44a. High
extinction ratio is demonstrated by comparing the contrast between switched “0” [inset in
Figure 44c] and switched “1” [Figure 44c]. When the selected bit represents a high
logical level, the signal is simultaneously amplified and replicated to three idler waves.
Bit-level wavelength casting at 40 Gb/s is illustrated in Figure 44d, corresponding to

translation of the selected bit “1” in the sequence to the outer parametric band (1559

—1608 nm).
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Figure 43 Amplified 1-ns packet of the 1559.0-nm signal when the L-band pump is
temporally shifted in such a way that its leading edge coincides with the signal bit marked by arrow 1

in Figure 42a.
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Similar switched bits (with smaller amplitudes) were obtained for the two inner
bands. The switched bits had full-widths at half-maximum of 20 ps (1559.0 nm), 17 ps
(1578.1 nm), 16 ps (1588.1 nm), and 20 ps (1608.0 nm), clearly indicating compression
with respect to the original bits in the input sequence. The two inner bands had higher
compression ratios, as expected by the different contributions of degenerate and
nondegenerate FPM. Such pulse compression can be used to reshape the switched pulse

and provide an efficient way for signal regeneration within the routing node itself.

| 80ps/dv| || pand pump | |50 psfdiv

Figure 44 Temporal waveforms showing bit-level switching. (a) Input 1559.0-nm signal; (b)
L-band pump; (c) amplified signal bit when the pump bit is located at Position 2. The inset shows the
signal waveform when the pump bit is located at Position 1. (d) Switched bit for the outer-band idler

at 1608.0 nm.
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In conclusion, we have demonstrated optical switching with wavelength
conversion at 40 Gb/s by using a TPP architecture. The scheme realizes packet switching
for arbitrary packet lengths with negligible guard-time requirements and subrate pump
controls. The experiment validated TPP performance that was sufficient to switch
individual bits at 40 Gb/s, while maintaining high extinction ratios and conversion
efficiencies above 20 dB. We note that the architecture also possesses an inherent ability
to selectively conjugate a switched packet or bit sequence, thereby enabling the
possibility for applications involving simultaneous high-speed switching and

transmission-impairment mitigation.



Chapter 3 Photonic Crystal Fiber as

Parametric Platform

3.1 Introduction
Photonic crystal fiber (PCF), distinguished from HNLF by the transverse

microstructure, is probably one of the most important inventions in fiber optics during the
past decade’’, °, **. PCF manufacturing technology, even though still under
improvement, has been mature enough to enable commercial products at present time””.
The state-of-the-art techniques allow for manufacturing the microstructure in air-glass

PCF to the accuracy of 10nm on a 1um scale’, °”. PCF has received remarkable attention

because of its enormous control freedom on optical properties such as waveguiding”,

99 98 101 102 103

birefringence ™, 100, dispersion ~, ', ", 7, and nonlinearityl(m,lo5 The silica PCF
platform has reached maturity, with significant progress made in understanding its
nonlinear behavior such as nonlinear enhancement supporting four-photon mixing (FPM)
106 107 self- and cross-phase modulation (SPM/CPM)'® and supercontinuum
generation'?”. In variety of reports, the term ‘PCE’ includes both hollow-core photonic
bandgap fiber (PBG) and solid-core photonic crystal fiber. In this thesis, we refer only to
the latter type as PCF.

The idea of PCF was motivated by the limit of step-index Single Mode fibers
(SMF). Regular SMF has a core-cladding refractive index A~0.4%’* and a core diameter

of about 4-5um. Designed for long-haul transmission link, SMF has several severe

drawbacks in specialized applications. Firstly, the small index difference results in weak

86
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guiding in the core''’ and suffers severe loss when the fiber is bended to large curvature,
preventing all-fiber integration. Secondly, the small index difference leaves limited room
for fiber dispersion engineering®. Regular SMF is not suitable for a nonlinear application
unless a long fiber spool is used - the weak Kerr effect and large core size results in small
nonlinear coefficient. Lastly, the single-mode guiding wavelength region is limited in
SMF. When the optical wavelength scales down from the designed operation wavelength,
it will be transition to high order modes®, preventing efficient distant-band optical
mixing experiments. HNLF increases effective nonlinearity by decreasing the fiber core
diameter to ~2pum>°.

PCF addresses these limitations: The index contrast can be maximized because
the air-hole interface has the minimal refractive index (1). At the same time, the
transverse structure provides enhanced single-mode guiding region''!, '?, ' and
considerable freedom for dispersion design,'™* ''*. The effective nonlinear coefficient can
also be enhanced by 50 times with respect to SMF, and 5-10 times to that of a regular
HNLF. We will discuss these properties in detail in the following sections.

PCF can guide optical waves in single mode across a wide spectral range. When
designed properly, it can even guide across the whole optical spectrum in single mode - a

14 A first look-at the periodic structure of a

so-called endlessly single-mode guiding state
PCF might imply that PCF guides light via a band-gap effect. A PCF actually guides light
through total-internal-reflection' ', a similar mechanism as in a SMF fiber. Keeping in
mind that the PCF cladding structure could potentially act as a waveguide, the guiding

property of a PCF could then be understood in simple intuitive terms: optical wave within

the core, experience an effective cladding layer whose refractive index depends on the
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propagation property of the same optical wave in the cladding structure; to be more
specific, the effective cladding index equals the effective index of the lowest guiding

mode in the cladding — termed fundamental space filling mode (FSM)'", ''®. The FSM

Intensity

{1.4

11.2

Y (um)

Figure 45 Fundamental space filling mode of a PCF cladding structure.

of a typical PCF cladding structure is shown in Figure 45, with the intensity
peaked at the interconnections of the glass wire and a small part penetrates and decay to 0
in the air holes. The short wavelengths are well confined in the glass area while the long
wavelengths tend to extend into the air holes. The effective cladding index (that is, the
effective index of the FSM) is smaller than the core index and therefore the optical waves
could be guided through total internal reflection once the incident angle is larger than the
critical angle. Unlike in SMF, the effective cladding index is not constant but depends on
the optical wavelength. Therefore, PCF could be viewed as an equivalent step-index
structure whose cladding index is adaptive to the incident optical waves. For example,

when the wavelength is short, the cladding effective is large because the FSM is well
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guided in the glass region and the index contrast between the core and cladding is small,
resulting in a weak guiding. On the other hand, when a long wavelength propagates in the
PCF, the effective cladding index is smaller because the FSM now ‘sees’ a smeared
glass-air region and the index contrast between the core and cladding is larger, leading to
a strong waveguiding. Therefore, when the PCF parameters are chosen properly, optical
waves could be guided in single mode at all wavelengths — an important property that
distinguishes PCF from SMF or HNLF and has been experimentally verified.

High nonlinearity of PCF is easily understood by looking at the nonlinear

coefficient®®

y=1he (49)
cAeff

where n; is the nonlinear refractive index, o is the angular frequency of the
optical wave, c is the speed of light and 4.4 stands for the guiding mode area. It is easy to
see that by scaling down the guiding mode area, one can achieve higher effective
nonlinearity. Indeed, PCF core could be scaled down to ~1um diameter and results in a
v value as large as 100W™'km ' within target spectral range.

PCF is also recognized for its dispersion engineering capability, which is
attributed to the strong waveguide dispersion in PCF*®, That is, the waveguide dispersion
in PCF is so strong that altering waveguide dispersion will significantly change the
overall dispersion; while in SMF or HNLF, the total dispersion is dominated by material
dispersion and dispersion engineering many times has to resort to doping technique,

which is much more complicated and costly. Engineering waveguide dispersion is done
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through fine tuning the period and air-filling ratio (defined later in this section) of a PCF
structure.

In this chapter, we outline modeling of the specialized PCF, with particular
interests in the guiding property and dispersion calculation. In chapter 5, we design fiber
structures relevant to proper dispersion profiles that are able to phase-match the target
parametric processes, using the tools/models developed in this chapter. Three models,
namely, the effective index model (EIM), the scalar two-dimensional (2-D) Fourier
analysis (FA) and full-vector beam propagation method (BPM), will be discussed in
detail. Accuracy and the computational time will serve as major considerations. In
comparison, EIM model is fast, but is only a rough model that gives less accurate results.
The FA is accurate since it takes into account the true PCF transverse structure. However,
FA method calculates not only the fundamental mode in the core, but also all the
transverse modes - including the cladding modes, resulting in significant computation
error. This might be undesirable since not all the modes are of interests - most of the
transverse modes are lossy and thus do not propagate in the fiber. The full vector BPM
method, on the other hand, simulates the physical process of a wave propagating in a
fiber or waveguide and consumes moderate computational time. In this thesis, EIM and
BPM are the mostly used two methods: EIM is generally used for qualitative estimation
and fast searching and scanning of PCF structures while BPM is applied when an
accurate dispersion profile is required.

Before getting into detailed calculations, we shall define the PCF structure to

avoid any ambiguity. In this chapter, we only discuss the symmetric transverse structure,
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which could be solely defined by two parameters, that is, the period or pitch (A) size and

air-filling ratio (d/A), showing in Figure 46

Figure 46 Illustration of typical PCF parameters. A, being the distance between the air
holes is usually called period or pitch, and d is the diameter of the air holes.
Asymmetric structure that could result in shape-induced birefringence will be
dealt with in the next two chapters. Furthermore, the PCFs in our discussion, intended for
distant-band parametric process, generally have a core diameter between 1-2 pm,
resulting in high nonlinearity, and air-filling ratio between 0.4 and 0.6 - higher air-filling
ratio (>0.6) can potentially lead to multi-mode guiding at short wavelength, which is
undesirable; On the other hand, a small air-filling ratio (<0.4) does not provide enough

waveguide dispersion. A typical PCF in this work has a cross-section shown in Figure 47.
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Figure 47 SEM scanning picture of a PCF structure with period A=1.2pm and d/A=0.6.

3.2 Effective Index Model

EIM model is identified as the simplest PCF modeling technique ''* '"”. However
it is not accurate enough for precise PCF modeling in general case. Nevertheless, it is the
most intuitive model that relates the guiding nature of a PCF and is very illustrative for
understating PCF properties. The EIM model effectively approximates a PCF having
complicated transverse structure with a step-index fiber, in which a strand of silica core is
surrounded by a uniform cladding . In this approximation, the cladding’s index is the
effective index of the FSM of the periodic PCF cladding, which depends on the operating

wavelength.
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Step 2: solving for the

Step 1: solving for effective P
guiding mode

cladding index n_g

—

e

Figure 48 Two steps for modeling a PCF with EIM: a) Acquiring the effective cladding index
N by solving the FSM of the periodic cladding structure; b) The PCF is simplified to an equivalent

step-index whose cladding index equals n. n.g is a function of A.

The methodology of EIM model is illustrated in Figure 48. Mathematical tools for
calculating the effective cladding index have been well developed in previous work''® ',
The PCF with primitive triangular pattern could be divided into infinite numbers of the
following hexagon unit cells shown in.Figure 49. The characteristic equation for the FSM

. 11
is as follows!'®:

Figure 49 Equivalent circular unit cell of a hexagonal one for a PCF
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w5y Y ) 2B = g (ua) - Y(ua)"(”)

50
1y (wa) Y (uR) Y (uR )] C

whereu®’ =n’, k> —p°, w' = B> —n’ k’, a=d/2 is the air hole radius, R is the
radius of the equivalent circular unit cell, 7, is the modified Bessel function of the first
kind of order I, and J,and Y, are Bessel functions of the first kind and second kind of

order 1, respectively.

The boundary condition is aa—(p =0(p is the radial component in cylindrical

r r=R
coordinates), which is based on the fact that the field ¢ is symmetric at point P on the

circle, and that the field and its derivation are continuous on the air-silica border.

Li'" has compared the scalar analytical approach with the plane wave method and
found good match when the radius of the equivalent circular cell is properly chosen.
Analytical solution for the step-index model has been well developed and can be found in

past work”

An important use of EIM is to predict the guiding property of a PCF. It is easy to
come to the conclusion that for an effective guided wave, the following criteria has to be

satisfied:

ﬂFSM < ﬂeff < ”ko (51)

where Brsvm 1s the propagation constant of the cladding FSM mode, Bes is the

effective propagation constant of a guided core mode while n denotes the core index and
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ko stands for the vacuum wavevector. The maximum transverse wavevector of a guided

mode has to satisfy:

K max = k) = By 12 (j=2x,¥) (52)

Assuming the core diameter is p, the smallest transverse mode separation in k-

space is 1/p. Considering equation (52), the total number of modes that could be guided

in a PCF is determined by'"*

k
Vi =17 = PNk =B /2

74 2 2
:_p n _nnl

A

(53)

where ng is the effective cladding index. We note that equation (53) defined a
V.t parameter that has the same form as the V number of a step-index fiber and could be
used to quantify the number of guiding modes in PCF — the single-mode guiding criterion
18 Vegr < 2.405.

There are some well developed shortcuts in applying the EIM to specific
geometry analysis. EIM does not model the true transverse structure; therefore, the core
size that gives the best result in EIM is not necessarily the boundary of the first ring
layers A. In the calculation process, the core size is usually finely tuned to match the true
dispersion profile of a PCF (sometime even the air-filling ratio is also finely tuned). In
other words, for EIM to have good results, a guess close to the correct solution has to be
stated. One can also see a paradox here: it is not possible to obtain the accurate result
without knowing the true PCF behavior; however, if one has already obtained the

reference, why use the EIM model? Indeed, an EIM model was never utilized for
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accurate modeling of a PCF, but only for qualitative verification of a PCF’s guiding and
dispersive properties. However, one should not underestimate the importance of the EIM
because it provides physical insight into the PCF property, as we have seen in
understanding the endless guiding behavior and will further see in understanding the

dispersion property in PCF.

d/A=0.6

d/A=0.5
d/A=0.45
d/A=0.4

AN

Figure 50 Guiding properties of several PCF structures. V. curve versus the normalized

frequency were calculated.

We calculate a set of Vg versus A/A curves for the PCF structures with A=1.2um
and various air-filling ratios. The results are shown in Figure 50. The dash line in figure
shows the border of the single-mode guiding region. For the optical spectrum we are
interested in (visible to NIR), all the structures with d/A<0.5 guide light in single mode;

however, for d/A=0.6 structure, part of the visible spectrum can guide high-order modes,
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which agrees with the experimental measurements, detailed in Chapter 4. EIM has also

118

been used to estimate the dispersion property of a PCF structure . In Figure 51, we

show three sets of calculations in which d/A is fixed at 0.55 while A varies from 1.1 to

1.3um. EIM predictions are compared against the the MIT photonic band (MPB)

126
1

model *°, a widely accepted computational package for nano-structure modeling, under

different conditions. EIM model gives reasonable approximations to the true dispersion

profile.
EIM D1.2
Compare effective index model EMM  D1.1
with full vector model EIM D1.3
—~. 1004 MPB D1.1
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Figure 51 Comparison of EIM results against the MPB method. EIM results closely
resembles the MPB results provided proper effective fiber parameters are chosen. In all

calculations, d/A=0.55 while period varies from 1.1um to 1.3pm.



98

In all the calculations the material dispersion is accounted for by using a

Sellmeier model, which is also conducted in all the thereafter calculations.

Silica material dispersion

1.465

= Sellmeier model, Rsoft
1.46 —6 coeff. model, Yariv

1.455¢+

145+

1.445¢

index of refraction

144+

1'43%.5 1I 1I.5 2

wavelength (um)

119
1

Figure 52 Comparison of Sellmeier’s model with the 6 order polynomial model "~ accounting

for the silica material dispersion

3.3 2-D Fourier Analysis

The nonlinear Schrodinger equation, when arranged with B as eigenvalue, takes

the following form®®:

(V2 + ks &(7) +[VIne(F)]x VX E, = °E; (54)

where E = ET (r,)e’’*, &,(7) is the dielectric constant, 7. = (x, y) is the position
in the transverse plane, and k, = @/c is the vacuum wavevector. Written out explicitly in

Cartesian coordinates, (54) yields two equations relating E, and E, as follows:
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O’E, . O’E, alng(
oyt ox’ oy oy

O’E, N O’E, _Olneg (GEX B
ox>  ox’ ox Oy

OE, OF
=) (k) —fE, =0

(55)

aEv 2 2
ax' )+(eky —B)E, =0

and a third differential equation relating magnetic field components Hy, Hy and

H,, which is, however, not required to solve (55).

In the paraxial approximation, the second operator term in (55) coupling between
the vector components of the field can be neglected, yielding the following scalar
equation:

V2E, + (k&)= ) E, =0 (56)

Unlike EIM model, plane wave method calculates the real PCF transverse

structure described by the distributed dielectric constant &,(7.). The FA encloses the

whole PCF transverse structure within a rectangular area that is large enough to ensure
that the fields of the guided modes of interest are zero at the boundary. The field is then
expanded in a double Fourier series in which the sinusoidal basis functions are zero at the
boundary. This expansion converts the scalar wave equations into a set of homogeneous
linear equations for the Fourier coefficients. The eigenvalues and coefficients of the
bound modes are then found by solving the matrix eigenvalue problem.

The mathematical description of the FA is as follows'*’, '*!;

We then expand E(x, y) using basis functions which are products of sine functions

with zero at the boundaries x =0, L, and y =0, L,. The basis function are given by
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2 .  MTX, . MITY
(x,9)= sin sin 57
$,(x,) L))" ( L ) sin( L ) (57)
where m, n =1, 3, 5, ... are even modes and m, n = 2, 3, 6, ... are odd modes

about the center of selected rectangular region with dimensions L, and L,. These basis

functions are orthogonal to each other.
($(x.)8,(x.)) =5, (58)
The bracket here denotes integration over x and y. The field can be expanded as

E(x,y)= Za 19;(x, ) (59)

Substituting E(x, y) into the scalar wave equation (56) and by some mathematical

manipulations, one can arrive to matrix equation

Z (4, ~k’ny8,)a, =0 (60)
7

where
A, =(K2+ KD, + 1 (4,0, p)n(x, ) 4,(x.)) (61)

One can use other functions, for example Bessel functions, as the basis functions,
but this will not change the form of the final eigenvalue equation. The accuracy of this
method obviously depends on the grid numbers on the transverse plane and the number of

basis functions that determines the resolution of this method. Increasing both numbers
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will surely increase the modeling accuracy, but also will increase the computational time.
We used FA method to calculate the mode field diameter (MFD) and compared to the
experimentally measured results and found a good match. In Figure 53, the MFD of
530nm and 1550nm waves are shown. In this calculation, 20 even modes and 20 odd

modes were used.
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Figure 53 Calculated and measured field diameter for three waves. MFD: mode field

diameter
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FA can calculate all the modes that could be guided in a PCF, including all the

cladding modes.

3.4 Beam Propagation Method

BPM uses the exact wave equation describes monochromatic wave, and solves the
resulting equations numerically'*?, '**. BPM is generally an efficient method and allows
its complexity to be adjusted by considering the number of the grid points and the
comvergence criteria. BPM is readily applied to complex geometrical structures without
the need for development of the specialized versions of the method. Finally, BPM
automatically includes the effects of both guided and radiating fields as well as mode
coupling. BPM is divided into scalar and vector versions as well. In this section, we will
firstly illustrate the BPM through a scalar wave equation. We will prove then that for the

accurate modeling of a PCF, a vector BPM has to be used.

A scalar wave equation can be written in the following form™:

2iﬁa—“+@+@+(ﬂ2—ﬁz)u—o (62)
oz ox’ oy’

where u(x,y,z) is the well-known slowly varying envelope function of the optical

field. Equation (62) can be written in the following form

au_L@ @ 2 2
g—zﬁ(axﬁayﬁ(ﬂ ﬂ)u] (©3)

Equation (63) states that by knowing the optical fields in one transverse plane,
one can predict the fields at the following plane and is the basic BPM equation in three-

dimension (3-D).
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It is important to recognize the value that has been gained and lost in the above
approach. Firstly, factoring of the rapid phase variations allows for slowly varying field
to be represented numerically on a longitudinal grid (i.e. along z) that can be much
coarser than the wavelength for many problems, contributing in part to the efficiency of
the technique. Secondly, the iteration analysis can be solved by simply integration of the
above equation along the propagation direction z. This latter point is also a major factor
in determining the efficiency of BPM, implying a time reduction by a factor of at least of
the order of N, compared to the full numerical solution of the wave equation.

However, slowly varying envelope approximation limits consideration to fields
that propagate primarily along the z axis (i.e. paraxial cases), and also places restrictions
on the index contrast (more precisely, the longitudinal rate of change of index which is a
combination of index contrast and propagation angle.) In addition, fields that have
complicated phase variation, such as in multimode devices, may not be accurately
modeled if the rapid phase variation is critical to device behavior.

Because of PCF’s complicated transverse structure and high index contrast,
polarization coupling between TE and TM modes cannot be neglected. Therefore, the
vector form of the nonlinear Schrodinger equatoin has to be implemented in the
transverse structure calculation. In other words, wave equation in the form of (63) has to

be applied, which could be reduced to the following form for a BPM implementation'?*:

ou,
. =A u_+ Axyu )
(64)
ou
—2=Au+A4Au

oz T x Wy
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where Ay, Ayy, Ayx, Ayy are the operators whose detailed forms could be found in
[124]

We used RSoft BeamProp package'” to implement the aforementioned BPM
method. Figure 54 shows the calculated dispersion profiles using scalar and full-vectorial
BPM model, comparing against the MPB results. A significant discrepancy between the
scalar and full-vectorial models is observed. Implementation vectorial model is required

in order to precisely predict the dispersion properties of a PCF.
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Figure 54 Both scalar and full-vectorial iterative BPM are computed against the MPB
results. In the plot, we also show the smoothed full-vector results. Calculation shows that full-

vectorial method must be used (due to high index contrasts)
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The plots also show that there is good agreement between BPM and MPB
results'*°. Our implemented model is further validated by comparing more simulations to

MPB results, as shown in Figure 55.
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Figure 55 Comparison of RSoft BPM implementations and MPB results — good agreement

achieved.

3.5 The relationship between transverse structure and dispersion

profile

It is important to understand the relationship between the PCF transverse structure
and the corresponding dispersion profile. We perform two sets of simulations to observe

the dispersion profile variations by altering the transverse structure and discuss the
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physics behind these variations. The period and air-filling ratio are changed
systematically: first, the air-filling ratio is fixed at 0.5 and the period is swept from 1.2um
to 1.4um, illustrated in Figure 56. The plots show that variation of the period has very
little influence on the dispersion profile at the short wavelength side — for example, the
first ZDWL is almost unchanged as the period changes — but has significant impact on
the long wavelength — the second zero dispersion wavelength shifted to the shorter
wavelength side by around 250nm when the period changed from 1.2 um to 1.4um, and
accordingly, the maximum dispersion decreased from 30ps/nm/km to Sps/nm/km. This
phenomenon is readily understood with EIM model. Firstly, as the period increases, the
core size increases, leading to stronger waveguide dispersion in the core. On the other
hand, increased PCF period results in a stronger waveguiding in the cladding structure in
the same time, which in turn induces an increased effective cladding index. The index
contrast between the cladding and the core therefore becomes smaller, rendering weaker
waveguide dispersion in the core. In short, there exist two counter effects to the
dispersion profile in the core as the period increases. The former effect is more
significant to the long wavelength while the latter on is more prominent at the short
wavelength side than at the long wavelength side. Therefore, the overall effect embodies
as the dispersion increases at the long wavelength side but decreases at the short
wavelength side. There exists a wavelength position that the dispersion does not change

with the varying period and this position is generally in the vicinity of the first ZDWL.
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Figure 56 Dispersion profiles with fixed air-filling factor but various period values.

In the next set of tests, the period is fixed at 1.2um and the air-filling ratio is
swept from 0.45 to 0.6, illustrated in Figure 57. In this case, dispersion profile is
leveraged across the optical spectrum as the air-filling ratio increases. This is because
increasing air-filling ratio generally leads to smaller effective index at all wavelengths
because the waveguiding in PCF cladding structure becomes weaker. The globally
enhanced refractive index contrast between the core and the effective cladding results in
stronger waveguiding dispersion, leading to leveraged total dispersion across the whole

optical spectrum.
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Figure 57 Simulated dispersion profile with fixed period value but various air-filling factors

3.6 Polarization maintaining (PM) PCF

In many cases, variations are introduced into the PCF structure in order to bring
more functionality. One such important variation is the introduction of structural
asymmetry. Figure 58 illustrates this case: two opposite air holes in the innermost ring
layer are deliberately made larger than other air holes. This variation will not only
introduce birefringence to the fiber, but also change the dispersion profile, which could
be used in the fiber design as well. The birefringence property of PCF will be discussed
in detail in Chapter 4. The influence of introducing asymmetry to the dispersion is
significant: not only that the dispersion profile is changed, but also the dispersion profile
becomes polarization dependent. That is, dispersion profiles for TE and TM waves would

be different. In Figure 59, we show the split of dispersion profiles for TE and TM waves
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caused by the introduction of the PM holes. At the same time, the dispersion profiles shift
away from the corresponding symmetric structure. The calculations also indicate that
changing PM holes will impact more on the TE wave than the TM wave. As we will see
in Chapter 4, the separation of dispersion profiles induces non-negligible separation of
the phase matching conditions for TE and TM waves as well. In Chapter 5, we discuss

the utilization of PM holes to aid the design of the target dispersion profile.

Figure 58 Cross section of a PM PCF in which two opposite holes in the innermost ring layer
are deliberately made larger than other air holes, introducing birefringence and changing dispersion

profile.

3.7 Conclusion

We described three methods that effectively model the PCF properties including
wave-guiding and dispersion. EIM and BPM methods are most frequently used in this

work, in which the EIM is used for qualitative verification and understanding of the
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afore-mentioned properties. The BPM method, however, provides quantitative results and
has been verified to match the tools used by the commercial PCF structures. In the
following work, these methods will be used to solve the inverse problem, that is, the
transverse structure design. We will first specify a desirable dispersion profile and find a

way to synthesis the PCF structure that pertains to the target dispersion profile.
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Figure 59 Illustration of the impact of PM-hole size onto dispersion profile.



Chapter 4 NIR-to-Visible Translation in Silica

Photonic Crystal Fiber

The application of parametric devices should not be confined to conventional
telecom (NIR) band. The inherent principles allows the implementation of parametric
process in any optical bands and therefore leverages the telecom band technologies across
the entire optical spectrum®. The coherent nature of parametric process allows the phase

information to be preserved during the translation process® 2* '*/

, which is an important
attribute for an optical mixer operation. Even though the work conducted in Chapter 2
focuses on telecom band application due to the HNLF limit, the basic idea could be
extended to other optical bands when different fiber platforms are applied. In the
following two chapters of this thesis, we will study the telecom-to-visible band
translation using silica PCF. In particular, Chapter 4 will be dedicated to the experimental
effort of demonstrating the feasibility of such distant band translation. Before conducting
such experiments, coupling optics is studied to resolve the issue of inputting light into a
small core PCF (1.0um to 2.0 um diameter). The biggest challenge is simultaneous
coupling of 780 nm pump and 1550 nm signal with acceptable coupling efficiency. Since
a general microscopic objective (MO) is not chromatically corrected for these two
wavelengths, special coupling techniques were investigated.

In the following section, we study the phase matching condition in PCF, taking
into account the high order dispersion terms. Then a set of parametric conversions using

several different PCF coils were measured and phase matching contours were extracted.

The experimentally acquired phase matching contours were then compared with the

112
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calculated results and found to be in good agreement. PCF with proper dispersion profiles
were then selected and used for the demonstration of the telecom-to-visible parametric
translation. Both amplitude and phase coded signals within telecom band were translated
to visible idler in error free manor. Impairment mechanisms for the parametric translation
in PCF were subsequently measured and quantified. In Chapter 5, we investigate the

design issue in PCF, in effort to address the observed impairment mechanisms.

4.1 Coupling optics

A general coupling schematic is shown in Figure 60.

PCF

Y

Wi

Pump

Coupling
optics

Signal

Figure 60 Schematics of the experimental setup

As mentioned in Chapter 3, the PCF used throughout the experiments all have
very small core size (1.8um diameter typical). Therefore, even though a all-fiber setup is
desirable, it was avoided throughout the experiments due to the following reasons: first,
there is no regular SMF fiber that can guide such distant waves as 800nm pump, 1550nm
signal and 500nm idler simultaneously. Moreover, the extremely small PCF core renders
mode matching between regular SMF and PCF impossible. A tapered fiber could
potentially mode match with PCF, however, again, no tapered fiber could guide the pump

and signal waves at the same time. Indeed, the first test experiment was done by splicing
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both ends of PCF to a 980 nm SMF and combining the pump and signal with either a
980nm/1550nm WDM coupler or a 90/10 fused coupler. The scheme was found to be
very lossy at both wavelengths. Therefore, we resorted to free space coupling scheme, in
which both pump and signal were firstly collimated to free space. After manipulating
polarization and beam size of each wave, the pump and signal were then combined with a
dichroic mirror and coupled into PCF through a high numerical aperture (NA)

microscopic objective (MO).

4.1.2 Free-Spacecoupling

A general focusing scheme using lenses is illustrated in Figure 61.

)

f

Figure 61 A lens focusing optics. D is the incident beam size and d is the focusing spot size

The focusing spot size d of an incident plane wave is given by the size of the airy-

disk'%%:

d~122f/1<061— (65)
NA

where A is the wavelength, NA stands for the numerical aperture of the MO, D is
the incident beam size and f'is the focal length of the MO. Equation (65) indicates that for
tight focusing, a high NA MO is desirable. In practice, both fand NA are functions of A,
which has to be taken into account in our experiments due to the large frequency shift

between the pump and signal wave and will be dealt with later. However, for the moment
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we assume that fand NA are constant. For an efficient coupling, the focal spot has to be
smaller than the PCF core size. Therefore, a rough estimation of NA is as follows
(assuming deore=1.8pum).

For A = 780 nm, NA > 0.26;

For A = 1550 nm, NA > 0.52.

We note again that mode size in PCF is different for 780 nm and 1550 nm waves.
Therefore, the requirement for focal spot size is different for pump and signal waves.
Here we use the PCF core size as the general criterion for focusing, which provides good
estimation of coupling efficiency. Following the above calculations, in order to couple
the pump and signal simultaneously, an MO with NA larger than 0.52 has to be chosen.
During the experiment, we usually chose 40x (NA=0.65) or 60x (NA=0.85) MO. On the
other hand, NA of the focused beam has to be smaller than that of PCF to avoid the light
penetration into the cladding. However, calculation and measurement both show that the
PCF we used have numerical aperture ~0.46, which is smaller than 0.52, indicating that
there always will be coupling loss for the signal wave even if the mode is matched.

More importantly, the focal length f is a function of A, resulting in a severe
degradation of coupling efficiency due to the chromatic aberration. For example, a 40x
MO generally has a focal length of 4 mm at 800nm and its focal length is shifted to 4.05
mm at 1550 nm range. Coupling each wave at its own focal plane is not acceptable due to
the significant loss. If the focused beam is considered Gaussian, its beam size and

intensity is then determined by the following expression®’:
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(66)

) —2r?
w(z) ) exp( w(z2)

Wp

1(r,z) = 1,( )

Assuming that beam waist wy to be 1.8um and that 1550nm wave is focused at
f1550=4.05mm while the PCF tip is placed at f;g0=4mm, for the 1550nm wave, the
Rayleigh range zy=6.57um and beam size w(50um)=13.82um. Therefore the coupling

efficiency for 1550nm is estimated to be only a few percent (~(1.8/13.82)*=1.7%).

A B F G -
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780nm ] e
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Figure 62 System for simultaneously coupling 780 nm and 1550 nm waves. Telescope system
in 780 nm is regular configuration while the telescope in 1550 nm arm is made into a focusing
structure so that the focal spot of both 780nm and 1550nm are at position H. The dimension
parameters are defined as the following: d1, d2, dS, d7 are the 780nm wave’s beam diameter at
position A, B, G, H; d3, d4, d6, d8 are the 1550 nm wave’s beam diameter at position C, D, G, H; the

optical path from position D to G is L, assuming all the optics components are thin elements.
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It is then important to manipulate pump and signal individually before
overlapping them. The coupling setup we used during the experiments is illustrated in
Figure 62. The telescope system in 780 nm is afocal construct while the telescope in 1550
nm arm is focusing so that the focal spot of both 780nm and 1550nm are at position H,

the focal point of MO (G) at 780nm. We can then write the following relations:

d,=d, =%d1;
1

(67)
d, =1.2L 4100 4

dS f~2d1 core

The typical experimental condition was described by: d;=d,=1.5mm; frg0nm =

4mm and fi550,m=4.05mm (45x MO), L ~300mm. Since d7 < d¢ore, We have

| 2 dmm-0.T8um fi g
1.5Smm  f,

(68)

= Q >1.41

1
on the other hand, NA fcus<NApcr, therefore,
d; /2 < 0.46:>£-dli< 0.46
ho2f

(69)

:>£<2.45

1
By combining (68) and (69), we can select f,/f; = 2.
Calculation of dg and dg is more complicated. The optical path of signal arm could

be combined as shown in Figure 63.
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Figure 63 Schematics of optical path of 1550nm wave.

With the help of Figure 63, one can easily derive the following conditions:

X
d4:73d3;
AN
x L+h f,’
d__h_.
. L+h’
4 _Lth gy i;mhy,
d, x s
1 1 1
_— = ;
—h f f1550
ﬂZi’ dSSdcon
. h (70)
Firstly, it is easy to select h = 324mm. Then we have
%d, <d,..=>d, <145.8um (71)

therefore
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dPL+h

<145.8 um;

1l LE

x d

<145.8um (72)

We also note that , NA1550<NApcF, thus:
d;/2 <046 =>d, <7.176mm

1550

(73)

:>1<4.8
3

Equation (72) and (73) indicate conflicting requirements. Therefore, for 1550nm
arm it is impossible to simultaneously focus within the core size and the NA of the PCF,
resulting in inefficient coupling. A quick estimate could be made regarding the coupling
loss due to unmatched NA:

Assuming the focal spot is within the core, one can calculate ds=1.8um and

x/f3=5.4. Furthermore in this case d¢=5.05um and NAgcusing =0.62. The coupling

2
efficiency is only ~(%) =55% . Therefore, simultaneous coupling 780nm and

1550nm waves into PCF with reasonable efficiency poses a challenge. It requires an MO
that corrects the chromatic aberration at pump and signal wavelengths that are widely
spectrally separated. The coupling efficiency are further degraded by other aberrations of
the MO at 1550nm, resulting in relatively low resolution. For example, we observed the

resolution of a typical 45x MO at 1550nm is around 3.0pm.
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In the experiments, optimized coupling is realized by mounting lens C on a
translation stage and fine-tuning the position of lens C until maximum coupling for signal
is achieved.

Detailed coupling protocol and coupling conditions are reported in the appendix.

4.2 Phase matching in PCF

With significant amount of pump and signal power coupled in PCF, parametric
generation is ultimately limited by the phase matching condition of the PCF. Recall that
in Chapter 2 we discussed phase matching in HNLF, obtaining the conclusion that phase

matching contour could be acquired by solving the following equation

— N L (2n) 2n
K= Zl (2’1)!,6’ (0,)(Aw)™" +2yP (74)

The high order dispersion terms ought to considered is determined by the a factor
defined previously. In this section, we further study the phase matching condition in PCF.
As mentioned previously, phase matching calculation in PCF is more complicated
because high order dispersions terms can not be neglected any more. As an example, in
Figure 64, we show a PM PCF with period A=1.4um and air-filling ratio d/A=0.525. d; in

the figure stands for the PM hole size .
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Dispersion Profile
A=14um, d/A=0.525, d2=1.55d
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Figure 64 Dispersion profile of a typical PCF. The PCF parameters are shown in the figure.
Calculation shows that 6™ order dispersion is important for an experimental operation with

Ap=780nm and Aw ~1000THz

By recalling previously introduced parameters, it is possible to write:

(6)
a, = ﬁ(‘” =107 ps’
(75)
(®)
o, = Zm =107 ps’

at 780nm pump, which indicates that for a frequency shift of

PUADT | hite £ A

Aw=1000 (THz -rad), W S W <<1,up to 6™ order dispersion

should be considered. The 8" order dispersion, however, should be included if operating

beyond 1000THz frequency shift. Noting that the curvature of different dispersion
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profiles is very different for various PCF, each PCF design has to be calculated
individually to decide how many dispersion terms ought be included.

The dispersion profile of PCF is usually not easy to obtain. Generally, there are
two ways of acquiring an accurate dispersion profile. One can experimentally measure
the high order dispersion coefficient using white light interferometry, which has been

carried out for both bulk media and fibers'®, '*°, *!. While a Fourier interferometry

allows mapping of high-order dispersion coefficients independently'?’

, most methods
measure the total dispersion and mathematically derive the dispersion coefficients of
different orders”. The question here, is what the measurement accuracy is, which
becomes problematic for high order terms. The other way is to measure the transverse
structure of a PCF and calculate the dispersion profile using the numerical methods
developed in chapter 3. This however, assumes that the transverse structure could
measured very accurately (measurement error <1%); furthermore one has to assume that
the transverse structure does not vary longitudinally, which, as we will see later, is not
generally true. The first method is always preferred if a direct measurement of dispersion

profile is available since the measurement resembles the true global dispersion of the

fiber.
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Figure 65 Phase matching contour corresponding the dispersion profile in Figure 64.

One important application of dispersion profile is to predict the phase-matched
wavelengths of certain PCF, which again requires solving high order polynomial
equations (74). Phase matching condition in PCF is typically presented as a phase
matching contour, which is a contour plot that each pump wavelength value on the
abscissa corresponds to a phase-matched signal and idler pair on the ordinate. For
example, the phase matching contour of PCF in Figure 64 is shown as Figure 65. One can
read from the contour that for a pump placed at 800nm, a phase-matched pair 1550nm
signal and 540nm idler could be generated.

Phase matching contour calculation is utilized to predict the performance of a

PCF and to design the PCF. Once a fiber is obtained, phase matching contour could be
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measured by directly observing the parametric generation from noise photon, the details

of which is discussed in the next section.

4.3 Parametric generation in PCF

A first set of experiment is dedicated to characterize the phase matching condition

in PCF, during which only the pump was coupled into the PCF'*

. The phase matching
contour extraction was achieved by measuring the modulation instability (MI) spectra
generated from the amplified spontaneous emission (ASE) photons in the visible band. At
each pump wavelength, the MI band at 500 nm region was recorded by a visible
spectrometer, and the matched wavelength at the near-infrared band was then calculated
based on the energy conservation relation. The positions of the ASE bands, calculated
near-infrared wavelengths and known pump spectral position were used to reconstruct the
PCF phase matching contour. The experimental setup is shown in Figure 66. In the one-
pump parametric structure, a diode laser with 1.4W maximum output, S00kHz linewidth

and 766-786 nm tunable range was used as a pump. The pump beam was s-polarized with

30dB polarization extinction ratio.

MO1 MO2 F S
AT w T 10%T (\
Fl...A A >
M TTHTY v / 90%0 PCF V H il

Figure 66 Experimental setup. W: half-waveplate; T: telescope; MO1-MO2: microscopic
objective; F: filter; S: spectrometer. The 90/10 tap is used for pump power and back-reflecting

spectrum monitoring
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It was then sent through a half-waveplate to achieve alignment with one of the
principle axes of the PCF. A telescope system was used to adapt the beam size to the
coupling-in objective MO1. A 90/10 beam splitter was placed after the telescope to
monitor the pump power level and the back-reflecting spectrum from the PCF. The pump
was then coupled into the PCF through a high numerical aperture (NA) objective MO1.
The output of the PCF was collimated by another high NA objective MO2, and received
by a spectrometer (S). A band pass filter in the visible region (F) was placed before the
spectrometer to suppress the pump at the output. The pump diode current was directly-
driven by a ~ 5V, 10MHz harmonic tone to suppress the stimulated Brillouin back
scattering from the PCFs (see section 3.6.1). This allowed coupling of approximately
350mW pump into the PCF. Due to the limited tunability of the pump laser, the phase

matching contours were measured in the vicinity of the 780 nm region.

Table 2 PCF structure

A(pm) d/ A
1 0.81 0.57
2 0.81 0.58
3 1.03 0.58
4 1.25 0.58
5 1.35 0.58
6 1.02 0.64
7 1.06 0.63

We tested seven distinct coils of PCF, each of which with about 10 meters long.
Before observing the parametric generation, the PCF transverse structures - the air-hole

period (A) and air-filling ratio (d/ A) — were obtained using scanning electron microscope

(SEM), shown in Table 2.
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Except for coil 4 and 5, which had 9 air hole layers, all the PCF coils transverse
structure contained 12 air hole layers. Figure 67a shows the measured phase-matching
contours in the visible region for the 2 principal axes of all the PCF coils. The phase
matching in the coils covers different parts of the visible band, jointly encompassing
almost the entire visible region. The measurement of the near infrared (NIR) portion of
the phase matching contours was hindered by the wavelength selectivity of the optical
components in the output portion of the setup, optimized for the visible band. However,
the NIR sidebands could be determined from the photon energy conservation relation.
The corresponding calculated contours are displayed in Figure 67b. Figure 67 indicates
that a small change in PCF transverse structure could result in significant shift in the

measured parametric-sideband contour.
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Figure 67 Measured and calculated Phase-matching contours of the parametric generation
at a) visible range (measured) and b) near-infrared range (calculated). The two contours circled
together represent two polarization states, with the filled marker corresponding to slow axis and

open marker fast axis.

More importantly, the asymmetric transverse structure of PCF results in different
phase-matching contour plots for different input polarization state. Indeed, coil 1 to 5
show significantly different contour plots for the two principal axes. In particular, coil 4

and 5 have two air holes in the innermost air-hole layer deliberately made about 1.2 times
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larger than other holes, resulting in a relatively larger contour plot separation between the
two principal axes. Coils 6 and 7, on the other hand, have more symmetrical transverse
structures and show negligible difference in the two principle axes phase matching. It is
important to notice that coils 1, 2 and 3 have steeper tuning slope than others: a small
tuning of pump wavelength results in much broader sweeping of the parametric
sidebands. As an example, coil 2 allows the parametric sideband sweep over more than
40nm in the visible band by tuning the pump for 7nm only. It is generally possible to
design the PCF structure so that the parametric sidebands have much steeper tuning

133 In the

slope; the whole visible band could thus be covered with a single piece of PCF
NIR band, tuning is more efficient — tuning the pump for 15nm results in 400nm tuning
from 1150nm to 1550nm.

The measurements on coil 4 and 5 are particularly interesting, clearly showing the
phase matching among ~780nm pump, telecom-band signal and visible band idler and
therefore the potential for telecom-to-visible band translation. We therefore take a closer
look at this fiber. Again, the measurements of phase-matching contours were conducted
for both PCF principal axes due to the asymmetry of the PCF transverse geometric
structure and the results are separately illustrated in Figure 68. Notice that the phase-
matching contours along the two principle axes (P1 and P2) are separated by 10 nm in the
visible range and 100 nm in the 1550 nm range, indicating an asymmetric transverse
structure of the PCF. As an example, when the pump is centered at 780 nm and its
polarization is aligned along P1 axis, the 518.3 nm idler and 1575.5 nm signal waves are

phase-matched; conversely, the 511.4 nm idler and the 1663.9 nm signal waves are

matched if pump polarization is realigned along the P2 axis. Figure 68 also implies
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approximately 10nm of continuous tunable range in the 500 nm region and a 100 nm
tunable range in the near infra-red (NIR) region, as the pump is tuned from 765 to
785nm. The tunable range can be optimized by using different fiber structures and/or the
wider pump tuning. A tunable range as wide as 450nm from visible to NIR band has been
achieved in a previously published work with a pulsed pump at 650 nm range, operating

at the normal dispersion regime of a PCF with high air-filling ratio'**,
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Figure 68 Measured phase matching contour for the two principle axes of the PCF. The
asymmetric PCF transverse structure results in the phase matching condition difference for the two

polarizations.

We also compared the phase-matching-contour measurement method with the
calculation. In Figure 69a, dispersion profiles measured by white light interferometry of
the two fibers were shown, while in Figure 69b, measured and calculated phase matching
contour were overlapped within the same plot. Note that the calculation covers a much

broader pump range than the measured one does; the latter one is limited by the available
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pump tuning range. The measured contours are otherwise overlapped very well with their

calculated counterparts.
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Figure 69 Two PCF with their dispersion profile shown in a) and phase matching contour

shown in b). We observe that the measured results agrees well with the calculations.
In conclusion, the continuous-wave parametric generation spanning the entire
visible region was measured for the first time. The measurements demonstrated that small

changes in the PCF transverse structure had significant impact on parametric generations.
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Distinct phase-matching contours were observed for the fast and slow axes. Experimental
measurements agree well with the calculated results. The availability of high power laser
diode in the 780-nm region could enable the construction of a fiber-based continuous-
wave parametric oscillator in both visible and near infrared regions™. The matched
parametric sidebands can potentially enhance the wavelength conversion efficiencies'>”.
In the following, we will focus on the telecom-to-visible translation based on the

experimental results shown above.

4.4 Amplitude modulation translation from telecom to

visible band

One important attribute of the parametric process is that the signal and idler form
a phase conjugate pair and therefore the modulation imprinted on signal will be translated
to idler with high fidelity, and vice versa. The implication for submarine communication
is obvious: one needs to modulate NIR wave only to obtain modulated visible signal . In
the sensing structure, information received from the environment or sample could be
translated back to telecom band for high sensitivity detection. In the following two
sections, we demonstrate experimentally high-speed amplitude and phase modulation

translation from telecom to visible band'*®, '3

. At the same time, we also demonstrate
WDM channel translation and demultiplexing at the visible band"*’.

The PCF structure used in this section is a standard commercial product designed
for supercontinuum generation at 800nm and consists of a hexagonal silica core with 1.6

um diameter, surrounded by a cladding with a honeycomb arrangement of circular air

holes, as illustrated by the micrograph shown in Figure 70. By controlling the ratio of the
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air-hole size and adjacent cell distance, it is possible to support single-mode propagation
in bands separated by hundreds of nanometers. More importantly, the variation of the
same parameters can be used to synthesize balanced higher-order dispersion terms and

achieve phase matching for spectrally distant signal-pump-idler waves (see chapter 2).

Figure 70 Scanning electron microscope image of the commercial photonic crystal fiber used in

this work.

Figure 71a shows the dispersion curve of the PCF used in the experiment. The
PCF is characterized by two ZDWs, at 750nm and 1260 nm, and a maximum dispersion
of 69.5ps/km-nm at 1001 nm. The nonlinear parameter was estimated to be 70 W™'km™
near 800 nm. The large curvature of the dispersion curve requires the inclusion of terms
upto 8" order in the corresponding Taylor expansion, in order to provide an accurate

description of phase-matching and parametric interaction.
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Figure 71 a) dispersion curve of the PCF with two zero dispersion wavelength at 750nm and

1260nm respectively, b) Phase matching contour of the PCF shown on the right.

Figure 71b plots the phase matching contour corresponding to the dispersion
curve in the case of negligible nonlinear phase mismatch, in agreement with the
experimental condition of this work. By tuning the pump, indicated by the vertical
dashed line, two intersections with phase-matching loci define paired signal and idler
wavelengths. A commercial 780-nm diode pump allows the standard telecommunication
band at 1550 nm to be matched with the submarine communication window at 500 nm.
We note that the ideal pairing of signal and idler waves on the phase-matching contour
guarantees the maximal conversion efficiency, even in the case of low pump powers. As
the pump power increases, the phase-matching condition can also be altered by the
interplay of linear and nonlinear phase shift in the region near the pump wavelength, as
the regular modulation instability (MI) contribution, positioned close to the pump
wavelength, becomes important. Since the translation-paired sidebands, defined by 1550-

nm and 500-nm waves in this case, are much further from the pump wavelength than
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those affected by MI, their center wavelength as well as their spectral shape is less
sensitive to the pump power fluctuations.'"* On the other hand, for the same reason, the
outer sidebands are very sensitive to dispersion fluctuations, which tend to be significant
for fibers with such small cores.

The performance of the translator is defined in significant way by the effective
bandwidth'®!"'. While the translation of low-rate, single channel communication can, in

principle, be accomplished by cavity-aided, crystalline devices'® %

, a general UBT
should be capable of mappingthe entire WDM band. The effective bandwidth of the PCF
translator can be controlled by precise tailoring of local PCF dispersion curvatures at
signal, pump and idler wavelengths. An important design consideration is related to the
high PCF dispersion experienced by the signal modulated at a high rate. Indeed, a signal
modulated at Gb/s or faster, is expected to sustain high intersymbol interference (ISI) in a
high-dispersion waveguide. While it is possible, at least in principle, to synthesize the
dual-ZDW PCF to simultaneously provide spectrally distant phase matching and limited
local dispersion at the signal (idler) bands, it is unlikely that this approach would be
required for any practical data rates. The high PCF nonlinear parameter (y~100 W'km™)
dictates the use of relatively short fiber segment (<20 m), which limits the total
dispersion within the signal band to approximately 3 ps/nm. This small but finite
dispersion is beneficial at practical channel rates (<40 Gb/s) since it alleviates constraints
on the WDM signal grid: the channel spacing can be made considerably smaller than that
in the HNLF-based system, while maintaining low inter-channel FPM crosstalk.

A one-pump parametric device was constructed as shown in Figure 73. A single-

frequency continuous-wave (CW) Ti:Sapphire laser, tunable between 780 and 840 nm,
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served as a parametric pump and operated in the anomalous dispersion region of the PCF
coil. The polarization-dependent nature of the PCF required the use of a half-waveplate
(W1) to align the pump polarization to a principal axis of the PCF. A dichroic beam
splitter (M2) was used to combine the pump and signal (1550-nm) bands into a high-
numerical-aperture (NA) coupling objective (MO1). A standard microscopic objective
optimized for visible transmission was used here, and the transmission for both the pump

and signal were only 75%. Ideally, an IR objective should be used.
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Figure 72 Experimental Setup; symbols as defined in text. Inset indicates typical visible

(converted) single-channel spectrum. PC-Polarization Controller; MZ- Mach-Zehnder Amplitude
modulator; PG- pattern generator; D- fiber decorrelator; S- Scope; A- Amplifier; F- filter; V-
Variable Optical Attenuator; P1- Polarizer; W1-W2: /2 waveplate; T: Telescope; M1-metallic

mirror; M2- Dichroic mirror; MO1-MO2: Microscopic Objective; GF-Grating Filter.

The first set of experiments was performed using a single external cavity laser

(ECL) signal source tuned from 1530 to 1600 nm. The source was modulated using a
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Mach-Zehnder (MZ) modulator driven by either a harmonic or a pseudo-random pattern
generator, with varied pattern length (from 2’-1 to 2*'-1 bits) and modulation speeds of
50, 155.52, 200 and 400 MHz. The initial modulation speed was limited by the slow
response (100MHz bandwidth) of the visible detector. The modulated signal was boosted
(A) and filtered (F) in order to reject excess amplified spontaneous emission (ASE) from
the EDFA. A fiber polarization controller (PC) was used to maximize the gradient-index
(GRIN) lens (G1) coupling to the free-space signal arm (G1-M1). The combination of a
linear polarizer (P1) and a half-wave plate (W2) was used to align the pump and signal
polarizations prior to insertion in the PCF, with minimal coupled powers of 20.5dBm and
10dBm, respectively, throughout the experiment. A dedicated telescope (T) segment
collimated the signal beam before it was coupled into the PCF by the objective (MO1). A
metallic mirror (M1) was used to steer the signal arm to overlap with the pump. Two 20-
meter coils of PCF that have the same claimed dispersion curve were used to compare the
performance. The PCF output was collimated using a second objective (MO2 40%) and
filtered by a 600-nm low pass dichroic element (F1), which separated the idler band from
the pump and the signal bands. All the waves were observed in fundamental mode at the
PCF output. The final (visible) idler had sufficient power in all experimental
configurations (single channel and WDM) to overcome the output coupling losses (MO?2,
F1) and was well above the sensitivity threshold of the receiver. In the second set of
experiments, the single tunable source was replaced by four WDM channels, which were
modulated and decorrelated prior to the booster (A). The visible channels were then
dispersed by a grating filter (GF), selected by a spatial filter and detected by either a fast

oscilloscope or the visible detector. In both sets of experiments, the input signal channels
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Figure 73 Pump (800nm), signal (1550nm) and idler (539nm) evolution in case of lossless
(dashed curve) and lossy PCF. Corresponding losses for signal/pump/idler bands in dB/km: 50/50/50

(heavy curve), 600/175/200 (medium curve) and 1200/350/400 (thin curve).

were monitored (C) prior to the booster stage using a fast oscilloscope (S). In the
last set of experiments, the Ti:Sapphire pump was replaced by a continuous wave (CW)
diode laser with high output power (~1W) tunable over 768nm-786nm. A faster (1GHz
bandwidth), but less sensitive receiver was used in this set of experiments. The
translation of a 2°'-1 PRBS pattern modulated at 1Gbps rate, to 500nm-band idler was

observed in error-free manner.

The experimental performance of the translator, particularly in terms of
conversion efficiency, was limited by the fact that pump, signal and idler waves were not
exactly phase matched. The phase matching contour, obtained from approximate
manufacturer’s dispersion data, shown in Figure 71b, indicates that a 780-nm pump needs
to be paired with a 1550-nm signal. The Ti:Sapphire pump-power peak was offset from

this wavelength, dictating operation in 800-nm vicinity. This departure from ideal phase
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matching is further compounded by the fact that the commercial PCF sample was not
designed to guide the standard 1550-nm telecom band. These experimental constraints
were investigated using the coupled-mode equations (1)-(3) with excessive 1550-nm
band loss. Figure 73 compares the typical power evolution estimates along the fiber for
ideal (lossless) and lossy PCF samples. Relatively low pump power (20 dBm) and a weak
input signal (10 dBm) lead to a —7 dBm translated wave at 500 nm. A moderate loss of 50
dB/km across all three bands decreases the conversion efficiency by 2 dB, as indicated by
the thick curve. This case is of particular practical interest since it points to the
operational efficiency that could be attained by current PCF manufacturing process. Any
loss in excess of 50 dB/km has a significant impact on the translation efficiency, even for
the short sample lengths used in this experiment: a total signal loss of 10 dB or more
reduces the converted power to below —20 dBm. In the experiment, a -25dBm 500nm
idler was converted from a 10dBm 1550 signal, resulting in a conversion efficiency
similar to that reported in [73]. Figure 74 illustrates a typical spectrum obtained by a
visible-range spectrometer, recorded with a 0.5-nm resolution. The idler was tuned across
the visible range to demonstrate the available translator bandwidth. The first coil under
investigation allowed continuous tuning in the ranges 515-525 nm and 530-542 nm,
whereas the second coil covered the ranges 515-525 nm and 565-580 nm. The observed
gaps in continuous tuning range are attributed to the fact that the Ti:Sappire laser
exhibited large power variations during the tuning process. We observed Ti:Sapphire
pump-power fluctuations of nearly 30% occurring across nm-scale tuning of the pump
wavelength, thus preventing rigorous characterization of the equalized translator

bandwidth. The idler power exhibited high sensitivity to the input pump polarization, in
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agreement with previous observation."* The rotation of the half-waveplate (W1) within

the pump arm was used to demonstrate nearly-complete idler extinction.

Intensity (a.u.)
1

520 540 560 S80 600 620 640 660 680
Wavelength(nm)

Figure 74 Typical idler spectrum tuned across the visible band and measured by the visible

spectrum analyzer.

The first modulation experiment was performed with the pump and signal set at
790 and 1541 nm, respectively; the signal was modulated harmonically. The generated
visible idler at 531 nm was received by a visible detector, with a cutoff frequency of 100
MHz, and was analyzed on the oscilloscope, as illustrated in Figure 75 Although the
signal was modulated at rates up to 10Gbps, the absence of a fast visible detector
rendered any faster measurements (>200 Mb/s or 1.5 Gb/s in the later experimental stage)

impossible. Modulated and translated waveforms at 50 and 200 MHz are shown in Figure
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76a and Figure 76b, illustrating the fundamental limitation posed by the slow receiver
The measured idler
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Figure 76 a) 200MHz harmonically modulated 1542nm signal (upper trace, 1550nm PIN

receiver) and its translated waveform, corresponding to 3dB frequency rollover point of the visible

receiver; b) S0OMHz harmonically modulated 1541nm signal (upper trace) and its translated (531nm)
waveform (lower trace);
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Figure 77 a) S0Mbps b) 155.52Mbps and c) 400Mbps modulated PRBS word received at
531nm;

power scaled linearly with signal power, as expected for a non-depleted, one-
pump parametric interaction. The translated modulation measurement was dominated by
the frequency response of the receiver. In the case of 50-MHz harmonic modulation, the
recovered idler exhibited a high extinction ratio, with average low and high logic levels
of 1 and 500 mV, respectively. Fast harmonic modulation at 200 MHz exceeded the 3-dB
receiver rollover by many tens of MHz, resulting in the distortion illustrated in Figure
76a.

A second set of modulation experiments was performed using non-return-to-zero
(NRZ) pseudorandom bit sequence (PRBS), in order to estimate the penalty induced by

the translation process. The modulation rate was varied from 50, 155.52 (OC-3) and 400
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Mbps, with short (2’-1) and long (2*'-1) bit sequences. The idler waveforms were
analyzed using both the sampling oscilloscope and the BER analyzer. Figure 77
illustrates typical received idler patterns at 2’-1 pattern length. Both 50- and 155.52-Mbps
patterns are nearly unimpaired, whereas the 400-Mbps pattern exhibits heavy inter-
symbol interference (ISI) imposed by insufficient receiver bandwidth. Our PRBS
modulation test was thereafter performed at 155.52 Mbps. Figure 78 shows a typical eye

diagram with a measured

— 5.1ns—

Figure 78 531nm eye pattern with 155.52Mbps NRZ modulation. The eye penalty is

dominated by the operation of the visible receiver beyond 3dB rollover point.
Q-factor of 15.23dB at 155.52 Mbps. This translated performance incorporates
the cumulative penalty associated with the operation of the visible receiver beyond its 3-
dB rollover point, the noisy Ti:Sapphire pump and the excessive PCF loss at 1550 nm.
The bit-error-rate (BER) measurements of short PRBS words (<2'°-1) indicated error-free
performance; however, the longest PRBS sequence (2*'-1) pattern had a measured BER
of 6107, This degradation increase is attributed to the patterning effect that originates

from the unequalized frequency response of the detector, particularly near the DC region.
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In addition to the translation of a single modulated channel at 1550 nm, we
explored the feasibility of WDM (band) translation. Four channels positioned at 1541,
1549, 1555 and 1560 nm were translated using a fixed and tunable Ti:Sapphire pump.
Figure 79 illustrates WDM band casting corresponding to parametric pumps positioned at
791, 800 and 802 nm. The longest wavelength channel (1560 nm) is mapped to either 529
nm (pump at 791 nm) or 540 nm (pump at 802 nm). Parametric WDM upconversion
results in considerably denser channel spacing, with the highest-frequency channel
separation just resolved by the visible spectrometer used in this setup. A 9-nm
wavelength separation in the communication band was mapped to a 1-nm separation in
the visible band. It is interesting to note that the ultradense WDM channel spacing of 0.2
nm (25 GHz) would correspond to a separation of only 0.02 nm in the visible band,
which is well beyond the capabilities of the spectrometer used in this work. Down-
conversion back to the 1550-nm band at the receiving end would ease the need for a high-
resolution visible spectrometer.

The pump was then placed at 840 nm, and two visible channels converted from
two WDM channels at 1565.5 and 1551 nm, respectively, were spectrally demultiplexed,
as illustrated in Figure 80, with measured Q-factors of 10.9dB. The measurements

indicate no significant crosstalk, in agreement with the modeled prediction.
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Figure 80 Channels demultiplexed after visible translation: 574nm (upper trace) and 576nm

(lower trace).
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In the final set of measurements, the Ti:Sapphire pump and 100-MHz visible
receiver were replaced by a CW diode pump and GHz visible receiver, respectively.
Faster modulation measurements were obtained using 20.7-dBm pump and 19-dBm
signal coupled powers, yielding —16.7dBm of visible power from the 5-m long PCF
segment. The idler wavelength was tuned from 512 to 520 nm by sweeping the pump
wavelength, similar to the Ti:Sapphire procedure described above. The NRZ modulated
signal translation was thereafter demonstrated by setting the pump at 777.6 and 775.5 nm,
respectively, and the signal at 1575 nm, resulting in idler wavelengths of 516.2 and 514.4
nm. The idler was received by the visible detector, which has a 3-dB rollover frequency
of 1 GHz, and was subsequently observed using the fast sampling scope. The received 1-
Gbps NRZ waveform and eye diagram are shown in Figure 81a. The corresponding Q-
factor is 15.27 dB. The performance of the architecture was quantified by the BER,
measured using a 2°'-1 PRBS pattern to achieve error-free performance. Figure 82 shows
the measured BER curve at the two different wavelengths, indicating that tuning did not
influence the performance of the wavelength-conversion process. By increasing the NRZ
rate beyond the receiver 3dB rollover frequency (1 GHz), the amplitude of the 1.5-GHz
idler waveform was reduced and the measured Q-factor dropped to 13.26 dB, as shown in
Figure 81b.

We then measured the detection margin by sweeping the detection threshold and
detection time, the result of which is shown in Figure 83. The measured error-free
detection threshold margin is one fourth of the eye opening and the error-free detection

time margin is one half of the bit period.
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Figure 81 Measured waveform at a) 1Gbps and b) 1.5Gbps and corresponding eye diagrams.

Each division corresponds to 2ns for upper figures and 200ps for lower figures.
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Figure 83 Contour plot indicating the detection margin. The measured error-free detection
threshold margin is one fourth of the eye opening and the error-free detection time margin is one half

of the bit period.

In summary, we have demonstrated the translation of single and multiple
modulated channels between the standard near-infrared and visible bands. The reported
conversion over 375 THz is a record for modulated channel translation in an all-fiber
structure. Bit error-rates at 155 Mbps and 1 Gb/s were measured for the intensity
modulated signals translated from near infrared to the visible spectrum. No significant
impairment associated with the translation process was observed in either the single- or
multiple-channel case. The experimental investigation was performed using commercial
PCF coils, which were not designed to support 1550-nm guiding. Improved translation
performance can be achieved by a combination of dispersion-optimized, low-loss PCF
and higher power single-frequency pump, which represents a natural extension of the
reported work. While a more sensitive and faster visible detector would certainly

facilitate the optimization of the near-infrared to visible translator, its availability (or lack
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thereof) is not a fundamental obstacle: a two-way, time-division architecture can be
constructed using the same device, which allows performance characterization within the
originating (near-infrared) band. We also believe that significant opportunity remains in
further investigations that include multiple-pump parametric architectures and dual
ZDW-PCFs tailored for nondegenerate FPM coupling. However, a significant challenge
in quantifying the impact of spatial dispersion and polarization fluctuations in the PCF on

the performance of the translator system is recognized.

4.5 Phase modulation translation from NIR to visible band

Phase modulation, in comparison to the amplitude modulation, has an increased

detection sensitivity'*

, which is an important attribute for communication link operation,
under variable environmental disturbances, in e.g. submarine communication links. More
importantly, the ability to modulate and detect phase information is critical in coherent
spectroscopic applications. As an example, in interferometric coherent anti-Stokes
Raman scattering (CARS) microscopy, a phase controllable anti-Stokes local oscillator is
used for elimination of the nonresonant backgroundm, 2 On the other hand, Distant-
band translation, due to the large frequency shift, is very sensitive to PCF dispersion
fluctuation and phase noise from the pump or signal, hindering a high-fidelity phase
translation process. In this section, we demonstrate an error-free parametric phase

translation of 1Gbps pseudo-random bit sequence (PRBS) pattern from 1575 nm signal to

518 nm idler in a dual zero dispersion wavelength (ZDWL) PCF'%.
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Figure 84 Experimental setup. Ap: pump transmitter; As: signal transmitter; PM — phase
modulator; PG — pattern generator; C: collimator; P1 — polarizer; T1-T2: telescope system; M1 —
M6: mirrors; W1-W2: half-waveplates; FM — flip mirror; BS1: 90/10 beam splitter; MO1-MO2 —

microscopic objectives; D1-D2 — detectors; R1-R2: receivers; F: filter; S: oscilloscope; OSA: optical

spectrum analyzer.

Figure 84 shows the experimental setup. A narrow linewidth (~500 kHz) semi-
conductor laser with 1.4 W maximum output power and a tuning range from 768 nm to
787 nm was used as a pump. After passing through the polarization tuning and beam
shaping optics (W2 to T2), the pump beam was reflected by a dichroic beam combiner
M2 and coupled into the PCF by a high numerical aperture (NA) (40x) microscopic
objective MO1. A 90/10 tap (BS1) was installed in the pump arm to monitor both the
pump power level and the back-reflecting Brillouin scattering from the PCF. For the

signal arm, the signal transmitter was constructed of an L-band tunable laser, an external
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phase modulator, and a high power erbium doped fiber amplifier (EDFA). The modulated
signal beam was sent through a free space polarization controller (P1 and W1) in order to
facilitate the signal and the pump polarization alignment. Finally, the telescope system
(T1) was used to adapt the beam size to the coupling-in objective MO1. The quality of
the phase modulation on the signal was monitored by a flip-mirror (FM) before coupling
into the PCF: With the FM flipped up, the signal was diverted to a 1550 nm one-bit delay
Michelson interferometer; whereas the signal path was unaffected and overlapped with
the pump beam into the PCF, with the FM flipped down. The fiber under test was
inserted between the two objectives MO1 and MO2. Specifically, a 12-meter coil and a 5-
meter coil were used in this experiment. Figure 85 shows the transverse structure of the
PCF coils measured with scanning electron microscope (SEM). The measured period and
air-hole diameters were 1.3um and 0.685um, respectively. The innermost ring layer
contains two opposite air holes that are 20% larger than other air holes, making the fiber
polarization maintaining. The accuracy of the SEM measurements was 5%. The fiber has
a parabolic dispersion profile, with two zero dispersion wavelengths at 75015 nm and
1250425 nm. The maximum dispersion was estimated to be 70 ps/km/nm at 1001 nm.
The measured nonlinearity coefficient and birefringence of the fiber at 780nm were
70/W/km and 3x10™*, respectively. The fiber was a commercial PCF, originally designed
for supercontinuum generation at 800 nm range with a relatively low loss (~80 dB/km) at
780 nm. The PCF, however, exhibited high loss at both 1550 nm and 500 nm range,
estimated to be in the order of 1000 dB/km and 400 dB/km, respectively. A previous

work detailed the impact of PCF loss on the conversion efficiencies> . Further more, the
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fiber was estimated to have a cut-off wavelength at about 600nm. The fiber was, thus, far

from optimized for the purpose of the intended translation experiments .
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Figure 85 Transverse structure of the PCF used in the experiment. The core, formed by

missing one air hole in the center, is about 1.8pm diameter.

The power coupled into the fiber core was discussed earlier in section4.1. The
coupling throughout the experiment was optimized for the pump, which, consequently,
compromised the coupling efficiency for the signal wave. At the output of the PCF pump,
signal and idler were collimated by a high NA objective (MO2). A 3-millimeter thick
bandpass filter (F) in the visible range was used to block both the pump and signal at the
output. The separated idler was finally directed to a spectrometer or a visible photo-
detector block, which contained a visible one-bit delay Michelson receiver R2 (shown in
Figure 84) that was used to receive and decode the idler DPSK stream, converting the
phase encoded information into intensity modulation. The decoded waveform was finally
sampled using a digital oscilloscope and/or received by the analyzer section of the bit-

error-ratio tester (BERT) to verify error-free translation performance.
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The signal beam was phase-modulated with a short word pattern, or 2** long non-
return-to-zero (NRZ) pseudo-random bit sequence (PRBS) at 1Gbps. A 5-meter coil was
chosen for the phase translation experiment, for its high SBS threshold and less overall
loss (see section 4.6.1). The pump was positioned at 779.6 nm and the signal at 1575 nm
for the best phase matching. 174 mW (22.4 dBm) of pump and 120mW (20.7dBm) of
signal were coupled into the PCF and generated 35 uW (-14.55 dBm) idler at 518 nm.
Considerable radiative loss, in the form of green luminescence along the entire PCF
length, was observed. We note that this observation was to be expected from the high
PCF loss in the visible band. Consequently significantly more idler-power generation
should in principle be possible by reducing the fiber loss in the visible region. The idler
power was then kept constant at -14dBm in the subsequent experiments. The DPSK data
transmitted on the signal wave were translated to the visible idler and the performance of
the DPSK translation was then measured. At first, three short binary-phase word patterns
were imprinted onto the signal, and were recovered at the idler band, as shown in Figure
86. The interferometer was biased to introduce a m phase shift, which caused the output
intensity pattern to be inverted relative to the originally transmitted sequence. A simple
micrometer adjustment provided the non-inverted receiver output. The signal was then
phase coded with a long PRBS pattern. The received pattern in the visible idler band was
decoded by the R1 receiver block, compared with the original pattern and the bit error

rate (BER) was measured. The idler power incident
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Figure 86 Received visible channel at 518 nm with 1575 nm signal phase coded by data

pattern a) 1000 b) 1000 0000 c) 1100. Time scale: 2 ns/div

into the receiver was altered by tuning the neutral density filter in front of the
receiver, which enabled the variation of the signal-to-noise (SNR) in the BER
measurement. Figure 87 shows the received eye diagram and measured BER in subplots
(a) and (b), respectively. With the received idler power of -19 dBm, the error-free
performance was achieved. Finally, the BER contour plot of the eye diagram indicating
the performance margin was measured, as shown in Figure 87(c). The BER contour plot
indicates transient instabilities in the system performance over the five minutes’ interval
in which the performance was measured. The instability is attributed to the pump power
fluctuation, in addition to the phase bias instability of the R1 receiver, both of which

degraded the contrast between the decoded marks and zeros. A more stable pump, as well
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as the setup integration into a compact package would undoubtedly increase the stability
of the translation process. It is also worth noticing that a single-port Michelson

interferometer receiver introduced an additional 3dB of loss; higher detection sensitivity
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Figure 87 a) Measured eye diagram for the translated 1Gbps phase coded signal. Time scale:

200 ps/div; b) measured BER curve c) BER contour plot of the eye diagram
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can be achieved by changing the receiver into a two-port Michelson or Mach-Zehnder
configurations.

In conclusion, a translation of Gbps phase modulated signal from the conventional
fiber-optic communication window (1550nm) to the visible band with error-free
performance was demonstrated. -14.55 dBm of visible power was generated by a
parametric mixing of 22.4 dBm of input pump power and 20.8 dBm of input signal, in a
5-meter PCF fiber designed for supercontinuum generation around the 800nm, with
excessive (1000 dB/km) loss in the visible and the 1550 nm bands. Distinct phase
matching contours were measured for the two principle axes, as a consequence of the
asymmetric PCF transverse structure. The low SBS threshold in the PCF was identified to
be the major limitation on the system performance, restricting the pump power coupling
into the PCF and introducing both phase and intensity noise to the translation process.
The SBS threshold was also found to be highly polarization dependent. A spectrally-
broadened pump would certainly allow the coupling of more pump power increasing the
attainable idler power. However, this, in turn, would also introduce additional phase noise
to the translation process. A simple solution is seen in a counter-phased two-pump
architecture, which combines the spectrally broadened pumps and narrow idler
generation. The distant band phase-preserving translation from the communication to the
visible band opens a new way for high capacity submarine communications and advanced
visible spectroscopy techniques. Due to the spectral-invariant nature of the parametric
process, the same technology could be applied to other spectral bands, such as the short-

wavelength infrared (SWIR) and the mid-infrared (MIR) windows.
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4.6 Characterization of Parametric Translation in PCF

In previous sections, parametric translation of over 400THz from 1550 nm band
to visible band was described. Due to the coherent nature of the parametric process, the
amplitude and phase coding was translated from telecom band to idler band in error-free
manner, demonstrating a new transmitter technology in the visible band. However, the
translation efficiency is low in the aforementioned experiments — the maximum power
that has been reported is tens of microwatts, which corresponds to a conversion efficiency
of ~0.03%. One reason of such low efficiency is the high loss of the PCF used. However,
further testing regarding parametric generation in PCF are required in order to understand
the system’s behavior and find out the impairment mechanisms in order to enhance the
performance by addressing the issues by either better system architecture or improved
PCF structure design.

During the experiments, other than the significant fiber loss, four major
impairment mechanisms were observed and quantified: Stimulated Brillouin Scattering
(SBS), multimode guiding at short wavelength, the polarization decoupling among the
interacting waves and the dispersion fluctuations, each of which will be studied in detail
in the following subsections. Techniques to address each of the impairment mechanisms

are discussed and implemented.

4.6.1 SBS in PCF

At first set of the experiments shown in section 4.3 indicated a sub-500mW SBS
threshold in all launching conditions (fiber length >5 meters), imposing a hard limit on

the overall conversion efficiency of the system. In this section we conduct a set of
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experiments to examine the SBS properties on a 12-meter and a 5-meter PCF coils. The
power transmission curve was measured with different input polarization states and the
back-reflecting spectrum was monitored at all times. Since all the PCF used in our work
has similar dimensions, their SBS properties are similar.

Due to the high PCF birefringence, the SBS threshold was observed to be
highly polarization dependent during the experiment. Figure 88 shows the measured
results for the 12-meter PCF coil. Figure 88a shows the measured power transmission
curve, indicating the SBS threshold of 105 mW on the principal axes, and that of 210
mW, when the input pump polarization is rotated at 45° with respect to the principal axis.
The 3dB difference between the two polarization states agrees well with previously
reported results'** and was previously predicted in'*. The SBS threshold for an arbitrary
input polarization state was experimentally corroborated to be confined to the 105 -
210mW range, defined by the afore-mentioned two limiting cases. In Figure 88b, the
reflected and the transmitted pump powers are shown, in agreement with the measured
threshold shown in Figure 88a. As expected, at the onset of the SBS threshold, a sharp
increase in the reflected power is observed at the fiber input. A typical back-reflected
spectrum obtained with a 780.2nm pump is shown in Figure 88c. The pump power
equaled 200mW and its polarization was aligned to one of the principle axes. A 20GHz
downshifted Brillouin peak was observed to be 5dB higher than the Rayleigh back
scattering, indicating an onset of an efficient SBS process in the PCF.

26

The Brillouin threshold can be estimated by a simple expression™:

gL

g Ay ~21 (76)
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in which gg ~5x10"" m/W is the Brillouin gain coefficient, Py, is the SBS
threshold, Les is the effective fiber length, and Aqg ~2.5 umz is the effective mode area at
780 nm. The expression results in the SBS threshold of 111 mW in a 12-meter coil (loss
adjusted), in excellent agreement with the experimental measurements. The measured
Brillouin threshold for short (5- meter) coil showed similar behavior to the 12-meter coil
with increased threshold value of 250mW on principle axes and 500mW at the
polarization state 45° to the principle axes.

The onset of SBS greatly degrades the integrity of the translated modulation. In
order to prevent the SBS in the PCF, the input pump power has to be maintained well
below the SBS threshold. We studied the effect of SBS on the translation process by
translating 1 Gbps intensity-modulated signal from 1575nm to 518nm by placing the
pump at 779.6nm. It was found that for an input pump power as low as 74mW, aligned
along the principle axis P1, the Brillouin impairment imposed on the translated idler (in
the 12-meter coil) was non-negligible. Figure 89a shows the resulting translated intensity
modulated pattern of the idler. Figure 89b shows the same waveform averaged by
collecting 32 sampled traces. As demonstrated in Figure 89, the Brillouin effect resulted
in a massive loss of the signal integrity. Consequently, the phase translation experiments
were conducted using a short (5-meter) coil to operate far from the Brillouin induced
impairment regime. Even though the SBS threshold for the 5-meter coil was at 250mW,
the incident pump power was limited to 174mW in order to maintain sufficient

guardband, and obtain impairment-free translated phase information on the idler.
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Figure 88. a) Power transmission curve for the cases when the pump input polarization is
aligned with the principle axes (open markers) and rotated at 45° to the principle axes (solid
markers); Incident pump power refers to the power that is coupled into the PCF input end; b)
Measured reflected and transmitted power when the pump is aligned on the principle axes; c¢) Back-
reflecting spectrum of 780.2nm pump at SOmW input power level (black curve) and at 200mW input

power level (gray curve) and input polarization aligned to the principle axes.
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b)

Figure 89 a) Translated 1Gbps amplitude shift keying signal with SBS onset b) the identical

waveform recorded by time-averaging. Time scale: 2ns/div

Although the experiment described above implies that crossed pump polarization
(45° with respect to the principle axis) allowed for higher SBS threshold, it was avoided
due to the large birefringence difference between the pump and signal wavelength. If not
aligned with the principle axes, the pump and the signal will experience different
polarization evolution in the fiber, reducing the electrical field coupling between the two
waves and resulting in an inefficient four-wave mixing process, which is discussed in
detail in the following sub-section.

SBS could be alleviated through many ways, including temperature control of the

031 In our experiments, dithering the pump phase is

fiber'*® and pump dithering
relatively easier. The diode pump we used, if operated at the longer wavelength side (

>780nm), the cavity of which could be misaligned by offsetting the cavity mode and the
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grating transmission peak, which will broaden the output laser linedwidth above 1GHz.
Using this linewidth broadened pump, the SBS could be effectively suppressed and more
power could be coupled into the PCF. For example, we were managed to couple
~300mW pump into a 20-meter PCF, which boosted the idler (visible) power several tens
of times.

The pump and signal are placed at 780 nm and 1575 nm, respectively, with
maximum 270mW pump power and 200mW signal power coupled into the fiber. We first
fix signal at 200 mW and vary the input pump power, the generated idler power is shown

in Figure 90.
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Figure 90 Measured (520nm) idler power with varying pump input. The signal power is

fixed at 240mW. An exponential tendency was measured.

Figure 90 shows an exponential growth of idler power as the pump power is
increased. When the pump power is maximized at 270mW, maximum of 800uW idler
power was achieved, corresponding a conversion efficiency of 0.4%. This measured

value is at least 13dB higher than previously reported results. However, the conversion
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efficiency is still low, indicating other impairment mechanisms other than SBS also

impacts significantly on the parametric process.

4.6.2 Polarization decoupling

The experiments demonstrated that PCF shows very different birefringent
properties at pump, signal and idler wavelengths . As an example, for a PCF structure
shown in Figure 91a, the mode field diameter (MFD) measurements showed that the 500
nm idler wave was well confined in the PCF core and therefore experiences nearly
isotropic structure, suffering very little shape-induced birefringence. The 780 nm pump,
however, has larger MFD and the mode edge experiences nearly two PM holes and
suffers considerable shape induced birefringence. The 1550 nm wave had the largest
MFD, and penetrates into more air-hole layers than the 780nm wave. Since the cladding
structure is symmetric, the birefringence at 1550nm ought to be smaller than the 780nm
wave. Moreover, since PCF transverse structure generally suffers severe longitudinal
variation, the pump, signal and idler waves could also experience different PCF structural
configuration during propagation, and, thus, exhibits different polarization evolution
along the fiber, shown in Figure 91b. As a consequence, the polarization coupling
between the pump and signal may vary with propagation, thus significantly reducing the
four-wave mixing efficiency. Therefore, a careful study of the polarization properties of
the PCF in the vicinity of 780 nm, 1550 nm and 500 nm range was warranted in order to
optimize the conversion efficiency, or, equivalently, to maximize the received power in

the idler band.
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Figure 91 Illustration of a) MFD and b) polarization evolution of pump, signal and idler

waves in PCF. Different MFD results in diverse polarization evolution of the three waves.

In first set of experiments only, the signal arm was active. We tested two
representative fibers, namely, PCF B and C specified in subsection 4.6.4, which are 5-
meter and 10-meter long respectively. As noticed earlier, PCF B is PM fiber containing
two PM holes in the inner ring layer while PCF C were intended to be uniform, that is,
polarization isotropic. We performed two sets of measurements on each fiber. In the first
set of measurements, the differential group delays (DGD) at 780nm and 1550nm were
measured and birefringence value were subsequently derived for pump and signal
respectively. In the second set of experiments the degree of linear polarization was
measured for the pump and the signal beams at both the input and output of the PCF in
order to measure the polarization extinction of the fiber. The output from the pump laser
was s-polarized and characterized with a 30dB polarization extinction ratio (PER),

whereas the signal had 40dB PER. The degree of linear polarization after the PCF coil
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was measured, after the output objective MO2, followed by a polarization analyzer. The

setup is shown in Figure 92'%.

PCF
Polarizer Analyzer
Tunable Optical

laser power meter

Figure 92 Setup for the fixed analyzer PMD measurement.

Measurements were firstly performed on PCF C with uniform structures. PMD

measurements on DGD at both 780nm and 1550nm are shown in Figure 93a and Figure

93b, respectively. According to'*, the mean DGD <r> of the tested fiber can be

determined by extrema counting from'**:

kN A, A

_ e”“start” “stop
<T>A - 2(1 ﬂ/smrt )C (77)

stop

where Agop and Agare are the ends of the wavelength sweep in meters, N, represents
the number of transmission extrema (peaks and valleys) that occur across the scan, and ¢
is the speed of light. The unitless factor k£ is the mode-coupling factor that statistically
accounts for the effects of the wavelength dependence of the principal states of
polarization, generally between 0.6 and 1.

— (Ne - l)k/,i’ﬁrst extremaﬂ’
24

last extrema (7 8)
last extrema /I

or alternatively, <2'> .
‘first extrema )C




166

50
40

20 4

t=v]
Power (mW) ~

10 4

0 1 ) )
768 773 778 783
Wavelength (nm)

Power(mW)
PN = SN

1588 1590 1592 1594 1596 1598 1600 1602
Wavelength(nm)

Figure 93 PMD measurement response for a) 780nm and b) 1550nm

The measurements showed that for the 10-meter PCF C, the DGD at 780nm is
1.4ps/10m while the DGD is 8.6ps/10m at 1550nm range, which results in the
birefringence value to be 4.2x107 and 2.6x10™ at 780nm range and 1550nm range,
respectively, indicating a strong birefringence at signal and relatively weaker
birefringence at pump. The measurements also indicate that PCF C is far from uniform
structure — the imperfect manufacturing process results in strong birefringence, as pointed

out in the chapter 2.
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Figure 94 PER measurements for a) pump and b) signal, respectively. The results show that
PER at signal wavelength is larger than that at pump wavelength, agreeing with the PMD

measurements.

In the next set measurements, the polarization extinction ratio of PCF C was
measured, the results of which are shown in Figure 94a and b, respectively. Figure 94
shows the measured degree of linear polarization for both the pump and the signal as
their input polarization was varied, indicating the PCF having 14.5dB PER at pump
wavelength and 30dB PER at signal wavelength. The measured results show that the fiber
having high birefringence at 1550 nm and relatively low birefringence at 780 nm range
and the principal axes for these two wavelengths almost overlap. Similar measurements

were also done in the visible region by a 532nm source followed by a polarizer. The
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measured PER curve, however, was degraded to less than 2dB (in the best case), and was
characterized with poor contrast, suggesting a random birefringent nature of the PCF in
the visible region. This result is easily understood as the 500-nm wave has a much
smaller MFD and thus experiences significantly less shape-induced birefringence than the
780-nm and 1550-nm waves. The weak birefringence at 500-nm region implies non-
perfect coupling among pump, signal and idler waves, resulting in considerably reduced
conversion efficiency. A fiber optimized for parametric process therefore should maintain
large birefringence at all three wavelengths.

We then performed the same measurements on a 5-meter PCF B. The measured
birefringence value at 780 nm is 4x10 while the birefringence value becomes 8x107 at
1550 nm range, indicating a strong birefringent property at both pump and signal. Figure
95a shows the measured degree of linear polarization for both the pump and the signal as
their input polarization was varied. The pump, launched with 30dB PER, was received
with 28dB PER at the output, while the signal, which started with 40 dB PER, ended up
with 22dB PER at the output of the PCF. The measured results show that the fiber
maintains high birefringence at 1550 nm and that the principle axes at 1550 nm signal
maintains the overlap with the principle axes of the 780 nm pump. Identical
measurements were also done in the visible region by a 532nm source followed by a
polarizer. The measured PER curve, however, was degraded to less than 5dB (in the best
case), and was characterized with poor contrast, suggesting a random birefringent nature

of the PCF in the visible region.
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Figure 95. a) Measured degree of linear polarization at the output of the PCF for both the
780 nm and 1550 nm waves. b) Measured idler power (518 nm) when the signal (1575nm) input
polarization is aligned to the P1 axis, and tuning the pump (780nm) input polarization; c) Measured
idler power (518 nm) when the pump input polarization is aligned to the P1 axis, while the signal

input polarization is varied.

A fiber optimized for parametric process therefore should maintain large
birefringence at all three wavelengths. Figure 95b shows the measured visible idler power

as the input polarization of the signal was held constant, and aligned with the principle
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axis P1, while tuning the pump input polarization. Figure 95c illustrates the situation with
the reversed roles: pump input polarization was held constant and aligned with P1 axis
whilst the signal input polarization was rotated. In both cases, the pump and the signal
were at 779.6 nm and 1575 nm, respectively. 174mW (22.4dBm) of pump and 120mW
(20.7dBm) of signal were coupled into the PCF.

As expected, the most efficient generation of the visible idler was observed when
the input polarization of both the pump and the signal were aligned along the same
principal axis; in this case the two waves are phase-matched, maximizing the efficiency
of the parametric process. On the other hand, in the case when the pump and the signal
input polarizations are both aligned with the other principle axis, although still at the
same wavelengths, the two waves do not mix efficiently resulting in no detectable idler
power.

It is clear that polarization decoupling serves as one of the major impairment
mechanisms, decreasing the parametric efficiency. This issue could be addressed by new
PCF structure design, which renders high birefringence and therefore polarization

maintaining across the optical spectrum, the details of which will be discussed in chapter

5.

4.6.3 Multimode guiding

As discussed in Chapter 3, PCF has the ability to guide light in single mode across
broad optical spectrum. Indeed, during the experiments we observed that 1550nm signal
and 780nm pump were guided in single mode in most PCFs, provided the input light is in

Gaussian mode and the coupling plane is not tilted. However, we also observed that
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500nm wave was guided in high order core modes or even cladding modes. There are two
reasons of such guiding property at 500 nm band. First, the 500 nm wave is weakly
guided in the core and easy to leak out of the core. Second, the cladding could also
effectively guide this short wavelength due to the relatively large air-hole separation and
large index contrast between the glass wire and air holes, as explained in Chapter 3. The
guidance of short wavelength light is further complicated by the surface quality of the air-
hole rings — a rough surface easily excites unwanted cladding modes. The guiding
property across the optical spectrum could be studied by calculating the effective V
number using the EIM mode, as shown in Chapter 3. Another useful method is to

148

calculate (or measure) the cutoff length of PCF ™. Figure 96 is particularly instructive,

showing the normalized guiding metrics'*’

. In the plot, x-axis is the air-filling ratio of a
PCF while y-axis stands for the cutoff wavelength normalized to the period value.

Wavelength region below the solid red curve is the single-mode guiding region and that

above indicates the multi-mode guiding region.
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Figure 96 Guiding metrics of PCF
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From Figure 96, we read that for a PCF with air-filling ratio 0.6 (d/A), the cutoff
wavelength is ~0.6A while the cutoff wavelength decreases to 0.25A for a 0.5 air-filling
ratio structure (d/A). The PCFs used in our experiments had air-filling ratio between 0.5
and 0.6 and the period value between lum and 1.4pm. As an example, PCF C in
subsection 4.5 possess period 1.2um and air-filling ratio 0.6, whose cutoff wavelength is
about 780nm, indicating that both pump and idler could be guided in high-order mode.
Indeed, we observed a second-order Hermite-Gaussian mode at pump wavelength when
the coupling angle is oblique, shown in Figure 97. The transverse mode of 500 nm wave
is more complicated, as shown in Figure 98. The effect can be explained by assuming
that the outer six spots are the Fresnel pattern of the cladding mode, indicating that a
large portion of the energy is not guided in the core. This is verified by observing the near
field pattern of the transverse mode, which shows guided modes at the intersections of
every three neighboring air-holes. These guided modes have certain phase relationship
with each other. As we defocus the camera, we can observe the development of these
modes and at some certain position the interference effect of these modes forms the outer
6 spots shown in Figure 98. As we defocus more, these 6 spots diverge quickly.

It is then important to measure the portion of light that is guided in single mode in
the core, which really participated in the FWM process. A grating could be used to
separate fundamental mode from high order core mode or cladding, the mechanism of

which is shown in Figure 99and Figure 100.
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Figure 97 Near-field image reveals that PCF with A=1.2p and d/A=0.6 can guide 780nm

pump at second order transverse mode.

Figure 98 Near-field image of the transverse mode at 500 nm with the same fiber in figure

33.
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Figure 99 Grating schematics

When a plane wave incidents onto a grating with angle a, the grating equation has

the following form:
nA=d(sin f—sina) (79)
On the other hand, a second order light could be view as two plane waves
propagating with a small angle 2Aa (see Figure 100) to each other. After diffracted by
the grating, the angle between these two plane waves become AB. When designed
properly, AP becomes large, which helps separate the aforementioned two plane waves

that forms second order mode (see Figure 100). In the same way, the grating could

separate higher order mode from fundamental mode.
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Figure 100 A grating helps separate high-order mode from fundamental mode. FM:

fundamental mode; HOM: high order mode

In Figure 100, FM stands for fundamental mode while HOM means high-order

mode. From (79), one can derive that

dp _cosa
da cos
/ (80)
dp cosa
4P _

da  \—(sina+ni/dy

(80) shows that by choosing incidence angle o, the grating parameter d and
diffraction order properly one can obtain large ‘angular magnification’ such that the
fundamental mode could be easily separated from the high-order modes. A set of
calculations is shown in Figure 101a, in which n =1, that is, the first diffraction order is to
be observed. We vary the grating parameter and showed that in all case, the angular
magnification is significant once the incident angle approaches a certain value (graze
incidence). In Figure 101b, we fix the grating parameter at 2um and found that 2™

diffraction order light was needed in this case to observe 500nm wave. Using the above-
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mentioned method, we measured that only 10-20% of 500 nm wave was in fundamental
mode at the output of a 20-meter fiber generally.
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Figure 101 Two sets of calculations show that by property set the incidental condition and

the grating, separation of fundamental mode and high-order mode could be achieved.

The impact of multimodal guiding was then estimated by defining the coupling
length as the length over which 10% of the power transferred from fundamental mode to
high order modes. Using the coupled-mode equation stated in Chapter 2, we calculated
the idler power evolution in PCF with various coupling length, shown in Figure 102
(pump power 250mW; signal power 200mW), indicating that idler generation becomes

very inefficient as the coupling length becomes small. We estimated that the coupling
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length is between 2-4 meters, resulting greatly reduced FWM efficiency comparing with

the ideal case (all the light are in fundamental mode)
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Figure 102 Impact of multi-mode guiding on the idler generation at various coupling lengths.

Multi-mode guiding is a server issue and not easy to be addressed. Straightening
of the fiber could alleviate this issue to some extent. Figure 96 indicates that by selecting
lower air-filling ratio, it is possible to render better guiding conditions. However,
decreasing the air-filling ratio also means weaker waveguiding and therefore may result
in undesirable dispersion response. We will discuss this issue further in chapter 5, where

PCF design is studied in detail.

4.6.4 Dispersion fluctuation

Longitudinal dispersion fluctuations is generally considered as major impairment
mechanisms in fiber parametric systems. In Chapter 2, we have discussed the impact of

dispersion fluctuation on the two-pump parametric system, in which a four-sideband
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model was established to predict the details of dispersion fluctuation effect. In this
section, we will study the dispersion fluctuation in the telecom-to-visible translation
parametric system both experimentally and theoretically. We first tested two PCF coils
with various loss and dispersion condition (see Table 2). A set of cutback measurements
was conducted and longitudinal structure variation induced dispersion fluctuation was

identified to be one major impairment mechanism in the PCF parametric generation.

4.6.4.1 Experiments

The experimental setup is similar to that already described in sections 4.1-4.6 .
Two PCF coils were marked with PCF B and C. Transverse structures of the two coils of
PCF were shown in Figure 103a and b, respectively. Both coils contain small core
surrounded by a triangular pattern of air holes. PCF B constitutes 10 ring layers with
period equaling 1.35um and air-filling ratio at 0.53. PCF C, on the other hand, has 14
ring layers with 1.2um period and air-filling ratio 0.6. The structure parameters were
measured with scanning electron microscope and maintain 3-5% measurement errors.
PCF B have the loss condition as the following: 800 nm region: 100dB/km; 1550 nm
region: 250dB/km; 500 nm region: 200dB/km. PCF C has improved loss condition as the
loss in the above regions are 85dB/km, 100dB/km and 100dB/km, respectively. The
improved loss condition for PCF C is due to the increased ring layers, offering better
confinement of optical mode. PCF C has uniform structure while PCF B has two opposite
air holes in the innermost ring layer that is 20% larger than other air-holes, leading to

high birefringence of this fiber.
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Figure 103 SEM image of the three PCF coils: a) PCF A b) PCF B ¢) PCF C tested in the

experiments.
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Table 3 Loss information of three tested PCF coils

PCF Loss(dB/km)
coil 800 nm 1550 500nm
nm
Coil B 250 ~100 200
Coil C <150 =70 <100

Original PCF B draw was 40 meter long. After measuring the idler power
spectrum in the 40-meter fiber by tuning the pump from 779.5 to 785.5 nm, the fiber was
cut to 35 meters, 30 meters, 20 meters and 10 meters step by step. During the cutback,
one end of PCF was always fixed at the coupling-in setup while the cutback is done at the
output end of the PCF to ensure that the input condition was not changed significantly
during the cutback. At each length, the power spectrum measurement was then repeated.
Throughout the experiment, the pump power was fixed at 250mW and the signal at
200mW. The measured results are shown in Figure 104. Two observations are important.
Firstly, at all fiber lengths, the measured power spectrum is not continuous but shows fast
oscillation features, an indication of quasi-phase matching instead of true phase matching
behavior. Secondly, although the idler generation generally decreases as the fiber is cut
shorter, the idler power shows saturation at the last 20-meter section — this saturation is
particularly prominent at below 10 meters. Since we did not observe any pump or signal
depletion throughout the experiment, this saturation behavior cannot be from the pump
depletion process. The above two observations lead to the speculation that the dispersive
fluctuation was significant in tested PCF samples. To test these assumptions, we

performed the power spectrum measurements repeatedly with the final 10-meter section.
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Subsequently, this 10-meter section was cut into two 5-meter sections and we repeated
the same measurements on these two 5-meter sections as well, the results of which are

shown in Figure 105.
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Figure 104 Cutback measurement results.
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Figure 105 Cutback measurements of the last 10-meter section.

Besides the fact that the oscillating feature is observed repeatedly, Figure 105 also

shows a surprising result that a 5-meter subsection, marked as green curve in the Figure
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105, generates almost the same power as the 10-meter section does. On the other hand,
for the other 5-meter section, marked as red curve, the generated idler was reduced by
3dB comparing to the previous 5-meter section under the same experimental conditions.
The measurement confirmed that the dispersion fluctuation introduced by longitudinal
fiber variation is a major impairment mechanism. To eliminate the possibility that PCF B
is an exceptionally non-uniform fiber, we also tested another fiber coil PCF C. PCF C
was originally 40-meter long as well and cut to a 30-meter and a 10-meter section. We
repeated the above power spectrum measurements to these two sections. The result is
shown in Figure 106. The same features were observed again — the 10-meter section
almost generates the same power as the 30-meter section does. However, the 30-meter
power measurement exhibited considerably larger continuity than that of the 10-meter
section, attributed to the fact that the dispersion fluctuation impact is averaged over the

longer section, resulting in a smoother tuning feature.
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Figure 106 Power spectrum measurements for two-sections of a same PCF coil.

We have also performed SEM scanning of the cross-sections for all sections and

observed no significant transverse structure variation. Considering the measurement
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accuracy is only 3-5%, the global longitudinal variation ought to be below 3%, agreeing

with the reported 1% PCF manufacturing precision”’.

4.6.4.2 Theoretical analysis and simulations

Simulation of the impact of dispersion fluctuation on the parametric generation in
PCF has been previously studied based on an effective index model, which states that for
a 0.02% core size variation over a 2-meter correlation length, the efficiency for a 100THz
frequency shift parametric generation is 40dB lower than that of a ~0THz shift parametric
generation'*’. In the above experiments, parametric translation frequency shift is close to
200THz, therefore should suffer severely from the dispersion fluctuation. A simple

estimation could be performed based on effective index model, detailed as follows.

We define a normalized frequency as V =2—7Za, where A and a are the optical

wavelength and PCF core diameter, respectively. The phase mismatch number could be

written as:
AB=p.+pB-2p, (81)

where Bj (j = p, s, 1) is the propagation constant of the pump, the signal and the

idler. Taylor expansion of (81) can then be written as:

,BjAaH% BPAD” + % B Ao +§ PPN +---=0 (82)
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As explained in previous sections, dispersion fluctuation introduces random
parametric phase shift and destroys the designed phase matching condition. To study this
effect, we define Jf as the phase mismatch number induced by the dispersion fluctuation
and interaction length /. as the effective interaction length over which the parametric

phase changed from in phase to out of phase, that is'"”',

Sl =x (83)

and

B=0p|,.,, -4, .
=AB,+AB~2AB,

in which AB; (j = p, s, 1) is the propagation constant changes due to the structural
variation (a—a+Aa) and has the following form:
Aﬂs = ﬂa+Aa _ﬂa

Ap Ag = AB AV Ag
Aa AV Aa

_ %(%J
AW

(85)

N

AB;i and AP, could be derived in the same way. Subsequently, the parametric

phase mismatch number 63 has the following form:

(7))
RPTS T

After simplification, the following could be derived:

aﬁ:%[(ygj

} (86)
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Aa
o =—Aor (8w, +287) (87)

Equation (87) is remarkable since it states that the longitudinal phase mismatch

. . . .. Aa . L
number is proportional to the structural variation —, is quadratic with respect to the
a

parametric frequency shift and depends on the global dispersion profile. Combining

equation (87) with equation (83) yields the following expression:

[ = z (88)

2800, +257 A0’

Generally, the pump is placed at anomalous dispersion region with small
dispersion values. Assuming a typical operation that Bp(z) is 1ps*/km and that Bp(3 ) equals

0.01ps’/km. Equation (88) can now be used to predict following conditions:

if Aa =1%, [, ~ 2 (centimeters)
a

: Aa :

if —=0.1%, [ ~20 (centimeters)
a

if Aa =0.01%, .~ 2 (meters)
a

This result agrees well with previously reported results and indicates that
parametric generation with large frequency shift poses high requirements on the fiber
longitudinal variations. Considering the present PCF manufacturing technology that
controls the manufacturing precision to about 1%, the interaction length of a typical PCF

is only several centimeters.
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Figure 107 Prediction of power evolution of pump, signal and idler in 40-meter PCF.

However, simulation in Figure 107 shows that to obtain significant conversion
efficiency, the PCF length has to be at least several meters long, which is much larger
than the interaction length /., resulting in reduced gain due to many cycles of random
parametric phase variation. Parametric process in PCF is then simulated by assuming a
longitudinal core variation Aa/a as 1% and the correlation length at 2 cm. The resulting
idler power is shown in Figure 108, showing the same oscillating feature as we have
observed in the experimental results, thus confirming that the longitudinal dispersion
variation is the main impairment mechanism responsible for reducing the parametric

efficiency.
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Figure 108 Idler power spectrum assuming a random longitudinal variation with da=1%

and correlation length 2cm.

Finally, we measured phase matching contours of the cutback sections in PCF B.
The measured results are show in Figure 109. The phase matching contours of the
different sections do overlap with each other, indicating that the correlation length of the
dispersion fluctuation period is much smaller than a meter, agreeing with the previous

prediction that the correlation length is centimeter scale.
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Figure 109 Measured phase matching contours of a S-meter, a 10-meter and a 20-meter
section of the same PCF coil B. The phase matching contours overlap with each other, indicating the

dispersion fluctuation period is much less than meter scale, agreeing with the cm-scale prediction.

In conclusion, we performed rigorous cutback measurements on two distinct coils
of PCF fibers and concluded that longitudinal structure variation induced severe
dispersion fluctuation. The latter is identified as a main impairment mechanism for
distant-band parametric translation in PCF. Theoretical analysis and numerical
simulations confirmed the assumption, introducing severe requirements on the
longitudinal precision of PCF manufacturing. The requirement can be alleviated by using
a strong pump that renders the usage of a shorter fiber, which in turn requires material

with high nonlinearity, such as, bismuth or chalcogenide.
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4.7 Temperature dependence of the parametric translation
process

The temperature dependence of the parametric translation process remains a large
practical consideration. It is clear that temperature variation introduces two effects:
firstly, the refractive indices of fused silica changes with temperature. Secondly, the
thermal expansion of fused silica changes the dimensions of the fiber, altering the
waveguide dispersion subsequently. The variation of dispersion will modify the phase
matching conditions of the parametric process and could potentially harm the parametric
translation efficiency.

152

Thermal expansion of fused silica obeys the following rule ™ :

% ~0.55x10° /K (89)

Where AL is the thermal expansion. For regular PCF with d~600nm and
A~1.4pm, the thermal expansion introduces less than 1 pm dimension variation per

Kelvin temperature change, which imposes negligible waveguide dispersion variation.
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Figure 110 Dependence of the average thermal coefficient of refractive index of fused silica
dn/dT on wavelength A
Thermal induced refractive index variation requires more complex consideration.
The dependence of the thermal coefficient of refractive index of fused silica on
wavelength was measured previously'™, shown in Figure 110. We fitted the
measurement with rational function, overlapped in the same plot with the measured data.

Recall that the phase matching condition could be written as:

AB=B,+B,-25,
22 e (90)
=3 @, )0)

Therefore, the impact of temperature variation on the phase matching could be

found as the following:

W& 2 AP @)
a2 oD
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Taking the second order term as an example, we have

A d*n(T,A)
27c? ' dA
4rc d*n(T,A)

o dA

B, =-

(92)

Therefore, the second order term in equation (91) renders the following result:

5 47zc dn(Ti)

Aw) =—(Aw
B, (Aw)' =—~(Aw)”- ’T) .
_ 4r c-(Aa))z‘dzn(T,/l) ©3)
@ @ dA
Based on Figure 110, we have the following results
d’ 11
at A =500nm, > (—) ~1.77x107;
dﬂ,
— an 2.
at A =800nm, d/lz ( ) 3.25x10° (94)
at A =1550nm,
Since
2
A9 jand ¥ < (95)
@ @

It is then clear that the second order dispersion contribution in equation (91) is a
very small number. Repeating the same analysis shows that contributions from other
terms (higher order dispersion contribution) are also very small, rendering the conclusion
that thermal induced refractive index variation will have negligible impact on phase

matching process either.
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To summarize, thermal effect neither changes waveguide dispersion nor the
material dispersion significantly. Therefore, thermal process will not hurt the phase

matching and the parametric translation.

4.8 Reverse translation: Visible to NIR Conversion

Previous work focused on translation from 1550nm range to visible range,
constructing a transmitter that leverages the telecom-band technologies to distant spectral
range. Similarly, the universal band translator is also capable of translating light back to
1550nm in order to take advantage of the EDFA and high-sensitivity receiver in
telecommunication band. In this section, we report on a visible-to-telecom band
parametric translation with a dual zero dispersion wavelength (ZDW) PCF. The
translated wavelength in telecom band was tuned by adjusting the pump wavelength.

In Figure 111, experimental setup for visible-to-NIR translation is illustrated. The
signal transmitter was fixed 532nm source with 80mW output power. A 50dB polarizer
was placed directly after the source, followed by a half-waveplate W1 to align the signal
polarization to one of the principal axis of the PCF. A telescope system was used to adapt
the signal beam size to the coupling-in objective MO1 and the PCF core size. The pump
laser was a high power semiconductor laser with a maximum output of 1.4Watts and
tuning range from 768nm to 786nm. The pump beam was passing through optics similar
to that of the signal arm and reflected by MO2, overlapping with the signal beam. A 10-
meter PCF coil was inserted in between the coupling-in and out objective MO1 and
MO2. During the experiment, 200mW of pump and 20mW of signal were coupled in the

PCF. The output beam consisting of pump, signal and telecom band idler were collimated
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in free space and passed through 1300nm bandpass pass filter. The idler wave was then

received by an optical spectrum analyzer

OSA
M1 / M2, .

Tl | T |
= =
Wl- W2-
PlEm P2Em
Signal Tx PumpTx
(532nm) (780nm)

7
Figure 111 Experimental setup. P1-P2: polarizer; W1-W2: half-waveplate; T1-T2: telescope

system; M1-M2: mirrors; MO1-MO2: microscopic objectives; F: filter; OSA: optical spectrum

analyzer.

Figure 112 shows the input signal spectrum with three peaks at 531.9nm,
532.08nm and 532.26nm respectively, representing three longitudinal cavity modes and
barely distinguished by a visible spectrometer (0.5nm resolution). Figure 113 shows a set
of translated telecom band idlers as the pump wavelength is tuned from 776.6nm to
780.1nm. The three peaks of signal, not very discernable with a visible spectrometer,
were translated into three discrete spectral lines in telecom band. A maximum of —21dBm
idler power was achieved by placing pump at 778.18nm, corresponding to —36dB signal-

to-idler conversion efficiency.
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Figure 112. Signal spectrum with 3 peaks at 531.9nm, 532.08nm and 532.26nm.
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Figure 113 Translated telecom -band idler at various pump wavelengths.
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4.9 Conclusion

In this chapter we preformed experimental demonstration and testing of the
telecom-to-visible translation. Record translation was performed on Gb/s amplitude and
phase modulated channel with error free performance. ImW continuous power at visible
range was obtained for the first time, 20 times higher than what has been reported to date.
We also indentified four major impairment mechanisms, namely, the polarization
dependent SBS, multi-mode guiding at short-wavelength range, polarization decoupling
of the interacting parametric waves and dispersion fluctuation, which have been both
experimentally characterized and theoretically modeled. The modeling agrees very well
with the experimental characterization. Solutions to the impairment mechanisms were
then proposed and will be discussed in detail in the following chapter. Finally, we
performed visible-to-telecom reverse translation experiment, demonstrating fully

reciprocity of the universal band translator concept.



Chapter 5 Silica PCF design

5.1 Introduction

This chapter is dedicated to fiber structure design that aims to address the
impairment mechanisms of parametric conversion. According to the discussion in
Chapter 4, major impairment mechanisms include polarization dependent SBS,
polarization decoupling, multimode guiding and dispersion fluctuations. The issue of
SBS could be solved by spectrally broadening the pump, which suppresses the SBS onset
by decreasing the power spectral density. Although this may introduce phase noise to the
translation process, the penalty would be negligible as long the as the broadened pump
linewidth is still much smaller than the transmission bandwidth. Dispersion fluctuation is
determined by the manufacturing process and inherent to fiber once a fiber is drawn. The
other two impairment mechanisms, namely, polarization decoupling and multimode
guiding could at least in principle be solved by a PCF design.

An initial guess of the three design parameters — PCF transverse period, air-filling
factor and PM hole size is required to start the calculating process. Among the three
parameters, the air-filling factor is the dominant one and ought to be determined first.
Choosing air-filling factor sets the intended guiding property of the PCF as desirable to
have pump, signal and idler in single mode propagation. Therefore, the cut-off
wavelength (as illustrated in Figure 96) of the designed PCF ought to be smaller than
500nm. Based on chosen air-filling factor, we then sweep the period values of the PCF
structure and obtain a set of corresponding dispersion profiles. Phase matching contours

are subsequently calculated for each dispersion profile. A proper design is finally
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identified if a suitable phase matching contour is obtained. Otherwise, we choose a period
that is closest to the target phase matching condition and continue sweeping of the PM
parameter with the air-filling ratio and the structure period fixed. PM holes not only
introduce birefringence, but also change dispersion. For each selected PM ratio, the
dispersion profile and corresponding phase matching condition are obtained. The search
process is terminated once a proper phase matching is obtained. Otherwise, we then
choose an optimal PM ratio and update the air-filling factor. The process is iterated until
a proper PCF structure in found. The flow-chart illustration of the design procedure in

illustrated in Figure 114.
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Figure 114 Flow chart illustrating the search procedure to find a proper PCF structure with
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5.2 PCF design for telecom-to-visible translation

In this section, the work is to find a PCF structure that aims to phase match
780nm pump, 1550nm signal and 500nm idler. The air-filling factor cannot be too large
(d/A >0.6) since otherwise the cutoff wavelength will be long, which renders the fiber
suffering from multi-mode operation. On the other hand, the air-filling factor is better not
to be too small so to suffer from weak waveguiding. The silica’s material ZDWL is at
~1300nm. However, in our case the pump wavelength is at 780nm. In order for the pump
to experience anomalous dispersion, the first ZDWL of the PCF has to be less than
780nm, which poses a strong waveguiding dispersion requirement on the PCF. Therefore,
the air-filling factor is better to be greater than 0.4. A first guess sets the d/A at 0.5. A
quick observation on Figure 96 shows that with d/A=0.5 and period value between 1 and
2um, the cut-off wavelength is approximately 450nm, satisfying our single-mode guiding
requirement. We then fix the air-filling factor and vary the period from 1.2 to 1.4um,
assuming an isotropic fiber (No PM holes). The dispersion profiles for each structure are
subsequently calculated, shown in Figure 115.

As expected (discussed in subsection 3.4 of chapter 3), varying the period does
not significantly shift the first ZDWL, which in all cases is above 800nm. However, the
1.4um-period structure has the leveraged dispersion profile at longer wavelength and is
closest to the previous design that phase-match the three waves (780nm, 1550nm,
500nm). We then vary the PM-hole size, the results of which are shown in Figure 116. It
is found out that increasing the PM-hole size shifts the dispersion profile towards the

shorter wavelength side, which benefits us in two aspects: it is possible to shift the first
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ZDWL below 780nm without significantly changing the second ZDWL, as varying air-
filling factor or period generally does; the fiber also becomes highly birefringent due to
the large structural asymmetry. The fiber could thus potentially be polarization
maintaining at all three wavelengths, which is desirable to alleviate the polarization
decoupling issue that is discussed in Chapter 4.

All the dispersion profiles are thereafter translated into a set of phase matching
contours. Comparison of different phase-matching contours results in an optimum
structure with d/A=0.5, A=1.4um and PM-hole d,=1.55d (d is the regular air-hole size),
whose dispersion profile is shown in Figure 117a. In Figure 117b, corresponding phase

matching contour is shown.
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Figure 115 Dispersion profiles of PCF with d/A=0.5 and various period values.
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Figure 117 a) optimum dispersion profile for telecom-to-visible band translation and b) the
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5.3 Discussion of structure variation

It is known that PCF structure variation impacts significantly on the phase
matching. To study this effect on the new design, we perturb each parameter (air-filling
factor, period and PM-hole size) by +£5% from the original design while fixing the other
two parameters and compare the resulting phase matching contour with the target phase
matching contour. In Figure 118, we show the structure with the period and air-filling
factor fixed at 1.4um and 0.5, respectively, but the PM-hole size is perturbed £5% from
the design. Figure 118a shows the complete phase-matching contours overlapped in one
plot. We then zoom in into 1510-1610nm region in Figure 118b. The simulations show
that the phase-matching contour is sensitive to the PM-hole size, and it is estimated that
1% of PM hole size change results in 1.5nm shift of the phase matching currve. It is
generally required that the pump laser has some tunability, and the wider the tunable
range, the more robust it is to the PM-hole size offset. Figure 118 also implies significant
phase-matching bandwidth: for a fixed pump wavelength, it is possible to phase match

the whole telecom band signals.
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Figure 118 Phase matching contour with fixed period = 1.4um and air-filling factor at 0.5

and various PM hole size
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We then fix the air-filling factor at 0.5 and PM-hole size d,=1.55d. The period is
then perturbed +5% around 1.4um, the results of which are shown in Figure 119. Again,
the subplot a shows the complete phase-matching contours and the zoom-in image at
~780nm pump region are overlapped in subplot b. Since changing the period does not
significantly change the dispersion profile at the short wavelength side but impact heavily
on the long wavelength range (see Chapter 3), the phase matching contours vary
drastically at the long wavelength range while changes less significantly at the short
wavelength side. Figure 119b indicates variation at the smaller period value is more
severe than the larger period case. Again, pump lasers with tunability will increase the

tolerance to the period offset.
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Figure 120 Phase matching contour with A=1.4pum, PM hole size d2=1.55d and altering air-

filling factor.

Lastly, we investigate the impact of the air-filling factor perturbation on the phase

matching contour. One can expect that the air-filling factor is the most sensitive in the
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transverse structure parameters because it significantly alters the dispersion profile in all
wavelength range (see chapter 3), and therefore the whole phase-matching contour is
supposed to scale up or down depending on whether the air-filling factor is increasing or
decreasing. The calculation is then done for fixed period at 1.4um and PM-hole size
d>=1.55d, but the air-filling factor is now perturbed 5% around the average value 0.5. The

results are shown in Figure 120a and b.

As expected, perturbation of air-filling factor has significant influence on the
resulting phase matching contour, which renders high requirements on the manufacturing
process that always introduces some manufacturing perturbation (~3%) on all fiber
parameters. The situation is further complicated by the fact that the variation is random
along the fiber length, which introduces dispersion fluctuation (discussed in chapter 4)
and significantly shifts the phase matching condition from section to section in fiber,

resulting in low conversion efficiency.

5.4 Experimental results on new fiber

The new design was sent for manufacturing and was tested thereafter. The
transverse structure of the new fibers were measured and shown in Figure 121. Two PM-
holes are prominent, indicating a strong asymmetrical structure. There were three coils

drawn, the fiber parameters of which are shown in Table 4.
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Figure 121 Typical structure of the newly-drawn fibers.

Table 4 Fiber parameters of the new-drawn fiber

Fiber coil A d/A d>/d
1 1.28 0.45 1.41
2 1.32 0.42 1.65
3 1.35 0.46 1.54

The measurements show that the parameters of the new fiber are far from the
original design and therefore do not satisfy the desired phase matching condition. Indeed,
when inserting a strong pump within 767-787 nm, no parametric generation (ASE peaks)
were observed, indicating no phase matching within this pump region. Further
measurements show that the multi-mode guiding and polarization decoupling are partially
addressed. For the multi-mode guiding issue, the grating method revealed that 40%-50%
(depending on fibers) of the energy was in fundamental mode for 500-nm wave, tripled
the value that is observed in the old fibers. Furthermore, the polarization extinction ratio

for the 500-nm was leveraged to 10-12dB, which could be considered as quasi-
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polarization maintaining. No translation experiment was performed due to the improper

phase matching condition.

5.5 Conclusion

In this chapter, we designed new fiber structure that pertains to proper phase
matching condition and partially addresses the impairment mechanisms. The impact of
structural variation to the phase-matching condition was studied as well. New fibers were
drawn; however, the offset of the fiber structure from the original design renders no
proper phase matching. However, measurements do show that the structure alleviates the
impairment mechanisms regarding the multi-mode guiding at short wavelength and the
polarization decoupling. Therefore, manufacturing PCF resembles our design is expected

to enhance the conversion efficiency.



Chapter 6 Chalcogenide PCF design

6.1 Introduction

In previous chapters, we studied telecom-to-telecom and telecom-to-visible band
translation (chapter 2) using silica HNLF and PCF. Located at the long wavelength side,
the middle wavelength infrared (MWIR) spanning from 3pum to 6um, in particular the
3.4um spectral line, is interesting to many applications. This spectral window overlaps
the atmosphere transportation window and is a desirable wavelength range for free-space
communication and sensing''. The vibrational energy level of most molecules lies within
this spectral range, making it important in molecular spectroscopy’. Aircrafts and
missiles have strong thermal signature in this window, and therefore it is desirable to
develop transmission, detection and sensing techniques in this range. However, the
problem here is similar to what we were facing in constructing underwater
communication system: there are no suitable optical sources within this range — some
quantum well lasers operate at this range'>*, '*°; however, they are yet to be reliable for
the practical application. Neither mature modulation nor reception technologies are
available in this spectral range. A possible solution is seen in the idea of band translator.
Again, modulation and signal processing are conducted at telecom band, which is to be
translated to the MWIR band through a parametric processor, illustrated in Figure 122.
The telecom band is now used as both the pump and the modulation/information carrier.
When seeded with a 980 nm continuous wave, the parametric band translator will

translate the modulation coded on the telecom-band pump to the MWIR band idler.
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Figure 122 Band translator that translates telecom band pump to MWIR idler. Modulation

and processing is conducted on the tunable telecom pump. 980 nm is seeded as signal.

6.2 Chalcogenide glass

Conducting such a translation from telecom to MWIR band requires different
materials other than silica. Silica fiber has been demonstrated lossy for light waves longer
than 2.4 pm. Chalcogenide glasses, on the other hand, have low absorption at MWIR

band, which has made chalcogenide glasses useful for a wide range of applications: i.e. as

fiber for transmission high power MIR lasers such as Er:YAG (2.94um)"“°®, CO

(~5 urn)157 and CO; (10.6 um)158 and remote sensing and as bulk glass for manufacturing

159
3

MWIR windows, lenses an other optical components. In Figure 123, the absorption

spectrum of typical chalcogenide glasses compoents are illustrated, showing a broad band
transmission at MWIR and far-IR range from 2um to 12um. Approximate transmission

windows of several chalcogenide glasses are detailed in Table 5'.
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Figure 123 Attenuation curve of chalcogenide glass, which shows a broad band transmission

from 2-12pm.

Table 5 Approximate transmission windows of some chalcogenide glasses

Glass Typical composition Transmission
window
(a<lem™) um
GaLaS 70Ga,S5:30La,S; 0.57-9.5
GaLaSCsSI 65Ga- 0.48 - 8.8
»S3:10La,S5:25CsCl1
AsS AsyS3 0.6-11
AsGeSe AsigsGesSes; 0.84-16
GeSeTe GexnSeroTesg ~1.7-17
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Furthermore, Chalcogenide glasses have high nonlinear refractive index,
rendering the potential of using fibers tens of centimeters long, greatly reducing the
impact of dispersion fluctuation and polarization decoupling effect. Also, short fiber
length relaxes the fiber loss requirement. The reason of high nonlinearity for
chalcogenide glasses is not clear yet. “Adair and co-workers pointed out that the large
polarisability and hyperpolarisability of the S* ion implies large linear and nonlinear
refractive indices for sulphide glasses'®'. In addition, the high densities possible with

sulphide glasses contribute to achieving large linear indices, which in turn imply large
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Figure 124 nonlinear refractive index of chalcogenide and silica glass. Chalcogenide glass

shows an n, that is 1000 timers higher than that of silica glass.

non-linear indices through BGO formula...With regard to the non-linear optical
properties, much less work has been done on sulphide glasses than on oxide glasses'®*”.

In Figure 124, chalcogenide glass nonlinear refractive index n; are plotted, and compared

with that of the silica glass in the same figure, indicating that chalcogenide glass has a
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nonlinear refractive index 1000 times higher than that of silica glass.Material dispersion
of Chalcogenide glasses is another property that draws special attention, which is in turn
defined by the linear refractive index of Chalcogenide glasses. For different
Chalcogenide glasses, the linear refractive index is different, so is the dispersion profile,
which renders general equations modeling the refractive index of Chalcogenide glasses
impossible, unlike in the silica fiber case. For example, Rodney et al'® fitted the data of

Arsenic Trisulfide glasses (As,Ss3) using a five term Sellmeier equation

S KA
2 _1: i 96
h 12211212 _/142 ( )

3

Where A is the wavelength, K; and A are the fitting coefficients, shown in Table 6

Table 6 Fitting terms of the Sellmier equation for As,S; glass

i ¥ K;

1 0.0225 1.8983678
2 0.0625 1.9222979
3 0.1225 0.8765134
4 0.2025 0.1188704
5 750 0.9569903

In another case, Klocek and Colombo'® presented the fitting result for
Ge;SbsSe;s glass by using a five-term Herzberger polynomial

A2 A3

2720028 (A% =0.028)° HAA AN ©7

n=4+

Where A; are the fitting coefficients are the following (see Table 7)
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Table 7 Fitting coefficients the Herzberger polynomial equation for Ge;Sbh;Se s glass

09 — 25 25 — 6.0 6.0 — 14.0
um pm pm

A 2.609048 2.616916 2.612545

A 0.1113049 0.1265583 0.3536862

As - -0.129672 -3.561954
0.725286x107

Ay ) ; -0.8917x10°
0.196917x10 0.1171826x107 6

As - - -
0.1546277x107 0.1154375x10° 0.3215095x10°
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— Sellmier fitting
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Figure 125 Measured chalcogenide PCF material refractive index overlapped with the fitted

curve suing Sellmier equation.

Generally speaking, for a specific Chalcogenide glass, the refractive indices have
to be measured and then fitted with proper equations. In Figure 125, material index of the
chalcogenide PCF used in this work are shown. The measured data points are overlapped

with the fitted curve, using the Sellmier equation, shown in equation (98).

A A A
nchalcagenide = \/Al + /12 +2212 + /12 _:122 + 12 _4232 (98)

A; and B; are the fitting coefficients, the values of which are shown in Table 8.
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Table 8 Fitting coefficients the Sellmier equation for the experimental chalcogenide PCF

i A B
1 4.091 798.7233
2 1493.0136 0.7665
3 -0.1296 -0.1898
4 0.6307
200 -
£ ‘ ‘ |
g
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o
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Figure 126 Material dispersion profile of the chalcogenide PCF used in the experiment.

Strictly speaking, equation (98) is rational polynomial equation instead of

Sellmier equation. However, it can be easily transformed into the Sellmier equation form.

The material dispersion profile calculated based on the fitted Sellmier equation is shown

in Figure 126, closely resembling the chalcogenide glass material dispersion profile in

literatures ' , 166,
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6.3 Chalcogenide PCF

Preform

As-Se tubes
(1 mm OD)

As-Se core
Rod (1 mm)

As-Se rods
(1 mm)

130 pm

10 pm

Figure 127 a) preform and cross section of a typical chalcogenide PCF

The large frequency shift involved in the telecom-to-MWIR translation eliminated
the using of step-index chalcogenide fibers. Chalcogenide PCF was chosen for targeting
the telecom-to-MWIR translation application. Fabrication of chalcogenide PCF was
performed at Navy Research Laboratories (NRL). In Figure 127 preform and cross
section of a typical Chalcogenide PCF are shown. In order to make the chalcogenide PCF

single-mode guiding across broad optical spectrum, the air-filling factor d/A needs to be
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small (see chapter 3). A first guess is to have d/A =0.5 and A = 2.2um. The waveguide
dispersion and total dispersion profile are then calculated using BPM method, illustrated
in Figure 128. The waveguide dispersion creates two ZDWL, with the first ZDWL
located at ~1.6um range, shifted 2um from the material ZDWL, and the second ZDWL at
4.8um, which renders the potential of phase matching 1.55um telecom-band pump, 980
nm signal and MWIR idler.

We then fix the period value and vary the air hole size from 0.9 um to 1.3 um,
which corresponds to vary the air-filling factor from 41% to 59.1%. Guiding properties of
the various structures was calculated using EIM mode, the results of which are shown in
Figure 129. Since pump (1.5um), signal (0.98um) and idler (~3.4um) resembles
normalized frequency at 1.47, 2.24 and 0.65, respectively, it is then clear from Figure
129 that all the structures with air-hole size d < 1.1um are single-mode guiding for each

three interacting wave.
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Figure 128 Material dispersion, waveguide dispersion and total dispersion overlapped in one

plot for the Chalcogenide PCF with A =2.2 ym and d/ A=0.5
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Figure 129 V4 vs. Normalized frequency curve for various air-filling factors. The period is

fixed at 2.2pm. When d<1.1pm, the Chalcogenide PCF becomes single-mode guiding at all three

interacting waves. Normalized frequency = A/A.
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Figure 130 a) dispersion profiles of various Chalcogenide PCF structure and b) their

corresponding phase matching contour.
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Dispersion profiles of the above-mentioned structures are calculated accordingly,
the results of which are shown in Figure 130a. Corresponding phase matching contours
are calculated and displayed in Figure 130b. We compared our dispersion results with
those from OFS Lab’s calculation and found good match. The d = 1.1um structure can
phase-match 1.55um pump, 980nm signal and 3um idler; while d=1.0 structure is able to
phase-match 1.58um pump, 980nm signal and 3.4um idler. As the air-hole size sweeps

within this range, it is therefore able to cover the MWIR from 3um to 3.4um.

Some trial chalcogenide PCF fibers from NRL have been tested. Unfortunately,
imaging the fiber cross-section clearly shows the collapse of the cladding structure and

the incident light at telecom-band was not confined in the core.

6.4 Theoretical results on telecom-to-MWIR translation

Theoretical calculations were performed on the telecom-to-MWIR translation.
One uncertain parameter during the calculations is the value of nonlinearity y of the
chalcogenide PCF, which depends on the PCF structure (particularly the core size) and
the chalcogenide components. Also y is wavelength dependent. In literature, y was
projected to be several hundred to several thousand per Watt per kilometer for
chalcogenide glasses. In this calculation we choose a value from 500W'km™ to 5000W"
'km”. Since y is uncertain by all means, we neglect the wavelength dependency
temporarily. The idea of the calculation is to get an estimation on the conversion
efficiency of the parametric process in chalcogenide PCF, instead of understanding the

behavior of a particular fiber. Parametric power evolution for the two y values (y=500W"
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'km" and y=5000W'km™) is shown in Figure 131. We assume typical experimental

condition as pump power 1W and signal power 0.5 W. The calculations show high

conversion efficiency in both cases. For a lower value of y, the optimized fiber length is
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Figure 131 Power evolution in Chalcogenide PCF for a) y=500W'km™ b) y=5000W'km™.

High conversion efficiency was achieved in both cases. Calculations show that fibers from tens of

centimeters to several meters could be used.
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less 4 meters; while for the larger value of y, the optimized fiber length is less 40
centimeters. In both cases, relatively short length of fiber could be used, which results in
a lot of advantages such as alleviated dispersion fluctuation and polarization decoupling

effect.

6.5 Conclusion

In this chapter, we investigated the telecom-to-MWIR band translation using
chalcogenide PCF. We first discussed the chalcogenide glass properties. Refractive index
of the experimental chalcogenide glass was fitted and material dispersion profile of the
chalcogenide PCF was calculated. We further established the BPM method for
calculating chalcogenide PCF structures, and proper PCF structure was designed for the
purpose of telecom-band to MWIR translation. Due to the high nonlinearity of
chalcogenide glass, very short fiber (several millimeters to centimeter) could be used to

avoid dispersion fluctuation while maintain the high conversion efficiency.



Chapter 7 Conclusion

7.1 Review of the work

In this thesis, we have proposed and demonstrated the idea of optical mixer
operation based on parametric processes in high-confinement fibers. The project
originated from the effort of addressing the challenge of building high-speed optical
communication and sensing link. Traditional underwater communication uses ultrasound
technology which transmits information at several kb/s. Optical technology could
potentially leverage the communication speed more than one million times. However,
conventional optical communication works in the NIR range which renders great
absorption in the sea water. On the other hand, sea water has the optical transmission
window in the 460-560 nm band, the blue-green range. The problem narrows down to “Is
it possible to build an optical communication link within this blue-green window?”
Although there are currently optical sources within this window,their performance
characteristics generally fall short of those required for reasonable optical
communication. Moreover, there are no robust modulation or amplification technique at
the blue-green window and fast receiver are not available either, which truly present a
huge obstacle to underwater communications since it is very impractical to develop a
complete set of technologies from transmission, modulation, amplification and reception
at the blue-green range for the reasons that has been discussed in previous context. One
solution is seen by building an optical band translator that aims to convert power from the
telecom to visible band, so that all the complicated optical modulation and processing are

done in the telecom band to take advantage of the existing optical communication
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technologies. This idea of band translation is quite general and actually points out one
common issue in optics: current optical technology is very band specific. The optical
spectrum is divided into discrete bands such as the visible, NIR, SWIR and MWIR bands
and technologies within different bands are very different. The idea of band translation
could be extended to other optical spectral windows as well, which breeds the concept of
an optical mixer. Again, an optical mixer is desirable to realize the availability of
complicated modulation techniques, high performance optical sources and high-speed,
high-sensitivity detection techniques across the optical spectrum. An optical mixer not
only performs optical frequency mixing, but translates the amplitude and phase
modulation with high fidelity. In this thesis, we investigated in detail band translation
from telecom to different spectral bands, namely, to telecom, to visible, to SWIR and to
MWIR bands, with HCF based parametric process. We have experimentally
demonstrated optical mixer operation within the telecom band and telecom-to-SWIR
band with silica HNLF and telecom-to-visible band translation with silica PCF through
parametric interaction. We also analyzed theoretically the telecom-to-MWIR band
translation with Chalcogenide PCF and designed a proper PCF structure for such
purpose. Mathematical tools base on coupled-mode models have been established to
predict the parametric performance, accounting for different pumping schemes (one
pump vs. two pumps) and fiber parameters.

In the telecom-to-telecom band translation work, record gain-bandwidth product
operation has been achieved. Fast all-optical switching and multi-casting up to 40Gb/s
have been demonstrated experimentally. We have also established both numerical and

analytical models analyzing the impact of dispersion fluctuation in a two-pump
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parametric structure. The models are quite general and can be adapted to one-pump
structure or to account for two-pump MI, BS or PC processes individually. It is also
worth noting that with HNLF telecom-to-SWIR (up to 2um) band translation has been
demonstrated with high efficiency”’.

In telecom-to-visible band translation work, we demonstrated record translation
with 400THz frequency shift (signal to idler). 1Gb/s amplitude and phase modulation
translation has been demonstrated from telecom to visible with error free performance. At
the same time, a widely tunable visible idler has been obtained and the WDM channel
translation was verified with each channel being demultiplexed and detected individually.

The ultimate goal is to design fibers that are optimized for the telecom-to-visible
band translation. To achieve this goal, we first identified and experimentally measured
four impairment mechanisms that severely degrade the wavelength conversion efficiency,
namely: polarization dependent SBS, multi-mode guiding at short-wavelength range,
polarization decoupling and dispersion fluctuation. Solutions to these problems were
studied respectively. At the same time, we developed three numerical models (EIM,
Fourier analysis and BPM method) that calculate the transverse structures of PCF. PCF
properties including wave-guiding, dispersion profile and birefringence were studied
using thee models. We then designed fiber structures that are suitable for the telecom-to-
visible translation purpose, with the above-mentioned impairment mechanisms partially
addressed.

In the telecom-to-MWIR work, Chalcogenide PCF was chosen for the purpose

due to its high transmission at MWIR range and high nonlinearity. We successfully fitted
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the refractive index curve with the Sellmier equation. We also designed proper structure

that aims to phase-match 1.55um telecom pump, 0.98um signal and 3.4um idler.

7.2 Future direction

The works related to distant-band translation (telecom-to-visible and telecom-to-
MWIR) using PCF are quite new and there are still many problems yet to be solved. For
example, PCF structure design could be further improved to better address the
impairment mechanisms. Most importantly, the success of this work heavily depends on
the improvement of the PCF manufacturing technology. It is clear that , due to the large
frequency shift for distant-band parametric translation,,the multi-mode guiding at short
wavelengths, the polarization decoupling among interacting waves and dispersion
fluctuation cause severe problems. The larger the frequency shift, the more stringent
requirement on controlling the accuracy of PCF structure dimensions: not only the real
dimension has to closely resemble the original design (error < 0.1%), but also the
longitudinal structural variation has to be smaller than 0.1%, which puts very high
requirements on the manufacturing technology, thus making the high-efficiency telecom-
to-visible translation (frequency shift ~ 200THz from pump to signal/idler) very difficult.
On the other hand, the telecom-to-MWIR translation has a frequency shift of only
~100THz (pump to signal/idler). Furthermore, due to the high nonlinearity of
Chalcogenide glasses, very short PCF (several millimeters to centimeters) could be used
for the translation purpose according to the calculation in chapter 6. These two attributes
greatly reduce the requirement on the PCF structural variation and renders highly

efficient translation possible. However, manufacturing of Chalcogenide fiber remains a
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challenge due to the fact that Chalcogenide glasses are mechanically brittle and require
great care and superior mechanical control when drawn into fibers. NRL has developed a
system to manufacture Chalcogenide PCF, which are subject to further improvement for

enhanced mechanical and optical property and reliability.



Appendix: Free-space-to-PCF Coupling Protocol

The coupling procedures are used in the experiments have been used throughout
this work and are described as follows:

1. Find out the height H you prepare to work with, which is usually
determined either by the stage that holds the PCF, or by the source height in some
cases. Prepare two irises with height H.

2. Align the pump arm first. The pump source should be mounted on a
kinematic mount whose angle can be adjusted 3-dimensionally. Measure the initial
beam size dy and divergence angle 6 with a beam profiler.

3. Collimate the pump beam. Place the two irises along the same line of
holes on the optical table, one at the near field of the source and the other at the far
field of the source. Adjust the source angle so that the laser beam can pass the two
irises freely. This is to guarantee the laser beam is well leveled (shooting straight and
parallel to the optical table).

4. 1If the output of the source is not well linear polarized, a polarizer is
needed after the source. Make sure the laser beam incident normally onto the
polarizer and overlap with its optical axis. This can be achieved by minimizing the
back-reflection and using the two irises to make the beam coming out of the polarizer
well leveled. This step should be followed whenever a new optical element is added
into the setup.

5. Add the M2 wave-plate as described in step 4. Add the beam sampler to

monitor the back-scattering from PCF.
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6. The telescope system functions in two ways:
1) Adjust the beam size;
2) Collimate the beam if needed.
Function 1) is accomplished by choosing the right magnification power M of
T, which is closely related to how the objective MO is chosen. In the experiment, the
coupling-in MO is either 40x or 60x. The chosen telescope system parameters are
described in section 4.1.2

Function 2) is accomplished by offsetting the distance L from its default vale

1,0

f,+f, by an amount AL = —21"—
d,+ 1,0

, where f] 1s the focal length of lens L1; divergence
angle 0 is defined as positive if the beam is focusing and negative if the beam is
diverging when it hits lens L1. In practice, beam coming out of T is guaranteed to be
collimated by moving one lens (L2 usually) and observing the output beam on a white
screen (or IR card) and with irises, until the beam keep the same size in both near
field and far field and well leveled as well.

7. Start aligning signal arm. Repeat step 2-6 for signal arm. The first lens of
signal telescope now is mounted on a translation stage.

8. Insert a dichroic mirror that reflects 780nm wave but transmits the
1550nm wave. The optical path of the two waves shall overlap after this dichroic

mirror.

9. Insert the MO.
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10. Insert the 5-axis (3 translation and 2 angle axis) stage. The fiber V-clamps
are mounted on this stage. At the output of the fiber, a 40x or 60x is used to collimate
the output into freespace again.

11. Insert a visible bandpass filter to select the idler band (parametric down
conversion)

Following these steps should be able to achieve reasonable coupling. Typical
coupling efficiency for 780nm wave is 40%-45% while for 1550nm at most 30%-40%.
The coupling efficiency here refers to the ratio of the power coupled into the PCF (which
is measured by coupling light into a short PCF piece) and the power immediate after MO.
The low coupling efficiency for the pump is due to the bad laser beam quality, which has
a M? factor of ~2 for the long axis and ~1.5 for the short axis, thus hindering the
simultaneous focus the two axes of the beam within the small core and the NA range of
the PCF: optimizing for the long axis makes the short axis has an NA higher than
(NA)pcr and thus penetrate into cladding; while optimizing for the short axis results in a
focal spot that is larger than the core size for the long axis. The coupling efficiency of
1550nm wave was firstly limited by the bad resolution of MO at this wavelength,
measured to be around 3.2um. The overall coupling efficiency is further lowered down
due the relatively MO (80-85% transmission for 780nm and ~60% transmission for
1550nm). By all means, the lack of a MO that has both good transmission and resolution
at both 1550nm and 780nm limited our experimental performance, which is very

particularly important for a CW operation.
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