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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

ALL-OPTICAL SIGNAL PROCESSING USING CASCADED QUADRATIC
INTERACTIONS IN PERIODICALLY POLED LITHIUM NIOBATE WAVEGUIDES

by Sheng Liu

This thesis investigates all-optical signal processing using cascaded quadratic nonlinearities in pe-
riodically poled lithium niobate (PPLN) waveguides for telecommunication applications. PPLN
waveguides which possess high second-order nonlinearity are attractive due to their suitable
properties with respect to high compactness, high operating speed and resistance to parasitic ef-
fects. They allow the implementation of various advanced signal processing functionalities which

will be required in future ultrahigh speed fibre-optic communication systems.

Several novel all-optical signal processing techniques relying on two types of cascaded quadratic
processes in PPLN waveguides, namely cascaded second harmonic generation and difference
frequency generation (¢SHG/DFG) and cascaded sum frequency generation and difference fre-
quency generation (cSFG/DFG), are demonstrated. These two processes are conventionally em-
ployed for wavelength conversion in the telecommunication band. To facilitate the use of these
wavelength converters, a systematic study of the acceptance bandwidths of ¢cSHG/DFG and
¢SFG/DFG in PPLN waveguides is presented. Following this study, an optical time-division-
multiplexing to wavelength-division multiplexing format conversion scheme, which relies on the
generation of linearly chirped pulses which are then optically switched with data pulses using
¢SHG/DFG in a PPLN waveguide, is demonstrated. Signal regeneration techniques exploiting
cascaded quadratic nonlinearities in PPLN waveguides are also investigated. An all-optical signal
retiming system for on-off keying signals relying on pulse shaping and cSHG/DFG-based switch-
ing in a PPLN waveguide is demonstrated. Subsequently, two novel configurations of PPLN-based
phase sensitive amplifiers (PSA) which have the potential as regenerators for phase-shift keying
signals are demonstrated. Finally, a novel method for the elimination of arbitrary frequency chirp

from short optical pulses is presented.

In addition, the thesis contains a study on the use of OFCGs as telecommunication sub-picosecond
pulse sources. Both a theoretical and experimental study of the intensity and phase properties
of the pulses generated by an OFCG is presented. Furthermore, two approaches are proposed to

compensate for the intrinsic chirp of the OFCGs.
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Introduction

1.1 Motivation

Optical networks have revolutionized modern communications enabling massive amounts
of data to be rapidly transmitted around the globe. Traffic on the global communication
infrastructure is predicted to continue to grow by ~70 % annually, driven by bandwidth-
hungry applications such as video sharing websites, E-commerce, video conferencing,
cloud computing, virtual reality games, and the introduction of smart mobile phones

[Cis , Ria |.

However, as line rates keep increasing, electronic processing of data packets at routers in
an optical network and the required optical-electronic-optical (O-E-O) conversions may
present a bottleneck in speed. In order to mitigate the problem, and at the same time
increase network functionality and flexibility, it will become increasingly more attractive,
if not essential, to process the data signals within the optical layer. Therefore, highly
functional optical devices will be required at the nodes of these advanced telecommunica-
tion networks to assist or replace some of the electronic modules used in current network
routers, and they are expected to be capable of seamlessly processing multiple signals in
parallel at extremely high speeds (40 Gbit/s and above). These optical devices need to

perform various processing tasks such as data package routing, add-drop multiplexing,
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regeneration and format conversion as required in electrical systems, the implementation

of which generally requires the use of nonlinear effects in optical devices.

Intensive research has already been done on various nonlinear optical devices. For in-
stance, highly nonlinear optical fibres (HNLFs) possess an ultrafast response but are
prone to environmental instabilities associated with their long lengths and suffer from
stimulated Brillouin scattering (SBS), the mitigation of which would either impose seri-
ous performance limitations or add significant complexity to the system. On the other
hand, semiconductor materials such as the semiconductor optical amplifier (SOA) are
compact. However, the carrier lifetime of semiconductor materials is typically of the or-
der of few hundreds of picoseconds and thus comparable to the period of the modulated
optical signal. As a consequence, the output of SOA does not only depend on the current
input data bit, but also depends on the preceding input data bits. This undesirable phe-
nomenon is referred to as patterning effect, and leads to relatively low switching speeds

for SOA [Manning 97, Zoiros 08].

In this project I have investigated the use of periodically poled lithium niobate (PPLN)
waveguides as nonlinear optical devices for telecommunication applications. In order to
obtain an efficient conversion in nonlinear interactions, the relative phase between the
interacting waves must be maintained. Quasi-phase matching (QPM), which was first de-
vised by Armstrong et al. [Armstrong 62| and Franken et al. [Franken 63|, is a technique
to correct the interacting waves’ relative phase at regular intervals using a structural
periodicity built into the nonlinear medium. Lithium niobate which is a type of ferro-
electric materials and displays second-order nonlinearities was proposed for QPM in the
1970s [Okada 76]. Lithium niobate crystals having periodically alternating ferroelectric
domain structures are named as PPLN. With the developments of the QPM technology
by improved lithographically controlled patterning and low-loss waveguide fabrication
technology, the efficiency of the second-order interactions in lithium niobate devices has
increased by several orders of magnitude, which enables PPLN waveguides to rival third-

order nonlinearities-based nonlinear optical devices [Fejer 92, Hum 07].

The use of quadratic nonlinearities in PPLN waveguides for all-optical signal processing

applications offers several advantages, including a high nonlinear coefficient, ultra-fast
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optical response, compactness, less sensitivity to SBS, low spontaneous emission noise,
low cross talk, no intrinsic frequency chirp, transparency to both bit rate and modula-
tion format owing to the phase-preserving nature of parametric conversion |Langrock 06,
Gallo 06]. To date, PPLN-based all-optical signal processing techniques for telecommuni-
cation applications have been demonstrated to operate at ultrahigh speeds. For instance,
add/drop multiplexing using PPLN waveguides at 640 Gbit/s has been reported by Bo-
goni et al. [Bogoni 10]. Tunable wavelength conversion using PPLN waveguides at 160
Gbit/s has been reported by Furukawa et al. |[Furukawa 07]. Also, channel-selective data
exchange for multiple WDM channels using PPLN waveguides has been demonstrated by
Wang et al. at 40 Gb/s [Wang 10].

Compared to other nonlinear optical devices, PPLN waveguides still remain relatively
unexplored in the telecommunication area. By exploiting the use of cascaded nonlinear
effects in PPLN waveguides, in this thesis I will demonstrate several novel all-optical
processing modules capable of operating at modest optical power levels and that are able

to meet the stringent requirements of ultrahigh capacity telecommunication systems.

1.2 Contribution to knowledge

The objectives of this project have been to study the physics and engineering aspects of
second-order guided-wave interactions in the ultrafast regime and their applications in
telecommunication signals. By the end of the study, a number of novel results have been

produced, which are outlined below:

¢ The first systematic and comparative study of the acceptance bandwidths of two cas-
caded quadratic nonlinear processes, cascaded second harmonic generation and difference
frequency generation (cSHG/DFG) and cascaded sum frequency generation and differ-
ence frequency generation (cSFG/DFG), in PPLN waveguides, both in the continuous
wave (CW) and pulsed-pump regimes.
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¢ An optical time-division-multiplexing (OTDM) to wavelength-division multiplexing
(WDM) format conversion scheme using the ¢cSHG/DFG process in a fiberized PPLN

waveguide.

& An all-optical retiming scheme based on pulse shaping and ¢SHG/DFG-based optical
switching in a PPLN waveguide.

& A novel frequency non-degenerate phase sensitive amplification configuration based on

the ¢SHG/DFG process within a single PPLN waveguide.

¢ A new scheme for phase-regenerative wavelength conversion (PR-WC) based on a com-
bination of the cSHG /DFG process and the cSFG/DFG process within PPLN waveguides
has been devised and experimentally demonstrated. With the novel PR-WC configura-
tions, phase regeneration for differential (bipolar) phase shift keying (D(B)PSK) signals

using PPLN waveguides is demonstrated for the first time.

¢ A novel scheme to erase the chirp of ps-long pulses and yield chirp-free output pulses,
relying on a combination of the cSHG/DFG process and the ¢SFG/DFG process in two
different PPLN waveguides, and operating independently of the input chirp characteris-

tics.

¢ Finally, beyond applications in second-order nonlinear media, this thesis investigates
the use of optical frequency comb generators (OFCGs) as short pulse sources for telecom-
munication application. This thesis presents a first numerical analysis of the output of
OFCGs in the time domain, neglecting the intra-cavity dispersion. Based on that, two
approaches are proposed to compensate for the intrinsic chirp of the OFCGs, by using

either a properly designed compensating filter or a free-space delay line interferometer.

1.3 Outline

This thesis is organised as follows:
Chapter 2 contains the general background needed to understand the work developed

in this thesis. The origin of the second-order nonlinearity of lithium niobate crystals,
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various second-order nonlinear interactions in PPLN waveguides, the QPM technique,
and the PPLN waveguide fabrication technique are introduced. Subsequently, the sec-
ond harmonic generation (SHG), sum frequency generation (SFG), difference frequency
generation (DFG), ¢cSHG/DFG and ¢SFG/DFG interactions in PPLN waveguides are
modelled and the properties of these second-order nonlinear interactions are analysed.
This chapter finally includes an introduction to an optical processor filter as well as to
linear frequency resolved optical gating (L-FROG) technologies, which are used in the

subsequent experiments in this thesis.

Chapter 3 presents a systematic and comparative study of the acceptance bandwidths
of two cascaded quadratic nonlinear processes, cSHG/DFG and ¢SFG/DFG, in PPLN
waveguides. The acceptance bandwidths of both the individual SHG and SFG processes

in the CW and pulsed-pump regimes are theoretically and experimentally studied.

Chapter 4 presents an optical time-division-multiplexing (OTDM) to wavelength-division
multiplexing (WDM) format conversion scheme using the ¢cSHG/DFG process in a fiber-
ized PPLN waveguide. The operational principle and theoretical model of the format

conversion scheme is presented first, followed by experimental results.

In Chapter 5, an all-optical retiming scheme based on pulse shaping and ¢SHG/DFG-
based switching in a PPLN waveguide is demonstrated. This chapter starts with a brief
introduction of a variety of degradations in fiber-optic communication system and a review
of regeneration techniques which generally involve three basic functions, reamplification,
reshaping and retiming. The chapter then focuses on all-optical retiming techniques and
a new all-optical retiming scheme for return-to-zero on-off keying (RZ-OOK) signals is
proposed. The chapter closes with experimental evidence supporting this novel retiming

scheme.

Chapter 6 demonstrates two novel configurations of phase sensitive amplification based on
cascaded quadratic effects in PPLN waveguides. The first one is frequency non-degenerate
phase sensitive amplifier (PSA) based on the cSHG/DFG process within a single PPLN
waveguide, demonstrated in Section 6.2. The second configuration of PSA is phase-
regenerative wavelength conversion (PR-WC) based on a combination of the cSHG/DFG
process and the ¢cSFG/DFG process within PPLN waveguides, demonstrated in Section
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6.3. The phase regenerative properties of the PR-WC configuration as a D(B)PSK phase

regenerator are also investigated in Section 6.3.

Chapter 7 presents an effective method to erase the chirp of ps-long pulses and yield
chirp-free output pulses. The technique, which is based on a combination of cascaded
nonlinear effects in two different PPLN waveguides, operates independently of the input
chirp characteristics and requires only limited knowledge of the input pulse shape. Simu-
lations with different input chirp profiles have been performed, all resulting in chirp-free
output pulses after this chirp-elimination system. Finally, the experimental results vali-
dated the simulations and confirmed the capability of the scheme to remove a broad range

of chirp profiles.

Chapter A presents supplementary studies that I have carried out on OFCGs. Both a
theoretical and experimental study of the intensity and phase properties of the pulses gen-
erated by an OFCG is presented, which aids the use of OFCGs as short pulse sources for
communication applications. Furthermore, two approaches are proposed to compensate
for the intrinsic chirp of the OFCGs, by using either a properly designed compensating

filter or a free-space delay line interferometer.

Finally, this thesis is concluded in Chapter 8 along with a discussion on the direction of

future work.
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Background

In this chapter, I lay the background theory necessary to understand the subsequent chap-
ters. The origin of the second-order nonlinearity of lithium niobate crystals and various
second-order nonlinear interactions in PPLN waveguides are introduced at the begin-
ning of this chapter followed by a brief introduction of the quasi-phase matching (QPM)
technique and the PPLN waveguide fabrication techniques. After that, the characterisa-
tion of the PPLN waveguide samples used in the subsequent experiments is presented.
Subsequently, the SHG, SFG, DFG, ¢SHG/DFG and ¢SFG/DFG interactions in PPLN
waveguides are modelled and the properties of these second-order nonlinear interactions
are analysed. The chapter finally includes an introduction to two tools used in the ex-
periments of the following chapters, namely linear frequency resolved optical gating (L-
FROG) technologies, and an optical processor (OP) which is a programmable phase and
amplitude filter based on the liquid crystal on silicon (LCoS) technology.
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2.1 Theory of periodically poled lithium niobate waveg-

uide

2.1.1 Second-order nonlinearity in lithium niobate crystals

In nonlinear optics, the polarization P(t) can be written in terms of the applied electric

field E(t) as [Boyd 03]

P(t) = eo[x VE(t) + xPE*(t) + XV E*(t) + -] 2.1)
= PYt)+ PA(t) + PO (t) + - - |

where PM(t) = oy E(t) is the linear polarization which depends linearly on the elec-
tric field strength, P®)(t) = gox® E2(t) is the second-order nonlinear polarization and
PO)(t) = gox® E3(t) is the third-order nonlinear polarization. x?) and x® denote the
second- and third-order nonlinear optical susceptibilities, respectively. In general, the po-
larisation at a certain point and time ¢y depends on the electric field at that place and
instant as well as the electric field at nearby points for time < t3, which means the

nonlinear susceptibilities depend on the frequencies of the applied fields [Boyd 03].

The applied electric field E;(t) can be expressed as a summation of frequency components
Ei(t) =)  Ei(w,)e ™ (2.2)

The second-order susceptibility tensor ng,l(wn + Wy, Wn, W) can be defined as the con-
stants of proportionality relating the amplitude of the nonlinear polarization to the prod-

uct of field amplitudes as follows [Boyd 03]:

P;(wn, + wp) = €0 Z Z ng,l(wn + Win, W, Wi ) Ej (wWr) B (W) (2.3)
gk (nm)

where the indices ijk refer to the Cartesian components of the fields, and the sum w,, +w,

should be held fixed in performing the summation over n and m in Eq. 2.3.
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In the following, the second-order nonlinearities in lithium niobate crystals will be briefly
introduced. Lithium niobate (LiNbOj) is a kind of artificial dielectric crystals, first re-
ported to be a type of ferroelectric material in 1949 [Schweinler 52|. Ferroelectricity is a
property of certain materials which possess a spontaneous electric polarization P, that
can be reversed by the application of an external electric field [Kanzig 57, Volk 08]. The
lattice of lithium niobate is shown in Fig. 2.1. The shift of an ion from a symmetrical site
makes lithium niobate crystals to not display inversion symmetry, resulting in sponta-
neous polarization P, and nonzero x(?, from which second-order nonlinearities originate.

These kinds of crystals, such as LiNbO3, which do not possess inversion symmetry are re-

(@) (b)

oxygen <+ —————
unit niobium +——=@ __ — 0.258A
cell

lithium " " [ 0.690A

vacancy +——_ 3

Q.

FIGURE 2.1: Lattice of lithium niobate crystal. Redrawn from |[Gopalan 07].

ferred to as non-centrosymmetric crystals, and second-order nonlinear optical interactions
only occur in non-centrosymmetric media. In contrast, third-order nonlinear optical in-

teractions can occur in both centrosymmetric and non-centrosymmetric media [Boyd 03].

Lithium niobate offers several attractive properties as a kind of nonlinear optical de-
vices. Congruent lithium niobate (undoped) can be grown in large sizes with excellent
homogeneity [Volk 08]. Also, lithium niobate has one of the largest nonlinear coefficients
ds3 = % X333 = 27 pm/V among ferroelectric materials [Fejer 92|. Furthermore, it is trans-

parent within a large wavelength range between 325 nm and 4500 nm [Weiss 02]. However,
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lithium niobate usually suffers from photorefractive effects [Ashkin 66]. The general un-
derstanding of photorefractive effects is that the photo excited carriers come from Fe,
impurities in the LiNbOj crystal and that the photorefractive sensitivity of the crystal is
proportional to its Fe,, concentration [Glass 74]. In order to mitigate the photorefractive
effect, the most commonly used composition of lithium niobate for optical applications
is magnesium-doped lithium niobate [Weiss 02]. By addition of 4.6 mol% of MgO to un-
doped LiNbOj crystal, a hundred-fold increase in the resistance against optical damage

over the pure crystal was reported [Polgéar 86|.

2.1.2 Second-order nonlinear interactions

The optical wave is an electromagnetic wave, so the propagation of optical fields is gov-

erned by Maxwell’s equation as follows [Agrawal 07]:

0B
BE-_2
V X% T

VxH:a—D+J
ot (2.4)

V-D=p
V-B=0

where E and H are the electric and magnetic field vectors, respectively; D and B are the
electric displacement and magnetic induction, respectively; The current density vector J

and the charge density p denote the sources for the electromagnetic field.

D and B arise in response to the electric field E' and magnetic field H propagating inside
the fibres, and the relationship between them is given by the constitutive relations as

follows [Agrawal 07]:

D=¢gFE+P
(2.5)
B = po(H+ M)

It is noted that the set of Maxwell’s equations cannot be solved uniquely without the

constitutive relations [Agrawal 07].
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From the set of Maxwell’s equations (Eq. 2.4) and the constitutive relations (Eq. 2.5), it

can be derived that
1 02 1 0%P
‘- F=——"" 2.
v c2 Ot? goc? Ot? (2:6)

Polarisation P can be separated into two parts:
p=pW 4 pNL (2.7)
where PW) is the linear part which depends linearly on the electric field £, and PNE is

the nonlinear part.

The displacement field D can also be separated into linear and nonlinear parts:
D =DpW 4 pNE (2.8)

Because D) = g + P = e E, Eq. 2.6 can be written as

(1) H2 1 82PNL

£

VE-—_—F=—"— 2.9
c Ot? goc?  Ot2 (29)

Observing the right hand side of Eq. 2.9, time-varying polarization can act as the source

of new components of the electromagnetic field.

For the case of a dispersive medium, we must consider each frequency component of the
field separately. We represent the electric, linear displacement, and polarization field as

the sums of their various frequency components:

E(r,t) =Y Ey(rt)
D(Ta t) = Z Dn(T, t) (210)

PNE(rt) = PN (rt)



2 Background 14

where the summation is to be performed over positive field frequencies only, and we

represent each frequency component in terms of its complex amplitude as

E,(r,t) = E,(r)e ™" + c.c.
D, (r,t) = Dy(r)e ™" + c.c. (2.11)

PéVL(r, t) = P,]LVL(T)efi””t + c.c.

If dissipation can be neglected, the relationship between DYV and E,, can be expressed in

terms of a real, frequency-dependent dielectric tensor according to [Boyd 03]

DM (r,1) = ege™ (w) B, (1, 1) (2.12)

Substituting Eq. 2.10 and Eq. 2.12 into Eq. 2.9, we obtain a wave equation that is valid
for each frequency component of the field [Boyd 03|

(1) N 82En 1 aQPNL
V2E, — © <2“ ) n_ T on (2.13)
c ot goc? Ot

2.1.2.1 Second harmonic generation

F1GURE 2.2: Illustration of the SHG process.

In second harmonic generation, a fundamental frequency (FF) wave at frequency wpp
passes through a medium with second-order nonlinear susceptibility, generating a second

harmonic (SH) wave at frequency wsy = 2wpr, as illustrated in Fig. 2.2. The electric
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fields of the FF and the SH can be written respectively as

EFF(Z, t) = EFFG_inFt + c.c.

— AFFei(fBFFZ*wFFt) +e.c.
(2.14)

Esy(z,t) = Egge ™sut 4 c.c.

— ASHei(ﬁSHZ—WSHt) + c.c.

where Arpp and Agy denote the electric field amplitudes of the FF and SH waves which
are constants in time, whereas Frr and Egqy denote the amplitudes of the electric fields
which vary rapidly in time. Srpr and Ssy denote the propagation constants of the FF
and the SH waves respectively. Propagation constant is defined as § = 2fnef ¢, and the

effective refractive index n.r; depends on the geometry of the PPLN waveguides.

An An An

index
profile

yidep
yidep
yidsp

y

field field

yidap
yidep
yidap

F1GURE 2.3: Comparison between PE, APE, and RPE indexes and mode profiles in the
depth dimension. Ref.|[Langrock 06]

Figure 2.3 shows the refractive index profiles of proton exchange (PE) PPLN, annealing
proton exchange (APE) PPLN and reverse proton exchange (RPE) PPLN. For proton
exchange PPLN, lithium ions are exchanged with hydrogen ions in the channels. Af-
ter that, for APE PPLN high-temperature annealing diffuses the protons deeper into
the substrate, increasing the effective nonlinear coefficient and reducing the propagation
losses by pushing the propagating fields farther from the substrate surface. Because of
the asymmetric APE refractive index profile along the depth dimension, the peaks of the
interacting modes at different wavelengths are not well aligned, reducing the overlap in-

tegral and the maximum normalized efficiency. The index profile can be buried to create
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a more symmetric waveguide by an additional exchange step in a lithium-rich melt, re-
placing protons by lithium ions in the top layer of the waveguiding structure. The reverse
proton exchange step also increases the separation between the propagating fields and
the substrate surface, further decreasing the propagation losses [Langrock 06]. Figure 2.4

illustrates a simulation of a mode profile in a RPE PPLN waveguide.

FIGURE 2.4: Simulation of a mode profile in a RPE PPLN waveguide using software
Comsol.

According to Eq. 2.3, the amplitude of the nonlinear polarizations of the FF and SH

waves can be expressed as:
PFF = 450deffE>}k7‘FESH = 4€0deffAFFASH€i(BSH_ﬁFF)Z (215)

PSH = 250deffE12TF = 280deffA%F€i2BFFZ (216)
where defr = %X(z) denotes the effective nonlinear coefficient.

Assuming the field is invariant in the waveguide cross-section, we replace V2 in Eq. 2.13

by d?/dz*, and obtain:

dQAFF AFF —4d ffw%F ;
. o e * i(—2Brr+BsH)z
d>A A —2d f w3 .
SH 27/551_1 SH fwaHA%FeZ(QﬁprﬁSH)Z (218)

dz? dz c?
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Under the following slowly varying amplitude approximation

| d?A,;
dz2

A; .
| < |ﬁ1£|, where = FF,SH (2.19)

we obtain the coupled mode equations for the SHG process as follows:

dAFF ZZdeffw%F —iA
dz Brpc? FFASHE ( )

dAsi _ idesswln o ia
= A2 iRz 2.21
dz BSHCZ FF€ ( )

where A = 20pr — Bsy is the phase mismatch of the SHG process.

The amplitude of the SH wave at the end of the nonlinear medium is given by integrating

Eq. 2.21 along the length of the medium L, yielding;:

degrw} b idegrwdy Adp sin®(AkL/2
Agy = ¢ fwaHA%F/ (082 g, _ MWeffWsH i SIn”( / >L (2.22)

Bsuc? Bgrc? AkL/2

Because I; = 2n;e9c|A;]?, the intensity of the SHG output can be written as

2”SH50dgffw§H|AFF|4

Isy = S sinc*(ABL/2)L?
Bsnc 2.23
2d? ; jwk 12 (223)
= ;H—SHnginCQ(AﬁL/2)L2

2.1.2.2 Sum frequency generation

Opymp1 = Y ®sF ®pymp2
Opymp2 =——> | Medium

F1GURE 2.5: Hlustration of the SFG process.
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In sum frequency generation, Pump 1 at frequency wpymp1 and Pump 2 at frequency
Wpump2 Pass through a medium with second-order nonlinear susceptibility, generating a

sum frequency (SF) wave at frequency wsp = Wpumpt + Wpumpz, as illustrated in Fig. 2.5.

According to Eq. 2.3, the amplitude of the nonlinear polarizations of Pump 1, Pump 2

and the SF can be expressed as:

PPumpl = 4€0deffE;;ump2ESF (224)
PPump2 == 4€0deffE;;umplESF (225)
Psp = 480deffEPump1EPump2 (226)

In comparing Eq. 2.26 to Eq. 2.16, the extra factor of 2 comes from the summation over
n and m in Eq. 2.3, which also means the degeneracy factors appearing in SHG and SFG
are different [Boyd 03].

The derivation of the coupled-mode equations for SFG is analogous to that of SHG, and

the coupled-mode equations are given by:

dAp pl Qideffwl% pl iA
umpL UIPL Agp A —iABz 2.27
dz BPump1 € SF £ Pump2© (227)

dAp p2 Qideffwl% P2 —iA
R = P Agr A ihpz 2.28
dz Bpumpc? 0 T (229

dASF 2ideffw%F A
= Apumot A Pump2€ P 2.29
dz SFC2 PumplAPump2€ ( )

where AB = Bpumpt + Brump2z — Bsr is the phase mismatch of the SFG process. Bpympi,
Brump2 and Bgr denote the wave vectors of the Pump 1, Pump 2 and SF waves respectively.

The output amplitude of the SFG process can be written as

2ideffngAPump1APump2 sm2(AﬁL/2)

BSFC2 AﬁL/2
(2.30)

Qideffwng

/6SF02

L
JAN
ASF = APumplAPume/ e’ Bzdz =
0
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The intensity of the SFG output can be written as
S8ngreod?; jwik ol Apumot |21 A Pumpz |
Igp = —02elf SF|2 o ol vl 0 2n gL
w um; um
— eSS M i (ABL2) L
N Pump1 M Pump2MSFEQC

2.1.2.3 Difference frequency generation

Dsignal v O pF

FIGURE 2.6: Illustration of the DFG process.

In difference frequency generation, a Pump at frequency wpym,, and a signal at frequency

Wsignal Pass through a medium with second-order nonlinear susceptibility, generating a

difference frequency (DF) wave at frequency wpp = Wpump — Wsignai, as illustrated in Fig.

2.6.

According to Eq. 2.3, the amplitude of the nonlinear polarizations of the signal, pump

and DF can be expressed as:
PSignal = 4€OdeffEPumpE>1k)F

PPump = 450deffEDFES'ignal

PDF = 4€0deffEPumpE§ignal

The coupled-mode equations for DFG are given by:

; 2
dASignal o 2Zd€ffw5ignalA A*
d = 5 Pump/1pp€
< 6Signalc

—iABz

dAPump o 2id€ffw]2:’ump

dz B BPumpC2

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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dApr  2id.spwhp « —iABz
dz = ﬁDFCQ APumpASignale (237>

where AB = Bpump — Bpor — Bsigna is the phase mismatch of the DFG process. Bpump,

Bpr and Bsigna denote the wave vectors of the pump, the output and the signal waves

respectively.

2.1.2.4 Cascaded second-order nonlinear interactions

Opymp =—> @ =—> (0 Output Opymp
Osignal medium | =—> Mgy -

(DPump

O sH

FIGURE 2.7: Illustration of the cSHG/DFG process.

In the previous sections, the SHG, SFG,and DFG interactions have been introduced. In
addition to these single-stage second-order interactions, the SHG (SFG) process and the
DFG process can also develop simultaneously in a PPLN waveguide. These are known
as cascaded quadratic interactions. Cascaded quadratic interactions mimic the four wave
mixing (FWM) process. FWM generates the outputs in the same wavelength band as the
signal and the pump with the third order nonlinearity directly, whereas cascaded quadratic
interactions generate the outputs with two second-order interactions in two steps. Firstly,
the SH (SF) is generated from the pump(s) through the SHG (SFG) process which is
followed by DFG with the signal, finally generating the output in the same wavelength
band as the signal and the pump(s), as shown in Fig. 2.7 and 2.8.

In cascaded second harmonic generation and difference frequency generation (cSHG/DFG),
the pump at frequency wpymp and the signal at frequency wgignea are simultaneously
launched into a medium with second-order nonlinear susceptibility. The pump generates
a SH wave at frequency wsyg = 2wpym, through SHG, accompanied by the DFG pro-
cess between the SH wave and the signal, generating the output at frequency woutpur =

WSH — Wsignal, as illustrated in Fig. 2.7. The coupled-mode equations for the cSHG/DFG
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process are given by:

. 2
dAPump o 2ZdeffwPump %

. B2 Agpe APsncz (2.38)
Pump

Pump

dASH . ideffw%HAQ

, 2id, f pw? ,
dz - ﬂSHC2 PumpelAﬁsHGZ + —ﬂ?;[C;:H ASignalAOutputaA/BDFGZ (239)
dASignal 22-d@ff("‘)g'ignal * —iA
dz Bsignal® Outpu Aszre” 7Pre (2.40)
igna
dA 2id, w2 .
Output _ ef fXOutput gignalAsHe—zAﬁDFGz (241>

dz BOutputC2
where ABsua = 28pump — Bsp is the phase mismatch of the SHG process, and Afpra =
Bsu — Bsignal — Boutput is the phase mismatch of the DFG process. Spump, Bsi, Bsigna and
Boutpur denote the wave vectors of the pump, the SH, the signal and the output waves

respectively.

SFG DFG

O‘)Pump1 —
(Dpumpz —
(DSignaI

@ —> () Output (Dpumpz
medium | —— M sF

(DPump1

FIGURE 2.8: Illustration of the ¢cSFG/DFG process.

The second type of cascaded quadratic interactions is cascaded sum frequency generation
and difference frequency generation (cSFG/SHG). Pump 1 at frequency wpymp1, Pump
2 at frequency wpymp2, and the signal at frequency wgigna are simultaneously launched
into a second-order nonlinear medium. Pump 1 and Pump 2 interact with each other and
generate a SF wave at frequency wsr = Wpympt + Wpumpz through SFG, accompanied by
the DFG process between the SF wave and the signal, generating the output at frequency
Woutput = WSF — Wsignal, as illustrated in Fig. 2.8. The coupled-mode equations for the
c¢SFG/DFG process are given by:

dApump1 B 2ideffw123ump1 N

- Pump?2

= 3 3 Agpe~iAPsraz (2.42)
Pumpl
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; 2
dAPume 2ZdeffwPump2

T Dpumgee A Asre (2.43)
dzgjp _ 2i(ée;”;;SF Apumpt Apumpae 205767 2’“;6;—;2’2%}7 Asignat Aoupue®PPre*  (2.44)
dAcSliZgnal - Qicézf;:%;gznal *OutputASF€_m’8DFGZ (2.45)
dAZth“t - 2i26ffwgthPUt Z‘z’gnazASFefmﬁDFcz (2.46)
Output

where ABsra = Brumpt + Brump2 — Bsr is the phase mismatch of the SFG process, and
ABpra = Bsr — Bsignat — Boutput 15 the phase mismatch of the DFG process. Bpympi,
Brump2s Bsrs Bsignat and Boutpur denote the wave vectors of Pump 1, Pump 2, the SF, the

signal and the output waves respectively.

2.1.3 Quasi-phase matching

In this section, the theory of the QPM technique will be introduced. SHG is the simplest
case of second-order interaction and will be analysed as a prototypical interaction in
the following. A FF wave at frequency w interacts with the medium via its second-
order nonlinear susceptibility and generates a polarization wave at frequency 2w. The
polarization wave propagates at the same phase velocity as the FF wave and radiates
a SH wave. In LiNbOs3, the SH wave propagates slower than the FF wave, because the
refractive index of the SH is larger than that of the FF wave (see Fig. 2.9). The difference
in the phase velocities of the FF wave and SH wave leads to variations in the relative
phase between these two interacting waves. The continuous phase slip between these
waves results in a periodic alternation in the direction of the power flow. Hence, the SH
periodically grows and decays along the length of crystal, and the SH wave is not able
to grow continuously, as shown in Fig. 2.10. Therefore, it is necessary that the relative
phase between the interacting waves should be maintained for an efficient second-order

nonlinear interaction.

In order to overcome this limit, two approaches are conventionally employed, namely

birefringent phasematching (BPM) and QPM [Fejer 92]. In the early years of nonlinear
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FIGURE 2.9: (a): Refractive index and group index for MgO-doped lithium niobate
(e-wave). (b): Phase and group velocities for MgO-doped lithium niobate.

optics, the dominant approach was BPM, in which the phase velocities of the FF wave
and the SH wave are balanced by setting them with orthogonal states of polarization and

making use of the difference in the refractive indices for orthogonally polarized waves.

With the development of lithographically controlled patterning of nonlinear media, an
alternative method, the QPM technique, in which the ferroelectric domains of the ma-
terial are periodically inverted to correct the interacting waves’ relative phase at regular
intervals, has received much attention for an efficient second-order nonlinear interaction
[Armstrong 62, Franken 63]. For instance, PPLN, first proposed by [Okada 76|, period-
ically reverses the ferroelectric domains and thus periodically reverses the spontaneous
polarization Pg such that the sign of nonlinear coefficient also varies periodically. By
changing the sign of nonlinear susceptibility at every coherent length . = \/4(ny — ny),
which is defined as the distance over which the relative phase between the FF and SH
waves accumulates a difference of m due to temporal walk-off effect, the phase of the
polarization wave is shifted by =, effectively rephasing the interaction and resulting in
a monotonic growth of the SH, as shown in Fig. 2.10. It should be noted that except
for changing the sign of nonlinear susceptibility at every coherent length, any Fourier
component of the QPM grating at the correct spatial frequency will also contribute to a
QPM interaction |Fejer 92|, as shown in Fig. 2.10. The QPM technique offers several ad-
vantages over BPM. Because QPM does not rely on birefringence, any convenient choice

of the polarization states for the FF wave and SH wave can be used. All interacting waves
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F1GURE 2.10: Effect of phase matching on the growth of second harmonic intensity.
PPM: perfect phase matching, QPM: quasi-phase match, NPM: non phase matching.
Replotted from [Fejer 92].

can be set with parallel polarization states and aligned to the largest component of the
nonlinear susceptibility tensor in common ferroelectric media like LiNbO3. However, it is
noted that as shown in Fig. 2.10, the average growth rate of the QPM harmonic wave is

lower than that of a perfectly phasematched wave in the same medium.

2.1.4 PPLN waveguides

The fabrication of PPLN waveguides can usually be divided into two processes. The first
is the inversion of the ferroelectric domains by poling the PPLN substrate. The second is

the formation of a waveguide structure |Fejer 92].

Several approaches have been reported to fabricate the QPM grating on a single-domain
z-cut LiNbOj wafer. Electric-field poling is the most widely used technique, in which a
high-voltage pulse is applied to electrodes lithographically patterned on the surface of the
wafer [Fejer 92, Miller 96.

A guided-wave geometry can prevent optical beam diffraction by providing tight optical
confinement over a long interaction length, so waveguide structures in second-order non-
linear materials can achieve long interaction lengths and high efficiency. It was reported

that PPLN waveguides provided conversion efficiency enhancement up to two orders of
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magnitude compared to bulk PPLNs [Parameswaran 02]. Two standard methods for fab-
ricating optical waveguides in LiNbOj are titanium-diffusion and proton exchange (PE)
[Schmidt 74, Jackel 82|. Ti-diffused waveguides are easily fabricated with low loss and
guide both polarizations, but suffer from photorefractive damage at near-infrared power
levels exceeding tens of milliwatts [Ashkin 66]. As an alternative, proton exchanged waveg-
uides are much more resistant to photorefractive damage but PE only increases the refrac-
tive index for the extraordinary wave (n.). Therefore, waveguides made by this method

can only confine the extraordinary polarization (TM mode) when the substrate is Z-cut

LiNbO3 |Langrock 06].

As introduced in Section 2.1.1, magnesium-doped lithium niobate is commonly used as
the PPLN substrate for optical applications to mitigate the photorefractive effect. In the
following, the refractive index of MgO-doped lithium niobate will be calculated to support
the numerical simulation in Section 2.3. The refractive index of LiNbO3 depends on the
polarisation of the light, the wavelength, the material composition and the temperature.
For MgO-doped PE PPLN waveguides, the polarisation of light needs to be aligned along
the z-axis, so light propagation is governed by the extraordinary refractive index n.. The
extraordinary refractive index n, of LiNbO3 with the addition of ~ 5 mol% MgO which is
wavelength-dependent and temperature-dependent can be approximated by the Sellmeier

equation as follows [Jundt 97|

n2(A\, T) = 5.35583 4+ 4.629 x 10~7 x (T — 24.5)(T + 570.82)

0.100473 + 3.862 x 1078 x (T — 24.5)(T + 570.82)
A2 — (0.20692 — 0.89 x 108 x (T — 24.5)(T + 570.82))?
100 +2.657 x 10°° x (T — 24.5)(T +570.82)
A2 — 11.349272

(2.47)

—1.5334 x 1072)\?

where )\ is the wavelength and 7" is the temperature.

According to Eq. 2.47, Fig. 2.9(a) shows the relationship between the refractive index
ne, the group index ne group = Me + w% and the wavelength \ for MgO-doped lithium
niobate. The envelope of an optical pulse moves at the group velocity, which is given by
Uy = ¢/Ne group- The phase velocity v = ¢/n. and the group velocity v, for MgO-doped
lithium niobate are shown in Fig. 2.9(b). Also, the group velocity dispersion (GVD)
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. . 2
parameter 5 and the dispersion parameter D = %(i) = —%/@2 = —%dd;; versus the

wavelength for MgO-doped lithium niobate are shown in Fig. 2.11.
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FIGURE 2.11: Dispersion parameter and GVD parameter for MgO-doped lithium nio-
bate.

2.2 Characterisation of the PPLN waveguide samples

Two PPLN waveguide samples fabricated by HC Photonics Inc. were used in all of the
experiments that will be presented in my thesis. Both these PPLN waveguides are MgO-
doped PE PPLN waveguides and have a length L = 30 mm, but have slightly different
grating periods. In this section, I will present the characterisation of the fundamental
properties of these PPLN waveguide samples. This characterisation allowed me to model
their behaviour (see Section 2.3) and subsequently use the PPLN samples properly in
the experiments. I will investigate the period of the PPLN grating, tolerances for the
variations in temperature and pump wavelength for the SHG process, and the conversion

efficiency of these PPLN waveguide samples.

The QPM wavelength is a function of the PPLN grating period A given by [Fejer 92|
Aopv = A% 2(ng —ny) (2.48)

where n; and ny are the refractive indices at the wavelength of the FF wave and the SH
wave respectively. In terms of Fig. 2.9, n; = 2.138, ny = 2.182. The calculated PPLN
grating period as a function of the QPM wavelength is shown in Fig. 2.12(a). According
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to Eq. 2.48, A ~ 18 pum at the QPM wavelength of 1546 nm. Figure 2.12(b) shows the
QPM wavelength as a function of the temperature for fixed PPLN grating periods. The
square dots represent the experimental results, and the curves represent the numerical
fits. As shown in the figure, the difference in the QPM wavelength of PPLN Sample 1
and PPLN Sample 2 used in the subsequent experiments is ~ 1.1 nm at 50°C, which

corresponds to a slight grating period difference of ~ 13 nm in terms of Eq. 2.48.

21 'E 1552
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FIGURE 2.12: (a): Calculated PPLN grating period as a function of the QPM wavelength
at 50°C'. (b): QPM wavelength as a function of the temperature for fixed PPLN grating
periods.

To facilitate the use of the PPLN waveguides in the subsequent experiments of this
thesis, it is important to evaluate the tolerances to temperature and pump wavelength
variations for the SHG process. The spectral acceptance bandwidth is determined by the
phase-mismatch between the FF wave and the SH wave, which is related to the length
of the PPLN waveguide samples L and the refractive indices at the wavelength of the
FF wave (ny) and SH wave (ns). Also, the refractive indices vary with the temperature.
Theoretically, the spectral acceptance bandwidth of the SHG process in terms of the

pump wavelength can be expressed as [Fejer 92]

_ 0.4429\ ny —ny  Ony  10ny -1

oA L | A oX 2 0O\

(2.49)

For temperature tolerance, firstly the refractive indices are temperature-dependent. In ad-

dition, thermal expansion can alter both the period A and the total length L of the device.
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The temperature acceptance width of the SHG process can be expressed as [Fejer 92|

0.4429\ 0An

T L or

+ alAn|™! (2.50)

where An = ny —ny, A is the wavelength at the FF wave, and « is the coefficient of linear

thermal expansion.

By tuning the wavelength of the pump J\,, the spectral acceptance bandwidth of the
PPLN waveguide sample at 50°C' is measured to be ~ 0.4 nm, and the experimental
tuning curve is shown in Fig. 2.13(a), which is consistent with the calculated curve in
terms of Eq. 2.23. By tuning the temperature of the PPLN device and with the pump
at 1546 nm, the temperature acceptance bandwidth of the PPLN waveguide sample is
measured to be ~ 2.5°C', and the experimental tuning curve is shown in Fig. 2.13(b),

which also matches the calculated curve.

[Schiek 99
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FIGURE 2.13: (a): SHG tuning curve of acceptance wavelength bandwidth at 50°C. (b):
Acceptable temperature bandwidth at 1546 nm.

Finally, the conversion efficiency is calculated in terms of the power relationship between
the cSHG/DFG output and the input signal. Under the low gain and non-depleted pump
assumption, the power of the SH can be written as [Banfi 98|

PSH = nnorL2P2 (251)

pump
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FIGURE 2.14: (a): The output power of the cSHG/DFG process as a function of the
signal power. (b): The output power of the cSHG/DFG process as a function of the
pump power.

where 7,,, = (wgmk)? is the normalised conversion efficiency of the SHG interaction. In

the subsequent DFG interaction, the output power can be written as [Langrock 06]

1
PDFG = 7777,()T(DFG)L2PSHPsignal = ZnnorL2PSHPsignal (252>

where Nor(pFG) = (Woutk)? is the normalised conversion efficiency of the DFG interac-
tion. Hence, under the nondepleted pump assumption, the output power generated in a

c¢SHG/DHG interaction can be written as |[Langrock 06]

Pout = (nnorLgppump/Q)QPsignal (253)

Hence, the average power of the cSHG/DFG output P,,; is proportional to the average
power of the input signal Pi;gnq;, while it grows quadratically with the average power of
the pump Ppymp. In the experiment, the wavelength arrangement followed Fig. 2.7. Two
CW lasers operating at 1556 nm and 1546 nm were used as the signal and the pump
respectively and launched into PPLN 1. The output was generated through ¢cSHG/DFG
at 1536 nm. PPLN 1 operated at 50°C'. The total insertion loss of PPLN 1 was measured
to be 3.8 dB, and the propagation loss in the 3-cm PPLN waveguides was assumed to be ~
1 dB (assuming a typical propagation loss of 0.3 dB/cm for fundamental frequency wave
and 0.6 dB/cm for SH wave, Ref. [Schiek 99]). Therefore, each coupling loss between the
fibre pigtail and the PPLN waveguide was assumed to be 1.4 dB ((3.8 dB — 1 dB) / 2).
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The external input power of the signal and the pump was measured using a power meter.
Subtracting the coupling loss (1.4 dB) from the external input power, the internal input
power could be obtained. Also, by monitoring with an OSA, the power ratios between
the signal, the pump and the output were known and the power of the output could be
calculated accordingly. The experimental results are shown in Fig. 2.14. The normalised
conversion efficiency of the PPLN sample was calculated to be 1, ~81.2%(W-cm?)™!
through substituting the experimental input and output powers shown in Fig. 2.14 into

numerical modelling which will be introduced in the following section.

2.3 Numerical simulations of second-order interactions

in PPLN

In this section, numerical simulations of the SHG, SFG, DFG, ¢SHG/DFG and cS-
FG/DFG interactions in PPLN waveguides are performed to support the experiments

presented in the subsequent chapters.

2.3.1 Second harmonic generation

_____

T )) }\,

SH RF
QPM wavelength

FIGURE 2.15: Hlustration of second harmonic generation.

The SHG process in PPLN waveguides as illustrated in Fig. 2.15 is modelled firstly. When
loss, pump depletion, phase mismatch, group-velocity mismatch (GVM) and GVD are
taken into account, the propagation of the FF and SH pulses and the coupling between
them during the SHG process are modelled by the coupled-mode (pulse propagation)
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equations [Boyd 03, Agrawal 07]:

OApp(z 0App(2)  Porr PApr(z) « : : inpz
gz( )+51FF gi( )+ZBQ;F 0};55( ) gFAFF = —iwprksnaApr(2)Asm(2)e"?
(2.54)
OAsh(2 0Asn(z)  Posm 0*Asu(z) « : ingz
gz( : + bisu Sé);]( ) T QSH ;tg( - ;HASH = —iwprksnaApp(2)e™’
(2.55)

where AS = B(wsy) — 26(wrr) — 27/A is the phase mismatch of the SHG process, 51pp
and (15 denote the inverse of the group velocity at the FF and SH frequencies respec-
tively, Sopp and Bosy denote the intra-pulse group-velocity dispersion (IGVD) parameter
at the FF and SH frequencies respectively. Briefly, the pulse envelope moves at the group
velocity v, = 1/, while f; is responsible for pulse broadening. app and agy are the
waveguide propagation losses at the FF and SH frequencies respectively. There is no an-
alytical solution for the set of Equations 2.54 and 2.55, so they were numerically solved
using the symmetric split-step Fourier method as introduced in Ref. [Agrawal 07| with a

Runge-Kutta algorithm.

The left hand sides of Equations 2.54 and 2.55 are pulse propagation equations which
account for the loss, the GVM, and IGVD of the FF and SH pulses, as they propagate
through the PPLN waveguides [Agrawal 07]. On the right hand side of Equations 2.54
and 2.55, the coupled-mode differential equations which are given by Eq. 2.20 and Eq.
2.21 describe the coupling between the FF and SH pulses during the SHG interaction
[Boyd 03|. The effects of dispersion (GVM and IGVD) and the effect of coupling act
together along the length of the PPLN waveguide. With the split-step Fourier method, an
approximate solution is obtained by assuming that the dispersion effects and the coupling
effects act independently over a small distance. The length of the PPLN device was
divided into large number of small segments. In each small segment, the GVM and IGVD
effects were modelled in the frequency domain first. Subsequently, Fourier transform was
performed to convert the optical signal from the frequency domain to the time domain,
and then Fourth-order Runge-Kutta algorithm was employed to solve the coupled-mode

equations above in the time domain.
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FIGURE 2.16: Propagation of (a) the FF pulse (b) the SH pulse in SHG (2-ps input

pulse with 10 mW peak power, and in a 30-mm-long PPLN waveguide)

In the simulation, the group velocity of the FF pulse at 1546 nm is v, = 1/B1pp =
1.37386 x 10%m/s, and the group velocity of the SH pulse at 773 nm is v, = 1/f1sy =
1.318089 x 10® m/s as shown in Fig. 2.9. The normalized efficiency is 1,,, = 75%(Wem?)~?
as calculated in Section 2.2 above. The central wavelength of the FF pulse is set at the
QPM wavelength of the PPLN waveguide. In bulk PPLNs, the GVD parameter of the
FF pulse at 1546 nm is Sypp = 1.02173 x 107 s?/m, and the GVD parameter of the SH
pulse at 773 nm is Bosy = 3.93251 x 107 s?/m as shown in Fig. 2.11. The length of the
PPLN device is 3 cm. The waveguide propagation losses apr and agy are set to be 0.3
dB/cm and 0.6 dB/cm. The input FF pulse is a 2-ps transform-limited Gaussian pulse
with peak power of 10 mW. As shown in Fig. 2.16(a), as the FF pulse propagates through
the PPLN waveguide, the peak power of the FF pulse remains almost constant with only
a slight attenuation due to the propagation loss of the waveguide, which indicates that
there is no severe pump depletion during the SHG interaction. As shown in the simulation
result in Fig. 2.16(b), the GVM plays the prominent role in the shaping of the SH pulses.
Because of the short length of the PPLN waveguide, the effects of intra-pulse GVD on
the SH pulse shapes are negligible for pulses which are ~ 50 fs or longer, but the effects
of intra-pulse GVD on the SH pulse shapes are not negligible for pulses which are ~ 10
fs or shorter [Sidick 95]. In the time domain, due to the difference in group velocities, the

FF pulse propagates faster than the SH pulse in lithium niobate waveguides, resulting
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in a temporal walk-off effect. The length over which the FF pulse walks through the SH

pulse is named the walk-off length Liux off, which is defined as

T
Lwalk of f — % (256)

where 7 is the pulse width of the FF pulse, and dv = B1pr — f195 is the GVM parameter
between the FF and SH pulses.

In the frequency domain, the temporal walk-off effect can be understood as a finite SHG
acceptance bandwidth for the SHG interaction. In a PPLN waveguide with a length of
L, the relationship between the output SH pulses and the input FF pulses was derived in
[Imeshev 00, Prawiharjo 05| and is (see also Chapter 3):

where * denotes convolution and Dgyg denotes the filtering function between the output

SH’s spectrum and the auto-correlation of the input FF wave’s spectrum.

In the case that the pulse width of the input FF pulse is shorter than the walk-off length
of the PPLN waveguide and the spectral bandwidth of the input FF pulse is wider than
the SHG acceptance bandwidth of the PPLN waveguides, the SHG acceptance bandwidth
is insufficient to accommodate the FF pulse’s spectrum. As a result, the generated SH
pulses become broader than the input FF pulse as shown in Fig. 2.16(b). In contrast, in
the case that the pulse width of the input FF pulse is longer than the walk-off length of
the PPLN waveguide and the spectral bandwidth of the input FF pulse is narrower than
the SHG acceptance bandwidth of the PPLN waveguides, the SHG acceptance bandwidth
is sufficient to accommodate the FF pulse’s spectrum. As a result, the temporal width of
the SH pulse is equal to the square of the temporal width of the FF pulse as shown at
the distance of z = 6.7mm = Ly o7 in Fig. 2.16(b).
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FIGURE 2.17: In depleted pump case, propagation of (a) the FF pulse (b) the SH pulse
in the SHG interaction (2-ps input pulse with 3 W peak power, and in a 30-mm-long
PPLN waveguide)

In order to investigate the effect of pump depletion, the peak power of the FF pulses was
increased from 10 mW to 3 W in the simulation, while the length of the PPLN device was
maintained to 3 cm. As shown in the simulation result of Fig. 2.17(a), the peak power of
the FF pulse decreases significantly as it propagates through the PPLN waveguide owing
to the pump depletion. The SH pulse still broadens as it propagates through the PPLN
waveguide due to the GVM effect, but the top of the generated SH is not flat, compared

to the case of no severe pump depletion.

2.3.2 Sum frequency generation

SFG.--77 =27
u'/ |
T I
1
()() 1 }\4
SF Pump, " Pump,

QPM wavelength

F1GURE 2.18: Hlustration of the sum frequency generation interaction.
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The coupled-mode equations for the SFG interaction in the PPLN waveguides which is

shown in Fig. 2.18 can be written as

0A 0A ) a2A . ) o
g;(z). + Bipr (1;]15(2) N 2522131 81;;(2) B Oégl Apr = —iwprispa A (2) Agn(z)e Ak
(2.58)

OAps(z OApa(z)  Pops PApa(2) @ . * o
gz( ) -+ BIPQ gi( ) + 1 22P2 81;;( ) . §2AP2 _ _ZWPQHSFGApl(Z)ASF(Z)e Ak
(2.59)

21:(2). + Bisr 21;(2) N 25251? ;f;(z) B a;FASF — iwsrrsraAp(2)Apy(2)e Sk
(2.60)

where Ak = k(wsp) — k(wp1) — k(wpz) — 2m/A is the phase mismatch of the SFG in-
teraction. kgpg is the conversion efficiency of the SFG interaction. fy,, 52, and a, (at
each wavelength x, with z = P1, P2, SF) are the inverse of the group velocity, the GVD
parameter and the attenuation coefficients of Pump 1, Pump 2 and the SF respectively.

It is noted that

In the simulation, the phase-matching condition in the PPLN waveguide is satisfied. The
length of the PPLN device is 3 cm. Both Pump 1 and Pump 2 are both 2-ps transform-
limited Gaussian pulses with peak power 5 mW as shown in Fig. 2.19(a) and Fig. 2.19(b).
As shown in Fig. 2.19(c), the SF pulse becomes broader due to the GVM effect, similar
to the case of SHG. In the case that the peak power of the input pumps in SFG is half
of the peak power of the input FF pulse in SHG, the outputs of SHG and SFG are equal

in power, which is consistent with the theory (Eq. 2.23 and 2.31).
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FIGURE 2.19: Propagation of (a) Pump 1 pulse (b) Pump 2 pulse (C) the SF pulse in

30-mm-long PPLN waveguide)
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2.3.3 Difference frequency generation
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F1GURE 2.20: Hlustration of difference frequency generation.
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The coupled-mode equations for the DFG interaction in the PPLN waveguides which is

illustrated in Fig. 2.20 can be written as:

0Ag(z 0As(z Pag 0?Ag(z « ) X —iAkz
852( : *his gt( ) 2%58—52() B TSAS = —iwskpraApp(2)Ap(2)e ™ (2.61)
apz(z) + Bip 5’t(z) + ZB;P al];(»z) - %AP _ _ZWPKDFGADF(z)AS<Z)€ Ak (262)
0A 0A . ’A : ] —iAkz
—gi(z) +Bipr gj(z) +Z/32§F aig(z) - agFADF = —iwpprpraAg(2)Ap(z)e B
(2.63)

where Ak = k(wp) — k(ws) — k(wpr) — 27/ is the phase mismatch of the DFG inter-
action. kppg is the conversion efficiency of the DFG interaction. (51, [2., and «, (at
each wavelength z, with z = P, S, DF’) are the inverse of the group velocity, the GVD
parameter and the attenuation coefficients of the pump, the signal and the DF wave

respectively.

In the simulation, the phase-matching condition in the PPLN crystal is satisfied. Both
the input signal pulse and pump pulse are 2-ps FWHM transform-limited Gaussians with
peak power 10 mW as shown in Fig. 2.21(a) and Fig. 2.21(b). Because of the GVM
effect, the signal pulse and the pump pulse propagate at different group velocities. After
one walk-off length, the signal and pump pulses completely walk through each other.
As shown in Fig. 2.21(c), the DF pulse grows at the beginning of the crystal via DFG
interaction. But when the signal and pump pulses completely walk through each other,

DFG interaction stops and the DF pulse ceases to build up.
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FIGURE 2.21: Propagation of (a) the pump pulse (b) the signal pulse (C) the DF pulse
in DFG (2-ps input pulse, 30-mm-long PPLN waveguide)

In the frequency domain, the relationship between the output DF pulses and the input
pulses in a PPLN waveguide with a length of L was derived in Ref. [Prawiharjo 05] and
is:

Apr(L, Q) = Ap(L, Q) * A%(—Q) (2.64)

where A’ is the effective pump and can be expressed as A = Gpra(2)Ap(Q2) and Gpra

is the filtering function between the effective pump and the pump.

The SHG interaction’s filtering function applies on the convolution of the input pulses,
so the temporal walk-off effect yields a broad output pulse. The DFG filtering function

applies on the pump pulse. Therefore, the temporal walk-off effect has a less dramatic
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effect on the output pulse in DFG than in SFG, and the output pulse of DFG does not
broaden significantly as shown in Fig. 2.21(c) |[Prawiharjo 05].

2.3.4 Cascaded quadratic interactions (cSHG/DFG, cSFG/DFG)

sH  output Pu:mp Signal
QPM wavelength

FIGURE 2.22: Illustration of cascaded second harmonic generation and difference fre-

quency generation.

The coupled-mode equations for the ¢SHG/DFG interaction in the PPLN waveguides

which is illustrated in Fig. 2.22 can be written as:

0Ap(z 0Ap(z Pap O?Ap(z « . « —i 2
R LR
(2.65)
0Agy (2 0Asi(2)  Posm 0?Agu(z) « . i 2
gz< )+6ISH glz( )+Z 22,5'H as;;[( ) - ;HASH = —ZWpIiSHgA%)(Z)e Aksna
— inHRngAO(Z)As(z)eiAkDFGZ
(2.66)
0Ag(z 0Ag(z)  Bag 0*As(2) « . . —i 2
0Ao(z 0Ao(z Bao 0?Ap(2 « . . —i 2
(9Oz( )+Blo gt( v ;O 81(,‘)2( - TOAO = —iwokpraAs(2) Asm(z)e BrPre
(2.68)

where Akspe = k(wsy) — 2k(wp) — 27 /A is the phase mismatch of the SHG interaction
and Akppa = k(wsn) — k(Wsignat) — k(Woutput) — 27 /A is the phase mismatch of the DFG
interaction. ksyg and kprg are the conversion efficiency of the SHG and DFG interaction
respectively. 81, B2z, and «a (at each wavelength z, with x = P, SH, S, O) are the inverse
of the group velocity, the GVD parameter and the attenuation coefficients of the pump,
the SH, the signal and the output respectively.
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In the simulation, the phase-matching condition in the PPLN waveguide is satisfied. Both
the input signal pulse and the pump pulse are 2-ps transform-limited Gaussian pulses
with peak power 10 mW as shown in Fig. 2.23(a) and Fig. 2.23(c). In the ¢cSHG/DFG
interaction, the difference in the group velocities between the pump, signal and output
pulses is small. The pump generates SH, and the walk-off effect makes SH broadening in
time as shown in Fig. 2.23(b). The pump keeps generating SH which overlaps with the
signal pulse in time. Hence, the broadening of the effective SH extends the distance over
which the DFG interaction between the SH and signal pulse takes place. Similar to the
simple DFG interaction, the output pulse of ¢cSHG/DFG interaction does not broaden
significantly as shown in Fig. 2.23(d) [Prawiharjo 05].
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FIGURE 2.23: Propagation of (a) the pump pulse (b) the SH pulse (c) the signal pulse
(d) the output pulse in ¢cSHG/DFG (2-ps input pulse, 30-mm-long PPLN waveguide)
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In the frequency domain, the relationship between the output pulses and the input pulses

in a PPLN waveguide with a length of L was derived in [Prawiharjo 05] as follows:

Ao(L, Q) = Ay (L, Q) % A%(—9Q) (2.69)

where Ay = Go()(Ap(2) x Ap(Q2)) is the effective SH, and G¢(Q2) is the filtering
function of cSHG/DFG interaction.

Due to the similarity between Eqns. 2.69 and 2.64, the ¢cSHG/DFG interaction inherits
most of its features from the DFG interaction compared to the SHG interaction. In
c¢SHG/DFG interaction, the spectral filtering function applies on the pump pulse rather
than the signal pulse [Prawiharjo 05].

In order to investigate the effect of pump depletion, the peak power of the pump pulse was
increased to 3 W, and the signal pulse was increased to 0.1 W. As shown in the simulation
results in Fig. 2.24(a), the peak power of the pump pulse decreases as it propagates
through the PPLN waveguide due to pump depletion. As shown in Fig. 2.24(b), the SH
pulse still broadens as it propagates through the PPLN waveguide due to the GVM effect.
But compared to the case of no severe pump depletion, the top of the generated SH is
not flat. In Fig. 2.24(c), the signal pulse is amplified as it propagates through the PPLN
waveguide, because when a photon of SH is destroyed, both a photon of frequency wo and
a signal photon are created. This process is also known as optical parametric amplification
(OPA). As shown in Fig. 2.24(d), the shape of the output pulse of the cascaded quadratic

interaction is not distorted, but the rate of growth slows down due to pump depletion.
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FIGURE 2.24: Propagation of (a) the pump pulse (b) the SH pulse (c) the signal pulse
(d) the output pulse in cSHG/DFG (2-ps pump pulse with peak power of 3 W and 2-ps
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FIGURE 2.25: Illustration of the cascaded sum frequency generation and difference fre-

quency generation interaction.
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The coupled-mode equations for the ¢cSFG/DFG interaction in the PPLN waveguides

which is illustrated in Fig. 2.25 can be written as

814. aA . 8214 . * —1 z
—g;(z>+51P1 g;(z) —HBZPI 8:;(2) _0451 Ap1 = —iwp1ksraApy(2)Asr(z)e Aksra
(2.70)
0Aps(2 0Aps(2) | *Aps(2) « , i _i B
—gi( )+61P2 gz( )+2622P2 8:§< )— ;DQAPQ = —ZnglispgAPI(Z)ASF(Z)e Aksra
(2.71)
0Asp(z 0Agr(z , O?Asr(2)  « ‘ :
—g};( ) +515’F g}ZZ( ) ‘l"LBZ;’F astg( ) — ;FASF = —ZWSFI{SFGAAplAPQ(Z)GZAICSFGZ
— inF/{ngAO(Z)Ag(z)eiAkDFGZ
(2.72)
;z +Bis ;t Z%Sa—;—?g/ls = —iwskpraAp(2)Asr(z)e Bkorez (2.73)
(‘;)z + Bio 6Ot +1 ;O 82502 _gAO:_ZWOﬁDFGAs(Z)ASF(Z)e Akpra
(2.74)

where Akspq = k(wsr) — k(wp1) — k(wpz2) — 2m/A is the phase mismatch of the SFG
interaction and Akppe = k(wsr) — k(Wsignat) — K (Woutput) — 27 /A is the phase mismatch
of the DFG interaction. kgpe and kppg are the conversion efficiency of the SFG and
DFG interaction respectively. (1., B2, and a, (at each wavelength z, with z = P1, P2,
SF, S, O) are the inverse of the group velocity, the GVD parameter and the attenuation

coefficients of Pump 1, Pump 2, the SF, signal and output respectively.

In the simulation, the phase-matching condition in the PPLN waveguide is satisfied. The
length of the PPLN device is 3 cm. Pump 1, Pump 2 and the signal are all 2-ps transform-
limited Gaussian pulses. The peak power of Pump 1 and Pump 2 is 5 mW, and the peak
power of signal is 10 mW. As shown in Fig. 2.26(a), 2.26(b), 2.26(c), 2.26(d) and 2.26(e),
the behavior of the ¢SFG/DFG interaction is analogous to that of cSHG/DFG.
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2.4 Previous works on all-optical signal processing with

PPLN waveguides

All-optical signal processing using second-order nonlinearities in PPLN waveguides is of
high interest for telecommunications applications. For instance, all-optical wavelength
conversion relying on ¢SHG/DFG and ¢SFG/DFG were demonstrated by Gallo et al.
[Gallo 97] and Lee et al. |Lee 03], respectively. All-optical demultiplexing based on the
c¢SHG/DFG effect has been demonstrated by Fukuchi et al. [Fukuchi 03|. Mid-span spec-
tral inversion using a PPLN waveguide-based phase conjugator for the dispersion compen-
sation was demonstrated by Chou et al. [Chou 00]. In this chromatic dispersion compen-
sation scheme, the chirp of the signal induced by the dispersion of fibre span was inverted
by PPLN waveguides placed at the middle point of the transmission link through the
c¢SHG/DFG effect, and the inverted chirp was subsequently negated by the second half
of the fibre link.

The demonstration of all-optical continuously-tunable delay elements using PPLN waveg-
uides were reported by Wang et al. [Wang 05]. In that scheme, two PPLN waveguides
were employed as two wideband tunable wavelength converters. The input signal was
converted to a calculated wavelength by the first PPLN waveguide, and subsequently
propagated through a length of dispersion compensating fibre (DCF) which resulted in a
wavelength-dependent group delay. Finally the signal was converted back to the original

wavelength by the second PPLN waveguide.

Optical phase erasure relying on the cascaded quadratic processes in PPLN waveguides
was proposed by Wang et al. [Wang 08b]. When the signal was set at the QPM wavelength,
its phase was doubled through the ¢cSHG/DFG process, and input signals with binary
value of "0" or "7" phase would have the same output phase owing to the periodicity of

27 for optical phase.

Clock recovery using a PPLN waveguide and based on opto-electronic phase-locked loop
(PLL) was demonstrated by Ware et al. [Ware 08]. In that scheme, the phase comparison
operation in the opto-electronic PLL was performed by SFG in the PPLN waveguide.

Also, all-optical retiming relying on the manipulation of the temporal walk-off between
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the FF pulses and the SH pulses in PPLN waveguides was demonstrated by Hasegawa et
al. [Hasegawa 04]. In that scheme, the input data pulses affected by timing jitter generated
SH pulses through SHG. The slower-propagating SH pulses were subsequently gated by
a slightly later incident clock pulse train through DFG, generating an output signal with

suppressed timing jitter at a different wavelength.

PPLN-based add/drop multiplexing at 640 Gbit/s exploiting pump depletion effect and
the ¢SFG/DFG process was demonstrated by Bogoni et al. [Bogoni 10]. By means of
proper control of the pump powers, the dropped channels were depleted through the
SFG process and converted to another wavelength through the subsequent DFG process.
Also, based on the pump depletion effect, channel-selective data exchange for multiple
WDM channels at 40 Gbit/s using PPLN waveguides was demonstrated by Wang et al.
[Wang 10].

Frequency-resolved optical gating based on cascaded quadratic interactions in a PPLN
waveguide for ultrashort-pulse diagnostics application was reported by Prawiharjo et al.
[Prawiharjo 05]. Finally, several other applications, such as all-optical format conversions
e.g. from carrier-suppressed return-to-zero (CSRZ) to return-to-zero (RZ) [Wang 08b],
and non return-to-zero (NRZ) to RZ [Wang 07b, Wang 07c|, as well as all-optical logic
gates have also been reported, e.g. AND/NAND [Lee 06], OR [Wang 07a], NOT [Wang 06|,
XOR [Wang 07al, half-subtracter [Wang 08a| and half-adder [Bogoni 09].

2.5 Enabling technologies in the thesis

In this closing section of this chapter, I describe briefly two unconventional components,
which have been frequently used in the experimental work that will be described in
the following chapters. The first is a frequency resolved optical gating (FROG) system,
where the gating is implemented using an electro-optic modulator, and which allows
the simultaneous intensity and phase characterisation of ps-wide optical pulses. It had
originally been constructed by a previous member of our group (Dr. M. Roelens) and
sufficient understanding of its operation was required in order to use it properly. The

second is a commercial programmable optical filter (Finiser Waveshaper) which allows
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fine control of both the phase and intensity of spectral components and which has only

appeared in the market and was acquired in our lab during the course of my studies.

2.5.1 Linear frequency resolved optical gating

&>T
E() PC { K!
Ceow -
Pulse under test Sampled pulse
RF amplifier E(t)G(t-1)

Gate pulse  Delay line EDFA MOdU'%“(Ct’)” window

FIGURE 2.27: Hllustration of a frequency resolved optical gating.

Since the time scale of the optical pulses of interest is much faster than the temporal
response of any existing photo detectors, optical gating schemes, such as FROG, are
employed to measure ultrashort pulses. FROG is a technique for the characterization
of ultrashort pulses. FROG is capable of measuring the full time-dependent electric field
including both the temporal amplitude and the temporal phase or equivalently measuring

the optical spectrum including the frequency-dependent spectral phase [Kane 93|.

In various configurations of nonlinear FROG, a pulse under test is optically gated by the
replica of the same pulse (or by another pulse) through some nonlinear effect. Instead of
using nonlinear effects, an alternative approach is to implement the gating using electro-
optic modulators [Dorrer 02|, namely linear FROG (L-FROG). L-FROG offers the benefit
that only commonly available and fully fiberised devices are needed for its implementation.
A schematic diagram of the L-FROG configuration is shown in Fig. 2.27. The pulse
under test (with electric field E(t)) is sent to an electro-optic modulator (EOM) after
polarization optimization, while the gate pulse is sent to a variable delay line, after which
it is launched into a constant gain optical amplifier. This is to provide the correct input
power for the receiving photodiode. The electrical pulse signal (with electric field G(t—7))
from the photodiode is amplified and sent to drive the EOM (7 is the relative delay
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between signal pulse and electrical signal in time, and tuned by the variable delay line).
In terms of the modulation curve of the EOM, with proper bias current, the optical
output of the EOM is more transparent as the driving radio-frequency electrical signal
increases, and thus the electrical pulse signal is able to gate the optical pulse stream
passing through the EOM. The gated signal is then spectrally resolved with an OSA.
A spectrogram Ippog(w,T) with a very good spectral resolution can be obtained by

sweeping the variable delay line, given by [Roelens 04, Reid 07|
Irroc(w,7) = | / E(®)G(t — r)expliwt)d] (2.75)

After obtaining the spectrogram, iterative retrieval algorithms can then be applied for
reconstructing the intensity and phase profile of the pulse from the FROG spectro-
gram trace. Firstly, an initial guess of E(t) and G(¢) is given. The calculated intensity

Icacutated(w, 7) and calculated phase ¢caicutated(w, 7) can be retrieved as

o

\/ICalculated<w7 T>¢Calculated(wa T) - / E(t)G(t)exp(_th)dt (276>

o0

Then the calculated intensity is replaced by the measured intensity. By doing inverse

Fourier transform, the following semi-experimental and semi-calculated pulse is obtained

E(t7 T) - Fl{\/IMeasured(wa T)¢Calculat6d(w7 T)} (277)

Ideally, the next guess for E(t) represents a better estimation for the phase of the pulse.
After a number of such iterations, the pulse converges to a solution eventually and the

following error ¢ is minimized.

N N
1
€= ﬁ Z Z [Calculated Wi, T]) ]Measured(wi7 Tj)]Q (278>

=1 j=1

where NN is the number of time points and frequency points in the spectrogram, w; is the

i-th frequency point and 7; is the j-th delay in the measured spectrogram.
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2.5.2 Optical processor filter
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FIGURE 2.28: Illustration of an optical processor (wave shaper). Ref. [Opt |.

In some of the experiments I present in the following chapters, I need the capability of
accurately controlling the phase and/or intensity of optical wavelengths. This is facilitated
by a commercial piece of equipment (Waveshaper, Finisar), which I will briefly describe

below.

As shown in Fig. 2.28, a Waveshaper consists of a fibre array, polarization diversity optics,
4 - f wavelength imaging optics, a cylindrical mirror, compensating optics, a conventional
grating and a liquid crystal on silicon (LCoS) optical processor. The fibre array consists
of one common input port and several output ports. The 4 - f wavelength imaging
optics images in the dispersive axis of the LCoS and provides integrated switching and
optical power control. Polarization diversity optics is used to both separate and align
the orthogonal polarization states to be in the high efficiency s-polarization state of the
diffraction grating. The conventional grating disperses the input light. The LCoS array is
the core element of the optical processor. The phase of the light at each pixel of the LCoS
is controlled by driving electrical signals, forming an electrically-programmable grating.
The vertical direction of the beam deflection is varied by tuning the pitch of the grating,
while the number of pixel columns selected in the horizontal direction determines the

bandwidth of each spectral feature of the transfer function of the grating [Opt |.
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In operation, light from the input fibre (one of the ports in the fibre array) firstly passes
through the polarization diversity optics. Subsequently, the light is reflected from the
cylindrical mirror, and angularly dispersed by the grating. After that, the light is reflected
back to the cylindrical mirror which directs each optical frequency to a different portion
of the LCoS. The path for each frequency is then retraced upon reflection from the LCoS,
with the beam-steering image applied on the LCoS directing the light to a particular port
of the fibre array |Opt |.

Optical processors can be employed as spectral filters and allow individual control of the
intensity and phase of spectral components. Optical processors offer a range of attractive
features including simple implementation, robust polarization insensitive operation, and
ready integration into fiber systems. Moreover, an optical processor is fully programmable
and is able to generate arbitrary user-designed filter shape (both amplitude and phase).
The optical processor (Finisar WaveShaper 4000E) used in the subsequent experiments

has a resolution of 4 GHz, and an insertion loss of ~ 4.5 dB.

The design methodology for a specific filter is as follows. In the time domain, the output
pulse y(t) is given by the convolution of the input signal z(¢) with the designed filter’s
impulse response h(t)

y(t) = z(t) * h(t) (2.79)

Alternatively, in the frequency domain, the output signal Y (w) is the product of the input
signal X (w) with the designed filter’s frequency response H(w)

Y(w) = X(w)H(w) (2.80)

where X (w) and Y (w) are the Fourier transforms of x(¢) and y(t) respectively. In terms

of Fourier transform, the relationship between h(t) and H(w) is given by:

H(w) = /+Oo h(t)estdt (2.81)

[e.e]

To achieve a specific output, we need to design a filter with a spectral response H(w) as

follows

H(w) = Youtput (@) / Xinpur () (2.82)
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where Yyt (w) is the spectrum of the output pulse and X, (w) is the spectrum of the

input pulse.

2.6 Conclusion

In this chapter, the origin of the second-order nonlinearity in lithium niobate crystals
and various second-order nonlinear interactions in PPLN waveguides were introduced.
The theory of the QPM technique and the PPLN waveguide fabrication techniques were
presented. The PPLN waveguide samples used in the subsequent experiments were exper-
imentally characterized. The SHG, SFG, DFG, ¢SHG/DFG and ¢SFG/DFG interactions
in PPLN waveguides were modelled and the properties of these second-order nonlinear
interactions were analysed. This chapter has finally included an introduction of the L-
FROG technology and the optical processor technology, which are used in the subsequent

experiments in my thesis.
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Analysis of acceptable spectral
windows of quadratic cascaded
nonlinear processes in a periodically

poled lithium niobate waveguide

3.1 Introduction

Efficient all-optical wavelength conversion is likely to be a key functionality within fu-
ture WDM networks [Yoo 96]. WDM technology offers an effective utilisation of the fi-
bre bandwidth, and allows flexible interconnections based on wavelength routing. How-
ever, wavelength contention becomes a serious problem in high capacity WDM net-
works. The use of wavelength converters at the network nodes can mitigate the wave-
length contention in WDM networks by swapping and reusing the WDM channels. All-
optical wavelength converters, which can overcome the speed bottleneck of electronic
components used for O-E-O wavelength converters, have become attractive. Various ap-
proaches for all-optical wavelength conversion have previously been reported, including:
cross gain modulation (XGM) in semiconductor optical amplifiers (SOAs) [Wiesenfeld 94];
cross phase modulation (XPM) in either SOAs [Schilling 94| or nonlinear optical loop
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mirrors (NOLMs) |Rauschenbach 94]; four-wave-mixing (FWM) in either optical fibres
[Inoue 92, Inoue 94, Fok 07], SOAs [Agrawal 88|, or semiconductor waveguides [Le 92].

Wavelength conversion techniques exploiting cascaded second-order nonlinear processes
in PPLN waveguides have attracted much interest in recent years due to a number of
attractive features relative to competitor approaches |Gallo 97, Chen 04, Langrock 06].
These features include high conversion efficiency, broad wavelength conversion bandwidths
within the telecom-band, bit-rate and modulation format transparency, and no excess
noise accumulation during wavelength conversion. An all-optical wavelength conversion
scheme based on the ¢cSHG/DFG process in PPLN waveguides was proposed by Gallo
et al. |Gallo 97|, and was later demonstrated using a 10 GHz pulse train by Schreiber
et al. [Schreiber 01]. All-optical wavelength conversion based on the ¢SFG/DFG process
in PPLN waveguides was proposed by Lee et al. [Lee 03|. Tunable all-optical wavelength
conversion of short pulses based on ¢SFG/DFG in a single PPLN waveguide was first
demonstrated by Min et al. [Min 03|. Since then, tunable all-optical wavelength conversion
of 160-Gb/s RZ signals based on ¢SFG/DFG in a PPLN waveguide has been reported
by Furukawa et al. [Furukawa 07]. One important parameter in all these schemes is the
acceptance bandwidth, since this will determine the pulse widths that the wavelength
converter can handle. There have been several theoretical and experimental studies of
the cascaded processes in the CW-pump regime and the results show that the acceptable
pump bandwidth for the SHG based approach is relatively narrow compared to the SFG
case because of restrictions imposed by the QPM requirements [Chen 04]. However, in
order to apply these cascaded processes to practical digital communication systems, the
transmitted signals should have the form of pulsed waves rather than CW signals - making
a proper investigation of the wavelength conversion properties in the pulsed-pump regime
especially important. No consistent study has been performed to compare the cSHG/DFG
and ¢SFG/DFG schemes in the pulsed-pump regime to date, in which the acceptance
bandwidth should have a somewhat different definition since it actually depends on the

input pump conditions.

In this chapter, I report the first systematic study on the acceptance bandwidths under
pulsed pump operation of the cSHG/DFG and the ¢cSFG/DFG processes. The acceptance
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bandwidths of SHG and SFG are carefully compared in the CW and the pulsed-pump
regimes via both modelling and experiments. Unlike the CW-pump regime, where the
SHG bandwidth is known to be half that of SFG, my results show that these two band-

widths are comparable when pulsed signals are involved.

3.2 Theoretical analysis

3.2.1 CW-pumped SHG and SFG
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FIGURE 3.1: Schematic diagrams of the (a) SHG and (b) SFG processes in the CW-

pump regime. The wave vector mismatches for (¢) SHG and (d) SFG. The solid and

dashed lines representing each vector correspond to the fixed and the tunable wave-

length, respectively.

The schematic diagrams of the CW-pumped SHG and SFG processes in a PPLN waveg-
uide are illustrated in Fig. 3.1. The second harmonic (SH) wave of an input pump (CW,)
is generated by the SHG process as shown in Fig. 3.1(a), whereas the sum-frequency (SF)
wave is generated from two pump beams (CW; and CW3) by the SFG process as shown
in Fig. 3.1(b). In this section I theoretically investigate the bandwidth of these two effects,
and in order to do this, I allow the wavelengths of CWj in Fig. 3.1(a) and CW; in Fig.
3.1(b) to be tuned around the resonant wavelengths that satisfy the QPM condition in
the PPLN device. As presented in the background chapter, the output power of the SHG

and SFG processes can be expressed as:

AkspaL

= (3.1)

Py oc sinc?(
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AkspaL

) (3.2)

Pgr o sinc®(

where Akgsye and Akspg denote the phase mismatches of the SHG and SFG processes,
respectively. The phase mismatch for SHG around the resonant pump frequency (wp) is

defined as,
Akspa(Aw) = 2k(w) — k(2w) = 2k(wo + Aw) — k(2w + 2Aw) (3.3)

which can be rewritten using a Taylor expansion as follows:

ok ok
AkSHg(Aw) = 2/{3(600) — ]{?(2WO) + 2[—|w0 — —|2wO]Aw + O(sz)
1 1 ‘
= AkQSHG + 2[— — —]Aw + O(AwQ)
Up  USH

Here, Ako suc, wo, and ugy denote the phase mismatch at wy and the group-velocities
of the pump (CWj) and SH waves, respectively. The function O denotes the rest of the

series beyond the second order.

In the same way, the phase mismatch for SFG around the resonance by tuning the pump

frequency (ws) can be derived as,

Aksra(Aw) = k(wy) + k(ws + Aw) — k(w; + wy + Aw)

L 2 (3.5)
= AkO,SFG + [— - —}Aw + O(Aw )

U2 usr

where, Aky sra, U2, and ugp also denote the phase mismatch at resonance and the group-

velocities of the tunable pump (CWy) and SF waves, respectively.

If the pumps in both the SHG and SFG cases are in the same frequency band, i.e. wy = wy
(and as a consequence, wsy, wsr), the group velocity mismatches (GVMs) in each case

can be considered to take approximately the same value, as follows:
_—~r — — —— =0V (3.6)

In the experiments described in Section 3.3, their difference is only 0.05% due to the

low dispersion of lithium niobate crystals at wavelengths around 1550 nm, and thus is
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negligible in our analysis. Since both Aky sy and Akg spe in Eq. 3.4 and 3.5 are equal
to zero at the QPM resonance, the phase mismatches in each case |[Eq. 3.4 and 3.5] can

be rewritten as,

AkSHG ~ 200 - Aw (37)

AkSFG ~ oV - Aw (38)

which indicates that the phase mismatch for SHG varies almost twice as rapidly as for

the SFG counterpart. The output powers of SH and SF can then be expressed as,

AksaaL

Psp oc sinc?( 5 ) ~ sinc*(0v - Aw) (3.9)
A L -A
Psp o sch(%) ~ Sincg(éy 5 w) (3.10)

showing that the CW acceptance bandwidth for SFG is twice as broad as for the SHG
counterpart. The broader pump bandwidth in the SFG case can also be explained in Fig.
3.1(c) and (d) illustrating the wave-vector mismatches for each case. Here, each k vector
denotes the wave-vectors of the SH, SF, CW,, CWy, and CWy, respectively. The QPM
grating vector, kg, is defined by 27 /A, where A denotes the QPM grating period. The
solid and dashed lines of each vector also represent the fixed and the tunable wavelength,
respectively. In the SFG case [Fig. 3.1(d)], CW3 is tunable while the wavelength of CW;
is fixed as defined in Fig. 3.1(b). Therefore, the wavelength tuning of CW, affects only
the wave vector of CW,. In the SHG case, however, the tuning of the pump wave (CW)
simultaneously changes two degenerate pump vectors as shown in Fig. 3.1(c), which means
that the QPM condition is more readily broken under wavelength tuning as compared
to the SFG case. Therefore, the SH power is more sensitive to variation of the pump
wavelength than the SF power, resulting in a narrower acceptance bandwidth as compared
to the SFG case. There conclusions are common to what has been published previously in
Ref. [Chen 04]|. However, in the following, I will repeat this study, but now for the more

relevant case of pulsed signals. The results of this study might look surprising at first.
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3.2.2 Pulsed-pump SHG and SFG

—————

Rl
L, SHG - SFG T i
/\ ) ; ! : % /\ ) : ; : %
( ' g ( :
SH Pulse 0 SF CW, QPMPulse 2
(@) (b)

FIGURE 3.2: Schematic diagrams of the (a) SHG and (b) SFG processes in the pulsed-

pump regime.

Now the pulsed-pumped SHG and SFG processes in a PPLN waveguide are investi-
gated. The schematic diagrams for each case are illustrated in Fig. 3.2(a) and (b), respec-
tively. The configuration of the interacting waves is very similar to that of Fig. 3.1, other
than that two wavelength-tunable pulsed-pumps (Pulse 0, 2) are used instead of the CW

pumps.

In order to deal with the short-pulse nonlinear frequency conversion schemes, we consider
the simpler frequency domain picture rather than the time domain model. As presented
in Ref. [Imeshev 00] and in the background chapter, the coupled mode equation between
the second harmonic wave and the polarization wave is given by

82

@ESH(Z,LU) -+ k2(wSH)ESH(z,w) = —uowgﬁNL(z,w) (311)

where F; is the Fourier transform of the temporal electric-field at frequency w;, k(w;) is
the wave vector at frequency w;, and Py, is the electric nonlinear polarization components

at SH frequency.

In a medium that is negligibly dispersive in x(¥, the nonlinear polarization spectrum

Py (z,w), which radiates the SH wave, can be described as |[Boyd 03]

. 1 oo .
Pynp(z,w) = 560)((2)/ Eo(z,w")Eo(z,w — w')duw’ (3.12)
where y?) is the second-order nonlinear susceptibility of the material.
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Let us set F;(z,w) = A;(z,Q)e*®)* where Q = w — w; denotes the frequency offset
and fll-(z, ) denotes the Fourier transforms of the interacting waves, respectively. Under
slowly varying envelope approximation d?A;/dz*> < k(dA;/dz), the output frequency-
domain envelope of the SH wave can be obtained by integrating Eq. 3.11:
i ifiowl, by ik Q
ASH(L,Q) = ——S/ P]\[[,(Z’,g2)€Z (wsn+ )de (313)
2kSH 0

Substituting Py (z, Q) = %eo fj;o Ag(z, ) Ag(z, Q=) e {1+ 2)Hh(wotQ=2))z (where

V' =W —wy) into Eq. 3.13, we can obtain:
Asp(L, Q) = —iy / dz / Ag(V)Ap(Q — Qe 1Ak @z q0) (3.14)
0 —00

By manipulating Eq. 3.14, the converted output fields can be expressed as the product
of the Fourier transforms of the input pump fields and the spectral filter function (D)
associated to the QPM grating in the PPLN waveguide [Imeshev 00]. In our cases, the
output SH and the SF fields can be expressed as follows:

Asu(Q) = Dsua() - [A5(Q)] (3.15)

Agp(9Q) = Dspa(Q) - [A1(Q) % Ay(Q)] (3.16)

where Dgpa(2) and Dgpe(§2) denote the filter functions of the SHG and SFG processes
respectively, and * in Eq. 3.16 denotes the convolution integral between two interacting
pump fields (CW; and Pulse 2). In the SFG case of Fig. 3.2(b), the optical fields of the

CW- and the pulsed-pumps in the frequency domain are expressed as:
Al(t) ECW%Al(W) :5(w—w1) (317)

Ay(t) = Pulsed — Ay(w) (3.18)
and therefore, Eq. 3.16 can be rewritten as follows:

Agp(9) = Dspa(9) - [Ax()] (3.19)
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In order to correctly investigate the acceptance bandwidths for the SHG and SFG pro-
cesses in the pulsed-pump regime, the spectral widths of input fields [Ao(£2) and Ay(Q)]
in Eq. 3.15 and 3.19 are assumed to be broader than the bandwidths of their filter func-
tions. In this instance then the filter functions primarily determine the widths of both the
SH and the SF fields. These filter functions depend on the following phase mismatches
for each process. The phase mismatches are originally to be derived as a function of two
variables (frequency offsets) as in Ref. [Imeshev 00], yet to first-order they reduce to a
function of only one of them (namely the pump frequency offset from resonance hereafter

denoted by €2) and can be expressed as follows:

1 1

AkSH(;(Q) = AkO,SHG —+ [— — —]Q -+ 0(92) (320)
Up  USH
11 )

Aksra(Q) = Akosre + [— — —]Q + O(Q) (3.21)
U2 Usr

Here, ug, us, usy, and ugp denote the group-velocities of Pulse 0, Pulse 2, SH and SF
waves, respectively. In the same pump frequency band, the GVM values can be assumed to
have the same value again as given in Eq. 3.6, and then we can get the phase mismatches

in Eq. 3.20 and 3.21 as follows:

AkSHg(Q) ~ ov - (3.22)

Akspg(Q) ~ ov - (323)

It should be noted that the factor of 2 in the CW-pump case [Eq. 3.7] has disappeared
in the pulsed-pump case |[Eq. 3.22] and that the two phase mismatches vary in the same

way with 2. Now the filter functions can be expressed as follows:

L L
Dspa() / e~ iAksHc @z, — / e~ 0, (3.24)
0 0
L . L .
Dsra(§2) o / e"iAksra( @z, — / e % dy = Dgpa() (3.25)
0 0

which means that both the SHG and the SFG cases have essentially the same filter
function. Although the SH and the SF output fields are determined by Eq. 3.15 and
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3.19, the relatively narrower filter functions select only a certain part of the spectral
components from their input pump fields, which leads to similar widths for both the
SH and the SF output fields. Therefore, the acceptance pump bandwidths for the SHG
and the SFG processes are comparable with each other in the pulsed-pump regime. This
observation can be intuitively explained by the following physical considerations: In the
case of Fig. 3.2(a), the symmetric spectral components on both sides of the resonant
wavelength for the SHG also interact with each other as two pulsed pumps for SFG.
Therefore, the energy of the input pulse that falls outside of the SHG filter bandwidth is

not wasted but used to generate SF pulses at the same wavelength as the SH.

3.3 Experiments

ey = 1546 Nm @ 50°C

cwW, o > OSA

EDFA  ppLN (a)

oW, PC Agpy= 1546 nm @ 50°C
> OSA
EDFA
PPLN
W.
CW, PC (b)

FIGURE 3.3: Experimental setup used to measure the acceptance bandwidths for (a) the
SHG case and (b) the SFG case in the CW-pump regime. PC: polarisation controller,
EDFA: erbium-doped fibre amplifier, OSA: optical spectrum analyser.

Figure 3.3 shows the experimental setup I used to measure the acceptance bandwidths
for the SHG and the SFG in the CW-pump regime. A 30-mm-long fibre pigtailed PPLN
waveguide as introduced in the background chapter was used for both the SHG and the
SFG processes, and its SHG phase matching wavelength was 1546 nm at 50°C. In the
SHG case, only the tunable source CW was launched into the waveguide, while both the
CW; with a fixed wavelength and the tunable CW, were used as two pump sources for the
SFG case. Figure 3.4(a) and (b) show the normalised powers of the SH and the SF waves

plotted as a function of the pump wavelength, respectively. The bandwidths measured
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in each case were 0.38 nm for SHG and 0.73 nm for SFG respectively. As discussed in
the previous section, the SHG bandwidth was approximately half of its SFG counterpart,
which confirms the ideas mentioned above and in Ref. [Chen 04]. As can be seen in Fig.
3.4(a) and (b), they are well matched with the points in the theoretical curves calculated
using Eqns. 3.9 and 3.10.

m L A, =0.38m Calculation =) L AW =073 nm Calculation
= 0 = Experiment = 0 2B = Experiment
E 5]

g -10} Z 10}

a, e,

: :

v -20 »n 20}

E <

S 30t S -30)

E E

S} S

Z Z

-40 -40 . . .
1545.0 1545 5 1546 0 1546 5 1547.0 1548 1549 1550 1551 1552
Wavelength [nm] Wavelength [nm]

(a) (b)

FIGURE 3.4: Measured and calculated bandwidths for (a) the SHG process and (b) the
SFG process.

Next the pulsed-pump quadratic cascaded processes were investigated. Due to restrictions
in the operation wavelengths of our diagnostic equipment, it was difficult to measure the
output pulses of SHG or SFG directly at the 780 nm band. Thus the cSHG/DFG and cS-
FG/DFG processes which converted the SH/SF pulses back to the C-band were employed
to assess the acceptance bandwidths of the SHG and SFG processes. The schematic di-
agrams of the cSHG/DFG and the ¢cSFG/DFG in a PPLN waveguide are shown in Fig.
3.5(a) and (b), respectively. In the case of cSHG/DFG, a short pulse with a spectral
width broader than the CW acceptable bandwidth for the SHG was used as the pump
beam. The generated SH pulse then interacted with the CW signal (CW;) by the DFG
process, resulting in the output pulse as shown in Fig. 3.5(a). In the ¢SFG/DFG process,
a CW; and a pulsed signal interacted with each other as the two pump sources for the
SFG process. Then the generated SF wave interacted with CW, through DFG to produce
the output pulsed signal as shown in Fig. 3.5(b). The experimental setup used to measure
the acceptance bandwidths for the two cases are illustrated in Fig. 3.6. An erbium glass

oscillator (ERGO) was used as the pulsed pump source. It generated 10 GHz, 2-ps pulses
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with a corresponding spectral bandwidth of ~ 2.1 nm. The central wavelengths of the
ERGO were 1546 nm for the cSHG/DFG [Fig. 3.5(a)] and 1550 nm for the ¢SFG/DFG
[Fig. 3.5(b)|, respectively. There was the option to filter the pump pulses using a 1.0
nm-bandpass filter which restricted their temporal width to 4 ps. The pulses were then
modulated by a 23! — 1 pseudorandom bit sequence (PRBS) using a lithium niobate mod-
ulator. In the case of cSHG/DFG as shown in Fig. 3.5(a), only CW; (1538 nm) was used,
while both CW; (1542 nm) and CW; (1558 nm) were used for the case of ¢SFG/DFG as
shown in Fig. 3.5(b), respectively. The inputs were then combined in a 3-dB coupler and
launched into the PPLN waveguide after amplification.

""" SFG______
Sli(;-; f:;”‘-\(—??M\DFG T ,;::_f S —QECE
VA N EVAN
* 1
1
A, T/A A A A X
SH CW, Pulse 0 Output SF " OutputCW,QPMPulse 2 CW,

(@) (b)

FIGURE 3.5: Schematic diagrams of (a) the cSHG/DFG and (b) the ¢SFG/DFG pro-
cesses in the pulsed pump-regime.

>> \ap = 1546 nm @ 50°C
T PC

EDFA
Bandpass filter > OSA
EDFA —
o,
PC 0
CW, Tunable bandpass filter
PC

FIGURE 3.6: Experimental setup used to measure the acceptable bandwidths for the

c¢SHG/DFG and the ¢SFG/DFG processes. Only CW; is used for the case of the

c¢SHG/DFG process where CW; is labelled as CWy, while both CW; and CWy are

used for the case of the ¢cSFG/DFG process. ERGO: Erbium doped glass oscillator,
MOD: modulator, OSO: optical sampling oscilloscope.

The spectral and temporal shapes for each case, as monitored with an optical spectrum
analyser (OSA) and an optical sampling oscilloscope (OSO), are presented in Fig. 3.7,
3.8, 3.9 and 3.10, respectively. The measured optical signal-to-noise ratios (OSNR) of the
converted output waves were 16 dB at 1554.1 nm for the ¢cSHG/DFG process and 15.7
dB at 1534.2 nm for the ¢SFG/DFG process, respectively. The temporal shapes of the

output pulses measured without the 1.0-nm filter (i.e. corresponding to a pulse width of 2
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ps) were distorted as shown in Fig. 3.7(b) and Fig. 3.8(b), which is due to the distortion
of the SH (or SF) waves caused by the group delay between the SH (or the SF) and the
pump waves in the PPLN waveguide. Next the results measured with the 1.0-nm filter in
place are compared. In the case of cSHG/DFG, if the acceptance bandwidth for the SHG
was approximately half of the SFG bandwidth as in the case of the CW-pump regime,
then one would expect the temporal width of the output pulse [Fig. 3.9(b)| to be much
broader than the pulse width in the ¢SFG/DFG case [Fig. 3.10(b)|. However, as indicated
in Figs. 3.9(b) and 3.10(b), the temporal width of the cSHG/DFG output was comparable
with its ¢SFG/DFG counterpart in the pulsed-pump regime, and the measured spectral
bandwidths of each case were both 0.6 nm for cSHG/DFG and ¢SFG/DFG [Fig. 3.9(a)
and Fig. 3.10(a)]. As discussed in Section 3.2.2, this is because the filter functions for the
SHG and SFG processes are essentially the same in the pulsed-pump regime, which leads
to the comparable output pulse widths in the two cascaded processes. Compared Fig.
3.7 and 3.8 with Fig. 3.9 and 3.10, the small difference between the measured temporal
(and spectral) widths arises because in the absence of the filter, the 2-ps input pulse was
severely distorted from the initial Gaussian-like shape due to the walk-off effect, whereas

when the 1.0 nm filter was used the output pulses still maintained close to Gaussian

shape.
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FIGURE 3.7: (a) Measured spectral and (b) temporal shapes without the filter in the
¢SHG/DFG.
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(a) Measured spectral and (b) temporal shapes without the filter in the
cSFG/DFG.
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FIGURE 3.9: (a) Measured spectral and (b) temporal shapes for 1.0 nm filters in the

cSHG /DFG.
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FIGURE 3.10: (a) Measured spectral and (b) temporal shapes for 1.0 nm filters in the
c¢SFG/DFG.

3.4 Conclusion

When the pump signals involved in quadratic processes in a quasi-phase-matched waveg-
uide, such as a PPLN device, are CW waves, the acceptance bandwidth for SFG is almost
twice as broad as compared to the corresponding bandwidth of the SHG process. This
is because phase matching of the two degenerate pump vectors involved in SHG is more
sensitive to small detunings from the nominal wavelength than in the corresponding case
of SFG. This relation is no longer valid when spectrally broader pumps are considered,
i.e. when the pumps are pulsed. In this case, the spectral wings of the pulses interact
with each other in a similar fashion as the different pump signals in SFG, resulting in an
effectively broader acceptance bandwidth than in the CW-case. I have demonstrated this
effect both analytically as well as experimentally, where nonlinear conversion experiments
based on either cSHG/DFG or ¢SFG/DFG with a broadband pump have confirmed that
the width of the converted signal was similar in both cases, even if the pump bandwidth
exceeded the nominal (CW-based) acceptance bandwidth of the SHG process. In both
cases, the ultimate bandwidth limitation is dictated by the walk-off effect between the
signal and the SH. Comparing cSHG/DFG-based wavelength converters to ¢SFG/DFG-
based counterparts, the merit of cSHG/DFG-based ones is that only one CW laser is
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required in the configuration, but the input signal has to be set at the QPM wavelength
of the PPLN devices. In contrast, for cSFG/DFG-based wavelength converters, by placing
Pump 1 symmetrically opposite the signal with respect to the QPM wavelength, the oper-
ating wavelength of the wavelength converter is no longer tied to the PPLN characteristics
(within certain bounds). This of course, comes to the expense of using two tunable lasers
(in ¢SFG/DFG) instead of one (in ¢cSHG/DFG). The results in this chapter are expected
to be useful for applying the two quadratic cascaded processes to short-pulse wavelength

converters in practical digital communication systems.
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OTDM to WDM format conversion

based on quadratic cascading in a
periodically poled lithium niobate

waveguide

4.1 Introduction

The demand for increased capacity in optical communication systems presents us with
several challenges. In the proposed "photonic networks" where ultra-fast optical signals
of any bit rate and modulation format will be transmitted and processed from end to
end without O-E-O conversion. In this scenario, several flexible node functions at the
network interface, such as wavelength conversion, format conversion, add-drop multiplex-
ing, packet compression and expansion, routing, buffering, and address recognition, are
required to be implemented by optical signal processing. Hence, optical signal process-
ing technologies have the potential to play an essential role in future ultra-high-speed

fibre-optic communication systems.

Current optical networks are based on both the time division multiplexing (TDM) and

WDM technologies. TDM is a technique where several signals are interleaved in time,
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transmitted together, and separated again based on different arrival times so that the
interleaving pulse trains can carry different data channels in a single fiber. As a result,
the use of multiple channels allows increased overall data transmission capacities without
increasing the data rates of the single channels, or transmission of data of different users
simultaneously |Tucker 88, Weber 06|. Electrical time division multiplexing (ETDM) and
optical time division multiplexing (OTDM) are two types of TDM techniques. In ETDM
systems which are used in current commercial networks, several low speed data channels
are interleaved into one high speed data channel, and high speed electrical multiplexers
and modulators are needed. In contrast, in OTDM systems several sets of low speed
optical signals are directly multiplexed into one set of high speed optical signal, and short

optical pulse trains are needed to reduce the crosstalk between OTDM channels.

WDM is a technology where data channels are assigned to different wavelengths and
combined in a single fibre, transmitted together, and separated again at the receiver.
In this way, the transmission capacity of fiber-optic links can be increased significantly,
therefore, both fibers and active components such as fiber amplifiers are efficiently used
[Ishio 84, Keiser 99]. TDM and WDM are individually mature technologies and have
been deployed in different networks. For instance, transoceanic systems are likely to con-
tinue using WDM, as a large amount of data can be aggregated in a straightforward
manner and long-haul transmission is achieved without complex and expensive regener-
ation schemes, while access networks may opt for high-speed time division multiplexing
access (TDMA), because TDMA technology needs simple network management and con-
trol. However, conversion between high-speed TDM signals and WDM signals will be
required in future digital communication systems in order to combine WDM network
topologies with ultra-high speed OTDM networks. In addition to that, such format con-
versions have also been proposed for other applications. In fibre-optic communication
systems, some of network-node functions are convenient to implement in the time do-
main, whereas others are more convenient to implement in the frequency domain. For
instance, functions such as channel add/drop multiplexing can be performed by pas-

sive spectral filtering and channel coupling in the frequency domain [Almeida 06]. In
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contrast, functions such as clock recovery which requires beating with a local oscilla-
tor in the time domain |[von Lerber 07| and Q-factor measurements which are imple-
mented in the time domain and used for optical performance monitoring applications
[Shake 02, Kilper 04]. As illustrated in Fig. 4.1, a conversion of high-speed OTDM signals
to mixed TDM-WDM signals shifts the carrier wavelength of each tributary channel onto
a different wavelength without affecting the temporal bit-interleaving, which allows the
implementation of networking functions by manipulating the signal in both the temporal
and spectral domains [Almeida 04, Almeida 06]. With these advantages, applications for
OTDM to mixed TDM-WDM format conversion, such as OTDM add-drop multiplexing
[Uchiyama 01, Almeida 06] and packet compression /expansion [Almeida 04|, have also

been demonstrated.
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FI1GURE 4.1: Illustration of the format conversions between OTDM signals and mixed
TDM-WDM signals in the time and frequency domains. 1, 2, 3, and 4 represent Channel
1, Channel 2, Channel 3, and Channel 4, respectively.

To date various approaches for the conversion of TDM to a mixed TDM-WDM for-
mat have been reported using either self-phase modulation (SPM) followed by optical
time gating [Hashimoto 00, Sotobayashi 02|; cross-gain compression in a semiconductor
optical amplifier [Norte 96|; cross-phase modulation in a nonlinear optical loop mirror
[Almeida 06]; or four-wave mixing [Sotobayashi 01] in highly nonlinear fibers. Except
from the first approach based on SPM, all the other approaches rely on gating linearly-
chirped pulses in an ultrafast nonlinear interaction controlled by the incoming OTDM

data signal, as illustrated in Fig. 4.2. Following the same operational principle, I will
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present a novel scheme to achieve OTDM to mixed TDM-WDM format conversion using

the cSHG/DFG process in a fiberized PPLN waveguide in this chapter.

This chapter is organized as follows: the operational principle and theoretical model of
the format conversion scheme will be presented first, followed by experimental results,

and a conclusion will be given at the end of the chapter.

Linearly chirped signal

Frequency
L - -
- &
Amplitude I {UU %’l
Time Nonlinear| | ﬂ l ’\ I\ '
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Amplitude{ n q T n n n
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FI1GURE 4.2: Hlustration of the OTDM to mixed TDM-WDM format conversion based
on gating linearly chirped pulses in nonlinear media controlled by the incoming OTDM
signal.

4.2 Operational principle and theoretical model

Fig. 4.3 illustrates the block diagram of our OTDM to mixed TDM-WDM conversion
scheme based on ¢cSHG /DFG in a PPLN waveguide in more detail. For a more quantitative
evaluation of the device performance, a numerical simulation which corresponded to the
following system experiment was performed by Katia Gallo. The simulation results are

also plotted in Fig. 4.3.

Two inputs are launched into the PPLN waveguide simultaneously. The first is an OTDM
data signal at the aggregate bit rate comprising N temporally interleaved tributary chan-
nels, having a bit period 7, and optical frequency w, which is within the acceptance
bandwidth of the PPLN, as shown in Fig. 4.3(b). The second input is a train of syn-

chronized linearly-chirped rectangular pulses, with a duration spanning across the N
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tributary channels (A7, ~ NT,) and a repetition rate equal to that of the individual
TDM tributaries (1/NT},), as shown in Fig. 4.3(a).

In the PPLN waveguide the two input signals undergo a nonlinear frequency mixing
process as a consequence of the following x® interactions: the incoming OTDM data
signal at w, generates an up-converted OTDM data stream at 2w, [Fig. 4.3(d)| via the
SHG process. The SHG process is followed by the DFG process between the 2w, signal
and the input rectangular pulse train, which makes each tributary channel interact with
a different portion of the linearly chirped signal spectrum, thereby acquiring a different
frequency shift (w), = 2w, —wy,). As a result of the cSHG/DFG process, the various OTDM
channels are mapped onto discrete separate output wavelengths (wj,) while retaining the

critical pulse-timing information on a bit-by-bit basis, as indicated in Fig. 4.3(c).
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FIGURE 4.3: Illustration of the OTDM to mixed TDM-WDM conversion based on
c¢SHG/DFG in a PPLN waveguide.

In the following, a theoretical model of the proposed OTDM to mixed TDM-WDM con-
version scheme will be introduced. The accompanying simulations were performed for a
PPLN waveguide, characterized by a length I = 30 mm, a normalized SHG conversion

2 and 80% input coupling losses. In the model we used

efficiency 1,0, = 60% W tem™
the dispersion parameters of bulk LiNbOj3 [Jundt 97]. For typical fabrication conditions

of buried waveguides in this wavelength range |Gallo 08|, the main effect of waveguide
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dispersion is a shift of 2 ~ 3 um of the optimum period with respect to the bulk, while

group velocity mismatch and group velocity dispersion are not significantly affected.

The results shown in Fig. 4.3 were calculated for the following inputs [electric field en-
velopes A(z = 0,1)]:

¢ OTDM signal at the SHG phase matching wavelength A,, with average power P, and
a Gaussian field profile [Fig. 4.3(b)] of the form: A;,(0,¢) = A, - exp{—[(t — nT,)/7,)*}
with n = £1/2, £3/2, T, = 25 ps, 7, = 6 ps, corresponding to a FWHM pulse duration
of 7 ps (power) |7 = 7,(2-In2)"/?], A, = [P,T,/(1,v/2m)]/%

¢ Chirped pulse with a spectrum spanning A),, = 6 nm around A, average power
P,., and a field profile of the form: A.,(0,t) = Ao - exp{—(In2)/2[2(t — 6t)/ A1)} -
expliC,(t — §t)%, with A1, = 90 ps, A, = (PT,/AT)Y?, a chirp C,,, = 0.023 ps~2,
and a time delay 0t with respect to the OTDM input (§t = 2 ps for Fig. 4.3, to optimize
the response with respect to SHG walk-off).

The temporal evolution of the interacting waves associated with ¢cSHG/DFG mixing in

the PPLN waveguide was modeled through the following set of coupled mode equations:

agl;n + ‘5%6?;" — —iksnowy Am AL erp(—iAksye?)
aglch + 0V 8184;;9 = —ikpraWep A AL exp(—iAkpraz)
&gzut 5v0ut% = —ikpraWout Asn Ayerp(—iAkpraz)
% + (51@% = —iksuawin AL exp(ilksycz) — ikpraWsh AgpAourerp(iAkpra?)

(4.1)
where A;,,, Acp, Agp, and A,y denote the slowly varying envelopes of the input OTDM sig-
nal (the pump), the chirped pulse, the SH and the output TDM-WDM signal, respectively.

—1
out)

-1

o Ovgp, = v;hl, and v are the group velocities at the cor-

ovp = vyt OUep = v, OVous = ¥
responding frequency. ksge and kprg denote the nonlinear coupling coefficients of SHG
and DFG respectively. Aksya = ks, — 2kin, — 27 /A and Akpra = kep + kour — ksp + 27 /A
are the phase-mismatches of SHG and DFG respectively (where A is the period of the
QPM grating and each k is the wave vector at the corresponding frequency). The set of
equations in Eq. 4.1 was solved numerically by means of a symmetric split-step Fourier

method [Agrawal 07].
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Figure 4.3(c) plots the calculated amplitude and chirp of the generated output mixed
TDM-WDM pulses, for A\, = 1546 nm, P, = 16 dBm, \., = 1551 nm, P,, = 14 dBm, and
Aout ~ 20, —Ap = 1541 nm, simulating the experiments described in the following section.
Figure 4.3(d) shows the expected OTDM pump throughput and SH output (solid and
dotted lines, respectively). No distortion is apparent in the format converter output |Fig.
4.3(c)|, despite the presence of SHG walk-off [Fig. 4.3(d)|. This confirms the capability
of the cSHG/DFG scheme to work with pulses (7-ps FWHM in the simulations) shorter
than the SHG walk-off limit (~ 10 ps for our device).

4.3 Experiment and discussion

4.3.1 Generation of linearly-chirped rectangular-like pulses

As discussed in the section above, linearly-chirped rectangular-like pulses are crucial in
the OTDM to mixed TDM-WDM format conversion scheme and should have the following
characteristics: First, the duration of the linearly-chirped pulses should be sufficiently long
to overlap with all the tributaries of the OTDM signal. Second, the top of the linearly-
chirped rectangular-like pulses should be flat across the full envelope to ensure that all
converted WDM channels have equal power. Third, the pulses should have linear chirp
to ensure all the tributary channels are mapped onto WDM channels which are equally
spaced in frequency and with identical spectral bandwidths. Finally, the full bandwidth
of the linearly-chirped pulses should be sufficiently wide to allow clear spectral separation

between all the converted tributary channels.

Figure 4.4 shows the experimental setup used to generate the 10 GHz linearly-chirped
rectangular-like pulses. The output of a 10 GHz, 1.5 ps mode-locked ERGO was first
amplified to 21 dBm and launched into a 490-m long HNLF with a nonlinear coefficient
of ~ 20 /W /km, a dispersion of -0.64 ps/nm/km at 1550 nm, a dispersion slope of +0.030
ps/nm?/km and an attenuation of 0.49 dB/km. The generated SPM spectral bandwidth
was 25 nm, as shown in Fig. 4.6(a). Subsequently the wavelength range between 1548 nm

and 1554 nm was selected using two cascaded fiber Bragg grating (FBG) filters.
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FIGURE 4.4: Experimental setup used to generate linearly-chirped rectangular-like
pulses.
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FIGURE 4.5: Experimental setup used to generate linearly-chirped rectangular-like
pulses.

Modulation phase shift method [O’Sullivan 09] was used to characterise the spectral re-
sponse of the linear-chirp fibre Bragg gratings, and the experimental setup is shown in
Figure 4.5. A computer was used to control a tunable laser which can sweep across the
wavelength window in which the chromatic dispersion needs to be measured. The output
of the tunable laser is modulated by an electro-optic intensity modulator driven by a RF
signal at frequency f,, which was sent from a vector network analyser. The modulated
signal was circulated to the chirped fibre Bragg grating and reflected back. The signal
was then measured by a photodiode and converted to a RF signal. The phase of the RF
signal sent from the vector network analyser and the RF signal received from the photo-

diode were compared in the vector network analyser, and the resultant RF phase delay is
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¢(A) which is a function of the source wavelength. ¢()\,) is RF phase delay at a reference

wavelength \.. Then the group delay as a function of wavelength A is given by

Aryn) = L2 (42)

where ¢(A\) — ¢(\,) is the RF phase difference measured between wavelength A and a

reference wavelength \,.

These two linear-chirp FBGs had almost identical spectral response (see Fig. 4.7), but
two opposite ends of the FBGs were chosen as the input ports for the incident signals so
that each of them induced an opposite chirp to the reflected output signal. After reflected
from the first FBG, the filtered pulses acquired a chirp of ~ 20 ps/nm. A second chirped
FBG was then used to remove the chirp as well as to further slice the spectrum, increasing

the band extinction ratio to ~ 40 dB, as shown in the spectral trace in Fig. 4.6(b).
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FIGURE 4.6: (a): Optical spectrum after the 490-m long HNLF. (b): Spectral traces
after the spectrum slicing by two cascaded FBGs.

After that, the pulses were stretched in time by propagation through 140 m of dispersion
compensating fibre (DCF) with a dispersion of D ~ -107 ps/nm/km at 1550 nm, resulting
in a rectangular-like envelope of ~ 85 ps FWHM which was sufficiently long to overlap
with all four tributaries of the 40 Gbit/s signal as shown in Fig. 4.8(a). The pulses were
observed to have sharp trailing and leading edges and a good flat-top section. Fig. 4.8(b)
shows the spectrogram of the linearly chirped pulses measured using an electro-optic

modulation-based L-FROG [Vu 08]. The measured chirp was ~ 15 ps/nm. The linear
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chirp ensured that the mapped WDM channels would be equally spaced from each other

in frequency.
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FIGURE 4.7: The spectral response of the linear-chirp FBGs.
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FIGURE 4.8: (a): Temporal trace of linearly-chirped rectangular pulse (for illustrative
purposes, when taking this measurement the repetition rate was gated down to 5 GHz).

(b): Measured FROG spectrogram traces of the linearly-chirped pulses.
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4.3.2 OTDM to mixed TDM-WDM format conversion experi-

ment

Input TDM signal
Delay line 10 Gb/s = 40 Gb/s l

> o>
HNLFO.S nm filter
» O 0 0» O =

DCF _ v
(140 m) Chirped pulse

PRBS (231) | Pattern generator |

BER measurement OSA

BECIS B

Tunable BF |

Chirped FBGs
PPLN

FIGURE 4.9: Experimental setup used to convert the OTDM to mixed TDM-WDM sig-
nal. MOD: modulator, EDFA: erbium-doped fiber amplifier, PC: polarization controller,
DCA: digital communication analyzer (scope bandwidth of 32GHz).

Fig. 4.9 shows the experimental setup used to convert a 40 Gbit/s OTDM signal to a 4x 10
Gbit/s mixed TDM-WDM signal. A 10 GHz, 1.5 ps mode-locked ERGO was first split
into two separate paths using a 3-dB coupler to generate the data signal and the linearly-
chirped rectangular-like pulses, respectively. The bottom arm was used to generate the 10
GHz linearly-chirped rectangular-like pulses, as introduced in Section 4.3.1. The pulses
in the data path were modulated by a 23! — 1 pseudorandom bit sequence (PRBS) using
a lithium niobate modulator, then filtered using a 0.5 nm-bandpass filter (yielding a
temporal width of 7 ps) to match the PPLN SHG acceptance bandwidth. The FROG
spectrogram traces and corresponding retrieved intensity and phase profiles of the 10
Gbit /s signal are shown in Fig. 4.10. The 10 Gbit/s signal was subsequently multiplexed
up to 40 Gbit/s to form a ~ 33% duty cycle RZ-OOK signal as shown in Fig. 4.11.
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FIGURE 4.10: (a) FROG spectrogram trace and (b) retrieved intensity and phase profile
for the input OTDM signal.
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FIGURE 4.11: (a): Eye diagram of the 10-Gbit/s data signal. (b): Eye diagram of the
40-Gbit /s data signal.

A variable delay line was used to adjust the relative delay between the OTDM signal and
the linearly-chirped rectangular pulses. The two signals were then combined with a 3-dB
coupler and launched into a PPLN waveguide. The 30-mm-long fibre pigtailed PPLN
waveguide (HC Photonics Corp.) was used to induce the ¢cSHG/DFG process, and its
phase matching wavelength for SHG was 1546 nm at 50°C'. As discussed previously, the
40 Gbit/s data signal generated the second harmonic (at 773 nm) via the SHG process in
the PPLN, which then interacted with the linearly chirped pulses via the DFG process to
produce the mixed TDM-WDM-format signal as a replica of the original data, as shown
in Fig. 4.3. The measured spectrum at the output of the PPLN waveguide is shown in
Fig. 4.12(a). The 3-dB bandwidth of each of the four converted WDM channels and the
spacing between them were 0.57 nm and 1.42 nm, respectively and their optical signal to

noise ratio was more than 22 dB.
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A filter, tunable both in bandwidth and central wavelength (Alnair Labs.), was used after
the PPLN device to extract either the full converted mixed TDM-WDM signal or one of
the four WDM channels separately. The measured spectral trace, eye-diagram and FROG
spectrogram of the converted mixed TDM-WDM output are shown in Fig. 4.12(b), Fig.
4.13(a) and Fig. 4.13(b), respectively. The spectrogram in Fig. 4.13(b) shows that it
has an opposite slope to that of the original linearly chirped signal [Fig. 4.6(b)]. This is
because the higher frequency components of the linearly chirped pulse interact first with
the input OTDM pulses which are the then converted to lower frequency components in

the mixed TDM/WDM output as sketched in Fig. 4.3.
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FIGURE 4.12: (a): Optical spectrum after PPLN. (b): Optical spectrum of the converted
mixed TDM-WDM signals.
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FIGURE 4.13: (a): Eye diagram and spectral trace of converted mixed TDM-WDM
signal. (b): Measured FROG spectrogram trace of the converted mixed TDM-WDM
signal.
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Each of the four WDM channels was then extracted using the Alnair filter. The spectral
traces and eye-diagrams of each WDM channel are shown in Fig. 4.14 (a) (b), Fig. 4.15
(a) (b), Fig. 4.16 (a) (b), and Fig. 4.17 (a) (b), respectively. As can be seen, all of the four
converted channels show a clear open eye-diagram. The individual pulses of each WDM
channel and the input OTDM signal were also characterized using the FROG technique.
The FROG spectrogram traces and corresponding retrieved intensity and phase profiles
of each WDM channel are shown in Fig. 4.14 (c¢) (d), Fig. 4.15 (c¢) (d), Fig. 4.16 (c) (d),
and Fig. 4.17 (c) (d), respectively. Compared to the input pulses (Fig. 4.10), the output
pulses in each WDM channel had similar pulse widths (7.5 ps, 8.7 ps, 8.6 ps, and 9.0
ps respectively) to the original pulses (7.2 ps), and the 3-dB spectral bandwidth of the
output pulses on each channel and the original pulses were also similar (0.57 nm, 0.57 nm,
0.57 nm, 0.57 nm, and 0.6 nm respectively), resulting in time-bandwidth products of 0.53,
0.60, 0.60, 0.63 and 0.54 for each channel and the original pulses. This suggested that
the OTDM to WDM conversion has not significantly affected the quality of the signal
(the slight increase in the signal pulse width is attributed to the choice of a tight filter
bandwidth at the system output).

One of the applications of this OTDM-WDM conversion is to perform the drop operation
in OTDM signal add/drop multiplexers, i.e. dropping several tributary channels from the
high-speed OTDM signal. To assess the drop operation, the width of the passband of the
Alnair filter were adjusted, two of the WDM channels (Ch 1 and Ch 2) simultaneously
and three of the WDM channels (Ch 1, Ch 2 and Ch 3) were simultaneously extracted,
respectively. Spectral traces and eye-diagrams for each case are shown in Fig. 4.18 (a)(b)
and Fig. 4.19 (a)(b), respectively. Both the eye-diagrams show clear, open eyes for the

selected channels as well as a good suppression for the unselected channels.
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FIGURE 4.14: (a) Optical spectrum (b) Eye diagram (¢) FROG spectrogram trace and
(d) retrieved intensity and phase profiles for Channel 1 of the converted mixed TDM-
WDM signal.
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FIGURE 4.18: (a) Optical spectrum (b) Eye diagram for Channel 1 and 2 of the converted
mixed TDM-WDM signal.

200 A m M @ 1 20 ps/div |
i ; :

Power [dBm]

-40 + ‘

501 | I N

1535 1538 1541 1544 1547 1550 1553 1556
Wavelength [nm]

FIGURE 4.19: (a) Optical spectrum (b) Eye diagram for Channel 1, 2 and 3 of the
converted mixed TDM-WDM signal.

Finally, we assessed the performance of the conversion system through bit-error rate
(BER) measurements, properly filtering and amplifying each WDM channel in the pro-
cess. Error-free operation (BER=10"%) was achieved for all four WDM channels and the
power penalty of the four channels was between 1.5 dB and 2 dB as compared to the

back-to-back measurements at (10 Gbit/s), as shown in Fig. 4.20.
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FIGURE 4.20: BER curves for each tributary channel and the back-to-back signal.

4.4 Conclusion

In this chapter, I have successfully presented the conversion of a 40 Gbit/s OTDM signal
to a 4 x 10 Gbit/s mixed TDM-WDM signal using ¢SHG/DFG in a fully fiberized 30-
mm-long PPLN waveguide. The technique relies on the generation of spectrally (and
temporally) flat linearly chirped pulses which are then optically switched with the short
data pulses of the OTDM signal in the nonlinear waveguide. Experimental results showed
that the output pulses from the OTDM to mixed TDM-WDM conversion had a good
quality and the intersymbol interference in the mixed TDM-WDM signal was low. Error-

free operation was obtained for all channels with a power penalty below 2 dB.
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Retiming of short pulses based on
pre-shaping and quadratic cascading in
a periodically poled lithium niobate

waveguide

5.1 Introduction

All-optical signal regeneration is expected to play an essential role in future high speed
optical communication systems. The cumulative effects of repeater noise amplification
and optical nonlinearities in long-haul transmission systems can give rise to both am-
plitude noise and timing jitter in the transmitted optical signals, resulting in significant
performance degradation. Therefore, signal regeneration techniques for the mitigation of
both amplitude noise and timing jitter are required to overcome these transmission im-
pairments. In this chapter, an all-optical retiming scheme based on pulse shaping and
c¢SHG/DFG-based switching in a PPLN waveguide will be demonstrated. This chapter
starts with a brief description of some types of degradations experienced in fiber-optic
communication systems and a review of regeneration techniques which generally involve

three basic functions, reamplification, reshaping and retiming. The chapter then focuses

97



5 Retiming of short pulses based on pre-shaping and quadratic cascading in a
periodically poled lithium niobate waveguide 98

on all-optical retiming techniques and an all-optical retiming scheme using pulse shaping
and cascaded quadratic interactions in PPLN waveguides for RZ-OOK signals is proposed.

The chapter closes with experimental evidence supporting this retiming scheme.

5.1.1 Signal degradation and regeneration in fiber-optic commu-

nication systems

Modern fiber-optic communication systems can transmit data at high data rates over
long distances. However, optical fiber transmission channels are not ideal, affected by
many factors such as amplified spontaneous emission (ASE), dispersion, non-linear ef-
fects, and crosstalk [Gordon 86, Chraplyvy 90, Xie 03, Agrawal 07]. First of all, unless
amplification is used, the maximum transmission distance between optical transmitter
and receiver is mainly determined by fiber loss. Optical amplifiers such as EDFAs and
Raman amplifiers are used for the compensation of fibre loss in the transmission link.
However, amplification is always accompanied by the generation of ASE noise, which
might give rise to other degradations. Second, chromatic dispersion causes optical pulses
to broaden as they travel along a fibre. The overlap between neighbouring pulses, namely
intersymbol interference (ISI), may create errors at the receiver. The solution that is cur-
rently used in practice is to perform dispersion compensation, typically by matching the
transmission fibre with another DCF of opposite-sign dispersion so that the dispersion
effects cancel out. Another source of degradation is a variety of nonlinear effects such as
SPM, XPM, FWM, SBS, and stimulated Raman scattering (SRS). The dispersion com-
pensation with DCFs is ultimately limited by nonlinear effects, such as SPM and XPM,
which interact with dispersion to make it very difficult to compensate for the induced
nonlinear chirps. Also, the combination of ISI and FWM leads to intrachannel four wave
mixing (IFWM) which creates "ghost" pulses at the "0" level as well as generating sig-
nificant amplitude fluctuations on the "1" level [Essiambre 99]. The ISI effect makes the
neighbouring pulses in one channel overlap and results in timing fluctuations of the pulses
due to the intrachannel cross phase modulation (IXPM) effect between the the adjacent
pulses [Mamyshev 99|. Another origin of timing jitter is that ASE and nonlinear impair-

ments manifest themselves as phase noise shifting the central frequency of the signal by
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a small random amount, and because of chromatic dispersion the speed of each pulse
through the fibre also varies. Hence at the receiver the pulses appear shifted relative to
each other, leading to timing jitter [Gordon 86|. Polarization mode dispersion (PMD) is
another kind of degradation and becomes prominent typically at data rates of 40 Gbit/s
and above [Sunnerud 02, Agrawal 07|. Because of random imperfections and asymmetries
of fibres, two different polarization modes in fibres travel at different speeds, resulting in

the spreading of optical pulses.
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FIGURE 5.1: Principle of 3R regeneration, as applied to NRZ signal: (1) Re-amplifying;
(2) Re-shaping; and (3) Re-timing. Reference |[Leclerc 03].

These degradations introduced above may eventually make optical signals unrecognizable
at the receiver. Therefore, optical signals need to be regenerated, and regenerators are
required to be placed periodically in the transmission line. A regenerator transforms the
degraded bit stream into its original form by performing three functions known as ream-
plifying, reshaping, and retiming [Leclerc 03]. Such devices are referred to as "3R regener-
ators". The block diagram of 3R regeneration is illustrated in Fig. 5.1. Regenerators that
only perform reamplifying and reshaping are called "2R regenerators". Optical-electronic-
optical conversion is a mature technique used for regeneration. The fundamental principle

of optical-electronic-optical regeneration is to convert an optical signal to an electronic
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format first, so that its time and shape are restored. Forward error correction can also
be employed to the electronic signal to detect errors. For instance, the widely used Reed-
Solomon RS(255,239) code which has a redundancy of 7 % gives a coding gain of ~ 4.3
dB at an output BER level of 107 [Kschischang 10]. Then the electronic signal is used
to modulate an optical laser to generate a new optical signal. However, optical-electronic-
optical regeneration is limited by the speed of electronics, rendering it restricting for

high-speed fiber-optic communication systems |Leclerc 03].

It is also possible to carry out all-optical regeneration without the need for electronics.
Various configurations for all-optical regeneration have been demonstrated previously. For
instance, all-optical 2R regenerators based on SPM in a HNLF have been intensively stud-
ied [Mamyshev 98, Raybon 02, Vasilyev 05, Striegler 06, Lee 06, Provost 08, Vasilyev 08].
Mamyshev reported first a 2R regeneration scheme based on the effect of SPM of the data
signal in a nonlinear medium with a subsequent optical filtering at a frequency which is
shifted with respect to the input data carrier frequency. Noise in "zeros" and amplitude
fluctuations in "ones" are suppressed considerably because of a step-like transfer function
[Mamyshev 98]. Recently, multi-channel SPM-based regenerations have been reported.
The key to this is management of the chromatic dispersion along the device which allows
for effective control of the inter-channel cross-talk interactions [Vasilyev 05, Provost 08,
Vasilyev 08]. FWM is another nonlinear interaction which can be used for regeneration.
Ciaramella et al. demonstrated a 2R regeneration scheme which makes use of gain satu-
ration in the FWM effect resulting in a suppression of fluctuations in the peak power of
a pulse |Ciaramella 00]. Simos et al. reported an all-optical 2R regenerator using FWM
in a SOA, based on the nonlinear FWM transfer function [Simos 04|. The XPM effect
in either a HNLF or a SOA can also be used for regeneration. Suzuki et al. proposed a
3R-regeneration scheme which relies on XPM in a highly nonlinear fibre resulting in a
regenerated wavelength-converted signal with a reverse bit pattern [Suzuki 05]. Leuthold
et al. proposed 3R regenerators based on SOA using cross gain modulation or XPM in an
interferometric configuration [Leuthold 02|. All-optical 3R regenerations relying on XPM
in a NOLM were reported in [Bogoni 04].

3R regenerators are required in most cases in optical networks, and retiming is an essential
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functionality in a 3R regenerator to realign a pulse to the clock cycle. Furthermore, even
for 2R regenerators which only perform reamplification and reshaping and might be useful
in some parts of the transmission systems, the reshaping operation itself sometimes still
leads to an increase in the timing jitter which needs to be addressed. For instance, Finot
et al. reported that operating of Mamyshev regenerators at the "plateau zone" which was
ideal from the reshaping point of view induced maximum delay fluctuations on the pulses
and resulted in large timing jitter [Finot 08]. Thus retiming is attractive to be added to
a 2R regenerator for added functionality. In the next section, I will focus on retiming

techniques.

5.1.2 All-optical retiming techniques

In the section above, signal regeneration techniques in fiber-optic communication sys-
tems have been briefly reviewed. In the following, I will focus on one of the regeneration
functions, retiming, and I will demonstrate a novel all-optical retiming scheme. In a sig-
nal affected by timing jitter the pulses are randomly shifted from their nominal slot,
causing decision errors at the receiver. Therefore, retiming technologies are of high im-
portance to improve the performance of fiber-optic communication systems. Several all-
optical retiming schemes have been demonstrated previously. For instance, an all-optical
retiming scheme based on reshaping a pulse into a rectangular pulse before optically
switching it with clean, synchronous pulses using XPM in a NOLM was reported in
[Watanabe 03, Parmigiani 06a, Parmigiani 09]. Retiming schemes based on either cross-
phase modulation in an optical fibre or phase modulation with a single phase modulator,
followed by a dispersive element to reposition the data pulse in the time domain were
reported in [Parmigiani 06b] and [Jiang 03|, respectively. A retiming scheme that relied
on the manipulation of the temporal walk-off between the pump and the SH pulses in
PPLN was presented in [Hasegawa 04]. In that scheme, the input data pulses affected by
timing jitter generated SH pulses through SHG. The slower-propagating SH pulses were
subsequently gated by a slightly later incident clock pulse train through DFG, generating
an output signal with suppressed timing jitter at a different wavelength. The stability of

the systems discussed in [Watanabe 03, Parmigiani 06a, Parmigiani 09], which are based
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on x® nonlinearities in optical fibres, is generally compromised by the long fibre lengths
required for efficient operation, while PPLN waveguides provide high y® nonlinear co-
efficients, and are compact and insensitive to environmental perturbations. However, the
retiming scheme discussed in [Hasegawa, 04], which is based on x? nonlinearities in PPLN
waveguides, was limited in flexibility since the walk-off is directly related to the physi-
cal device length, and also the retiming region had an uneven intensity response which
is likely to give rise to large amounts of amplitude noise on the output signal. In the
all-optical retiming scheme presented in this chapter, we overcome these limitations by
pre-shaping the data pulses into broader flat-top pulses, prior to them being launched
into the waveguide, where they are switched with a synchronous clean optical clock. The

details of the principle of this retiming scheme will be presented in the next section.

5.2 Operational principle of the retiming scheme

Rectangular pulse Rectangular SH

/“\: Pulse pre-shaping |—> m m =ﬁ) ! DFG i

>
>

Noisy signal
H > M Signal after retiming

Clean clock pulse Clock pulse

PPLN

F1GURE 5.2: Illustration of the all-optical pulse retiming scheme based on both pulse
pre-shaping and ¢SHG/DFG in a PPLN waveguide.

The basic idea of the proposed retiming scheme is illustrated in Fig. 5.2. The input data
pulses affected by timing jitter noise are first pre-shaped into flat-top pulses and launched
into the PPLN device. The flat-top pulses at the fundamental frequency generate flat-top
SH pulses by SHG in the PPLN waveguide. The SH pulses are subsequently gated by
the locally generated clock pulse train, which is synchronously launched into the PPLN
device and temporally aligned to the nominal centre of the SH data pulses, to generate
an output signal with suppressed timing jitter at a different wavelength through DFG.

Note that clock recovery would normally be required to synchronize the clock pulses to
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the incoming data stream, but the development of clock recovery techniques is beyond

the scope of this thesis.

One 2-ps pulse source and one 7-ps pulse source were available in the lab for these ex-
periments. Because the pulse width of the input signal affected by timing jitter should
be ideally comparable to that of the clean clock pulse train, the output of the 2-ps pulse
source was first filtered using a 0.5-nm bandpass filter (yielding a temporal width of 7 ps)
and then used as the input signal in the following experiment presented in Section 5.3.
The 7-ps input signal was designed to be converted into 50 ps rectangular pulses, which
means that the timing-jitter tolerance was ~ + 25 ps in the designed retiming system.
However, it is noted that the retiming performance would be degraded as the two edges
of the retiming region are approached, where the rectangular SH pulses and the clock

pulses only partially overlapped. The 7-ps pulse source was used as the clock.

Normalized power
Normalized power
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(a) Input rectangular pulse (b) SH pulse

FIGURE 5.3: Propagation of (a) the input pulses and (b) the SH pulses along the length
of the PPLN waveguide in the SHG process.

In order to predict the behavior of the experiments, simulations were run with 50-ps rect-
angular input pulses and 7-ps clock pulses. Since the flatness of the top of the generated
SH pulses is critical to the performance of the proposed retiming scheme, a simulation of
the SHG process involving the input rectangular-like pulses and the generated SH pulses

was performed. The simulations used the coupled mode equations of the SHG process
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as presented in Section 2.1.2.1 in the background chapter and the split-step Fourier al-
gorithm as shown in the Ref. [Agrawal 07|. Also the simulation was performed with the
specifications of the PPLN waveguides described in Section 2.2. Figure 5.3 shows the
simulation results of the rectangular pump pulses and the generated SH signal along the
length of the waveguide. As the generated SH pulse grows gradually along the length
of the PPLN waveguide, it still keeps the flat-top shape, and is not severely distorted
from the walk-off effect between the fundamental frequency and the SH. As shown in Fig.
5.3(a), the small jump on the top of the rectangular-like input pulse is because the pump

depletion in that region is relatively less significant than that in other regions.
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FIGURE 5.4: Propagation of (a) the input pulses (50 ps) and (b) the SH pulses (c) the
clock pulses (7 ps) (d) the output pulses along the length of the PPLN waveguide in
the cSHG/DFG process.
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A full simulation of the ¢cSHG/DFG process involving the initial flat-top, SH, clock, and
output pulses was also performed. Fig. 5.4(a-d) show simulations of the propagation of
these pulses along the 30-mm-length PPLN waveguide. As can be seen in Fig. 5.4(a) and
(b), the initial flat-top pulse also generates a SH pulse with a flat-top shape and without
any significant waveform distortion originating from walk-off effects in the device. The
small dip on the flat-top region in the SH pulse is caused by the DFG interaction between
the SH pulse and the clock pulse, and its position corresponds to the region of temporal
overlap between them. The output pulse has a Gaussian profile, similar to the clock pulse,

and its peak power grows gradually along the waveguide as shown in Fig. 5.4(d).

The ultimate bandwidth limitation of our technique is imposed by the walk-off between
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FIGURE 5.5: Propagation of (a) the input pulses (10 ps) and (b) the SH pulses (c) the
clock pulses (2 ps) (d) the output pulses along the length of the PPLN waveguide in
the ¢cSHG/DFG process.
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the data and the SH signal. As illustrated in Fig. 5.5, another set of simulations was run
with 10-ps rectangular-like input pulses and 2-ps clock pulses. The SH pulse was generated
with a flat-top shape, and the output pulse was generated at the temporal position of
the clock pulse with a Gaussian profile, which indicated good operation for this retiming
system. However, if the duration of the input rectangular-like pulse is further shortened to
less than 10 ps, the duration of the generated SH pulse would still be ~ 10 ps due to the
walk-off effect (as shown in Fig. 5.6), which limits the data period to 10 ps (corresponding
to a data rate of 100 Gbit/s) for a 30-mm PPLN device. It is noted that even higher data

rates could be achieved using a shorter PPLN device.
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FIGURE 5.6: Pulse width of the input rectangular FF pulse versus pulse width of the
generated SH pulse.

5.3 Experiment

5.3.1 Generation of rectangular pulses

Pulse shaping techniques to convert pulses from a Gaussian-like shape to a rectangular-like
shape have been well studied, and may rely for example on the superstructure fibre Bragg
grating (SSFBG) technique [Petropoulos 01], the PMD effect in a highly birefringent fi-
bre [Watanabe 03| or the use of acousto-optic and spatial light modulators [Weiner 00].
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An alternative approach of pulse shaping using a commercial optical processor (Wave-
shaper) has recently been developed. As introduced in the Background chapter, optical
processors are based on high-resolution LCoS techniques, and can be employed as spectral
filters allowing individual control of the intensity and phase of spectral components. The
model of the optical processor (Finisar WaveShaper 4000E) used in the experiment has
a resolution of 4 GHz. In the case that we convert a Gaussian pulse into a rectangular
pulse in the time domain, in terms of Fourier transform theory, in the frequency domain
we need to shape a spectrum with a Gaussian profile into a spectrum with a profile of
a sinc-function consisting of alternating lobes of the inverse phase, as shown in Fig. 5.7.
Therefore, in order to achieve a rectangular pulse at the output, we need to design a filter

with a spectral response H(w) as follows

H(w) = Y;"ectangular (w)/Xinput (W) (51)

where Y,cctanguiar (w) is the spectrum of the rectangular pulse and X, (w) is the spectrum

of the input pulse.
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FIGURE 5.7: Pulse shaping to generate a rectangular pulse from a Gaussian pulse.
Reference [Petropoulos 01].

Figure 5.8 shows the experimental setup used to generate the 10 GHz 50-ps rectangular-
like pulses. The designed spectrum (pink trace) and the spectrum measured using OSA
(blue trace) of the 50-ps rectangular pulses are shown in Fig. 5.9(a). The temporal inten-

sity profile of the rectangular pulses measured using an optical sampling oscilloscope is
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FI1GURE 5.8: Schematic of the experimental setup to generate rectangular pulses. ERGO:
erbium glass oscillator laser, EDFA: erbium-doped fibre amplifier, BPF: band pass filter,
OSO: optical sampling oscilloscope, OSA: optical spectrum analyser.

shown in Fig. 5.9(b). Figure 5.9(b) confirms that the width of the pulses is ~ 50 ps and
the pulses have sharp trailing and leading edges. The maximum intensity fluctuation at
the flat section of the rectangular pulses is ~ 20% of the height of the rectangular pulses.
This relatively large fluctuation is because the bandwidth of 50-ps-long rectangular pulses
is too narrow compared to the data rate of 10 Gb/s. In terms of Fourier transform theory,
the 50-ps pulse width of the designed rectangular pulse corresponds to a 3-dB bandwidth
of ~ 8 GHz for the main lobe of the sinc-function in frequency, but the spectral spacing
between the adjacent spectral components for a 10 Gb/s signal is 10 GHz. This means
that the main lobe of the sinc-function only comprises two or three spectral lines which
are not enough to accurately control the shape of the spectrum. Another reason is that
the filtering on the input pulse performed by the optical processor cannot be very ac-
curate due to the finite resolution of the optical processor. However, one should note
that our experiments used 7-ps clock pulses, which were much broader relative to these
fast intensity fluctuations. It was considered that these fluctuations can be averaged out
during the nonlinear interactions in the PPLN waveguide and should have little effect on

the performance of the retiming system.

5.3.2 Retiming experiment

Figure 5.10 illustrates the experimental setup to realise our all-optical pulse retiming
system. The PPLN waveguide used in the experiment was described in the background
chapter. An erbium glass oscillator was filtered using a 0.5-nm filter and used as the pulse

source for the data signal which comprised 10 GHz, 7-ps pulses at 1546 nm. The data
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FIGURE 5.9: (a) Designed and measured spectra of the rectangular pulses (measured
with a resolution of 0.05 nm). (a) Temporal intensity profile of the rectangular pulses
measured using an optical sampling oscilloscope.
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FIGURE 5.10: Schematic of the experimental setup and experimental traces recorded on
several points in the system: ERGO: erbium glass oscillator laser, GSL: gain switched
laser, MOD: modulator, EDFA: erbium-doped fibre amplifier, PC: polarization con-
troller, DCA: digital communication analyzer, OSO: optical sampling oscilloscope, BPF:
band pass filter, TBF: tunable bandpass filter, OSA: optical spectrum analyser. (a)
Temporal intensity profile of the rectangular pulses measured by OSO. (b) Temporal
intensity profile of the clock pulses measured by OSO. (¢) Eye-diagram of the output
pulses measured by OSA.
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pulses were amplitude modulated by a 23 — 1 PRBS using a lithium niobate modula-
tor, then amplified and launched into the optical processor to form 50-ps-long (FWHM)
rectangular pulses as described previously (Fig. 5.10(a)).

The clean clock pulses at a wavelength of 1550 nm were generated by a 10-GHz, 7-ps
gain-switched laser (GSL) [see Fig. 5.10(b)|, and amplified before being combined with
the flat-top pulses using a 3-dB coupler and launched into the PPLN waveguide. A variable
delay line was used to control the relative position between the shaped data and the clean
clock pulse trains and to simulate the effects of timing jitter. Polarization controllers were
used to align all the optical waves to the optical axis of the PPLN waveguide. The average
optical powers of both the data signal and the clock at the PPLN input were 18 dBm,
and the OSNR of the data signal was 33 dB. The (noisy) input reshaped pulses at 1546
nm were up-converted to 773 nm by the SHG process in the PPLN waveguide. The SH
data stream, which would still have retained any timing jitter present on the data, was
then gated by the input clock via DFG to mitigate the jitter and produce a clean replica
of the original data at 1542 nm. Fig. 5.11 shows the spectrum at the output of the PPLN
waveguide, showing that the output signal had an OSNR of more than 22 dB. A tunable
filter (Alnair Labs.) with a flat-top passband of 2 nm was used after the PPLN device to
extract the retimed signal at 1542 nm and the corresponding measured eye-diagrams are

shown in Fig. 5.10(c).
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FIGURE 5.11: Spectrum at the output of the PPLN waveguide (measured with a reso-

lution of 0.05 nm).

To assess the retiming performance of the system we varied systematically the relative
delay between the clock and data signals and measured the output (Fig. 5.12). In the
figure, the temporal displacement A7 = 0 corresponds to the clock pulse aligned to the
nominal centre of the flat-top pulse. The temporal position of the output pulse did not
change with the temporal offset between input and clock pulses, which means that any
timing jitter on the input data pulses would not be transferred to the converted pulses. As
long as the clock pulses overlapped with the flat-top region of the SH pulses (50 ps), the
peak powers of the output pulses remained constant as shown in Fig. 5.12. However, when
the clock pulses moved away from the flat-top regions of the shaped pulses, the output
peak powers dramatically decreased. This result indicates that the maximum tolerable

input timing jitter is determined by the duration of the flat-top pulses.
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FIGURE 5.13: Temporal position and peak power of the output signal plotted as a

function of the input time delay (a) with and (b) without pre-shaping.

The measured peak power and temporal position of the output pulses are plotted in
Fig. 5.13 as a function of the temporal offset between the pulse streams. The zero on
the horizontal axis was chosen to coincide with the point providing the most efficient
conversion (or the maximum peak power). Fig. 5.13(a) corresponds to the case in which

the input data pulses have been pre-shaped into flat-top pulses, and shows clearly the
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retiming performance. Timing jitter ranging from -22 ps to 25 ps could be eliminated by
the retiming system, and this retiming region had an even intensity response. In contrast,
Fig. 5.13(b) corresponds to the case when no pulse shaping was applied to the input
signal. This latter case shows very limited retiming capability because the pulse width of

the unshaped SH pulses is comparable to that of the clock pulses.

We finally performed BER measurements at 10 Gbit/s (using an electrically amplified
receiver) to ensure that the retiming system did not introduce any amplitude noise on
the input pulses. The BER measurement results are shown in Fig. 5.14. Retiming of the
output signal was realised with a slight power penalty of 0.6 dB (at BER = 107%) as
compared to the back-to-back measurements. This penalty is mainly due to the OSNR
degradation from 33 dB in the data signal to 22 dB in the switched output.

3
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FIGURE 5.14: BER curves for the back-to-back signal and the output signals with

various time delays.



5 Retiming of short pulses based on pre-shaping and quadratic cascading in a
periodically poled lithium niobate waveguide 114

5.4 Conclusion

In this chapter, I have demonstrated an all-optical signal retiming system based on pulse
shaping and ¢SHG/DFG-based switching in a fully fiberised 30-mm-long PPLN waveg-
uide. The presented results have shown the benefits of pre-shaping the data pulses into
a flat-top waveform, as opposed to feeding them directly into the PPLN waveguide. Re-
timing was realised with a power penalty of just 0.6 dB at a BER of 10~°. This proof-of-
principle experiment operated at 10 Gbit /s with 7 ps clock pulses. In the current retiming
scheme, the data signal has to be at the SHG phase matching wavelength of the PPLN de-
vice. This requirement could be overcome by employing the ¢SFG/DFG process instead,

in which the data signal would act as one of the pumps for the SFG process.
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Phase sensitive amplifiers exploiting
cascaded quadratic nonlinearities in
periodically poled lithium niobate

waveguides

6.1 Introduction

In Chapter 5, a review of regeneration techniques in fibre-optic communication systems
was presented, and a novel all-optical retiming scheme for return-to-zero on-off key-
ing (RZ-OOK) signals was demonstrated. In this chapter, I will introduce phase sen-
sitive amplifier (PSA)-based regeneration for phase shift keying (PSK) signals, and will
demonstrate two novel configurations of phase sensitive amplification based on cascaded

quadratic effects in PPLN waveguides.

This chapter is organised as follows: in Section 6.1.1 I first introduce the benefits of PSK
signals, followed by the role of PSAs in regenerating PSK signals in Section 6.1.2. Sub-
sequently, non-degenerated PSA based on ¢SHG/DFG in a PPLN waveguide is demon-
strated in Section 6.2 and phase-regenerative wavelength conversion (PR-WC) is demon-

strated in Section 6.3.
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6.1.1 The benefits of phase shift keying signals

Fibre-optic communication systems traditionally employ conventional OOK signals which
encode data using the intensity of light waves. The signal constellation for OOK is shown
in Fig. 6.1(a). It is intuitive to represent modulation formats in a constellation diagram
(i.e., in the complex plane, each data pulse is represented by a single point whose radial
direction represents the E-field amplitude and the angular direction is the E-field phase).
In Fig. 6.1(a), the red dot at the origin represents data "0", and the second red dot
represents data "1". It is noted that data "1" can be at any point on the blue circle in
the constellation diagram, because OOK signals encode data using the intensity rather
than the phase. With the advent of EDFAs, research efforts have been mainly focused on
OOK format and OOK systems have been widely deployed in commercial systems.

(a) Im{E} (b) A Im{E}

Re{E} Re{E}

On-off Keying (OOK) Differential (Bipolar) Phase Shift Keying (D(B)PSK)

FIGURE 6.1: Constellations of (a) OOK and (b) D(B)PSK.

However, in next-generation systems, PSK formats as well as a number of advanced
optical modulation formats which use both the amplitude and phase of the optical car-
rier will be of great importance. These modulation formats have greater tolerance to
chromatic- and polarization-mode dispersion, and enable higher spectral efficiency, i.e.
they can accommodate higher data capacities than OOK for the same signal bandwidth
[Xu 04, Gnauck 05]. The simplest PSK modulation formats are bipolar phase shift keying
(BPSK) and differential phase shift keying (DPSK) whose signal constellations are shown
in Fig. 6.1(b). BPSK format encodes the data using two phases of the carrier waves which
are separated by 180°. It is noted that it does not particularly matter where the constel-

lation points are exactly positioned on the blue circle, and in this figure they are shown
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on the real axis, at 0° and 180°. DPSK format has the same constellation as BPSK but

encodes data with a 0 or w-phase shift between adjacent bits.

DPSK offers considerable advantages over OOK in terms of receiver sensitivity and tol-
erance to uncompensated dispersion and fibre nonlinearity [Xie 03, Gnauck 05]. A DPSK
signal in combination with balanced detection requires a ~3 dB lower OSNR than OOK
to reach a given BER. The lower OSNR requirement of DPSK can be used to reduce the
power requirements of fibre-optic communication systems and extend the transmission
reach [Gnauck 05]. Also, DPSK offers larger resistance than OOK to transmission impair-
ments such as uncompensated dispersion and nonlinearity [Xie 03, Xu 04, Gnauck 05].
In a 10 Gb/s system DPSK does not outperform OOK [Xu 03, Ishida 03|, whereas the
performance of DPSK surpasses that of OOK convincingly in 40 Gb/s long-haul systems
[Xu 04, Gnauck 05]. The reason is that in 40 Gb/s transmissions intra-channel FWM and
intra-channel XPM become prominent [Essiambre 99, Xu 04, Gnauck 05]. Intra-channel
XPM results in timing jitter on the pulses [Mamyshev 99|, and DPSK greatly reduces the
nonlinear intra-channel XPM effect in highly dispersed transmission by the use of pulses
of equal energy in all time slots [Wei 03]. Intra-channel FWM transfers power between
adjacent bit slots as pulses disperse into each other and mix due to fibre nonlinearity.
In OOK systems, intra-channel FWM results in amplitude fluctuations on the "1s", and
"ghost pulses" on the "0s" [Essiambre 02]. DPSK suffers less penalty from intra-channel
FWM than OOK due to the lower peak power of DPSK for the same average power
[Liu 02] and also a correlation between the nonlinear phase shifts experienced by any two
adjacent bits [Wei 03]. It is proven that the Intra-channel FWM process that involves
adjacent pulses contributes an identical phase shift to these pulses and cancels out in
the differential phase error regardless of the bit pattern [Wei 03]. Also, because of the
presence of power in every bit slot for DPSK signals, the optical power is more evenly
distributed in DPSK than in OOK, so bit-pattern-dependent nonlinear effects are reduced
[Gnauck 05].
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6.1.2 The role of phase sensitive amplifiers

Since PSK signals carry information in the phase of the optical carrier, the primary limit
of a DPSK transmission system is the accumulation of linear and nonlinear phase noise.
Linear phase noise originates from imperfections in optical modulators on the transmitter
and from ASE in optical amplifiers [Croussore 05]. Nonlinear phase noise originates from
intra- and inter-channel nonlinearities such as SPM and XPM that convert amplitude
noise to phase noise, which is named as the Gordon-Mollenauer effect [Gordon 90]|. As
a result, amplitude noise from modulators, ASE, dispersion-induced pattern effects and
nonlinearities all introduce nonlinear noise that limits the system performance. Therefore,
suppressing the cumulative linear phase noise and the nonlinear phase noise is of great
importance in systems employing phase encoded signals. PSAs have the potential to play

a critical role in the phase regeneration of phase encoded signals.

Optical amplifiers such as EDFAs, SOAs, and Raman amplifiers are commonly used in
optical communication and sensor systems to boost the signal power. These amplifiers
are examples of phase-insensitive amplifiers (PIAs), since their gain does not depend on
the optical phase of the input signals. The operation of PIAs is illustrated in Fig. 6.2(a).
The in-phase and quadrature signal components experience identical gain, and the input
phase and the output phase are identical. In contrast to PIAs, PSAs are capable of
amplifying or deamplifying input signals according to the phase of the optical signal
[Levenson 93, Ou 93|. The operational principle of typical PSAs is shown in Fig. 6.2(b).
The in-phase component of the input signal is amplified, while the quadrature component
is attenuated. As a result, the output signal is more closely aligned towards the in-phase
axis of the amplifier, and the output phase is squeezed compared to the input phase. This
gain characteristic is capable of regenerating D(B)PSK signals, as the output data bits
have a "squeezed" phase which is close to 0 or 7, depending on the input signal. PSAs have
another intriguing advantage, that is the noise figure of PSAs can potentially be reduced
below the 3 dB quantum limit of phase-insensitive linear amplifier [Caves 82, Tong 10].
Linear amplifiers are those whose gain does not depend on the power of the incoming
signal. Phase-insensitive linear amplifiers amplify equally both the signal and any noise

on it. Due to Heisenberg’s uncertainty principle, amplification introduces some phase and
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amplitude fluctuations, and this gives rise to the quantum noise limits of linear amplifiers.
In EDFAs, the fluctuation comes in the form of ASE, and the ASE spectral density in a

single polarisation is given by

pase = Ngphv(G — 1) (6.1)

where hv is the photon energy, ng, is spontaneous emission factor which is a measure of
the quality of the inversion of the optical amplifier, and G is the amplifier gain. The noise

figure is given by
2p4sE 1
NF = — 6.2
Ghv * G (62)

Substituting Eq. 6.1 into Eq. 6.2, the noise figure can be expressed as

F= 2nsp% + é (6.3)

Since ng, > 1, for large gain, the lower limit of the noise figure of linear amplifiers is 3dB.

The use of PSAs in applications, such as optical phase and amplitude regeneration
[Croussore 05, Croussore 08|, dispersion compensation [Li 94|, and the suppression of

modulational instability [Imajuku 97b|, has been successfully demonstrated.

A
(a) Quadrature (b)
‘r.putput signal A Quadrature
mputsipnal " 1 Input signal Output signal
: N A > ----- /s/’ >
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FIGURE 6.2: Illustration of (a) phase-insensitive amplifier and (b) phase sensitive am-
plifier.

PSAs can be classified into two categories, frequency-degenerate PSA and non-degenerate

PSA. Frequency-degenerate PSAs, where the frequencies of the signal and the idler are



6 Phase sensitive amplifiers exploiting cascaded quadratic nonlinearities in periodically
poled lithium niobate waveguides 124

identical, can only amplify signals within a narrow frequency band for a fixed pump con-
figuration. In contrast, for non-degenerate PSAs the signal and the idler are at different
frequencies and simultaneous multichannel amplification is possible [Tong 11]|. In order
to implement both types of PSAs, pump, signal and idler must be phase-locked to each
other at the input of PSAs, using various approaches such as optical phase-locking loop
[Imajuku 97a|, pump injection-locking [Takada 98|, FWM |[Tang 05b] and phase modula-
tion [Tang 05al. Inside the PSA, pump and idler interact with each other and generate
a light wave at the signal wavelength. The generated signal adds onto the initial signal
either constructively or destructively, resulting in either amplification or deamplification

of the signal according to the relative phases between pump, signal and idler.

In this chapter, two novel configurations of phase sensitive amplification based on cascaded
quadratic effects in periodically poled lithium niobate waveguides will be demonstrated.
The first one is frequency non-degenerate PSA based on the ¢cSHG/DFG process within
a single PPLN waveguide, demonstrated in Section 6.2. The theoretical calculation and
proof-of-principle experiments of this configuration will be presented. The broad gain
bandwidths of this PSA configuration will also be investigated. The second configuration
of PSA is PR-WC which is based on a combination of the cSHG/DFG process and the
c¢SFG/DFG process within PPLN waveguides, demonstrated in Section 6.3. Compared
to other PSA configurations, signals are both phase-regenerated and converted to a new
wavelength in a PR-WC. Theoretical analysis and experiments of this PR-WC configu-

ration will be presented.
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6.2 Frequency non-degenerate phase sensitive amplifi-
cation based on quadratic cascading in a periodi-

cally poled lithium niobate waveguide

6.2.1 Introduction

Various schemes to achieve PSA have been reported previously, including degenerate
FWM in a x® medium [Yuen 79, Kumar 84, McKinstrie 04] and degenerate parametric
amplification (PA) (or squeezed-state generation) in a x® medium [Tajima 05, Eto 07,
Eto 08]. In the latter scheme where two PPLN waveguides were employed, a FF wave was
frequency doubled in the first PPLN waveguide. The generated SH wave and the resid-
ual FF wave were used as pump and probe lights respectively for degenerate PA in the
second PPLN waveguide. The PA output was then at the same wavelength as the probe
beam. Recently, frequency non-degenerate PSAs based on nonlinear fibre optic PAs have
been demonstrated offering potential important advantages relative to their frequency de-
generate counterparts [Tang 05b, Tang 08, Lundstrom 09]. In particular, frequency non-
degenerate PSAs can be operated as multi-channel devices, which are compatible with

WDM systems.

Here I report on a new scheme for frequency non-degenerate PSA based on the cSHG/DFG
process in a PPLN waveguide. PPLN-based PSA offers a number of attractive features
relative to fibre-based PSA implementations including the prospect of compact devices,
large operational bandwidths, and importantly a far greater immunity to the effects of
SBS of the pump beams which imposes performance limitations and adds complexity to
silica fibre-based PSA devices. In the following, I will describe in detail the theoretical
model developed for the quadratic cascading interaction, and then experimentally validate

the model.
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FIGURE 6.3: Schematic diagram of phase sensitive amplifier based on the cSHG/DFG
process in a PPLN waveguide. The relative phases among the input waves need to be
initially locked.

6.2.2 Theoretical calculation

Figure 6.3 shows the schematic diagram of the cSHG/DFG interaction in a single PPLN
waveguide for frequency non-degenerate PSA. Three waves: a pump, a signal, and an
idler, with frequencies of wy,, ws, and w; are injected with a fixed phase relation into the
waveguide [Tang 05b, Tang 08, Lundstrom 09]. The signal, the pump and the idler have
the same frequency spacing between them (i.e. ws+w; = 2w,). The frequency arrangement
is shown in Figure 6.4. The pump generates a wave at the second harmonic frequency
(2w,), which interacts with the other two input waves via the DFG process. The phases
of the input signal, pump and idler are denoted as ¢s, ¢,, ¢;, respectively. The phase
of the generated signal through the ¢SHG/DFG process is 2¢, — ¢;. In the case that
the difference in the phases of the initial signal and the generated signal is in the range
of [-m/2,m/2], the initial signal adds onto the generated signal constructively. In the
particular case that the phase of the initial signal equals the phase of the generated signal
(i.e. 2¢, — ¢ = ¢5 + 2mm, where m is an integer), the PSA maximally amplifies the
signal. In the case that the difference in the phases of the initial signal and the generated
signal is in the range of [7/2,3n/2], the initial signal adds onto the generated signal
destructively. In the particular case that the difference in the phases of the initial signal
and the generated signal is 7 (i.e. 2¢, — ¢; = ¢5 + (2m + 1)m, where m is an integer), the

PSA maximally attenuates the signal.

In the following, a frequency non-degenerate PSA based on the ¢cSHG/DFG process in
a PPLN waveguide will be investigated analytically. Under the slowly varying envelope
approximation, the coupled-mode equations describing the ¢cSFG/DFG process can be
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FIGURE 6.4: Frequency arrangement of cSHG/DFG based phase sensitive amplifier in
a PPLN waveguide.

derived as follows [Gallo 99, Liberale 02]:
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where E,, Espy, Es, and E; denote the normalized complex electric fields of the pump,
SH, signal, and idler waves propagating along the axis (z) of the waveguide, respectively.
Each a represents the linear propagation loss coefficients for the corresponding wave. The

coupling coefficients for the SHG (k,,) and the DFG process (k;) are expressed as,

240

=d, - 6.8

Kpp rf CTL]%TLSH Auss (6.8)
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where, des, o, ¢, Aess, and n; represent the effective nonlinear coefficient, the perme-
ability of free space, the speed of light, the effective mode area in the PPLN waveguide
(assumed to be the same for both the SHG and DFG cases), and the refractive indices of
each wave, respectively. In Type-0 (e : e + e) QPM geometry which is considered here,

the ds3 coefficient couples z polarized fundamental frequency waves to z polarized second
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harmonic wave, and the refractive indices these waves see are all the extraordinary re-
fractive indices. Thus dss is given by (2/7)ds3 (dss = 27 pm/V for the SHG at 1064 nm)
[Shoji 97]. The phase mismatches for the SHG (Ak,,) and the DFG processes (Ak,;) are

expressed as,

27

A
2m

Akg; :ks‘i_ka‘_kSH‘i_K (6.11)

Ak, = kg — 2k, — (6.10)

where, A is the period of the QPM grating and each k is the wave vector at the correspond-
ing frequency. The coupled wave equations [Egs. 6.4, 6.5, 6.6, 6.7| can be conveniently
rewritten in terms of amplitudes and phases of the waves by introducing the following

complex notation as in [Armstrong 62|,
Ej(2) = Aj(2)ei®) (6.12)

where, A; and ¢; denote the modulus and phase of the complex field amplitude for a
generic interacting wave j, respectively. If we substitute Eq. 6.12 into Eqgs. 6.4, 6.5, 6.6,

6.7, the coupled wave equations can be expressed as the following set of six equations:

d/Z;(Z) = —%Ap(z) — KppwpAsm (2)A,(2)sinb(2) (6.13)
dAZZ(Z) _ _Oé;H Agsu(z) + Kppprf)(z)sinG(z) — 2K5wpAs(2)Ai(2)sinp(z)  (6.14)
d/t;z(Z) B _%AS(Z) + hsws Asi(2) Ai(2)sini(2) (6.15)
dfiiiz(Z) B _%Al’(z) + wsiwiAsi (2) As(2)sind (2) (6.16)
z A3(z VA (»
dil(z) = (/ﬁppprSP<(i) 26 ppwpAsn (2))cost(z) + 2k ijSJ):(l;() >cos¢(z) + Ak,
(6.17)
dlfl<22> (Ksits ASHézggl(Z) + Ksiwi ASHQ?SS(Z) 2/451'prsz1?;()'2>)003¢(2)
A;(g) l (6.18)
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where, two kinds of relative phase relationships between the interacting waves can also

be defined as follows:

0(z) = dpsu(z) — 2¢,(2) + Akyyz (6.19)
U(z) = ¢s(2) + 0i(2) — Psnu(2) + Akyz (6.20)

Here, 6 and 1 denote the relative phase variation between the interacting waves in the
beam propagation direction (z) for the SHG and DFG processes, respectively. In the case
that the signal, the pump and the idler waves are phase-locked at the input of the PPLN,
the evolutions of these waves depend on the input relative phase, and can be described

by the set of Equations 6.13 to 6.20.

The coupled-mode equations (Eqs. 6.13 - 6.18) were numerically solved by considering
the same parameters for the PPLN waveguide as used in the experiments described in
Section 6.2.3. I acknowledge the following simulations were mainly done by my colleague
Kwang Jo Lee. The PPLN waveguide was designed for SHG at the pump wavelength (\,)
of 1546.0 nm, while the signal (\) and idler ();) wavelengths were set at 1541.4 nm and
1550.6 nm, respectively. The effective mode area and the linear loss coefficients for the
PPLN waveguide were A.fy = 52um?, a, = oy = o; = 0.35 dB/cm, and agy = 2a,
respectively. The PSA signal gain (G) is defined as the ratio of the signal powers at the
input (z = 0) and the output (z = L) of the waveguide as follows:

G=+——- (6.21)

The input powers of each interacting wave at the waveguide facet were assumed to be
33 dBm for the pump wave (P,) and —4 dBm for the signal and idler wave (P, ),
respectively. The calculated signal gain [Eq. 6.21] is plotted in Fig. 6.5(a) as a function
of the phase of the pump wave (¢,). The results show that the maximum signal gain is
19.0 dB and 30.1 dB for crystal lengths (L) of 30 mm and 50 mm, respectively. These
correspond to peak-to-peak gain differences of 41.3 dB and 48.4 dB, respectively. As
indicated in Fig. 6.5(a), the gain of the signal depends on the relative phase, which implies
the possibility to realize a PSA which can amplify or deamplify the input signal according

to its phase. Figure 6.5(b) shows the maximum and minimum PSA gain (maximum
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deamplification) and the PIA gain without the input idler power as a function of the
input pump power for the 30-mm-long device. As can be appreciated from the graph, the
PSA gain increases quadratically with the pump power. The difference between PSA and
PIA gain reaches the theoretical limit of ~ 6 dB at an input pump power of 33 dBm, as
indicated in the figure [Choi 99].

30
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FIGURE 6.5: (a): Calculated signal gain plotted as a function of the initial relative pump
phase for a crystal length of 30 mm and 50 mm at an input pump power of 33 dBm.
(b): Variation of maximum, minimum PSA gain and PIA gain as a function of the input

pump power for a crystal length of 30 mm.

The maximum PSA signal gain is also plotted in Fig. 6.6(a) as a function of the crystal
length for an input pump power of 33 dBm. The result clearly shows that the gain
increases with the crystal length due to the longer interaction length. In particular, the
maximum gain is proportional to the fourth-power of the crystal length until the PSA
gain starts to saturate. As presented in Ref. [Umeki 11|, following our work Umeki et
al. have demonstrated a PSA based on 5-cm-long PPLN waveguides and with an input
pump power of 31.5 dBm, achieving an in-phase gain of +11 dBm and a phase sensitive

peak-to-peak gain difference of 21 dB in their experiments.

Fig. 6.6(b) shows the calculated maximum PSA gain plotted as a function of the signal
wavelength (A\;—\,) at an input pump power of 33 dBm. The calculated 3-dB bandwidths

are 88 nm and 77 nm for crystal lengths of 30 mm and 50 mm, respectively. This indicates
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that the proposed PSA scheme is applicable to broadband operation and the amplification
of multiple WDM data signals.
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FIGURE 6.6: (a): Maximum signal gain as a function of crystal length for an input pump
power of 33 dBm. (b): Calculated maximum PSA gain plotted as a function of the signal

wavelength at an input pump power of 33 dBm.

6.2.3 Experiments

(Sequence 1000 @ 10 GHz)
v HNLF (PIA)

CW Pump Modulator @ Polarizer i
OO0 1o
CW Signal AWG EDFA Optical processor PPLN (PSA)

FIGURE 6.7: Schematic for the proposed frequency non-degenerate PSA based on the

c¢SHG/DFG process in the PPLN waveguide.

Since the signal and pumps at the input of a PSA are required to be phase-locked to each
other, either of two methods is conventionally used to produce the PSA pumps: mod-
ulation (phase or amplitude) of a continuous-wave (CW) light to create phase-coherent
sidebands [Tang 05a|, or FWM to generate a phase-locked idler [Tang 05b]. The former
option is simple to implement but is limited by electronics and can only produce optical
waves separated by at most a few hundred gigahertz. In this experiment, I used the sec-

ond approach to generate phase-locked optical waves. Figure 6.7 shows the experimental
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setup that I used to validate the proposed PSA approach and associated model. It com-
prised of two stages: Firstly, a y(®-based fibre PIA was used to generate a phase-locked
but conjugated idler. The resulting phase-locked pump, signal and idler waves were then
passed through a programmable optical filter that allowed a controlled adjustment of the
relative phase between them, before being injected into a cascaded x®-based parametric
amplifier (PPLN waveguide) used to obtain PSA operation. Two wavelength tunable CW
lasers were used as the pump and the signal sources operating at 1546.0 nm and 1541.4
nm, respectively. The two beams were combined together into a single fibre at the input
to the system using an arrayed waveguide grating. The pump-to-signal power ratio was
set to ~ 20 dB and the combined beams were launched into an amplitude modulator to
generate 100-ps pulses at a repetition rate of 2.5 GHz, thereby allowing for a four-fold
increase in the peak power of the signals after onward amplification in an EDFA. After
amplification the signal and pump beams were coupled into the fibre PIA, formed by
a 500-m long HNLF with a nonlinear coefficient of v = 20 (W-km)™!, a dispersion of
0.06 ps/nm/km, and a dispersion slope of 0.0035 ps/nm?/km. The resulting three waves
(pump, signal, and idler) were subsequently passed through an optical processor (Fin-
isar Waveshaper 4000E) allowing for individual filtering, attenuation, and phase-shifting
relative to each other. A polarizer, EDFA, and appropriate polarization control elements
were used to amplify and align all three waves to the optical axis of the PPLN waveguide
for the ¢SHG/DFG process. The total power at the waveguide input was 14 dBm with

the pump signal completely dominating the power (coupling loss of ~ 1.4 dB).

Figure 6.8(a) shows the measured output spectra for amplification and deamplification
of the signal and idler wave. The maximum gain achievable for this pump power level
was 0.65 dB and the peak-to-peak signal gain variation was measured to be 3.4 dB,
which agrees well with the theoretical gain curve plotted in Fig. 6.8(b) as a function of
the relative phase of the signals. The gain profiles clearly indicate the phase-sensitive
behaviour showing both the maximum amplification and deamplification with a period
of m-phase. Note that the input and output coupling losses are not taken into account in
measuring the gain. In the same figure I also report the corresponding PIA gain in the
PPLN, i.e. in the absence of the input idler signal. To achieve this, the HNLF in the first

stage was removed, while ensuring that the same absolute and relative power levels as in
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the PSA case were maintained at the input of the PPLN. As shown in Fig. 6.8(b), the
difference between the PSA and PIA gain is about 1.7 dB. The negative PIA gain of ~ 1
dB is due to the beam propagation loss («) within the waveguide, which agrees well with

the theoretical estimation at this input power level.
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FIGURE 6.8: (a): Measured output spectra of three interacting waves showing amplifi-
cation and deamplification. (b): Measured and calculated phase-sensitive gain plotted
as a function of initial pump phase for PIA and PSA operation.

For these first proof-of-principle experiments, we kept the excitation levels of the PPLN
waveguide well within the restrictions imposed by the pigtailing of this specific device
(maximum input power of 14 dBm). Improvements in current pigtailing technology mean
that currently available devices are now able to handle peak pulse powers of up to 33
dBm. In light of the excellent agreement between our first experiments and the theoretical
predictions [Fig. 6.8(b)|, we can reasonably expect to reach a differential PSA-PIA gain of
~ 6 dB with a pump power of 33 dBm, as expected from Fig. 6.5(b), from state-of-the-art
PPLN devices.

Finally I investigated broadband PSA operation. To do this, I tuned the CW signal
source to the following wavelengths: 1529.82 nm, 1534.47 nm, 1536.07 nm, and 1538.3
nm, respectively. Fig. 6.9 shows the calculated and measured maximum and minimum
PSA signal gain for each signal wavelength. As can be seen, the measured phase-sensitive
gains were almost constant (with a variation of less than 0.5 dB across the whole 16 nm
wavelength range, which was limited by the tuning range of our input signal source). Since

symmetric operation around the pump wavelength is expected, broadband operation of
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the process exceeding the 32 nm effective measurement bandwidth can be inferred. The
theoretical device bandwidth predicted in Fig. 6.6(b) is 88 nm - significantly broader than

can routinely be obtained for a fibre based single-pump, non-degenerate PSA.
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FIGURE 6.9: Variation of the maximum and minimum points of the phase-sensitive
signal gain for several signal wavelengths.

6.2.4 Conclusion

I have theoretically investigated and experimentally demonstrated a frequency non-degenerate
PSA based on ¢SHG/DFG occurring in a single PPLN waveguide. The PSA performance
was demonstrated and characterised by exploiting a combination of a y®)-based PIA to
create the initial phase-locking among the waves followed by a y(?-based PSA based
on the cSHG/DFG process. 1 verified the very good agreement between the theoretical
predictions and the performance of the cSHG/DFG PSA, achieving a maximum gain of
0.65 dB with a peak-to-peak gain variation of 3.4 dB for a ~ 100-ps duration, 2.5 GHz
pulsed signal in a 3-cm PPLN waveguide with an input pump of 14 dBm. These first
proof-of-principle experiments show also the potential of the process as a broadband PSA
mechanism. Further significant improvements of the PSA gain can be envisaged with im-
provements in the coupling to the PPLN waveguides, enabling higher pump powers. The
calculations show that PSA gains in excess of 30 dB can be achieved in practical device

lengths (50 mm) for launched power levels of 33 dBm. Finally, it is worth emphasising that
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the compact size and the fact that no SBS suppression techniques are required as major

advantages of the PPLN approach relative to silica fibre based PSA implementations.

6.3 Phase regenerative wavelength conversion based on
cascaded quadratic processes in periodically poled

lithium niobate waveguides

6.3.1 Introduction

Several PSA configurations have been demonstrated based on a number of technologies,
such as FWM in HNLFs [McKinstrie 04, Croussore 07, Croussore 09, Slavik 10], Kerr ef-
fects in nonlinear interferometers [Shirasaki 90, Marhic 91|, as well as the technique based
on cascaded second-order nonlinearities in PPLN waveguides which I described earlier
[Lee 09]. A new kind of PSA based on FWM in a HNLF has recently been experimentally
demonstrated which provides PR-WC [Croussore 07, Croussore 09]. In that configura-
tion, two idlers at two new wavelengths are generated in a phase-sensitive fashion during
a single stage of FWM interaction. Thereby, in principle perfect phase regeneration of
differential (bipolar) phase-shift keying (D(B)PSK) signals is achieved without requiring
a large FWM conversion efficiency, whereas compared to other PSA implementations an
additional important network function is performed at the same time, i.e. wavelength con-
version. Hence PR-WC is of considerable interest for next generation meshed transparent

networking systems.

I will report two different implementations of a novel scheme for PR-WC based on com-
binations of cSHG/DFG and ¢SFG/DFG in PPLN waveguides in this section. The basic
operational principle of this scheme can be intuitively represented in the complex plane
of the E-field, as shown in Fig. 6.10. The scheme operates by generating two copies of
the incoming signal. One copy (generated through ¢SFG/DFG) is a phase-preserving
replica of the input, whereas the other (generated through ¢SHG/DFQG) is its phase con-

jugate. These two outputs are equalized in power and combined. In the complex plane
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of the E-field, the combined output is aligned to the in-phase axis. Therefore, a noisy
input D(B)PSK signal is phase-regenerated to an output signal which in principle has
an exact phase value of either 0 or m. PR-WC exploiting cascaded second-order non-
linearities in PPLN waveguides offers a number of advantages over the corresponding
FWDM-based approach. PPLN waveguides are compact and effectively immune to stim-
ulated Brillouin scattering of the pump beams. Furthermore, in contrast to fiber-based
implementations, the operation of PR-WC exploiting cascaded second-order nonlineari-
ties in PPLN waveguides is less susceptible to the generation of pump-pump and pump-
signal harmonics [McKinstrie 06, McKinstrie 07|, or even to self-phase and cross-phase

modulation [Croussore 07].

In the following, I am going to present experimental demonstrations of this scheme, which
employ either two discrete PPLN waveguides for the implementation of the ¢cSFG/DFG
and ¢SHG/DFG processes or just one, where the nonlinear processes develop simultane-
ously. The section is organized as follows. An analytical presentation of the two schemes
is given in Section 6.3.2; I have chosen to describe the two-stage PR-WC implementa-
tion first (Section 6.3.2.1), because its analytical treatment is simpler. The presentation
of the single-stage PR-WC implementation follows in Section 6.3.2.2. The experimental
demonstrations are presented in Section 6.3.3. This time, I change the order in which the
two implementations are presented. Due to the relatively simpler experimental setup, the
experiment of the single-stage PR-WC implementation is shown first (Section 6.3.3.1)
followed by the two-stage PR-WC implementation (Section 6.3.3.2), which includes the

demonstration of the phase regeneration results.

. Quadrature

_-~"71 7>~ Phase-preserving output
'/( , Phase-conjugate output
.: : > In-phase
\ |/ Combined output

“..__| _Relative input signal phase 5@

FIGURE 6.10: Operational principle of phase-regenerative wavelength conversion.



6 Phase sensitive amplifiers exploiting cascaded quadratic nonlinearities in periodically
poled lithium niobate waveguides 137

6.3.2 Theory

6.3.2.1 Two-stage implementation

Figure 6.11 illustrates the wavelength arrangement for the two-stage PR-WC implemen-
tation based on a combination of cascaded second-order nonlinearities in two separate
PPLN waveguides (i.e. ¢SFG/DFG in the first PPLN and ¢SHG/DFG in the second
PPLN).

l DFG |
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FI1GURE 6.11: Illustration of two-stage phase-regenerative wavelength conversion based
on ¢SFG/DFG and ¢SHG/DFG in two separate PPLN waveguides.

The QPM wavelengths of the first (PPLN 1) and the second PPLN waveguides (PPLN 2)
are detuned relative to each other, and arranged so that Pump 1 and the input signal are
placed symmetrically around the QPM wavelength of PPLN 1. Also the wavelength of
Pump 1 coincides with the QPM wavelength of PPLN 2. Pump 2 is set at a frequency such
that Pump 2, Signal, and Pump 1 have the same frequency spacing between them. The
input Signal, Pump 1, and Pump 2 are phase-locked relative to each other and launched
into PPLN 1. As shown in Fig. 6.11, the input Signal and Pump 1 generate the SF wave
by SFG in PPLN1, followed by the DFG process between the SF wave and Pump 2,
which generates the phase-preserving output at a new wavelength. The evolution of the

interacting waves associated with the ¢SFG/DFG process in PPLN 1 can be described
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through the following set of coupled mode equations [Suhara 03]:

% = iwp kgraAspAserp(iAkspa?)

Cil—is = iwsksrgAsg Ay exp(iAkspa?)

ddA;f = iwsphspaAsApeap(—ilkspaz) + iwsphpraAp Aowerp(—iAkpraz)  (6.22)
dﬁzﬂ = iwpakpraAsf Al exp(iDkpra?)

dill;m = iWoutkpraAs Apgexp(iAkprg)

where A; (7 = pl, p2, sf, s, out) are the complex amplitudes of Pump 1, Pump 2, the SF,
the signal and the output respectively, w; are the angular frequencies, Kgrpe and kKprg are
the nonlinear coupling coefficients of the SFG process and the DFG process respectively,
and Akgsrg and Akprg are the phase mismatches of the SFG process and the DFG process
respectively. Akspg = 0 since Pump 1 and the input signal are placed symmetrically
around the QPM wavelength. Akppg is also close to zero because of the low dispersion of
lithium niobate crystal in the wavelength region around 1550 nm. Note that for simplicity
the waveguide loss has not been taken into account in Eq. 6.22. By integrating the coupled-
mode equations for ¢SFG/DFG under the non-depletion approximation, the complex

amplitude of the ¢cSFG/DFG output can be approximated as:

~ * 2
Acsra/pra = S Woutls rhsrakpraApt AsAp L
2 1 +¥s
~Woutws pEsFaRprG| Apt || As| | Apa| L2 e!Pr —#r2tes) (6.23)

woutwsf/{SFGH'DFG|Ap1HA HAp2|L2 i 290?1 2%0102-1‘590)

1
T2
1
T2
where L is the length of PPLN 1. ¢,1, ¢,2, and ¢ also denote the phases of Pump
1, Pump 2, and Signal respectively. The relative input signal phase, dy, is defined as
(01 + 0¢2)/2, where dp1 = @5 — @1 is the relative phase between Signal and Pump 1,

and dpy = @5 — @pa is the relative phase between Signal and Pump 2.

Pump 2 is suppressed after PPLN 1, and the rest of the optical waves are subsequently
launched into PPLN 2. In the ¢cSHG/DFG process occurring within PPLN 2, the SH wave
of Pump 1 is generated by the SHG process, and this is accompanied by the DFG process
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between the SH wave and the input signal which produces its phase-conjugate output.
The evolution of the interacting waves associated with the cSHG/DFG process in PPLN2

can be described through the following set of coupled mode equations [Gallo 97]:

dA . x .
d;ﬂ = iwp1ksacAsn Ay exp(ilksnc?)
dAsh i

= ~waksnaAy exp(—idkspaz) + iwsnkpraAsAouerp(—iAkpra?)
dz 2 (6.24)

dA, . . .
T = iwskpraAsnAbexp(iAkpraz)
dAO'lL . .
y b = iwowkpraAa Alerp(iAkpra?)
2

where A; (the subscript j = pl, sh, s, out) are the complex amplitudes of Pump 1, the
SH, the signal and the output respectively, ksge is the nonlinear coupling coefficient
of the SHG process, and Akspya is the phase mismatch of the SHG process. Note that
Aksga = 0 as Pump 1 is set at the SHG QPM wavelength, whereas as before, Akprg = 0.
Under the non-depletion approximation and by integrating the coupled-mode equations
for cSHG/DFG, the complex amplitude of the cSHG/DFG output can be approximated

as:
~ 2 * 12
Acsuc)pre ZwoutwshHSHGF&DFGAplAsL

1 )
= Zwoutwsh/{SHG’{DFG|Apl |2|As |L26Z(2wp1_(p$) (625>
1

2 2 i(2pp1—2ppa—0
= —WouWshEsHGRDFG|Apt |7 As| L7e (20p1=3p2=0¢)

4
where L is the length of PPLN 2. Since Pump 2, Signal, and Pump 1 have the same

frequency spacing between them, the outputs from ¢cSHG/DFG and ¢SFG/DFG are gen-
erated at the same wavelength. Thus these two outputs are combined. If for simplicity,
we assume that the two waveguides have the same length, and the intensities of the two
outputs are equalised by adjusting the power of Pump 2, then the complex amplitude of

the combined output can be approximated as:

1

A §woutwsf/€SFGl‘iDFG|Ap1||As]|Ap2\L26i(%‘Pp1*%<sz+6go)
1 4
+ ZwoutwshHSHGKJDFGMpl|2|A5|L26Z(%9”P1_%%2_590) (6.26)

= woutwstSFGKDFG|Ap1 | |As| |Ap2 |L26i(%¢pl_%¢p2)cos(5¢)
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In the ideal case that the phase-conjugate output from ¢SHG/DFG and the phase-
preserving output from c¢SFG/DFG are perfectly conjugated and have strictly equal
power, the combination of these two output results in perfect cancellation of the quadra-

ture component of the output and amplification of the in-phase component, as shown in

Eq. 6.26.

6.3.2.2 Single-stage implementation
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FIGURE 6.12: Illustration of single-stage phase-regenerative wavelength conversion

based on ¢SFG/DFG and ¢SHG/DFG in a single PPLN waveguide.

The two separate nonlinear stages described above can also be combined within a single
PPLN waveguide, thereby benefitting from an implementation that requires fewer com-
ponents. Figure 6.12 illustrates the wavelength arrangement for the proposed single-stage
PR-WC implementation based on the simultaneous combination of the cSHG/DFG and
c¢SFG/DFG processes in a single PPLN waveguide. The input Signal, Pump 1, and Pump
2 are phase-locked relative to each other and launched into the PPLN waveguide. In order
to allow the two cascaded processes to occur simultaneously in the same device they need
to be detuned from the exact phase-matching conditions. As shown in Fig. 6.12, it is

necessary to ensure that Pump 1 still falls within the SHG acceptance bandwidth and
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that the mean wavelength of the input Signal and Pump 1 also falls within it. In addition,
Pump 2 needs to be set at a frequency which equalises the frequency difference between

Pump 2 and the Signal, and the Signal and Pump 1.

The input Signal and Pump 1 generate the SF wave by the SFG process. When fol-
lowed by DFG between the SF wave and Pump 2 a phase-preserving output at a new
wavelength [see Fig. 6.12(a)] is generated. At the same time, the SH wave of Pump 1
is generated in the PPLN waveguide as shown in Fig. 6.12(b), and this is accompanied
by DFG between this SH wave and the input signal to produce its phase-conjugate out-
put at a new wavelength. Since Pump 2, Signal and Pump 1 are arranged to have the
same frequency spacing between them, the outputs from ¢SHG/DFG and ¢SFG/DFG
are therefore generated at the same wavelength. For simplicity, we assume that the phase
mismatches of the SHG and the SFG process are equal but with opposite sign and nonzero
(Akspe = —Aksrg # 0) due to the detuning of both ¢<SHG/DFG and ¢SFG/DFG from
the exact phase-matching conditions (which is in contrast to the aforementioned two-
stage implementation). By integrating the coupled-mode equations for cSFG/DFG under
the non-depletion approximation, the complex amplitude of the ¢cSFG/DFG output can

be approximated as:

L
woutwsfHSFG/fDFGAplAsA;;z _iAE 2 iAk >
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SFG
R Wourtsphspakpra| Apl| Al | Apele 297 =292 [2sine(Akgpg L/2) e TibksreL/1

(6.27)
where Akpre ~ Akspg because of the low dispersion feature of lithium niobate crys-
tal in the wavelength region around 1550 nm, and sinc(z) = sin(z)/x. By integrating

the coupled-mode equations for cSHG/DFG under the non-depletion approximation, the
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complex amplitude of the cSHG/DFG output can be approximated as:

2 * L
1 woutwsh’iSHG/{DFG’A A ; ;
~ ple’s —iAk z 1Ak z
AcsaG/DFG = = (e SHGZ _ 1)e'2FPFG2(y
0
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(6.28)
where Akpra ~ Aksyq because of the low dispersion feature of lithium niobate crystals
at wavelengths around 1550 nm. We also assume that the intensities of the two outputs
are equalized by adjusting the power of Pump 2, then the complex amplitude of the

combined output can be approximated as:

1 , .
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(6.29)

where A; (j = pl, p2, s) denote the complex amplitudes of Pump 1, Pump 2 and the
Signal respectively. 0@’ = 0p + AkspgL/4 is the summation of the relative input phase
plus the phase shift induced by the nonzero phase-mismatches of the SHG and the SFG

processes.

Compared to the two-stage scheme, the conversion efficiency of the cSHG/DFG process
and the ¢SFG/DFG process in the single-stage scheme is compromised by the nonzero
phase-mismatches resulting in a lower output power. However, in principle, the combi-
nation of the phase-conjugate output and the phase preserving output still results in
amplification of the in-phase component of the signal and cancellation of the quadrature
component, as shown in Eq. 6.29. This regenerative property is independent of the con-
version efficiency of the cSHG/DFG and the ¢SFG/DFG processes. A limitation of the
single-stage implementation is that the operational bit rate of the input signal (i.e. the
signal bandwidth) is restricted by the frequency spacing between the signal and the pumps
which in turn, is limited by the SHG acceptance bandwidth of the PPLN waveguide.
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In the following section, I present two separate experiments that have demonstrated the
PR-WC proposed above in either a single- or a two-stage implementation, employing ei-
ther one or two nominally identical PPLN devices as the nonlinear media respectively.
The implementation of the single-stage PR-WC is simpler and is presented first in Sec-
tion 6.3.3.1. Fuller measurements of the phase-correction performance of the scheme are

presented for the more flexible two-stage implementation that follows in Section 6.3.3.2.

6.3.3 Experiments

6.3.3.1 Single-stage implementation

Signal Pump2 SignalPump1 Pump2 Signal Pump1
Output
- P {or] A
PC
EDFA EDFA EDFA  ppLN
40 GHz synthesiser Apm = 1545.84 nm @ 50°C

FIGURE 6.13: Experimental setup for the proposed single-stage PR-WC based on a
combination of cSHG/DFG and ¢SFG/DFG. AM: amplitude modulator, PC: polariza-
tion controller, EDFA: erbium-doped fibre amplifier, OSA: optical spectrum analyser,

OP: optical processor.

Fig. 6.13 shows the experimental setup used to realize the single-stage PR-WC. A 30-
mm-long fibre-pigtailed PPLN waveguide (HC Photonics Corp.) was used to observe both
c¢SHG/DFG and ¢SFG/DFG in a single stage. Its SHG phase matching wavelength was ~
1545.84 nm at 50°C), its insertion loss was 3.5 dB and its normalised (internal) conversion
efficiency was 75% W~lecm=2. A CW laser operating at 1545.68 nm was modulated by an
amplitude modulator driven by a 40 GHz synthesiser, generating three frequency tones
at 1545.36 nm, 1545.68 nm and 1546.00 nm respectively. These three tones were used
as Pump 2, the input Signal, and Pump 1, respectively. All of the frequency tones were
subsequently passed through an optical processor (Finisar Waveshaper 4000E), which is

a programmable filter used to adjust both the relative phase between the three waves and
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the optical power of Pump 2, thereby controlling the strength of the cSFG/DFG process
in the PPLN waveguide. All of the optical waves were aligned to the optical axis of the
PPLN waveguide by a polarisation controller, amplified (to a total power of 21 dBm)
and subsequently launched into the PPLN waveguide. Both the phase-preserving output
of the ¢SFG/DFG process and the phase-conjugate output of the cSHG/DFG process

respectively lie at 1546.32 nm.
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FIGURE 6.14: (a): Measured output spectra of the single-stage PR-WC showing the
phase-sensitive swing. (b): Measured (symbols) and calculated phase-sensitive swing
(solid line) plotted as a function of the relative input signal phase for the single-stage

PR-WC.

Fig. 6.14(a) shows the measured spectra at the output of the PPLN waveguide for the
cases of maximum (red trace) and minimum conversion efficiency (blue trace) at the
combined output. Note that these measurements were achieved by controlling the rel-
ative phase of the signal at 1545.68 nm in the OP. The wavelength conversion loss for
the case of maximum conversion was ~ 19.5 dB. Similar to Section 6.2, I evaluate the
performance of the system in terms of its phase-sensitive swing (PSS), i.e. the ratio be-
tween the maximum and minimum output power of the converted signal. The PSS of
the combined output was ~ 14.5 dB. From Eq. 6.29 we find that this corresponds to an
amplitude ratio of the cSHG/DFG and ¢SFG/DFG outputs of ~ 0.7:1. In contrast to
the experimental results in Section 6.2, the large PSS of the combined output is due to
the strong attenuation of the quadrature component of the signal rather than the ampli-

fication of the in-phase component. Fig. 6.14(b) shows the phase-sensitive behaviour of
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the combined output plotted as a function of the relative phase between the input signal
and the pumps. The experimental measurements (red spots) agree well with the theoret-
ical curve calculated using Eq. 6.29 (blue curve). The swing profile clearly indicates the
phase-sensitive behaviour with a period of w-phase. Figure 6.14(b) also illustrates the cal-
culated phase regenerative properties of the proposed single-stage PR-WC scheme. The
black trace shows the ideal case, where the outputs from ¢SHG/DFG and ¢SFG/DFG are
perfectly conjugated and have strictly equal powers. The cancellation of the quadrature
component of the signal allows close to ideal binary phase regeneration, independent of
the overall cSHG/DFG and ¢SFG/DFG efficiency. The red trace shows the calculated
phase regenerative properties of the single-stage PR-WC scheme for a PSS of 14.5 dB as

achieved in the experiment.

6.3.3.2 Two-stage implementation

Signal Pump1

Signal Pump2 Pump1 Signal  Phase-preserving output
Signal Pump1pPump2” Pump1
CW 1 A 11 Apu = 1546 nm @ 50°C N heu=15480m @ 60°C
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1

1
1
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1

PC_ EDFA
: > |

______________________________ Phase-preserving output
Only used for the characterization of phase regenerative properties

FIGURE 6.15: Experimental setup for the two-stage PR-WC scheme based on a combina-
tion of cSHG/DFG and ¢SFG/DFG in two cascaded PPLN waveguides. CW: continuous
wave, PC: polarization controller, EDFA: erbium-doped fibre amplifier, HNLF: highly
nonlinear fibre, OP: optical processor, OSA: optical spectrum analyzer, PM: phase mod-

ulator, AWG: arbitrary waveform generator.

Figure 6.15 shows the experimental setup used to realise the two-stage PR-WC with two
cascaded PPLN waveguides. Both of the PPLN waveguides (HC Photonics Corp.) were
nominally identical with parameters as shown in Section 6.3.3.1. The SHG QPM of PPLN
1 was ~ 1546 nm by operating it at 50°C". The SHG QPM of PPLN 2 was shifted to 1548
nm by operating it at the higher temperature of 60°C'. Two CW lasers were used as
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the signal source and Pump 1, operating at 1544nm and 1548 nm respectively. The two
beams were combined in a 3-dB coupler, amplified and launched into 500 m of a HNLF
to generate a phase-correlated idler wave at 1540 nm through FWM which was then used
as Pump 2. The HNLF had a dispersion of -0.87 ps/nm/km at 1550 nm and a nonlinear
coefficient of 19 (W-km) 1. All of the optical waves were passed through Optical Processor
1 (OP1), which, as before, was used to adjust the relative phase between the signal and the
pumps and to adjust the optical power of Pump 2, thereby controlling the strength of the
c¢SFG/DFG process in PPLN 1. After OP1, all of the optical waves were amplified (to a
total power of 21 dBm) and launched into PPLN 1 which induced the ¢SFG/DFG process
to generate the phase-preserving output at 1552 nm. All of the resulting optical waves
were subsequently passed through a second optical processor (OP2), which selectively
suppressed Pump 2. After OP2, all of the optical waves were amplified (to a total power
of 21 dBm) and launched into PPLN 2 which induced the ¢<SHG/DFG process to generate

the phase-conjugate output, also at 1552 nm.
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FIGURE 6.16: (a): Measured output spectra of the two-stage PR-WC scheme showing
the phase-sensitive swing (measured with a resolution of 0.05 nm). (b): Measured (red
spots) and calculated phase-sensitive swing (blue curve) plotted as a function of the
relative input signal phase, and the calculated input-output phase relationship of ideal

case (black trace) and the two-stage PR-WC scheme (red trace).

Figure 6.16(a) shows the measured spectra at the output of PPLN 2 for the cases of

maximum (red trace) and minimum conversion efficiency (blue trace) at the combined
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output. Note that these measurements were achieved by controlling the relative phase of
the signal at 1544 nm in OP1. The wavelength conversion loss for the case of maximum
conversion was ~ 18 dB. The PSS of the combined output was ~ 25.3dB. From Eq. 6.26
we find that this corresponds to an amplitude ratio of the cSHG/DFG and ¢SFG/DFG
outputs of ~ 0.91:1.

Figure 6.16(b) shows the phase-sensitive behaviour of the combined output plotted as a
function of the relative phase between the input signal and the pumps. The experimental
measurements (red spots) agree well with the theoretical curve (blue curve). The swing
profile clearly indicates the phase-sensitive behaviour with a period of w-phase. Figure
6.16(b) also illustrates the calculated phase regenerative properties of the proposed two-
stage PR-WC scheme. The black trace shows the ideal case, where the outputs from
c¢SHG/DFG and ¢SFG/DFG are perfectly conjugated and have strictly equal powers.
The red trace shows the calculated phase regenerative properties of the two-stage PR-WC
scheme for a PSS of 25.3 dB as achieved in the experiment. Phase noise ranging between
+30° at an input D(B)PSK signal can be suppressed to ~ +1.5° at the output. As with
all basic PSA configurations, phase regeneration in this PR-WC scheme is achieved at
the expense of some added amplitude noise. In our PR-WC scheme, a phase fluctuation
of £30° is converted into an amplitude fluctuation of 0.62 dB. (This amplitude noise
can be reduced e.g. by increasing the conversion efficiency of the PPLN waveguides and
saturating the gain of the outputs. However, this was not possible in my experiment, due

to the maximum permissible power I could launch to the PPLN waveguides.)

To characterize the phase regenerative capabilities of the system, the signal was split into
two arms as illustrated in the dashed box shown in Fig. 6.15. The input Signal in the
top arm was suppressed by OP1 after FWM, and a phase modulator was first used to
emulate phase noise degradation of a binary phase modulated signal in the bottom arm.
The modulator was driven by an electrical signal comprising the sum of a binary (signal)
at 4 Gbit /s, and a broadband random noise waveform, generated using a 24 GS/s arbitrary
waveform generator (Tektronix AWG7122B). To measure the phase characteristics, the
input signal and the idler were assessed using a homodyne coherent receiver. Because

the homodyne receiver requires a local oscillator at the original signal wavelength, the
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output was first converted back to the original signal wavelength using a parametric fibre
wavelength converter using the output and Pump 1. The parametric fibre wavelength
converter relied on FWM in a 500-m-long HNLF with a nonlinear coefficient of v = 20
(W-km)~!, a dispersion of 0.06 ps/nm/km, and a dispersion slope of 0.0035 ps/nm?/km.
The phase information was retrieved using digital signal processing, and the results are
displayed in Fig. 6.17. I acknowledge the help from my colleague Joseph Kakande for
the signal post-processing. The data were sampled at the sampling rate of 48 GHz, and
one in every 12 samples was recorded in the digital signal processing (i.e. one recorded
sample per bit). Phase histograms (20000 recorded samples) of the input signal and the
(converted) output are shown in Fig. 6.17(a) and Fig. 6.17(b) respectively. The input
signal phase at the 0° peak is distributed with a 3 dB width of +30°, while at the output
the phase fluctuations have been considerably reduced, with a 3 dB distribution width of
< 10°. We attribute the difference between the experimental and calculated performance
based on the response function shown in Fig. 6.16 to be due to relative phase drift /noise
between the pump and signal arms induced by environmental perturbations. Such effects
mean that it is not possible to guarantee that the PR-WC was operating at its optimal
operating point during the measurement (i.e. inputs with 0° relative phase experiencing
the maximum gain). To make more reliable measurements (and most certainly for any
practical application) it would be necessary to ensure that the signal and pump beams
were accurately phase-locked - for example using an active phase lock loop (see e.g.
Ref. [Slavik 10]). The final 500 m-long fibre-based wavelength conversion stage, which
we required to allow us to implement the homodyne coherent receiver, also presents an
additional potential source of measurement noise. Nevertheless, these proof-of-principle

measurements demonstrate significant phase noise reduction and validate the approach.
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FIGURE 6.17: (a) Measured phase distribution at the input and (b) the output.

6.3.4 Conclusion

In this section, I have demonstrated both theoretically and experimentally a novel scheme
for PR-WC based on a combination of ¢cSHG/DFG and ¢SFG/DFG processes. This
scheme can be implemented in either a single PPLN waveguide, or two separate PPLN
waveguides. | first demonstrated a single-stage PR-WC using a single PPLN waveguide
with a uniform poling period. A PSS of 14.5 dB was achieved in this experiment. In or-
der to achieve the best regenerative performance both cSHG/DFG and ¢SFG/DFG need
to be detuned from the exact phase-matching conditions and the maximum permissible
signal bandwidth is restricted by the requirement to fit both the signal and one of the
pumps within the SHG bandwidth of the PPLN device. These limitations could in prin-
ciple be overcome by employing a superstructured PPLN waveguide exhibiting two QPM
peaks [Hum 07]. In this case, both ¢cSFG/DFG and ¢SHG/DFG could operate at the
exact phase-matching conditions by placing Pump 1 and the input signal symmetrically
around the first QPM wavelength of the PPLN waveguide, as well as placing Pump 1 at
the second QPM wavelength of the PPLN waveguide.

The limitations imposed by the single-stage implementation were overcome by separating

the two cascaded quadratic operations in two different PPLN waveguides. By doing this,
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a PSS of 25.3 dB was achieved. I verified the very good agreement between the theoretical
predictions and the performance of the PR-WC scheme. The phase-regenerative properties
of the wavelength converter were also verified using a purpose-built homodyne detection
system. These proof-of-principle experiments of the phase regenerative properties show

the potential of the PR-WC scheme as a D(B)PSK phase regenerator.

6.4 Conclusion

In this chapter, two novel configurations of phase sensitive amplification based on cascaded
quadratic effects in periodically poled lithium niobate waveguides were demonstrated. The
first one was a frequency non-degenerate PSA based on the ¢cSHG/DFG process within a
single waveguide. A maximum gain of 0.65 dB with a peak-to-peak gain variation of 3.4
dB for a 100-ps duration, 2.5 GHz pulsed signal was achieved in the experiments with a
3-cm-long PPLN waveguide. The second PSA configuration was a PR-WC which is based
on a combination of the cSHG/DFG process and the ¢cSFG/DFG process within PPLN
waveguides. Theoretical analysis and experiments of two implementations of this PR-WC
configuration were presented, in either a single PPLN waveguide, or two separate PPLN
waveguides. Peak-to-peak gain variations of 14.5 dB and 25.3 dB were achieved in the
experiments for these two implementations respectively. Finally, the experiments showed

the potential of the PR-WC scheme as a D(B)PSK phase regenerator.
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Elimination of the chirp of optical

pulses with PPLN waveguides

7.1 Introduction

Picosecond optical pulses are widely used in diverse applications, such as optical com-
munications, optical sensors, and optical imaging systems. Such short optical pulses can
be generated using a variety of means including mode-locked lasers, gain-switched laser
diodes, and even externally modulated CW light sources. However, the generated optical
pulses often have some associated intrinsic frequency chirp and the cumulative effects
of dispersion and various optical nonlinearities often experienced during onward trans-
mission in fibre systems can either intensify this chirp, or induce additional nonlinear

degradation, leading to compromised performance for many applications.

Several methods have been employed to eliminate the frequency chirp in short pulses.
For instance, suitable lengths of fibre are usually employed to remove the linear chirp
component associated with non transform-limited optical pulses. However, the length
of the DCF has to be matched to the exact chirp characteristics |[Takeda 96]. Another
technique based on fibre Bragg grating (FBG) is capable to eliminate both the linear

and nonlinear phase components associated with non transform-limited optical pulses.
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However, the spectral profile of the FBG typically needs to be determined on a case-
by-case basis [Hill 94]. Recently, a compensation scheme to reduce the frequency chirp
associated with directly modulated sampled grating distributed Bragg reflector tunable
lasers through simultaneous modulation of the laser’s phase section was also demonstrated

[Maher 09].

In this chapter, I propose and demonstrate an effective method to remove frequency
chirps induced in ps-optical pulses with PPLN waveguides. The technique relies on the
generation of a conjugated replica of the input chirped pulse in a first PPLN waveguide
via cSHG/DFG, followed by the nonlinear interaction of the two phase-conjugated signals
through ¢SFG/DFG in a second PPLN waveguide: a process which eventually yields
chirp-free pulses at the system output. This scheme has the distinct advantage that even
unknown or nonlinear chirps can be erased without requiring detailed knowledge of the

input pulse form.

7.2 Principle of operation

Conjugate pulse
SHG _.--------- f CW Pump
. .«"\‘?\'7/\/ Chirped pulse

A \ 1%t PPLN: cSHG/DFG

1 |
/\ Optical processor
- A

! |

1

SFG o -
SF\]\ J/\\ /\ /\ ’ 2" PPLN: cSFG/DFG
' ' }\‘

Chirp freé output CW wave

FIGURE 7.1: Tllustration of chirp elimination in a short pulse based on both ¢<SHG/DFG
and ¢SFG/DFG in two cascaded PPLN waveguides.

In Section 6.3 in Chapter 6, I presented a PR-WC scheme based on a combination of the
c¢SHG/DFG and ¢SFG/DFG processes. The summation of the phase preserving replica
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of the input signal and the phase-conjugated replica of the input signal can give a phase-
regenerated output. Again using the combination of the ¢cSHG/DFG and ¢SFG/DFG
processes, I will present a chirp elimination scheme which relies on the product of the

input signal and its phase-conjugated replica instead of the summation.

Figure 7.1 illustrates my scheme for the elimination of chirp in pulses based on the
combination of ¢cSHG/DFG and ¢SFG/DFG in two cascaded PPLN waveguides. E.,,
E.j, Esf, and E,,; in the following text denote the optical fields of the input chirped
pulse, conjugated replica, SF waves, and chirp-free output waves, respectively. The first
PPLN waveguide performs phase-conjugation (E,; = E7,) and wavelength conversion of
the original chirped input pulse by means of the cascaded SHG/DFG process. The SH
wave of an input CW is first generated by SHG in the first PPLN waveguide, which is
followed by DFG between this SH wave and the initially chirped input pulse to produce
the phase-conjugate counterpart with opposite chirp. All of the resulting optical waves
after the first PPLN sample are passed through an optical processor. The optical processor
is a programmable amplitude filter as introduced in the background chapter. The optical
processor rejects both the pump and the SH waves, and equalises the optical power of the
input pulse with that of its conjugate. Equalization of the intensities of the two signals
is required in order to optimise the efficiency of the cascaded SFG/DFG process in the
second PPLN waveguide. In the ¢SFG/DFG process, the two pulses interact with each
other as two synchronised pulsed pumps to generate the SF wave by SFG. The optical field
of the SF wave is expressed by the product of the two original optical fields Es; ~ E.,E.;,
which means that the imaginary part of the input field is cancelled out and thus any
frequency chirp is erased. The generated chirp-free SF pulses subsequently interact with
a second CW beam via the DFG process, and mapped back into the telecommunication

band.

In the cSHG/DFG process at the first PPLN stage, no apparent walk-off effect occurs
between the chirped input pulses and the generated conjugated pulses, because they are in
the same wavelength band and have similar values of group velocity. Therefore, neglecting
the pump depletion, the conjugated pulses are truly conjugated replicas of the chirped
input pulses. For the cSFG/DFG process at the second PPLN stage, in a simplified picture
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(neglecting pump depletion and walk-off), the generated SF field will be proportional
to the modulus squared of the original signal (Es; ~ EeE.; = |E|*). However, in
the ¢SFG/DFG process, a significant walk-off effect occurs between the pulses in the
telecommunication band (the chirped input signal and the conjugated signal) and the
generated SF wave because of the group velocity mismatch, resulting in pulse broadening
of the SF wave. To simulate the actual response of the second PPLN stage with the
presence of pump depletion and group velocity mismatch, the following coupled mode

equations were used:

054;0 U_Lagtcp = —iksraWeopAsfArerp(—iAksraz)

051;]- U%jagtc]' = —iksrawe Asg Aperp(—iAksraz)

agzcw in agltcw = —ikpreWewAsf Apexp(—iAkppaz)

agl;“t Uolm 8’;;’“ — —ikproWouAst Al eap(—iAkpp?)

a?;f éagff = —ikgraWsf AepAcjerp(ilksraz) — ikprawsfAcw Aouerp(iAkpraz)

(7.1)

where Acp,eiys frewsout A0 Ugpycjys frewsout denote the slowly varying envelopes and the group
velocities of the input chirped pulse, conjugated replica, SF, CW-wave, and chirp-free
output waves, respectively. ksrpg and kppg denote the nonlinear coupling coefficients of
SFG and DFG respectively. Akspa = ksp — kep — kej — 27/ A and Akppe = kew + Kout —
ksf+ 2m/A are the phase-mismatches of SFG and DFG respectively, and A is the period

of the QPM grating and each k is the wave vector at the corresponding frequency.

In the simulation, the values of the group velocities and the nonlinear coupling coefficients
matched those used in the experiments that will be described in the following section (Sec.
7.3) and previously given in the background chapter (Chapter 2). The PPLN waveguide is
3 cm long with a normalized efficiency 7,,, = 75%Wtcm~2. The peak power of chirped
input pulses is P, = P,; = 30 mW, and the power of CW wave is P, = 1 mW. For the
3-cm PPLN waveguides used in the experiments, the walk-off limit of the pulse duration
is ~ 10 ps. In order to investigate the impact of the walk-off effect on the chirp elimination

scheme, the durations of the input pulses were chosen as 7 ps which is a slightly shorter
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than the walk-off limit (10 ps) and 2 ps which is far shorter than that respectively. In
the case that the input is 7-ps Gaussian chirped pulses with a chirp of 3.5 ps/nm, and a
time-bandwidth product of 1.63 (as achieved in the experiments shown in the following
section, Sec. 7.3), the propagation of the chirped input, conjugate, SF and output pulses
in the PPLN waveguide is shown in Fig. 7.2, and the normalized powers and phases of
the chirped input, conjugate and output pulses are shown in Fig. 7.3. The numerical
simulations were based on Eqns. 7.1 and the symmetric split-step Fourier method was
employed. As shown in Fig. 7.2, the chirped input pulse and the conjugate pulse interact
with each other, generating the SF wave through SFG. In the absence of the walk-off effect,
the SF pulse would be shortened because the generated SF field is proportional to the
modulus squared of the original signal. The SFG process is followed by the DFG process
between the SF wave and the CW, generating the output pulse at a new wavelength.
As shown in Fig. 7.3, the durations of the input and output pulses are ~ 7 ps and ~
6.2 ps respectively. Such a similarity between the pulse durations stems from a balance
between pulse shortening in SFG and pulse broadening due to walk-off in the second
PPLN waveguide. The temporal displacement between the input and the output pulses
is because the SF is delayed relative to the input pulse due to the walk-off effect and
the temporal position of the delayed SF pulse is subsequently converted to the output
pulse through the DFG process. The numerical simulations confirmed the capability of
the scheme to remove the chirp of the pulses, even in the presence of moderate walk-off

between the original and SF signals in the PPLN waveguide.

Next, the input signal was changed to un-chirped Gaussian pulses with the same pulse
duration. The propagation of chirped input, conjugate, SF and output pulses in the PPLN
waveguide is shown in Fig. 7.4, and the normalized powers and phases of the chirped input,
conjugate and output pulses are shown in Fig. 7.5. The output pulse duration was again
~ 6.2 ps, i.e. the same as in the previous case. Along with the previous chirped input pulse
case, these two simulations confirm that the chirp elimination scheme eventually yields
chirp-free pulses at the system output with similar pulse durations to the input pulses,

and operates independently of the spectral phase characteristics of the input pulses.
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F1GURE 7.2: Propagation of the pulses along the PPLN waveguide for the 7-ps Gaussian
chirped input pulses case.
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denote the phases of the chirped input, conjugate and output pulses respectively) for
the 7-ps Gaussian chirped input pulses case.
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F1GURE 7.4: Propagation of the pulses along the PPLN waveguide for the 7-ps Gaussian
un-chirped input pulses case.
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In the next simulation, the input signal was changed to 2-ps Gaussian chirped pulses with
a chirp of 3.5 ps/nm. The propagation of the chirped input, conjugate, SF and output
pulses in the PPLN waveguide is shown is Fig. 7.6, and the normalized powers and phases
of the chirped input, conjugate and output pulses are shown in Fig. 7.7. The input and
output pulse durations were 2 ps and ~ 3.8 ps respectively. The simulation results indicate
that the presence of a significant walk-off effect yields a broadening to the pulses, but
no significant chirp at the output. The variation of pulse durations due to walk-off can
be analysed using a semi-analytical approach, as presented in the bandwidth comparison
chapter (Chapter 3) and in Ref. [Prawiharjo 05]. The output field in the frequency domain
can be expressed as the product between the PPLN filter function (which depends on the
group velocity mismatch between the pumps and the SF) and the Fourier Transform of
the modulus squared of the input signal [FT{|E.|*}]. This yields a response which is
insensitive to the phase of the input field and an acceptance bandwidth corresponding to
SHG from an "equivalent" un-chirped pump with the same intensity distribution as the

input signal (i.e., |E|).

7.3 Experimental results

Figure 7.8 shows the experimental setup used to realise the chirp-free pulse generation
system. Both chirped and un-chirped pulses were used at the input to investigate the
performance of this system. Two 30-mm-long fibre-pigtailed PPLN waveguides (HC Pho-
tonics Corp.) as described in the background chapter were used for the cSHG/DFG and
c¢SFG/DFG steps. Their SHG phase matching wavelength was 1546 nm at 50°C and 42°C,
respectively. A CW laser operating at 1546.0 nm was used as the pump for the first PPLN
device. A mode locked ERGO generated 10-GHz, 2-ps pulses at 1552 nm. The temporal
intensity profile of the ERGO laser output measured with an OSO (EXFO PSO-100)
is shown in Fig. 7.9(a) and the spectrum of the ERGO laser measured with an OSA is
shown in Fig. 7.9(b). The pulse width of the ERGO laser output is ~ 2.0 ps.
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FIGURE 7.8: Experimental setup used to realise the proposed chirp-elimination scheme.
PC: polarization controller, EDFA:erbium-doped fibre amplifier, TBF:tunable bandpass

filter, OSO:optical sampling oscilloscope, OSA:optical spectrum analyser.
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FIGURE 7.9: (a): Temporal intensity profile of the ERGO laser output measured by
0OSO. (b): Spectrum of the ERGO laser measured by OSA (measured with a resolution
of 0.05 nm).

In the chirped input pulse case, the output of ERGO laser was launched into 150-m of
a single mode fibre (SMF) to generate the input chirped pulses. The temporal inten-
sity profile and the spectrum after the SMF are shown in Fig. 7.10. The pulse width
is stretched to ~ 6.5 ps due to the dispersion induced by the SMF. Figure 7.11 shows
the FROG spectrogram and the retrieved normalized intensity and phase profiles of the
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FIGURE 7.10: (a): Temporal intensity profile of the chirped input pulse measured by
0SO. (b): Spectrum of the chirped input pulse measured by OSA (measured with a
resolution of 0.05 nm).
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FIGURE 7.11: (a): Measured FROG spectrogram of the chirped input pulse. (b): Re-
trieved normalized intensity and phase profiles of the chirped input pulse.

input chirped pulses. The FROG measurement was taken using a L-FROG as introduced
in the background chapter. The measured chirp of the input pulses was 3.5 ps/nm, and
the phase profile of the chirped input signal ¢(¢) was retrieved from the spectrogram as
shown in Fig. 7.11(b).

The CW pump and the chirped pulses were combined in a 3-dB coupler and then amplified
before being launched into the first PPLN waveguide. The total power at the input of the
waveguide was restricted to 21 dBm to protect its coupling connectors. Figure 7.12(a)
shows the measured spectrum of the signals at the output of the first PPLN waveguide

(pump, chirped input signal and conjugated pulse). A filter, tunable both in bandwidth



7 Elimination of the chirp of optical pulses through cascaded nonlinearities in
periodically poled lithium niobate waveguides 168

a (@) Chirped pulse 2 (b) . 2 © CW signal>
o CW pump — ¥ KRN R ' kS

~ ~ ~

/M Y a8)

g g g Chirp-free
—, | Conjugated pulse hm —, |pulse

[ ¥ [ e

] ] ]
.. N A¥ . = =

o o o

=) a8} [a¥

JAU L}.JV f W
1532 1537 1542 1547 1552 1557 1532 1537 1542 1547 1552 1557 1532 1537 1542 1547 1552 1557
Wavelength [nm] Wavelength [nm] Wavelength [nm]

FIGURE 7.12: Spectral traces measured after (a) the first PPLN waveguide, (b) the
optical processor, and (c¢) the second PPLN waveguide in the chirped input pulses case.

and centre wavelength (Alnair Labs.), was used after the first PPLN waveguide to extract
and characterise the conjugate signal. The temporal intensity profile and the spectrum
of the conjugate signal are shown in Fig. 7.13. Figure 7.14 shows the measured FROG
spectrogram and the retrieved normalized intensity and phase profiles of the conjugate
signal. The conjugated pulses had a pulse width of ~ 6.8 ps which was similar to that of
the chirped input pulses, while the chirp of the conjugated pulses is opposite to that of
the original signal as shown in the retrieved phase profiles (Fig. 7.11(b) and Fig. 7.14(b)).
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FIGURE 7.13: (a): Temporal intensity profile of the conjugated replica measured by
OSO. (b): Spectrum of the conjugated replica measured by OSA (measured with a
resolution of 0.05 nm).

After that, an optical processor (Finisar WaveShaper 4000E) filtered out both the pump
and the SH waves, and equalised the optical power of the input chirped pulses with that
of the conjugate pulses. The spectral trace measured after the optical processor is shown

in Fig. 7.12(b). The two signals were then amplified and combined with a 1558-nm CW
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FIGURE 7.14: (a): Measured FROG spectrogram of the conjugated replica. (b): Re-
trieved normalized intensity and phase profiles of the conjugated replica.

beam in a second 3-dB coupler. All three waves were then amplified further to 21 dBm and
launched into the second PPLN waveguide to interact with each other via ¢cSFG/DFG as
described in Fig. 7.1. The resultant spectrum, measured after the second PPLN device,
is shown in Fig. 7.12(c). The measured OSNR of the ¢SFG/DFG output signal at 1533.7
nm was 14 dB. The previously used tunable filter (Alnair Labs.) was used again after
the second PPLN waveguide to extract and characterise the output signal. The temporal
traces of the output pulses measured with an OSO is shown in Fig. 7.15(a). The measured
pulse width of the output pulse was ~ 6.6 ps which was close to that of the input pulse (~
6.5 ps). The time-bandwidth product for the chirp-free output was 0.48, which indicates
good quality, close to transform-limited pulses. Figure 7.16 shows the measured FROG
spectrogram and the retrieved normalized intensity and phase profiles of the output pulse.
The chirp in the output pulses has been cancelled out after the cSFG/DFG process. The
measured chirp rate parameters of the output pulses was zero within the resolution limit

of the FROG.

The experiment was repeated for an unchirped input. In this case, the output of ERGO
laser was filtered by a 0.5-nm bandpass filter to achieve a similar input pulse duration as in
the experiment above. The temporal intensity profile and the spectrum after the filter are
shown in Fig. 7.17. The pulse width is broadened to ~ 6.7 ps due to the spectral filtering.
Figure 7.18 shows the FROG spectrogram and the retrieved normalized intensity and

phase profiles of the un-chirped input pulses. The measured chirp of the input pulses was
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FIGURE 7.15: (a): Temporal intensity profile of the resultant chirp-free pulse measured
by OSO. (b): Spectrum of the resultant chirp-free pulse measured by OSA (measured
with a resolution of 0.05 nm).
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FIGURE 7.16: (a): Measured FROG spectrogram of the resultant chirp-free pulse. (b):
Retrieved normalized intensity and phase profiles of the resultant chirp-free pulse.

close to zero. Subsequently, the pulses were combined with the CW pump, amplified and
launched into the first PPLN waveguide. Figure 7.19(a) shows the measured spectrum
of the signals at the output of the first PPLN waveguide. The temporal intensity profile
and the spectrum of the conjugate signal are shown in Fig. 7.20. Figure 7.21 shows the
measured FROG spectrogram and the retrieved normalized intensity and phase profiles
of the conjugate signal. In this case, the conjugated pulses had a pulse width of ~ 6.7 ps

and a close to zero chirp.

After that, an optical processor filtered out both the pump and the SH waves, and
equalised the optical power of the input chirped pulses with that of the conjugate pulses.
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FIGURE 7.18: (a): Measured FROG spectrogram of the un-chirped input pulse. (b):

Retrieved normalized intensity and phase profiles and the un-chirped input pulse.
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The spectral trace measured after the optical processor is shown in Fig. 7.19(b). The
two signals were then amplified and combined with a 1558-nm CW beam in a second
3-dB coupler. All three waves were then launched into the second PPLN waveguide to
interact with each other via ¢SFG/DFG as described in Fig. 7.1. The resultant spectrum,
measured after the second PPLN device, is shown in Fig. 7.19(c). The measured OSNR
of the ¢SFG/DFG output signal at 1533.7 nm was 15 dB. Figure 7.22 shows the temporal
intensity profile and the spectrum of the output pulses, and Figure 7.23 shows the mea-
sured FROG spectrogram and the retrieved normalized intensity and phase profiles of the
output pulses. As can be seen in Fig. 7.23, the measured chirp of the output pulses was
zero within the resolution limit of the FROG. The measured pulse width of the output
pulses was ~ 6.4 ps which was close to that of the input pulse (~ 6.7 ps). The time-
bandwidth product for the output pulses was 0.47. These experimental results confirmed
the operational principle and the simulation results shown in Section 7.2 that input pulses
emerge out of this system chirp-free and with similar temporal intensity profiles as at the

input, independently of the input chirp characteristics.

For the case of launching 2-ps input pulses into 3-mm-long PPLN waveguides as modelled
in Section 7.2, it is expected that the output pulses are significantly broadened and the
temporal intensity profiles of the output pulses are severely distorted compared to the
input pulses due to the walk-off effect. Therefore, the case of 2-ps input pulses was not

demonstrated experimentally.
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FIGURE 7.20: (a): Temporal intensity profile of the conjugated replica measured by
0OSO. (b): Spectrum of the conjugated replica measured by OSA (measured with a
resolution of 0.05 nm).
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FIGURE 7.22: (a): Temporal intensity profile of the resultant output pulse measured by
0OSO. (b): Spectrum of the resultant output pulse measured by OSA (measured with a
resolution of 0.05 nm).
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FIGURE 7.23: (a): Measured FROG spectrogram of the resultant output pulse. (b):
Retrieved normalized intensity and phase profiles of the resultant output pulse.
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7.4 Conclusion

In this chapter, I proposed an effective method to erase the chirp of ps-long pulses and
generate chirp-free output pulses. The technique, which is based on a combination of
cascaded nonlinear effects in two different PPLN waveguides, operates independently of
the input chirp characteristics and requires only limited knowledge of the input pulse
shape. Simulations with different input chirp profiles have been performed, all resulting
in chirp-free output pulses after this chirp-elimination system. The experimental results

validated the simulations and confirmed the capability of this scheme.

This chapter concludes the work I have performed on PPLN waveguides. In the following
chapter, which is the last chapter reporting technical work in this thesis, I will present
some work I have carried out on the generation of short pulses based on an optical
frequency comb generator. As the name suggests, these sources have commonly been at-
tractive for their spectral properties. In my work, I have focused instead on their temporal

characteristics.
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Conclusion and future work

8.1 Conclusion

The main aim of this thesis was to investigate the use of cascaded quadratic nonlinearities
in PPLN waveguides and realise several all-optical signal processing techniques for telecom

applications.

After the introduction of PPLN waveguides and five types of second-order nonlinear inter-
actions in PPLN waveguides, namely SHG, SFG, DFG, ¢SHG/DFG and ¢SFG/DFG in
Chapter 2, I reported a systematic and comparative study of the acceptance bandwidths
of ¢cSHG/DFG and ¢SFG/DFG in PPLN waveguides in both the CW and pulsed-pump
regimes in Chapter 3. The theoretical and experimental results show that the SHG band-
width is approximately half that of the SFG process in the CW regime, whereas the
tuning bandwidths of both ¢SHG/DFG and ¢SFG/DFG processes should be similar in

the pulsed pump regime.

In Chapter 4, I demonstrated a format conversion scheme of a 40 Gbit/s OTDM signal to
4 x 10 Gbit/s WDM channels based on the ¢SHG/DFG process in a PPLN waveguide.
The technique relies on the generation of spectrally (and temporally) flat linearly chirped
pulses which are then optically switched with short data pulses in the nonlinear waveguide.

Error-free operation was obtained for all channels with a power penalty below 2 dB.

176
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In Chapter 5, I demonstrated an all-optical signal retiming system based on pulse shaping
and ¢cSHG/DFG-based switching in a fully fiberised 30-mm-long PPLN waveguide. The
original data pulses were shaped into flat-top pulses to avoid conversion of their timing
jitter into pulse amplitude noise at the output of the waveguide. Pulse retiming was
confirmed by temporal measurements, while bit-error rate measurements confirmed good

noise performance for the system with a power penalty of 0.6 dB at a BER of 10~°.

In Chapter 6, two novel configurations of phase sensitive amplification based on cascaded
quadratic effects in PPLN waveguides were demonstrated. The first one is a frequency
non-degenerate PSA based on the cSHG/DFG process within a single PPLN waveguide.
Using a 3-cm-long PPLN waveguide, a maximum gain of 0.65 dB with a peak-to-peak
gain variation of 3.4 dB was achieved for a 100-ps duration, 2.5 GHz pulsed signal in the
experiments. The second configuration of PSA is PR-WC which is based on a combination
of the ¢cSHG/DFG process and the ¢SFG/DFG process within PPLN waveguides. Two
implementations of this PR-WC configuration were presented, in either a single PPLN
waveguide, or two separate PPLN waveguides. Peak-to-peak gain variations of 14.5 dB
and 25.3 dB were achieved in the experiments for these two implementations respectively.
Finally, the phase regeneration experiment showed the potential of the PR-WC scheme
as a D(B)PSK phase regenerator.

In Chapter 7, I proposed and demonstrated a novel method for the elimination of arbitrary
frequency chirp from short optical pulses. The technique is based on the combination of
the cSHG/DFG process and the ¢cSFG/DFG process in two individual periodically poled
lithium niobate waveguides. The proposed scheme operates independently of the spectral

phase characteristics of the input pulse, producing a near-transform-limited output.

Apart from my PhD project relating to PPLN waveguides, I also investigated the use of
OFCGs as telecommunication sub-picosecond pulse sources in Chapter A. I theoretically
analysed the working mechanism of the OFCG in both the frequency and the time domain.
I experimentally investigated the intensity and phase characteristics of pulses generated
from a commercial OFCG when filtered with a wavelength and bandwidth tunable fil-
ter. The experimental results agreed well with the predictions from the simulations and

verified the models I set up to describe the operation of the source. I also proposed two
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approaches to compensate for the intrinsic chirp of pulses generated from the OFCG. A
filter design that compensated for the slope of the OFC was able to yield a periodic train
of identical pulses with pulse width of 1.5 ps at a 10 GHz repetition rate. Finally, by using
a free-space delay line interferometer to overlap the pulse pairs generated at the output
of an OFCG, a continuous, uniform and noise-free pulse train at a 20 GHz repetition rate

with pulse width of ~ 0.62 ps was obtained.

8.2 Future work

Several future directions from this research work can be readily envisaged. First, if state-
of-art PPLN waveguides with longer lengths and a higher tolerance to input pump power
are available, the frequency non-degenerate PSA configuration relying on ¢<SHG/DFG in
PPLN waveguides, as presented in Chapter 6, could be demonstrated as a D(B)PSK phase
regenerator. Furthermore, if the conversion efficiency of the PPLN waveguides is high
enough allowing the PPLN devices to operate at the gain saturation regime, this frequency
non-degenerate PSA configuration can even be demonstrated to regenerate both the phase
and the amplitude of D(B)PSK signal. Importantly, PPLN-based PSA offers a far greater
immunity to the effects of SBS of the pump beams which imposes performance limitations
and adds complexity to silica fibre-based PSA devices. Eventually, the ultimate test for

a regenerator like these described in this thesis would be in a transmission environment.

Another interesting direction is to implement the all-optical signal processing concepts
and subsystems I developed with other nonlinear devices instead of PPLN waveguides.
All-optical signal processing technologies based on quadratic nonlinearities in both silica
and soft-glass poled fibres are very attractive. The benefits of poled fibres is that the
device length can be tailored according to the requirements of individual applications,
making for a more flexibly engineered signal processing system. Moreover, being made
from fibre, these devices can be readily integrated into fibre based systems with minimal
interconnection loss. The combination of poled fibre technology with soft glasses has the

potential to offer devices with much higher nonlinearities than currently available in silica.
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Approaches I have previously demonstrated in PPLN can be immediately extended to

the poled fibre environment.



Appendix A

Optical frequency comb generator as a

short-pulse source

A.1 Introduction

Outside the main scope of my PhD project relating to PPLN waveguides, I also did
some works on the investigation of using optical frequency comb generators (OFCGs) as
telecom sub-picosecond pulse sources. Our lab had acquired a commercial OFCG and I
studied its main properties, and also investigated ways to use it as a short pulse source.

My studies on the OFCG are presented in this chapter.

OFCGs, which are based on the resonant driving of a lithium niobate phase modula-
tor placed inside a high-finesse Fabry-Perot (FP) cavity, were first proposed in 1972
[Kobayashi 72|. Starting from a CW source, an OFCG is able to generate a series of
equally spaced modes that is well known as an optical frequency comb (OFC) in fre-
quency. Nowadays, OFCGs have been developed to generate tens of THz broad OFC,
and are widely used for many applications, such as accurate laser frequency measure-

ments [Kourogi 93, Slyusarev 97| and optical coherence tomography [Kourogi 01].

OFCGs can also be treated as stable picosecond pulse sources for optical fibre communi-

cation applications due to the wide spectral span and the spectral stability of the OFCG
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output [Macfarlane 96, Kourogi 96, Durand 96, Kovacich 00, Kourogi 01]. A short pulse
train can be viewed as the superposition of many CW phase-locked modes. In general,
the two factors that determine the width of the generated laser pulses arise mainly from
the limited gain bandwidth of the laser medium and the intra-cavity dispersion. In the
operation of a short pulse laser, the modes outside the bandwidth of the gain medium
cannot absorb energy from it, and thus the bandwidth of a short pulse usually cannot
be wider than the bandwidth of the gain medium. In addition, due to the broad band-
width of a short pulse, the dispersive effects of the modes resonating in the cavity would
broaden the pulse width, which is referred to as intra-cavity dispersion. OFCGs do not
suffer from the first problem, and the span of an OFC generated by an OFCG is only ul-
timately limited by the material dispersion of the short electro-optic crystal [Kourogi 95].
So far, OFCGs have been demonstrated to generate a few hundred femtoseconds pulses
for telecommunication applications [Kourogi 01]. In addition, the pulse train generated

by OFCGs can achieve wide wavelength tunability because the optical signal is external.

However, previous studies into the short pulses generated by these OFCGs have mainly fo-
cused on the spectral envelope and the temporal intensity profiles of the pulses [Kourogi 94,
Macfarlane 96, Kovacich 00, Kato 05|, and only a few have studied their temporal phase
characteristics [Saitoh 98|. Ref. [Saitoh 98| presented the electric field of the pulses gener-
ated from an OFCG in time, but the phase profile of the generated pulses was not easily
interpretable in that paper. Insufficient knowledge of the phase profile of the generated
pulses limits the application of OFCGs as telecommunication pulse sources. In this chap-
ter, I present a theoretical and experimental study of the intensity and phase properties
of the pulses generated by an OFCG. Such a study will aid the use of OFCGs as short
pulse sources for communication applications. In the experiment, I demonstrate that the
combination of an OFCG, and a wavelength- and bandwidth-tunable spectral filter, re-
sults in a pulse source that is widely tuneable in both pulse width and central wavelength.
Furthermore, two approaches are proposed to compensate for the intrinsic chirp of the
OFCGs, which use either a properly designed compensating filter or a free-space delay

line interferometer.

This chapter is organized as follows: In Section A.2, the operational principle of OFCGs
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is analysed. In Section A.3, a numerical simulation of OFCGs is presented. Section A.4
presents three studies on pulse generation based on the OFCG. In the first experiment,
the spectrum of the OFCG is sliced experimentally to validate the numerical modelling.
Furthermore, two approaches are used to compensate for the intrinsic chirp of the OFCGs.

Section A.5 concludes the chapter.

A.2 Principle of operation

.- Fabry Perot cavity -.__

- S

Electro-optical phase modulator

Input CW - Output

Oscillator

FIGURE A.1: Illustration of OFCGs.

As shown in Fig. A.1, an OFCG consists of an electro-optic phase modulator inside a FP
cavity. The operation of an OFCG can be analysed from two different angles. One way is to
view it as a FP cavity with a constant distance between the two cavity mirrors, containing
the electro-optic phase modulator by which the sidebands are generated in the frequency
domain, in resonance with the FP cavity. Alternatively, the OFCG can be considered
as a FP cavity with a periodically varying spacing between its two cavity mirrors. This
variation is due to the modulation of the refractive index of the EOM crystal. Most
of the studies found in the literature to date have focused on the first approach, which
analyses the operation of the OFCG in the frequency domain [Kourogi 93, Macfarlane 96,
Musha 04]. The EOM’s modulation frequency f,, is adjusted to an integer multiple of the
free spectral range (FSR) of the Fabry-Perot cavity, so that all sidebands generated by
the phase modulation are in resonance with the cavity. Thus the energy is transferred

from the CW to sidebands in the OFCG. To represent this procedure mathematically,
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we consider a stable CW laser centred at frequency f, is injected into the OFCG. The

optical field inside the OFCG after circulating N times in the cavity can be expressed as
EM(t) =" BNV eapl2in(fo+ kfun)t] (A1)
k

where E,gN) is the complex electric field amplitude of the k-th order sideband after N
round trips in the cavity. After each circulation in the cavity, the energy transferred from
the k-th to the ¢-th order sideband by phase modulation can be expressed as

Eg Y = rirseap(2ign) Ji_g(28) B} (A.2)

where Ji_, is the (k — ¢)-th Bessel function, 71 and r, are the amplitude reflectivities of
mirror one and mirror two, respectively. ¢, is the round-trip phase shift and is induced by
the dispersion in the EOM, the detuning of the modulation frequency from the FSR of the
cavity and the detuning of the carrier from the cavity resonance [Kourogi 93, Kovacich 00].
Therefore, after N + 1 round trips in the cavity, the field amplitude of the k-th order

sideband can be expressed as [Kourogi 93|

BNV = rirgeap(2ign) D Jumg(2B)Ef)) + 11 Eind (k) (A.3)
q
where Ej, is the field amplitude of incident CW laser, 6() is delta function, and ¢; is the

amplitude transmittance of mirror one.

Neglecting the dispersion of the EOM, the detuning of the modulation frequency and
the detuning of the carrier frequency, the OFCG has a symmetric spectrum consisting
of discrete spectral lines separated by f,,, with wings that decay exponentially in the
frequency domain. The power of the k-th sideband P, of the OFCG is approximately

expressed as |[Kourogi 93|

P= ner( 5 Pern(- SR, (A4)

where npp is the efficiency of the Fabry-Perot cavity, S is the single pass modulation

index, F' is the finesse of the optical cavity and P;, is the input laser power. On one
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half of the spectrum, all spectral lines have 0 spectral phase, while on the other half, the
spectral lines have alternating 0 and 7 spectral phases. Each of those halves generates a
pulse train with repetition rate f,,, such that the complete spectrum gives two pulses for
each time period T,, = 1/ f,,, separated by a half-period from each other. However, the
adjacent pulses generated by different halves of spectrum have opposite chirps [Jiang 07].
From Fourier Transform theory, we find that each half of the exponentially decaying
spectrum generates a pulse with a root squared Lorentzian shape in the electric field, and
the phase of the pulse has a arctan shape. The electric field of the pulses E,,(t) can be

expressed as

Ve P N
17i45}«17;mp(t7m7’m)7 27 frt = 2mm
B o (A.5)
frectis 21 frnt &~ (2m + 1)7

1+4BF frm (t—(m+5)Tm)

\/1+165\2/1m_mm)2 exp(iarctan (48F fo,(t — mT,,))),

27 fut &= 2mm

P T : 1 (A.6)
NrpPLin . _ _ 1
/IH1682F2 2, (t1—(m+ 1) T2 €$p( 7 arctan (45Ffm(t (m + 2)Tm)))’

27 fut = (2m + 1)m

\

where t is the time. The expression of F,,;(t) consists of two parts, each of which describes
a pulse originating from either half of the spectrum. Furthermore, the phase terms of each
part can be seen to be time reversed, highlighting that they originate from and depend

directly on the decay rate of the OFC spectrum or equivalently, its slope on a logarithmic

scale.
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FIGURE A.2: (a): Illustration of a FP cavity. (b): Transmission function of FP cavity.
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The operation of the OFCG can also be analysed in the time domain. This analysis is
presented below and constitutes an original contribution of my work. As shown in Fig.
A.2(a), the OFCG is considered as a FP cavity with a periodically varying cavity spacing,
as determined by the phase modulation on the EOM. Neglecting the material dispersion
of the electro-optic crystal, the output electrical field of the electro-optic phase modulator
is given by
E(t) = Acos|wt — E(no — lngrggEm sin(27 fut)) L]
¢ 2 (A7)

wnolL

= Acos[wt — + Bsin(27 fiut)]

where ng is the refractive index of the LiNbOj crystal, 8 = wniresE,,,L/2c is the mod-
ulation index, F,, is the amplitude of the electric field of the modulation signal, L is
the distance between the two mirrors of the FP cavity, and rg3 is the electro-optic effect
coefficient of the LiNbOj3 crystal [Volk 08|. wngL/c is set to be a multiple of 27. The
equivalent refractive index which takes into account the effect of the modulation can be
expressed as n’ = ng — An' = ng — ndrezE,y, sin(27 f,,t) /2, and the equivalent length of
the FP cavity is L' = n’L. The phase difference between the beam which is transmitted
through the FP cavity and the beam which is circulated once through the FP cavity can
be expressed as ¢ = 2kL' = 2kn/L. It is convenient to express the temporal variation of
p as § = 2kAn'L = 2f sin(2w f,,t). Following basic expressions that can be applied to FP
cavities, the amplitude of the transmitted beam Ar and the transmission function 7, can

be written as

AT _ TmZ_ORmezm(S _ 1_—M
_ L (A-8)
1—-R+ 2Rsin2g — 22’Rsingcosg
T T

Q

x
1—R—27,Rsmg 1—z¥smg

where R = riry, T' = 1— R and F = mRZ ~ =R g the finesse of the cavity. The

1-R 1-R
transmission function is given by
T2
T, = Ar A} : A9
T —(ﬁg)Q sin®(%) (8.9)

The periodic variation of the equivalent length of the FP cavity makes the peaks of the
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transmission function sweep periodically across the incident CW laser frequency fy. If
we assume that the modulation index is within the range 0 < # < 7, then only one of
the peaks of the transmission function sweeps across the incident CW laser frequency
twice in each modulation period T},, generating two pulses in each modulation period in
the time domain. For large values of R (> 98%) and F, the peaks of the transmission
function become sharp, as shown in Fig. A.2(b). Hence, the transmission function plays
an important role in determining the intensity and chirp profiles of the output pulse train,
only when the sharp peak of the transmission function sweeps across the incident CW
laser at frequency fp. At that instance, the value of phase difference variation d can be
approximated by 6 = 28 sin 2n f,,t ~ 4w f,,t. Thus the incident laser is almost linearly
swept by the sharp peak of the transmission function, and the intensity profile of the
waveform at the output of the FP cavity has the same shape as the transmission function
of the cavity. Following from Eq. A.8 and A.9, A7 and T, can be approximated by the

following expressions:

T
Ap X — =
T z% sin g
A.10
_ T N
= T-iBF frm(t—mTpm)’ 27 ft = 2mm ( )
_ T _
T HM4BF fon (t—(m+ )T 27 fint & (2m + 1)
T2 T2
L= m g ™ (A.11)
Dl aesin’(G) o (g

As shown in the above expressions, the transmission function of the FP cavity has a
Lorentzian shape, so the pulse generated by an OFCG also has a Lorentzian shape. In
addition, the adjacent pulses in each time period have opposing chirps. Finally, the output

electric field can be expressed as

/Te(t) Pexp(iLAr) o l_iwgﬁme),Zﬂfmt A 2mm

Eout(t) X -
VT.(t)Pprexp(iLAr) 1+i4/3Ff:@+g)Tm)>27Tfmt ~(2m+ D7

(A.12)

This conclusion matches the derivation result of the first model that analysed the OFCG

in the frequency domain. The numerical implementation of these two models is presented
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in the following section.

A.3 Numerical simulation

In the following simulation, the OFC spectrum will first be generated based on the fre-
quency domain analysis in the previous section. CW laser light was injected continuously
into the OFCG at wavelength 1560 nm, defining the central wavelength of the comb. After
each circulation in the cavity, energy is transferred from the central spectral line to other
sidebands by means of the coupling equation A.3. The spectral profile of the sidebands
reach a steady state after a number of circulations in the cavity. The full spectrum of the
OFCG generated from the simulation is shown in Fig. A.3(b) and is in good agreement

with that measured using an OSA and shown in Fig. A.3(a).
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FIGURE A.3: (a): The full unamplified spectrum of the OFCG measured on an optical
spectrum analyser. (b): The full spectrum of the OFCG generated from the simulation
in the frequency domain

Following the time domain analysis in the previous section, the OFC can also be generated
in the time domain. CW light at wavelength 1560 nm was once again injected into a FP
cavity with a periodically varying spacing between its two cavity mirrors. The output is
the sum of the transmitted waves at different times of round trips in the FP cavity. The
phase profile associated with the Fabry-Perot cavity is applied on the output light, and
this gives a time-varying phase shift. The intensity and chirp profile of the pulses obtained
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from this model are depicted as the blue traces in Fig. A.4(a) and (b). The adjacent pulses
in each time period have opposing chirps. The intensity profile of the pulses generated
by each half of the simulated spectrum has a Lorentzian shape, because each half of the
spectrum generates a pulse with root squared Lorentzian shape in the electric field, as
shown in Eq. A.12. As shown in Fig. A .4, the time domain modelling curves (blue traces)
match the frequency domain modelling curves (red traces) which were obtained through
inverse Fourier transformation of the spectrum generated in frequency. Therefore, these
two modellings were consistent with each other. By avoiding the use of the computation
consuming mode-coupling equation (Eq. A.3), the computation speed of the modelling in

the time domain is faster than the modelling in the frequency domain.
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FIGURE A.4: (a): Intensity profile of the pulse generated by an OFCG in one time

period from simulations in the time domain (blue trace) and in the frequency domain

(red trace). (b): Chirp profile of the pulse generated by an OFCG in one time period

from the simulations in the time domain (blue trace) and in the frequency domain (red
trace).

A.4 Experiments

A.4.1 Characterisation of the OFCG output

In this section, the output of an OFCG was experimentally characterised. A commercially
available OFCG from Optical Comb Inc. (model LP-5011), operating at 10 GHz and fed
with an external CW laser at 1556.5 nm, was used. Fig. A.5 shows the full spectrum of
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the OFC measured using an OSA ,which exhibits stable 10 GHz spectral lines, with an
exponentially decaying envelope. Fig. A.6 shows the spectrogram of the OFCG, obtained
using an EOM-based L-FROG set-up as introduced in the background chapter (Chapter
2). As shown in Fig. A.6, the spectrogram of the OFCG output clearly shows the pair of

time-offset pulses that comprise the OFC waveform.
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FIGURE A.5: (a): Measured full spectrum of the OFCG on OSA (resolution = 0.05nm).
(b): Enlarged spectrum.
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FIGURE A.6: Spectrogram measured at the output of the OFCG.

As shown in Fig. A.7(a) and (b), an autocorrelation measurement of the pulses at the out-
put of the OFCG results in a pulse width estimation of ~ 0.84 ps (assuming a Lorentzian
pulse, the pulse width is half of the autocorrelation width for a Lorentzian pulse shape),
which is wider than expected for the broad bandwidth and spectral shape of the source

(0.40 ps). This is due to the dispersion of the lithium niobate crystal within the OFCG
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cavity, as well as some dispersion given by the SMF fibres between the OFCG output
and the autocorrelator. In the autocorrelation trace of the pulses at the output of the
OFCG as shown in Fig. A.7(a), the three peaks are ~ 50 ps apart from each other, which
represents that although driven by a 10 GHz RF signal, the output signal has a 20 GHz
repetition rate, because there are two pulses in each time period. The most important
feature is that the three peaks of the autocorrelation trace do not have the same in-
tensity, even though the measurement is made on a continuous pulse train. This can be
understood if one considers that the pulse pairs have opposite chirps and develop mirror
symmetric shapes under the influence of dispersion. The DCA trace of the pulse train at

the output of the OFCG measured with a fast photoreceiver is shown in Fig. A.7(c).
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FIGURE A.7: (a): Autocorrelation trace of the OFCG. (b): Enlarged autocorrelation
trace. (c): DCA trace of the OFCG.

A.4.2 Slicing the spectrum of the OFCG

In order to verify the numerical modelling presented in Section A.3, the intensity and
phase characteristics of the pulses generated by spectral slicing of the OFC were exper-

imentally investigated. The experimental setup is shown in Fig. A.8. I investigated the
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FIGURE A.8: Experimental setup for slicing the spectrum of the OFCG.

dependence of the output pulse characteristics on the bandwidth of the spectral slice
by passing the OFC through different filter bandwidths. Due to the relatively high loss
of the OFCG (29.9 dB), both the CW seed and the OFCG output were amplified with
EDFAs. The filter used in the experiments was a Santec flat-top bandwidth-tunable fil-
ter (OTF-950) which could be continuously and independently tuned in bandwidth and
wavelength across the C-band. The dotted lines in Fig. A.3(a) denote the location of the
filter in the experiments (centred around 1552 nm). The wavelengths of the CW laser
and the filter were chosen such that the part to be filtered experienced a flat gain across
its bandwidth as it passed through the EDFA, and the shape of the OFC spectrum was
preserved. Pulses were measured with filter bandwidths from 0.5 nm to 5 nm on the
short wavelength side of the OFC spectrum allowing to pick out one component of the
pulse pair. I analysed the filtered output on the L-FROG measurement setup, and the
measured pulses are shown along with simulations in Fig. A.9, A.10 and A.11. In the
simulation, the pulses were generated in the frequency domain, as introduced in Sec. A.3.
Figure A.9(a), A.10(a) and A.11(a) show the output pulses resulting from 0.5 nm, 3 nm,
and 5 nm filter bandwidths respectively. Both the measured pulse intensity and phase
profiles (dots) can be seen to match very well with the theory (lines). Their corresponding
spectra are shown in the figures to the right. The filtered pulses can be seen to be of high
quality and very short, with pulse widths of 10.5 ps, 2.3 ps and 1.6 ps respectively. Note
that the linear chirp observed on the pulses is mainly due to the dispersion of the fibre (~
60 m of a SMF) between the OFCG output and the L-FROG which has been accounted
for in the simulations, rather than intrinsic chirp originated from the slope of the OFC.
The intrinsic chirp originated from the slope of the OFC is actually very small (< 100
GHz across the full pulse-width in all cases examined). Side ringing can be observed on
the pulses and which is due to the super-Gaussian shape of the tunable filter. Indeed, it

is observed that the ringing is reduced for the case of the 0.5 nm filter which has a more
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rounded spectrum.

Meas. Intensity 1600

1.04 Sim. Intensity (a)
— Meas. Chirp
E‘ 0.8 {--—--Sim. Chirp 500 @)
= =
Sos{ o o 1o S
> . o ©
% F-500~—
+= 0.2
€0

0.0 v e - T -1000

-40 -20 ) 0 20 40
Time (ps)

Power (dB)

10

b b A
o O o o

|---08A

o L-FROG

—— Simulation

1552
Wavelength (nm)

1551

FIGURE A.9: (a): Filtered output pulse profiles for bandwidths of 0.5 nm. (b): Corre-

sponding spectrum for bandwidths of 0.5 nm.

1000

Intensity (norm.)
o o o -
> > 2

o
N
I

-500

HO) diyo

2
@

-1000

o
o

0 1
Time (ps)

0

20

Power (dB)

10
(b)
0-
V e
Al !'l.i':‘Hﬂ':::i:'::":‘::"'u.
10T
204 I::rul"ll"""\ln-"II‘I‘“I"II'I"M“"“‘““"‘“‘""."'
-304
400y
I:Hﬁ:ll%
_50 SRl . . ‘ !
1549 1550 1551 1552 1553 1554 1555

Wavelength (nm)

FIGURE A.10: (a): Filtered output pulse profiles for bandwidths of 3 nm. (b): Corre-

sponding spectrum for bandwidths of 3 nm.



Chapter 8 Optical frequency comb generator as a short-pulse source 193

1000 10

1.0 ol B (b)
§08’ | 500 9 a it i ‘I'llnl"||=|||=:ﬁl:fla
S = oY R AR
£0.6] o 2. - 20 %‘5:3! -:-Q:: ,;;5;12;;5.:@:;. s A .;n'
> G) Q) \|:
= 3 §
2 0.4 % o 30
I5 -500~ -
E 02’ _40 4

0.0 ‘ . : ‘ ‘ -1000 50 MuSiile : e

15 10 -5 0 5 10 15 1548 1550 1552 1554 1556

Time (ps) Wavelength (nm)

FIGURE A.11: (a): Filtered output pulse profiles for bandwidths of 5 nm. (b): Corre-

sponding spectrum for bandwidths of 5 nm.

A.4.3 Chirp compensation with a compensating filter

OFCGs are attractive for several applications that require a stable array of spectral lines
spanning a wide range of frequencies. However, despite their broad bandwidth, the use
of OFCGs as pulse sources remains relatively unexplored. A major reason for this is that
the comb generation mechanism results in the emission of two pulses of opposing chirp
for each cavity modulation cycle, as shown in the previous section. One pulse accounts
for the blue-shifted frequency components in the spectrum, and the other accounts for
the red-shifted frequency components [Jiang 07, Ng 08]. This unusual temporal /spectral
structure limits the application of such sources since a perfectly periodic train of identical

pulses is generally preferred for most applications, including telecommunications.

In order to avoid this limitation, it is possible to design an (amplitude-only) filter to slice
only half of the full spectrum to generate a periodic train of identical pulses and correct
for the spectral slope which gives rise to the chirp (see Eq. A.5). A filter with controllable
amplitude response relying on either SSFBG technologies or LCoS technology (optical
processor), as introduced in the background chapter (Chapter 2) and employed in the
previous chapters of the thesis, can be used to implement such filtering. The passband
of the designed filter should not exceed the half-bandwidth of the OFC and should be
sufficiently wide in order to make full use of the power. In addition, the shape of the

filter’s passband should be specially designed to suppress the side lobes of the pulses in
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the time domain. The shape of a potential compensating filter is shown in Fig. A.12(a).
The filter design incorporates a sech? profile, skewed with an opposite slope to that of
the OFC, and apodized with a 5 nm 6th-order super-Gaussian spectral envelope. The
resulting filtered spectrum and calculated pulse profile are shown in Fig. A.12(a) and (b)
respectively. The 1.5 ps pulse is seen to be chirp free and have a smooth profile with
no evidence of side lobes down to the -30 dB level. It is interesting to note that the
strictly flat chirp profile of the pulse originates purely from the amplitude shaping of the
spectrum. It is noted that a programmable wave shaper filter was not available at the
time, and the special SSFBG required for this operation was eventually not fabricated.

Therefore experimental results are not available for this short study.
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FIGURE A.12: (a): Spectral profile of a filter that provides apodised pulses, and the

corresponding filtered output. (b): Output pulses from the compensating filter.

A.4.4 Chirp compensation with a free-space interferometer

Several approaches have been proposed to generate uniform trains of individual pulses
from portions of an OFCG spectrum, for example, using a properly designed compensat-
ing filter which is presented in the previous section, or using a line-by-line pulse shaper
which is presented in [Jiang 07|. These means rely either on intensity filtering or complex
line-by-line phase filtering. However, these approaches generally result in a loss of power

through filtering and the generation of longer pulses than should be possibly given from
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the inherent spectral bandwidth of the OFCG. In the following experiment, I will inves-
tigate a neat and simple solution based on passing the comb output through a delay-line
interferometer. By doing this, a uniform train of close to transform-limited pulses (with
respect to the full source bandwidth) at twice the driving frequency of the OFCG is
generated without incurring significant filtering losses. The electric fields of the pulse
pairs generated at the output of the OFCG are given by Eq. A.10. We can see that it is
possible to cancel the chirp of the pulses by overlapping them in time with a delay-line

interferometer, yielding:

T T 2T

B0~ T —5F . T T T apF g~ 1+ ABFLD)

(A.13)
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F1GURE A.13: Experimental set-up to cancel the chirp of the OFCG output using an

delay-line interferometer.

As shown in Fig. A.13, the experimental set-up was constructed to use a free-space delay
line interferometer to overlap the pairs of pulses in time and obtain a train of transform-
limited pulses at the output which occupy the full spectrum of the OFCG. A CW laser
operating at 1556.5 nm was fed to the OFCG driven at f,, = 10 GHz.
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To cancel the chirp of the pulse pairs generated by the OFCG, the signal was fed to a free-
space delay line interferometer, based on a Michelson configuration, with its two mirrors
placed on 1-D translation stages for precise control of the relative delay between the
two arms. The condition described in Eq. A.13 above is obtained by carefully adjusting
the position of the mirrors to yield a precise 50 ps (or mT,, + 50 ps) delay between the
two paths, resulting in a spectrogram as shown in Fig. A.14. When this is achieved, all
autocorrelation peaks at 0 and £50 ps time delay have the same intensity, denoting a
uniform pulse train (Fig. A.15(a)), whereas the pulse width contracts to ~ 0.62 ps (see
Fig. A.16, blue dashed line, assuming a Lorentzian pulse, the pulse width is half of the
autocorrelation width for a Lorentzian pulse shape). An observation of the spectrum
reveals that instead of consisting of two distinct halves with a phase difference between
the two, it now exhibits a broadband 20 GHz spectrum with every second of the original
10 GHz spectral lines suppressed by more than ~ 10 dB, as shown in Fig. A.17 (this is
in contrast to the spectrum measured without the interferometer, which exhibits 10 GHz
spectral lines as shown in Fig. A.5). Detection of the pulses with a fast photoreceiver
reveals a continuous and noise-free 20 GHz pulse train, as shown on the DCA trace in

Fig. A.15(b).

The practicality and long term performance of the source is somewhat compromised by
the use of a free-space interferometer in these proof of principle experiments. However,
replacing this with a compact DPSK demodulator would greatly enhance its long term

stability.
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FIGURE A.14: Spectrograms measured at the output of the interferometer (delay=50
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FIGURE A.17: (a): Measured spectrum after delay line interferometer (resolution =

0.05nm). (b): Enlarged spectrum.

A.5 Conclusion

In this chapter, I theoretically analysed the working mechanism of the OFCG in both

the frequency and the time domain. I experimentally investigated the intensity and phase
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characteristics of pulses generated from a commercial OFCG and filtered with a wave-
length and bandwidth tunable filter. The experimental results agree well with the sim-
ulation and verify the two models. In addition, I demonstrated the combination of the
OFCG and a wavelength- and bandwidth-tunable spectral filter allows the generation of
a high quality and ultra-stable 10 GHz pulse train with pulse widths tunable from 1.6 to
10.5 ps. I also proposed two approaches to compensate for the intrinsic chirp of pulses
generated from the OFCG. A filter design that compensates for the slope of the OFC is
able to yield a periodic train of identical pulses with pulse width of 1.5 ps at a 10 GHz
repetition rate. Finally, using a free-space delay line interferometer to overlap the pulse
pairs generated at the output of an OFCG, a continuous, uniform and noise-free pulse
train at a 20 GHz repetition rate with pulse width of ~ 0.62 ps is obtained. Unlike pre-
vious demonstrations, this technique does not resort to any type of phase [Jiang 07|, or
amplitude filtering [Ng 08|, which will restrict the overall bandwidth of the signal. Addi-
tionally, this process allows the whole frequency comb spectrum to be treated as a single
entity, rather than in two halves, thereby greatly enhancing its applicability. Replacing
the free-space interferometer with a compact, pigtailed alternative, such as a commercial
DPSK demodulator, could greatly enhance the practicality of the source, whereas suitable

dispersion compensation would help reduce the observed pulse width even further.
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Matlab code for pulse evolution in a

PPLN waveguide

clc; clear all; close all;

i=sqrt(-1);
pi=3.1415926535;
c = 3eb; Jkm/s

T -50e-12:100e-12/2048:50e-12-100e-12/2048; J time window
dt = 100e-12/2048;

lambda = 1550; / wavelength (nm)

i=sqrt(-1);
Po=0.015%1.4; Jinput pwr in watts
alpha=0.0003; / Fiber loss wvalue tn dB/km

t0o=100000000%0.62e-12; /initial pulse width in second
C=0; /Input chirp parameter for first calculation
b2=-0.1e-24; /2nd order disp. (s2/m)
Ld=(to0"2)/(abs(b2)); /dispersion length in meter
pi=3.1415926535;

Ao=sqrt (Po); JAmplitude

tau =- 50e-12:100e-12/2048: 50e-12-100e-12/2048; /) dt=t/to
dt=100e-12/2048;
rel_error=1e-5;

h=1000;/ step size

z=Ld;
u=Ao*xexp (- ((1+i*(-C))/2)*(tau/to) .~20); /page#47 G.P.AGrawal
figure (11)
plot (abs(u),’r’);
title (’Input Pulse’); xlabel(’Time’); ylabel(’Amplitude’);
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tos=1000000000000%0.62e-12; [initial pulse width in second
Pos=0.008%1.4;

Aos=sqrt (Pos); /4dmplitude

us=Aos*exp (-((1+i*(-C))/2)*x(tau/tos) .~ 2);/page#4{7 G.P.AGrawal
figure (2)

plot (T, (abs (u) /max(abs(u)))."2);

/ PPLN PARAMETERS

L = 0.03; A m
alpha_dB = 30; / dB/m
alpha = alpha_dB/4.343; 1 per m
alpha_dBSH = 60; 4 dB/m
alphaSH = alpha_dBSH/4.343; 4 per km

7 CALCULATIONS

1 = max(size(u));

i PULSE PROPAGATION --- SPLIT STEP FOURIER METHOD
step = 0.0001; / step size
jj = step;

df = 1/dt;

dw = ((2*pi)*df)/1;

wref=2%pi*3%10~8/(1550%x10~(-9));

w=(1/2:-1:-1/2+1) *dw;

w=fftshift (w);

spectruml=£fft (u); JPulse spectrum
spectrum2=£fft (rand (1,length(u))/10000000000) ;
spectrum3=£fft (us); /Pulse spectrum

spectrum4=fft (rand(1,length(u))/10000000000) ;

figure (10)
plot ([1:length(u)],rand(1,length(u))/10000000000)

df = 1/dt;
dl=((df*(lambda*1e-9) ~2) /3e8)/1;
lam=(-1%1/2:1:1/2-1)*dl;

lamr=(lambda*le-9)+lam;

ul=1.318089*10"8;
u2=1.37386%10"8;

u3=1.318089%10"8;
u4=1.318089%10"8;

(m)
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81

82 betal=1/ul;
83 beta21=1/u2;
84 veta3d1=1/u3;
85 betadl=1/u4d;

86
87 1n=1;
88 x=0;
89

90 kk1=7.3932e-014;

91 kk2=7.3932e-014;

92 kk3=7.3932e-014;

93 kk4=7.3932e-014;

94

95 for jj = step:step:L

96 spectrumi=spectruml.xexp(-alpha/2*(step/2)) ;

97 spectrum2=spectrum2.*exp(-alphaSH/2*(step/2)+i*((betal-beta21)*w)*(step/2)) ;

98 spectrum3=spectrum3.*exp(-alpha/2x(step/2)) ;

99 spectrumd=spectrumé.xexp(-alpha/2*(step/2)) ;

100 Al=ifft (spectruml);

101 A2=ifft(spectrum2);

102 A3=ifft(spectrum3);

103 A4=ifft(spectrumd);

104

105 x1=i*wref*kki*(conj (A1) .*A2)*exp (i*xjj*x);

106 k2=i*wref*kkix*(conj(Al)+step/2xkl) .*x(A2+step/2%kl)*exp(i*x(jj+step/2)*x);

107 x3=i*wref*kki*(conj (Al)+step/2%k2) .*(A2+step/2*k2)*exp (i*x(jj+step/2) *x);

108 ka=i*wref*kki*(conj (Al)+stepxk3) .*(A2+stepxk3)*exp (i*(jj+step)*x);

109

110 A1=A1+step/6*(k1+2%xk2+2%k3+k4) ;

111

112 k21=i*wref*xkk2*conj (A1) .*Al*exp (-i*xjj*x)+2*xi*wref*kk2+(A4) .*A3*exp(-i*jj*x);

113 x22=i*wref*kk2*(conj (A1) +step/2%k21) .x(Al+step/2%k21)*exp(-i*(jj+step/2) *x)+2*i*uref *kk2
*((A4)+step/2%k21) .*x(A3+step/2xk21) *xexp(-i*(jj+step/2) *x);

114 k23=ixwref*kk2x(conj(Al)+step/2%k22) .*x(Al+step/2%k22) xexp(-i*(jj+step/2) *x)+2*i*uref xkk2
*((A4)+step/2%k22) .*(A3+step/2*k22) xexp(-i*(jjt+step/2) *x);

115 x24=i*wref*kk2*(conj (A1) +stepxk23) .*(Al+step*k23)*exp(-ix(jj+step)*x) +2*xixwref*xkk2x((A4)
+step*k23) .*(A3+step*k23) xexp(-i*(jj+step) *x);

116

117 A2=A2+step/6%(k21+2%k22+2%k23+k24) ;

118

119 x31=ixwref*kk3*conj (A4) .*xA2%exp(-ixjj*x);

120 k32=i*wref*kk3*(conj(A4)+step/2%k31) .*(A2+step/2%k31) *xexp(-i*(jj+step/2)*x);

121 k33=i*wref*kk3*(conj(A4)+step/2%k32) .*(A2+step/2%k32) xexp(-i*(jj+step/2)*x);

122 x34=i*wref*kk3*(conj (A4)+step*k33) .*(A2+step*k33)*exp(-i*(jj+step)*x);

123

124 A3=A3+step/6*(k31+2%k32+2%k33+k34) ;
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k41=ixwref*kkd*conj (A3) .*A2*exp (-i*jj*x);
k42=i*xwref*xkk4*(conj (A3)+step/2*k41) .*(A2+step/2*xk41)*xexp(-i*(jj+step/2) *x);
k43=ixwref*kk4d*(conj (A3)+step/2xk42) .*(A2+step/2*k42) *exp(-i*(jj+step/2) *x);

k44=ixwrefxkk4*(conj (A3)+step*k43) .*(A2+step*k43) *exp(-i*(jj+step) *x);

Ad=A4+step/6%(k41+2xk42+2xk43+k44) ;

spectruml=£fft (A1) ;

spectrum2=£fft (A2);

spectrum3=£fft (A3) ;

spectrumd=£fft (A4);

spectruml=spectruml.*exp(-alpha/2*x(step/2)) ;
spectrum2=spectrum2.*exp(-alphaSH/2*(step/2)+i*((betal-beta21)*w)*(step/2)) ;
spectrum3=spectrum3.*exp(-alpha/2*(step/2)) ;
spectrumé4=spectrumé4.*exp(-alpha/2*(step/2)) ;

op_pulse(ln,:)=abs(Al);/saving pulses at all interwals

op_pulse2(ln,:)=abs (A2);

op_pulse3(ln,:)=abs (A3);

op_pulse4 (ln,:)=abs (A4);

XXX (1ln)=max (abs (A1));

1ln=1n+1;

end

figure (500) ;

[X,Y]l=meshgrid([step:step*2:L]1%100000,tau*10~(12));
Z=(op_pulse(1:2:1n-1,:)’).~2%x1000;

plot3(X,Y,Z);

/ title(’Pulse Evolution’);

ylabel (’Time (ps)’); xlabel(’Distance (cm)’); zlabel(’Power (mW)?’);

figure (501);

[X,Y]l=meshgrid([step:step*2:L]1%100000,tau*10~(12));
Z=(op_pulse2(1:2:1n-1,:)’).~2%1000;

plot3(X,Y,Z);

/ title(’Pulse Evolution’);

ylabel (’Time (ps)’); xlabel(’Distance (cm)’); zlabel(’Power (mW)?’);

figure (502) ;
[X,Y]=meshgrid([step:step*2:L]1*100000, tau*x10"(12));
Z=(op_pulse3(1:2:1n-1,:)).~2%1000;

plot3(X,Y,Z2);
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/ title(’Pulse Evolution’);

ylabel (’Time (ps)’);

figure (503);

xlabel (’Distance (cm)?’);

zlabel (’Power (mW)?);

[X,Y]l=meshgrid([step:step*2:L]1%100000,tau*10~(12));

Z=(op_pulse4(1:2:1n-1,:)).~2%1000;

plot3(X,Y,Z);

/ title(’Pulse Evolution’);

ylabel (’Time (ps)?’);

xlabel(’Distance (cm)’);

zlabel (’Power (mW)’);
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