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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 (cSHG/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
cSFG/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
cSHG/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,

1
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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 cSHG/DFG-based optical

switching in a PPLN waveguide.

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

the cSHG/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 cSFG/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 cSFG/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 cSFG/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 cSHG/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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2

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, cSHG/DFG and cSFG/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.

9
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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) = ε0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + · · · ]

= P (1)(t) + P (2)(t) + P (3)(t) + · · ·
(2.1)

where P (1)(t) = ε0χ
(1)E(t) is the linear polarization which depends linearly on the elec-

tric field strength, P (2)(t) = ε0χ
(2)E2(t) is the second-order nonlinear polarization and

P (3)(t) = ε0χ
(3)E3(t) is the third-order nonlinear polarization. χ(2) and χ(3) denote the

second- and third-order nonlinear optical susceptibilities, respectively. In general, the po-

larisation at a certain point and time t0 depends on the electric field at that place and

instant as well as the electric field at nearby points for time ≤ t0, which means the

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

The applied electric field Ei(t) can be expressed as a summation of frequency components

Ei(t) =
∑
n

Ei(ωn)e−iωnt (2.2)

The second-order susceptibility tensor χ(2)
ijk(ωn + ωm, ωn, ωm) 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]:

Pi(ωn + ωm) = ε0

∑
jk

∑
(nm)

χ
(2)
ijk(ωn + ωm, ωn, ωm)Ej(ωn)Ek(ωm) (2.3)

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

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 (LiNbO3) 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 Ps 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 Ps and nonzero χ(2), from which second-order nonlinearities originate.

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

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

d33 = 1
2
χ333 = 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 LiNbO3 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 LiNbO3 crystal, a hundred-fold increase in the resistance against optical damage

over the pure crystal was reported [Polgár 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]:

∇× E = −∂B
∂t

∇×H =
∂D

∂t
+ J

∇ ·D = ρ

∇ ·B = 0

(2.4)

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 ρ 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 = ε0E + P

B = µ0(H +M)
(2.5)

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

constitutive relations [Agrawal 07].



2 Background 13

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

can be derived that

∇2E − 1

c2

∂2

∂t2
E =

1

ε0c2

∂2P

∂t2
(2.6)

Polarisation P can be separated into two parts:

P = P (1) + PNL (2.7)

where P (1) is the linear part which depends linearly on the electric field E, and PNL is

the nonlinear part.

The displacement field D can also be separated into linear and nonlinear parts:

D = D(1) + PNL (2.8)

Because D(1) = ε0E + P (1) = ε0ε
(1)E, Eq. 2.6 can be written as

∇2E − ε(1)

c2

∂2

∂t2
E =

1

ε0c2

∂2PNL

∂t2
(2.9)

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) =
∑
n

En(r, t)

D(r, t) =
∑
n

Dn(r, t)

PNL(r, t) =
∑
n

PNL
n (r, t)

(2.10)
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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

En(r, t) = En(r)e−iωnt + c.c.

Dn(r, t) = Dn(r)e−iωnt + c.c.

PNL
n (r, t) = PNL

n (r)e−iωnt + c.c.

(2.11)

If dissipation can be neglected, the relationship between D(1)
n and En can be expressed in

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

D(1)
n (r, t) = ε0ε

(1)(ωn)En(r, t) (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]

∇2En −
ε(1)(ωn)

c2

∂2En
∂t2

=
1

ε0c2

∂2PNL
n

∂t2
(2.13)

2.1.2.1 Second harmonic generation

χ (2)

medium

ωωFF SH

ω

ωSH

SHG

FF

ωFF

Figure 2.2: Illustration of the SHG process.

In second harmonic generation, a fundamental frequency (FF) wave at frequency ωFF

passes through a medium with second-order nonlinear susceptibility, generating a second

harmonic (SH) wave at frequency ωSH = 2ωFF , 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) = EFF e
−iωFF t + c.c.

= AFF e
i(βFF z−ωFF t) + c.c.

ESH(z, t) = ESHe
−iωSH t + c.c.

= ASHe
i(βSHz−ωSH t) + c.c.

(2.14)

where AFF and ASH denote the electric field amplitudes of the FF and SH waves which

are constants in time, whereas EFF and ESH denote the amplitudes of the electric fields

which vary rapidly in time. βFF and βSH denote the propagation constants of the FF

and the SH waves respectively. Propagation constant is defined as β = 2π
λ
neff , and the

effective refractive index neff depends on the geometry of the PPLN waveguides.

Figure 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 = 4ε0deffE
∗
FFESH = 4ε0deffAFFASHe

i(βSH−βFF )z (2.15)

PSH = 2ε0deffE
2
FF = 2ε0deffA

2
FF e

i2βFF z (2.16)

where deff = 1
2
χ(2) denotes the effective nonlinear coefficient.

Assuming the field is invariant in the waveguide cross-section, we replace ∇2 in Eq. 2.13

by d2/dz2, and obtain:

d2AFF
dz2

+ 2iβFF
AFF
dz

=
−4deffω

2
FF

c2
A∗FFASHe

i(−2βFF +βSH)z (2.17)

d2ASH
dz2

+ 2iβSH
ASH
dz

=
−2deffω

2
SH

c2
A2
FF e

i(2βFF−βSH)z (2.18)
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Under the following slowly varying amplitude approximation

|d
2Ai
dz2
| � |βi

Ai
dz
|, where i = FF, SH (2.19)

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

dAFF
dz

=
2ideffω

2
FF

βFF c2
A∗FFASHe

−i∆βz (2.20)

dASH
dz

=
ideffω

2
SH

βSHc2
A2
FF e

i∆βz (2.21)

where ∆β = 2βFF − βSH 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:

ASH =
ideffω

2
SH

βSHc2
A2
FF

∫ L

0

ei∆βzdz =
ideffω

2
SHA

2
FF

βSHc2

sin2(∆kL/2)

∆kL/2
L (2.22)

Because Ii = 2niε0c|Ai|2, the intensity of the SHG output can be written as

ISH =
2nSHε0d

2
effω

4
SH |AFF |4

β2
SHc

4
sinc2(∆βL/2)L2

=
2d2

effω
2
SHI

2
FF

n2
FFnSHε0c2

sinc2(∆βL/2)L2

(2.23)

2.1.2.2 Sum frequency generation

χ (2)

medium

ω ωPump1 SF

ωPump2
ωPump1

ωPump2

ωSF

SFG

Figure 2.5: Illustration of the SFG process.
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In sum frequency generation, Pump 1 at frequency ωPump1 and Pump 2 at frequency

ωPump2 pass through a medium with second-order nonlinear susceptibility, generating a

sum frequency (SF) wave at frequency ωSF = ωPump1 + ωPump2, 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:

PPump1 = 4ε0deffE
∗
Pump2ESF (2.24)

PPump2 = 4ε0deffE
∗
Pump1ESF (2.25)

PSF = 4ε0deffEPump1EPump2 (2.26)

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:

dAPump1
dz

=
2ideffω

2
Pump1

βPump1c2
ASFA

∗
Pump2e

−i∆βz (2.27)

dAPump2
dz

=
2ideffω

2
Pump2

βPump2c2
ASFA

∗
Pump1e

−i∆βz (2.28)

dASF
dz

=
2ideffω

2
SF

βSF c2
APump1APump2e

i∆βz (2.29)

where ∆β = βPump1 + βPump2 − βSF is the phase mismatch of the SFG process. βPump1,

βPump2 and βSF 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

ASF =
2ideffω

2
SF

βSF c2
APump1APump2

∫ L

0

ei∆βzdz =
2ideffω

2
SFAPump1APump2
βSF c2

sin2(∆βL/2)

∆βL/2
L

(2.30)
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The intensity of the SFG output can be written as

ISF =
8nSF ε0d

2
effω

4
SF |APump1|2|APump2|2

β2
SF c

4
sinc2(∆βL/2)L2

=
8d2

effω
2
SF IPump1IPump2

nPump1nPump2nSF ε0c2
sinc2(∆βL/2)L2

(2.31)

2.1.2.3 Difference frequency generation

χ (2)

medium

ω ω

ω

Signal DF

Pump

DFG

ωDF

ωSignal
ωPump

Figure 2.6: Illustration of the DFG process.

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

ωSignal pass through a medium with second-order nonlinear susceptibility, generating a

difference frequency (DF) wave at frequency ωDF = ωPump−ωSignal, 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 = 4ε0deffEPumpE
∗
DF (2.32)

PPump = 4ε0deffEDFESignal (2.33)

PDF = 4ε0deffEPumpE
∗
Signal (2.34)

The coupled-mode equations for DFG are given by:

dASignal
dz

=
2ideffω

2
Signal

βSignalc2
APumpA

∗
DF e

−i∆βz (2.35)

dAPump
dz

=
2ideffω

2
Pump

βPumpc2
ADFASignale

i∆βz (2.36)
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dADF
dz

=
2ideffω

2
DF

βDF c2
APumpA

∗
Signale

−i∆βz (2.37)

where ∆β = βPump − βDF − βSignal is the phase mismatch of the DFG process. βPump,

βDF and βSignal denote the wave vectors of the pump, the output and the signal waves

respectively.

2.1.2.4 Cascaded second-order nonlinear interactions

χ (2)

medium

ω ω

ω

Pump Output

SHωSignal
ωOutput

ωSignal

ωPump

ωPump

ωSH

SHG DFG

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 ωPump and the signal at frequency ωSignal are simultaneously

launched into a medium with second-order nonlinear susceptibility. The pump generates

a SH wave at frequency ωSH = 2ωPump through SHG, accompanied by the DFG pro-

cess between the SH wave and the signal, generating the output at frequency ωOutput =

ωSH −ωSignal, as illustrated in Fig. 2.7. The coupled-mode equations for the cSHG/DFG
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process are given by:

dAPump
dz

=
2ideffω

2
Pump

βPumpc2
A∗PumpASHe

−i∆βSHGz (2.38)

dASH
dz

=
ideffω

2
SH

βSHc2
A2
Pumpe

i∆βSHGz +
2ideffω

2
SH

βSHc2
ASignalAOutpute

i∆βDFGz (2.39)

dASignal
dz

=
2ideffω

2
Signal

βSignalc2
A∗OutputASHe

−i∆βDFGz (2.40)

dAOutput
dz

=
2ideffω

2
Output

βOutputc2
A∗SignalASHe

−i∆βDFGz (2.41)

where ∆βSHG = 2βPump−βSH is the phase mismatch of the SHG process, and ∆βDFG =

βSH−βSignal−βOutput is the phase mismatch of the DFG process. βPump, βSH , βSignal and

βOutput denote the wave vectors of the pump, the SH, the signal and the output waves

respectively.

χ (2)

medium

ωPump1

ωSignal

ωPump2

ωOutput

ωSF
ωOutput

ωSignal

ωPump1

ωPump2

ωSF

SFG DFG

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 ωPump1, Pump

2 at frequency ωPump2, and the signal at frequency ωSignal 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 ωSF = ωPump1 + ωPump2 through SFG, accompanied by

the DFG process between the SF wave and the signal, generating the output at frequency

ωOutput = ωSF − ωSignal, as illustrated in Fig. 2.8. The coupled-mode equations for the

cSFG/DFG process are given by:

dAPump1
dz

=
2ideffω

2
Pump1

βPump1c2
A∗Pump2ASF e

−i∆βSFGz (2.42)
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dAPump2
dz

=
2ideffω

2
Pump2

βPump2c2
A∗Pump1ASF e

−i∆βSFGz (2.43)

dASF
dz

=
2ideffω

2
SF

βSF c2
APump1APump2e

i∆βSFGz +
2ideffω

2
SF

βSF c2
ASignalAOutpute

i∆βDFGz (2.44)

dASignal
dz

=
2ideffω

2
Signal

βSignalc2
A∗OutputASF e

−i∆βDFGz (2.45)

dAOutput
dz

=
2ideffω

2
Output

βOutputc2
A∗SignalASF e

−i∆βDFGz (2.46)

where ∆βSFG = βPump1 + βPump2 − βSF is the phase mismatch of the SFG process, and

∆βDFG = βSF − βSignal − βOutput is the phase mismatch of the DFG process. βPump1,

βPump2, βSF , βSignal and βOutput 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 ω interacts with the medium via its second-

order nonlinear susceptibility and generates a polarization wave at frequency 2ω. The

polarization wave propagates at the same phase velocity as the FF wave and radiates

a SH wave. In LiNbO3, 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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(b)(a)

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 PS such that the sign of nonlinear coefficient also varies periodically. By

changing the sign of nonlinear susceptibility at every coherent length lc = λ/4(n2 − n1),

which is defined as the distance over which the relative phase between the FF and SH

waves accumulates a difference of π due to temporal walk-off effect, the phase of the

polarization wave is shifted by π, 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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Figure 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 LiNbO3 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 LiNbO3 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 (ne). 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 ne. The

extraordinary refractive index ne 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
e(λ, T ) = 5.35583 + 4.629× 10−7 × (T − 24.5)(T + 570.82)

+
0.100473 + 3.862× 10−8 × (T − 24.5)(T + 570.82)

λ2 − (0.20692− 0.89× 10−8 × (T − 24.5)(T + 570.82))2

+
100 + 2.657× 10−5 × (T − 24.5)(T + 570.82)

λ2 − 11.349272
− 1.5334× 10−2λ2

(2.47)

where λ is the wavelength and T 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 = ne + ω dne

dω
and the wavelength λ for MgO-doped lithium

niobate. The envelope of an optical pulse moves at the group velocity, which is given by

vg = c/ne,group. The phase velocity v = c/ne and the group velocity vg for MgO-doped

lithium niobate are shown in Fig. 2.9(b). Also, the group velocity dispersion (GVD)
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parameter β2 and the dispersion parameter D = d
dλ

( 1
vg

) = −2πc
λ2
β2 = −λ

c
d2ne

dλ2
versus the

wavelength for MgO-doped lithium niobate are shown in Fig. 2.11.

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 Λ given by [Fejer 92]

λQPM = Λ ∗ 2(n2 − n1) (2.48)

where n1 and n2 are the refractive indices at the wavelength of the FF wave and the SH

wave respectively. In terms of Fig. 2.9, n1 = 2.138, n2 = 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, Λ ≈ 18 µm 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 50oC, which

corresponds to a slight grating period difference of ∼ 13 nm in terms of Eq. 2.48.
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Figure 2.12: (a): Calculated PPLN grating period as a function of the QPM wavelength
at 50oC. (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 (n1) and SH wave (n2). 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]

δλ =
0.4429λ

L
|n2 − n1

λ
+
∂n1

∂λ
− 1

2

∂n2

∂λ
|−1 (2.49)

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

dition, thermal expansion can alter both the period Λ 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]

δT =
0.4429λ

L
|∂4n
∂T

+ α∆n|−1 (2.50)

where ∆n = n2−n1, λ is the wavelength at the FF wave, and α is the coefficient of linear

thermal expansion.

By tuning the wavelength of the pump λp, the spectral acceptance bandwidth of the

PPLN waveguide sample at 50oC 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 ∼ 2.5oC, 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 50oC. (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 = ηnorL
2P 2

pump (2.51)
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(a) (b)

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 ηnor = (ωSHκ)2 is the normalised conversion efficiency of the SHG interaction. In

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

PDFG = ηnor(DFG)L
2PSHPsignal =

1

4
ηnorL

2PSHPsignal (2.52)

where ηnor(DFG) = (ωoutκ)2 is the normalised conversion efficiency of the DFG interac-

tion. Hence, under the nondepleted pump assumption, the output power generated in a

cSHG/DHG interaction can be written as [Langrock 06]

Pout = (ηnorL
2Ppump/2)2Psignal (2.53)

Hence, the average power of the cSHG/DFG output Pout is proportional to the average

power of the input signal Psignal, while it grows quadratically with the average power of

the pump Ppump. 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 50oC. 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 ηnor ≈81.2%(W·cm2)−1

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, cSHG/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

λ
FF

QPM wavelength

Figure 2.15: Illustration 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]:

∂AFF (z)

∂z
+β1FF

∂AFF (z)

∂t
+i
β2FF

2

∂2AFF (z)

∂t2
−αFF

2
AFF = −iωFFκSHGA∗FF (z)ASH(z)e−i∆βz

(2.54)
∂ASH(z)

∂z
+ β1SH

∂ASH(z)

∂t
+ i

β2SH

2

∂2ASH(z)

∂t2
− αSH

2
ASH = −iωFFκSHGA2

FF (z)ei∆βz

(2.55)

where ∆β = β(ωSH)− 2β(ωFF )− 2π/Λ is the phase mismatch of the SHG process, β1FF

and β1SH denote the inverse of the group velocity at the FF and SH frequencies respec-

tively, β2FF and β2SH 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 vg = 1/β1, while β2 is responsible for pulse broadening. αFF and αSH 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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(a) Fundamental frequency pulse
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(b) SH pulse

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 vg = 1/β1FF =

1.37386 × 108m/s, and the group velocity of the SH pulse at 773 nm is vg = 1/β1SH =

1.318089×108 m/s as shown in Fig. 2.9. The normalized efficiency is ηnor = 75%(Wcm2)−1

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 β2FF = 1.02173× 10−25 s2/m, and the GVD parameter of the SH

pulse at 773 nm is β2SH = 3.93251× 10−25 s2/m as shown in Fig. 2.11. The length of the

PPLN device is 3 cm. The waveguide propagation losses αFF and αSH 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 Lwalk off , which is defined as

Lwalk off =
τ

δv
(2.56)

where τ is the pulse width of the FF pulse, and δv = β1FF −β1SH 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):

ASH(L,Ω) = DSHG(Ω)[AFF (Ω) ∗ AFF (Ω)] (2.57)

where ∗ denotes convolution and DSHG 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 = Lwalk off in Fig. 2.16(b).
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(a) Fundamental frequency pulse
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(b) SH pulse

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

λ
Pump Pump

QPM wavelength

SF

SFG

Figure 2.18: Illustration 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

∂AP1(z)

∂z
+ β1P1

∂AP1(z)

∂t
+ i

β2P1

2

∂2AP1(z)

∂t2
− αP1

2
AP1 = −iωP1κSFGA

∗
P2(z)ASF (z)e−i∆kz

(2.58)
∂AP2(z)

∂z
+ β1P2

∂AP2(z)

∂t
+ i

β2P2

2

∂2AP2(z)

∂t2
− αP2

2
AP2 = −iωP2κSFGA

∗
P1(z)ASF (z)e−i∆kz

(2.59)
∂ASF (z)

∂z
+ β1SF

∂ASF (z)

∂t
+ i

β2SF

2

∂2ASF (z)

∂t2
− αSF

2
ASF = −iωSFκSFGAP1(z)AP2(z)ei∆kz

(2.60)

where ∆k = k(ωSF ) − k(ωP1) − k(ωP2) − 2π/Λ is the phase mismatch of the SFG in-

teraction. κSFG is the conversion efficiency of the SFG interaction. β1x, β2x, and αx (at

each wavelength x, with x = 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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(a) Pump 1
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(b) Pump 2
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(c) SF pulse

Figure 2.19: Propagation of (a) Pump 1 pulse (b) Pump 2 pulse (C) the SF pulse in

SFG (2-ps input pulse, 30-mm-long PPLN waveguide)

2.3.3 Difference frequency generation

λ
DF Signal

QPM wavelength

Pump

DFG

Figure 2.20: Illustration 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:

∂AS(z)

∂z
+ β1S

∂AS(z)

∂t
+ i

β2S

2

∂2AS(z)

∂t2
− αS

2
AS = −iωSκDFGA∗DF (z)AP (z)e−i∆kz (2.61)

∂AP (z)

∂z
+ β1P

∂AP (z)

∂t
+ i

β2P

2

∂2AP (z)

∂t2
− αP

2
AP = −iωPκDFGADF (z)AS(z)ei∆kz (2.62)

∂ADF (z)

∂z
+β1DF

∂ADF (z)

∂t
+i
β2DF

2

∂2ADF (z)

∂t2
−αDF

2
ADF = −iωDFκDFGA∗S(z)AP (z)e−i∆kz

(2.63)

where ∆k = k(ωP ) − k(ωS) − k(ωDF ) − 2π/Λ is the phase mismatch of the DFG inter-

action. κDFG is the conversion efficiency of the DFG interaction. β1x, β2x, and αx (at

each wavelength x, with x = 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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(a) Pump pulse
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(b) Signal pulse
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(c) DF pulse

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:

ADF (L,Ω) = A′P (L,Ω) ∗ A∗S(−Ω) (2.64)

where A′P is the effective pump and can be expressed as A′P = GDFG(Ω)AP (Ω) and GDFG

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)

λ

DFG

PumpOutput Signal

QPM wavelength

SHG

SH

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

quency generation.

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

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

∂AP (z)

∂z
+ β1P

∂AP (z)

∂t
+ i

β2P

2

∂2AP (z)

∂t2
− αP

2
AP = −iωPκSHGA∗P (z)ASH(z)e−i∆kSHGz

(2.65)
∂ASH(z)

∂z
+ β1SH

∂ASH(z)

∂t
+ i

β2SH

2

∂2ASH(z)

∂t2
− αSH

2
ASH = −iωPκSHGA2

P (z)ei∆kSHGz

− iωSHκDFGAO(z)AS(z)ei∆kDFGz

(2.66)
∂AS(z)

∂z
+β1S

∂AS(z)

∂t
+i
β2S

2

∂2AS(z)

∂t2
−αS

2
AS = −iωSκDFGA∗O(z)ASH(z)e−i∆kDFGz (2.67)

∂AO(z)

∂z
+ β1O

∂AO(z)

∂t
+ i

β2O

2

∂2AO(z)

∂t2
− αO

2
AO = −iωOκDFGA∗S(z)ASH(z)e−i∆kDFGz

(2.68)

where ∆kSHG = k(ωSH)− 2k(ωP )− 2π/Λ is the phase mismatch of the SHG interaction

and ∆kDFG = k(ωSH)− k(ωsignal)− k(ωoutput)− 2π/Λ is the phase mismatch of the DFG

interaction. κSHG and κDFG are the conversion efficiency of the SHG and DFG interaction

respectively. β1x, β2x, and αx (at each wavelength x, 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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(c) Signal pulse
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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,Ω) = A′SH(L,Ω) ∗ A∗S(−Ω) (2.69)

where A′SH = GC(Ω)(AP (Ω) ∗ AP (Ω)) is the effective SH, and GC(Ω) 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

cSHG/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 ωO 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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(a) Pump pulse
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(b) SH pulse
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(c) Signal pulse
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(d) Output pulse

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

signal pulse with peak power of 0.1 W, 30-mm-long PPLN waveguide)
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2PumpOutput Pump Signal
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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

∂AP1(z)

∂z
+β1P1

∂AP1(z)

∂t
+i
β2P1

2

∂2AP1(z)

∂t2
−αP1

2
AP1 = −iωP1κSFGA

∗
P2(z)ASF (z)e−i∆kSFGz

(2.70)
∂AP2(z)

∂z
+β1P2

∂AP2(z)

∂t
+i
β2P2

2

∂2AP2(z)

∂t2
−αP2

2
AP2 = −iωP2κSFGA

∗
P1(z)ASF (z)e−i∆kSFGz

(2.71)
∂ASF (z)

∂z
+ β1SF

∂ASF (z)

∂t
+ i

β2SF

2

∂2ASF (z)

∂t2
− αSF

2
ASF = −iωSFκSFGAP1AP2(z)ei∆kSFGz

− iωSFκDFGAO(z)AS(z)ei∆kDFGz

(2.72)
∂AS(z)

∂z
+β1S

∂AS(z)

∂t
+i
β2S

2

∂2AS(z)

∂t2
−αS

2
AS = −iωSκDFGA∗O(z)ASF (z)e−i∆kDFGz (2.73)

∂AO(z)

∂z
+ β1O

∂AO(z)

∂t
+ i

β2O

2

∂2AO(z)

∂t2
− αO

2
AO = −iωOκDFGA∗S(z)ASF (z)e−i∆kDFGz

(2.74)

where ∆kSFG = k(ωSF ) − k(ωP1) − k(ωP2) − 2π/Λ is the phase mismatch of the SFG

interaction and ∆kDFG = k(ωSF )− k(ωsignal)− k(ωoutput)− 2π/Λ is the phase mismatch

of the DFG interaction. κSFG and κDFG are the conversion efficiency of the SFG and

DFG interaction respectively. β1x, β2x, and αx (at each wavelength x, with x = 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 cSFG/DFG interaction is analogous to that of cSHG/DFG.
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(a) Pump 1
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(b) Pump 2
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(c) SH pulse
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(d) Signal pulse
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(e) Output pulse

Figure 2.26: Propagation of (a) Pump 1 (b) Pump 2 (c) the SF pulse (d) the signal

pulse (e) the output pulse in cSFG/DFG (2-ps input pulse, 30-mm-long PPLN waveg-

uide)
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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 cSHG/DFG and cSFG/DFG were demonstrated by Gallo et al.

[Gallo 97] and Lee et al. [Lee 03], respectively. All-optical demultiplexing based on the

cSHG/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

cSHG/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 byWang et al. [Wang 08b]. When the signal was set at the QPMwavelength,

its phase was doubled through the cSHG/DFG process, and input signals with binary

value of "0" or "π" phase would have the same output phase owing to the periodicity of

2π 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 cSFG/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 07a], 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

PD

EDFA

Pulse under test

EOM

RF amplifier

t

PC

Gate pulse Modulation window
G(t)

Sampled pulse
G(t-  )E(t) t

E(t)

Figure 2.27: Illustration 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−τ))

from the photodiode is amplified and sent to drive the EOM (τ 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 IFROG(ω, τ) with a very good spectral resolution can be obtained by

sweeping the variable delay line, given by [Roelens 04, Reid 07]

IFROG(ω, τ) = |
∫ ∞
−∞

E(t)G(t− τ)exp(iωt)dt|2 (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(t) is given. The calculated intensity

ICalculated(ω, τ) and calculated phase φCalculated(ω, τ) can be retrieved as

√
ICalculated(ω, τ)φCalculated(ω, τ) =

∫ ∞
−∞

E(t)G(t)exp(−iωt)dt (2.76)

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(t, τ) = F−1{
√
IMeasured(ω, τ)φCalculated(ω, τ)} (2.77)

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 ε is minimized.

ε =

√√√√ 1

N2

N∑
i=1

N∑
j=1

[ICalculated(ωi, τj)− IMeasured(ωi, τj)]2 (2.78)

where N is the number of time points and frequency points in the spectrogram, ωi is the

i-th frequency point and τj is the j-th delay in the measured spectrogram.



2 Background 49

2.5.2 Optical processor filter

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 x(t) with the designed filter’s

impulse response h(t)

y(t) = x(t) ∗ h(t) (2.79)

Alternatively, in the frequency domain, the output signal Y (ω) is the product of the input

signal X(ω) with the designed filter’s frequency response H(ω)

Y (ω) = X(ω)H(ω) (2.80)

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

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

H(ω) =

∫ +∞

−∞
h(t)ejωtdt (2.81)

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

follows

H(ω) = Youtput(ω)/Xinput(ω) (2.82)
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where Youtput(ω) is the spectrum of the output pulse and Xinput(ω) 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, cSHG/DFG and cSFG/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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3

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

58
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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 cSFG/DFG process

in PPLN waveguides was proposed by Lee et al. [Lee 03]. Tunable all-optical wavelength

conversion of short pulses based on cSFG/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 cSFG/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 cSFG/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

λ λ
QPM

QPM

Figure 3.1: Schematic diagrams of the (a) SHG and (b) SFG processes in the CW-
pump regime. The wave vector mismatches for (c) 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 (CW0)

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 (CW1 and CW2) 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 CW0 in Fig. 3.1(a) and CW2 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:

PSH ∝ sinc2(
∆kSHGL

2
) (3.1)
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PSF ∝ sinc2(
∆kSFGL

2
) (3.2)

where ∆kSHG and ∆kSFG denote the phase mismatches of the SHG and SFG processes,

respectively. The phase mismatch for SHG around the resonant pump frequency (ω0) is

defined as,

∆kSHG(∆ω) = 2k(ω)− k(2ω) = 2k(ω0 + ∆ω)− k(2ω0 + 2∆ω) (3.3)

which can be rewritten using a Taylor expansion as follows:

∆kSHG(∆ω) = 2k(ω0)− k(2ω0) + 2[
∂k

∂ω
|ω0 −

∂k

∂ω
|2ω0 ]∆ω +O(∆ω2)

= ∆k0,SHG + 2[
1

u0

− 1

uSH
]∆ω +O(∆ω2)

(3.4)

Here, ∆k0,SHG, u0, and uSH denote the phase mismatch at ω0 and the group-velocities

of the pump (CW0) 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 (ω2) can be derived as,

∆kSFG(∆ω) = k(ω1) + k(ω2 + ∆ω)− k(ω1 + ω2 + ∆ω)

= ∆k0,SFG + [
1

u2

− 1

uSF
]∆ω +O(∆ω2)

(3.5)

where, ∆k0,SFG, u2, and uSF also denote the phase mismatch at resonance and the group-

velocities of the tunable pump (CW2) and SF waves, respectively.

If the pumps in both the SHG and SFG cases are in the same frequency band, i.e. ω0 = ω2

(and as a consequence, ωSH , ωSF ), the group velocity mismatches (GVMs) in each case

can be considered to take approximately the same value, as follows:

1

u0

− 1

uSH
≈ 1

u2

− 1

uSF
≈ δν (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 ∆k0,SHG and ∆k0,SFG 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,

∆kSHG ≈ 2δν ·∆ω (3.7)

∆kSFG ≈ δν ·∆ω (3.8)

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,

PSH ∝ sinc2(
∆kSHGL

2
) ≈ sinc2(δν ·∆ω) (3.9)

PSF ∝ sinc2(
∆kSFGL

2
) ≈ sinc2(

δν ·∆ω
2

) (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, CW0, CW1, and CW2, respectively. The QPM

grating vector, kQ, is defined by 2π/Λ, where Λ 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)], CW2 is tunable while the wavelength of CW1

is fixed as defined in Fig. 3.1(b). Therefore, the wavelength tuning of CW2 affects only

the wave vector of CW2. In the SHG case, however, the tuning of the pump wave (CW0)

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

λλ
QPM

QPM

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

∂2

∂z2
ẼSH(z, ω) + k2(ωSH)ẼSH(z, ω) = −µ0ω

2
0P̃NL(z, ω) (3.11)

where Ẽi is the Fourier transform of the temporal electric-field at frequency ωi, k(ωi) is

the wave vector at frequency ωi, and P̃NL is the electric nonlinear polarization components

at SH frequency.

In a medium that is negligibly dispersive in χ(2), the nonlinear polarization spectrum

PNL(z, ω), which radiates the SH wave, can be described as [Boyd 03]

P̃NL(z, ω) =
1

2
ε0χ

(2)

∫ +∞

−∞
Ẽ0(z, ω′)Ẽ0(z, ω − ω′)dω′ (3.12)

where χ(2) is the second-order nonlinear susceptibility of the material.
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Let us set Ẽi(z, ω) = Ãi(z,Ωi)e
ik(Ωi)z, where Ω = ω − ω1 denotes the frequency offset

and Ãi(z,Ω) denotes the Fourier transforms of the interacting waves, respectively. Under

slowly varying envelope approximation d2Ãi/dz
2 � k(dÃi/dz), the output frequency-

domain envelope of the SH wave can be obtained by integrating Eq. 3.11:

ÃSH(L,Ω) = −iµ0ω
2
sh

2kSH

∫ L

0

P̃NL(z,Ω)eik(ωSH+Ω)zdz (3.13)

Substituting P̃NL(z,Ω) = χ(2)

2
ε0
∫ +∞
−∞ Ã0(z,Ω′)Ã0(z,Ω−Ω′)e−i(k(ω1+Ω′)+k(ω0+Ω−Ω′))zdz (where

Ω′ = ω′ − ω1) into Eq. 3.13, we can obtain:

ÃSH(L,Ω) = −iγ
∫ L

0

dz

∫ ∞
−∞

Ã0(Ω′)Ã0(Ω− Ω′)e−i∆kSHG(Ω)zdΩ (3.14)

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:

ÃSH(Ω) = DSHG(Ω) · [Ã2
0(Ω)] (3.15)

ÃSF (Ω) = DSFG(Ω) · [Ã1(Ω) ∗ Ã2(Ω)] (3.16)

where DSHG(Ω) and DSFG(Ω) 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 (CW1 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:

A1(t) ≡ CW → Ã1(ω) = δ(ω − ω1) (3.17)

A2(t) ≡ Pulsed→ Ã2(ω) (3.18)

and therefore, Eq. 3.16 can be rewritten as follows:

ÃSF (Ω) = DSFG(Ω) · [Ã2(Ω)] (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 [A0(Ω) and A2(Ω)]

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 Ω) and can be expressed as follows:

∆kSHG(Ω) = ∆k0,SHG + [
1

u0

− 1

uSH
]Ω +O(Ω2) (3.20)

∆kSFG(Ω) = ∆k0,SFG + [
1

u2

− 1

uSF
]Ω +O(Ω2) (3.21)

Here, u0, u2, uSH , and uSF 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:

∆kSHG(Ω) ≈ δν · Ω (3.22)

∆kSFG(Ω) ≈ δν · Ω (3.23)

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 Ω. Now the filter functions can be expressed as follows:

DSHG(Ω) ∝
∫ L

0

e−i∆kSHG(Ω)zdz =

∫ L

0

e−iδν·Ωzdz (3.24)

DSFG(Ω) ∝
∫ L

0

e−i∆kSFG(Ω)zdz =

∫ L

0

e−iδν·Ωzdz = DSHG(Ω) (3.25)

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

λ QPM

λ QPM

(a)

(b)

0

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 50oC. In the

SHG case, only the tunable source CW0 was launched into the waveguide, while both the

CW1 with a fixed wavelength and the tunable CW2 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.
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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 (CW1) by the DFG

process, resulting in the output pulse as shown in Fig. 3.5(a). In the cSFG/DFG process,

a CW1 and a pulsed signal interacted with each other as the two pump sources for the

SFG process. Then the generated SF wave interacted with CW2 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 cSFG/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 231−1 pseudorandom bit sequence (PRBS) using a lithium niobate mod-

ulator. In the case of cSHG/DFG as shown in Fig. 3.5(a), only CW1 (1538 nm) was used,

while both CW1 (1542 nm) and CW2 (1558 nm) were used for the case of cSFG/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.

λλ

DFG

CW1 Output

DFG

2
Output QPM

QPM

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

λ

Figure 3.6: Experimental setup used to measure the acceptable bandwidths for the
cSHG/DFG and the cSFG/DFG processes. Only CW1 is used for the case of the
cSHG/DFG process where CW1 is labelled as CW0, while both CW1 and CW2 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 cSFG/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 cSFG/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 cSFG/DFG counterpart in the pulsed-pump regime, and the measured spectral

bandwidths of each case were both 0.6 nm for cSHG/DFG and cSFG/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

cSHG/DFG.
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Figure 3.8: (a) Measured spectral and (b) temporal shapes without the filter in the

cSFG/DFG.
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cSHG/DFG.
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Figure 3.10: (a) Measured spectral and (b) temporal shapes for 1.0 nm filters in the

cSFG/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 cSFG/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 cSFG/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 cSFG/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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4

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,

76



4 OTDM to WDM format conversion based on quadratic cascading in a periodically
poled lithium niobate waveguide 77

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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Figure 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.

media

Nonlinear

Linearly chirped signal

OTDM signal

Frequency

Amplitude

Amplitude

Time

Time

Timeωωωωω ω1 2 4 32 4

Nonlinear
medium

Figure 4.2: Illustration 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 Tp and optical frequency ωp 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 (∆τcp ∼ NTp) and a repetition rate equal to that of the individual

TDM tributaries (1/NTp), 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 χ(2) interactions: the incoming OTDM data

signal at ωp generates an up-converted OTDM data stream at 2ωp [Fig. 4.3(d)] via the

SHG process. The SHG process is followed by the DFG process between the 2ωp 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 (ω′k = 2ωp−ωk). As a result of the cSHG/DFG process, the various OTDM

channels are mapped onto discrete separate output wavelengths (ω′k) while retaining the

critical pulse-timing information on a bit-by-bit basis, as indicated in Fig. 4.3(c).

Tp

ωP

Figure 4.3: Illustration of the OTDM to mixed TDM-WDM conversion based on
cSHG/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 L = 30 mm, a normalized SHG conversion

efficiency ηnor = 60% W−1cm−2, and 80% input coupling losses. In the model we used

the dispersion parameters of bulk LiNbO3 [Jundt 97]. For typical fabrication conditions

of buried waveguides in this wavelength range [Gallo 08], the main effect of waveguide



4 OTDM to WDM format conversion based on quadratic cascading in a periodically
poled lithium niobate waveguide 81

dispersion is a shift of 2 ∼ 3 µm 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, t)]:

♦ OTDM signal at the SHG phase matching wavelength λp, with average power Pp and

a Gaussian field profile [Fig. 4.3(b)] of the form: Ain(0, t) = Ap · exp{−[(t − nTp)/τp]2}

with n = ±1/2, ±3/2, Tp = 25 ps, τp = 6 ps, corresponding to a FWHM pulse duration

of 7 ps (power) [τ = τp(2 · ln2)1/2], Ap = [PpTp/(τp
√

2π)]1/2;

♦ Chirped pulse with a spectrum spanning ∆λcp = 6 nm around λcp, average power

Pcp and a field profile of the form: Acp(0, t) = Acp0 · exp{−(ln2)/2[2(t − δt)/∆τcp]
18} ·

exp[iCp(t − δt)2], with ∆τcp = 90 ps, Acp = (PcpTp/∆τcp)
1/2, a chirp Ccp = 0.023 ps−2,

and a time delay δt with respect to the OTDM input (δt = 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:

∂Ain
∂z

+ δvp
∂Ain
∂t

= −iκSHGωpAshA∗inexp(−i∆kSHGz)

∂Acp
∂z

+ δvcp
∂Acp
∂t

= −iκDFGωcpAshA∗outexp(−i∆kDFGz)

∂Aout
∂z

+ δvout
∂Aout
∂t

= −iκDFGωoutAshA∗cpexp(−i∆kDFGz)

∂Ash
∂z

+ δvsh
∂Ash
∂t

= −iκSHGωinA2
inexp(i∆kSHGz)− iκDFGωshAcpAoutexp(i∆kDFGz)

(4.1)

where Ain, Acp, Ash, and Aout 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.

δvp = v−1
p , δvcp = v−1

cp , δvout = v−1
out, δvsh = v−1

sh , and v are the group velocities at the cor-

responding frequency. κSHG and κDFG denote the nonlinear coupling coefficients of SHG

and DFG respectively. ∆kSHG = ksh− 2kin− 2π/Λ and ∆kDFG = kcp + kout− ksh + 2π/Λ

are the phase-mismatches of SHG and DFG respectively (where Λ 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 λp = 1546 nm, Pp = 16 dBm, λcp = 1551 nm, Pcp = 14 dBm, and

λout ∼ 2λp−λcp = 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/nm2/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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To diagnostics

Figure 4.4: Experimental setup used to generate linearly-chirped rectangular-like
pulses.

Computer

Tunable laser
Photodiode

RF

amplifier

Grating under test

MOD

Vector Network Analyser

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 fm 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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φ(λ) which is a function of the source wavelength. φ(λr) is RF phase delay at a reference

wavelength λr. Then the group delay as a function of wavelength λ is given by

∆τg(λ) =
φ(λ)− φ(λr)

360o
1

fm
(4.2)

where φ(λ) − φ(λr) is the RF phase difference measured between wavelength λ and a

reference wavelength λr.

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).

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.

20 ps/div(a) (b)

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

à

Multiplexer

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 4×10

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 231 − 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.

(a) (b)

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 50oC. 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.

(a) (b)

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 (c) 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 4.15: (a) Optical spectrum (b) Eye diagram (c) FROG spectrogram trace and

(d) retrieved intensity and phase profiles for Channel 2 of the converted mixed TDM-

WDM signal.
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Figure 4.16: (a) Optical spectrum (b) Eye diagram (c) FROG spectrogram trace and

(d) retrieved intensity and phase profiles for Channel 3 of the converted mixed TDM-

WDM signal.
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Figure 4.17: (a) Optical spectrum (b) Eye diagram (c) FROG spectrogram trace and

(d) retrieved intensity and phase profiles for Channel 4 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.
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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=10−9) 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 × 10 Gbit/s mixed TDM-WDM signal using cSHG/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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5

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

cSHG/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
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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.

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 10−8 [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 χ(3) nonlinearities in optical fibres, is generally compromised by the long fibre lengths

required for efficient operation, while PPLN waveguides provide high χ(2) nonlinear co-

efficients, and are compact and insensitive to environmental perturbations. However, the

retiming scheme discussed in [Hasegawa 04], which is based on χ(2) 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

Figure 5.2: Illustration of the all-optical pulse retiming scheme based on both pulse
pre-shaping and cSHG/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.
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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.

walk-off effects

dominate

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(ω) as follows

H(ω) = Yrectangular(ω)/Xinput(ω) (5.1)

where Yrectangular(ω) is the spectrum of the rectangular pulse andXinput(ω) is the spectrum

of the input pulse.

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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EDFA

0.5nm BPF

Figure 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



5 Retiming of short pulses based on pre-shaping and quadratic cascading in a
periodically poled lithium niobate waveguide 109

1545.0 1545.5 1546.0 1546.5 1547.0

Measured spectrum

Designed spectrum

P
o

w
er

[1
0

d
B

/d
iv

.]

Wavelength [nm]
20 40 60 80

0

5

10

15

20

P
o

w
er

[m
W

]
Time [ps]

(a) (b)

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. (c) Eye-diagram of the output

pulses measured by OSA.
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pulses were amplitude modulated by a 231 − 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 ∆τ = 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 5.12: Eye diagrams of the signal after retiming at various relative positions.
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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 = 10−9) 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.
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Figure 5.14: BER curves for the back-to-back signal and the output signals with

various time delays.
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5.4 Conclusion

In this chapter, I have demonstrated an all-optical signal retiming system based on pulse

shaping and cSHG/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 10−9. 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 cSFG/DFG process instead,

in which the data signal would act as one of the pumps for the SFG process.
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6

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 cSHG/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.

Re{E}

Im{E}

On-off Keying (OOK)

Re{E}

Im{E}

Differential (Bipolar) Phase Shift Keying (D(B)PSK)

(a) (b)

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 180o. 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 0o and 180o. DPSK format has the same constellation as BPSK but

encodes data with a 0 or π-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 π, 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

ρASE = nsphν(G− 1) (6.1)

where hν is the photon energy, nsp 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

NF =
2ρASE
Ghν

+
1

G
(6.2)

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

F = 2nsp
G− 1

G
+

1

G
(6.3)

Since nsp ≥ 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.

In-phase

Quadrature

Input signal

Relative input signal phase

Output signal

Relative output signal phase out

in

In-phase

Quadrature

Input signal

The phase of the input signal

Output signal

in

The phase of the output signal out

(a) (b)

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
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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 05a]. 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

cSFG/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 χ(3) medium [Yuen 79, Kumar 84, McKinstrie 04] and degenerate parametric

amplification (PA) (or squeezed-state generation) in a χ(2) 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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PPLNPump (    )ωp

Idler (    )ω
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Initially phase-locked

i

SH (      )2ωp
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Idler (    )ω i
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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 ωp, ωs, and ωi 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. ωs+ωi = 2ωp). The frequency arrangement

is shown in Figure 6.4. The pump generates a wave at the second harmonic frequency

(2ωp), which interacts with the other two input waves via the DFG process. The phases

of the input signal, pump and idler are denoted as φs, φp, φi, respectively. The phase

of the generated signal through the cSHG/DFG process is 2φp − φi. In the case that

the difference in the phases of the initial signal and the generated signal is in the range

of [−π/2, π/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. 2φp − φi = φs + 2mπ, 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 [π/2, 3π/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 π (i.e. 2φp− φi = φs + (2m+ 1)π, 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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SH
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Generated signal
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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]:

dEp(z)

dz
= −αp

2
Ep(z) + iκppωpESH(z)E∗p(z)ei∆kppz (6.4)

dESH(z)

dz
= −αSH

2
ESH(z) + iκppωpE

2
p(z)e−i∆kppz + 2iκsiωpEs(z)Ei(z)ei∆ksiz (6.5)

dEs(z)

dz
= −αs

2
Es(z) + iκsiωsESH(z)E∗i (z)e−i∆ksiz (6.6)

dEi(z)

dz
= −αi

2
Ei(z) + iκsiωiESH(z)E∗s (z)e−i∆ksiz (6.7)

where Ep, ESH , Es, and Ei denote the normalized complex electric fields of the pump,

SH, signal, and idler waves propagating along the axis (z) of the waveguide, respectively.

Each α represents the linear propagation loss coefficients for the corresponding wave. The

coupling coefficients for the SHG (κpp) and the DFG process (κsi) are expressed as,

κpp = deff

√
2µ0

cn2
pnSHAeff

(6.8)

κsi = deff

√
2µ0

cnsninSHAeff
(6.9)

where, deff , µ0, c, Aeff , and nj 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 d33 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 deff is given by (2/π)d33 (d33 = 27 pm/V for the SHG at 1064 nm)

[Shoji 97]. The phase mismatches for the SHG (∆kpp) and the DFG processes (∆ksi) are

expressed as,

∆kpp = kSH − 2kp −
2π

Λ
(6.10)

∆ksi = ks + ki − kSH +
2π

Λ
(6.11)

where, Λ is the period of the QPM grating and each k is the wave vector at the correspond-

ing frequency. The coupled wave equations [Eqs. 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(z) = Aj(z)eiφj(z) (6.12)

where, Aj and φj denote the modulus and phase of the complex field amplitude for a

generic interacting wave j, respectively. If we substitute Eq. 6.12 into Eqs. 6.4, 6.5, 6.6,

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

dAp(z)

dz
= −αp

2
Ap(z)− κppωpASH(z)Ap(z)sinθ(z) (6.13)

dASH(z)

dz
= −αSH

2
ASH(z) + κppωpA

2
p(z)sinθ(z)− 2κsiωpAs(z)Ai(z)sinψ(z) (6.14)

dAs(z)

dz
= −αs

2
As(z) + κsiωsASH(z)Ai(z)sinψ(z) (6.15)

dAi(z)

dz
= −αi

2
Ai(z) + κsiωiASH(z)As(z)sinψ(z) (6.16)

dθ(z)

dz
= (κppωp

A2
p(z)

ASH(z)
− 2κppωpASH(z))cosθ(z) + 2κsiωp

As(z)Ai(z)

ASH(z)
cosψ(z) + ∆kpp

(6.17)
dψ(z)

dz
=(κsiωs

ASH(z)Ai(z)

As(z)
+ κsiωi

ASH(z)As(z)

Ai(z)
− 2κsiωp

As(z)Ai(z)

ASH(z)
)cosψ(z)

− κppωp
A2
p(z)

ASH(z)
cosθ(z) + ∆ksi

(6.18)
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where, two kinds of relative phase relationships between the interacting waves can also

be defined as follows:

θ(z) = φSH(z)− 2φp(z) + ∆kppz (6.19)

ψ(z) = φs(z) + φi(z)− φSH(z) + ∆ksiz (6.20)

Here, θ and ψ 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 (λp)

of 1546.0 nm, while the signal (λs) and idler (λi) 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 Aeff = 52µm2, αp = αs = αi = 0.35 dB/cm, and αSH = 2αp,

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 ≡ [As(L)]2

[As(0)]2
(6.21)

The input powers of each interacting wave at the waveguide facet were assumed to be

33 dBm for the pump wave (Pp) and −4 dBm for the signal and idler wave (Ps, Pi),

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 (φp). 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



6 Phase sensitive amplifiers exploiting cascaded quadratic nonlinearities in periodically
poled lithium niobate waveguides 130

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].
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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 (λs−λp) 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

PC
OSA 2

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

cSHG/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 χ(3)-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 χ(2)-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 γ = 20 (W·km)−1, a dispersion of

0.06 ps/nm/km, and a dispersion slope of 0.0035 ps/nm2/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 cSHG/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 π-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 (α) 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 cSHG/DFG occurring in a single PPLN waveguide. The PSA performance

was demonstrated and characterised by exploiting a combination of a χ(3)-based PIA to

create the initial phase-locking among the waves followed by a χ(2)-based PSA based

on the cSHG/DFG process. I 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 cSFG/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 cSFG/DFG) is a phase-preserving

replica of the input, whereas the other (generated through cSHG/DFG) 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 π. PR-WC exploiting cascaded second-order non-

linearities in PPLN waveguides offers a number of advantages over the corresponding

FWM-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 cSHG/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.

Relative input signal phase δφ

Figure 6.10: Operational principle of phase-regenerative wavelength conversion.
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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. cSFG/DFG in the first PPLN and cSHG/DFG in the second

PPLN).

λ

λ

λ

Figure 6.11: Illustration of two-stage phase-regenerative wavelength conversion based
on cSFG/DFG and cSHG/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 cSFG/DFG process in PPLN 1 can be described
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through the following set of coupled mode equations [Suhara 03]:

dAp1
dz

= iωp1κSFGAsfA
∗
sexp(i∆kSFGz)

dAs
dz

= iωsκSFGAsfA
∗
p1exp(i∆kSFGz)

dAsf
dz

= iωsfκSFGAsAp1exp(−i∆kSFGz) + iωsfκDFGAp2Aoutexp(−i∆kDFGz)

dAp2
dz

= iωp2κDFGAsfA
∗
outexp(i∆kDFGz)

dAout
dz

= iωoutκDFGAsfA
∗
p2exp(i∆kDFGz)

(6.22)

where Aj (j = p1, p2, sf , s, out) are the complex amplitudes of Pump 1, Pump 2, the SF,

the signal and the output respectively, ωj are the angular frequencies, κSFG and κDFG are

the nonlinear coupling coefficients of the SFG process and the DFG process respectively,

and ∆kSFG and ∆kDFG are the phase mismatches of the SFG process and the DFG process

respectively. ∆kSFG = 0 since Pump 1 and the input signal are placed symmetrically

around the QPM wavelength. ∆kDFG 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 cSFG/DFG under the non-depletion approximation, the complex

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

AcSFG/DFG ≈
1

2
ωoutωsfκSFGκDFGAp1AsA

∗
p2L

2

=
1

2
ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2ei(ϕp1−ϕp2+ϕs)

=
1

2
ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2ei(

3
2
ϕp1− 1

2
ϕp2+δϕ)

(6.23)

where L is the length of PPLN 1. ϕp1, ϕp2, and ϕs also denote the phases of Pump

1, Pump 2, and Signal respectively. The relative input signal phase, δϕ, is defined as

(δϕ1 + δϕ2)/2, where δϕ1 = ϕs − ϕp1 is the relative phase between Signal and Pump 1,

and δϕ2 = ϕs − ϕp2 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]:

dAp1
dz

= iωp1κSHGAshA
∗
p1exp(i∆kSHGz)

dAsh
dz

=
i

2
ωshκSHGA

2
p1exp(−i∆kSHGz) + iωshκDFGAsAoutexp(−i∆kDFGz)

dAs
dz

= iωsκDFGAshA
∗
outexp(i∆kDFGz)

dAout
dz

= iωoutκDFGAshA
∗
sexp(i∆kDFGz)

(6.24)

where Aj (the subscript j = p1, sh, s, out) are the complex amplitudes of Pump 1, the

SH, the signal and the output respectively, κSHG is the nonlinear coupling coefficient

of the SHG process, and ∆kSHG is the phase mismatch of the SHG process. Note that

∆kSHG = 0 as Pump 1 is set at the SHG QPM wavelength, whereas as before, ∆kDFG ≈ 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:
AcSHG/DFG ≈

1

4
ωoutωshκSHGκDFGA

2
p1A

∗
sL

2

=
1

4
ωoutωshκSHGκDFG|Ap1|2|As|L2ei(2ϕp1−ϕs)

=
1

4
ωoutωshκSHGκDFG|Ap1|2|As|L2ei(

3
2
ϕp1− 1

2
ϕp2−δϕ)

(6.25)

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 cSFG/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:

A ≈ 1

2
ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2ei(

3
2
ϕp1− 1

2
ϕp2+δϕ)

+
1

4
ωoutωshκSHGκDFG|Ap1|2|As|L2ei(

3
2
ϕp1− 1

2
ϕp2−δϕ)

= ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2ei(
3
2
ϕp1− 1

2
ϕp2)cos(δϕ)

(6.26)
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In the ideal case that the phase-conjugate output from cSHG/DFG and the phase-

preserving output from cSFG/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

λ

λ

λ λ

λ

Figure 6.12: Illustration of single-stage phase-regenerative wavelength conversion

based on cSFG/DFG and cSHG/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

cSFG/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 cSHG/DFG and cSFG/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

(∆kSHG = −∆kSFG 6= 0) due to the detuning of both cSHG/DFG and cSFG/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:

AcSFG/DFG ≈
ωoutωsfκSFGκDFGAp1AsA

∗
p2

∆kSFG

∫ L

0

(e−i∆kSFGz − 1)ei∆kDFGzdz

≈
ωoutωsfκSFGκDFGAp1AsA

∗
p2

(∆kSFG)2
(i∆kSFGL− ei∆kSFGL + 1)

=
ωoutωsfκSFGκDFG|Ap1||As||Ap2|ei(

3
2
ϕp1− 1

2
ϕp2)

(∆kSFG)2
eiδϕ(i∆kSFGL− ei∆kSFGL + 1)

≈ ωoutωsfκSFGκDFG|Ap1||As||Ap2|ei(
3
2
ϕp1− 1

2
ϕp2)L2sinc(∆kSFGL/2)eiδϕ+i∆kSFGL/4

(6.27)

where ∆kDFG ≈ ∆kSFG because of the low dispersion feature of lithium niobate crys-

tal in the wavelength region around 1550 nm, and sinc(x) = sin(x)/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:

AcSHG/DFG ≈
1

2

ωoutωshκSHGκDFGA
2
p1A

∗
s

∆kSHG

∫ L

0

(e−i∆kSHGz − 1)ei∆kDFGzdz

≈ 1

2

ωoutωshκSHGκDFGA
2
p1A

∗
s

(∆kSHG)2
(i∆kSHGL− ei∆kSHGL + 1)

=
1

2

ωoutωshκSHGκDFG|Ap1|2|As|ei(
3
2
ϕp1− 1

2
ϕp2)

(∆kSHG)2
eiδϕ(i∆kSHGL− ei∆kSHGL + 1)

≈ 1

2
ωoutωshκSHGκDFG|Ap1|2|As|ei(

3
2
ϕp1− 1

2
ϕp2)L2sinc(∆kSHGL/2)eiδϕ+i∆kSHGL/4

(6.28)

where ∆kDFG ≈ ∆kSHG 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:

A ≈ 1

2
ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2sinc(∆kSFGL/2)ei(

3
2
ϕp1− 1

2
ϕp2)eiδϕ+i∆kSFGL/4

+
1

4
ωoutωshκSHGκDFG|Ap1|2|As|L2sinc(∆kSHGL/2)ei(

3
2
ϕp1− 1

2
ϕp2)e−iδϕ+i∆kSHGL/4

= ωoutωsfκSFGκDFG|Ap1||As||Ap2|L2sinc(∆kSFGL/2)ei(
3
2
ϕp1− 1

2
ϕp2)cos(δϕ′)

(6.29)

where Aj (j = p1, p2, s) denote the complex amplitudes of Pump 1, Pump 2 and the

Signal respectively. δϕ′ = δϕ + ∆kSFGL/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 cSFG/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 cSFG/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

λ

Figure 6.13: Experimental setup for the proposed single-stage PR-WC based on a

combination of cSHG/DFG and cSFG/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

cSHG/DFG and cSFG/DFG in a single stage. Its SHG phase matching wavelength was ∼

1545.84 nm at 50oC, its insertion loss was 3.5 dB and its normalised (internal) conversion

efficiency was 75% W−1cm−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 cSFG/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 cSFG/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 π-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 cSHG/DFG and cSFG/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 cSFG/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

λ λλ

λ

λ

Figure 6.15: Experimental setup for the two-stage PR-WC scheme based on a combina-

tion of cSHG/DFG and cSFG/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 50oC. The SHG QPM of PPLN 2 was shifted to 1548

nm by operating it at the higher temperature of 60oC. Two CW lasers were used as



6 Phase sensitive amplifiers exploiting cascaded quadratic nonlinearities in periodically
poled lithium niobate waveguides 146

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

cSFG/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 cSFG/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 cSHG/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 cSFG/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 π-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

cSHG/DFG and cSFG/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

±30o at an input D(B)PSK signal can be suppressed to ∼ ±1.5o 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 ±30o 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 γ = 20

(W·km)−1, a dispersion of 0.06 ps/nm/km, and a dispersion slope of 0.0035 ps/nm2/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 0o peak is distributed with a 3 dB width of ±30o, while at the output

the phase fluctuations have been considerably reduced, with a 3 dB distribution width of

< 10o. 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 0o 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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(a)

(b)

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 cSFG/DFG processes. This

scheme can be implemented in either a single PPLN waveguide, or two separate PPLN

waveguides. I 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 cSFG/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 cSHG/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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7

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.

157



7 Elimination of the chirp of optical pulses through cascaded nonlinearities in
periodically poled lithium niobate waveguides 158

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 cSFG/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

λ

λ

λ

SH

SF

wave

Figure 7.1: Illustration of chirp elimination in a short pulse based on both cSHG/DFG
and cSFG/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

cSHG/DFG and cSFG/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 cSFG/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 cSFG/DFG in two cascaded PPLN waveguides. Ecp,

Ecj, Esf , and Eout 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 (Ecj = E∗cp) 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 cSFG/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 Esf ∼ EcpEcj,

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 (Esf ∼ EcpEcj = |Ecp|2). However, in

the cSFG/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:

∂Acp
∂z

+
1

vcp

∂Acp
∂t

= −iκSFGωcpAsfA∗cjexp(−i∆kSFGz)

∂Acj
∂z

+
1

vcj

∂Acj
∂t

= −iκSFGωcjAsfA∗cpexp(−i∆kSFGz)

∂Acw
∂z

+
1

vcw

∂Acw
∂t

= −iκDFGωcwAsfA∗outexp(−i∆kDFGz)

∂Aout
∂z

+
1

vout

∂Aout
∂t

= −iκDFGωoutAsfA∗cwexp(−i∆kDFGz)

∂Asf
∂z

+
1

vsf

∂Asf
∂t

= −iκSFGωsfAcpAcjexp(i∆kSFGz)− iκDFGωsfAcwAoutexp(i∆kDFGz)

(7.1)

where Acp,cj,sf ,cw,out and vcp,cj,sf ,cw,out 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. κSFG and κDFG denote the nonlinear coupling coefficients of

SFG and DFG respectively. ∆kSFG = ksf − kcp − kcj − 2π/Λ and ∆kDFG = kcw + kout −

ksf + 2π/Λ are the phase-mismatches of SFG and DFG respectively, and Λ 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 ηnor = 75%W−1cm−2. The peak power of chirped

input pulses is Pcp = Pcj = 30 mW, and the power of CW wave is Pcw = 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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(a) Chirped input pulse
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(b) Conjugate pulse
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(c) SF wave
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(d) Output pulse

Figure 7.2: Propagation of the pulses along the PPLN waveguide for the 7-ps Gaussian
chirped input pulses case.
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Figure 7.3: Normalized powers (Pcp,Pcj and Pout denote the normalized powers of
the chirped input, conjugate and output pulses respectively) and phases (ϕcp,ϕcj ,ϕout
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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(a) Chirped input pulse
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(b) Conjugate pulse
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(c) SF wave
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(d) Output pulse

Figure 7.4: Propagation of the pulses along the PPLN waveguide for the 7-ps Gaussian
un-chirped input pulses case.

Figure 7.5: Normalized powers (Pcp,Pcj and Pout denote the normalized powers of
the chirped input, conjugate and output pulses respectively) and phases (ϕcp,ϕcj ,ϕout
denote the phases of the chirped input, conjugate and output pulses respectively) for

the 7-ps Gaussian un-chirped input pulses case.
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(a) Chirped input pulse
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(b) Conjugate pulse
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(c) SF wave
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(d) Output pulse

Figure 7.6: Propagation of the pulses along the PPLN waveguide for the 2-ps Gaussian
chirped input pulses case.
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Figure 7.7: Normalized powers (Pcp,Pcj and Pout denote the normalized powers of

the chirped input, conjugate and output pulses respectively) and phases (ϕcp,ϕcj ,ϕout

denote the phases of the chirped input, conjugate and output pulses respectively) for

the 2-ps Gaussian 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{|Ecp|2}]. 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., |Ecp|).

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

cSFG/DFG steps. Their SHG phase matching wavelength was 1546 nm at 50oC and 42oC,

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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0.5 nm filter

150 m-SMF

For the chirped case

For the un-chirped case

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
OSO. (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
OSO. (b): Spectrum of the chirped input pulse measured by OSA (measured with a

resolution of 0.05 nm).

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 φ(t) 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
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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)).

0 20 40 60 80 100

0

5

10

15

20

25

30

35

P
o

w
e
r

[m
W

]

Time [ps]

1536 1538 1540 1542 1544

P
o

w
e
r

[1
0

d
B

/d
iv

.]

Wavelength [nm]

6.8 ps

(b)(a)

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 cSFG/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 7.17: (a): Temporal intensity profiles of the un-chirped input pulse measured
by OSO. (b): Spectrum of the un-chirped input pulse measured by OSA (measured with

a resolution of 0.05 nm).
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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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Figure 7.19: Spectral traces measured after (a) the first PPLN waveguide, (b) the
optical processor, and (c) the second PPLN waveguide in the un-chirped input pulses

case.
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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 cSFG/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 cSFG/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
OSO. (b): Spectrum of the conjugated replica measured by OSA (measured with a

resolution of 0.05 nm).
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Figure 7.21: (a): Measured FROG spectrogram of the conjugated replica. (b): Re-
trieved normalized intensity and phase profiles of the conjugated replica.
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Figure 7.22: (a): Temporal intensity profile of the resultant output pulse measured by
OSO. (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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8

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, cSHG/DFG and cSFG/DFG in

Chapter 2, I reported a systematic and comparative study of the acceptance bandwidths

of cSHG/DFG and cSFG/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 cSHG/DFG and cSFG/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 × 10 Gbit/s WDM channels based on the cSHG/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 10−9.

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 cSFG/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 cSHG/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

180
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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

Input CW

Electro-optical phase modulator

Output

Oscillator

Fabry Perot cavity

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 fm 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 fo is injected into the OFCG. The

optical field inside the OFCG after circulating N times in the cavity can be expressed as

E(N)(t) =
∑
k

E
(N)
k exp[2iπ(f0 + kfm)t] (A.1)

where E(N)
k 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 q-th order sideband by phase modulation can be expressed as

E
(N+1)
(q,k) = r1r2exp(2iφk)Jk−q(2β)E

(N)
k (A.2)

where Jk−q is the (k − q)-th Bessel function, r1 and r2 are the amplitude reflectivities of

mirror one and mirror two, respectively. φk 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]

E
(N+1)
k = r1r2exp(2iφk)

∑
q

Jk−q(2β)E
(N)
(q,k) + t1Einδ(k) (A.3)

where Ein is the field amplitude of incident CW laser, δ() is delta function, and t1 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 fm, with wings that decay exponentially in the

frequency domain. The power of the k-th sideband Pk of the OFCG is approximately

expressed as [Kourogi 93]

Pk = ηFP (
π

2βF
)2exp(−|k|π

βF
)Pin (A.4)

where ηFP is the efficiency of the Fabry-Perot cavity, β is the single pass modulation

index, F is the finesse of the optical cavity and Pin 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 π spectral phases. Each of those halves generates a

pulse train with repetition rate fm, such that the complete spectrum gives two pulses for

each time period Tm = 1/fm, 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 Eout(t) can be

expressed as

Eout ∝


√
ηFPPin

1−i4βFfm(t−mTm)
, 2πfmt ≈ 2mπ

√
ηFPPin

1+i4βFfm(t−(m+ 1
2

)Tm)
, 2πfmt ≈ (2m+ 1)π

(A.5)

Eout ∝



√
ηFPPin√

1+16β2F 2f2m(t−mTm)2
exp(i arctan−1(4βFfm(t−mTm))),

2πfmt ≈ 2mπ
√
ηFPPin√

1+16β2F 2f2m(t−(m+ 1
2

)Tm)2
exp(−i arctan−1(4βFfm(t− (m+ 1

2
)Tm))),

2πfmt ≈ (2m+ 1)π

(A.6)

where t is the time. The expression of Eout(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[ωt− ω

c
(n0 −

1

2
n3

0r63Em sin(2πfmt))L]

= A cos[ωt− ωn0L

c
+ β sin(2πfmt)]

(A.7)

where n0 is the refractive index of the LiNbO3 crystal, β = ωn3
0r63EmL/2c is the mod-

ulation index, Em is the amplitude of the electric field of the modulation signal, L is

the distance between the two mirrors of the FP cavity, and r63 is the electro-optic effect

coefficient of the LiNbO3 crystal [Volk 08]. ωn0L/c is set to be a multiple of 2π. The

equivalent refractive index which takes into account the effect of the modulation can be

expressed as n′ = n0 − ∆n′ = n0 − n3
0r63Em sin(2πfmt)/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 ϕ = 2kL′ = 2kn′L. It is convenient to express the temporal variation of

ϕ as δ = 2k∆n′L = 2β sin(2πfmt). Following basic expressions that can be applied to FP

cavities, the amplitude of the transmitted beam AT and the transmission function Te can

be written as

AT = T
∞∑
m=0

Rmeimδ =
T

1−Reiδ

=
T

1−R + 2R sin2 δ
2
− 2iR sin δ

2
cos δ

2

≈ T

1−R− 2iR sin δ
2

∝ T

1− i2F
π

sin δ
2

(A.8)

where R = r1r2, T = 1 − R and F ≈ πR1/2

1−R ≈ πR
1−R is the finesse of the cavity. The

transmission function is given by

Te = ATA
∗
T ∝

T 2

1 + 4R
(1−R)2

sin2( δ
2
)

(A.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 f0. If

we assume that the modulation index is within the range 0 < β ≤ π, then only one of

the peaks of the transmission function sweeps across the incident CW laser frequency

twice in each modulation period Tm, 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 f0. At that instance, the value of phase difference variation δ can be

approximated by δ = 2β sin 2πfmt ≈ 4πβfmt. 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, AT and Te can be approximated by the

following expressions:

AT ∝
T

1− i2F
π

sin δ
2

= = T
1−i4βFfm(t−mTm)

, 2πfmt ≈ 2mπ

= T
1+i4βFfm(t−(m+ 1

2
)Tm)

, 2πfmt ≈ (2m+ 1)π

(A.10)

Te =
T 2

1 + 4R
(1−R)2

sin2( δ
2
)
∝ T 2

t2 + ( 1
4βFfm

)2
(A.11)

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

Eout(t) ∝


√
Te(t)Pinexp(i∠AT ) ∝ T

√
Pin

1−i4βFfm(t−mTm)
, 2πfmt ≈ 2mπ√

Te(t)Pinexp(i∠AT ) ∝ T
√
Pin

1+i4βFfm(t−(m+ 1
2

)Tm)
, 2πfmt ≈ (2m+ 1)π

(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).

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.

(a) (b)

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).

(a) (b)

c)(

Δτ =ac

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.

(a) (b)

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

sponding spectrum for bandwidths of 0.5 nm.

(a) (b)

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

(a) (b)

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 sech2 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.

(a)

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:

E(t) ≈ T

1− i4βFfmt
+

T

1 + i4βFfmt
=

2T

1 + (4βFfmt)2
(A.13)

Figure 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 fm = 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 mTm ± 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
ps)

(a) (b)

Figure A.15: (a): Autocorrelation trace after delay line interferometer. (b): DCA trace

of after delay line interferometer.
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Figure A.16: Autocorrelation traces showing the reduction in pulse width after the

free-space interferometer (measurements of the autocorrelation widths are marked on

the plot).

(a) (b)

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

1 clc; clear all; close all;

2
3 i=sqrt(-1);

4 pi =3.1415926535;

5 c = 3e5; %km/s

6
7 T = -50e -12:100e -12/2048:50e-12 -100e -12/2048; % time window

8 dt = 100e -12/2048;

9 lambda = 1550; % wavelength (nm)

10
11 ln=1;

12 i=sqrt(-1);

13 Po =0.015*1.4; %input pwr in watts

14 alpha =0.0003; % Fiber loss value in dB/km

15
16 to =100000000*0.62e-12; %initial pulse width in second

17 C=0; %Input chirp parameter for first calculation

18 b2=-0.1e-24; %2nd order disp. (s2/m)

19 Ld=(to^2)/(abs(b2)); %dispersion length in meter

20 pi =3.1415926535;

21 Ao=sqrt(Po); %Amplitude

22
23 %----------------------------------------------------------

24 tau =- 50e -12:100e -12/2048: 50e-12 -100e -12/2048;% dt=t/to

25 dt=100e -12/2048;

26 rel_error =1e-5;

27 h=1000;% step size

28
29 z=Ld;

30 u=Ao*exp (-((1+i*(-C))/2)*(tau/to).^20);%page #47 G.P.AGrawal

31 figure (11)

32 plot(abs(u),’r’);

33 title(’Input Pulse ’); xlabel(’Time’); ylabel(’Amplitude ’);

203
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34
35 tos =1000000000000*0.62e-12; %initial pulse width in second

36 Pos =0.008*1.4;

37 Aos=sqrt(Pos); %Amplitude

38 us=Aos*exp( -((1+i*(-C))/2)*(tau/tos).^2);%page #47 G.P.AGrawal

39
40 figure (2)

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

42
43 % PPLN PARAMETERS

44 L = 0.03; % m

45
46 alpha_dB = 30; % dB/m

47 alpha = alpha_dB /4.343; % per m

48 alpha_dBSH = 60; % dB/m

49 alphaSH = alpha_dBSH /4.343; % per km

50 % CALCULATIONS

51
52 l = max(size(u));

53
54 % PULSE PROPAGATION --- SPLIT STEP FOURIER METHOD

55 step = 0.0001; % step size (m)

56
57 jj = step;

58
59 df = 1/dt;

60 dw = ((2*pi)*df)/l;

61 wref =2*pi *3*10^8/(1550*10^( -9));

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

63 w=fftshift(w);

64 spectrum1=fft(u); %Pulse spectrum

65 spectrum2=fft(rand(1,length(u))/10000000000);

66 spectrum3=fft(us); %Pulse spectrum

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

68
69 figure (10)

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

71
72 df = 1/dt;

73 dl=((df*( lambda *1e-9)^2)/3e8)/l;

74 lam=(-1*l/2:1:l/2-1)*dl;

75 lamr=( lambda *1e-9)+lam;

76
77 u1 =1.318089*10^8;

78 u2 =1.37386*10^8;

79 u3 =1.318089*10^8;

80 u4 =1.318089*10^8;
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81
82 beta1 =1/u1;

83 beta21 =1/u2;

84 beta31 =1/u3;

85 beta41 =1/u4;

86
87 ln=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 spectrum1=spectrum1 .*exp(-alpha /2*( step /2)) ;

97 spectrum2=spectrum2 .*exp(-alphaSH /2*( step /2)+i*((beta1 -beta21)*w)*(step /2)) ;

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

99 spectrum4=spectrum4 .*exp(-alpha /2*( step /2)) ;

100 A1=ifft(spectrum1);

101 A2=ifft(spectrum2);

102 A3=ifft(spectrum3);

103 A4=ifft(spectrum4);

104
105 k1=i*wref*kk1*(conj(A1).*A2)*exp(i*jj*x);

106 k2=i*wref*kk1*(conj(A1)+step /2*k1).*(A2+step /2*k1)*exp(i*(jj+step /2)*x);

107 k3=i*wref*kk1*(conj(A1)+step /2*k2).*(A2+step /2*k2)*exp(i*(jj+step /2)*x);

108 k4=i*wref*kk1*(conj(A1)+step*k3).*(A2+step*k3)*exp(i*(jj+step)*x);

109
110 A1=A1+step /6*(k1+2*k2+2*k3+k4);

111
112 k21=i*wref*kk2*conj(A1).*A1*exp(-i*jj*x)+2*i*wref*kk2*(A4).*A3*exp(-i*jj*x);

113 k22=i*wref*kk2*(conj(A1)+step /2*k21).*(A1+step /2*k21)*exp(-i*(jj+step /2)*x)+2*i*wref*kk2

*((A4)+step /2*k21).*(A3+step /2* k21)*exp(-i*(jj+step /2)*x);

114 k23=i*wref*kk2*(conj(A1)+step /2*k22).*(A1+step /2*k22)*exp(-i*(jj+step /2)*x)+2*i*wref*kk2

*((A4)+step /2*k22).*(A3+step /2* k22)*exp(-i*(jj+step /2)*x);

115 k24=i*wref*kk2*(conj(A1)+step*k23).*(A1+step*k23)*exp(-i*(jj+step)*x)+2*i*wref*kk2*((A4)

+step*k23).*(A3+step*k23)*exp(-i*(jj+step)*x);

116
117 A2=A2+step /6*( k21+2*k22 +2*k23+k24);

118
119 k31=i*wref*kk3*conj(A4).*A2*exp(-i*jj*x);

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

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

122 k34=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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125
126 k41=i*wref*kk4*conj(A3).*A2*exp(-i*jj*x);

127 k42=i*wref*kk4*(conj(A3)+step /2*k41).*(A2+step /2*k41)*exp(-i*(jj+step /2)*x);

128 k43=i*wref*kk4*(conj(A3)+step /2*k42).*(A2+step /2*k42)*exp(-i*(jj+step /2)*x);

129 k44=i*wref*kk4*(conj(A3)+step*k43).*(A2+step*k43)*exp(-i*(jj+step)*x);

130
131 A4=A4+step /6*( k41+2*k42 +2*k43+k44);

132
133 spectrum1=fft(A1);

134 spectrum2=fft(A2);

135 spectrum3=fft(A3);

136 spectrum4=fft(A4);

137 spectrum1=spectrum1 .*exp(-alpha /2*( step /2)) ;

138 spectrum2=spectrum2 .*exp(-alphaSH /2*( step /2)+i*((beta1 -beta21)*w)*(step /2)) ;

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

140 spectrum4=spectrum4 .*exp(-alpha /2*( step /2)) ;

141 op_pulse(ln ,:)=abs(A1);%saving pulses at all intervals

142
143 op_pulse2(ln ,:)=abs(A2);

144
145 op_pulse3(ln ,:)=abs(A3);

146
147 op_pulse4(ln ,:)=abs(A4);

148
149 XXX(ln)=max(abs(A1));

150
151 ln=ln+1;

152 end

153
154 figure (500);

155 [X,Y]= meshgrid ([step:step *2:L]*100000 , tau *10^(12));

156 Z=( op_pulse (1:2:ln -1,:) ’).^2*1000;

157 plot3(X,Y,Z);

158 % title(’Pulse Evolution ’);

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

160
161 figure (501);

162 [X,Y]= meshgrid ([step:step *2:L]*100000 , tau *10^(12));

163 Z=( op_pulse2 (1:2:ln -1,:) ’).^2*1000;

164 plot3(X,Y,Z);

165 % title(’Pulse Evolution ’);

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

167
168 figure (502);

169 [X,Y]= meshgrid ([step:step *2:L]*100000 , tau *10^(12));

170 Z=( op_pulse3 (1:2:ln -1,:) ’).^2*1000;

171 plot3(X,Y,Z);
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172 % title(’Pulse Evolution ’);

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

174
175 figure (503);

176 [X,Y]= meshgrid ([step:step *2:L]*100000 , tau *10^(12));

177 Z=( op_pulse4 (1:2:ln -1,:) ’).^2*1000;

178 plot3(X,Y,Z);

179 % title(’Pulse Evolution ’);

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