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The continuously growing Internct traffic has resulted in a huge amount of data
flow in the optical networks, particularly along with the recent developments of
3G/4G service, cloud computing, and Internet of things. IIigh-dala-ralc‘(1p{ical
transmission and interconnection are highly desirable in the near future. for next
generation communication networks. Accompanied with the traffic growth 1s the
requirement for faster signal processing technology. In this regard. all-optical
processing plays a key role in eliminating optical-clectrical-optical conversion, thus
offering unmatched operation speed with reduced complexity and  power
consumplion. This thesis tocuses on high speed all-optical signal processing
technologics based on innovative fiber-based interferometers, including Mach-
Zehnder and loop mirror interferometers constructed by photonic crystal {iber
(PCI), bircfringent fiber and highly nonlinear liber (1INLI).

Photonic crystal fiber based Mach-Zehnder interfcrometer (PCE-MZIT) s
constructed by a single line PCF, which is an in-line, all-fiber and coupler free
device. As a delay interferometer (D), PCF-MZI offers enhanced thermal stability
in its opecration. To date, applications of the in-fiber PCF-MZ. arc mainly focused
on optical sensing instead of communications, which is a major objective in this

thesis work. We have fabricated PCEF-MZls with different PCF lengths to introduce



desirable delays for optical signal processing, including differential phase shift
keying (DPSK) demodulation, pulsc format conversion, rtepelition  rate
muluplication and high speed optical time-division-multiplexing (OYDM) signal
gencration. .

Orthogonol frequency division multiplexing (OIF1DM) has atiracted quite a
lot of interests due to tts incomparable advantages in high spectral efficiency optical
communication, which sigmficantly enlarges the optical transmission capacity.
Optical demultiplexing (DEMUX) of QFFDM signals requires I'IFI processing.
which can be efficiently achieved by using cascaded delay interferometers. We
theoretically and cxperimentally studied the transmission properties ol cascaded and
multi-section Sapnac interferometers and demonstrated their application for the
optical OFDM Dli\/IUX‘. ‘4-channel OIFDM  DEMUX is  expenimentally
demonstrated with open cye obtained.

Optical time-division-multiplexing is another promising solution lor high-
speed signal generation. Using the in-fiber PCF-MZI. we have also performed
OTDM signal generation at dilferent bit rates. The setup oflers comparable
performance to commercial multiplexers. We generated 160-Gb/s and 320-Gb/s
OTDM signals based on PCF-MZls.

Our study on optical processing of high speed OTDM signals continues with
fiber-based techniques using third order nonlinear effects. Based on HNLIE, we can
construct active fiber interferometer, namcly here as nonlinear optical loop mirrors
(NOLM). We investigate dispersion asymmetric nonlincar optical loop mirror (DA-
NOLM) based on cross phase modulation for simultancous two-channcl
demultiplexing (DEMUX) using only a single baseband control pulsc.

Reconfigurable DEMUX has been achieved for 40-Gb/s OTDM Signals. The



DEMUX are also switchable between two-channel and single-channcl operations.
Uilizing the tunable delay, DA-NOLM has also been applied to signal processing
including pulse format conversions, and repetition rate multiplication.

With dispersion management inside the loop mirtror interferometer, we have
further proposed and demonstiratcd a modified DA-NOLM. The new device
introduces a larger asymmetry in the propagation of the two interfering branches
while maintaining ‘a zero total dispersion in cach of them. Consequently, pulse
broadening is reduced and higher-bit ratc operation is supported. With the device,
we have successiully achieved error-free two-channel DEMUX for 80-Gb/s O1T1DM
signals.

We also investigated signal processing using nonlincar devices bevond those
fiber interferometers. FWM is utilized for chirp magnification which was
successfully applied to optical comb generation for obtaining optical OFDM signals.
Optical comb generation with cextinction ratio enhancement and [latness
improvement 1s demonstrated uttlizing a stimulated Brillouin scattering (SBS)
based optical loop mirror. Clock recovery of OTDM-OOK signals has been

successfully demonstrated over a wide range of bit rates using the SBS loop mirror.
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Chapter 1: Introduction

Telecommunication is the foundation of the information technology industry that
has been drawing huge investment interests, which has been hightighted in Obama's
first Statc of the Union Address speech for United States and also in the twellth
five-year-plan outline {or national cconomic and social development of the Peoplc’s
Republic of China [1, 2} Y'or example, in the twelfth {ive-year-plan for China. the
next generation information technology industry is exclusively mentioned as onc of
the seven strategic new industries. Included in the twelfth five-year-plan arce the
developments for advanced wideband networks, convergence of the three networks,
applications of interconnecting of things and cloud computing, which are also
emphasized in the Prime Minister Wen Jiabao’s government report 2011
Accompanied with those attentions is the rapidly growing data traffic demand for
telecommunications, including mainly the next-generatton optical communication.
For next-gencration optical communications, the main issuc 15 o incrcase
the bandwidth for the urgent demand of more data traffic [3-5]. China-Telecom, as
the biggest fixed-nelwork communication company in China, 1s lrying lo invest
more than 150-billion RMRB in the project of “optical networking city” within the
next five ycars starting from 2011. The project will tocus more on high-speed
optical transmission for the backbone-network and wideband optical access for
fiber-to-the-home (FTTH), which enables us to network the main cities by optical
fibers and so called “optical networking city”. The aim is to significantly increase
the access bandwidth up to 10 times but continue to reduce the cost for customers.

Shown in Fig. 1.1 is the Internct speed and costs around the world [6].
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Fig. 1.1 The Internet speed and costs around the world by Organization for

Economic Co-operation and Development (OECD) [6]

1.1 Introduction to Next-Generation Optical

Communications

The history of optical communication can trace back to 1970s, right after the mature
fabrication of low-loss optical fiber and the invention of laser. The first generation
()f. optical communication was launched in late 1970s, when the transmiiters,
receivers and optical fibers were operated around 800-nm wavelength. At that time,
45 Mb/s data rate is allowed to transmit with 10-km repeater spacing [7].

With the operation wavelength moved to 1300-nm region, where the fiber
loss is below 1 dB/km, the second generation optical communication systems with
data rate up to 1.7 Gb/s and repeater spacing of 50 km, were commercially available,
by the late 1980s |7].

The third generation optical communication systems operate at 1550-nm
region, where the fiber loss was only 0.2 dB/km based on the fabrication technology
in 1980s. However, due to the fiber dispersion at 1550-nm region, the launch of

1550-nm lasers for transmission was delayed [8]. Until 1990, 2.5 Gb/s optical

2
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communication sysiecms arc commercially available with the capability of 10Gb/s
operation, which is so called the third genceration optical communication. At that
time, the signal was regenerated periodically by using clectrical repeaters spaced by
60-70 km. which had been significantly enlarged compared to the older generation
systems [8]. Coherent detection, which was able to significantly increase receiver
sensitivity, caught a lot ol interest at that time.

The applications of {iber amplificrs and wavelength division multiplexing
(WDM) arc l_hc core tssues tn the fourth generation of optical communication
systems. The advent of WDM around 1992 started a revolution of the optical
communication with the system capacity doubled every six months. 10-Th/s system
capacity was achieved by 2001. In onc record experiment in 2005, 300 wavelengths
were transmitted over 7380 km with a bandwidth-length (BL) product of 25.000
Th/s-km. Commercial systems with 3.2 Tb/s capacily, 40 Gb/s for 80 wavelengths,
together with the use of Raman amplification, were available by the end of 2003 |7,
81.

By examining the cvolution history of optical communications in the tast
forty years, we can find that the data rate per wavelength has been increasing from
tens of Mb/s to over 400 Gb/s for industry, along with the improvement of optical
fiber fabrication, scmiconductor and optoelectronics developments, and the use of
advanced modulation formats and multiplexing technologics. 'F()day, the rapidly
growing data tralfic leads to the demand in higher speed optical transmission and
faster optical access, which are the main topics for next-generation, the fifth-
generation optical communication networks [ 8],

Fiber-optics is the foundation of optical communication. Nowadays, the

fabrication of high quality optical fiber is very maturc. The loss can be maintained
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at a very low level beneath 0.2-dB/km. This low loss transmission is the key feature
of optical fiber, which is quoted as one thing that is impossible to be replaced within
one hundred years, by Charles Kao (the 2009 Nobel Prize winner). Recently.
researchers are looking into photonic crystal fiber (PCE) and plastic fiber for next-
generation optical communications. IFor example, low-loss and large-mode-arca
single mode photonic crystal (ibers (PCFs) have been demonstrated for high-speed
WDM transmission [9].

In laboratory. there are demonstrations of high data rate over Th/s utilizing
multiplexing technologies such as wavelength division multiplexing (WDM),
optical time division multiplexing (OTDM) and orthogonal {requency division
multiplexing (OFDM} |10}. Presently, WDM is the major technology at hand that is
capable to meet the high bandwidth in optical nctworking for next-generation
optical communication. The single carrier speed is under the evolution from 10
Gb/s for present backbone and metro network 10 40 Gb/s and 100 Gb/s {or next-
genceration networks [11]. Now, the aim is 400 Gb/s.

To achieve such a high speed modulation data rate up to 100 Gh/s or 400
Gb/s over a single wavelength (channel), advanced modulation {formats is nceded.
Among those arc differential quadrature phase shit keying (DQPSK) and quadrature
amplitude modulation (QAM), which are drawing a lot of interest for long haul
transmission and metro networking. Dual polarization QPSK (DP-QPSK) has been
chosen as the modulation format for 100 Gb/s system [11, 12].

The Optical Internetworking Forum (O1F), launched in 1998 as a non-profit
organization, has been doing a lot of work for the standardization of 40Gh/s-
100Gb/s architecture and framework [12]. It started in 2007 when the first rumors

surfaced that the IEEE would be working on a 100-Gb/s projcct. Now, the progress
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ol 100-Gb/s has come to the commercial implementation  period  and
teleccommunication service providers are beginning to install the system or upgrade
from the 40-Gb/s system to 100-Gb/s. In March 2011, the first 100-Gb/s long haul
backbone network was successfully launched in lurope between Pans and
Frankfurt by Verizon, an American telecommunication service provider {13, 14].
Telecoms hke Tuawei, Alcatel-lucent and NSN have all announced their 100-Gb/s
solutions. However, for 400-(Gb/s system, the standardization of the architecture and

networking 1s still under progress.

1.2 Overview of Optical Signal Processing

Signal processing is embodied in optical communication as a key role covenng the
whole system from transmilter to receiver, which appears to have growing
importance along with the speeding up of the data rate to 40 Gb/s and 100 Gh/s.
Currently, in optical communication systems, signal processing is performed mostly
in the clectric domain which usually neceds optical-electrical-optical (OFQ)
conversions. ‘This is acceptable when it is done at the ends (the transmiitter or
reeeivers) but becomes a burden of the system when it is done at the nodes. The
limited speed of OLIO conversion is also a bottleneck for all-optical networks in
next-gencration oplical communications. Therclore, optical signal processing,
which has ultrafast processing speed, will play a key role in building up the all-
optical nctworks and improving system performance of optical communications.
Optical signal processing s particularly important for making the system
more flexible and robust for high-speed and ali-optical networks. Advanced optical
systems nced various kinds of signal processing at the nodes or the ends, such as

wavelength  conversion, oplical  regeneration, optical  multiplexing  and
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demultiplexing, wavelength multicasting, optical demodulation, optical logic gating
and so on [15]. Generally, the processing can be classified into passive optical
signal processing and active optical signal pmccs‘sing‘ bascd on how the scheme
functions. Passive optical signal processing 1s based on passive devices with various
functions in optical systems, typically in passive optical networks (PON). Active
optical signal processing usually has better reconfigurability and tunability
comparcd to passive optical signal processing.

Usually, passive and active optical signal processing techniques are targeted
in different arcas and they are quite separated with each other. Passive devices are
usually more preferred due to speed limitless operation and very little power
consumption. Mcanwhile, some functions that arc usually processed by passive
devices can also be achicved actively. As an example, DPSK signals can be
demodulated by delay interferometers and also by nonlincar optical loop mirrors
that offer key advantages 1o improve the system performance,

Due to the ultrafast response speed, the present active optical signal
processing techniques are mostly focused on optical nonlincar cffects in highly
nonlincar optical fibers (IINLF), semiconductor optical ampliliers (SOA). nonlincar
crystals like periodically poled lithium niobate (PPI.N) and so on. Compared with
HNLF, SOA and PPLN have better compactness. However, TINLE, especially
specialty HNLFs such as PCF and bismuth fiber, also catches much interest due 1o

their ultrahigh nonlincarity, tailorable dispersion, all-fiber operation and so on.

1.3 Interferometers in Optical Communications

Among different optical signal processing devices, interferometers are particularly

important and thcy have been in use in a lot of systems configured as filter,
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modulator, demodulator, multiplexcr, demultiplexer, regenerator, format converter
and 50 on. In optical scnsing, interferometers are also very much uselul. Once of the
most notable examples ol interferometer is the gyroscope for navigation. which is
actually onc kind of angular velocity sensing. In thts section, we will have a brief

overview of widely used interferometer devices i optical communications.

Mach-Zehnder interferometer
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Fig. 1.2 Principle of the interferometers.

Fig. 1.2 shows the schematic illustrations of the four leading kinds of
interferometers: Mach-Zehnder interferometer, Michelson interferometer, Sagnac
inter{erometer, and Fabry-Perot interferometer.

Among those interferometers. Mach-Zehnder interfcrometer (MZ1) has the
simplest structure but the widest application. For example, the widely using Mach-
Zehnder modulators are all constructed based on Mach-Zchnder configuration. The

up-coming 100-Gb/s DP-DQPSK modulator is based on a dual paratlel Mach-
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Zehnder structure. The DPSK demodulators, fabricated by optical fibers or silicon
waveguides, are also constructed based on MZI. Some other examples of MZi
devices include wavelength interleavers, demultiplexer, pulsce format converlers and
so on. One should notice that Mach-Zchnder modulators arc actually active
interferometers which are driven by clecirical signals. The operation differs from
passive interferometers such as DPSK demodulators.

Sagnac interferometer can be taken as a variant ol Mach-Zchnder
interferometer, which has the two arms replaced by the clockwise and counter
clockwise operations. Michelson interferometer’s application arca is more hkely in
sensing, such as measurement and monitoring, rather than in communication.
Irabry-Perot interferometer has been widely used both in optical communication and
optical sensing. lYor example, lascrs, particularly high power sohd state lasers, are
often based on Fabry-Perot structures.

Optical fiber based interfcrometers are particularly interesting duc to their
all-fiber structurc, which has advantageous interface lor compatible fiber
intcrconnection in optical fiber systems. Fiber based mterferometers also have the
well performed compactness, stability and robustness. There have been
demonstrations of realizations of interferometers based on optical fibers, including
fiber coupler based Mach-Zehnder interferometer, birefringent {iber bascd Sagnac
interferometer, in fiber micro-cavity as IFabry-Perot interferometer, and {iber grating
basced in-line Mach-Zchnder interferometer.

Usually, fiber interferometers arc identified as passive devices. There arc
also many nl)nlinear optical signal processing devices constructed based on optical
loop mirrors (NOI.M), which can be considered as active interferometers. Generally,

the optical switching of NOLMs 1s due to control of the interference between
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clockwise branch and counter clockwise branch light waves. The optical control
introduces an optical modulation and thus enables the relevant processing functions.
IExamples of optical signal processing in those active interferometers include all
optical regeneration, pulse compression, clock recovery and DPSK demodulation.
One can notice that the signal processing applications originated from
interferometers cover quite a large area in optical communications, especially from
a comprehensive viewpoint including innovati\;e devices like NOILMs as active and
nonlincar interferometers. A systematic overview with focused study of recent
innovative fiber interferometers will be desirable and useful to rescarchers in the

ficld, which is going to be explored in this thesis.

1.4 Organization of the Thesis

Recently, along with the extended use of advanced modulation formats and
multiplcxing techniques in optical transmission and access, there are increasing
interest in optical processing in which interferometers are playing an important role.
This thesis focuses on a series of innovative fiber devices with emphasis on fiber
interfcrometers  for optical signal  processing in next-gencration  optical
communications.

The introduction of next-generation optical communications with a review
of optical communica‘lion history, overvicws of optical signal processing and
intérferomctcrs for optical communications has been discussed in Chapter 1.

In Chapter 2, we describe the fabrication of photonic crystal fiber based
MacH-Zehn_der interferometers (PCF-MZIs). Their applications in optical signal

. processing are experimentally studied. Included are DPSK demodulation, pulse
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format conversion, repetition rate multiplication as well as high spced OTDM signal
generation.

OFDM is an attractive solution in next-generation communications for long
haul transmission and optical access. Cascaded delay interferometers can be used 1n
optical OFDM demultiplexing, which has been introduced in Chapter 3. Cascaded
and multisection Sagnac interferometers are  studied  theoretically  and
cxperimentally in this chapter. Designs of optical Ol-‘l)M demultiplexers are
demonstrated based on cascaded and multisection Sagnac interferometers. Optical
demultiplexing of OFDM signals has been experimentally mvestigated.

Optical nonlinearitics have been utilized for all-optical signal processing
offcring advanced performances. In Chapter 4, we first introduces the nonlincar
cffects in optical fibers, including self-phase modulation, cross phasc modulation,
four wave mixing, and optical parametric amplification. Nonlincar optical loop
mirrors (NOLM) as active and nonlinear interferometers are also introduced in this
chapter.

Dispersion asymmetric NOLM, as a variant of NOLM. is investigated in
Chapter 4. Reconfigurable OTDM demultiplexing is demonstrated bascd on the
DA-NOLM. Two-channel optical DEMUX using a single bascband control pulsc
train is achieved for 40-Gb/s OTDM signals. A modified configuration of DA-
MOLM is presented with dispersion managemcent inside the loop mirror.
Reconfigurable two-channel DEMUX of 80-Gb/s OTDM signals is demonstrated.
Other applications of DA-NOLM for repetition rate multiplication and pulse {ormat
conversions are also discussed.

In Chapter 5, optical comb generation and clock recovery are studied based on

nonlinear signal processing techniques. Degenerate four wave mixing (FWM) 1s
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utilized for chirp magnification o generate an optical comb with improved number
of sub-carriers. Based on stimulated Bnllouin scattering (SBS) loop mirror, we
demonstrate the gencration of improved optical combs with enhanced extinction
ratio and flatness. Bit-ratc variable optical clock recovery of OTDM signals is
experimentally studied.

Chapter 6 presents a summary of the thesis along with suggestions for the
futurc work. The undcrstanding and proposal of sceveral cutting edpe techniques in

the area of high speed optical communications are discusscd.
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Chapter 2: Optical Signal Processing

based on PCF-MZI

Photonic crystal fibers (PPCF) have been widely studied with increasing interest
because of their wide ranéu of improved optical properties and the ability of
flexibly mantpulating these properties |1]. Accordingly. many improved PCEF
devices have been demonstrated such as PCI gratings |2}, PCL filters [3]. and PCF
couplers [4]. Based on their light guiding mechanism, PClIY can be divided into
index guiding PCF and bandgap guiding PCT |5, 6]. Presently, the leading PCI s
index-guiding based on air-silica structure with air holes axially aligned 10 the {iber.
Interferometers built based on PCI- have drawn a lot of interest among those
PCIF devices [7]. Variant of PCFE interferometers have been introduced in Chapter 2.
including Mach-Zchnder interferometer [8], Michelson interferometer {91, Sagnac
interferometer [10]), and Fabry-Perot interfcrometer [11-13]. Advanced properties
such as in-line and compact structure, stable and tunable operation. all-fiber feature.
and easy {abrication, can be obtain due to those unique characteristics of PCE.
Photonic crystal fibers based Mach-Zchnder interferometer (PCEF-MZID) s
constructed bascd on PCI, utilizing its core mode and cladding mode guidance for
the interference |8, 14-20]. In this chapter, we investigate the in-line Mach-Z¢chnder
interferometer which is constructed by PCF. The principle of the in-line PCF-MZI
1s discusscd in Scction 2.1. The fabrication of PCF-MZI is studied in Section 2.2.
together with the experimental characterization of the fabricated PCI-MZIs. In
Section 2.3, DPSK demodulation 1s demonstrated based on the PCE-MZL. ihe
optical pulsc format conversions including RZ-t0-NRZ and NRZ-to-PRZ are

14
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studied in Section 2.4. The repetition rate multiplication and high speed OTDM

generation based on PCEF-MZ] are discussed in Section 2.5.

2.1 Photonic Crystal Fiber based Mach-Zchnder

Interferometer

2.1.1 Operation Principle

Photonic crystal fiber based Mach-Zchnder interferometer (PCF-MZI) is known as
an all-fiber in-line delay interferometer (IDI), which has a relative delay introduced
by the index difference between the core mode and the cladding mode of the PCF
[8]. Due to the unique air-hole structurc of PCF, the index difference between the
corc mode and the cladding mode can be quite large, which implies that a short PCE
can be used to introduce a large delay while keeping optical attenuation of the
cladding mode at a low level [21, 22). The in-fiber PZI°'-MZ1, as a DI with an in-
lincl structure and cnhanced thermal stability, has been demonstrated favorably in

optical sensing |17-19, 23].

Mismatch Mismatch

SMF splicing PCF splicing SMF

Fig. 2.1 Schemuatic illustration of the PCI-MZI principle in this work.

Fig. 2.1 shows the schematic illustration of a PCF-MZI, which is fabricated

by mismatch splicing [8]. The mismatch between single-mode fiber (SMF) and PCF

L5



Chapter 2: Optical Signal Processing based on PCE-MZ

allows the input light to be split into the core and the cladding of the PCF, resulting
in light propagating as core mode and cladding mode, respectively. Therefore. we
can take the core and the cladding as the two arms of a Mach-Zchnder
interferometer. The core mode and cladding mode, which are characterized by
different effective indices, Poyre AN Pepgamg, have different light propagation speeds
in the PCF. Conscquently, a relative group delay is developed after the propagation.
When the core-mode light and the cladding-mode light are recombined at the PCF
output cnd that is mismatch-spliced with another SMF, interference will 1ake place

and result in a transmission spectrum described as follows |8, 14]:

T2 = Ly O+ Ly A+ 21 (A g0 (A) COSQARL L L) (Fg.2.1)

A

— —_ — _ i1 D
An = B e nu."ad.:fmg - 27!_ (ﬂt_‘m'r ﬁ:.'."mfdm;: ) ( ]“Ll""z]

where foore and Beruaaine are the propagation constants, and /, ,..(4) and LugpmfA) arce
the light intensities of the core mode and the cladding mode at the PCI output,
respectively. L is the physical length of the PCIl and 2 is the waveiength. The
o.pcration principle is based on Mach-Zehnder interference with the core and
cladding modes taken as the two interference arms, as shown in Fig, 2.1. According
to Eq.2.1, the transmission is periodic with respect to frequency and is usually
represented by a comb-filtering spectrum. The spacing A2 between adjacent
constructive peaks (destructive valleys) can be described as:

A2 27A

Al = =
(ncon: -nclndl'ug )L (ﬂ core ﬂ vladdding )1‘

(5q.2.3)

We define a delay coefficient D corresponding to the relauve lime delay between
core mode and cladding modc in onc-meter PCF. Thus, the relative delay ¢ and

the dclay coefticient D are given by:
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“ 2 2
Al = L - L /1 ]):ﬂx_{\_’z— ;l'

= . = (Eq.2.4)
cln,. ci/n cAA L ¢ clAZ

clading
Hence, the delay coefficient of the in-fiber PCF-MZI is solely determined by the
effective index difference An between core-mode light and cladding-mode light,

which is in turn governed by the splicing mismatch and the PCF structure.

2.1.2 Core mode and Cladding Modes in PCF

These uniqilc features of PCF interferometers come from the fact that optical
propertics of the guided modes in the core can be easily manipulated by changing
the air-hole structure in the cladding [24, 25]. While there has been significant
attention has been paid to the study of core modes of PCFs, the importance of
cladding modes should also be highly valued. Particularly for PCF-MZI which is
based on core-mode cladding-mode coupling, the understanding of cladding mode

is necessary |21]. The modal properties including the core mode and cladding mode

in a PCF is going to be studied in this section.
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Fig. 2.2 Sectional image of the PCF using in this work (a) and the calculation

model with 4 rings of air holes in the cladding (b).
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In this work, we are experimentally using a PCEF with 5 rings of air holes in
the cladding. The cross sectional structure ol the PCI used in this work is depieted
in I'ig. 2.2(a). The pure silica PCF has a hole-to-hole spacing (adjacent hole-pitch)
of D=58um, a hole diamcter of ¢=3.3um in the cladding, and a ~7.8-um core
diameter. Due to the huge memory request of a 5-ring model, which is out of our
computer calculation capability, we will use a 4-ring modcl instead as shown in g,
2.2(b). It can also give us reliable results of the cladding modes.

IFig. 2.2(b) shows the calculation structure of an index guiding PCE with 4
rings ol air holes in the cladding. The background material is fused silica which has
a refractive index of Ngiew—=1.45. The air holes arc hexagonally distributed with a
diameter of « and adjacent hole-pitch of D, 3.3 pm and 5.8 pum, respectively. The
PCF is surrounded with a ring of perfectly matched layer (EML) lor absorbing the
leaked power and cnables us to calculate the leak loss of the guiding modces |24, By
using means of full-vector finite e¢lement method (FEM, COMSOIL [25]).
Maxwell’s equations could be solved and numerical calculations with complex
propagation constants given as M=f+ia can be derived. [25] where f is the
propagation constant and « is the attenuation constant. The leakage loss 4 with a
decibel per meter scale has a relationship with a: A. = 20xlogyo(e)xa = 8.686>u.

Shown in Fig. 2.3 is the intensity profile of core mode LPOL at the
wavelength of 1550 nm (the following mode profiles are all for 1550 nm). The well
confined optical field in the silica core indicates a small confinement loss (2x 107’
dB/km). The arrows indicate the clectric field directions. There is also another
degenerated 1.PO1 mode with orthogonal electric ficld directions with respect 1o the

one in Fig. 2.3(a). So, thc core mode LP0O1 includes the degenerated HET modes
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with two orthogonal electric directions, the same as the conventional step index

fibers. The effective modal index of core mode LLPO1 1s calculated to be 1.44474.

[t

(a) (b)

Fig. 2.3 Mode intensity profiles of LPOI core mode and LP02 cladding mode.

Cladding modes 1.PP02 is shown in Fig. 2.3(b), which correspond to two
HE21 eigen modes in two polarization directions. The mode intensity profile is
simillar to the [.P02 mode of the conventional step index fibers, only the most of the
power ¢.g. 98.5% is within the cladding. LP11 modes are also calculated as the
intensity profiles shown in Fig. 2.4, the TEQI mode, HE21-x mode, HE21-y mode
and TMO1 mode. It can be seen that most of the power of the cladding modes,
including [.LP02 and ILP11 modes, are well confined in the cladding, which results in
the smaller effective modal indices as shown in Table 2.1.

The effective indices of cladding modes in Table 2.1 are around 1.434,
which indicates a mode index difference of ~0.01, §incc the effective index of the
corec mode (the fundamental mode) is ~1.444. The simulation results correspond to

a delay coefficient of ~33-ps/m according to Eq.2.4.
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Table 2.1 Effective modal indices for [.LPO2 and LP11 cladding modes

Ciiiﬁ_idin J modf_:s Neg
LP02 | HE12-x | 1.434462
HE12-y | 1.434461
LPI1 | TEOI | 1434221 |
HE21-x | 1.434208 |
| HE21-y | 1.434207

TMO1 | 1.434195 |

(a) (b)

(c) (d)

Fig. 2.4 Mode intensity profile of LP11 cladding modes: TEOI mode (a), IHIE2]-x

mode (b), HE21-y mode (c) and TM0OI mode (d).
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Higher order cladding modes are also supported by this PCF structure, such
as [.P21 and LP12 cladding modes. Since most the power will be coupled to the
lower order cladding modes, which would be LP11 modes for the PCF we are using
in this work [17], higher order cladding modes are not further investigated.

The leakage losses (confinement loss) for LLP0O2 and LP11 modes are close
to cach other and it is calculated to be ~10 dB/km, which is much larger than that of
the core mode (2x107 dB/km). It is difficult to utilize the cladding mode
propagation {or long distance transmission duc to the large loss. However, in the
study of PCEF-MZI {abrication which usually needs only a short length of PCFE like
several meters, the loss contributed by the confincment of cladding mode is

minimal.

2.2 PCF-MZI: Fabrication and Characterization

‘The fabrication of the PCF-MZI in this work 1s based on mismatch splicing between
SMI's and PCF, which has been schematically iilustrated in Fig. 2.1 [26]. In Fig. 2.5,
thc zoomed picture shows the splicing between SMF and PCF. The cladding
diameters of SMF and PCI are both 125 pm. A small offset between SMF and PCF
can be scen from the microscope picture in Fig. 2.5, The oftset between the cores of
SMI" and PCYF enables the power splitting and thus couples the input light into both

the corc mode and cladding mode in the PCF for propagation separately.

2]
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Mismatch Mismatch

SMF spﬁ(‘.“ing PEF splicing SMF .

Fig. 2.6 PCIF-MZIs with 20.4-cm PCF (left) and I1-mm PCF (right)

The pictures of two PCF-MZIs fabricated with 20.4-cm PCF and 1-mm PCF

are shown in Fig. 2.6. The relative delay can be varied by changing the PCF fiber -

length, which makes the control of the delay more precise with respect to the

conventional delay interferometers fabricated by using two couplers. One can even

obtain a very small relative delay, such as ~0.03 ps by using 1-mm PCF as shown in

Fig. 2.6, Therefore, it is possible to fabricate such a device with very short PCF and

thus make it very compact.

) & . .
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Iig. 2.7 Transmission spectrum for the PCE-MZEwith 20 4-cm PCE

The transmmssion spectrum of a PCF-MZI is shown in Fig. 2.7. The plot
shows a wavelength spacing X of 1.29 nm and a relative time dlela_\' Aol 6.2 ps
when the PCF length ts 20.4 ¢cm. The transmission spectrum ts measured using an
crbium-doped fiber amplifier (EDFA) as an amplificd spontancous emission {ASE)
light source. From the cxperimental result, a dclay coefficient of 30.4-ps/m s
obtained which is quite close td the simulation result of ~33-ps/m. The value is
consistent with the experimental results plotted in Fig. 2.8 showing about 50-ps and
25-ps relative delays (with 0.16-nm and 0.32-nm wavelength spacing) for two PCI--
MZIs with 165-cm and 82.3-cm long PCFs, respectively. The delay cocthcient of
the in-fiber PCF-MZI is mugh larger than multimode fiber based MZI |27].
bircfringent f{iber based loop mirror [28] and pholonic- bandgap fiber based delay
interferometers [29], which have delay coefficients of 3.48 ps/m, 0.91 ps/m and 10

ps/m, respectively.
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Fig. 2.8 Measured transmission spectra for PCI-MZIs with different PCEF lengths:

(a) 165.0 cm and (b) 82.3 cm.

‘The transmission spectra in Fig, 2.7 and Fig. 2.8 reveal the periodic nature
on the variation of the interference extinction ratio. The extinction ratio y(4) is
related 1o the power ratio of light (A fearelA)  ciaudingf#)) between the core modce

and the cladding mode at the PCF output and is defined by

nA)y= (lg. 2.3)

1+ JE) ]

- JER)

A large extinction ratio is obtained when the value of (47 13 close to unity.
In the in-fiber PCF-MZI, the cause of interference periodicity, 1.c., the periodic
spectral dependence of n(d) and &(4) in Eq. 2.5, is the high order cladding-mode
beating and the coupling of power between the core mode and the cladding mode
along the PCF. This coupling-beating phenomenon is similar to that in a dual-corc
fiber and can be characterized with a coupling length L, that represents the length
for a single full coupling process [30]. It 1s worth noting that L, i1s wavclength
dependent and polarization sensitive. Due 10 the variation of Ly with wavcelength,
' Ithe power leore(4) and lojauaing(A) arc wavelength dependent when the light signal

rcaches the output end of the PCF. In theory, the spectral period should be inversely

-
-~
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proportional to thc length of the PCIlY [30] which is in good agreement with our
experimental result. As shown in Fig. 2.8, increasing the length of PCI from 165.0
to 82.3 cm leads to an increasc of the spectral period of interference from to 6.3 10

13.1 nm.
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1520 1530 1540 1550 1560
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Fig. 2.9 Transmission specira of the 82, 3cm PCF-MZI measured by using swept

laser source al two difference polarization states.

The transmission of the PCF-MZI usually has much targer ER when it s
measured by laser source rather than ASE source, which has different optical
coherence. As shown in Fig. 2.9, the largest ER 1s 30 dB rather than that of 15 dB in
Fig. 2.8(b). The polarization sensitivity of the transmission is also shown in Fig. 2.9,
indicating the tunability of the transmission by adjusting the polarization. The origin
of the polarization sensitivity is mainly the mismatch splicing. Therefore, one can
utilizing other types of PCF with different methods for exciting the cladding-modes,

and thus reduces the polarization sensitivity.

2.3 PCF-MZI for DPSK Demodulation

25
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In future high-speed optical communications, differential phase shift keying (DPSK)
is an attractive modulation format as it offers improved receiver sensitivity with
balanced detection, demonstrates robustness 1o nonlinear effects, and exhibits high
. tolerance to dispersion impairments [31, 32]. In DPSK communications,
demodulation is needed to translate differential phasc information into intensity
information (for direct detection) using DPSK demodulators such as a MZI1 [32].
All-fiber MZI has been widely used in optical communications owing to its reliable
performance in multiplexing, DPSK signal dcmodu’]alion, :dmi so on. The
conventional all-fiber MZI uses two fiber couplers with a certain length difference
between the two arms to introduce a fixed propagation delay. Similar functionalitics
can also be achieved by using a birefringent loop mirror, photonic bandgap fiber

Lyot filter, or a delay-asymmetric nonlinear loop mirror |28, 29, 33].

Received signal o
U At
, @ A f

1 -bit delay s
Direct detection

""l’ S

Fig. 2.10 Delay interferometer for DPSK demodulation for direct detection.

Delay interference for DPSK demodulation

]
oo v

“-‘\X
Fig. 2.11 Schematic illustr anon of the delay interference for DPSK demodulation.
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Fig. 2.10 and Fig. 2.11 show the schematic illustrations of a DPSK
demodulator for dircct detection and the delay interference process in DPSK
demodulation. Considering the in-fiber PCF-MZI as an in-linc delay interferometer
(D1), it can be directly used for demodulation of DPSK signals.

We fabricate a PCF-MZ1 with about 300-cm PCY that introduces 91-ps
rclative delay. The delay is suitable for the demodulation of 10-Gh/s DPSK signals.
The transmission spectrum shown in Fig, 2,12 exhibits a maximum extinction ratio
ol 7.8 dB and a minimum extinction ratio of 1.1 dB (at around 1549.1 nm) for the
interference transmission. The variation of the interference extinction ratio is caused
by power coupling between the core mode and the cladding mode. The variation
limits the PCF-MZ! demodulator to operate only at periodic wavebands as the
demodulation performance is degraded when the extinction ratio is small. The
device is sensitive to bending and temperature. However, due to the compactness
and the full silica material of PCY, the device is quite stable. The spectrum remains
the same after hours, with very small temperature change and minimal vibration in

our laboratory,

285 +f s vy ooy e s e e et

o) | |
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Fig 212 Measured transmission spectrum of the 300-cm PCF-MZI.
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Fig. 2.13 Measured transmission spegrum of the 330-cm PCI-MZI.

Since the amount of splicing mismatch affects the splitting ratio of the input

power, one can adjust thc mismatch during the splicing to obtain an optimal

\ transmission spectrum and therefore realize a large extinction ratio at the desired

working waveband. Shown in Fig. 2.13 is the transmission spectrum for another
PCF-MZI with 330-cm PCF, which has a largest ER of 10.5 dB.

Alternatively, the interference extinction ratio can be made tunable through
polarization adjustment in the setup. Using the 300-cm PCF-MZI for 10-Gb/s
DPSK demodulation, by adjusting the polarization controller (PC) before the
demodulator, we have successfully realized DPSK demodulation over the whole

waveband with respect to'the transmission spectrum in Fig. 2.12.
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Fig. 2.14 Experimental setup for DPSK demodulation by in-fiber PCF-MZI TL.

tunable lasér; PC: polarization controller; BPF: band pass filter. Inset: the picture

of the 300-cm PCI°-MZI.
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Fig. 2.15 Measured specira and eye diagrams of the demodulated 10-Gb/s RZ-
DPSK signals at (a) 1547.094 and 1547.046 nm; (b) 1549.204 and 1549.155 nm;
(c) 1551.318 and 1551.268 nm. The upper and lower plots show constructive and

destructive interferences, respectively.

() (b) (c)

e TR s b R Y T ] PG - S w——
Fa i @154? 101nm , - i @1549 078nm - : @1551 241nm
s 0N € A T, & \ | pmmme
L oo i A000. | Nec
§ = - =3 | £ Y- |1 7, S i
2 “1, 1547.4480m_ 3 77 [l @15497171nm ! 3 i @1551 7gonm :
£ Y2 E | h N ¢
B {a :{/r, A f\, ,-"‘ s J {-(\{,-
- 3 = N | b 4

s G H S A AN - |

year 5a7 1e4B g3 w]aa 1543 1549 1550° 1851 ‘“'7.'5‘52 T T T T
Wavekmagth irem Wavakengih inm) Waeetength 1nmy

Fig. 2.16 Measured spectra and eye diagrams of the demodulated 10-Gb/s NRZ-
DPSK signals at (a) 1547.101 and 1547.148 nm; (b) 1549.078 and 1549.121 nm (c)
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1551.241 and 1551.190 nm. The upper and lower plots show constructive and

destructive interferences, respectively.

Using Ithc 300-cm PCF-MZI, we have realized crror free demodulation of
both RZ- and NRZ-DPSK signals [34}. The measured results are shown in Fig.
2.15 to Fig. 2.16. The 10 Gb/s RZ-DPSK signals,-wilh 2*1.1 pseudo random binary
scquence (PRBS), arc generated at different wavelengths of 1547.094. 1549.204
and 1551.318 nm using a tunable laser and a phase modulator. After demodulation,
clcar and widcly opened cye diagrams arc obtained as shown in Fig. 2,15, It s
worth mentioning that in Fig. 2.15(b), the demodulated cye diaprams ar 1549.204
nm exhibit no degradation compared to those at 1547.094 and 1551.318 nm shown

in Iig. 2.15(a) and (¢), even though the interference extinetion ratio at 1549.204 nm

is only 1.1 dB and is much smaller (han the values of 7.4 and 7.1 dB at the other

two wavelengths. The reason is the polarization sensitivity of the PCE-MZL which
cnables us to optimize the ER of the demodulation by adjusting the polarization.
Results of the bit error rate (BER) measurement are shown in Fig. 2.17. The
BER performances at these three wavelengths are similar and the receiver
sensitivity 1s even slightly better at 1549.204 nm. By tuning the polarization to
optimize the demodulation performance during the BER measurement, we observe
that the required power lor error-frec demodulation deviates within only 1.5 dB
over the whole wavclength range from 1547 to 1552 nm, which covers one peniod
of the variation in inlér'lbrcncc extinction ratio. Similar demodulation performance
has also been achieved and measured for NRZ-DPSK signals using the same PCI-

MZI, as shown in Jig. 2.16 and Fig. 2.17. These results indicate that the in-fiber

PCF-MZI, as a DPSK demodulator, can operate over a wide band regardless of the

30
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variation of interference extinction ratio that occurs at a fixed polarization.
Compared 1o demodulation with a typical conventional DI built with fiber couplers,

we obtlain a 1.1-dB power penalty using our PCF-MZI [26].
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Fig. 217 Bit-error rate performance on the demodulation of 10 Gb/y RZ- and NR/-

DPSK signals.

It has been indicated that variable delays can be introduced for DPSK
demodulation at different bit rates by using different PCIF lengths. Such as 50-ps
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delay for 20-Gb/s DPSK demodulation with 165-cm PCF-MZI1. Shown in Fig. 2.18
are the 10-Gb/s NRZ-DPSK demodulation eye diagrams by using four kinds of
PCF-MZls v;!ith different PCF lengths: 300-cm for 91-ps delay, 165-cm for 50-ps
delay, 82.3-cm for 25-ps delay and 41-cm for 12.5-ps delay. The widely opened cyc
diagrams with different pulse widths afier the demodulation indicate the different

relative delay, which can be used in DPSK demodulation at different bit rates.

Signal (a.u.)

Fig. 2.18 10-Gb/s NRZ-DPSK demodulation using PCI-MZIs with different relative

delays: 91-ps, 50-ps, 25-ps and 12.5-ps.

In this work, the in-fiber PCFF-MZI has only one output port which limits the
demodulator for use in balanced detection. This difficulty can be solved by splicing
a dual-core fiber at the output end and detecting the demodulated signals in the two
cores [30], while increasing the complexity of the device. There is also a tradcoff
issue between polarization insensitivity and wideband demodulation. Using the
cladding collapse method for fabrication can significantly reduce the polarization
sensitivity |8]; however, the power coupling ratio will be wavclength dependent,
thus limiting the wideband demodulation performance owing to the variation of the
interference extinction ratio. By carcfully controlling the collapse of cladding
during fabrication, it is possible to tailor the transmission spectrum. Thus, wideband
operation can still be optimized while maintaining reduced polarization sensitivity.
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The improvements can also be achicved using hybrid dual corc PCFs and
dual-concentric PCFs. Hybrid dual corc PCFs can introduce a larger delay
cocfficient with two cores respectively guided by total internal reflection and
bandgap [35]. Dual-concentric PCFs have a symmetric structure and thus has
reduced polarization sensitivity while reduced insertion loss can also be expected

[36. 37].

2.4 PCF-MZI for Pulse Format Conversion

FFormat conversion is a highly desirable technology at the gateways between
different systems owing to different characteristics of data formats and differem
requirements of the s?slcms [38]. In particular, the NRZ (non return-to-zero) pulse
format has a relatively high spectral efficicncy and has been widely used in
wavcelength division multiplexing (WDM) systems, while RZ (return-to-zcro) pulse
format is required in optical time division multiplexing (OTDM) systicms [39]. The
high temporal cfficiency obtained with ultra-short pulses cnables the generation of
ultra-high bite ratc OTIDM signals over one wavelength channel [40}. Therefore. the
conversion between R7 and NRZ, pulse formats [41, 42| is important in the gateway
between the two systems [39, 43]. On the other hand, pscudo return-to-zero (PRZ)
pulscs can be obtained from NRZ. pulses for clock tonc gencration even though they
do not carry the original data from the NRZ signal. With NRZ-to-PR7 format
conversion, all-optical clock recovery thus becomes readily available for NRZ data

(44, 45].
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Fig. 2.19 Pulse format conversions requested in system gateways.

As previously demonstrated in Section 2.2, PCF-MZI, which 1s a promising
solution for an all-fiber in-line delay interferometer, can have the rclative delay
between the two interfering branches introduced by the index difference between
the core mode and the cladding mode of the PCF. Due to the unique air-hole
structure of the PCF, the index difference can be quite large, implying that a short
PCF can introduce a large delay while keeping attenuation of the cladding mode at a
low level. The in-fiber PZF-MZ1, as a delay interferometer with an in-line structure
and enhanced thermal stability, has been demonstrated to perform favorably in
optical sensing and in DPSK demodulation for optical communications as
dc.monstrated in Section 2.3.

In this part of the thesis work, based on a PCIF-MZI with ~165 cm PCIE, we
demonstrate both RZ-to-NRZ and NRZ;lo-PRZ pulse format conversions for 10-

Gb/s OOK signals [46]. The principles are illustrated in Fig. 2.20.
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Fig 2.20 Schematic illustration of the in-fiber PCI-MZI device structure and the

operation principle for the two types of pulse format conversions.

2.4.1 PCF-MZI for RZ-to-NRZ Pulse Format Conversion

With a suitable PCY to introduce an appropriate relative delay (Ar), like a half-bit
delay (T/2), the in-fiber PCFF-MZI can be used for RZ-to-NRZ and NRZ-to-PRZ
‘pulse format conversions for QOK signals. The inset in Fig. 2.20 schematically
shows the operation principles for the conversions in the time domain. The core-
mode light and the cladding-mode light, with the same data (RZ or NRZ sequence:
1100101) but different delays (1/2 dclz.iy difference), are recombined at the splicing
point at the output. With constructive interference, the RZ pulses will be shaped
into NRZ pulses. Similarly, the NRZ pulses will be shaped into PRZ pulses with
destructive interference.

Fig. 2.21 shows the experiment sctup for RZ-to-NRZ pulse ‘formal
conversion. A 10-Gb/s RZ-OOK signal is ge;lcrated at 1549.8-nm using two
clectro-optic modulators (EOMSs), one for intensity modulation and the other for
pulse carving. The duty cycle is 50%. The signal undergoes RZ-to-NRZ format
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conversion after its transmission in the in-fiber PCEF-MZI, which is buill with only
~165 em PCF to introduce 50-ps rclative delay for the interference. The delay
results in a transmission spectrum with ~10 dB interference contrast ratio as shown

in Fig. 2.22 (the red curve).

10 Ghis 10 GHz
Signal Clock
PC ¥ PC ¥

TL -0 Teom QOO0 | Eom

PCE-M2Z) EDFA
8PF ( ) PC
] 090

Irig. 2.21 Experimental setup for in-fiber PCF-MZI bused pulse format conversion.

TL: tunable laser; PC: polarization controller; BPEF: band pyss filier.

The DI transmission spectrum shows a destructive interference at the
sidebands and a constructive interference at the center carrier frequency of the input
10-Gb/s RZ-OO0K signal (pscudo random binary sequence, PRBS. 2°'-1). With the
two sideband tones suppressed, by destructive interference of the in-fiber PCF-MZI,
the output signal has been converted to an NRY,-IO()-K‘ stgnal by spectral shaping.
The output spectrum obtained after (.3-nm Gaussian filtering (3-dB bandwidth) is
shown at the bottom of Fig. 2.22 (the bluc curve). The filter is simply used for
amplified spontancous emission (ASE) noise {iltering instcad of for further

suppression of the sideband tones.
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Fig, 2.22 Spectra of the input RZ signals (upper), PCF-MZI transmission (middle)

and output NRZ signals (bottom). BPPF: band pass filter.

The operation for an input waveform with a fixed pattern of “1100101” is
investigated. The results are depicted in Fig. 2.23(a), clearly showing the pulse
format conversion from RZ-OOK to NRZ-OOK. Next, with the PRBS data. we
perform bit crror rate (BIER) measurement. The resuit is shown n Fig. 2.23(b). A

power penalty of ~1 dB is observed at the error free detection level (BER=10").

a b
LY | (b}
-2 ] -
'5 4! ° ’
:
g > .
o s , .
w0 .81 =+ NRZ after conversion
; » RZBack-to-Back ®
-1 - . . .
> 28 28 24 22
Time (100 ps/div.) Recewed power {dBm)

Fig. 2.23 RZ-10-NRZ format conversion for 10-Gb/s OOK signals with a duty cycle
of 50%. (a) Input RZ (upper) and output NRZ (bottom) waveforms for a data
sequence of 1100101: (b) BER measurement result showing a 1-dB power penalty

afier the conversion.
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We also studied the effectivencss of our scheme for pulsce format conversion
of RZ input signals with different duty cycles. The input and output cye diagrams
are shown Fig. 2.24. It 1s observed that the output extinction ratios for input duty
cycles of 36%, 50%, and 63% arc 14 dB, 11 dB, and 9 di3, respectively. The result
indicates a more effective suppression of the side tones for input data pulses with a

lower duty cycle within the range.

A 36% duty cycle 50% duty cycle 63% duty eycle

Signal (a.u.)

Y

Time {100 ps/div.)
Fig. 2.24 Eye diagrams for RZ-to-NRZ forwmat conversions for 10-Gbss OOK
signaly with duty cycles of 36%, 50% and 63%. Upper. input RA-OOK signals;

Lower: output NRZ-OOK signals.

‘The interference contrast ratio of the in-tiber PCF-MZI varies periodically
with the wavelength as indicated in Fig. 2.9. A period of 6.3-nm has been obtained
for the 165-cm PCF-MZI. The variation of the interference contrast ratio is causcd
by directional coupling between the core and the cladding modes. As analyzed in
Section 2.2, a wideband operation is still achicvable regardless of the variation of
the interference contrast ratio, simply by polarization adjustment. Fig. 2.25 shows
the NRZ-OOK cye diagrams obtained from 50% duty cycle RZ-OO0OK inpul signal

at three different wavelengths: 1550.8 nm, 1553.8 nm and 1557.3 nm, covgring onc
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wholc period (6.3 nm) of thc interference contrast ratio variation. The widely
opened NRZ eyes indicate successful wideband operation capability of RZ-10-NR7.

pulse format conversion.

Signal (a.u.)

Time (50ps/div.)
Fig. 2.25 NRZ eye diagrams obtained from 30% diny cycle RZ-OOK signal at

1550.8 nm (bottom), 1553.8 nm (middle), and 15573 nm (upper).

2.4.2 PCF-MZI for NRZ-to-PRZ. Pulse Format Conversion

For NRZ-to-PR7. format conversion, we adopt nearly the same setup to generate 10-
Gb/s NRZ-OOK signals, except that the sccond EOM for pulse curving has been
removed. The pulse format conversion s achicved by destructive interference using
the same in-fiber PCIF-MZI. The input NRZ and the output PRZ spectra are shown
in Fig. 2.26 (with PRBS input). The ~50 ps delay results in a destructive
interference at the carrier frequency and changes the shape of the spectrum. A 0.3-

nm filter is also used here for ASE noise suppression.,
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NRZ-OOK Signal
@ 15497 nm

DI Transmrssion

PRZ-QO0K Signal-
After 0.3 nm BPF

Transmission {20dB/div.)

15492 15496 15500 15504
Wavelength (nm)

Fig. 2.26 Spectra of the inpud signals (upper), PCI-MZI transmission imiddle). and

output signuls flower).

In the time domain, the output signals show an RZ waveform for a fixed
input pattern of “1100101” and an RZ eyc diagram for PRI3S input. The results arc
shown in Fig. 2.27 and Fig. 2.28. The converted R7Z signal has a widely opened cye
with an extinction ratio of 8 dI3. Ii should be noted that the outputs do not carry the
exact original data and arc in fact PRZ signals, which is now readity for usc in clock
recovery of the NRZ-OOK signals. Meanwhile, the 165-cm n-fiber PCF-MZ can
also be used in clock recovery of 10-Gb/s NRZ-DPSIK signals since the
demodulation of signals is achicvable using a 50-ps relative delay between the

interfering branches [26. 45, 47].

A — . - -

P Iy 'y 4~~Core-mode

~ 1 hr Ny

2 1 AR

E | 1 1 < - Cladding-mode

I Rt
! ! I ‘~PRZ-00K output
- 14 1) R

Time (100 ps/div.
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Fig. 2.27 The waveforms of the NRZ-to-PRZ pulse format conversion showing the

destructive interference.

N

Time (100 ps/div.)

Fig. 2.28 The eye diagrams of the NRZ and PRZ pulses.

With a shorter length of PCF to introduce a smaller delay. the in-fiber PCE-
MZI can be further developed lor higher speed R7-to-NRZ and NRZ-10-PRZ
format conversions. Improvements can also be made by using PCFs with various
kinds of specially designed structures to minimize the inscrtion loss or to further

shorten the required fiber length, as we have discussed in Scction 2.3,

2.5 PCF-MZI for Repetition Rate Multiplication and

OTDM Signal Generation

Optical pulses are widely used in optical communication to carry digital data, or in
optical nonlinear process to obtain a high peak power. The periodically varying
optical field leads to an optical spectrum with multiple frequency carricrs, as a
result of the Fourier transform. Optical pulse source can be obtained by pulsed

lascrs as well as direct external electric-optic modulations.
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In next generation optical communication systems, high rcpf:lition ratc
opﬁ::a! pulses are very much desirable for high speed optical signal generation.
Limited by the SI;ccd of the electronic components, direct generation of a high
speed pulse source is usually difficult. Therefore, the external multipli;:uli(m of the

repetition rate based on delay interferometers has drawn much attention for high

L

repetition rate optical pulse source generation, as well as high bit rate OTDM signal

generation [48-51].
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Fig. 2.29 FFrequency domain illustration of repetition rate multiplication.
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Fig. 2.30 Time domain illustration of repetition rate multiplication.
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The principle of the repetition rate multiplication in frequency domain is
shown in Tig. 2.29, in which Advy, is the repetition rate and also the frequency
spacing between the adjacent carriers in the spectrum of an optical pulse source.
‘The multiplication will suppress the carriers alternatively and results 1 a spectrum
with doubled frequency spacing of 2% Avy,. In time domain, it is a recombining of
two pulse trains with samc repetition rate. A relative delay of half period (1/2) is
introduced so that the recombined pulsc train has a new period of /2 and thus
doubles the repetition rate, as shown n Fig. 2.30.

The comb filtering transmission of PCF-MZ1 can alternatively suppress the
frequency carriers with a 'SR cquals to half of the repetition rate of a pulse source.
In time domain, this process includes two processes. First, the low repetition rate
pulses are split into core-mode and cladding-mode which arc propagating with
different speeds in the PCE. Second, with certain tength of PCIY o introduce a half
period delay, the temporally interleaved core-mode and cladding-mode pulses are
recombined together and forming a pulse train with multiplied repetition rate. Based
on PCF-MZI, the variable pulse delay of a 10-GlHz optical pulse train is obtained as
shown in-Fig. 231, with 50-ps, 25-ps and 12.5-ps introduced by 165-cm, 81-cm and

41-cm PCF, respectively.
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0 50 100

Fig. 2.31 Variable pulse delays after different PCI-MZI transmission.

The spectra of 10-to-20 GHz repetition rate multiplication is experimentally
shown in Fig. 2.32. The multiplication is based on a 165-cm PCI*-MZI which has a
comb transmission as shown in Fig. 2.9. The output eye diagram of the 20-Gliz

pulse train is also obtained as shown in Fig. 2.33.
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Iig. 2.32 Spectra of the repetition rate multiplication with alternatively suppressed

Jrequency carriers after PCI°-MZI transmission.
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Fig. 2.33 Waveform of the 20-GHz pulse train obtained by repetition rate

multiplication from a 10-GHz pulse.

Since it is simple to fabricatc a PCF-MZI with a short length of PCF, such as
several centimeters, it 1s expected to have less complexity of repetition rate
multiplication up to hundreds of Gigahertz. Shown in Fig. 2.34 are the waveforms
of using PCF-MZI for repetition rate multiplications, including 40-t0-80 Gilz
multiplication and 80-10-160 GHz multiplication. In Fig. 2.34(a), 40-GHz input
pulse (upper) is obtained by external modulation of a CW laser; In Fig. 2.34(b), 80-
GHz 1nput pulse (upper) is obtained by time division multiplexing of a 10-Gllz

mode-locked fiber laser source with a multiplexing factor of eight.

0 10 20 30 40 - 50 60 70 80 90 100
lime (ps)

(a)
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0 10 20 30, 40 50 60 70 80 0 100
time (ps)

(b)
Fig. 2.34 Waveforms for 40-t0-80 Glz and 80-to-160 GHz repetition rate

multiplications.

PCF-MZI1 can also be used for time division multiplexing to generate high
speed OTDM signals for signal processing and testing in subsystems. Fig. 2.35
shows the process of usi‘ng PCF-MZI for 160-Gb/s O'TDM signal generation. The
80-Gb/s OTDM signal is obtained by commercial OTDM multiplier which has
three stages of 1X2 multiplexing, and thus enables us to multiplex the input 10-Gb/s
OOK signal with a factor of cight. The PCF-MZI has 20.4-cm PCI® which
imr.oduccs 6.2-ps relative delay for the multiplexing. The obtained 160-Gb/s OTDM
signal has a timing jitter of ~140-fs, which is almost the same compared with that
obtained by commercial multiplier with the smallest jitter of ~130 fs, indicating the
well performed stability of PCF-MZI.

Since the multiplexing is achieved with only half period delay without de-
correlation, the output OTDM signal will not be PRBS even with PRBS input,

which makes the multiplexed output as a Pseudo OTDM signal.
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Fig. 2.35 160-Gb/s OTDM signal generation based on time division multiplexing

using 20.4-cm PCF-MZI.

We have further investigated the time division multiplexing to obtain 320

Gb/s OTDM signal based on PCF-MZI. The 160-t0-320 Gb/s multiplexing 1s based

on the PCF-MZ1 with 10.4-cm PCF, which has the picture shown in Fig. 2.36. Its

spectrum is shown in Fig. 2.37, which indicates a frequency spacing of 2.51 nm and

thus a relative delay of 3.18 ps.
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Fig. 2.36 PCF-MZI with 10.4-cm PCF.
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Fig. 2.37 Transmission spectrum of the 10.4-cm PCF-MZI.

The input 160-Gb/s OTDM signal has firstly been comprlcsscd by dispersion
compensation and nonlincar processing [52]. The compressed 160-Gb/s OTDM
signal has a pulse width of 1 ps and a timing jitter of ~150 fs. After the multiplexing
by the PCF-MZI, 320-Gb/s OTDM is obtained with 1.1-ps pulse width and ~200-fs

timing jitter, as shown in Fig. 2.38.

lime (ps)

Fig. 2.38 320-Gb/s OTDM signal generation based on time division multiplexing

using 10.4-cm PCF-MZI.

We can also fabricate PCF-MZI suits higher bit rate multiplexing, e.g. 640-
Gb/s OTDM generation. To achieve that, further pulse compressing is required.

Higher speed signal processing utilizing nonlinear effects can thus be activated.
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Chapter 3: Optical OFDM Generation and

DEMUX

Orthogonal frequency division multiplexing (OIFDM) is a well-known and widely
used technology in wired and wircless clectrical communication systems because ol
its improved performance to overcome the inter-symbol interference (1S1) caused by
a dispersive channel [1]. OFDM has been used in the physical layer interface for
wircless systems including Wiki, WiMax, DSL and the rapidly spreading L1
Despite its advantages in electrical equalization and digital signal processing (13SP),
OFDM have recently been significantly considered for optical communications |2].
Presently, wavelength diviston multiplexing (WDM), and 1time division
multiplexing (TDM) are the leading multiplexing approaches for building up a high
speed optical communication system up to hundreds or thousands of Gigabits/s over
Ia single channel {3]. Differs from WDM and TDM which are based on single
carrier modulation, OFDM offers a limit-approaching spectral efliciency and
theoretically it can achieve the maximum capacity ol a channel. OFDM also has the
advantage of high resistance to linear dispersion.

Fig. 3.1 shows the comparison between WDM/IFDM and OFDM 2] As it is
illustrated in the left spectrum, WDM/FDM has the sub-carricrs separated by guard
bands to prevent the spectrum overlapping between the adjacent sub-carriers
(wavclengths) and thus to prevent the channel crosstalk. Compared to WDM/I'DM,

OFDM has multiple sub-carriers but no guard band between them.
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Fig. 3.1 Comparison of the spectrum between WDM/FDM and OFDM

Consider a multi-carrier signal (supcr-channel) with N sub-carriers, the
frequency spacing between adjacent sub-carriers will be A/~1/7, in which 7 is the
symbol duration. The illustration of OFDM signal in frequency and time domain are

both shown in Fig. 3.2. One can notice that, at the frequency of one sub-carrier, the
power of all other sub-carriers is zero. The temporal waveforms of the sub-carriers
LY

indicate a maintained frequency relationship which results in the orthogonality and

thus allows the overlapping of their spectra afier modulation.
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Fig 3.2 Frequency and time domain illustrations of the multi-carrier OFDM [5].
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The content of this chapter is organized as follows. In Section 3.1, optical

OFDM will be introduced. In Section 3.2, we introduce the optical OFDM DEMUX.
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Utilizing cascaded and multi-section Sagnac interfcrometers, the optical DISMUX

of OFDM signals is studied and discussed in Scetion 3.3,

3.1 Optical OFDM

The speeds of the OFDM related DSP implementation techniques have been boost
to Gigahertz, enabling the widely eye-catching applications of OFIDM for long haul
optical transmission and short distance optical access. 1owever, those techniques
themselves do not overcome the bottlencck of electronics which limits the speed
when OFDM is appliced for optical communication |6].

The up-to-date solutions of optical OFFDM generation can he classified into
the electrical approach based on DSP and opucal approach based on optical comb

[3]. which is going to be introduced in Sccuon 3.1.1 and Scction 3.1.2.

3.1.1 DSP bascd Optical OFDM Generation

The electricat approach for OFDM generation has all mapping. inverse last Fourier
transform (11'F'1) and digital to analog conversion (IDAC) processed by electronices.

LW

which offers advantages of casily electrical equalization and flexibly digital sipnal
processing (DSP) [7-9]. However, due to the electronic bottleneck., electrical
OFDM signal usually has limited speed and it must be combined with advanced
modulation and extra multiplexing techniques in order 1o increasc the speed of

optical OFDM signal [10-12]. And the system is usuaily comparably costly.
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Fig 3.3 Transmitter of the electricul approach for optical OFDM communication.
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Fig. 3.4 Receiver of the electrical approach for optical OF DM communication

IFig. 3.3 and lig. 3.4 illustrate the transmitter and recetver of the clectricul
approach for optical OFDM communication. All the processing stages before
optical modulation are implemented electronically, as well as the reverse processing
steps after the oplical transmission. Therefore, the speed and capability of the off-
linc DSP arc essentially important 1o the OFDM system performance. The off-line
cleetrical processing limits the speed but also provide casier and more {lexible DSP
for equalization, compensation and error correction.

At the transmitter in Fig. 3.3, OFFDM is realized by a digital signal processor
(DSP) using scrial-to-parallel conversion {ollowed  with inverse tast Fournier
transformation (iI'i¥'1') and subscquent digital-to-analog conversion. Then the analog
clectrical OFDM signal is transferred onto an optical carrier by clectric-optic
modulation. The modulation format could be QOK., PSK, and QAM, depends on the
request of direct detection or coherent detection.

At the receiver in Fig, 3.4, the optical signal after an optical {ilter will hrstly

has its optical ficld reconstructed by Optical-Lilectrical conversion, ¢.g., by eohcrent
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detection. Then, the reverse signal processing is applied to recover the ornginal data
from the reconstructed clectrical OFDM  signal.  Lleetrical  equalization.

compensation and crror correction can be implemented accordingly.

UX RGI-CO-OFDM with 16-QAM

ety ~ 5-Comb
E M2 ! generator
T - A
EAs i la (10GSis): | EDFA  §.GHz
ECL 7 a%6.4! | AWG L ;
PRBS: Qifline DSP ’: 7% 22.4Gb/s 7x 112Ghb/s

---------------

Fig. 3.5 Schematic illustration of a WDM-OFDM vransmitter {13/

As previously mentioned. the limited speed of clectronies for DSP only
allows the gencration of electrical OFDM signals up o several Gigabits. In order to
merease the speed, one can combine WDM together with OFDDM. A typical
transmitter has been shown in Fig. 3.5, which has been applied to optical OFDM
peneration in several works by X, Liu et ol |13-106]. At the transmitier. seven 50-
GHz spaced external-cavity lasers (ECLs) cach having [00-kHz Iinewidth serve as
the WDM light source and they were combined by a wavelength-division
multiplexer (MUX) before being modulated by an I/Q modulator to lorm seven
22.4-Gb/s CO-OI'DM channels. The generation of the clectrical OFDM is based on
the offline DSP, a data stream consisting of a pscudo-random bit sequence (PRI3S)
is transformed 1o generate an OFDM waveform, which was then stored inoan
arbitrary waveform generator (AWG) cquipped with two 10-GS/s digital-to-analog
converlers (DACs). The 5-Comb gencerator driving by a 6-Glz sinusoidat wave can
further increase the data rates with a tactor of {ive, and thus 112 Gh/s OFDM signal
can be obtained for cach channel. This 5-Comb generation process can he

[{l8]
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understood as a S-channel WDM process without guard intervals and thus their
spectra also overlap with each other. The 7 X 112 Gb/s CO-OFDM signal is shown

in Fig. 3.6 with the spectrum and the constellation diagram.
g I B
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Iig. 3.6 Spectrum and constellation diagram of the 7X112 Gb/s CO-OFDM [15].

3.1.2 Optical Comb based Optical OFDM Generation

'l‘htl: optical approach of OFDM generation is based on multi-carrier modulation, in
which a high quality optical comb source is requested [3]. The optical comb serves
as the multi-carrier source with maintained orthogonality and coherence for the sub-
carriers. Therefore, sometimes, it is also mentioned as coherent WDM (not
nccessarily using coherent detection), rather than optical OFDM |17, 18]. OFDM
has the tightest spectrum because the spectra of the neighboring channels can
overlap with each other due to the sub-carrier orthogonality, which results in a zero
power for all the other sub-carriers at the center frequency of the Ny, sub-carrier [5].
The interference effects due to spectral overlapping will be distributed in the same

way from one bit slot to another, and that the relative optical phases can be aligned
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to either increase or decrease the eye opening [17]. Thus, one can control the inter
channel interference by individually control the phase ol each carriers [17].

Since.Wlf)M has guard bands between each neighboring channels, wideband
multiplexing can be achieved covering the whole C-band. S-band and l.-band.
Hundreds of densely multiplexed channels can be obtained by WDM [19-21].
However, it is difficult to achieve wideband multi-carrier modulation for OFDM.
The difficulty comes from the request of optical comb and thc processing. A
wideband optical comb source is difficult 1o be obtained with high extinction ratio.
high carrier power and good coherence, which are highly desired quality for OFDM.
On the other hand, wideband multiplexing and DEMUX of optical OFDM signals
are also difficult. The increase of the number of sub-carrier will lead to the increasc
of the complexity in the OFDM transmitter and recciver. Therefore, super-channcl
is desired as shown in Fig. 3.7 |22-24|.

A super-channel based optical OFDM signal consists of a small number of
sub-carriers, e.g. 10 carriers each carrying 100-Gb/s data and building up a 1-Tb/s
OFDM super-channel as shown in Fig. 3.7. To further increase the data traffic while
maintaining the con:lplcxity in the transmitter and receiver, one can use wavclength

division multiplexing to combine multiple super-channels together.

Fig. 3.7 Schematic illustration of the OFDM super-channel with channel

multiplexing by WDM for terabit optical signal generation {23].
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The generation of a super-channel OFDM signal can be achieved based on
clectrical approach by DSP and also optical approach by optical comb. Fig."3.8
shows the schematic illustration of an optical approach utilized in Rel. 24, which
indicates the idea of all-optical gencration of OFDM based on optical comb. The
diffcrence between the electrical approach and optical approach is the multi-carrier
modulation, whether it is based on DSP or optical comb.

In I'ig. 3.8, a CW laser gencrates a carrier with narrow line width, which
cnsures the coherence and stability. A multi-carrier generator afier the laser enables
us to obtain an optical cogmb source with multiple sub-carriers, cach of which has a
dedicated frequency so that the {requency spacing is fixed. resulting in the
orthogonality. A demultiplexer (DMUX) splits the carriers and cach of carriers are
directed into an /Q modulator for optical modulation separately. Recombining the

modulated carricrs together forms the optical OFDM signal. the super-channel.

o 5 zaton-diversty
& moduistor array
O LXK

Laser

E% =188
Coupter
- Mu-carnen
Yl(a) generator |y - Transmit

2y
1] i@ [WWW '

i

Fig. 3.8 All-optical OIFDM generation based on optical comb for terahit optical

wiy ol

OFDM super-channel [ 24].

Usually, a frequency interteaver will be utilized instead of DMUX. The
interlcaver splits the carriers into two branches. the even numbered carriers and the

odd numbered carriers. The even and odd carriers are separately modulated in the
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two branches and optical OFDM signal is obtained by recombining them together

after the modulation [25].

3.2 Optical OFDM DEMUX

The optical comb based OFDM gencration enables single-carricr modulation bit-
rate operates at a very high speed, e.g. 54 Gb/s for each carrier [26], which requires
the optical processing at the receiver. One of the unavoidable processing steps is the
optical DEMUX for optical OFDM signals [26, 27]. Usually. it 1s called the optical
FFT process.

Fig. 3.9 shows the optical implementation of the circuit for 4-channel optical
OFDM DEMUX. Serial-to-parallel (§/P) conversion is the first stage, afier which is
the stage of sampling using optical gate for cach channel. The FIT circuit is
fundamentally based on optical interference and thus decodes the data for detection

(coherent detection or direct detection).

(@t | A_A_A
S/P Conversion "Samplmg' __. . Optcal FFT g .
Be) phase shift (273 - 2x2 coupler

Fig. 3.9 Optical’ FFT configuration for OFDM DEMUX [27].
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Fig. 3.10 Optical FIT transmission process with maiched filtering by cascuded

delay interference for OFDM sub-carrier DEMUX [27].

Variants of FIT circuits have been demonstrated, such as all-fiber
conligurations as presented in Ref, 27, The one that has been frequently used is
cascaded dclay interfcrometer configuration, which would have a  typical
transmission specirum as shown in Fig, 3,10,

Compared with DSP for FF'T, optical FFT has the overwhelming advantage
of processing speed. The optical sampling window using EOM or CAM could be
much shorter than electronic sampling windows of analog-to-digital converters
{ADC) [28]. Particularly, by using nonlinear signal processing techniques in HNILF
or SOA, shorter sampling window smallcr than picoscconds can be achieved too.
The power consumption of optical FFT is minimal. The optical FIFI" circuits

themselves consume no power apart from the inscrtion loss [27].

3.3 Cascaded and Multi-section Sagnac Interferometers

for Optical OFDM DEMUX

Sagnac interferometer is one of the most important interferometers, which has
widely been used in a lot of areas, including optical {iber communication, optical
sensing and navigation [29]. For navigation, one of thc most notable examples of
Sagnac interferometer is the configuration of gyroscope, which is actually one kind
ol angular velocily sensing. Among all the configurations of Sagnac interfecrometers,
hirelringent fiber based Sagnac intcricrometer (BIF-SI) is the most famous and also
the most widcely using one, which is also called birefringent fiber loop mirror, or hi-

bi [iber loop mirror |30].
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[n optical scnsing., BF-SI can do all-fiber and all-optical sensing for strain,
temperature, bending, liquid level, displacement, and so on |31-33] In optical
communi'calions, Bl-S1 can be directly used as optical filters, interleaver, and
wavelength division multiplexer. -With a BEF-8] included inside the laser cavity,
multi-wavelength laser can be constructed due to the comb filtering |34, 35]|. Based
on the intrinsic delay interference, BF-SI can also be used for DPSK demodulation
and pulsc {ormat conversions |36]. ' _

Particularly, with reduced implementation complexity, BI-S] can also be used
for constructing an optical FI'T circuit, meaning zl_cascadcd delay interfcrometcr.,
which can be used for optical OFDM DEMUX. In this part of the thesis work, we
are going to study the transmission properties of cascaded and multi-section Bi--Sls.

The objective 1s 1o design optical FIFT circuit for all-optical OFDM DEMUIX.

33.1 Cascaded and Multi-scction BF-S]
Generally, BF-SI is constructed by splicing a scction of biI‘C’:!'iI:I'gCI]l fiber (BBF) 0
the output ports of a 3-dB fiber coupler to build up a fiber loop mirror. as shown n
Fig. 3.11. Inside the loop mirror, the two counter propagating waves travel with
identical optical paths but in different polarization directions with respect to B[":S
main axis. Thus, a relative delay is introduced. resulting in the pernodic loss
spectrum (the comb filterning spectrum). The operation of one-section BE-S1 has
been well studied theoretically and experimentally in the literature.

We can also construct variant BF-SIs with multi-scction BEFs mside one
single loop mirror as shown in Fig. 1(b) and (¢). Consider i+1) as angle between
the main axis of BI'-i and BIF-(i+1), therefore, ¢1 and ¢(n+1) would be the angle of

input light polarization with respect to the main axis of BF-1 and Bl'-(n).

({1¢)
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respectively. For the situation with one section BF (¢ 1), we can have the

transmission function ol the BF-SI given by

o | ™

(Fq.3.1)
3

a s

T - {sin (0, +0, )cns—[i—']? - i(cusELJ1 o0, =
where, f§ — 2an il /4.0, and L, is the birelringence and {iber length of the i section
BE. The transmission spectrum for onc-section BE-SI 1s simply a comb filtering
spectrum. With ¢, - 0= n/2, meaning an orthogonal polarization direction between
the two counter propagating waves in the BE, the transmission of the interferometer
has the largest ER and smallest insertion loss. Particularly, the transmission would

only rcsponse to wavcelength rather than the polarization of the mput light. offering

polarization independent operations.

5 :
. E}.. 8(|;|-1)

BF-i BF-{i+1) BF-i BF-(i+1)

BF-1 BF-1 BF-2 BF-2 BF-(n-1)

- O o O -
81 6 01 03 &S

(a) (b) (c)

Fig. 3.11 Variamt Sagnac interferometers with multi-section BFs inside the loop
mirror.
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With two different one-section BlF-8Is cascaded together, both ol them arc

under the situation with the largest ER and the smallest insertion loss. the total

transmission function would be

D
T [cns—}:—cn. » : (15.3.2)
R it |

r e
Similarly, we can also derive the transmission functions for three (or more)

BE-Sls cascaded together, under the situation with the Jargest ER and thg smallest

insertion loss for all of them.

COS — COS —CON
Z 9

a

}"l B cos £ My (1iq.3.3)
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f - u()bﬁumiuobﬂ ---uusgl (=120 {1344
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If we consider a BE-SI with multi-scction B3EFs, Tor example. two sections ol

BFs with different fiber lengths in the fiber loop, the transmission function will he
modified as

(1..3.3)

7 = !rcus ﬁi_:ﬁ’ sin((), +- {7, ycos ),

1 -0 I
+(,05[ e cos(t), + (7, )sin ().
N

Supposc #;~0;=0=n/4, we can {ind that the transmission function can be
writien as:

3T

1T = [coq B+ by +u)b&]
4 2 .

' {hq.3.0)

[(.()b A 05'8 ] (0 +0, =10, =7
2 T4

Therefore, the transmission function of two-section BBF-S1 1s cexactly the

same as that of the two cascaded one-scection BF-Sis in Eq.3.2. The following
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spectra in Fig. 3.12 and Fig.

kinds of different BF-SIs with a same bircfringence of n-3x10™
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3.13 show the simulated transmissions for scveral
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(b) stand for one-section BF-Sls with

=25.0 m, respectively.
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IFig. 3.13 Sections-12 (a) stands for two-section BIF-SI with two BFs (L;~50.0 m

and 1.;-25.0 m), 0;+0;-0,-n/4. Section-1 t Section-2

one-section BF-Sly

respectively.

(h) stands for two cascaded

with difference BF length of L;—=50.00 m and L, -25.0 m,

I‘or three-section BF-SI, the transmission function is:

T=[4+4,+4,+4,]

069
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A= coz-;wmn(&'l +0,)cosb, cos O,
A, :c':)si:i&lglcos({)1 +0,)sin 0, cos 0, .

" 2. (kq.3.8)
A, =cos %_—ﬂi cos{f, +8,)cos 0, sin 0,

A, = -cosWsin(Q +0,)sin 8, cos O,

For comparison, we can also derive the expression of three cascaded BI-Sls
in another form:
T= L(cosﬁ'—j———ﬁz +_ﬂ‘ | cos~——ﬁ' i
4 - 2

(£q.3.9)

+C0os

- BB B ﬂz ﬁ;)’
2

Unlike the previous two-section BF-SI, it is impossible for three-section BE-

Sl to have a same transmission function as the three cascaded BI-Sls, even with

0;+0,~0,=0;=n/4. Their different transmission spectra are shown in Fig. 3.14.
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Fig. 3.14 Sections-123 stands for three-section BI-SI with three different Bls
b(L;“—“S0.0 m, L;=25.0 m, and L;=12.5 m), 0;+0,~6>,= 03~1/4. .S'ec:‘iumi-+-.\‘e¢::fmi-
2+Section-3 stands for three cascaded one-section Sagnac interferometers with

difference BF length of L;=50.0 m, L,=25.0 m, and L3=12.5 m, respectively.
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From Fig. 3.13, we can find that the spectrum of Scections-12 is exactly the
samc as Scction-1+Sections-2, as proved by Eq.3.2 and 15q.3.6. Mecanwhile, the
spectra for Scetion-1 +Section-2 I section-3 and Scctions-123 are totally different.
which also verifies (;ur conclusions from Eq.3.7, 1iq.3.8, and Eq.3.9. TTowever, by
cascading onc single-section Sagnac inlerferometer with another 1wo-section
Sagnac interfecrometer, such as Scction-1+8ections-23 and Scction-12+Sections-3,
we can also obtain the same transmission spectra as three cascaded Sagnac

nterferometers (Section-1+ Section-2-1 Section-3), as shown in Fig. 3.15.
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Fig. 3.15 Spectra of cascaded one-section and two-section Sugnac interferometers,

3.3.2 BF-SIs Designed for Optical OFDM DEMUX

The principle of optical OFDM DEMUX is based on the optical FI'T process. Phe
cascaded delay interferometers can bhe taken as one typical optical FIF'T cireuit. in
which, the relative delay for each stage is hall’of that for the previous stage [27] As
for Sagnac interferometer, the hall relative delay means hall of the BIY fiber length.
Therelore, it is very simple to construct such an all-liber delay interferometer with

cascaded or multi-section BF-Sls.

71



Chapter 3: Optical QFDM Generation and DEMUX

Based on planar lightwave circuit (PLC) |37-40]. fiber-coupler based delay
interferometer [25, 27], fiber grating [41. 42], and arrayed wavceguide grating
(AWG) 143, 44}, there have been demonstrations ol optical OFDM DEMUX up to
10 channels. Usually, at a typical base rate of 10 Glz, an 8-channel demuluiplexer
together with an extra optical bandpass filter is enough for optical DEMUX of
OFDM signals with over 8 subchanncls. In this work, we will only look into 4-
channel and 8-channel demultiplexers for 10-Gl iz bascband signals.

The configurations of 4-channcl OFDM demultiplexers are shown i Fig.
3.16: two-section Sagnac interfecrometer and two cascaded Sagnac interfecrometers,
which have the same transmission function as indicated in 19g. 3.13. The angles in
Eg.3.6 can be adjusted using polarization controtlers (PC) inside the loop mirrors,
All BFs have the same birefringence of An=3<10". but different fiber lengths:
1,=50.0 m, 1,,=25.0 m, and 1.5=12.5 m for BF-1, BF-2 and Bl'-3, respectively. For
8-carricr OFDM DIEMUX., we can use cither one configuration ol the following
oncs, which have the same transmission function: Scction-14-8ection-2 | Scetion-3.
Scction-1-+Sections-23, Scclion-2+Séctions—13 and Scection-3- Scetions-12. Shown
m Iig. 3.17 are the configurations of Section-1+-Section-2 1 Section-3 and Section-

1+8ections-23.

BF-1 __ BF-2

Y

Sections-12
(a)
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BF-1 BE-2
Q

Section-1+Section-2

{b)
Fig. 3.16 Configurations of the 4-channel OFDM demultiplexers: (a) fwo-section

Sagnuc interferometer; (b) two cascaded Sagnace interferomeiers.

¥

Section-1+Sections-23
(a)

BF-2 BF-3

et

Section-1+Section-2+Section-3

(b)
Fig. 3.17 Configurations of the 8-channel OFDM demultiplexers: (a) one-xection
Sagnac interferometer cascaded with another two-section Sugnac interferometer; (h)

three cascaded Sagnac interferometers.

Thermally or mechanically, the transmission of Sagnac interferometers can

be tuned, which is widely used in optical sensing [33, 34]. Here lor OIDM
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DEMUX, we need to shifl the transmission spectrum in order to select ditlerent
carricrs for tunable DEMUX. There are several ways to adjust the transmission
spectrum, thermally, mechanically, or clectrically. Since common birefringent liber
15 sensitive 1o temperature, temperature tuning is etficient and convenient. Bending
and stretching are also cffective, which can be realized using Cantilever or P71,
With a common phase modulator, clectrical tuning of the phase shift can also be
obtained |35].

Considering phasc chanpes of +1g, can be introduced to different birelnnpgent
fibers duc to temperature change or bending. we can shift the spectrum with
different phase change combinations. In order to achicve the DEMUX ol channeld-n,
the required phase change deg, for BI-1 should be;

2r(n -1
Ao, =¥ (1q.3.10)

For 4-channel DEMUX with conligurations as shown in Fig. 3,160 we can
obtain tunable DEMUX for all channels (from channel-1 to channci-4) with
different phase changes for BI-1 and BI-2. Table 3.1 shows the phase change

combinations corresponds to the spectra in Fig. 3.18.

Table 3.1 Phase changes ol the BFs {or tunable 4-channel OFDM DEMUX

Adpr 1 des DEMUX .
(BE-1) ' (BF-2) channet-n !
(-Dpx | (n-1p/2 | n=1,2,3.4
’ 0 0 | n={
. .22 n=2 ~
(} T i n-3 o
T ! 371!2“ I 4'
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Fig. 3.18 Transmission spectra of a 4-channel OFDM demultiplexer.

0

]

15510

We can also derive the required phase changes of diffcrent BFs for 8-carrier

OFDM DEMUX, as shown in Table 3.2 and Fig. 3.19. For 8-channcl OFDM

DEMUX, we can use any one of the following configurations, which have the same

transmission:

Section-1+8Scction-24Section-3.

2+ Sections-13 and Section-3+Sections-12.

Section-1+Sections-23.

Seclion-

Table 3.2 Phasc changes of the BI's for tunable 8-channel OFDM DEMUX

Ag, dgs> A¢; DEMUX
(BEF-1) [ (BF-2) (BF-3) channel-n
(n-I)xt | (n-1)xa/2 | (n-1)xa/4 1n-1,2,...8

. 0 0 n=1

k. /2 - /4 n=2

0 1 T w2 n=3

n /2 3n/d n=4
0 - 2n=0 X n=>5
= Sn/2= n/2 Sn/4 n=6
r 0 6n/2=n 3n/2 n=7
L n | In2-3n2 | Tn/4 n==8
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Fig 3. 19 Transmission spectra of an 8-channel OF DM demultiplexer.

Full DEMUX configurations for 4-channel and 8-channcl OFDM DEMUEIX
are shown wn Fig. 3.20 and l'ig. 3.21, For cach demultiplexed channcls. there is a
gate for sampling afier cach the I'VT process. The gate should have a narrow
switching window for the sampling. One can simply usc an EAM or an 1:0M as the
gate, based on the electric-optic modulation. Mcanwhile, i1 is foresceable that all-
optical processing technologies based on nonlinear effects can also be applicd 1o
this gating function for OFDM DEMUX. Narrow gating window at picoscconds

scale enables the {ast gating for OFDM signals with large number of carriers.

e

| BF-2-8 l
fanal 0
,.) )

Fig. 3.20 Full DEMUX configuration for 4-channel OFFDM signals.
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BF-2-A ‘ BF-3-A l
e o' an oo
i)

[W.O

BF-2-B

[

Fig, 320 Full DEMUX configuration for 8-channel OFDAM signals.

3.3.3 Experimental Results

The Bi's in the experiment have a birefringence of An=3‘<l()‘:, Three scctions of
Bl's have been utilized with dilferent fiber lengths: 1., 50.0 m, 1.,=25.0 m. and
[5712.5 m lor BF-1, BF-2 and BVF-3, respectively. BF-SIs with  different
configurations, as demonstrated in Scction 3.2.2, have been constructed. Their
transmissions have been measured using an EDFA as a wideband ASE source.

Iig. 3.22 shows the experimental transmission spectra of two-section BI°-S1s,
which 15 in agreement with our simulation results in Fig. 3.13 and Fig. 3.15. The
two-scetion BE-S1 is constructed with BF-1 and BF-2. which suits the 4-channcl
optical OFDM DEMUX for 10-Gb/s basc band signals as shown in Fig. 3.22(a).
The 8-channel optical OFDM demultiplexers utilize three BEs with different

configurations but same transmissions as shown in ig. 3.22(b) and FFig. 3.22(c¢).
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Wavelength (nm}
(b) (c)
Fig. 3.22 Experimental transmission spectra of the designed Sagnac interferometers

Jfor 4-channel and 8-channel optical OFDM DEMUX: (a) Sections-12; (b} Senction-

1 +Sections-23; (¢c) Senctions-12+Section-3.

Fig. 3.23 shows the experimental sctup. The tunable laser generates a CW

wavelength which is phase modulated at 10.53 Gliz. With a depth modulation (high

-

drive voltage), we can obtain a chirped modtfation and generates multiple sub-

carriers. 5 sub-carriers can be obtained after the phase modulator at a modulation

El

index of 2n (the phase modulator has a V; of ~5V). The interleaver split the combs

into two branches (even channels and odd channels) and separately n‘mdulalud }wlh

i LriF

]() 53 Gb/s PRBS signals.

a
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Fig. 3.23 [Experimental setup of the single

FFT demultiplexer

cl . .
source OFDM transmitter and

*

demultiplexer. TL: tunable laser;, PM: phase modulator; IL: interleaver, EOM:

electric-optic modulator; BPF: bandpass filter.
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Fig. 3.24 Spectra before (lefi) and after interleaving(right) for separating the Even

and Odd sub-carriers.

The NRZ-OOK signal spectra of the Even channels and Odd channels are

shown in Fig. 3.24. By combining the two branches together, we obtain the 5-

channel OFDM signal which is also shown in Fig. 3.25. The eye diagram is shown

in Fig. 3.26, in which a closed =ye is obtained indicating the analog waveform of

the optical OFDM signal.
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Fig. 3.25 Spectra of the modulated Even and Odd channels (lower) und the

5-channel OFOM i i ﬁ

1‘2345
il

1
(U]

\

W

Odd channels

b v Evencharuels
NRZ-QOK™ . ~ "NRZ-OOK
oLy
wik s L
v LN
oA e e S WS
1550 1591

Wavelength (nm)

channel OFDM signal (upper).

-

s
vt
gﬁ- P
oY LR
.
S AL g Ta
(‘oé ;-‘g'dt ; ﬁ’;
L % _aﬁ-'.-' p"
: AT
l-h L $ foar \"o Jd-._h
“Th s 0%

Fig. 3.26 Eye diagram of the 5-channel optical OFFDM signal.

By using the designed multi-section BF-Sls, we performed the optical

OFDM DEMUX. The two-section Sag‘nac interferometer is for 4-channel OFDM

DEMUX. However, by using an extra band pass filter after the demultiplexer, we

can also do 5-channel DEMUX. By simply bending the BFs. we can achieve

tunable DEMUX and the demultiplexed 5 channels are also shown in Fig. 3.27. The

eye-diagram for the demultiplexed OFDM signal (channel-5) is shown in Fig. 3.28.
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Fig. 3.28 Eye diagram of the demultiplexed Channel-5.

Duc to the stability issuc of the birefringent fiber, the demultiplexed signal
is noisy as shown in Fig. 3.28. An extinction ratio of 6 dB and an SNR of ~3 dB are

obtained without sampling. As a matter of fact, the BF-SI we are using does not

prcisely suit the OFDM transmitter - (the frequency). which also affects the

demultiplexing performance. The bit error rate has not been performed but we
belicve error-free DEMUX can be éxpcctcd with the BF-SI precisely designed
(suitable FSR) and well packaged- to improve the accuricy and stability.

+
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Chapter 4: Nonlinear Signal Processing

based on DA-NOLM

Next gencration optical ncetworks have urgent demands of high speed signal
processing which usuaally tdeally requires the processing in atl-optical domain with
massive processing capability, such as wavelength conversion |4, packet switching,
logic gating, ADC/DAC, sampling. OTDM DEMUX, clock recovery. regeneration,
and so on [1-5]. The previously discussed all-optical processing based on passive
devices, such as PCI-MZI in Chapter 2 and Sagnac interferometer in Chapter 3.
have limited processing capabilitics which can be complemented by optical
nonlinear processing techniques which keeps the system in opucal domain, An
example 18 wavclength conversion, which can simply convert the data from one
wavelength carrier to another one by simply sending the signal to the converter [6].
The converter should have fast-cnough response so that the data will not be altected
during the wavelength conversion and thus high speed operation can be achieved.

All-optical processing based on nonlincar cifects can provide ultra fast
responsc and allows a processing speed over terabits. The response time ts only
several {emtosceonds for the third order nonlinearities in optical fibers. Here bellow
i Table-1 shows several devices in compartson with their switching speed and the
energy consumption, indicaling a comparably last switching speed with aceeptable
encrgy consumption for nonlinear fiber |1]. Recently, along with the improvement
of high quality fiber fabrication (such as photonic crystal {ibers) and short pulse
generation, nonlincar (iber has drawn a lot of interest for all-optical signal
processing in next generation optical networks [7, 8.
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Table 4.1 Switching comparison between several devices |1

I . Dq_v?c_c___ . _Switching cnergy | Switching speed _E
'|____ Iransistor | 10pJ _‘ Sub-ns

| SOA-MZI |  ~toodl 4 ps
| Micro-ring 10{1] ns
|_Dual-ring flip-flop s [ ps
_ Nonlinearfiber |  1-10p) | fs |

4.1 Nonlinear Effects and NOLM for Optical Signal
Processing

This scction introduces and discusses several third order nonlinear effects in optical
fibers, including self phase modulation (SPM), cross phase modulation (XPM). four
wave mixing (FWM), and optical parametric amplification (OPA). The basic
properties of those nonlinear effects in highly nonlincar optical fiber (HNLLE)
together with typical nonlinear signal processing applications arc described in
Section 4.1.1 Nonlinear optical loop mirror (NOLM) as an active optical

interfcrometer for nonlinear signal processing is described in Section 4.1.2.

4.1.1 Nonlinear Effects for Optical Signal Processing

The optical nonlinear cffects include a variety ol phenomenon which 1s induced by
the nonlinear response to the optical field that is applied to the nonlincar medium
[9]. The nonlinear medium discussed in this work is optical fibers which has its
nonlinear effects induced by the third order nonlinearity, which can be described by
using nonlinear refractive index given by

Ef (Eq.4.1)

n(ru.lE'z) =n(w)+n,
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in which, n(w) is the lincar index and |)’:‘l2 is the optical ficld intensity. a, 1s the
nonlincar refractive index coefficient, which is a material parameter indicating the
nonlinear cfficiency. ‘T'he material of optical fiber is fused silica, which has a n, of
2.5%102 m*w.

Nonlinear cocfficient y to describe the nonlincarity of an optical fiber, as
given by

2rn, .
= ———— (I';(. 42)
vy ]

One can cither reduce the mode effective arca Ay or increase n, to increase

the nonlincar coctfficient. Generally, HNLF is fabricated by reducing the core
. . - . . - -

diameter o reduce A, As an example, SME has a y of ~1 W 'km™'. With reduced

core diameter, HINLF usually has a y above 10 Whm™.

Sclf Phase Modulation (SI"M)
SI’M is induced by temporal variation of the oplical intensity, which introduces a
time-varying nonlinear index change and thus results in the phasc change ¢,, which
can be described by

¢y, =y P, (1:q.4.3)
in which, P(¢) is the instantaneous signal power and /,, is the effective nonlincar
fiber length. The time-varying phasc change along with the time-varying
instantancous signal power generales new instantancous frequencics with the
frequency difference ot dw as given by |9]

aw=_6¢NL — a

——A{r Pl Fa.4.4
Py a:[” (D ] (Eq.4.4)

Therefore, with a constant value of P(¢), dw would be zero even with a large value
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of P(¢). Thus, SPM only occurs 10 pulses rather than continucs waves.

SPM can significant broadens the spectrum by gencrating new {requency
components. Thus, it can be used in a lot of arcas, including nonlincar optical signal
processing in optical communications. By utilizing the newly gencrated frequency
components, wavelength conversion can simply bc obtained by using a Nlter.
Meanwhile, since the nonlinear effects request high instantancous power which
mcans that SPM will not occur to bit-zcros. Therefore, the newly gencrated
components arc all contributed by bit-oncs and thus regencration and LR
enhancement can be achieved [10-12].

Fig. 4.1 shows the SPM using 1-km HNLF which has a nonlincar coetlicient
of 11 W'km™ at 1550 nm. The 10-GI1~ optical pulse train with 10-ps pulse width is
amplified using an EDFA which boosts the pulse train to average power of 20 dBm
and 26 dBm. The high power pulse train 1s launched into the HNLF and the output
spccira are measured as shown in Fig. 4.1, Significantly spectral broadening 1s
observed in Fig. 4.1(b) and Fig. 4.1(c) with respect to the original input pulsc
without SPM in Fig. 4.1(a). The four-pecak spectrum of Fig. 4.1(b) indicates that the
peak phase change induced by SPM at the pulse center is ~3.5% [9]. 'Thus, the phase

peak change would be ~10.5n for the SPM in Fig. 4.1(c).

intensity (10dB/div.)

ta)
A P=3 dBm

1540 1550 1560
Wavelength (nm)

92



Chapter 4: Nonlinear Signal Processing based on DA-NOLM

Fig 4.1 SPM induced spectral broadening.

Cross Phasc Modulation (XPM)
The principle of XPM i1s quite similar to that of SPM, which requires time-varying
intensity phase change to generate frequency components. XPM involves two input
lights with one of them as the pump and the other one as the probe. The pump light
has a high and time-varying power, such as pulses. The probe light could be CW
light and also pulses. The phase change induced by the pump light results in a phase
modulation at the probe light and lhu‘s scatters the power from the probe carner to
other frequency components.

The probe light’s phase change contributed by XPM is given by kq.4.5.
which is two times of the phase change by SPM at the same power level {9].

Brr.. xons = 2V Lo (D, (Eg.4.5)

Since XPM can convert the information from the pump to the probe, it has
been widely investigated as a wavelength converter for QOK signals. Wavcelength
convcersion up to terabits has been demonstrated based HNLEs [13]. Similar to SPM.
XPM is also able to suppress the noise at bit-zerocs and thus can be utilized for
regeneration and ER enhancement. Meanwhile, UWRB gcncljalion can also be
achieved simply by XPM with carctully frequency filtering [14]. With the probe
light carrying OTDM data and the pump light as a based band pulse train, optical
time division DEMUX for OTDM signals can be achicved [15. 16]. Those
applications require careful consideration of the walk off between the pump and the

probe. The walk off will reduce the effective nonlinear fiber length and thus affects

thc XPM significantly.
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Fig 4.2 XPM induced spectral broadening.

Fig. 4.2 shows the XPM process utilizing an 80-(Gh/s OOK signal as the
pump and a CW light as the probe. The 80- Gb/s OOK signal at 1561 nm is boosted
to ~20 dBm for pump and 1s launched in to the HNLIY together with the CW probe
at 1540 nm. The HNLIE has a nonlinear coefficient of 11 W'km'™ at 1550 nm. The
CW probe ensures that the spectral broadening at the probe wavcelength s
cpntributcd only by XPM. The output spectrum in Fig. 4.2(upper) indicates the

obvious broadening at 1540 nm.

Four Wave Mixing (FWM)

The nonlinear phenomenon, known as four wave mixing (FWM), is also originates
from the third nonlinearity, the same as that of SPM and XPM. In F'WM process,
consider three inputs with carrier frequencies of @, . @, , and w, propagating
simulancously inside the HINLTF, their interaction of the optical fields will generate

a fourth field whose frequency w, would be w, = 0, * @, T w, [9]. The interaction

can be understood as a beating, which forms a grating and thus scatiers the power to

the fourth field.
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1

With two of the three inputs having the same ficld. meaning only two inputs
actually, FWM can also be achicved and it is called degencrate FWM which has

been widely studied due to its simplified contiguration. The degenerate FWM can
be described as 1qg.4.6,

-

h“r(ﬂ:'r = ( F:pnmp!:.\u:tmf )!L.‘;lmllpyf,’\w) exp i((uhh‘wf + &qsm‘!rr) {[:’q46) '
where £, £, and £, are the ficld amplitudes of the signal, pump and
newly generated idler. Viam 18 the complex coupling coclficient which decreases

rapidly as Aw=|w , -

pumn st

increases. A@,,., =2¢,.,.. — ... 18 the phase of the

idler which includes the phase of the signal and thus carries the phase information.
Therefore. FWM can be used for wavclength conversions for both QOK and PSK
signals. Shown in Fig. 4.3 1s the spectrum all-optical wavelength conversion for

160-Gb/s OOK signals based on degencrate FWM,

o 160-Gb/s
Degeneraled FWM

E .20
M
A=)
&
= 404
[ ]
a

Signal

I

il Pump

Idler
1535 1540 1545 1550 1555
Wavelength (nm)

IHg. 4.3 Spectrum of degenerate IFWM for 160-Gb/s all-optical wavelength

conversion.

The wide range of F'WM application includes wavelength conversion,
wavclength multicasting, all-optical regencration, phasc scnsitive amplification.

format conversion and optical phase conjugation (OPC) [17-24). Among those
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applications, OPC is the one that is capable of long haul dispersion compensation
which is called mid-span dispersion compensation. Shown in Fig. 4.4 are the
experimet;tal eye diagrams for 100-km SMF transmission of 40-Gb/s OOK signal
assisted by FWM for OPC. Afier the 50-km transmission, the dispersion induces
significant pulse broadening and left only noise on the eye diagram. With 'WM for
wavelength conversion to obtain a phase conjugated idler for anoth-cr 50-km

transmission, the dispersion is compensated and open eye is obtained.

: Input-40Gb/s : : :

After 50km transmission

0 10 20 30 40 50 €60 70 80 90 100
time (ps)

Fig. 4.4 Eye diagrams for 100-km transmission based on mid-span dispersion

cr);lnpensation by OPC.

Optical Parametric Amplification (OI’A)'

Optical parametric amplification (OPA) is an attractive technology which has
recently been drawing much attention due to its advantageous high gain optical
amplification with quantum limited noise figure [25]. The origin of OPA in optical
fiber is also the third order nonlinearity which can be described by modulation
instability [9, 26]. It is indicated that the OPA gain spectrum is primarily
determined by the phase matching condition A8 which is related to dispersion

coefficients of 82 and B, as described by Eq.4.7 [25]

88 = B, (|@upnar = D) + B4 (|0t = D) 112 (Eq.4.7)
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where, @, and @, arc the frequencics of the signal and pump. Thus, the OPA
gain range satisfics -4y 7, <A <0, in which y and F, arc the fiber nonlinear
coellicient and pump power, respectively. With high order dispersion neglected
when B>>B,, onc can only have A8 <0 with £, <0 . Thercfore. OPA only
happens at the anomalous dispersion region (ADR). However, with a comparatively
large f3,, OPA can also happen at the normal dispersion region (NDR) with 4, > 0.
which requires a large and negative S, and a comparably large frequency division
ol |w

wenat — @y | 10 saLSTY the phase match condition [25, 26].

Fig. 4.5 shows the comparison of OPA phasc matching conditions between
the ADR pump and NDR pump, indicating the different gain regions: for the pump
in ADR, the gain is close to the pump and has a wideband gain region; the the pump

in NDR, the gain is {ar away {from the pump and has a narrow band gain region [26].

A3
F

o < »

4 TP.

Pompon Al Iomge i NI

Fig. 4.5 Phase maiching indicating the OPA gain bandwidth for the pump in

anomalous dispersion region (ADR) and normal dispersion region (NDR) [26/.

Fig. 4.6 shows the OPA spectra utilizing a 10-GHz pump pulse with 10-ps

pulse width. The OPA fiber is a HHINLF with the zero dispersion wavelength located
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at 1550 nm. The dispersion slope at 1550 nm is 0.02 ps/nm’/km. The NDR pump
results in a wideband pain symmetrically aside the pump wavelength. The amplificd

ASE sidebands indicate a peak gain of 21 dBB with 20-dBm average pump power.,

0 T 1
— P=14dBm
-g P=17dBm
§ 201 . .p=2088m ]
E 1
@ T
g N i
a Rty - ik
401 e \J \ ]
Y
1520 1640 1560 1580

Wavelength {nm)

Fig 4.6 OPA spectra with amplified ASE sidebands.

4.1.2 NOLM for Optical Signal Processing

Nonlinear optical signal processing based on nonlinear optical fiber loop mirror
(NOLM) has widely been studied. Due to its self-switching ability, the flexibility
and simplicity for implementation, and the massive capability for varicly of
processing functions, NOLLM is recognized as a valuable device in the arca of
optical communications |27].

NOLM 1s constructed with a fiber loop mirror within which a HNLE is
included. Intrinsically, NOLM is an interferometer (Sagnac interferometer) with the
clockwise branch and counter clockwise branch as the two interference light
branches. Therefore, the interferometer shares a single optical path which makes the
loop mirror as a total reflection loop without nonlincar process.

However, by introducing the different nonlinear processes between the

clockwise and counter clockwise branches, such as SPM, XPM, FWM and OPA,
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one can obtain a phase difference and thus a switching can be achieved rather than
total reflection. Since nonlinear effects are utilized for the switching, ultra high
speed operation capability can be expected by NOLM. Another noticeable
advantage of NOILM is its processing capability, included are optical switching,
phase conjugation, wavelength conversion, wavelength multicasting, OTDM
DEMUX and add-drop multiplexing, mode locking, pulse compression and pedestal
suppression, optical regeneration, analog to digital conversion, logic gating, and so

on |28-33].

firaHz “ontrn D JDEMUX Port
rop (4}

8 |

Through Port
Fig. 4.7 Schematic illustration of a 40-t0-10 Gb/s all-optical OTDM DEMUX
scheme based on NOLM.

EDFA
a0 — HNLF

[ j—

Control I: D

Clock BRE [ @
@ MM

BPF-2  Drop/DEMUX

Signal
@ A2

Through
Channels

@ A2

Fig. 4.8 Configuration of a NOLM based OTDM demultiplexer. ODL: optical delay

line; BPF: bandpass filter; EDFA: Erbium doped fiber amplifier
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One of the widely demonstrated applications of NOLM is its use for optical
OTDM DEMUX, as schematically illustrated in Fig. 4.7. The nonlinear proccess
happens only in one branch, the clockwise (CW) branch, which introduces a phase
change to channel-2 over the signal. The counter clockwise (CCW) branch operates
without nonlinear process. Therefore, with the phase difference for interference at
the coupler, channel-2 can be switched out from the 40-Gb/s signal and thus OTDM
DEMUX 1s achieved. The configuration of the demultiplexer based NOLM 1is
shown in I’.ig‘ 4.8, which is also the experimental setup for the 160-10-10 Gb/s

optical DEMUX.
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Fig. 4.9 The results for 160-t0-10 Gb/s optical DEMUX. The eye diagram (lefi)
after DEMUX is widely open. The BER measurements (right) indicate the error free
operation [29].
3 . :
The results shown in Fig. 4.9 are the eye diagrams as well as the bit error

rate measurements for 160-to-10 Gb/s optical DEMUX. The 10 channels are all
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crror {ree after the NOLM DEMUX with the largest receiver power penalty of 6.2
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Fig. 410 Configuration of the versatile logic gates [34].

The NOILLM has flexible configurations which enables a varicty of optical
signal processing functions. Fig. 4.10 introduces a complex configuration of NOLM
for logic gating which indicates the flexible and massive processing capability of
NOILM. With such a configuration based on NOIL.M, onc can obtain logic gate

operations of AND, NAND, OR, NOR, XOR, and XNOR [34].

Fiiter —m=

Fig. 4.11 Schematic illustration of a TOAD [35].

There are also some variants of NOLM which utilizes nonlinear medium

like SOA rather than HNLF for the nonlinear process. One of which worth of
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noticing is terahertz optical asymmetric demultiplexer (TOAD) which 1s based on
SOA |35, 36]. Differs from HNLF in which the nonlincar process only happen
between the co-propagating beams in the same direction, the nonlincar effects like
XPM can also happen between the counter propagating two beams in SOA,
Thercfore, the offset of SOA from the midpoint of the loop mirror will results in a
narrow gating window with respect to a comparably large control pulse width.
Apart from those NOLM and its variants introduced in this scction. there are
also dispersion asymmetric NOLM, which will be investigated in the other sections
in this chapter with the demonstration of optical signal processing including

reconfigurable optical O'TDM DEMUX.

4.2 Dispersion Asymmetric NOLM (DA-NOLM)

Dispersion asymmetric nonlinear optical loop murror (DA-NOLM) diflers from the
conventional NOLM by introducing a chromatic dispersive medium inside the loop
mirror and thus obtain advanced and improved function for optical signal
processing [37, 38]. By introducing the dispersive medium, onc can obtain an
asymmetry for the nonlincar processes between the clockwise and counter
clockwise operations. This asymmetry can also be induced by differences in
amplification, attenuation, and polanzation between the clockwise and counter
clockwise operations [39], rather than dispersion asymmetry, which has the
advantage of reconfligurable operation capability by wavelength tuning, compared
to the other ones.

There have been several demonstrations of DA-NOLM for application in
optical signal processing. Onc can obtain WDM all-optical regencration by using a

DA-NOLM for 10 Gb/s RZ-QOK signals, based on SPM [40, 41]. Onc can also
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achieve pedestal suppressed short pulse generation using DA-NOLM. which is also
based on SPM [42, 43]. DA-NOLM for demodulating DPSK signals with bit rate
variable opceration is also achieved based on FWM [44].

In the following scctions, DA-NOLM for optical signal processing is studiced.
The principle of DA-NOLM is introduced in Scction 4.2. Recontiguration OTDM
demultiplexing is investigatcd in  Section 4.3. Two channel all-optical
demultiplexing by using onc single baseband pulsc train is achieved. Repetition rate
multiplication is studied in Section 4.4. In Scction 4.5, all-optical pulse format
conversions with bit rate variable opcration are studicd. To utilize a dispersion
management inside the loop mirror, the modilied dispersion asymmetric NOLM
(MDA-NOILM)} is demonstrated for 80-to-10 Gb/s reconfigurable two-channel

DEMUX as presented in Section 4.6,

4.2.1 DA-NOLM as An Active Interferometer

The dispcrsion asymmetric NOLM (DA-NOLM) is one kind of imbalanced
NOILMs, which utilizes the imbalance of nonlinear processes between the clockwise
and counter clockwise operations [45, 46]. The imbalance of nonlinear processes
can be introduced by asymmetrically distributed gain or attcnuation aside the
nonlincar medium inside the loop mirror [47-50]. In literatures, DA-NOI.M has also
been mentioned as dispersion imbalance NOILLM and delay asymmetric NOILLM [40,
44].

The general configuration of DA-NOIM is shown in Fig. 4.12, in which an
imbalance of nonlinear process can be introduced between the clockwise and
counter clockwise operations. The 3-dB coupler equally splits the input light into

two branches which has the clockwise and counter clockwise light waves went
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through the GVD and the nonlinear mediums with opposite orders. The clockwisc
light wave shall go through GVD process first and nonlincar process afterwards.
Contrarily, the counter clockwise light wave will have nonlincar process first and
GVD process afterwards, Therelore, phase differences can be obtained due to the
imbalanced nonlinear processes when the light waves are recombined together at

the coupler. Thus a switching can be achieved for a variety of signal processing.

Nenlinear

Gvb Medium

-

Fig. 4.12 General configuration of a DA-NOLM

One can simply use certain length of SMI or DCF as the dispersive clement.
For the nonlinecar medium. HNLI is used in this work and thus all-fiber

configuration of DA-NOLM can be oblained.

Fig. 4.13 Equivalent Mach-Zehnder interferometer for DA-NOLM [5].
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As previously discussed, NOILM is one kind of fiber interferometers, active
and nonlinear interferomcter. Thercfore, the principle of DA-NOIM can be
interpreted using an cquivalent Mach-Zehnder interferometer configuration, as
shown in Fig. 4.13. The nonlincar processes in the HNLFEF could be SPM., XPM, and

FWM, which server different functions.

4.2.2 SPM in DA-NOLM

The SPM process in DA-NOLM enables a variety of signal processing {unctions
including all-optical regeneration, noise suppressing as well as short pulsf:
generation {51-53].

Since SPM only happens for pulses, SPM in DA-NOLM for optical
regencration is only for intensity regenerations. For example as detailed in Ref. 44,
the noisy 6X10 Gb/s OOK signals after transmission are regenerated with ~3 dB3
receiver sensitivity improvement. The signals are amplified and launched into the
DA-NOLM. In the clockwise branch, thc signals will firstly be broadened by
dispersive [ibers (DCF) which reduces the peak power and thus a smaller nonlinear
phase change was obtained, compared with that in the counter clockwise branch
which has a Jarger nonlincar phase change since the signal went through the
nonlincar fiber first. The different nonlincar phase changes resulls in a phase
difference between the two counter propagating light waves and thus a switch was
obtained and 1t only happens for the bit-ones in the signal. Therefore, only the bit-
ones were switched out and thus the noise for the signal was reduced and the
regeneration is achicved.

The DA-NOLM for pulse generation is also based on SPM, which has a

narrowed switching window at the cenier of the pulse due to the high peak power in
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the center compared with the sidebands. Thercforc. the outpul pulse can be
compressed with the pedestals been suppressed [42]. One can also notice that the
dispersive element can also scrve for pulse gencration rather than pulsce broadening
tor the deeply phase modulated CW light wave. Thus, based on DA-NOLEM.
pedestal free pulse gencration can also be obtained from a CW input with phase

modulation |43].

423 FWM in DA-NOLM
The degenerate FWM process in DA-NOLM makes the DA-NOLM as a delay
interferometer and thus a variety of signal processing {unctions can be obtaned.

such as DPSK demodulation |44].

Ai ——p
Al

Input Output

Fig. 4.14 Schematic illustration of the FWM in DA-NOILM based on the Mach-

Zehnder interferometer modal.

The delay interference of DA-NOLM can be interpreted by the cquivalent
MZI modal as shown in Fig. 4.14. The relative delay 1s regarded 1o the idler
wavelength origins from the FWM in HNLF, whether the idler wavelength is
gencrated before GVD or after GVD. The relative delay is governed by the pump-

signal wavelength detuning and thus a tunable delay can be obtained by wavelength
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tuning. By utilizing a SMF for introducing the dispersion, the waveiength tunable

delay can be described by

At =2DLg, (A ~4) (£q.4.8)
where D is the dispersion cocfficient of SMY and 1, 1s the SMF fiber length. A
and 4, are the signal and pump wavelength, respectively. With a 100-ps delay. one

can obtain a 0.08-nm FSR at the relevant wavelength. Along with the change of the

signal wavelength, the FSR also changes due to the variation of the delay.

4.3 DA-NOLM for Reconfigurable OTDM DEMUX

Optical time division multiplexing (OTDM) is an important technology for
generaling high speed optical signals while occupying only one single wavelength
channel. In OTDM systems, demultiplexing (DEMUX) can be implemented either
by electrical or optical means. Along with the rapid increase of bit rates up to tens
and hundreds of gigabit/s, it 1s more favorable to perform all-optical DEMUX,
avording OEQO conversion and offering ultra-fast response of the processing [54,
55). All-optical DEMUX has been previously demonstrated based on various
nonlinecar effect in optical fibers and semiconductor optical amplifiers (SOA), such
as cross phasc modulation (XPM) in a nonlincar optical loop mirror (NOLM) and
nonlinear polarization rotation (NPR) [56-38].

In addition, in a reconfigurable optical network, it 1s nccessary to perform
dynamic allocation of the bandwidth [59]. An example is in allocating different
tributarics from the OTDM signal to one local distribution point, followed by
subdividing the tributaries to sub-local distribution points or local users. Such a

scenario requires reconfigurable DEMUX which can be realized with cascaded

107



Chapter 4: Nonlineur Signal Processing based on DA-NOLM

stages of DEMUX and multiple control pulscs with reconfigurable operation. In
order to achieve two-channel or multi-channel DEMUX with the above all-optical

DEMUX techniques, multi-step operation or multiple pulsc control will be required.

4.3.1 DA-NOLM for 40-to-10 Gb/s Two-channcl DEMUX

In this part of the thesis work, we demonstrate a solution to use only a singlc control
pulse for simultancous (one-step) two-channel DEMUX based on a NOLLM with
asymmetric dispersion inside the loop [60, 6)]. Besides. no extra fiber coupler is
nceded inside the 3-dB fiber loop mirror. Channel selection can be casily realized
by wavelength tuning owing to asymmetric dispersion in the fiber loop. All-optical
two-channel DEMUX has been achieved for 40-Gb/s OTDM OOK signals.
Switchablc opcration between two-channel and single-channel DEMUX has also
been demonstrated, offering the flexibility for reconfigurable operation and for

dynamic bandwidth allocation.

The structure of the dispersion asymmetric NOLM (DA-NOILM) is
schematically shown in Fig. 4.15(a). The loop mirror contains a nonlincar medium
such as a highly nonlinear fiber (HNLF) next to a group velocity dispersion (GVD)
element. The GVD element can simply be a standard single mode {iber (SMF) that
introduces a relative delay betwcen light branches at different wavelengths (the
delay between the control pulse and the OTIDM signal in this case). In the counter
clockwise (CCW) operation, the control pulse at 1, and signal at i, propagate
together in the nonlinear medium. XPM will result in a phase change of the signal at
A2. As for the clockwise (CW) operation, the control and the signal will first arrive
at the GVD element where a relative delay will be introduced. Subseq}mntly, the

signal will undergo XPM initiated by the relatively delayed control pulsc in the
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=

nonlinear medium. However, the phase change now occurs at a different OTDM
channel compared to that of the CCW operation. Hence, two different bascband

channels can be switched out.
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Fig. 4.15 Schematic illustration of the DA-NOLM for two-channel OTDM DEMUX.

GVD: group velocity dispersion; CW: clockwise; CCW: counter clockwise.

[n Fig. 4.15(b), we consider a 40-Gb/s OTDM signal. Neglecting the effect
on pulse broadening, the output (Drop Port) of the DA-NOILM after XPM can be

described as [40]:

po — % P"(1-cosAgp) (Eq.4.9)

where Ag is the phase change between the CW and the CCW operations caused by
XPM. Without the control pulse, the zero phase change (A¢=0) over the input
signal makes the loop a total reflecting mirror. With a pulse control and a HNLF as -
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the XPM medium, one can derive the phasc changes of channel-one (C-1) and

channel-two (C-2) in the OTDM signal by
A = Ap™ —Ap ™ | = 21y (7™ - /") (tq.4.10)
A, = |Ap, ™ —A@,™ | = 2|y L(P™ = ™)) (Eq.4.11)
In Eq.4.10, y and L stand for the nonlinear coefficient and the length of the
1INLF, and P, ™" is the peak control power {or the XPM process over (-1/C-2
in the CW/CCW operation. Assumc that a control power of # is required for a n
phase change and that P;“"= 0. P;“"= Pg, P> Py, P> 0in Fig. 5.4(b). a x
phase change will be introduced for both C-1 and C-2, giving risc 10 simultancous

two-channel DEMUX according to Eq.4.9.

Table 4.2 Reconfigurable DEMUX with a GVD of 10 ps/um

Al At Demultiplexed Channels —;
2.5nm | 25ps c-1,¢2
50nm | 50ps c-1,¢3
750m | 75ps | C-1.C4

The relative delay (Af) is adjustable by wavelength tuning of the control
pulse due to the presence of GVD. This feature offers reconligurability of the
demultiplexer. For example, with ~25 ps relative delay, C-1 and C-2 can be
simultaneously demultiplexed from the 40-Gb/s OTDM signal. while C-1 and C-3
will be demultiplexed when the relative delay is ~50 ps. The relation between the
wavelength spacing and the relative delay is shown in Table 4.2 for diffcrent

DEMUX channels obtained with a GVD of 10 ps/nm.
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(a) AT
A2
————
PRBS, 2"'1
(b)
SMF-638m
EDFA BPF HNLF-2
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Pulse Train A7 Demultiplexed
Channels
Input .y 103bfs
QOK Signal A2 IS0 : X

SMF-638m: GVD=10psinm C epra  BPE voa
A1: 10-GHz Pulse Train ; i~ —{7D |
A2: 40-Gb/s OTDM OOK Signals '. D 0 '

Fig. 4.16 {a) Setup for the generation of 10-GHz control pulse and 40-Gb/s OTDM

QOK signal: (b) Setup for two-channel DEMUX based on the dispersion
asymmeiric NOLM. ODL: optical delay line; BPF: band pass filter; ISQ: isolator;

PD. photodetector;, VOA: variable optical attenuator.

Fig. 4.16 shows the experimental setup for two-channel DEMUX of a 40-
Gb/s OTDM QOK signal. In Fig. 4.16(a), the upper branch of the 10-Gliz pulse
train at A2 is amplified to ~26 dBm (average power) for spectral broadening by sclf-
phase modulation (SPM) in HNLF-1, which has a nonlinear coeflicient of 11-W’
'km™ at ~1550 nm. The input 10-GHz pulse train at 12 has a pulse width of 10.6 ps.
The SPM process in HNILF-1 significantly broadens the spectrum from 2 nm to 14
nm {20-dB bandwidth) as shown in Fig. 4.17. By spectral slicing with a tunable
bandpass {ilter (2-nm Gaussian filter, 3-dB bandwidth) after HNLF-1, we obtain a

wavelength tunable 10-GHz control pulsed source with a typical width of 11 ps.
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Fig. 4.17 Measured optical spectrum of the 10-GHz control pulse after SPM in the

HNLF-1. The lower curve shows a spectrally sliced output.

In Fig. 4.16(a), the lower branch of the 10-GHz pulse train at 4; is used in
40-Gb/s OTDM OOK signal generation through electro-optic modulation at 10-
Gb/s with pseudo random binary sequence (PRBS, 2*'-1) followed by 1x4 optical
multiplexing. In this work, we sct 4; at 1547-nm and tune 4; over the range of 1542
to 1556-nm.

The 40-Gb/s OTDM OOK signal is then combined with the 10-GHz
amplified control pulse in the optical coupler, as illustrated in Fig. 4.16(b). The
signal and the control pulse are together launched into the DA-NOLM through an
isolator. Inside the loop, a 638-m SMF is used to introduce the GVD and another 1-
km HNLF (HNLF-2) is used as the nonlinear medium. IINLF-2 has a nonlinear
coefficient of 11.7 W'km™ and a dispersion coefficient of 0.02 ps-nm™km™' around
1550 nm. The GVD of the SMF is 10 ps/nm, resulting in a relative delay of 50 ps
when Ad =| 4;- 42| = 5 nm. With the 10-GHz control pulse overlapped temporally
with C-1 but spaced spectrally at 2.5, 5.0, and 7.5 nm apart from the signal as
shown in Fig. 4.18(a), we achieve two-channel DEMUX for C-1/C-2, C-1/C-3 and

C-1/C-4, respectively. The corresponding eye diagrams are shown in Fig. 4.18(b).
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Meanwhile, according to Fig. 1, C-1 is synchronized with the control pulse
before it enters the DA-NOLM. Hence, C-1 rather than the other channels
experience XPM in the CCW operation. By synchronizing C-2 instead of C-1 with
the control pulse, one can also achieve C-2/C-3 and C-2/C-4 DEMUX with 2.5 and
5.0-nm wavelength detunings, respectively. The two-channel DEMUX results, with
widely opened eye-diagrams shown in Fig. 4.18(b), arc in good agreement with the

analysis in Table-1.

5
°
m
o
=
P
S
177]
2]
£
[7}]
=
o
= '.
1540 1550 1560
Wavelength (nm)
(a)
3
s
€
o
5
e e T e

A\ 4

Tin;e {20ps!di§.}

(b)
Fig. 4.18 (a) Spectra showing different wavelength spacings between the control
pulse and the OTDM signal for two-channel DEMUX; (b) Eye diagrams of the two

corresponding demultiplexed channels.
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The proposed DA-NOLM is also capable of single-channel DEMUX.
Switchable operation between two-channel and single-channel DEMUX is shown in
Fig. 4.19. Here, Al is set at 1554.5 nm and C-1 overlaps temporally with the
control pulse. The XPM process for C-1 occurs in the CCW operation while that of
C-4 occurs in the CW operation after the GVD medium. Since the control and
signal pulses are broadened and distorted before demultiplexing takes place through
optical gating with XPM, the performance is poorer in the CW operation. In this
work, we use a polarization controller (PC) in the fiber loop to balance the DEMUX
performances between the two channels. A small difference can still be observed as
depicted in Fig. 4.18(b) and Fig. 4.19. The CCW opcration DEMUX (C-1) performs

slightly better than that of the CW operation (C-2, C-3, C-4).
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o ._-.:_.\
7 C-1&C-4 L) '.
] : . ,;J hY
Loty Y g EL
- - e 1By Em. --‘ > -
2 i~ -
o - #
- P Al
= N 5 C-1 i
= H 1
= 54 "‘. 1y
6 . L T : 7
B e -
\ ol
% .
" 1
r‘ .f‘ wh jr.‘-" 1\.
7\ \ c4 I 3
A\ L1 i
e, - __‘J__auﬂ'-d._', =

v

Time (20ps/div.)

Fig. 4.19 Eye diagrams obtained from two-channel and single-channel switchable

DEMUX.

As shown 1n Fig. 4.19, the eye openings of the selectable single-channel

DEMUX obtained by polarization readjustment are comparable to those of two-
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channel DEMUX. Based on single-channel DEMUX with control wavelength
detunings of 2.5, 5.0 and 7.5 nm, we have performed BER mcasurements and the
results are shown in IYig. 4.20. Error free DEMUX has been obtained for all
channels. C-1 DEMUX is obtained by XPM in the CCW operation while -2, C-3
and C-4 DEMUX arc obtained by XPM in the CW operation. ‘The results inidicate
crror free two-channel DEMUX with ~2-dB difference in rceceiver sensitivity
between the two output channels, Compared to the back-to-back 10-Gb/s BER
measurement, our demultiplexer introduces ~2-dB and ~4-dB3 power penalty for
CCW and CW operations, respectively. This difference is induced by the dispersion
inside the loop mirror which can be improved by dispersion management 1o

minimize the pulse broadening as demonstrated in Scction 4.6.
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Fig, 4.20 BER measurement resulls of the DA-NOLM based DIsMUX.

It is worth mentioning that to perform a BER measurement for simultancous
two-channel DEMUX, onc will need to carry out an extra demultiplexing step to
retricve a single 10-Gb/s tributary, thus resulting in additional power penalty.
Ience, the result will not be a fair comparison with that obtained from conventional

single-channel DEMUX.
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4.3.2 DA-NOLM for 80-to-10 Gb/s Two-channel DEMUX/ADM

It is foreseeable that the proposed DA-NOLM can also be used for other formats
like phase shift keying (PSK). Mcanwhile, in this part of the thesis work, we use a
relatively large GVD (10 ps/nm) to introduce the reiative delay. it appears that the
GVD can lead to pulse broadening and will be a concern in high-bit-rate DEMUX.
‘To minimize the broadening effect while keeping a large relative delay, one can use
a smaller GVD with a larger control-signal wavelength detuning, or a specially
designed GV mapping Lo compensatc the broadening,.

Theorctically, with a small GVD but a sufficiently large pump-signal
wavclength detuning, the speed limitation can be well improved. However.
considering the focus on C-band operation with a wavelength detuning range of ~30
nm limited by the EDFA, the smallest |GVD) that can be used is ~0.85 ps/nm in
order to introduce ~50 ps relative delay between the signal and the control pulse for
10-Gb/s baseband OTDM signals (100-ps period). Notice that only half-period
delay is needed for the reconfigurable DEMUX and haill the required GVD s
needed using GVD mapping configuration. Therefore, for a transform limited 320-
Gb/s signal with 1.1-ps pulse width (Gaussian pulse with bandwidth ~3.2 nm), the
pulse broadening would be ~2.7 ps. Instead, for a 160-Gb/s signal with ~2.0-ps
pulse width {Gaussian pulse with bandwidth ~1.8 nm), the pulse broadening is only
~1.5 ps. Since the periods for 320-Gb/s and 160-Gb/s signal are 3.125 ps and 6.25
ps, respectively, we may consider 160-Gb/s operation be a limit for the DEMUX
with a bascband of 10-Gb/s. In such a case, using higher speed bascbhand signal is

another approach for improving the speed limitation.
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Considering the operation in C-band for 10-Gb/s bascband OTDM signals
based on the same setup using another SMF, we have obtained 80-10-10 Gb/s two-

change reconfigurable demultiplexing.
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Fig. 4.21 Eye diagram of the 80-Gb/s OTDM signal.

As shown in I'ig. 4.21, the 80-Gh/s OTDM signal has a pulse width of ~3 ps.
The generation of the wavelength tunable 10-GHz control pulse is also based on
SPM in a FINLI® which generates a much wider and flatter super-continuum as
depicted in Iig. 4.22. The control pulse width is ~2 ps and the average pump power

is 15 dBm.

Intensity (dBm)

i SR

TR

-60 - ’ ’ -
1530 1540 1550 1560 1570

Wavelength (nm)

Fig. 4.22 Super-continuum generated by SPM using a 10-GHz pulse train.

The SMF utilized for 80-to-10 Gb/s optical DEMUX has a length of 270 m

L]

which introduces a GVD of 4.6 ps/nm. The input spectrum shown in Fig. 4.23
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indicates different delays of 25 ps, 37.5 ps and 50 ps for the DEMUX with different
pump wavelengths of 1548.4 nm, 1545.6 nm and 1543 nm, respectively. The
control pulse is obtained by spectral slicing using a 2-nm BPF and the averaged

pulse width of the wavelength tunable 10-GHz. is ~4 ps.

s 11=50ps
—— 1t=37 5ps
— :1=25ps

Internsity (dBm)

-40 EIn §

1540 1550 1560
Wavelength {nm)

Fig. 4.23 Input spectra indicating the tuning of the control wavelength for

reconfigurable DEMUX.
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Fig. 4.24 Output eye diagrams and spectra for the two-channels 80-to-10 Gl/s

optical demultiplexing.

The results shown in Fig. 4.24 arc the output spectra and eye diagrams afier
the demultiplexing. The two-channcl demultiplexing is achieved with different
combinations. Five DEMUX schemes are shown in Fig. 4.24 with the control
wavclength tuned to 1548.4 nm, 1545.6 nm, 1542.7 nm, 1539.2 nm, and 1536.5 nm.
The signal is located at 1553 nm. The demultiplexed two channels have different
pulse widths, one contributed by the CCW operation has smaller pulse width of 3.5
ps with respect to the other one with 7-ps pulse with which is contributed by the
CW operation. The difference of the pulse width is caused by the different

switching window and the different broadening due to the GVD.

Fig. 4.25 Switchable operation between two-channel DROP and signal channel

DROP based on the DA-NOLM.

One can simply detect the output signal at the through port of DA-NOLM
and thus obtain the DROP function for ADM. As shown in Fig. 4.25 are the cye
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diagrams for signal with switchable operation between two-channel and onc
channel drop. Significant suppression of the drop channels can be observed with the
left channels still widely cye-open. There is also pulse broadening of the left
channels due 10 the presence of GVD. The pulse broadening of the DEMXL) and
ADM can both be improved by dispersion management as investigaled in Scction

4.6.

4.4 DA-NOLM for Repetition Rate Multiplication

Repetition rate multiplication is usually realized using passive devices, such as
delay interferometer like PCF-MZI that have demonstrated in Chapter 2. The
intrinsic shortage of those passive devices is their fixed FSR, meaning the dedicated
operation repetition rate. FHven with extra exiernal control, thermally or
mechantcally, it is still difficult to achicve wideband bit rate variable operation
based on those passive devices.

‘The DA-NOILM as an active and nonlinear delay interferometer has
different FSR at different wavelengths. Therefore, the tunable delay interference
can be obtained simply by control wavelength tuning. Based on the XPM in DA-

NOLM, one can achicve repetition rate multiplications with repetition rate variable

operations. -
Input BPF-1 SMF-638m -
10GH2 EDFA HNLF-1km
—n] R
Output
20GHz

Fig. 4.26 Experimental setup for 10-10-20 GHz repetition rate multiplication.
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The setup for the repetition rate multiplication based on DA-NOLM is
shown in FFig. 4.26, which is similar to the one for OTDM DEMUX in Section 4.3,
only the OTDM signal is replaced by the CW light from the tunable laser. The input
10-GHz pulse is generated by a mode locked fiber laser which has a pulse width of
2 ps. Although the control pulse have unstable phase due to the active mode locking,
one can still obtain a repetition rate multiplied pulse train with well improved phase
cohcréncc at thn‘: probe wavclength. Thus, the phase coherent pulses can be used

PSK modulation formats.-

Fig. 4.27 shows the output spectra of DA-NOLM for the repetition rate
rﬁultiplication with different probe wavelengths. The six probe wavelengths

correspond to different delays. With a half period delay or the odd multiples of half

a period delay, repetition rate multiplication can be obtained. Since the dispersion of
SMF is 10-ps/nm and the control wavelength i1s 1560-nm, we can expect the
. multiplication can be achieved around the wavelengths of 1555-nm and 1545-nim,

which introduces relative delay of 50-ps and 150-ps, respectively.
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¢ = Fig. 4.27 DA-NOLM output spectra with different probe wavelengths.
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Fig. 4.28 Spectrum of the 20-Gl{z pulse after the repetition rate multiplication.

The spectrum shown in Fig. 4.28 indicates the alternative suppressing ol the
10-GHz clock tones and thus results in the 20-GHz carrier spacing al the probe
wavelength of 1545.6 nm. By simply wavelength tuning, one can obtain different
suppression of the sub-carriers. Indicated from the center carrier suppression in Fig.
4.28, a suppression ratio of 25-dI3 can be obtained, which mcans a comparably large
ER of 25-dB can be introduced by the aclive and nonlinear delay interferometer of

DA-NOLM.

4.5 DA-NOLM for Tunable Pulse Format Conversion

We have previously demonstrated pulse format conversions based on PCI-MZ1,
which 1s a passive delay interferometer [62]. In this part of the thesis work. the
FWM based DA-NOILM as the active and nonlinear delay interferometer for pulsce
format conversions can also be achieved {63]. The operation principle is the same as
that based on PCF-MZI, which utilizes the delay interference for spectral shaping.
Differs from PCF-MZI which has fixed delay, due to the tunable dclay of DA-

NOILM, the pulse format conversions, insluding RZ-t0-NRZ and Nlu-ﬁ-l’RZ. arc
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bit rate variable. The simultancously wavelength conversion bascd on  the
degenerate FWM also enables the operation for phasc incoherent signals, which is

particularly important for high speed OTDM signal gencraied MLFIL.,

PRBS Signal  Clock

e T e )
CANNSE N )

pC'

40d Wy
S®

JNS W00s

N oc() Converted signal
i -ocr o~ g
> B S>> = e,

EDFA1BPF | EDFA2 19O BPF

Fig. 4.29 Experimental setup of the DA-NOLM for bit-rate variable format

conversions [63]

Shown in Fig, 4.29 15 the experimental setup for the pulse format conversion.
A tunable laser at 1549.4 nm is used to generate an input R7Z-Q0K or NR7-O0OK
signal (PRBS. 2°'-1) using electro-optic intensity modulators (EOMs). The pump is
produced by another tunable laser and it is combined with the signal through a 3 dB
coupler. The pump and the signal are launched together to the DA-NOLM afier
DEFA amplification. The DA-NOLM is construcicd with a 64-m dispersion
Hattened photonic crystal fiber (PCF) as the FWM medium and a 600-m standard
single mode fiber (SME) wath a ~10 ps/nm group velocity dispersion [44]. The PCE
has a nonlinear coefficient of 11 W'km™ and a dispersion cocetficient of -1.3
psmm/km at ~1550 nm. The 3-dB wavelength conversion bandwidth for FWM is
~16 nm. By {inc tuning the pump wavelength to control the relative time delay and
the phase difference, format conversions can be achieved at variable bit rates. A
BPI' is used at the output port of the DA-NOILM to extract the converted signal at

the idler wavelength.
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Fig. 4.30 (a) and (b): eye diagrams and spectra of 10 Gbit/s input RZ-OOK signal
(top) and converted NRZ-OOK signal (bottom); (c¢) and (d): eye diagrams and

spectra of 12.5 Gbit/s input RZ-OO0K signal (top) and converted NRZ-OOK signal

(bottom).
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Fig. 4.31 (a) and (b): eye diagrams and spectra of 10 Gbit/s input NRZ-OOK signal
(top) and converted PRZ signal (bottom), (c) and (d): eve diagrams and spectra of

12.5 Gbit/s input NRZ-OOK signal (top) and converted PRZ signal (bottom)

The eye diagrams and optical spectra of the input and output signals for 10
and 12.5 Gbit/s RZ-to-NRZ format conversions are shown in Fig. 4.30. And the
results for NRZ-to-PRZ format conversion at 10 and 12.5 Gbit/s are shown in Fig.

431. The plots indicate the bit rate variable operation of the pulse format

124



Chapter 4: Nonlinear Signal Processing based on DA-NOLM

conversions with widely opened eyc diagrams. Duc to the nonlinear process, there
is extra noisc introduced compared to the operation using passive devices such as

PCI'-MZls.

4.6 Madified DA-NOLM for Signal Processing

Previously in Section 4.3, we demonstrated the use of a DA-NOLM for
reconfigurable DEMUX of 40-Gb/s On-OfT keying (OOK) signals [60, 61]. The
operation speed of the DEMUX is limited due to group velocity dispersion (GVIDD)
inside the loop mirror that leads to pulse broadening, especially when the signal
pulse becomes shorter and occupies a wider bandwidth.

In this part of the thesis work, we proposc a modified dispersion-asymmetric
nonlincar optical loop mirror (MDA-NOLM) |64, 65] which has a specially
designed dispersion management. The aim is to minimize the total GV mside the
loop while maintaining a large dispersion imbalance on both sides of the nonlincar

medium.
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Fig. 4.32 Schematic illustration of the MDA-NOLM for two-channel OTDM
DEMUX. GVD: group velocity dispersion; CW: clockwise; CCW: counter

clockwise.

The structure can be simply implemented using two dispersive clements
with equal but opposite GVDs, as illustrated in l"ig.l 4.32. Standard single mode
fiber (SMF) and dispersion compensating {iber (DCEF) can be used to provide
normal dispersion (1GVID) and anomalous dispersion (—=GVI)) respectively around
1550 nm. By specially tailoring their lengths 1o satisty |[-GVD| = |- GVD|, we can
obtain full dispersion compensation for the signal and thus a ZERO dispersion
inside the loop mirror. The pulse broadening is thus minimized. The opposite GV Ds
on both sides of the nonlincar medium will enhance the imbalance performance
between the clockwise (CW) and the counter-clockwise (CCW) operations m the
loop mirror. With the MDA-NOLM, thc speed performance of reconfigurable
optical DEMUX is significantly enhanced.

In Fig. 4.32(a), the control pulse at Al and the optical time-division-
multiplexed (OTDM) signal at A2 (>Ail) are combined and arc launched together
into the MDA-NOLM. For the CW operation, A1 will lead A2 after the “-GVD”
clement. Cross phase modulation (XPM) will subscquently take place in the
nonlinear medium. A rclative delay between the control pulse and the O'FDM signal
is given by —-At = (A1-A2) x (-GVD). Along with the delay, the “--GVID™ also
introduccs pulse broadening which will be compensated by an opposite dispersion
element “+GVD” after the nonlinear medium. Therefore, the signal will remain un-
broadened while the phase of onc selected tributary (channel-3: C-3) will be

changed by XPM as illustrated in Vig. 4.32(b). As for the CCW operation. A2 will
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lcad X1 instead of lag behind it after the “+GVD” element. The opposite relative
delay +At = (A1-A2) x (+GVD) will cause the phase change 10 appear at a differem
tributary (C-1). The pulse broadening introduccd by “1GVD” will also be
compensated by the “—GVD” element after the nonlinear process, similar to that of
thc CW operation. The total relative delay between the two demultiplexed channels,
C-3 and C-1, is 2At = 2GVD x (A1-A2) and is two times larger than thal of the

conventional DA-NOLM [40, 44, 63].

OTDM Signal RF Data
Generation : =5 A2
MLFL LXL) eomt—
A2 L@ OTDM
10-GHz .
(" EDFA@ D 1nrn-BPF\ A1l
Generation \_ Y,
/” SMF-270m DCF.50m \‘7
@ w EDFA
HNLF-2 g
MDA-NOLM based g
Two-Channel DEMUX

- |/ EF /
Drop N oDL

Fig. 4.33 Experimental setup of the 80-t0-10 Gb/s DEMUX based on MDA-NOILM.

ODL. optical delay line; BPI: band pass filter; ISO. isolator.

The experimental sctup for 80-to-10 Gb/s two-channe! DEMUX is shown in
Fig. 4.33. The 10-Gllz mode locked fiber laser (MLFL.) generates a pulse train at
A2=1551.9 nm with a pulsc width of 2.0 ps. The upper branch of the 10-Glz pulse
train at A2 is uscd for 80-Gb/s OTDM OOK signal gencration through clectro-oplic
modulation (EOM) at 10-Gb/s with a pseudo random binary scquence followed by

1x8 optical multiplication. The lower branch of the 10-GHz pulsc train is amplificd
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to an average power of 23.0 dBm for supercontinuum generation in a highly
nonlinear fiber (HNLF-1), which has a nonlincar cocfficient of 11.0 W'km™! al
~1550.0 nm. By spectral slicing with a tunable flat-top band pass filter (BPF) of 1-
nm bandwidth, we obtain a widely tunable (1530 nm to 1570 nm) 10-GHz pulsed

source with ~4.0 ps pulse width.

After SMF only

; &
J;\". !
VAVAVA

led TH 1]
Fig. 4.34 The pulse broadening of the 80-Gb/s OOK signal afier transmission of the

SMF, DCF and them both.

Fig. 4.34 shows the eye diagrams of the 80-Gb/s signal afler propagating in
SMF, DCF and them both, indicating the dispersion compensation for minimizing
the pulse broadening which enables the operation of the MDA-NOLM.

The 80-Gb/s OTDM OOK signal at A2 together with the amplified control

\\

pulse at Al is launched into the MDA-NOLM after an isolator. Inside the MDA-
NOLM, we adopt 270-m SMF for “+GVD” and 50-m DCF for “—~GVD”. The
dispersion coefficients of the fibers around 1550 nm are +4.6 ps/nm (270-m SMI‘)

and —4.6 ps/nm (50-m DCF), respectively. The 1-km HNLF-2 has a nonlincar
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cocfficient of 11.7 W'km™ and a dispersion coefficient of 0.02 ps:nm™'km™ at
1550.0 nm. The XPM process introduces a phasc change at two different channels
through the CW and CCW operations. Thus, two channels will be switched out in

the “drop” port while the other channels are directed to the “through™ port.

C1 C-2 C3 C4 C5 C-6 C-7 C-8C~1

VAT Anye 1O S
A gt 1549.2nm

Y

"
A gy Y

1

¥ . &
\r,wm""‘
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4 :34 Anm 1547.9nm 1551.9nm

: ; N
g \
T oo

G o

| »

1540 1545 1550 1555
Wavelength (nm)

Intensity (10dB/div.)

Fig. 4.36 Spectra obtained from the reconfigurable DEMUX.

Fig. 4.35 and I'ig. 4.36 show the cye diagrams and the spectra of the input
and output signals for two-channel DEMUX of the OTDM signal. The input 80-

Gb/s OTDM OOK signal is sct at 1551.9 nm and has a pulse width of 3.0 ps. The
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frequency bandwidth is 2.0 nm. It is obscerved that the signal pulse will be
broadened to 5.0 ps and 6.8 ps after transmission in 50-m DCF and 270-m SMF,
respectively. However, with the DCIF and SMF used together, the pulse width is
well restored 1o 3.0 ps, indicating a full compensation of pulsc broadening. The two

demultiplexed channels have equal pulse width of 4.5 ps.

Table 4.3 Two-channel DEMUX schemes at different control wavelengths Al. The

signal wavelength A2 is 1551.9 nm

N | Total relative -
Al A= |A1-A2| | At=4.6xAL | dclay between DEMUX
(nm) (nm) (ps) two channels channels
N _(ps) R
| 15492 | 2.7 124 248 | C-1&C-3
A | 1546.5 5.4 24.8 _ 496 @ | CB&CH4
| 1543.8 8.1 373 746 C-7&C-5
15479 | 40 | 184 | 368 | C-1&C4
B{ 1545.2 6.7 30.8 ~ 6le6 C-8 & C-5
| (15424 95 | 437 | 874 ] C-7&C6

Table 4.3 shows the two-channel DEMUX schemes at different control
wavelengths. For group A, the control pulse overlaps with C-2 before they arc
launched into the MDA-NOLM. For group B, the control pulse is located at the
centre between C-2 and C-3. All tributaries from C-1 to C-8 arc demultiplexed with
widely open eye diagrams by tuning the optical delay line and the wavelength of the

control pulse from 1542.4 nm to 1549.2 nm, as shown in Fig. 4.35 and Fig. 4.36.
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Fig 4.37 BER measurement resully for 80-to-10 Gb/s reconfigurable two-channel

DEMUX based on the MDA-NOLM.

Bit error rate measurement is performed based on single channel DEMUX,
similar to the work demonstrated in Ref. 24. Notice that the MDA-NOI.M is also
capable of switchable operation between single channel DEMUX and two channel
DEMUX by polarization adjustment. Shown in Fig. 437 are the BER results,
indicating an crror-{ree DEMUX with performance comparable to the conventional
NOLM-bascd all-optical DEMUX. The receiver sensitivity difference between CW
and CCW operations has been improved compared to that of DA-NOLM based
DIEMUX that depicts a 2-dB difference for operations in the opposite directions [24,
29].

The demonstrated MDA-NOLM  reserves  the nonlinear imbalanced
opcration with improved dispersion tolerance. Thercfore, MDA-NOILM can be
applied to applications for DPSK demodulation, optical regeneration, pulse format

conversion and short pulsc gencration, with improved operation performance.
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Chapter 5: Optical Comb Generation and

Clock Recovery

Optical signal processing covers a wide variety of functions that rely on different
devices and processing techniques. In order to meet the requests of data traffic
speced and system robustness in next generation optical communication networks,
onc has to look further beyond interferometers for optical signal processing.

In this chapter, we will look into optical comb generation and optical clock
rccovery based on nonlincar signal processing. Optical comb generation i3
investigated with the use of nonlinear signal processing techniques to improve the
sub-carricr quality. The use of degenerate FWM for chirp magnification 13
demonstrated in Section 5.1, Additional sub-carricrs are generated by the chirp
magntihcation cffect. In Scction 5.2, an SBS loop mirror is utilized for extinction
ratio (LXR) enhancement in oplical comb gencration. [ast, optical clock recovery s

investigated in Section 5.3 with the use of SBS loop mirror.

5.1 FWM based Chirp Magnificr

Reeently, orthogonal frequency division multiplexing (OFFDM) has attracted much
altention owing 1o its ummalched performance in spectral cfficiency that
significantly cnhances the optical transmission capacity [1]. An optical OFDM
signal consists ol multiple sub-carricrs 1o transmit data information. The spectral
bands in ncighboring sub-carricrs may overlap, resulting in channel capacity

approaching the fundamental Shannon limit. Once of the common approaches to
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implement an optical QOFDM transmitter is by using a mode-locked lascr as the
comb source for the generation of un-modulated carriers [2]. Tens of carriers can be
generated by spectral broadening of the laser output based on sell’ phase maodulation
in a highly nonlincar optical [iber (HNLF), which enables the generation ol optical
OFDM signals with an agpregatc bit rate up (o lerabilts per sccond |34 A
fundamental drawback of using a mode-locked laser i1s the fixed operating
frequency determined by the length of the optical cavity, hmiting the OFDM
transmitter for wideband and bit-raic tunable operations. Also, high quality modc-
locked lasers with stable phase and short pulse duration to generate high extinction
ratio (EER) sub-carriers are costly and are not readily availabic.

One can also use phase modulation to generate multiple carriers as a comb
source |5]. The advantages offered by phase modulation include bit rate tunability.
high siability, and broadband wavelength tuning. However, the number of gencrated
carriers 1s limited. Usually, a very large driving power or a specially designed low
V-1 modulator will be required in order 1o achieve a sufficiently high modulation
index.

In this section, we demonstraie a chirp magnification scheme for phase
modulated signals based on degenerate four wave mixing (FWM) 1in a highly
nonlinear fiber. The magnification significantly broadens the spectrum at the idler
wavelengths and generates additional carriers, which are difficult to be achieved
using dircct phasec modulation. Based on the chirp magnifier, we have obtained
bit-ratc tunable optical comb source with 13 carriers for optical OFIDM signal

generation.
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Fig. 5.1 Schematic illusiration of the principle of chirp mugnification bused on

degenerate four-wave mixing.

The idler generated in pump-modulated FWM has a doubled phase-
modulation index compared Lo that of the pump wavelength. Therelore, one can usce
a low modulation voltage to oblain a comparably high modulation index, which
thus significantly reduces the required driving power. Iicncc, phase modulation
becomes uscful even for modulators with a large V-n [6]. Based on this
phenomenon, one can also achieve format conversion for DPSK and DQPSK
signals [7-9]. When we consider this phenomenon in the spectral domain, the
amount of frequency change in the idler is also doubled in pump-modulated FWM.

resulting in a larger spectral width.,
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Fig. 5.2 Experimental setup of the chirp magnifier. T1L. tunable luser; PM: phase
modulator; WDM: wavelength division multiplexer;, ODL: optical delay line:

EDIA: Erbium-doped fiber amplifier; OSA. optical spectrum unalyzer.

Consider phase modulation of an optical carrier al a wavelength 1. The
modulation can be achieved by using a phase modulator with a relatively higllﬁ
modulation index. After the phase modulation, upper and lower sideband
components arc generated but they are scparated in the time domain, as shown in
Fig. 5.1(a). Given .a modulation index s {which describes how much the modulated
variable of the carrier signal varies around its unmodulated level) at a tonc
modulation frequency fp, the largest irequency change is given by Af., — mfp and the
frequency chirp will be Af; — mfpcos(2afat). Along with the magnification of the
modulation index m, the chirp will also be magnified.

In a degenerate FWM process with inputs from a continuous wave (W)
lascr at A2 and a chirped carrier al A1, one can obtain an idler at wavclength
A3=2%A1-A2 with doubled modulation index. Hence, the largest {requency change is
also doubled. For the other idler wavelength at Ad4=2*22-A1, we obtain the same
frequency chirp as that of A1 but with an opposite chirp sign. Subscquently, with A3
and A4 directly serve as the FWM inputs, we will obtain A5--2*A3- 4 and A6—2%A4-
A3 as the new idlers, as shown in Fig. 5.1(b). The idlers possess even Jarger spectral

widths with 5-times (5X) magnified frequency chirp at A5 and 4X magnificd
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requency chirp at A6. Meanwhile, we can introduce a half-period delay or an odd
multiple of half-period delay between the signals at A3 and 24 to obtain the samc
chirp sign, as shown in Fig. 5.1{c). In this case, A5 will have 3X magnified chirp

and A6 will idcally become CW light which thus has a vcro frequency chirp.
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Fig. 5.3 Measured optical spectra afier 2 to 5 times chirp magnification. In (h), A3
and A4 are relatively delayed by an even multiple of half-period; In (¢). 23 und i4

are relatively delayed by an odd multiple of half-period.
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Fig. 5.4 Comparison of the spectra between the originally modulated light at Al and

.

the 5X chirp-magnified light at 15.
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Fig. 5.2 shows the experimental setup of the chirp magnifier. A1 is phase
modulated at 10 Gllz with a modulation index of ~2m. In the HNLE (all IINLIs
used in this work have a nonlinear cocfficient of ~11 kmW™" around 1550 nm),
degeneratc FWM between Al and A2 rcsults in generated idlers at A3 and A4, as
shown in Fig. 5.3(a). A3 has 2X magnified frequency chirp."With A3 and A4 scrving
again as the FWM input, we further obtain idlers at A5 and 6. Introducing different
rclative delays between A3 and A4, we can obtain 5X chirp magnification for A5 and
4X chirp magnification for A6 as shown in Fig. 5.3(b), or 3X chirp magnilication
for A5 as shown in Fig. 5.3(c). Fig. 6.4(a) and Fig. 5.4(b) show the details of the
spectra of the original signal at A1 and that of A5 with 5X magnilied frequency chirp,
respectively. The result indicates significant spectral broadening with newly
gencrated sub-carriers after chirp magnification by FWM.

The chirp magnified idlers can serve as an optical comb source for multi-

carrier optical OI'DM generation.

1 0.5.? GHz

T odd IL Yy,
Q = eora™~

I I
10.53 Gb/s PRBS

Fig. 5.5 Experimental setup of the chirp magnifier. TL. tunable laser; PM: phase
modulator; WDM: wavelength division multiplexer; ODL.: optical delay line; 11.:

interleaver.,
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The proposed optical chirp magnificr is utilized for generating an optical
comb which is applied for OFDM signal generation. The experimental set up is
shown in Fig. 5.5. Two continuous waves (CW) at Al and A2 are combined and
modulated by a phase modulator. The modulator has a V-n of ~5V, enabling us to
generate S carriers (within 10-dB bandwidth) for both A1 and A2 with a modulation
index of ~2m al a frequency of 10.53 GHz. A wavelength division multiplexer
(WDM) splits A1 and A2 into two branches and a relative delay is introduced
bétween them using a tunable optical delay line. With an odd multiple of a half-
period delay (~ 50 ps), the positively chirped portion of the &1 carricr will overlap
with the negatively chirped portion of the A2 carricr in the time domain. Similarly.
the negatively chirped portion of the Al carrier will overlap with the positively
chirped portion of the A2 carrier. After the FWM process, two idler wavelengths at

A3 and X 4 arc obtained, cach with 3X magnified {requency chirp.

Intensity (10dB/div )
P
intensity (5dB/div )

U\UL ?

“
1540 1550 1560 1558 1559
Wavelength {nm) Wavelength {nm)
(a) (b}

Fig. 5.6 Chirp magnification. (a): FWM spectrum, (b). idler wavelength A4.
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Fig. 3.8 Optical spectrum of the optical OFDM signal at /4.

Fig. 5.6 shows the spectrum after FWM. The spectral widths of the
generated idlers arc again larger than those of the inputs. Details of the spectrum at’
A4 are shown in Fig. 5.6(b). Within a 10-dI3 bandwidth, 13 sub-carricrs arc
produced. The average extinction ratio ts 18 dB. As an optical comb source, the 3X
chirp magnified A4 is directed to a frequency interlcaver. The even and odd carriers
are separatcly modulated. Two electro-optic modulators (EOMs) are used {or non-
return-to-zero  on-off-keying (NRZ-OOK) modulations. Thc spectra  afier

interleaving and modulation are shown in Fig. 5.7.
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Shown in Fig. 5.8 is the spectrum of the [3-channel optical OFDM signals
with a base rate of 10.53 Gb/s. The chirp magnificr for optical comb genceration is
wavelength and bit-rate transparent, offering the advantages of wideband and bit-

ratc tunable optlical OFDM signal generation.

5.2 SBS Loop Mirror for Optical Comb Generation

Optical frequency comb is an ideal multi-carrier light source with precisely and
densely spaced periodical and multiple optical channels. The precise and stable
frequencics of the optical comb are demanded in applications such as ultra short
pulse generation, arbitrary-waveform generation, optical sensing and freguency
metrology |10, 11]. The maintained phase and frequency relationship between sub-
channels of an optical comb also makes it suitable for coherent wavelength-division
multiplexed (WDM) systems |12, 13, orthogonal frequency division multiplexed
(OFDM) [14-16], and microwave photonics {17]. Duc to the heavy demands.
acadcmics and industrics have long been trying to generate optical comb sources
with variable frequency spacing, high extinction ratio (IZR), flat and wideband high
pOWCT carricrs.

There have been several solutions demonstrated for optical comb genceration.
One of the most widely used techniques 15 external modulation including ClCC[l'll-
optical inlensity modulation, phase modulation, asymmetric Mach-Zchnder
modulation and recirculation lodp with EDFA/SOA [18-20]. Another effective
solution i1s by mode locking of lasers, such as mode-locked laser diodes (MI.1.D).
mode-locked quantum-dot/dash semi-conductor lasers (MI1.-QDSI1.) and passively
mode-locked LriYh: glass oscillators (ERGO) {12, 21, 22]. The external-modulation

method has mintmal implementation complexity. It is also wavcelength and bit-rate
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tunable (meaning the variable (requency spacing). The drawbacks are the limited
extinction ratio, carricr number and modulation speed (meaning the  largest
frequency spacing).

Extra effort is usually needed to overcome these limitations. such as
nonhinear signal processing based super-continuum generation in bigh nonlinear
optical fibers (HNLF) to increase the carrier number [12]. On the other hand. modc
locking method can generate high-repetition-rate pulses with widths shorter than
picoseconds. The technique enables us to obtain optical combs with higher LR up to
40 dB and higher repetition rate up to hundreds of GHz, yet with large numbers of
carriers and a spectrally flat intensity profile, The bit-rate can even be extended to
427 GHz based on optical signal processing. which is impossible for external
modulation method [21]. However, the fixed bit-rate and high cost of the mode-
locked lasers make them unattractive for wide use.

In this Section. we demonstrate the use of SBS for optical comb generation,
The narrow gain band of SBS enables us to significantly enhance the IR of the
optical comb. Meanwhile, the flatness of the comb can also be well improved
through gain saturation. A 6-carricr optical comb with an R of 38 dB and a sub-
carricr tlatness of 3-dB is obtained from the optical comb source gencerated by XPM.
A 25-dB ER cnhancement has been achieved. The whole system is wavelength
tunable and bit-rate transparent with minimal implementation  complexity.
Wideband operation can be expected to generate additional sub-carriers with high
ER and tmproved spectral {latness. Limited by our band pass fiber which has a

bandwidth of 4-nm, we have obtained 7 sub-carriers within the bandwidth.
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5BS pump
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Input comb ‘f‘ T T ‘f

Modulation for generating Output comb
the SBS probe

Fig. 5.9 Schematic illustration of the principle of SBS for IR enhancement.

The principle of the ER enhancement by SBS is shown in Fig. 5.9. The input
optical comb source has multiple sub-carriers with a small ER. With the carrier
power varying significantly from one to another, the optical comb exhibits a poor
flatness. By intensity modulation of the input light using an EOM in the SBS loop.
onc can generate a red-shifted copy of the input comb with a frequency shift cqual
to the modulation frequency. Therclore, the spectrally shifted copy of the input
optical comb will fall within the SBS gain bandwidth and thus act as the SBS probe,
provided that the modulation {requency is equal 10 the Brillouin frequency shitt of
the HINLL. The narrow gain bandwidth of SBS will amplity the carriers rather than
the pedestals which are out of the gain region and thus ER enhancement can be
achicved. Mcanwhile, duc to the saturation of the SBS gain, the flatness of the sub-
carriers can also be improved.

Ilig. 5.10 shows the experimental setup of the optical comb generator. The
tunablce laser gencrates a conlinuum wave at 1540 nm. The shadowed area is the
SBS loop constructed by one 10:90 optical coupler with an EOM, an ISO and t-km
FINLYE. There are two INLFs being used with one for cross phase modulation

{(XPM) and thc other for SBS. The two 1-km HNLIFs both have a nonlincar
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coefficient of 11 W'km™ at 1550 nm wavelength. An optical spectral analyzer

(OSA) with a resolution of 0.1 nm is used for obtaining the output spectrum.

A1 oH
o[ ixs |80-GHz
MLFL oTOM 9.725
10-GHz GHz
EDFA HNLF-1km
A2

(°t1 _—

lig. 510 Iexperimental setup of the 80-( Hz optical comb generation. MLIFL: mode

locked fiber laser; TL: tunable luser; BPI: bund pass filtier; EOM: clectra-optic

modulator; 1SO: ivolator.

The 80-G!llz pulsc train 1s obtained by multiplication of 10-GHv pulses with

2-ps width obtained from a MLFIL. Since the 10-Gllz MLFL 15 based on aci‘ve

mode locking, the unstable phase of the pulse train results in a spectrum without

any clock tones. The 80-Gl1z output at 1553 nm is then amplified by an LDVA to

act as the control for the XPM process. The nonlinear process generates multiple

sideband clock tones at the probe wavelength of 1540 nm. Thus, an optical comb

source 1s generated with 80-Gldz sub-carrier frequency spacing as shown in lag,

5.11. A 4-nm BPF after the HNLF filters out the optical comb at 1340 nm.
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Fig. 5.11 Spectrum measured afier applying XPM to generate multiple carriers.

The optical comb is then amplificd to an average power of 400 mW by
another DFA before it is launched into the SBS loop mirror. Within the SBS loop
mirro’;\‘. the CCW branch light has 90% of the input power and acts as the SBS pump
in the HNLF. The CW branch light with 10% of the input power is iniensity
modulated by using an EOM at a frequency of 9.725 GHz. The modulation
generates sideband carriers (lones) which are shified by the modulation frequency
ol 9.725 GHz or its multiples. Since the modulation {requency 1s equal to the SBS
frequency shift, the carriers that are red-shifted by 9.725 Gliz fall within the SBS
pain region of the CCW pump light. Thus, the narrow gain bandwidth of SBS will

provide significant amplification of the carriers rather than the pedestal.
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IFFig. 5.12 Specira of the input und output combs indicating the ER enhancement by

the SBS loop.
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Fig. 5.13 Spectrum of the 6-carrier optical comb with 38-dB I'R and 3-dB flutiess.

The 1R enhancement of the carriers is achicved as shown in Fig. 5.12. The
input comb has 9 sub-carriers within the 4-nm bandwidth of the BPl. Afier the
processing by the SI3S loop mirror, there are 7 sub-carniers being significantly
amplified. An ER of 36 dB is obtained which indicate 25-dB ER enhancement with
respect to the input comb. Iig. 5.13 shows the optical comb source with 6 sub-
carriers possessing an ER of 38 dI3 and a {latness of 3-dB. Compared with the input,
the Hatness improvement is about 4 dBB. By using a coupler with a smaller split ratio,
such as 20:80 rather 10:90 in this work, onc can expect better flatness improvement
performance.

The proposed ER enhancement approach is a complementary technology
which can be applied to variant of optical comb gencration mcthods. such as the
external modulation based optical comb generation approach which 1s a widely
using approach in optical OFDM transmitters. In particular, in order to achieve high
speed optical OFDM signal generation, re-circulating loop modulation is {frequently
used. The technique is recognized as an clfective solution for optical comb
generation with a large number of high quality sub-carriers |18, 20]. More than one

hundred sub-carricrs have been obtained for 11.2 'Tb/s optical OFDM generation, as
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demonstrated by YU et. al. [20]. The re-circulating approach enables the generation
of a large number of sub-carricrs. Unfortunately, the sub-carriers have limited 1R
due to the use of EDFA and recirculated modulation in the loop. The IR is
generally between 20 and 30 dB, which can be well improved by using the
proposed SBS loop mirror for ER enhancement. The improved ER will lead 10 a

lower noise level of the optical OTDM signals.

5.3 SBS Loop Mirror for Clock Recovery

Clock recovery (CR) is important in digital communications lor providing a
synchronous signal, which ts highly desirable for logic operation, time-division
demultiplexing, pulse format converston, and retiming in 3R regeneration. Clock
recovery  can  be achieved by wusing electro-optical phase-locking  loop.
scimiconductor optical amplifier (SOA) ring laser or self-pulsing distributed
[ecdback laser with injection-locking, Fabry-Perot filter (FP), and stimulated-
Brilloﬁin-scallcring (SBS) loop [23-27]. Among those techniques, the S13S-bascd
approach has the unique advantage in its transparency o data ratc which cun be
applicd 1o high speed clock recovery up to hundreds of Gigabit/s [30)].

OTDM cnables the gencration of high speed signals up to hundreds of Gb/s.
However, time division multiplexing is not favorable for obtaining a strong and
stable clock tone duc to possible temporal misalignment. The clock tones are
particularly unstable for OTIDM signals obtained from short pulses generated from
mode locked lasers, such as a MLI'L, which has unstable phase for the short pulses.
Those pulses can only be used for data formats generated with intensity modulation

instcad of phase modulation.
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In this Section 5.2, we have studied the use of an SBS loop mirror for
optical comb gencration with ER cenhancement and flatness improvement. The
principle for CR basced on S13S scheme is essentially the same as that lor optical
comb generation. Specilically, SBS loop mirror is applied to high speed OTDM-

OOK signals 1 our work for clock tone extraction,

10-Gbls
M ;
mLFL X Eom [ _
10-GHz |
[oTom] 9.725 |
40-Gh/s -GHz :
80-Gbls
A 2 160-Ghis EDFAHLF-1 km

o p—00

Fig. 5. 14 Experimental setup for the 40/80/160 -Ghix clock recovery, MLEL. mode
locked fiber laser, TL. mnable laser. BPE: hand pasy filter, FOM: clectro-optic

modulator; 15O: isoluator.

J0-C b/

a 10 20 30 40 50 60 70 60 9 100
lime (ps)

Fig. 515 Eye diagrams of the 40/80/160 -Gb/s QTDM-OOK signals.

Fig. 5.14 shows the experimental sctup for the clock recovery ol 40-Gbrs,

80-Gb/s and 160-Gb/s OTDM signals. The setup is similar to the one for the comb
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generation presented in Section 5.2, ‘The phase-unstable short pulses are mtensity
modulated by 10 Gb/s PRIBBS data and then multiplexed in time with a factor of
two/three/four to obtain -HY80/160 -Gb/s OTDN-OOK signals as shown in Fig.
5.15. The OTDM-OO0K signal and the CW probe are launched into a I.lNI,l" tor
XPM to obtain stronger clock tones at the probe wavelength. After passing through

a BPF, the probe wavelength with multiple tones are amplified by another EDIA

and then doected to an SBS loop miurror for the clock tone extraction.

160-Gbis
QTOM-GOR Signat
at diffevent Lacings .

Intensity (10cB/div.)

1540 1550
Wavelength (nm)

D ‘-léGO
Fig. 3.16 Specira of the 160-Gh/s OTDM-OQOKN signal at different tracings

indicating the instability of the spectral characteristics.

Fig. 5.16 shows the spectra of the 160-Gb/s OTDM-OQOK signal at Al
around 1551.5 nm. The OTDM signal cannot be utilized directly as the pump in the
SBS loop mirror due 1o unstable phasc of the pulses gencrated {from the MLFL. The
two spectra in Mg, 5,16 are obtained for the same signal but at different tracings.
indicating the varying spectral characteristics with unstable and complex harmonic
tones. In order to obtain more stable clock tones, we ulilized the XPM process 1o
transform the intensity information of the OTDM-0OOK signal to the probe CW
wavcelength, which is generated by a tunable DB laser with good coherence. By

using a BPI° to remove the XPM pump at &1, we obtain a stabili. «d spectrum with
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cnhanced clock tones as shown in Fig. 5.17 (lower). The intensily of the probe
output is essentially constant. Notice that one can also recover the intensity
information by sidcband or center filtering using a BPJ with a suitable bandwidth.

thus achicving optical wavelength conversion.

Qutput: 160.GHz vptical clach
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Fig 5,17 The input und output spectra for 160-Cib/y OTDM-OORKN clock recovery,

— v e
Outpin: 44-GHz optical clock
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Intensity (10dB/oiv.)
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Fig. 5.18 The ouput spectra for 40 and 80 -Gh/s OTDM-OOK clock recovery.

The input and outpu! spectra for 160-Gb/s OTDM-00K clock recovery arce
shown in I'ig. 5.17. The input spectrum is obtained afier XI’M process with a 4-nm
BPL. The 160-Gllz clock tones are gencrated with relatively strong carriers which
can thus be used as the SBS pump. The power level of the pedestal o the input

spectrum indicales the phasc/intensity data information of the OOK signal due to
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XPM. The clock tones are extracted with the pedestals suppressed and thus the data
information is erased, leaving only the clock as shown in the output spectrum. One
can also notice the improvement of the R of the carriers after clock recovery. The
same opcrations are implemented with different data rates of 80-Gb/s and 40-Gb/s.

The output optical clock spectra are shown in Fig. 5.18.

 80-GHz

"160-GHz,

0 10 20 30 40 50 60 70 40 90 100
fime (p5)

Fig. 5.19 Waveforms of the output pulse rains after clock recovery

The waveforms shown in Fig. 5.19 arc the output pulse trains obtained from
the clock recovery scheme. :l‘hc beating of the clock tones results tn a sinusoidal
profile of the optical intensity. The timing jitters of the 40-GHz, 80-GHz, and 160-
GHz pulse trains are about 510 fs, 400 fs, and 230 fs, respectively. Due to the speed
limit of the photodetector, we did not measure the RIF spectrum which 1s usually
used for determining the phase noise/jitter of the recovered clock. One can refer to
Ref. 31 and Ref. 32 in which the clock recovery for DPSK signals has been
achicved bascd on a similar principle, yet performed at lower data rates w.ilh

measured output RI° spectra.
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Chapter 6: Summary and Future Work

6.1 Thesis Summary

Opfical signal processing achicved with interferometers covers a wide range ot
apphications in optical communications. This thesis presents an extensive study of
the processing techniques based on passive and active fiber devices, including
several innovative fiber interferometers.

In Chapter 1, we discussed the trend for the growth of next-gencration
optical communications. We also provided a review of optical communicition
history, and overview of optical signal processing and interferometers tor liber
communications.

In Chapter 2, we described the {abrication of a photonic crystal fiber based
Mach-Zchnder interferometer (PCI-MZI). s applications  in optical  signal
processing are cxperimental studied. Included are DPSK demodulation. pulsce
format conversion. repetition rate multiplication as well as high speed OTDM signal
generation. Table 1 lists several major interferometers and their properties as the
comparison of the PCF-MZ to the other interferometers. PCIF-MZ1 is one ot the all-
fiber in-line modal interterometers, which only utilizes one line of tiber, and makes
the fabmication casy and precise, with a good precision tolerance. ‘The modal index
difference is usually quite large and thus makes the device usually compact. The
cost of PCEF-MZI is very low, compared with waveguide or [ree-space devices.
Counventional fiber coupler based interferometer i1s also casy for fabricatiqn but
difficult for precise control with usually a worse tolerance ol fabrication precision.

The fabrication is usually more difticult for high speed operation. Waveguide and
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frec-space based interferometer’s fabrication is usually expensive but the operation
performance is comparably good especially for high speed operations.

-

Table 6.1 Comparison of the PCF-MZ to the other interferometers

L

_ In-line all-fiber modal mtcrfer()mulcr ]
Device type Interference modes Delay { ()pcl ation performance
L - coefficient |
PCF- M?I Core-mode/ Large | Wide band, high ER, large
L cladding mode ~ (e.g. 30ps/m) loss, stable !
" Two- modt. Fundamental/ hi_:,h— Large Wide band, high ER, small
| fiber [3] order core-modes ~ | loss, stable
Sagnac/Loyt Two poldnmtmn ? Small Wide band, Inuh ER, small
4] modes ~ (eg. lps/m) | loss, instable
Hollow core Air/silica modes Very large | Nuarrow “band, small R,
| fiber [5] | o | (e.g. 1500ps/m) i,,_ small loss, stable !
- Two-arm interferometers o
Device type Opcrallon erfonn'mCL . __I_dl_ﬁ_[!_(,dlloll_d_l'ld_l_.ghl -
Fiber coupler “Wide band, high ER, small | Easy fabrication, low precision,
_ pair loss, stable Ay lowcost o
Waveguide | Wide band, high ER, small . Difficult fabrication, high
S 1 loss, instable _ precision, high cost -
Free-space “Wide band, high ER, small Easy fabrication, hmh prcusmn
L _loss, stable highcost |

’

OFDM is an attractive solution in next-gencration communications for fong
haul transmission and optical access. Cascaded delay interferometers can be used in
optical OFDM demultiplexing, which has been introduced in Chapter 3. Cascaded
and multisection Sagnac interferometers are studied theorctically  and
experimentally in this chapter. Designs of optical OFDM demultiplexers arc
demonstrated based on cascaded and multisection Sagnac interferometers. Optical

demultiplexing of OFDM signals has been experimentally investigated.

o

~

In Chapter 4, we first introduced the nonlincar effects in optical fibers,

including self-phase modulation, cross phase modulation, four wave mixing, and

"

optical parametric amplification. Nonlinear optical loop mirrors (NOLM) as active
and nonlincar interferometers are also introduced in this chapter. Dispersion

asymmetric NOLM, as a variant of NOLM, has then been tnvestigated in Chapter 4.

fl
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Reconfigurable OTDM demultiplexing is demonstrated based on the DA-NOLM.
Two-channel optical DEMUX using a single baseband control pulse train is
achicved for 40 Gb/s OTDM signals. A modificd configuration of DA-MOLM is
presented with dispersion management inside the loop mirror. Reconfigurable two-
channel DEMUX of 80 Gb/s OTDM signals is demonstrated. Other applications of

DA-NOLM for DPSK demodulation, repetition rate multiplication, and pulsc

format conversion are also discussed.

Table 6.2 Comparison of the (M)DA-NOLM to the other OTDM demultiplexers

- 3 OIDM up_fic_:_l_l_'Zlcn.l.ultiplc;érs__-_

| Device type |[ Operation Demultiplexing ‘ Bandwidth
- ___principle wavelength [
EOM/EAM Linear Preserved ' Widcband
_I6] | E-O modulation I R
NOLM Nonlincar Preserved Wideband
FWM/OPA | Nonlinear Converted Limited
- ! - L bandwidth
UNI Nonlinear Preserved Widcband
. xeMm o -
I'OAD Nonlincar Preserved Widceband
(8] XPM in SOA S S
PPLN Nonlinear Converted l.imited
9 SFG/DFG o __bandwidth
DA-NOILM Nonlinear Preserved Wideband
e —— 4 Xl’M Ry — " a— - B
MDA-NOLM | Nonlincar Preserved Wideband
. xeMm I

Compared with several major OTDM optical demultiplexers, DA-NOILLM

and MDA-NOLM inherit all the advantages of NOLM and particularly they have
such an uniquc advantage of two-channel operation capability, which doubles the
demultiplexing efficiency. The single-channel/two-channel switchable operation
also incrcases the flexibility of the system. The reconfigurable operation of DA-
NOLM and MDA-NOLM is based on wavelength detuning for OTDM tributary

selection, which is also different compared to the other demultiplexers, as list in

167



Chapter 6: Summary and Futire Work

Table 6.2. The nonlincar process of XPM in DA-NOLM and MDA-NOI.M
indicates the ultralast operation capability, rather  than  clectric-optical
demultiplexers such as I:OM and EAM which has such an electronic bottieneck. or
the SOA based demultiplexer like TOAD which has limited speed due to the
paticrning effect. DA-NOLM and MDA-NOILN are also capable of ADM with Iwo-
channel operation rather than TOAD which will destroy the through channels.

In Chapter 5, optical comb generation and clock recovery are studied based on
nonlinear signal processing techniques. Degenerate four wave mixing (WM s
utilized for chirp magnification to generate an optical comb with improved nuniber
of sub-carriers Based on a stimulated Brillown scattering (SBS) loop mirror, we
demonstrated the generation of improved optical combs with enhanced extinetion
ratio and {latness. Bit-rale vanable optical clock recovery for OTDM signals has

also been experimentally studied.

6.2 Future Work

This thesis covers the study of a variety of bber deviees for optical signal
processing with emphasis over several innovative fiber interferometers based on
PCI--MZI1, Sagnac interferometer and NOLM. Continuous effort 1s requested to
improve the performance flor optical signal processing, particularly along with the
recent developments such as space division multiplexing and mode  division
multiplexing. Here below lists several suggested directions for future work and the
outlook.

The PCEF-MZI presented in this thesis 1s an in-line modal interferometer.
One advantage of using PCF is the llexible structure and tnnovative guidance

mechanisms. There have been several demonstrations of PClE with specially
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designed structures which can favor the applications of constructing in-line modal
interferometers, e.g., reducing the insertion loss and polarization dependence. Apart
from PCF, one can also utilize two-mode fiber or few-mode fiber to achieve maodal
interference between the low-order core modes |10, 11} Applications for optical
signal  processing  can be improved with the improvements of the modal
interferometer by using these specialty fibers, For example, with reduced insertion
loss, cascaded stages of in-line interference can be implemented and thus optical
OFDM DEMUX can be achieved.

The SBS frequency shift s wavelength dependent, which may Limit the
wideband operation for ER enhancement for optical comb generation. Further
imvestigation is requested to explore the SBS loop mirror for gencerating additional
high-ER sub-carriers, rather than 7 carricrs presented in this thesis for the 80-Ghz
optical comb.

By using chirp magnifier and 888 loop mirror for improved optical ¢comb
generation, we will continue the study about optical OFDM pencraton and s
signal processing. Multi-carrier optical OFDM signals. as a super-channel, also
need wavelength conversion for data routing. All-aptical wavelength conversion is
particularly desired for optical OFDM signals duc to the bimited speed and
complexity of OO conversion for OFDM receiver. Phus. one can utilize oplicat
nonlinear effects for wavelenpgth conversion. Since the optical OF DN signal has an
analop waveform, FWM would be an appropriate approach  [he ultralast sonhnear
responsc can also be utilized for optical gating in opticat OFDM DEMUX i which
a narrow gating window 1s particularly requtred for sampling.

Recently, mode division multiplexing (MPDM) has become an eyce-catching

technology which is rccognized as another effective solution to further inerease the
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transmission capacity |12]. This idea wtilizes the orthogonality of the cipen-modes
supported by the few-mode fibers. c.g. two-mode and three-mode fibers. so tha
diffecrent messages can be carried by different modes without noticeable modal
interference [13]. The principle 1s similar to OFDM which utilizes the orthogonality
ol the t'rcquehcy carricrs 10 prevent interference between the overlapped spectra,
The modal multiplexing, signal transmission, modal demubtiplexing, and other
signal processing t.cclmiqucs in MDM systems still require tremendous efTorts.
Modal devices based on two-mode or few-mode fibers. such as modal
interferometers, can be used for WDM DEMUX. At the same time. a FBG mseribed
on a two-mode Diber will have two resonant wavelengths correspond 1o the (wo
maodes supported by the fiber [13]. Thus, such a FBG can be used lor simultancous
WDM and MDM demultiplexing. Mode multiplexing can also be achieved. 10 1s
anticipated thait the all-fiber structure can result in a better performance in inscrtion
loss, stability. and compactness, compared with the free space or hiquid crystal

bascd devices |14,
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