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ABSTRACT OF THESIS ENTITLED: 

Innovative Fiber-based Interferometers for Optical Signal 

Processing in Next-generation Communication Networks 

Submitted by DU Jiaimbing ‘ 

1-or the degree of Doctor of Philosophy in Electronic lln^ineerintz, 

at The Chinese University of Hong Kong in AugiLst 2() IJ 

The continuously growing Internet traffic has resulted in a huge amount of data 

How in the optical networks, particularly along with the rcccnl developments of 

3G/4G scrvicc, cloud computing, and Internet of things. High-data-rate optical 

transmission and interconnection arc highly desirable in ihc near future, for next 

generation communication networks. Accompanicd with the traffic growth is 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 rcduccd complexity and power 

consumption. This thesis focuses on high speed all-optical signal processing 

technologies based on innovative fiber-based interferometers, including Mach-

Zehndcr and loop mirror interferometers constructed by photonic crystal fiber 

(PCF), bircfringenl fiber and highly nonlinear fiber (IINLF). 

Photonic crystal fiber based Mach-Zehnder interferometer (I)CF-MZI) is 

constructed by a single line PCF, which is an in-line, all-fiber and couplcr tree 

device. As a delay interferometer (DI), PCF-MZI offers enhanced thermal stability 

in its operation. To date, applications of the in-tibcr PCF-MZI arc mainly focused 

on optical sensing instead of communications, which is a major objective in this 

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



desirable delays for optical signal processing, including differential phase shift 

keying (DPSK) demodulation, pulse format conversion, rcpelilion rale 

multiplication and high speed optical time-division-multiplexing (O'l'DM) signal 
* ( 

generation. * 

Orthogonol frequency division multiplexing (OFDM) has attracted quite a 
V 

lot of interests due to its incomparable advantages in high spcctral efflcicncy optical 

communication, which significantly enlarges the optical transmission capacity. 

Optical demultiplexing (DHMUX) of OFDM signals requires l-l'T processing, 

which can be efficiently achieved by using cascadcd delay inlcrlcromctcrs. Wc 

theoretically and experimentally sludied the transmission properties of cascadcd and 

multi-section Sagnac interferometers and demonstrated their application for the 

optical OFDM DHMUX. 4-chaiinel OFDM DEMUX is experimentally 

demonstrated with open eye obtained. 

Optical time-division-nuilliplcxing is another promising solution lor high-

speed signal generation. Using the in-fiber PCF-MZl, we have also pcrlbrmed 

OTDM signal generation at different bit rales. The setup oflcrs comparable 

performance to commcrcial multiplexers. We generated 16()-Gb/s and 320-Gb/s 

OTDM signals based on PCF-MZls. 

, O u r study on optical processing of high speed OTDM signals continues with 

fiber-based techniques using third order nonlinear effects. Based on Hi\UJ\ wc can 

conslTiicl active fiber interferometer, namely here as nonlinear optical loop mirrors 

(NOLM). We investigate dispersion asymmetric nonlinear optical loop mirror (DA-

NOLM) based on cross phase modulation for simultaneous two-channel 

demultiplexing (DEMUX) using only a single baseband control pulse. 

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



DRMUX are also switchable between two-channel and singlc-channcl operations. 

Utilizing 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 mirror interferometer, we have 

further proposed and demonstrated a modified DA-NOLM. The new dcvicc 

introduces a larger asymmetry in the propagation of the two interfering branches 

while maintaining a zero total dispersion in each of them. Consequently, pulse 

broadening is reduced and higher bit rate operation is supported. With ihc dcvice, 

we have successfully achieved error-free two-channel DEMUX for 80-Gb/s OTDM 

signals. 

Wc also investigated signal processing using nonlinear devices beyond 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 extinction ratio enhancement and flatness 

improvement is demonstrated utilizing 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. 

I l l 



摘要 • 

近年來，伴随藉壹些諸如3 G / 4 G �雲計®和物聯網等新技術的發展，網絡帶 

寬持縯高速增長,光網 i f i的败據流量也随之不斷升高,高速的光傳輸和败據 

迪接以及相應的高速信號處理胜K褒代光通信系統中越發顯得®要。J-1:中， 

全光信號處理以其超快的處理速度、較小的操作離度和能墩消耗，受到了鄉 

大_{。本論文將致力於服務於下费代光通信系統的个光纖高速佶號處现的 

研究，特別楚®於新继光纖幹涉儀的全光信號虛理。 

雄於光子晶體光纖的馬赫啓德爾幹涉儀(PCK-MZ1)足敷稀緊湊•；i的光 

fe幹涉儀器件，其原理是雄k纖心模式和也赠模式的幹涉，本質丨二來説ilk齋 

稀延幹涉儘，利用不同的光子晶體光纖提度可以得到不M FSR的延遲幹 

涉，從而應用於各稀光信號處理中。我們丨向制丫不M長度的PCF-MZ1，成功 

ffl於差分相位鍵控(DPSK)佶號的解調，脈沖格式轉換，脈沖：t複频率的倍增 

以及高速時分複用信號(OTI)M)的産尔。 

正交頻分袍用(OFDM)的超髙光譜效4率特性存利於進遗步增加通信容 

量，對於OFDM光信號的接受，解複) l j是壹個不可缺少的過 f i，比如利用全 

光器件的光學解複用。其中，作爲級聯的和多段的Sagnac幹涉儀就可以用於 

O F D M的全光解調，胜理論和货驗分析的基礎上，我們得到了四敝波的 

OFDM全光解複用。 

非線性光纖環鏡是區別於被動光纖幹涉儀的労直：類tJ力的和非線性的 

光纖幹涉儀，选高速全光信號處理中有許多應用。其中，色散不對稱的非線 

性光纖環鏡(DA-NOLM)利用了光纖環鏡中的不對稱的色散分布，從而産生不 

同的飛非線性過程。雄於DA-NOLM以及其改進版的MDA-NOLM，特別是 

i v 



其延遲可調的特性，我們窗現了諸多光信號處理應用，其中包括"丨配背的雙 

通道OTDM解複用和插分複用，脈沖赏複频率倍增以及脈沖格式轉換。 

：!/}外，®於非線性光纖中的四波混頻(FWM),我們硏究了 :1^光的_揪 

放大，並將該效應成功應 f f l於光梳狀譜的鹿生，得到了多®波的OFDM光佶 

號。而且，利用受激布褒淵散射(SBS)，我們還资現了對光梳狀譜的消光比的 

明顯提高，梳狀譜載波的平坦度也冇提高。基於SBS效應,我們研,究了全光 

的時鍾信號提取，成功资現了對OTDM信號ffO高速全光時純恢複。 
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Chapter 1: Introduction 

Telecommunication is the foundation of the information technology industry ihat 

has been drawing huge investment interests, which has been highlighted in Obama's 

first State of the Union Address speech for United States and also in the twelfth 

five-year-plan outline for national economic and social development of the People's 

Republic of China f 1, 2\ For example, in the twelfth five-year-plan for China, the 

next generation information technology industry is exclusively mentioned as one of 

the seven strategic new industries. Included in the twcllth five-year-plan arc ihc 

developments Ibr 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 201.1. 

Accompanied with those attentions is the rapidly growing data traffic demand Ibr 

telecommunications, including mainly the next-generation optical communication. 

For ncxl-gencralion optical communications, the main issue is to increase 

the bandwidth for the urgent demand of more data traffic [3-5]. China-Tclccom, as 

the biggest fixed-network communication company in China, is trying lo invest 

more than 150-billion RMR in the project of "optical networking city" within the 

next five years starting from 2011. The project will focus more on high-speed 

optical transmission for the backbone-network and wideband optical access for 

fiber-to-the-home (FTTI I), 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 Internet speed and costs around the world [6]. 
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Fig. 1.1 The Internet speed and costs around the world by Or^anizcition for 

Economic Co-operation and Development (OECD) [61 

1.1 Introduction to Next-Generation Optical 

Communications 

The history of optical communication can trace back lo 1970s, right after the mature 

fabrication of low-loss optical fiber and the invention of laser. The first generation 

of optical communication was launched in late 1970s, when the transmitters, 

receivers and optical fibers were operated around 800-nm wavelength. At thai lime, 

45 Mb/s data rate is allowed lo transmit with 10-km repeater spacing |7| . 

With the operation wavelength moved lo 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 repealer 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 I98()s. However, due lo 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 systems arc commercially available with the capability of 10(jb/s 

operation, which is so called the third generation optical communication. At that 

lime, the signal was regenerated periodically by using cicclrical repealers spaced by 

60-70 km, which had been significantly enlarged compared to the older generation 

systems |8J. Coherent detection, which was able to significantly increase rcccivcr 

sensitivity, caught a lot of interest at that time. 

The applications of fiber amplifiers and wavelength division multiplexing 

(WDM) arc the corc issues in the fourth generation of optical communication 

systems. The advent of WDM around 1992 started a revolution ol' the optical 

communication with the system capacity doubled every six months. 10-Tb/s system 

capacity was achieved by 2001. In one record experiment in 2005, 300 wavelengths 

were transmitted over 7380 km with a bandwidth-length (BL) product of 25,000 

Tb/s-km. Commercial systems with 3.2 Tb/s capacity, 40 Gb/s lor 80 wavelengths, 

together with the use of Raman amplification, were available by the end of 2003 17, 

81. 

By examining the evolution history of optical communications in the las I 

forty years, wc can find that the data rate per wavelength has been increasing from 

lens of Mb/s to over 400 Gb/s for industry, along with the improvement of optical 

fiber fabrication, semiconductor and optoelectronics developments, and the use of 

advanced modulation formats and multiplexing technologies, foday, the rapidly 

growing data traffic 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 mature. 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 thai is impossible lo be replaced within 

one hundred years, by Charles Kao (the 2009 Nobel Prize winner). Rcccntly, 

researchers arc looking into photonic crystal fiber (1)CF) and plastic fiber for ncxl-

gcncralion optical communications. For example, low-loss and largc-mode-arca 

single mode photonic crystal fibers (PCFs) have been demonslraled for high-speed 

WDM transmission [9J. 

In laboratory, there arc demonstrations of high data rale over Tb/s utilizing 

multiplexing technologies such as wavelength division multiplexing (WD.VI)， 

optical time division multiplexing (OTDM) and orthogonal frcqucncy division 

multiplexing (OFDM) [lOJ. Presently, WDM is the major technology at hand that is 

capable to meet the high bandwidth in optical networking for ncxl-generalion 

optical communication. The single carrier speed is under the evolution from 10 

Gb/s for present backbone and metro network to 40 Cjb/s and � 0 0 Gb/s for ncxl-

gcncralion networks 111]. Now, the aim is 400 Gb/s. 

To achicve such a high speed modulation data rate up to 100 Gb/s or 400 

Gb/s over a single wavelength (channel), advanced modulation Ibrmals is needed. 

Among those arc differential quadrature phase shil 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 formal for 100 Gb/s system [11，12J. 

The Optical Internetworking Forum (OIF), launched in 1998 as a non-profit 

organization, has been doing a lot of work for the standardization of 40Gb/s-

1 OOGb/s architecture and framework [121. started in 2007 when the first rumors 

surfaced that the IEEE would be working on a 100-Gb/s project. Now, the progress 



Chapter 25: Introduction 

()r 100-Gb/s has come to the commercial implementation peiiocl and 

tc 1 ccommunicalion service providers are beginning to install the system or upgrade 

Irom Ihc 40-Gb/s system to 100-Gb/s. In March 2011, the first 100-Gb/s long haul 

backbone network was successfully launched in Huropc between Paris and 

1 Tank furl by Vcri/.on, an American telecommunication service provider 113, 14j. 

I clecoms like I luawci, Alcatcl-Luccnt and NSN have all announced their 100-(ib/s 

solutions. I lowcvcr, for 400-Gb/s system, the standardization of the architecture and 

networking is still under progress. 

1.2 Overview of Optical Signal Processing 

Signal processing is embodied in optical communication as a key role covering ihc 

whole system from transmitter to rcccivcr, which appears to have growing 

importance along with the speeding up of the data rate to 40 Gb/s and 100 Gb/s. 

Currently, in optical communication systems, signal processing is performed mostly 

in the electric domain which usually needs optical-electrical-optical (GEO) 

conversions. This is acceptable when it is done at the ends (the Iransmiller or 

receivers) but bccomes a burden of the system when it is done at the nodes. The 

limited speed of OEO conversion is also a bottleneck for all-optical networks in 

next-generation optical communications. Therefore, optical signal processing, 

which has ultra fast processing speed, will play a key role in building up Ihc all-

optical networks and improving system performance of optical communications. 

Optical signal processing is particularly important for making the system 

more flexible and robust for high-speed and all-optical networks. Advanced optical 

systems need various kinds of signal processing at the nodes or the ends, such as 

wavelength conversion, optical regeneration, optical multiplexing and 



Chapter 26: Introduction 

demultiplexing, wavelength multicasting, optical demodulation，optical logic gating 

and so on [15]. Generally, the processing can be classified into passive optical 

signal processing and activc optical signal processing, based on how the schemc 
« 

functions. Passive optical signal processing is based on passive devices with various 

functions in optical systems, typically in passive optical networks (PON). Active 

optical signal processing usually has belter rcconfigurabilily and lunabilily 

compared to passive optical signal processing. 

Usually, passive and activc optical signal processing techniques are targeted 

in different areas and they are quite separated with each other. Passive dcviccs arc 

usually more preferred due to speed limitless operation and very little power 

consumption. Meanwhile, some functions that are usually processed by passive 

devices can also be achieved actively. As an example, DPSK signals can be 

demodulated by delay interferometers and also by nonlinear optical loop mirrors 

that offer key advantages to improve the system performance. 

Due to the ullrafast response speed, the present activc optical signal 

processing techniques arc mostly focused on optical nonlinear cfleets in highly 

nonlinear optical fibers (IINLF), semiconductor optical amplifiers (SOA), nonlinear 

crystals like periodically poled lithium niobate (PPLN) and so on. Compared with 

HNLF, SOA and PPLN have belter compactness. However，IINLF, especially 

specialty HNLFs such as PCF and bismuth fiber, also catches much interest due lo 

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

1.3 Interferometers in Optical Communications 

Among different optical signal processing devices, interferometers are particularly 

important and they have been in use in a lot of systems configured as filter, 
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modulator, demodulator, multiplexer, demultiplexer, regenerator, formal converter 

and so on. In optical sensing, interferometers are also very much useful. One ol" the 

most notable examples of interferometer is the gyroscope for navigation, which is 

actually one kind of angular velocity sensing. In this section, we will have a brief 

overview of widely used interferometer devices in optical communications. 

Mach-Zehnder interferometer Minoi 

Min.oi 
Michelson Interferometer 

Ill|)Ul Minor 

Minor 

Sagnac Interferometer Minor 
Minor 

Fabry-Perot interferometer 

丨 k•；u 丨丨 splitter 

«Output 
Olllpul Mint)! 

Hg. 1.2 Principle of the interferometers. 

Fig. 1.2 shows the schematic illustrations of the four leading kinds of 

interferometers: Mach-Zchndcr interferometer, Michelson interferometer, Sagnac 

interferometer，and Fabry-Perot interferometer. 

Among those interferometers, Mach-Zehnder interlcrometer,(MZI) has the 

simplest structure but the widest application. For example, the widely using Mach-

Zehndcr modulators are all constructed based on Mach-Zchnder configuration. The 

up-coming 100-Gb/s DP-DQPSK modulator is based on a dual parallel Mach-
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Zehnder structure. The DPSK demodulators, fabricated by optical libers or silicon 

waveguides, arc also constructed based on MZI. Some other examples of M/1 

devices inclucic wavelength intcrleavers, demultiplexer, pulse formal converters and 

so on. One should notice that Mach-Zchndcr modulators arc actually aclivc 

interferometers which arc driven by electrical signals. The operation dilTcrs from 

passive interferometers such as DPSK demodulators. 

Sagnac interferometer can be taken as a variant of Mach-Zchndcr 

interferometer, which has the two arms replaced by the clockwise and counlcr 

clockwise operations. Michelson interferometer's application area is more likely in 

sensing, such as measurement and monitoring, rather than in communication. 

Fabry-Pcrol interferometer has been widely used both in optical communication and 

optical sensing. For example, lasers, particularly high power solid stale lasers, arc 

often based on Fabry-Perot structures. 

Optical fiber based interferometers are particularly interesting due to their 

all-fiber structure, which has advantageous interface lor compatible fiber 

interconnection in optical fiber systems. Fiber based inlerferomctcrs 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, bircfringent fiber based Sagnac 

interferometer, in fiber micro-cavity as Fabry-Pcrot interferometer, and fiber grating 

based in-line Mach-Zchnder interferometer. 

Usually, fiber interferometers arc. identified as passive devices. There arc 

also many nonlinear optical signal processing dcviccs constructed based on optical 

loop mirrors (NOLM), which can be considered as active interferometers. Generally’ 

the optical switching of NOLMs is 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. 

Examples 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 innovative deviccs like NOLMs as active and 

nonlinear interferometers. A systematic overview with focused study of reccnl 
$ 

innovative fiber interferometers will be desirable and useful to researchers in the 

field, 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 

multiplexing techniques in optical transmission ‘ and acccss, 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 

interferometers for optical signal processing in ncxt-gcncralion optical 

communications. 

The introduction of next-generation optical communications with a review 

of optical. communication history, overviews of optical signal processing and 
1 

V 

interferometers for optical communications has been discussed in Chapter 1. 

In Chapter 2, we describe the fabrication of photonic crystal fiber based 
I 

‘ * . Mach-Zehnder interferometers (PCF-MZls). Their applications in optical signal t 

(processing are experimentally studied. Included are DPSK demodulation, pulse 
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format conversion, repetition rate multiplication as well as high speed 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 in 

optical OFDM demultiplexing, which has been introduced in Chapter 3. Cascaded 

and multisection Sagnac interferometers arc studied theoretically and 
i 

experimentally in this chapter. Designs of optical OFDIyl demultiplexers arc 
/ 

demonstrated based on cascaded and multisection Sagnac interferometers. Optical 

demultiplexing of OFDM signals has been experimentally investigated. 

Optical nonlinearitics have been utilized for all-optical signal processing 

offering advanced performances. In Chapter 4, we first introduces the nonlinear 

effects in optical fibers, including self-phase modulation, cross phase modulation, 

four wave mixing, and optical paramclric amplification. Nonlinear 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. Rcconfigurablc OTDM demultiplexing is demonstrated based on the 

DA-NOLM. Two-channel optical DEMIJX using a single baseband control pulse 

train is achieved for 40-Gb/s OTDM signals. A modified configuration of l)A-

MOLM is presented with dispersion management inside the loop mirror. 

Reconfigurable two-channcl DEMUX of 80-Gb/s OTDM signals is demonstrated. 

Other applications of DA-NOLM for repetition rale multiplication and pulse formal 

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) is 

10 
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Utilized for chirp magnification to generate an optical comb with improved number 

of sub-carriers. Based on stimulated Brillouin scattering (SBS) loop mirror, we 

demonstrate the generation of improved optical combs with enhanced extinction 

ratio and flatness. Bit-rate variable optical clock recovery of OTDM signals is 

experimentally studied. 

Chapter 6 presents a summary of the thesis along with suggestions for the 

future work. The understanding and proposal of several culling edge techniques in 

the area of high speed optical communications are discussed. 

1 1 
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Chapter 2: Optical Signal Processing 

based o n P C F - M Z I 

Photonic crystal fibers (PCF) have been widely studied with increasing inlcrcsl 
f 

bccausc of their wide range of improved optical properties and the ability of 
\ 

flexibly manipulating these properties 11 j. Accordingly, many improved P(�F 

dcviccs have been demonstrated such as 1)CF gratings |2| , PCI-" fillers [31, and PCF 

couplers |4). Based on their light guiding mechanism, PCI' can be divided into 

index guiding PCF and bandgap guiding PCF [5, 6J. Presently, ihc leading is 

index-guiding based on air-silica slruclurc with air holes axially aligned in the fiber. 

Interferometers built based on PCF have drawn a lot of interest among those 

PCF devices [7]. Variant of PCF interferometers have been introduced in Chapter 2, 

including Mach-Zchndcr interferometer [8|, Michclson inlcrfcromctcr |9| , Sagnac 

interferometer [10], and Fabry-Perot interferometer |11-13|. Advanced properties 

such as in-line and compact structure, stable and lunablc operation, all-fiber tbalurc, 

and easy fabrication, can be obtain due to those unique characteristics ()ri)(�l:. 

Photonic crystal fibers based Mach-Zchnder interferomcicr (PCI'-M/I) is 

constructed based on PCF, utilizing its corc mode and cladding niodc guidance for 

the interference [8, 14-20|. In this chaplcr, wc investigate the in-line Mach-Zchndcr 

interferometer which is constructed by PCF. The principle of the in-line PCI'"-MZI 

is discusscd in Scction 2.1. The fabrication of PCF-MZI is studied in Section 2.2. 

together with the experimental characterization of Ihc fabricated" PCl^'-MZIs. In 

Scction 2.3, DPSK demodulation is demonstrated based on the PCF-MZI. The 

optical pulse format conversions including RZ-to-NRZ and NRZ-lo-PKZ arc 
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Studied in Section 2.4. The repetition rale multiplication and high speed O TDM 

generation based on PCT-MZI arc discussed in Section 2.5. 

2.1 Photonic Crystal Fiber based Mach-Zchndcr 

Interferometer 

2.1.1 Operation Principle 

Photonic crystal fiber based Mach-Zehnder interferometer (PCF-MZI) is known as 

an all-fiber in-line delay interferometer (DI), which has a relative delay introduced 

by the index differcncc between the core mode and the cladding mode of the PCF 

[8|. Due to the unique air-hole structure of PCF, the index difference between the 

core mode and the cladding mode can be quite large, which implies thai a short PCF 

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 PZF-MZI, as a DI with an in-

line structure and enhanced thermal stability, has been demonstrated favorably in 

optical sensing [17-19, 23]. 

Mismatch 

SMF s p i ’ P C F 
Mismatch 
splicing SMF 

Fig. 2.1 Schematic illustration of the PCF-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 

15 
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allows the input light to be split into the core and the cladding of the 1)CF，resulting 

in light propagating as core mode and cladding mode, respectively. Therefore, wc 

can take the core and the cladding as the two arms of a Mach-Zchndcr 

interferometer. The core mode and cladding mode, which are characterized by 

different effective indices，ricore and tichMmK�have diITcrcnt light propagation speeds 

in the PCF. Consequently, a relative group delay is developed after the propagation. 

When the corc-modc light and the cladding-modc light arc rccombincd at the 1)CF 

output end that is mismatch-spliccd with another SMF, inlcrfcrcncc will lake placc 

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

n 义 ) = L M ) + 1 一 W + 眞、入V— W cos{27rAnL / A) (l.ki.2.1) 

A 
A " = n隱 一 n ^ = — ) {\LL\22) 

In 

where 口贿 and /hiadding are the propagation constants, and 1 衝 (又 ) a n d JdaMmaW arc 

the light intensities of the corc mode and the cladding mode at the PCI: output, 

respectively. L is the physical length of the PCF and X is the wavelength. The 

operation principle is based on Mach-Zchnder interference with the corc and 

cladding modes taken as the two inlcrfcrcncc arms, as shown in Fig. 2.1. According 

to Eq.2.1, the transmission is periodic with respcct to frequency and is usually 

represented by a comb-filtering spectrum. The spacing /I X between adjacent 

constructive peaks (destructive valleys) can be described as: 

AA = - — — = — — ^ — — （Eq.2.3) 
(〜ore "^cladino )人 、Pcon — PclaMmK )人 

We define a delay coefficient D corresponding to the relative time delay between 

core mode and cladding mode in onc-mcler PCF. Thus, the relative delay / \ l and 

the delay coefficient D arc given by: 

16 
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At = 
L ；I: 
肌 cln� c)adiiit> 

A/ A/7 ；I: 
L c cIAX 

(Hci.2.4) 

I Icncc, the delay coefficient of the in-fiber FCF-MZI is solely determined by ihc 

effective index differcncc An between core-mode light and cladding-mode light, 

which is in turn governed by the splicing mismatch and the I)CF structure. 

2.1.2 Core mode and Cladding Modes in PCF 

These unique features of PCP interferometers come from the fact thai optical 

properties 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-modc coupling, the understanding of cladding mode 

is necessary 1211, The modal properties including the corc mode and cladding mode 

in a PC1‘�is going to be studied in this scction. 

(a) , (b) 

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, wc arc experimentally using a PCF with 5 rings of air holes in 

the cladding. The cross sectional structure of the PCI' used in this work is dcpiclcd 

in iMg. 2.2(a). The pure silica PCF has a hole-to-hole spacing (adjaccnl holc-pilch) 

of />=5.8|j.m, a hole diameter of d=7>3\im in the cladding, and a �7 .8- ) im core 

diameter. Due lo the huge memory request of a 5-ring model, which is out of our 

computer calculation capability, we will use a 4-ring model instead as shown in Fig. 

2.2(b). It can also give us reliable results of the cladding modes. 

Fig. 2.2(b) shows the calculation structure of an index guiding 1)(:K with 4 

rings of air holes in the cladding. The background material is fused silica which has 

a refractive index of Nsiiica=l .45. The air holes arc hcxagonally distributed with a 

diameter of d and adjacent hole-pitch of D, 3.3 |im and 5.8 jim, respectively. The 

PCF is surrounded with a ring of perfectly matched layer (HML) for absorbing Ihc 

leaked power and enables us lo calculatc the leak loss of the guiding modes | 24|. By 

using means of full-vector finite element method (FHM, COMSOL |25|), 

Maxwell 's equations could be solved and numerical calculations with complex 

propagation constants given as M-fi+m can be derived, |251 where /i is the 

propagation constant and a is the attenuation constant. The leakage loss A with a 
/ 

decibel per meter scale has a relationship with a\ A = 20xlogio(e)xa = 8.686XM. 

Shown in Fig. 2.3 is the intensity profile of core mode LPOl al the 

wavelength of 1550 nm (the following mode profiles arc all for 1550 nm). The well 

confined optical field in the silica core indicates a small confinement loss (2x 10"̂  

dB/km). The arrows indicate the electric field directions. There is also another 

degenerated LPOl mode with orthogonal electric field directions with respect to the 

one in Fig. 2.3(a). So, the corc mode LPOl includes the degenerated IIR11 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 LPOl is calculated to be 1.44474. 

. ( a ) (b) 

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

Cladding modes LP02 is shown in Fig. 2.3(b), which correspond to two 

HE21 cigcn modes in two polarization directions. The mode intensity profile is 

similar to the LP02 mode of the conventional step index fibers, only the most of the 

power e.g. 98.5% is within the cladding. LP 11 modes arc also calculatcd as the 

intensity profiles shown in Fig. 2.4, the TEOl mode, IIR21-X mode, HE21-y mode 

and TMOl mode. It can be seen that most of the power of the cladding modes, 

including LP02 and LPl 1 modes, are well confincd in the cladding, which results in 

the smaller cffcctivc modal indices as shown in Tabic 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，since the effective index of the 

corc mode (the fundamental mode) is � 1 . 4 4 4 . The simulation results correspond to 

a delay coefficient of ~33-ps/m according to Hq.2.4. 
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⑷ (b) 

疆働 
(C) (d) 

Fig. 2.4 Mode intensity profile of LP 11 cladding modes: TEOl mode (a), IIlUl-x 

mode (b), IlE21-y mode (c) and TMOl mode (d). 
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Table 2.1 Effective modal indices for LP02 and LIM 1 cladding modes 

Claddinj 2 modes ^eff 
LP02 HE12-X 1.434462 LP02 

IIH12-y 1.434461 
LP 11 TEOl 1.434221 LP 11 

HK21-X 1.434208 
LP 11 

HK21-y 
TMOl 

1.434207 
1.434195 

mi 
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I ligher order cladding modes are also supported by this PCF structure, such 

as LP21 and LP 12 cladding modes. Since most the power will be coupled to the 

lower order cladding modes, which would be LPl 1 modes for the PCF we are using 

in this work 117], higher order cladding modes are not further investigated. 

The leakage losses (confinement loss) for LP02 and LPl 1 modes are closc 

to each other and it is calculated to be ~ I0 dB/km, which is much larger than that of 

the corc mode (2x10' dB/km). It is difficult to utilize the cladding mode 

propagation lor long distance transmission due to the large loss. However, in the 

study of PCF-MZI fabrication which usually needs only a short length of PCI: like 

several meters, the loss contributed by the confinement of cladding mode is 

minimal. 

2.2 PCF-MZI: Fabrication and Characterization 

The fabrication of the PCF-MZI in this work is based on mismatch splicing between 

SMFs and PCF, which has been schematically illustrated in Fig. 2.1 [26]. In Fig. 2.5, 

the zoomed picture shows the splicing between SMF and PCF. The cladding 

diameters of SMF and PCF arc both 125 fim. A small offset between SMF and PCF 

can be seen from the microscope picture in Fig. 2.5. The offset between the cores of 

SMF and PCF enables the power splitting and thus couples the input light into both 

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

S M F splicing p Q p sp|̂ cing g j ^ p spljcing s M F 

mmm. 
M O T 

mummmm 

mm^m 

M
 

Fig. 2.5 Mismatch splicing between PCF and SMF for fahricating PCF-MZI. 

• mmm mmm 

mmmmmmmi 

Fig. 2.6 PCF-MZIs with 20.4-cm PCF (left) and 1-mm FCF (right) 

The pictures of two PCF-MZIs fabricated with 20.4-cm PCF and � - m m PCF 
« 

arc 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 prccise with rcspcct to the 

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

身 * 

obtain a very small relative delay, such as - 0 .03 ps by using 1-mm PCF as shown in 
t 

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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17.7dB 
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Fi^. 2 7 Transmission spectrum for the PC^F-MZI wifh 2i).4-cm PCF. 
» 

1 

The transmission spectrum of a PCF-MZI is shown in Fig. 2.7. The plot 

shows a wavelength spacing AX oi" 1.29 nm and a relative time delay of 6.2 ps 

when the PCF length is 20.4 cm. The transmission spectrum is measured using an 

crbium-dopcd fiber amplifier (IiDFA) as an amplified spontaneous emission (ASE) 

light source. From the experimental result, a delay coetficieiil o( 30.4-ps/m is 

obtained which is quite close trt the simulation result of �33-ps / rn . 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 iwo PCl:-

MZIs with 165-cm and 82.3-cm long PCFs, respectively. The delay coefficient of 

the in-fiber PCF-MZI is muph larger than multimode fiber based VIZI [271, 
« • -

bircfringcnl fiber based loop mirror [28] and photonic bandgap fiber based delay 
； 

interfcromelers |29J, which have de lay coefficients of 3.48 ps/m, 0.91 ps/m and 10 
* 

* 

ps/m, respectively. , 
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(b) 

165 cm PCF 
AA = 0.16 nm. ^ = 5 0 

1530 1540 1550 
-304 

1520 1540 1560 
Wavelength (nm) Wavelength (nm) 

Fig. 2.8 Measured transmission spectra for PCF-MZIs with different PCF lengths: 

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

The transmission spectra in Fig. 2.7 and Fig. 2.8 reveal the periodic nature 

on Ihc variation of the interference extinction ratio. The extinction ratio ”(入J is 

related to the power ratio of light {i(X)-='-lcnreC )̂llciaddin}iW) between the corc mode 

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

(F.q. 2.5) 

A large extinction ratio is obtained when the value of c W is close to unity. 

In the in-fiber PCF-MZI, the cause of interference periodicity, i.e., ihc periodic 

spectral depenidencc of and ^(X) in Kq. 2.5, is the high order cladding-modc 

beating and the coupling of power between Ihc corc mode and ihe cladding mode 

along the PCF. This coupling-beating phenomenon is similar lo thai in a dual-corc * 

fiber and can be characterized with a coupling length Ln thai represents the length 

ibr a single full coupling process [301. It is worth noting thai Lo is wavelength ‘ • 

dependent and polarization sensitive. Due to the variation of L[) with wavelength, 

the power I core W and Icia'ddmgiV arc wavelength dependent when the light signal 
• I 

rcachcs'lhe output end of the PCF. In theory, the spectral period should be inversely 
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Poiarizalion-A 81.3-cm PCF-MZI 

| i | | jP^PPifj 

1520 1530 1540 1550 1560 
Wavelength (nm) 

Fig. 2.9 Transmission spectra of the 82.3 cm PCF-MZI measured by us in只 swept 

laser source at two difference polarization states. 

The transmission of the PCF-MZI usually has much larger ER when it is 

measured by laser source rather than ASH source, which has different optical 

coherence. As shown in Fig. 2.9, the largest HR is 30 dB rather than that of 15 ciB in 

Fig. 2.8(b). The polarization sensitivity of the transmission is also shown in Fig. 2.9, 

indicating the tunabilily 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 lor exciting the cladding-modcs, 

and thus rcduces the polarization sensitivity. 

2.3 PCF-MZI for DPSK Demodulation -
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proportional to the 

experimental result, 

to 82.3 cm leads to 

13.1 nm. 

length of the PCF [30] which is in good agreement with our 

As shown in Fig. 2.8，increasing the length of PCF from 165.0 

an increase of the spectral period of interference IVom to 6.3 to 
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In future high-speed optical communications, dilTercnlial phase shift keying (I3PSK) 

is an attractive modulation format as il olTers improved receiver sensitivity with 

balanced detection, demonstrates robustness to nonlinear elTccts, and exhibits high 

tolerance to dispersion impairments [31, 321. In DPSK communications, 

demodulation is needed to translate differential phase information ink) intensity 

information (for direct detection) using DPSK demodulators such as a MZl [32]. 

All-fiber MZl has been widely used in optical communications owing lo its reliable 

performance in multiplexing, DPSK signal dcmodulalion, and so on. The 

conventional all-fiber MZl uses two fiber couplers with a ccrlain length dilTcrcncc 

between the two arms to introduce a fixed propagation delay. Similar functionalities 

can also be achieved by using a birefringent loop mirror, photonic bandgap fiber 

Lyol filter, or a delay-asymmetric nonlinear loop mirror |28, 29, 331. 

Received signal ^ 
\J Vj t 

, J \ I. . (XS一丫 V. 
1-bit delay V 

Direct detection 

Fig. 2.10 Delay interferometer for DPSK demodulation for direct detection. 
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Fig. 2.11 Schematic illustration of the delay mterference for DPSK demodulation. 
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Fig. 2.10 and Fig. 2.11 show the schematic illustrations of a DPSK 

demodulator for direct detection and the delay interference proccss in DPSK 

demodulation. Considering the in-fiber PCF-MZI as an in-line delay interferometer 

(DI ), il can be directly used for demodulation of DPSK signals. 

We fabricate a PCF-MZI with about 3()0-cm PCF thai introduces 91-ps 

relative delay. The delay is suitable for the demodulation of 10-Gb/s DPSK signals. 

The transmission spcctrum shown in Fig. 2.12 exhibits a maximum extinction ratio 

of 7.8 dB and a minimum extinction ratio of 1.1 dB (al around 1549.1 nm) for ihc 

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-MZI demodulator lo operate only al 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 PCF, the device is quite stable. The spcctrum remains 

the same after hours, with very small temperature changc and minimal vibration in 

our laboratory. 
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300 cm PCF 
= 0.088 nm 

.-V = 91 ps 
1548 ~ 1550、 

Wavelength (nm) 
1552 

Fig. 2. Measured transmission spectrum of the 3()()-cm PCF-MZI. 
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•10. 

• 1 2 . 

-14 

•16-

-18 

- 2 0 

Insertion loss 13.3 dB 

！ 1 ' 
I I c I I' I I I 

J,!, 

10.5dB 

lllli i 
I'l 

330 cm PCF 
^ =0 078 nm 
Zif =103 ps 

1546 1548 1550 
Wavelength (nm) 

1552 

Fig. 2.13 Measured transmission spectrum of the 33()-cni /)(;/'，-A'/Z/. 

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

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

transmission spcctrum and therefore realize a large extinction ratio al ihc desired 

working waveband. Shown in Fig. 2.13 is the transmission spectrum tor another 

PCF-MZI with 330-cm PCF, which has a largest HR of 10.5 clB. 

Alternatively, the interference extinction ratio can be made tunable through 

polarization adjustment in the setup. Using the 300-cm PCl'-MZI lor 10-Cjb/s 

DPSK demodulation, by adjusting the polarization controller (PC) before ihc 

demodulator, we have successfully realized DPSK demodulation over the whole 

waveband with respect lo' the transmission spcctrum in Fig. 2.12. 
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CLOCK 
231-1 PRBS 

PC 
TL ooo DM L TL bOM nIVI r 

〇 
PCF-MZI 

§
 

PC 

Direct 
Detection 

Fig. 2.14 Experimental setup for DPSK demodulation by in-fiber PCF-MZI. TL: 

tunable lashr： PC: polarization controller： EPF: hand pass filter. Inset: the picture 

of the 300-cm PCF-MZI. ‘ 
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Fig. 2.15 Measured spectra and eye diagrams of the demodulated 10-Gh/s RZ-

DPSK signals at (a) 1547.094 and 1547.046 nm; (h) 1549.204 and 1549.155 rim： 

(c) 1551.318 and 1551.268 nm. The upper and lower plots show constructive and 

destructive interferences’ respectively. 
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Fig. 2.16 Measured spectra and eye diagrams of the demodulated 10-Gh/s NRZ-

DPSK signals al (a) 1547.101 ami 1547.148 nm： (b) 1549.078 and 1549.121 nm (c) 
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1551.241 and 1551.190 nrn. The upper and lower plots show constructive and 

destructive interferences, respectively. 

Using the 300-cm PCF-MZI, we have realized error free demodulation of 

both RZ- and NRZ-DPSK signals |34| . The measured results arc shown in Fig. 

2.15 to Fig. 2.16. The-10 Gb/s RZ-DPSK signals, with pscudo random binary 

sequence (PRBS), arc generated at cliffercnt wavelengths of 1547.094, 1549.204 

and 1551.318 nm using a tunable laser and a phase modulator. After demodulation, 

dear and widely opened eye diagrams arc obtained as shown in 丨:ig. 2.15. It is 

worth mentioning thai in Fig. 2.15(b), the demodulated eye diagrams at 1549.204 

nm exhibit no degradation compared lo those at 1 547.094 and 1551.318 nm shown 

in Fig. 2.15(a) and (c), even though the interference extinction ratio at 1549,204 nm 

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

two wavelengths. The reason is the polarization sensitivity of Ihe 1)CK-MZ1，which 

enables us to optimize the HR of the demodulation by adjusting the polarization. 

Results of the bit error rate (BER) measurement are shown in Kig. 2.1 7. The 

BER performances at these three wavelengths arc similar and the receiver 

sensitivity is even slightly better at 1549.204 nm. By tuning the polarization lo 

optimize the demodulation performance during the BHR measurement, we observe 

that the required power for error-free demodulation deviates within only 1.5 dB 

over the whole wavelength range i.rom 1547 lo 1552 nm, which covers one period 

of the variation in interference extinction ratio. Similar demodulation pcrlbrmancc 

has also been achieved and measured for N R / - D P S K signals using the same PCF-
f 

MZl, as shown in Fig. 2.16 and Fig. 2.17. These results indicate that the in-fibcr 

PCF-MZI, as a DPSK demodulator, can operate over a wide band regardless of the 
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Fig. 2.\1 Bit-error rate performance on the demodulation of 10 Gh/s RZ- and NRZ-

DPSK signals. 
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It has been indicated thai variable delays can be introduced lor DPSK 

demodulation at different bit rates by using different PCF lengths. Such as 50-ps 
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variation of interference extinction ratio that occurs at a fixed polarization. 

Compared lo demodulation with a typical conventional DI built with fiber couplers, 

wc obtain a 1.1-dB power penally using our 1)CF-MZ1 [26]. 
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Fig. 2.18 J 0-Gb/s NRZ-DPSK demodulation using PCF-MZls with different relative 

delays: 9l-ps, 50-ps, 25-ps and 12.5-ps. 

In this work, the in-fiber PCF-M/I has only one output port which limits the 

demodulator for use in balanced dctcclion. I'his diiTiculty can be solved by splicing 

a dual-core fiber at the output end and detecting the demodulated signals in the two 

cores [30J, while increasing the complexity of the dcvicc. There is also a tradeoff 

issue between polarization insensitivity and wideband demodulation. Using the 

cladding col lapse method for fabrication can significantly rcducc the polarization 

sensitivity [8J; however, the power coupling ratio will be wavelength dependent, 

thus limiting the wideband demodulation performance owing to the variation of the 

interference extinction ratio. By carcfully controlling the collapsc 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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delay for 20-Gb/s DPSK demodulation with 165-cm PCF-MZL Shown in I-ig. 2.18 

arc the 10-Gb/s NRZ-DPSK demodulation eye diagrams by using lour kinds of 

PCF-MZIs with different PCF lengths: 300-cm for 91-ps delay, 165-cm lor 50-ps 

delay, 82.3-cm for 25-ps delay and 41 -cm ibr 12.5-ps delay. The widely opened eye 

diagrams with diflercnl pulse widths alter the demodulation indicate the diffcrcni 

relative delay, which can be used in DPSK demodulation at clifTcrcnl bit rales. 
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The improvements can also be achieved using hybrid dual corc PCFs and 

dual-concentric PCFs. Hybrid dual corc PCFs can introduce a larger delay 

cocrficienl with two cores respectively guided by total internal reflection and 

bandgap |35j. Dual-conccntric PCFs have a symmetric structure and thus has 

reduced polarization sensitivity while reduced insertion loss can also be expcctcd 

[36, 371. 

2.4 PCF-MZI for Pulse Format Conversion 

Fomiat conversion is a highly desirable technology at the gateways between 

different systems owing to different characteristics of data formats and dilTcrenl 

requirements of the systems [38 j. In particular, the NRZ (non relum-lo-/.cro) pulse 

format has a relatively high spectral efficiency and has been widely used in 

wavelength division multiplexing (WDM) systems, while R2 (rcturn-to-/.cro) pulse 

formal is required in optical time division multiplexing (OTDM) systems [391. The 

high temporal efficiency obtained with ultra-short pulses enables the generation of 

ultra-high bile rate OTDM signals over one wavelength channcl [40]. Therefore, the 

conversion between RZ and NRZ pulse formats [41, 421 is important in the gateway 

between the two systems |39, 431. On the other hand, pscudo return-to-zero (PRZ) 

pulses can be obtained from NRZ pulses for clock tone generation even though they 

do not carry the original data from the NRZ signal. With NRZ-to-PRZ Ibrmal 
、 

conversion, all-optical clock recovery thus becomcs readily available for NRZ data 

144, 451. 
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4 WDM Clock 
RZ-to-^R!f Recovery 

OTDM k � ^ z . t o . N R Z 
^ •Mi* 

‘ hiRZ-io-PHZ ^ 

WDM 

Fig. 2.19 Pulse format conversions requested in system gateways. 

» 

As previously demonstrated in Scction 2.2, PCF-MZI, which is a promising 

solution for an all-fiber in-line delay inlerlcromclcr, can have the relative delay 

between Ihc two interfering branches introduced by the index difference between 

the core mode and Ihc cladding mode of the PCF. Due to the unique air-hole 

structure of the PCF, the index difference can be quite large, implying thai a short 

PCF can introduce a large delay while keeping attenuation of the cladding mode al a 

low level. The in-fiber ?ZV-M7A, 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 

demonstrated in Section 2.3. 

In this pari of Ihc thesis work, based on a PCF-MZI with � 1 6 5 cm PCF, wc 

demonstrate both RZ-to-NRZ and NRZ-to-PRZ pulse format conversions Ibr 10-

Gb/s OOK signals [46 j. The principles are illustrated in Fig. 2.20. 
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S M F 
Mismatch 
splicing P C F 

Mismatch 
splicing S M F 

At =T/2 
RZ-OOK to NRZ-OOK 

i t i 赫 翁 

NRZ-OOK to PRZ-OOK 
' i‘ -̂：.兵 A 

Fig 2.20 Schematic illustration of the in-fiher PCF-MZI device structure and the 

operation principle for the two types of pulse formal conversions. 

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

With a suitable PCF to introduce an appropriate relative delay (A/), like a half-bil 

delay (T/2), ihc in-fibcr PCF-MZI can be used for RZ-to-NRZ and NRZ-to-PRZ 

pulse format conversions for OOK signals. The inset in Fig. 2.20 schematically 

shows the operation principles for the conversions in the time domain. The corc-

modc light and the cladding-mode light, with the same data (RZ or NRZ scqucnce: 

1100101) but different delays (T/2 delay difference)’ are recombincd at the splicing 

point at Ihc 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 setup for RZ-to-NRZ pulse formal 

conversion. A 10-Gb/s RZ-OOK signal is generated at 1549.8-nm using two 

electro-optic modulators (I^X)Ms), 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 PC1''-MZI, which is built with only 
. ‘ ‘ 拿 

� 1 6 5 cm PCF to introduce 5()-ps relative delay for the interference. The delay 

results in a transmission spectrum with � 1 0 dB interference contrast ratio as shown 

in Fig. 2.22 (the red curve). 

10 Gb/s 10 GHz 
Signal CIpck 

T l cm EOIVI cm EOM 1 L- EOIVI EOM 

PCF-MZ 丨 EDFA� 

o o 

PC 
O D y 

Fig. 2.21 Experimental setup for in-fiber FCF-MZI based pulse format conversion. 

TL: tunable laser; PC: polarization controller; BPF: hand pqss filter. 

The DI transmission spcctrum shows a destructive interference at the 

sidebands and a constructive interference at the center carricr frequency of the input 

10-Gb/s RZ-OOK signal (pscudo random binary sequence, PRBS, With the 

two sideband tones suppressed, by destructive interference of ihe'in-fiber PCF-MZI, 
- > 

the output signal has been converted to an NRZ-OOK signal by spcctral shaping. 

The output spectrum obtained after 0.3-nm,Gaussian filtering (3-dB bandwidth) is » 
• » 

shown at the bottom of Fig. 2.22 (the blue curve). The filter is simply used for 

amplified spontaneous emission (ASH) noise filtering instead of for further 

suppression of the sideband tones. 
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RZ-OOK Signal 
@ 1549.8 nm 

； A 

NRZ-OOK Signal A 
After 0 3 nm BPF \ 

/ V ^ � 
1549.2 1549.6 1 5 ^ . 0 1550 4 

Wavelength (nm) 

Fig. 2.22 Spectra of the input RZ signals (upper), PCF-MZl transmission (middle) 

and output NRZ signals (bottom). BPF: hand pass filter. 

The operation for an input waveform with 这 fixed pattern of "1100101" is 

investigated. The results are depicted in Fig. 2.23(a), clearly showing the pulse 

formal conversion from RZ-OOK to NRZ-OOK. Next, with the PRBS data, we 

perform bit error rale (BER) measurement. The result is shown in Fig. 2.23(b). A 

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

(a) (b) 

B
)
 |
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u
6
!
s
 

en 
LU 
m 
Oi 

• 1 0 

‘ NRZ after conversion • 
_ RZ Back-to-Back " • ^ 

-28 -26 -24 -22 
Received power (dBm) Time (100 ps/div.) 

•r 

Fig. 2.23 RZ-to-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 

after the conversion. 
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We also studied the etTcctiveness of our schcme lor pulse formal conversion 

of RZ input signals with different duty cycles. The input and output eye diagrams 

are shown Fig. 2.24. It is observed thai ihc output extinction ratios for input duty 

cyclcs of 36%, 50%, and 63% arc 14 ciB, 11 dB, and 9 dB, respectively. The result 

indicates a more effective suppression of the side tones for input data pulses with a 

lower duty cycle within the range. 

36% duty cycle 50% duty cycle 63% duty cycle 

Time (100 ps/div.) 

Fig. 2.24 Eye diagrams for RZ-to-NRZ format conversions for / O-Gh/s OOK 

signals with duty cycles of 36%, 50% and 63%. Upper: input RZ-()()K signals： 

Lower: output NRZ-OOK signals. ‘ 

The interference contrast ratio of the in-fiber PCl'-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 corc and the cladding modes. As analyzed in 

Section 2.2, a wideband operation is still achievable regardless of the variation of 

the interference contrast ratio, simply by polarization adjustment. Fig. 2.25 shows 

the NRZ-OOK eye diagrams obtained from 50% duly cyclc RZ-OOK input signal 

at three different wavelengths: 1550.8 nm, 1553.8 nni and 1557.3 inn, covering one 
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Time (50ps/div.) 

Fig. 2.25 NRZ eye diagrams obtained from 50% duty cycle RZ-OOK signal at 

J550.8 nrn (bottom), J553.8 nm (middle), and ]557.3 nm (upper). 

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

For NRZ-to-PRZ format conversion, we adopt nearly the same setup to generate 10-

Gb/s NRZ-OOK signals, except that the sccond EDM for pulse curving has been 

removed. The pulse formal conversion is achieved by destructive interference using 

the same in-fiber PCF-MZI. The input NRZ and the output PRZ spectra are shown 

in Fig. 2.26 (with PRBS input). The � 5 0 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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whole period (6.3 nm) of the interference contrast ratio variation. The widely 

opened NRZ eyes indicate successful wideband operation capability of RZ-lo-NRZ 

pulse formal conversion. 
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\ NRZ-OOK Signal 

. / \ @ 1549 7 nm 
D1 Transmission J 

‘ / 
\ @ 1549 7 nm 

• r PR2-OOK Signal-

. J 
l After 0.3 nm BPF 

1549.2 1549.6 1550.0 1550.4 
Wavelength (nm) 

—> —^ 

I ‘ 丨 

•—Core-mode 

4 C l a d d i n g - m o d e 

4--PRZ-OOK output 

Time (100 ps/div.) 

Fig. 2.26 Spectra of the input signals (upper), FCF-MZI transmission (middle), and 

output signals (lower). . 

In the time domain, the output signals show an RZ waveform for a fixed 

input pattern of “1100101” and an RZ eye diagram for PRBS input. The results arc 

shown in Fig. 2.27 and Fig. 2.28. The converted RZ signal has a widely opened eye 

with an extinction ratio of 8 dB. Il should be noted thai the outputs do not carry the 

exact original data and are in fact PllZ signals, which is now readily for use in clock 

recovery of the NRZ-OOK signals. Meanwhile, the 165-cm in-fiber PCF-MZI can 

also be used in clock recovery of 10-Gb/s NRZ-DPSK signals sincc the 

demodulation of signals is achievable using a 50-ps relative delay between the 

interfering branches [26, 45, 471. 
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Fig. 2.27 The waveforms of the NRZ-to-PRZ pulse format conversion showing the 

destructive interference. 

Time (100 ps/div.) 

Fi^. 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 I)C1:-

MZl can be further developed for higher speed RZ-lo-NR/ and NRZ-to-PRZ 

formal conversions. Improvements can also be made by using PCFs with various 

kinds of specially designed structures to minimize the insertion loss or to further 

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

2.5 PCF-MZI for Repetition Rate Multiplication and 

OTDM Signal Generation 

Optical pulses are widely used in optical communication to carry digilal data, or in 

optical nonlinear proccss to obtain a high peak power. The periodically varying 

optical field leads to an optical spectrum with multiple frequency carriers, as a 

result of the Fourier transform. Optical pulse source can be obtained by pulsed 

lasers as well as dircct external electric-optic modulations. 
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Fig. 2.30 Time domain illustration of repetition rale multiplication. 
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In next generation optical communication systems, high repetition rate 

op([cal pulses are very much desirable for high speed optical signal generation. 

Limited by the speed of the electronic components, direct generation ol' a high 

speed pulse source is usually difficult. I'hcrcforc, the external multiplication of tli<e 

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

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

generation [48-51 J. 
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Fig. 2.29 Frequency domain illustration of repetition rate multiplicution. 
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The principle of the repetition rate multiplication in frequency domain is 

shown in Fig. 2.29, in which v„, is the repetition rale and also the frequency 

spacing between the adjacent carriers in the spcctrum of an optical pulse source. 

The multiplication will suppress the carriers alternatively and results in a spcctrum 

with doubled frequency spacing of /1v,n. hi time domain, it is a rccombining of 

two pulse trains with same repetition rate. A relative delay of half period (Tp/2) is 

introduced so thai the rccombined pulse train has a new period of Tp/2 and thus 

doubles the repetition rate, as shown in Fig. 2.30. 

The comb filtering transmission of PCF-MZI can alternatively suppress ihc 

frequency carriers with a FSR equals to half of the repetition rate of a pulse sourcc. 

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 PCF. Sccond, with certain length of PCF to introduce a hall' 

period delay, the temporally interleaved core-mode and cladding-mode pulses arc 

recombined together and forming a pulse train with multiplied repetition rale. Based 

on PCF-MZI, the variable pulse delay of a lO-GIIz optical pulse train is obtained as 

shown in- Fig. 2.31, with 50-ps, 25-ps and 12.5-ps introduced by 165-cm, 81-em and 

41 -cm PCF, respectively. 
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1548 

Fig. 2.32 Spectra of the repetition rate multiplication with alternatively suppressed 

frequency carriers after PCF-MZl transmission. 
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Fig. 2.31 Variable pulse delays after different PCF-MZI transmission. 

The spectra of 10-to-20 GHz repetition rale multiplication is experimentally 

shown in Fig. 2.32. The multiplication is based on a 165-cin PCh-MZl which has a 

comb transmission as shown in Fig. 2.9. The output eye diagram of ihc 20-Gi Iz 

pulse train is also obtained as shown in Fig. 2.33. ’ 
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；！n t V\ if' i i p . � j h h h f/ �A » V. \\ 
V i； i s l!i 1/ �� df ft 
砂 功 

h V： ? A t f) 
够 V # 

50ps/div. 

Fig. 2.33 Waveform of the 20-GHz pulse train obtained hy repetUion rate 

multiplication from a I O-GHz pulse. 

Since it is simple to fabricate a PCF-M/I with a short length ot PCF, such as 

several ccntimelcrs, it is 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-io-80 G1 Iz 

multiplication and 80-to-160 GI Iz multiplication. In Fig. 2.34(a), 40-Gllz input 

pulse (upper) is obtained by external modulation of a CW laser; In Fig. 2.34(b), 80-

GI Iz input pulse (upper) is obtained by lime division multiplexing of a 10-Gl 1/ 

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

r\ r\ 
40 • 50 

lime (ps) 
60 80 90 

(a) 
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Fig. 2.34 Waveforms for 40-to-80 GIIz and H0-t()-I6() GHz repcdlion rate 

multiplications, 

PCF-MZl can also be used for time division multiplexing lo generate high 

speed OTDM signals for signal processing and testing in subsystems. Fig. 2.35 

shows the process of using PCF-MZl for 160-Gb/s O TDM signal generation. The 

80-Gb/s OTDM signal is obtained by commercial O TDM multiplier which has 

three stages of 1X2 multiplexing, and thus enables us to multiplex the input 10-Cib/s 

OOK signal with a factor of eight. The PCF-MZI has 20.4-cm PCI- which 

introduces 6.2-ps relative delay for ihc multiplexing. The obtained 160-Gb/s O TDM 

signal has a liming jitter of �140-fs，which is almost the same compared with thai 

obtained by commercial multiplier with the smallest jitlcr of � 1 3 0 fs, indicating the 

well performed stability of PCF-MZI. 

Sincc Ihc multiplexing is achieved with only half period delay without dc-

corrclation, the output OTDM signal will not be PRBS even with PKBS input, 

which makes the multiplexed oiilpul as a Pscudo OTDM signal. 
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Fig. 2.36 PCF-MZI with 10.4-cm PCF. 
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10 Gb/s 
Signal 

1X8OTDM 1X8OTDM 
3 steps of 

EDFA PC 
QQQ 

1X2OTDM 

80 Gb/s 
Signal 

80 Gb/s OTDM signal 

J1J\ i\ l\ 
160 Gb/s 
Signal 

160 Gb/s after PCF-MZI 

mmmmm 
rig. 2.35 160-Gh/s OTDM signal generation based on lime division multiplexing 

using 20.4-cm PCF-MZI. 

Wc have further investigated the time division multiplexing to obtain 320 

Gb/s OTDM signal based on PCF-MZI. The 160-to-320 Gb/s multiplexing is based 

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

spcctrum 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. 2.37 Transmission spectrum of the 10.4-cm FCF-MZI. 

The input 160-Gb/s OTDM signal has firstly been comprcsscd by dispersion 

compensation and nonlinear processing f52]. The comprcsscd 160-(ib/s OTDM 

signal has a pulse width of 1 ps and a liming jitter ()1�~15() is. After the multiplexing 

by the PCF-MZI, 320-Gb/s OTDM is obtained with 1.1-ps pulse width and -200-18 

timing jitter, as shown in Fig, 2.38. 

4 

M — — 
0 10 20 30 40 50 60 70 80 90 100 

time (ps) 

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

using 10.4-cm PCF-MZI. 

Wc can also fabricate PCF-M/I suits higher bit rale 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 (OFDM) is a well-known and widely 

used technology in wired and wireless electrical communication systems because of 

its improved performance to overcome the inter-symbol interference (ISI) caused by 

a dispersive channel 111. OFDM has been used in the physical layer intcrfacc lor 

wireless systems including WiFi, WiMax, DSL and the rapidly spreading I/l'li. 

Despite its advantages in electrical equalization and digital signal processing (DSP), 

OFDM have recently been significantly considered for optical communications |2| . 

Presently, wavelength division multiplexing (WDM), and lime division 

multiplexing (TDM) are the leading multiplexing approaches for building up a high 

speed optical commlinication system up to hundreds or thousands oT Ciigabils/s over 

a single channcl [3]. Differs from WDM and TDM which arc based on single 

carrier modulation, OKDM olTcrs a limit-approaching spcclral efficicncy and 

theoretically it can achicve the maximum capacity of a channcl. ()1:DM also has the 

advantage of high resistance to linear dispersion. 

Fig. 3.1 shows the comparison between WDM/1'DM and OI'DM |2|. As it is 

illustrated in the left spectrum, WDM/FDM has the sub-carriers separated by guard 

bands to prevent the spectrum overlapping between the adjacent sub-carricrs 

(wavelengths) and thus to prevent the channel crosstalk. Compared to WDM/FDM, 

OFDM has multiple sub-carriers but no guard band between them. 
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W D M / F D M 
with guard bands 
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OFDM 
without guard bands 
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‘‘‘！ I ； 

‘V / \ 
' 1 1 1 
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Fig. 3.1 Comparison of the spectrum between WDM/FDM and OFDM. 

Consider a multi-caiTicr signal (super-channel) with N sub-carricrs, the 

frequency spacing between adjaccnt sub-carricrs will be /I戶 1/7，’ in which 7’ is the 

symbol duration. The illustration of OFDM signal in frcqucncy and time domain arc 

both shown in Fig. 3.2. One can notice that, at the frequency of one sub-carrier, the 

power of all other sub-carricrs is zero. The temporal waveforms of the sub-carricrs 

、 

indicate a maintained frequency relationship which results in the orthogonality and 

thus allows the overlapping of their spectra after modulation. 

OFDM Sub-carriers 
In freqifoncy domain 

OFDM Sub-
in time domain 

Fig. 3.2 Frequency and time domain illustrations of the multi-carrier OFDM [5]. 

-i • 

The content of this chapter is organized as follows. In Scction 3.1, optical 

OFDM will be introduced. In Section 3.2, wc introduce the optical OFDM DEMIJX. 
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Utilizing cascaded and mulli-scction Sagnac interlcromclcrs, the optical D1{MIJX 

of OFDM signals is studied and discussed in Section 3.3. 

3.1 Optical OFDM 

The speeds of the OFDM related DSP implementation Icchniqucs have been boost 

lo Gigahertz, enabling the widely cyc-catching applications of O n ) M for long haul 

optical transmission and short distance optical acccss. 1 lovvcvcr, those Icchniqucs 
t 

themselves do not ovcrcomc the boUlcncck of elcclronics which limits ihc speed 

when OFDM is applied for optical communication |6| . 

The up-to-date solutions of optical ()r:l)M generation can be classified into 

the electrical approach based on DSP and optical approach based on optical comb 

[3J, which is going lo be introduced in Section 3.1.1 and Section 3.1.2. 

3.1.1 DSP based Optical OFDM Generation 

The electrical approach for OFDM generation has all mapping, inverse fast I'ouricr 

transform (IFFT) and digital lo analog conversion (DAC) processed by cleclronics, 

which offers advantages of easily electrical equalization and llexibly digital signal 

processing (DSP) |7-9|. However, due to the electronic boUlcncck, clcclrical 

OFDM signal usually has limited speed and il must be combined with advanced 

modulation and extra multiplexing techniques in order lo increase the speed of 

optical OFDM signal [10-12]. And the system is usually comparably cosily. 
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Coding MAP 
(S/P) 
MAP 
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Filter 
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Prefix 
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Fig. 3.3 Transmitter of the electrical approach for oplicul OFDM communication. 

Optical PD 
Filter (aE) 

RIter 
A/D 
SIP 

Remove 
CP 

EQ 
FFT • DeR/feiping 

• Decoding 

Fig. 3.4 Receiver of the electrical approach for optical OFDM comrmmiciuion 

f 

I-'ig. 3.3 and I'ig. 3.4 illustrate Ihc Iransmillcr and receiver of the clcclrical 

approach for optical OFDM communication. All the processing stages before 

optical modulalion arc implemented electronically, as well as the reverse processing 

steps after the optical transmission. Therefore, the speed and capability of the off-

line DSP arc essentially important to the OFDM system performance. The ofT-liiic 

clcclrical processing limits Ihc speed but also provide easier and more llcxiblc 

lor equalization, compensation and error correction. 

At ihe transmitter in Fig. 3.3, OFDM is realized by a digital signal processor 

(DSP) using scrial-lo-parallcl conversion followed with inverse fast Fourier 

transformation (iFK'l ) and subsequent digital-to-analog conversion. Then the analog 

clcclrical OFDM signal is transferred onto an optical carrier by clcctric-oplic 

modulation. The modulalion Formal could be OOK, PSK, and QAM, depends on the 

request of direct dclcclion or cohcrcnl detection. 

At the rcccivcr in 1mg. 3.4, the optical signal after an optical filter will firstly 

has its optical Held reconstructed by Opiical-nicctrical conversion, e.g., by coherent 
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detection. Then, the reverse signal processing is applied to rccovcr the original data 

from the reconstructed clcclrical OI'DM signal, lilcctrical .equalization, 

compensation and error corrcction can be implcmcnlcd accordingly. 

L . r m I 
— C L Q l 

¥ RGI-CO-OFDM with 16-QAM 

’ '71/2 … � 1 

L ECL 
I |Q (1QGS/S)： I EDFA 

5-Comb 
generator 

A 

EDFA 6-GHZ 
AWG / 216-1 

PRBS-y Offline DSP ； 7x 22.4Gb/s 7x112Gb/s 

, I 
3.5 Schematic illustration of a WDM-OFDM Iransniiller /13/. 

As previously mentioned, I he limited speed of clcclronics for DSP only 

allows Ihc generation of clcclrical OFDM signals up lo several Gigabits. In order to 

increase the speed, one can combinc WDM together with OFIXVI. A typical 

transmitter has been shown in iMg. 3.5, which has been applied lo optical Ol '̂DM 

generation in several works by X. Liu el. cil. \ 13-161. Al ihc Iransmillcr, seven 50-

GHz spaced external-cavity lasers (liCLs) each having lOO-kl Iz lincvvidth serve as 

ihc WDM light sourcc and they were combined by a wavelength-division 

multiplexer (MUX) before being modulated by an I/Q modulator to form seven 

22.4-Gb/s CO-OFDM channels. The generation of the clcclrical OKI)M is based on 

the offline DSP, a data stream consisting of a pseudo-random bit scqucncc (PRliS) 

is transformed to generate an OFDM waveform, which was then stored in an 

arbitrary waveform generator (AWG) equipped with two 1 O - C j S / s digital-to-analog 

converters (I)ACs). The 5-Comb generator driving by a 6-GI \y. sinusoidal wave can 

further increase the data rates with a factor of five, and thus 112 Gb/s OFDM signal 

can be obtained for each channel. This 5-Comb generation process can be 
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Fig. 3.6 Spectrum ami constellation diagram of the 7X112 Gh/s CO-OFDM [15/. 

3.1.2 Optical Comb based Optical OFDM Generation 

The optical approach of OFDM generation is based on muUi-carricr modulation, in 

which a high quality optical comb source is requested |3 | . The optical comb serves 

as the mulli-carricr source with maintained orthogonality and cohcrcnce for the sub-

carriers. Therefore, sometimes, it is also mentioned as coherent WDM (noI 

necessarily using cohcrenl detection)，rather than optical OFDM [17, 18|. OI'DM 

has the lightest spcctrum because the spectra of the neighboring channels can 

overlap with each other due to the sub-carricr orthogonality, which results in a zero 

power for all the other sub-carriers at the cenlcr frequency of Ihc yV", sub-carricr |5j. 

The interlerence effccls due to spectral overlapping will be distributed in the same 

way from one bit slot to another, and thai the relative optical phases can be aligned 
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understood as a 5-channcl WDM proccss without guard intervals and thus their 

spcclra also overlap with each other. The 7 X 1 1 2 Gb/s CO-OFDM signal is shown 

in Fig. 3.6 with the spectrum and the constellation diagram. 
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Fig. 3.7 Schematic illnsfralion of the OFDM super-channel with channel 

multiplexing by WDM for terabit optical signal generation [23]. 
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lo either increase or decrease ihc eye opening 117]. Thus, one can control the inlcr 

channel interference by individually control the phase ofcach carriers 117]. 

Since WDM 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 119-21 \. 

However, il is clirficull lo achieve wideband multi-carrier modulation for ()1''DM. 

The dilTicully comes from the request of optical comb and the processing. A 

wideband optical comb source is difficult lo be obtained with high extinction ratio, 

high carrier power and good cohcrcncc. which arc highly desired quality Cor ()1:1)M. 

On the other hand, wideband multiplexing and l)HMUX of optical Ol'DM signals 

arc also difficult. The increase of the number of sub-carricr will lead to ihe increase 

of the complexity in the OFDM Iransmitter and rcccivcr. Therefore, supcr-channcl 

is desired as shown in Fig. 3.7 122-24). 

A super-channel based optical OFDM signal consists of a small number of 

sub-carriers, e.g. 10 carriers each carrying 1 ()()-(}b/s data and building up a 1 -'I'b/s 

OFDM supcr-channcl as shown in I^g. 3.7. To further increase the data IralTic while 

maintaining the complexity in the transmitter and receiver, one can use wavelength 

division multiplexing lo combinc multiple supcr-channels together. 
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The generation of a super-channcl OFDM signal can be achieved based on 

electrical approach by DSP and also optical approach by optical comb. Fig."3.8 

shows the schematic illustration ol' an optical approach utilized in Ref. 24, which 

indicates the idea of all-optical generation of OFDM based on optical comb. The 

diffcrcncc between the clcctrical approach and optical approach is the muUi-carrier 

modulation, whether it is based on DSP or optical comb. 

In iMg. 3.8, a CW laser generates a carrier with narrow line width, which 

ensures the cohcrcncc and stability. A mulli-carricr generator alter the laser enables 

us to obtain an optical cqmb source with multiple sub-carricrs, cach of which has a 

dedicated fVcqucncy so thai the frequency spacing is fixed, resulting in I he 

orthogonality. A demultiplexer (DMIJX) splits the carriers and cach of carriers arc 

directed into an I/Q modulator for optical modula^iion separately. Rccombining the 

modulated carriers together forms the optical OFDM signal, the supcr-channcl. 

^C'3'.zation-cliverslty 
；Q modulatof array 

Dfv'UX 一 — 
ier 

Multi-earner 

(a) 
generator (b) (a) (b) 

(a) (b) 

Transmit 

Fi^. 3.H All-optical OFDM general ion based on optical comb for terabit optical 

OFDM super-channel 124/. 

� U s u a l l y , a Ircqucncy inlerleaver will be utilized instead of DMUX. The 

inter leaver splits the carriers into two branches, the even numbered carriers and the 

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

after the "modulation [25]. ‘ 

. ‘ ‘ 

t 

3.2 Optical OFDM DEMUX 
V • 

The optical comb based OFDM generation enables single-carricr modulation bit-

rate operates at a very high speed, e.g. 54 Gb/s for each carricr 126], which requires p 

the optical processing at the receiver. One of the unavoidable processing steps is the 

optical DHMUX for optical OFDM signals |26, 27]. Usually, il is callcd ihc optical 

r r r process. 

Fig. 3.9 shows the optical implementation of the circuit for 4-channcl optical 

OFDM DHMUX. Scrial-lo-parallel (S/P) conversion is the first stage, after which is 

the stage of sampling using optical gate for cach channcl. The K1:T circuit is 

lundamenlally based on optical interference and thus dccodcs Ihc data for dclcction 

(coherent detection or direct detection). 

- t T 

-TGaleT 
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厂/̂^ 3.9 OpticatFFT configuration for OFDM DKMUX127/. 
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Fig. 3. JO Optical FFT transmission process with matched filtering by cascaded 

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

Variants of FFT circuits have been demonstrated, such as all-1'iber 

configurations as presented in Ref. 27. The one thai has been frequently used is 

cascadcd delay interferometer configuration, which would have a typical 

transmission spectrum as shown in Fig. 3.10. 

Compared with DSP for FFT’ optical FFT has the overwhelming advantage 

of processing speed. The optical sampling window using HOM 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 HNIJ: 

or SOA, shorter sampling window smaller than picoscconds can be achieved too. 
r 

The power consumption of optical FFT is minimal. The optical n : l ’ circuits 

themselves consume no power apart from the insertion loss [27|. 

3.3 Cascadcd 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 fiber communication, optical 

sensing and navigation [29], For navigation, one of the most notable examples of 

Sagnac interferometer is the configuration of gyroscope, which is actually one kind 

of angular velocity sensing. Among all the configurations of Sagnac interferometers, 

birelringenl fiber based Sagnac interferometer (BF-SI) is the most famous and also 

the most widely using one, which is also callcd birefringcnt fiber loop mirror, or hi-

bi fiber loop mirror 130]. 
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In optical sensing, BF-SI can do all-fiber and all-optical sensing for strain. « 

temperature, bending, liquid level, displacement, and so on |31-331. In optical 

communications，BF-Sl can be directly used as optical fillers, inlcrlcavcr, and 

wavelength division multiplexer. .With a included inside the laser cavity, 

multi-wavelength laser can be conslruclcd due to I he comb filtering 134, 351. Based 

on the intrinsic delay interference, BF-SI can also be used far DPSK demodulation 
t 

and pulse format conversions |36| . ‘ 一 

Particularly, with rcduccd implementation complexity, Bl.'-Sl can also be used 

for constructing an optical FI"r circuit, meaning a cascaded delay inlcrlcromclcr. 

which can be used for optical OM)M DEMUX. In this part of ihc thesis work, wc 

arc going to study the transmission properties ofcascadcd and multi-section Bl-'-SIs. 

The objective is to design optical FFT circuit for all-optical OPDM DHMUX. 

3.3.1 Cascaded and MuIti-scction HF-Sl 

Generally, BF-SI is constructed by splicing a section ol" bircfringcnl llbcr (BIO to 
/ 

the output ports of a 3-dB fiber coupler to build up a liber loop mirror, as shown in 

Fig. 3.11. Inside the loop mirror, the two counlcr propagating waves travel with 
I 

identical optical paths but in different polarization directions with respect lo Bp's 

main axis. Thus, a relative delay is introduced, resulting in the periodic loss 

spectrum (the comb filtering spcctrum). The operation of onc-scclion BI',-S1 has 

been well studied ihcorctically and experimentally in the literature." 
t 

Wc can also construct variant BF-SIs with mulli-scclion BFs inside one 

single loop mirror as shown in Fig. 1(b) and (c). Consider 卞 1) as angle between 

the main axis of BF-i and BF-(i+l), therefore, 0\ and would be the angle of 

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

6 6 • "‘ 



rcspcctivcly. For the situation with one scction RH (/-:/)，wc can have the 

transmission function of the BF-SI given by 

sini((9| + Oy) cos ,0、“),丄 (Kq.3.1) 

where, / , : 2nn,LJ A , /?； and L, is the bireiVingcncc and fiber length of the /•", section 

The transmission speclriim lor onc-scclion RF-SI is simply a comb filtering 

spcclrum. With ()!，0)二 兀/2, meaning an orthogonal polarization direction between 

the two counter propagating waves in the Bl:，ihc transmission of" the inlerfcromcier 

has the largest liR and smallest insertion loss. Particularly, the transmission would 

only response to wavelength rather than the polarization of the input light, olTcring 

polarization independent operations. 

9： 即+1) 

BF-

BF-

BF-(i+1) 

BF-2 

0
 

X
 

r o e^ 

03 
J 

BF-i 

BF-2 
- C T 

BF-1 

BF-(i+1) 

BF-(n-1) 

BF-n 
r：! 

(a) (b) (c) 
Fi^. 3.1 J Variant Sa^mic interferometers with multi-section BFs inside the loop 
mirror 
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With two different one-section Bb'-SIs cascadcd together, both of. them arc 

under the situation with the largest HR and the smallest insertion loss, the total 

transmission function would be 

A A 
cos —cos 

2 2 
(FAI .3.2) 

Similarly, we can also derive the transmission junctions lor three (or more) 

BF-SIs cascadcd together，under the situation with I he largest liR and lli^smallcst 

insertion loss for all of ihcm. 

A A A cos — COS — COS — 
2 2 2 

f\ A A 
cos — COS COS — • • 

2 2 2 

fK 
-12 

cos — I {// -
2 ； 

3
 

/
l
\
 

(Kq.3.4) 

If we consider a 13F-S1 with mulli-scction Bl''s, lor example, two sections of 

BFs with diffcrenl fiber lengths in the fiber loop, the transmission iiinclion will bt� 

modified as 

T cos sin«7, + 0,) cos (K 

+ cos ， c o s ( ( } � + (}�) sin 

Suppose we can lind that the transmission fund ion can be 

written as: 

4 
A - A 

cos — ~ — + COS — — 
2 2 

丨 A 
cos — c o s -A 

2 2 

、
—
/
 

6
-

3
 &

 

.
4
 
>
 

/
I
V
 

+ ()、二 ()2 

71 
~4 

Therefore, the transmission function of Iwo-scclion BF-Sl is cxaclly the 

same as that of the two cascaded one-scclion Bl''-Sls in Kq.3.2. The following 
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Fi^. 3.12 Section-1 (a) and Scction-2 (b) stand for one-scciion BF-SI.s with 

difference BF length of L�50.0 m and L2~25.() m, respectively. 

CO 

c o 

-40 

Sedions:12] 

[yAY/̂  
- 6 0 
1550.0 

A A 
Section-1+Section-2 

T3 
- 2 0 

§ -40 

A A 

1550 5 
Wavelength (nm) 

(a) 

1551 0 
-60 +—• 
1550 0 

Ofi 
1550 5 

Wavelength (nm) 

(b) 

1551 0 

卜、ig. 3. J3 Sections-12 (a) stands for two-section BF-SI with two BFs (Li-50.() m 

and [2 二 25.0 m), 0 广 03:()2-n/4. Section] i Seel ion-2 (h) stands for two cascaded 

one-section BF-Sls with difference BF length of L/-50.() m ami m, 
« 

respectively. 

I'or Ihrcc-scction BF-SI, the transmission function is: 

J
 ‘
 

+
 

+
 

2
 

+
 

I

I
 

T
/
 

(Bq.3.7) 
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spcctra in Fig. 3.12 and Fig. 3.13 show the simulated transmissions for several 

kinds of different I仆-Sis with a same birefringence ol'/7--3x 10"' Ibr all BFs. 
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A, = cos 仏 + 月2、凡 s.mU?、+ 0,) cos cos 0, 
• 2 - “ 

•r 

A, = cos ‘ � 2 + 八 i-0,)s\n0,cos0, 
‘ 2 (Hq.3.8) 

Aj = cos cosiO, + (i、)cos 0, sin 0, 

A, = - c o s A z A z A s i n ( ^ , 

For comparison, we- can also derive the expression of three cascadcd � . - S i s 

in another form: 

T 
(Hq.3.()) 

+ C O S — — — I COS - ‘ 2 广 3 
2 2 

Unlike the previous Iwo-scction BF~SI, it is impossible for thrcc-scction 
‘ I 

SI to have a same transmission function as the three cascadcd BF-Sls, even with 

Oj i 0./=02=03=n/4. Their dilTcrcnl transmission spectra are shown in Fig. 3.14. 
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/ 

1550.0 1550.5 
Wavelength (nm) 

1551.0 
- 6 0 4 
1550.0 15505 

Wavelength (nm) 
1551 0 

(a) ‘ (b) 

Fig. 3.14 Sections-123 stands for three-section BF-SI with three different BFs 

(LI-50.0 m, 1.2=25.0 m, and 1」2二12.5 m), Oi�().广()3=71/4. Section-1 ^-Section-

2-i Sect ion-3 stands for three cascaded one-section Sagnac inlerferometers wiih 

difference BF length of Li=50.0 rn, L2~25.0 m, and [广12.5 m, respectively. 
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-20 

-40 
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- 60 
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Wavelength (nm) 
1551 0 
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(a) . (b) 

Fig. 3.15 Spectra of cascaded one-section and two-section Sagnac interferometers. 

3.3.2 BF-SIs Designed for Optical OFDM UEMUX 

The principle of optical OFDM DBMIJX is based on the optical FFT process. The 

cascaded delay interferometers can be taken as one lypical optical KIT circuit, in 

which, the relative delay I or each stage is half of that for the piv.vious si age |27|. As 

lor Sagnac irUcifch)meter’ the half relative delay means half of the Bl: fiber length. 

Therefore, it is very simple to construct sucb an all-fiber delay interferometer with 

cascaded or multi-section BF-SLs. 

7 1 
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From Fig. 3.13, wc can find that the spectrum of Sections-12 is exactly the 

same as Scction-1 +Scctions-2, as proved by Hq.3.2 and Hq.3.6. Meanwhile, the 

I 

spcctra for Scction-1 卜Section-�十section-3 and Sections-123 are totally differcnl, 

which also verifies our conclusions from Hq.3.7, Eq.3.8, and Kq.3.9, However, by 

cascading one single-section Sagnac interferometer with another Iwo-scclion 

Sagnac inlcrlcromcter, such as Scction-1 -<-Scclions-23 and Scction-12+Scctions-3, 

wc can also obtain the same transmission spectra as three cascaded Sagnac 

interferometers (Section-1 > Section-2-i Section-3), as shown in Fig. 3.15. 
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Based on planar lightwave circuit (PLC) 137-40], fibcr-coupler based delay 

interferometer |25, 27], fiber grating |41, 42J, and arrayed waveguide grating 

(AWG) [43, 44J, there have been demonstrations of optical ()1:1)M DHMUX up to 

10 channels. Usually, at a typical base rale of 10 GHz, an 8-channel demultiplexer 

together with an extra optical bandpass filter is enough lor optical DKMUX of 

OFDM signals with over 8 subchannels. In this work, wc will only look into 4-

channel and 8-channel demultiplexers lor lO-GI Iz baseband signals. 

The configurations of 4-channcI OFDM demultiplexers arc shown in l-ig. 

3.16: Iwo-scclion Sagnac intcrfcromclcr and two cascadcd Sagnac inlcrfcmmclcrs, 

which have the same transmission function as indicated in Fig. 3.13. The angles in 

Hq.3.6 can be adjusted using polarization controllers (PC) inside the loop mirrors. 

All BFs have the same birefringence of ArrfxU”，but dilTcrcnl I'lbcr lengths: 

Li-50.0 m, 1,2二25.() m, and 1.3=12.5 m for BF-1, BF-2 and BI'"-3, rcspcctivcly. l-or 

8-carricr DHMUX, wc can use either one configuration of ihc following 

ones, which have the same transmission llinction: Scction-l-i-Sccti()n-2 i Scction-3, 

Scclion-1 -i-Scclions-23, Scclion-2H Sections-13 and Scclion-3-' Scclions-12. Shown 

in Fig. 3.17 arc the configurations of Scction-1 i Scction-2 i Scction-3 and Scction-

l+Sections-23. 

BF-1 BF-2 

fCJ)叫 O 
MDQQ. 

I
 

jxrJ 

Sections-12 
(a) 
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Section-1 +Section-2 

、 (b) 

3.16 Confi^uralions of the 4-channel OFDM demulliplexers: (a) two-section 

Sagnac interferometer; (h) two cascaded Sagnac interferometers. 

BF-

f c 1 1 
v n m nnrJ 

BF-2 BF-3 
r o ^ o ^ 

I
 

•nm 
I
 

rm. 

BF 

Section-H-Sections-23 
i 

(a) 

BF-2 BF 

1 
Section-l+Scction-2+Scctioii-3 

(b) 

Fi^. 3.17 Confi^i^urcUions of the 8-channel OFDM demultiplexers: (a) one-scction 

Sci^nac mterjerometer cascaded with another two-section Sa^ncic interferomcler; (h) 

three cascaded Sagnac interferometers. 

'rhcrmally or mechanically, the transmission of Sagnac inlcrferomctcrs can 

be tuned, which is widely used in optical sensing [33, 341. Here lor 01-DM 
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DliMUX, we need to shift the transmission spectrum in order U) sclccl difTcrcnl 

carriers for tunable DEMUX. There are several ways to adjust the transmission 

spcclrum, thermally, mechanically, or clcclrically. Since common birclringcni fiber 

is sensitive to temperature, temperature tuning is cflicicnl and convenient. Bending 

and strclching are also cffcclivc, which can be realized using Cantilever or P /T . 

With a common phase modulator, clcctrical tuning of the phase shift can also be 

obtained [35J. 

Considering phase changes of/li/)/ can be introduced lo di!Tercnl birclringcni 

iibcrs due lo temperature changc or bending, \vc can shift the spcclrum with 

different phase changc combinations. In order to achicvc I he Dl'MlJX channcl-n. 

the required phase change A(p, for BF-i should be: 

27i{n~\) 
A</7,= 

2' 

For 4-channcl DliiMUX with configurations as shown in Fig. 3.16, vvc can 

obtain tunable DHMUX for all channels (from channel-1 lo channcl-4) with 

dilTcrcnl phase changes for 】仆-1 and Tabic 3.1 shows ihc phase changc 

combinations corresponds to the spectra in Fig. 3.18. 

Table 3.1 Phase changes of the BFs lor tunable 4-channel OFDiVl I)!-MUX 

/�(PI DI'MUX ! 
(BIM) (BI'-2) channcl-n 
( n - l ) x 7 i ( n - l ) x 7 r / 2 " n = U 2 , 3 ,4 

0 
_ 

11= 1 
n 71/2 n=2 

- -

71 3 
K 3兀/2 n-'4 1 
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1550 0 1550 5 1551 0 

Wavelength (nm) 

Fi^. 3. ](S Transmission spectra of a ^-channel OFDM cleniull iplcxei 

Wc can also derive the required phase changcs of different Bl:s (or 8-carricr 

OFDM l)nMUX, as shown in Table 3.2 and Fig. 3.10. For 8-channcl OFDM 

DliMlIX, wc can use any one of ihc following conllgurations, which have I he same 

transmission: Section-1 +Scclion-2 i Seclion-3. Section-1 +ScclioiLs-23, Scclion-

2 '-Sections-13 and Seclion-3+Sccli()ns-12. 

Table 3.2 l)hasc changes of the BFs for tunable 8-channcl OFDM DFiMUX 

� 1 却2 DEMIJX 

(BF-1) (BF-2) (BI-3) channel-n 
(n-l)x7i (n-l)x7t/2 (n-l)x7t/4 n二丨、2，...8 

0 0 0 n=l 
兀 兀/2 7t/4 n二 2 

0 n 兀/2 n=3 
7t 371/2 371/4 n=4 
0 2兀:0 兀 11=5 
71 5k/2= 71/2 5n/4 n=6 
0 671/2= 71 371/2 n=7 
兀 7 兀/2: 37C/2 7兀/4 11=8 
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1551 0 

3.19 Transmission spectra of an H-channcl OFDM demuliiphxcr. 

Full DI':MUX configurations Ibr 4-channel and 8-channcl 01.,1)‘V1 Dl-MUX 

are shown in Fig. 3.20 and Ing. 3.21. For cach demulliplcxcd cluinncls, ihcrc is a 

gale for sampling after cach ihe VVT process. The gale should have a narrow 

switching window for the sampling. One can simply use an KAM or an liOM as the 

gate, based on the electric-oplic modulation. Meanwhile, il is foreseeable thai all-

optical processing technologies based on nonlinear cffccls can also be applied to 

this gating function Ibr OKDM Dl^MUX. Narrow gating window at picoseconds 

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

™ BF-1 � 

X T 
BF-2-A 

vmn *-" ' cmy \cro 
a I 

mn. 

Gate 

Gate 卜 

3
孙
 

B
 r i T ) 

I
 H Gale 卜 

Gate 

Fig. 3.20 Full DEMUX configuration for 4-chaniiel OFDM signals. 
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Chapter 3: Optical OFDM Generation and DICMiJX 

I Gale I “ 

/'7只.3.2! Full DEMUX con figuration for H-channel OFDM signals. 

3.3.3 Experimental Results 

The \Ws in I he experiment have a birefringence of An=3x U)""̂ . Three sections of 
« 

BFs have been utilized with dirfercnt fiber lengths: 二50.0 m, 1.2=25.0 m, and 

I/r"-'12.5 m for Bl:-1， BF-2 and Bl:-3， respectively. BF-SIs with different 

conl'igLirations, as demonstrated in Section 3.2.2, have been constructed. Their 

transmissions have been measured using an ErH:A as a wideband ASK source. 

l''ig. 3.22 shows the experimental transmission spectra of two-section BF-SIs, 

which is in agreement with our simulation results in lug. 3.13 and Fig. 3.15. The 

Iwo-scclion HF-Sl is constructed with BF-1 and BF-2, which suits the 4-channel 

optical OFDM DHMIJX for 10-Gb/s base band signals as shown in Fig. 3.22(a). 

The 8-channcl optical OFDM demultiplexers utilize three BFs with dilVercnl 

conliguralions but same transmissions as shown in Fig. 3.22(b) and 卜，ig. 3.22(c). 
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(b) (c) 

Fig. 3.22 Experimental transmission spectra of the designed Sa^nac interferometers 

for 4-channel and 8-channel optical OFDM DEMUX: (a) Sections-12： (h) Senclion-

1 +Se(Mons-23; (c) Send ions-12 -^Sect ion-3. 

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

wavelength which is phase modulated al 10.53 G11/. Willi a depth modulation (high 

drive voltage), we can obtain a chirpcd medication and generates multiple sub-

carriers. 5 sub-carriers can be obtained after ihe phase modulator al a modulation * 

index of 2n (the phase modulator has a Vn of � 5 V ) . The interleave!- split the combs � 

. . ' - ； 
into two branches (even channels and odd channels) and separately modulated with 

10.53 Gb/s PRBS signals. 
vr 

7 S 
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10.53 GHz 
……I 

10.53 Gb/s PRBS 
……I……丄……… 

TL m n PM TL PM CCD IL 
XQQl 

CCD 

Single OFDM transmitter 

C J ) 仙 
BF-1 BF-2 

J3QCL 

t 
I
 

nnr> 

FFT demultiplexer 

<9 
Fig. 3.23 Experimented setup of the single source OFDM transmitter and 

、 

demultiplexer. TL: tunable laser： PM: phase modulator： IL: inierleaver： EOM： 

electric-optic modulator： BPF: bandpass filter. 

1551 

1549 

1550 
Wavelength (nm> 

1551 

Fig. 3.24 Spectra before (left) and after interleaving(right) for separating the Even 

and Odd suh-carriers. 

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

shown in Fig. 3.24, By combining the two branches together, wc 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 eye is obtained indicating the analog waveform of 

the optical OFDM signal. 
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i CO 

c g 
CO trt 
E 
c 
TO 

5-chanrtel OFDM M ij V' 

OdO channels 
N R Z - O O K * 、 

Even channels 
' n r z - o o k • 

• I 

1549 1550 
Wavelength (nm) 

1551 

Fig. 3.25 Spectra of the modulated Even and Odd channels (lower) and the 5-

channel OFDM signal (upper). 

Fi^. 3.26 Eye diagram of the 5-channel optical OFDM signal. 

By using the designed multi-section HF-SIs, we performed the optical 

OFDM DHMUX. The two-section Sagnac interferometer is for 4-channcl OI'DM 

DCMUX. However, by using an extra band pass filler after the demultiplexer, wc 

can also do 5-channcl DKMUX. By simply bending Ihc BFs. wc can achieve 

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

eye-diagram for the demultiplexed OFDM signal (channcl-5) is shown in Fig. 3.28. 

8 0 

i 

I 
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I'l^. 3.27 Spectrum of the demulliplexed 5 channels using two-sect ion BF-SI 

50ps/div. 

Fig. 3.28 Eye diagram of the demultiplexed Channel-5. 

Due lo the stability issue of the birefringcnl fiber, the demulliplexed signal 
I 

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 arc using does not 

prciscly suit the O n ) M transmitter (ihc frequency), which also affccts the 
‘ . . . . . 

demultiplexing performance. The bit error rate has not been performed but we 
» 

believe error-free DHMUX can be cxpecled with the BF-Sl precisely designed 

(suitable FSR) and well packaged-lo improve the accuricy and stability. 
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Chapter 4: Nonlinear Signal Processing 

based on DA-NOLM 

Next generation optical networks have urgent demands of high speed signal 

processing which usually ideally requires the processing in all-optical domain with 

massive processing capability, such as wavelength conversion [4J, packet switching, 

logic gating, ADC/DAC, sampling, OTDM DEMUX, clock recovery, regeneration, 

and so on 11 -51. The previously discussed all-optical processing based on passive 

dcviccs, such as I)C1:-MZ1 in Chapter 2 and Sagnac inlerferomclcr in Chapter 3, 

have limited processing capabilities which can be complemented by optical 

nonlinear processing techniques which keeps the system in optical domain. An 

example is wavelength conversion, which can simply convert the data Irom one 

wavelength carricr lo another one by simply sending the signal to the converter |6| . 

The converter should have fast-enough response so thai the data will not be affecied 

during the wavelength conversion and thus high speed operation can be achieved. 

All-optical processing based on nonlinear cfleets can provide ultra fast 

response and allows a processing speed over terabits. The response time is only 

several femtoseconds for the third order nonlincaritics in optical fibers. Here bellow 

in Table-1 shows several devices in comparison with their switching speed and the 

energy consumption, indicating a comparably fast switching speed with acceptable 

energy consumption for nonlinear fiber 111. Recently, along with the improvement 

of high quality fiber fabrication (such as photonic crystal fibers) and short pulse 

generation, nonlinear fiber 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 \ 

Device Switching energy Switching speed ！ 

Transistor lOpJ Suh-ns 

SOA-M/J �lOOfJ ps 

Micro-ring lOfJ ns 

Dual-ring flip-flop 5 0 ps 
Nonlinear fiber 1-lOpJ Is 

4.1 Nonlinear Effects and NOLM for Optical Signal 

Processing 

This scclion introduces and discusscs several third order nonlinear cffccls in optical 

fibers, including self phase modulation (SPM), cross phase modulation (XPM), four 

wavc mixing (FWM), and optical parametric amplificalion (OPA). The basic 

properties of those nonlinear cfibcts in highly nonlinear optical fiber (I INIJ-") 

together with typical nonlinear signal processing applications arc dcscribcd in 

Section 4.1.1 Nonlinear optical loop mirror (NOLiM) as an aclivc optical 

interferometer for nonlinear signal processing is dcscribcd in Section 4.1.2. 

4.1.1 Nonlinear Effects for Optical Signal Proccssinj^ 

The optical nonlinear cffccls include a variety of phenomenon which is induced by 

the nonlinear response to the optical field thai is applied to ihe nonlinear medium 

[9]. The nonlinear medium discusscd in this work is optical fibers which has its 

nonlinear effects induced by Ihc third order nonlinearily, which can be dcscribcd by 

using nonlinear refractive index given by 

n{(0, = n{(o) + E (Bq.4.1) 
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in which, n(ri)) is the linear index and E" is the optical field intensity, n) is the 

nonlinear refractive index coefficient, which is a material parameter indicating the 

nonlinear cfficicncy. The material of optical fiber is fused silica, which has a n, of 

2.5x10-20 m^/w. 

Nonlinear cocfficicnl y to describe the nonlinearity of an optical fiber, as 

given by 

" - 化 (Hq.4.2) 

One can either rcducc the mode efTective area Agj/- or increase lo increase 

the nonlinear coefficient. Generally, HNLF is fabricated by reducing the corc 

diameter to rcducc Acjj. As an example, SN4F has a y of � 1 W-ikirT'. With reduced 

core diameter, IINLF usually has a y above 10 W'km" ' . 

Self Phase iModulation (SPM) •‘ 

SPM is induced by temporal variation of the optical intensity, which introduces a 

time-varying nonlinear index change and thus results in the phase change 卢〜,which 

can be described by 

(Hq.4.3) 

in which, /)(/) is the instantaneous signal power and is the effective nonlinear 

fiber length. The time-varying phase changc along with the time-varying 

instantaneous signal power generates new instantaneous frequencies with the 

frcqucncy difference of dco as given by [9] 

d(o = = 一晏 广⑴ / 从 (Hq.4.4) 
dt dt 

Therefore, with a constant value of /)(/) , dco would be zero even with a large value 
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of P{t) . Thus, SPM only occurs to pulses rather than continues waves. 

SPM can significant broadens the spectrum by gencmting new Ircqucncy 

components. Thus, it can be used in a lot of areas, including nonlinear optical signal 

processing in optical communications. By utilizing the newly generated frequency 

components, wavelength conversion can simply be obtained by using a filter. 

Meanwhile, sincc the nonlinear cffccts request high instantaneous power which 

means that SPM will not occur to bit-zeros. There lore, the newly generated 

components arc all contributed by bit-ones and thus regeneration and HR 

enhancement can be achieved 110-12]. 

Fig. 4.1 shows the SPM using 1-km HNLF which has a nonlinear coeiricient 

of 11 W"'km'' al 1550 nm. The lO-GH/ 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 is launched into the I INIJ ' and the output 

spcclra are measured as shown in Fig. 4.1. Significantly spectral broadening is 

observed in Fig. 4.1(b) and Fig. 4.1(c) with rcspcct to the original input pulse 

without SPM in Fig. 4.1(a). The four-peak spectrum of Fig. 4.1(b) indicates lhal the 

peak phase change induced by SPM at the pulse center is �3.5兀 |9 | . Thus，the phase 

peak change would be � � O . S t c for the SPM in Fig. 4.1 (c). 
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Fig. 4.1 SPM induced spectral broadening. 

Cross Phase Modulation (XPM) 

The principle of XPM is quite similar to thai of SPM, which requires lime-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. t h e 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 thus scatters the power from the probe carrier to 

other frequency components. 

The probe light's phase change contributed by XPM is given by Eq.4.5, 

which is two limes of the phase change by SPM at the same power level [9\. 

K . - x m - ^ y J U r i O l , , (Hq.4.5) 

Since XPM can convert the information from the pump to the probe, il has 

been widely investigated as a wavelength converter for OOK signals. Wavelength 

conversion up to terabits has been demonstrated based UN LPs [13]. Similar to SPM, 

XPM is also able to suppress the noise at bit-zeroes and thus can be utilized for 

regeneration and ER enhancement. Meanwhile, UWB generation can also be 

achieved simply by XPM with carefully 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 achieved [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 
. I 

the XPM significantly. • 
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Fig. 4.2 XPM induced spectral broadening. 

Fig. 4.2 shows the XPM proccss utilizing an 80-Gb/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 � 2 0 dBni for pump and is launched in to the llNLl: together with the CW probe 

at 1540 nm. The IINLF has a nonlinear coefficienl of 11 W'km"^ at 1550 nm. The 

CW probe ensures that the spectral broadening at the probe wavelength is 

contributed only by XPM. The output spectrum in Fig. 4.2(uppcr) indicates the 

obvious broadening at 1540 nm. 

Four Wave Mixing (FWiM) 

The nonlinear phenomenon, known as four wave mixing (l.�WM)’ is also originates 

from the third nonlinearity, the same as thai of SPM and XPM. In FWM process, 

consider three inputs with carrier frequencies of cô  , c o ) � a n d co) propagating 

simultaneously inside the IINLF, their interaction of the optical fields will generate 

a fourth field whose frequency (o^ would be co^ = co^ 土 ft；] [9]. The interaction 

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

the fourth field. 
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Fig. 4.3 Spectrum of degenerate FWM for 160-Gb/s all-optical wavelength 
4 

conversion. 

The wide range of FWM application includes wavelength conversion, 

wavelength multicasting, all-optical regeneration, phase sensitive amplification, 

format conversion and optical phase conjugation (OPC). [17-24]. Among those 
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With two of the three inputs having Ihc same field, meaning only two inputs 
i 

actually, FWM can also be achieved and il is called degenerate FWM which has 

been widely studied due lo its simplified configuration. The degenerate FWM can 

be described as Hq.4.6, 

F�"cr =(尺“請"厂、夢/)厂/糊/>r(‘v…exp + ) (Eq.4.6), 

where l i�,— , /i�,脚,,，and E,—. are the field amplitudes of the signal, pump and 

newly generated idler. ^̂  t-he complex coupling cocfficienl which decreases 

rapidly as Ao; = | ^ ; , , , 哪 | increases. H j i . r = - is the phase of the 

idler which includes the phase of the signal and thus carries the phase information. 

Therefore, FWM can be used for wavelength conversions for both OOK and PSK 

signals. Shown in Fig. 4.3 is the spcctrum all-optical wavelength conversion for 

160-Gb/s OOK signals based on degenerate FWM. 
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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 

experimental eye diagrams for 100-km SMF transmission of 40-Gb/s OOK signal 

assisted by FWM for OPC. After the 5()-km transmission, ihc dispersion indiiccs 

significant pulse broadening and left only noise on the eye diagram. With FWM for 

wavelength conversion to obtain a phase conjugated idler for another 5()-km 

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

I n p u M O G b / s 

After 50km transmission 
’，... 、.... .，.....，•.’ 

50 
time (ps) 

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

compensation by OPC. 

Optical Parametric Amplification (OPA) 

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 A p which is related to dispersion 

coefficients of P2 and P4 as described by Eq.4.7 [25] 

绅=P人 ^signal ^ pump f + " 4 ( h 一 - � � ‘ 丨 /12 (Eq.4.7) 
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where, co,,̂ ,,̂ , and co”賺卩 arc the frequencies of the signal and pump. Thus, the 01)A 

gain range satisfies -^/Pq < A/? < 0 , in which y and P^ arc the fiber nonlinear 

coefficient and pump power, respectively. With high order dispersion ncglccted 

when jS_7>�j8v， one can only have A/i < 0 with /？̂  < 0 . Therefore, OPA only 

happens at the anomalous dispersion region (ADR). However, with a comparatively 

large p^，OPA can also happen at the normal dispersion region (NDR) with > 0 . 

which requires a large and negative P ‘ � a n d a comparably large frequency division 

of � , to satisfy the phase match condition [25, 26J. 

Fig. 4.5 shows the comparison of OPA phase 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, Ihe gain is far away from the pump and has a narrow band gain region |26|. 

Ac 

Pi in ADK 1'1.叫> tii XDK 

Fig. 4.5 Phase matching 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 lO-GHz pump pulse with 10-ps 

pulse width. The OPA fiber is a I IN LF with the zero dispersion wavelength located 
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Fig. 4.6 OPA spectra with amplified ASH 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 variety of 

processing functions, NOLM is recognized as a valuable dcvicc in the area of 

optical communications [27]. 

NOLM is constructed with a fiber loop mirror within which a IINLF is 

included. Intrinsically, NOLM is an interferometer (Sagnac intcrfcromeler) 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 nonlinear 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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at 1550 nm. The dispersion slope at 1550 nm is 0.02 ps/nm^/km. The N1)R pump 

results in a wideband gain symmetrically aside the pump wavelength. The amplified 

ASE sidebands indicate a peak gain of 21 dB with 20-ciBm average pump power. 
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one can obtain a phase difference and thus a switching can be achieved rather than 

total reflection. Sincc nonlinear cffccls are utilized for the switching, ultra high 

speed operation capability can be expected by NOLM. Another noticeablc 

advantage of NOLM 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 128-331. 

yJt 

irt GH? Cnnlio) CW 1 _ _ i 
m 鬧 

Drop/DEMUX 

CCW Through Port 

Fig. 4.7 Schematic illustration of a 40-to-10 Gh/s all-optical OTDM DEMUX 

scheme based on NOLM. 

EDFA 
HNLF 

Control 
Clock 
@入1 

OTDM 

Signal 

@入2 

Z q d l 

BPF-2 Drop/DEMUX 
Signal 
@A2 

Through 
Channels 
@A2 

Fig. 4.8 Conjiguration of a NOLM based OTDM demultiplexer. DDL: optical delay 

line： BPF: bandpass filter： ED FA: Erbium doped fiber amplifier 
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after DEMUX is widely open. The BER measurements (right) indicate the error free 

operation [29J. 
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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 arc all 

100 

Chapter 4: Nonlinear Sif»n a I Processing bused on DA-i^OKM 

One of the widely demonstrated applications of NOLM is its use for optical 

OTDM DEMUX, as schematically illustrated in Fig. 4.7. The nonlinear proccss 

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 proccss. Therefore, with the phase dilTerencc for inter!ercncc al 

the coupler, channcl-2 can be switched out from the 40-Gb/s signal and thus OTDM 

DEMUX is achieved. The configuration of the demultiplexer based NOLM is 

shown in Fig. 4.8, which is also the experimental setup for the I6O-I0-IO (jb/s 

optical DHMUX. 
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Chapter 4: Nonlinear Sif»n a I Processing bused on DA-i^OKM 

error free after the NOLM DHMUX with the largest receiver power penalty of 6.2 

dB. 

Fi^. 4.10 Configuration of the versatile logic gates [34]. 

The NOLM has flexible configurations which enables a variety of optical 

signal processing funclions. Fig. 4.10 introduces a complex configuration of NOLM 

for logic gating which indicates the flexible and massive processing capability of 

NOLM. With such a configuration based on NOLM, one can obtain logic gate 

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

SOA 

Control 

In L ^ Out 

J ^ Filter ' — ^ 

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 is based on » 

SOA 135，36]. Differs from HNLF in which the nonlinear proccss only happen 

between the co-propagating beams in the same direction, the nonlinear elTccls like 

XPM can also happen between the counter propagating two beams in SOA. 

Therefore, the offset of SOA from the midpoint of ihc loop mirror will results in a 

narrow gating window with respect lo a comparably large control pulse width. 

Apart from those NOLM and its variants introduced in this section, there arc 

also dispersion asymmetric NOLM, which will be investigated in the other sections 

in this chapter with ihc demonstration of optical signal processing including 

rcconfigurable optical OTDM DHMUX. 

4.2 Dispersion Asymmctric NOLM (DA-NOLM) 

Dispersion asymmetric nonlinear optical loop mirror (DA-NOLM) dilTcrs from ihc 

conventional NOLM by introducing a chromatic dispersive medium inside the loop 

mirror and thus obtain advanced and improved function ibr optical signal 

processing [37, 38J. By introducing the dispersive medium, one can obtain an 

asymmetry for the nonlinear processes between the clockwise and counter 

clockwise operations. This asymmetry can also be induccd by dillbrenccs in 

amplification, attenuation, and polarization between the clockwise and countcr 

clockwise operations [39], rather than dispersion asymmetry, which has the 

advantage of rcconfigurable operation capability by wavelength tuning, compared 

to the other ones. 

There have been several demonstrations of DA-NOLM for application in 

optical signal processing. One can obtain WDM all-optical regeneration by using a 

DA-NOLM for 10 Gb/s RZ-OOK signals, based on SPM [40, 41]. One can also 
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achievc pedestal suppressed shorl pulse generation using DA-NOLM, which is also 

based on SPM [42, 43]. I)A-NOLM for demodulating DPSK signals with bit rate 

variable operation is also achieved based on FWM |44j. 

In the following sections, DA-NOLM for optical signal processing is studied. 

The principle of DA-NOLM is introduced in Scction 4.2. Reconfiguration O I DM 

demultiplexing is investigated in Section 4.3. Two channel all-optical 

demultiplexing by using one single baseband pulse train is achieved. Repetition rate 

multiplication is studied in Section 4.4. In Section 4.5, all-optical pulse Ibrmal 

conversions with bit rate variable operation arc studied. To utilize a dispersion 

management inside the loop mirror, the modified dispersion asymmetric NOLM 

(MDA-NOLM) is demonstrated for 80-to-10 Gb/s reconfigurable two-channel 

DRMUX as presented in Section 4.6. 

4.2.1 DA-NOLM as An Active Interferometer 

The dispersion asymmctric NOLM (DA-NOLM) is one kind of imbalanccd 

NOLMs, which utilizes the imbalance of nonlinear processes between the clockwisc 

and counter clockwise operations |45, 46]. The imbalance of nonlinear processes 

can be introduced by asymmetrically distributed gain or attenuation aside the 

nonlinear medium inside the loop mirror [47-501. In literatures, DA-NOLM has also 

been mentioned as dispersion imbalance NOLM and delay asymmctric NOLM [40, 

44J. 

The general configuration of DA-NOLM is shown in Fig. 4.12, in which an 

imbalance of nonlinear process can be introduced between the clockwisc and 

countcr clockwise operations. The 3-dB coupler equally splits the input light into 

two branches which has the clockwisc and countcr 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 nonlinear process afterwards. 

Conlrarily, the counlcr clockwise light wave will have nonlinear proccss lirsl and 

GVD process afterwards. Therefore, phase differences can be obtained due to the 

imbalanccd nonlinear processes when the light waves arc rccombincd together al 

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

GVD Nonlinear GVD Medium —"N 

Fi^. 4.12 General configuration of a DA-N()LM 

One can simply use certain length of SMF or DCF as the dispersive clcmcnl. 

For the nonlinear medium, HNLF is used in this work and thus al 1-fiber 

configuration of DA-NOLM can be obtained. 

SMF HNLF 

Fig. 4.13 Equivalent Mach-Zehnder interferometer for DA-NOLM [5]. 
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• 1 i _ .111 — 一 - — 

As previously discussed, N O L M is one kind o f fiber interferometers, active 

and nonlinear interferometer. Therefore, the principle o f D A - N O L M can be 

interpreted using an equivalent Mach-Zehndcr interferometer configuration, as 

shown in Fig. 4.13. The nonlinear processes in the HNLF could be SPM, XPM, and 

1:WIV1，which server different functions. 

4.2.2 SPM in O A - N O L M 

The SPM proccss in D A - N O L M enables a variety o f signal processing functions 

including all-optical regeneration, noise suppressing as well as short pulse 

generation [51-53). 

Sincc SPM only happens for pulses, SPM in D A - N O L M for optical 

regeneration is only for intensity regenerations. For example as detailed in Rd : 40, 

the noisy 6X10 Gb/s OOK signals after transmission are regenerated with ~3 dB 
I 

rcccivcr sensitivity improvement. The signals arc amplified and launched into the 

D A - N O L M . In the clockwise branch, the signals w i l l firstly be broadened by 

dispersive fibers (DCF) which reduces the peak power and thus a smaller nonlinear 

phase change was obtained, compared wi th that in the counter clockwise branch 

which has a larger nonlinear phase change since the signal went through the 

nonlinear fiber first. The diflerent nonlinear phase changes results in a phase 

difference between the two counter propagating light waves and thus a switch was 

obtained and it 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 achieved. 

The D A - N O L M for pulse generation is also based on SPM, which has a 

narrowed switching window at the center o f the pulse due to the high peak power in 
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the center compared wi th ihc sidebands. Therefore，the output pulse can be 

compresscd wi th the pedestals been suppressed |42]. One can also noticc thai the 

dispersive element can also serve for pulse generation rather than pulse broadening 

for the deeply phase modulated CW light wave. Thus, based on D A - N O L M . 

pedestal free pulse generation can also be obtained from a CW input wi lh phase 

modulation |431. 

4.2.3 F W M in D A - N O L M 

The degenerate F W M proccss in D A - N O L M makes the D A - N O I J M as a delay 

interIcromclcr and thus a variety of signal processing funclions can be obtained, 

such as DPSK demodulation [44J. 

As 
Ap 

As 
Ap-

As 

Ap-
Ai — 

Xp-
Ai-

Ap 

At 

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

Zehnder interferometer modal 

The delay interference o f D A - N O L M can be interpreted by the equivalent 

M Z I modal as shown in Fig. 4.14. The relative delay is regarded to Ihc idler 

wavelength origins from the F W M in HNLF, whether the idler wavelength is 

generated before G V D 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 ut i l iz ing a SMF for introducing the dispersion, the wavelength tunable 

delay can be described by 

A / = 2 0 /書 ( A 、 - A , , ) (Bq.4.8) 

where D is the dispersion coefficient of SMF and is the SMF fiber length.々 

and are the signal and pump wavelength, respectively. Wi th a 100-ps delay, one 

can obtain a ().08-nm FSR at the relevant wavelength. Along wi th the change of the 

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

4.3 DA-NOLM for Rcconfigurable OTDM DEMUX 

Optical time division multiplexing (OTDM) is an important technology for 

generating high speed optical signals while occupying only one single wavelength 

channel. In O T D M systems, demultiplexing ( D E M U X ) can be implemented either 

by elcclrical or optical means. Along wi th the rapid increase o f bit rates up to tens 

and hundreds o f gigabitYs, it is more favorable to perform all-optical DKMIJX, 
i 

avoiding GEO conversion and offering ultra-fast response o f the processing |54, 

55]. Al l-optical D E M U X has been previously demonstrated based on various 

nonlinear effect in optical fibers and semiconductor optical amplifiers (SOA), such 

as cross phase modulation (XPM) in a nonlinear optical loop mirror (NOLM) and 

nonlinear polarization rotation (NPR) [56-58]. 

In addition, in a rcconfigurable optical network, it is necessary to perform 

dynamic allocation o f the bandwidth [59]. An example is in allocating different 

tributaries from the O T D M signal to one local distribution point, followed by 

subdividing the tributaries to sub-local distribution points or local users. Such a 

scenario requires rcconfigurable D E M U X which can be realized with cascaded 
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stages of D E M U X and multiple control pulses with rcconfigurablc operation. In 

order lo achieve two-channel or multi-channel DHMUX with the above all-oplical 

DEMUX techniques，multi-step operation or multiple pulse control w i l l be required. 

4.3.1 D A - N O L M for 4()-to-10 Gb/s Two-channcl DEMUX 

In this part o f the thesis work, we demonstrate a solution to use only a single control 

pulse for simultaneous (one-step) two-channel DEMUX based on a N O L M with 

asymmetric dispersion inside the loop [60, 61]. Besides, no extra fiber coupler is 

needed inside the 3-dB fiber loop mirror. Channel selection can be easily realized 

by wavelength tuning owing lo asymmetric dispersion in the fiber loop. Al l -oplkal 

two-channel D E M U X has been achieved for 40-Gb/s OFDM OOK signals. 

Switchable operation between two-channel and single-channel D E M U X has also 

been demonstrated，offering the f lexibil ity for rcconfigurablc operation and for 

dynamic bandwidth allocation. 

The structure of the dispersion asymmetric N O L M (DA-NOLM) is 

schematically shown in Fig. 4.15(a). The loop mirror contains a nonlinear medium 

such as a highly nonlinear fiber (HNLF) next lo a group velocity dispersion ((JVD) 

element. The GVD element can simply be a standard single mode fiber (SMF) that 

introduces a relative delay between light branches at different wavelengths (ihc 

delay between the control pulse and the OTDM signal in this case). In the counter 

clockwise (CCW) operation, the control pulse at Xj and signal at X2 propagate 

together in the nonlinear medium. X P M wi l l result in a phase change of the signal at 

X2. As for the clockwise (CW) operation, Ihc control and the signal wi l l first arrive 

at the G V D element where a relative delay wi l l be introduced. Subsec^yently, the 

signal w i l l undergo X P M initialed by the relatively delayed control pulse in the 
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nonlinear medium. However, the phase changc now occurs al a different OTDM 

channel compared to that of the CCW operation. Hence, two dilTcrem baseband 

channels can be switched out. 

At 
Ci>'»imi ('iilv.'"; 

A? 
o 

(a) 

IGGHU (•⑷Iroi 

I r 

1 _ a Drop Port 

M 1 
C C W J I ^ Through Port 

(b) 

Fig. 4.15 Schematic illustration of the DA-NOLM for two-channel OTDM DEMUX. 

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

In Fig. 4.15(b), we consider a 40-Gb/s OTDM signal. Ncglecting the elTccl 

on pulse broadening, the output (Drop Port) of the DA-NOLM after XPM can be 

described as [40]: 

(Hq.4.9) 

where A识 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 phase changes of channel-one (C-1) and 

channel-two (C-2) in the OTDM signal by 

= \ ^ c p r - ^ i p r \ - 2i/L(/r—/)「’）i (叫.4.10) 

l̂ cpi = I - 广 I = 2| - ^ T ) I (l^q-4.11) 

In Hq.4.10, y and L stand for the nonlinear coefficient and the length of the 

HNLF, and 1)1广。、’ ^ ^ peak control power for the XPM process over C-1/C-2 

in the CW/CCW operation. Assume that a control power of Fo is required for a n 

phase change and that /)/ ⑶=0, /)/ Po, !):��= Pn，/)2'。'= 0 in Fig. 5.4(b)，a 7t 

phase change wi l l be introduced for both C-1 and C-2, giving rise to simultaneous 

two-channel DEMUX according to Eq.4.9. 

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

AX At Demultiplexed Channels 
2.5 nm 25 ps C-1, C-2 
5.0 nm 50 ps C-1, C-3 
7.5 nm 75 ps C- l ,C -4 

The relative delay (AO is adjustable by wavelength tuning of the control 

pulse due to the presence of GVD. This feature offers reconfigurabilily 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 

wil l 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 different 

DEMUX channels obtained with a GVD of 10 ps/nm. 
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(a) 

10 GHz 

MLL 
A2 

HNLF-
2nm-

A1 

cm 
RF Data i 

PRBS, 

1 1x4 A2 
1 OTDM 

(b) 

Control ^ 
Pulse Train A1 

EDFA 
o 

^UJJ 

SMF-638m 
HNLF-

OT) Input w 
OOK Signal/2 

SMF-638m: GVD=10ps/nm 
A1:10-GHz Pulse Train 
A2: 40-Gb/s OTDM OOK Signals 

¥ Demultiplexed 
Channels 

ISO 

10Gb/s 
Rx 

|ŝ DFA ^ V ^ 

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

OOK signal; (b) Setup for two-channel DEMUX based on the dispersion 

asymmetric NOLM. DDL: optical delay line; EPF: hand pass filter; ISO: isolator; 

PD: photodetector; VGA: variable optical attenuator. 

Fig. 4.16 shows the experimental setup for two-channel DEMUX of a 40-

Gb/s OTDM OOK signal. In Fig. 4.16(a), the upper branch of the 10-Gl Iz pulse 

train at 12 is amplified to -26 dBm (average power) for spectral broadening by self-

phase modulation (SPM) in HNLF-1, which has a nonlinear coefficient of 1 l - W 

^km"' at 〜1550 iim. The input 10-GHz pulse train at A2 has a pulse width of 10.6 ps. 

The SPM process in HNLF-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 filler (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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1640 1550 
Wavelength (nm) 

1560 

Fig. 4.17 Measured optical spectrum of the 10~GIIz 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 al A? is used in 

40-Gb/s OTDM OOK signal generation through electro-optic modulation al 10-

'11 

Gb/s with pseudo random binary sequence (PRBS, 2 -1) followed by 1x4 optical 

multiplexing. In this work, we set Ap at 1547-nm and tunc )、、over the range of 1542 

to 1556-nm. 

The 40-Gb/s OTDM OOK signal is then combined with the l()-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. I INLF-2 has a nonlinear 

coefficient of 11.7 W'km" ' and a dispersion coefficient of 0.02 ps-nm"'kni'' around 

1550 nm. The GVD of the SMF is 10 ps/nm, resulting in a relative delay of 50 ps 

when AA = I A/ - /I2I = 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-l /C-2, C-l/C-3 and 

C-l /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 

cxpcriencc 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 DFMUX results, with 

widely opened eye-diagrams shown in Fig. 4.18(b), arc in good agreement with the 

analysis in Table-1. 

•O 
m •o 

crt w 
E ifi c 
CD 

u ^ AX=2.5nm 

1540 1550 
Wavelength (nm) 

1560 

(a) 

I I 

— — • “ • ， _ ” 

vv , 

Time (20ps/div.) 

(b) 

Fig. 4.18 (a) Spectra showing different wavelength spacings between the control 

pulse and the OTDM signal for two-channel DEMUX： (h) Eye diagrams of the tM>o 

corresponding demultiplexed channels. 
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Fig. 4.19 Eye diagrams obtained from two-channel and single-channel switchahle 

DEMUX. 

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

DEMUX obtained by polarization readjustment are comparable to those of Iwo-
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The proposed DA-NOLM is also capablc of singlc-channcl DHMUX. 

Swilchable operation between two-channel and single-channel DHMUX is shown in 

Fig. 4.19. Here, X\ 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 placc 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 DHMUX 

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 operation DEMUX (C-1) performs 

slightly belter than thai of the CW operation (C-2, C-3, C-4). 
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Fig. 4.20 BER measurement results of the DA-NO LM based DKMUX. 

I l is worth mentioning that to perform a BER measurement for simultaneous 

two-channel DRMUX, one wi l l need to carry out an extra demultiplexing step to 

retrieve a single 10-Gb/s tributary, thus resulting in additional power penally. 

Mcncc, the result wi l l not be a fair comparison with that obtained from conventional 

singlc-channcl DEMUX. 
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channel DEMUX. Based on singlc-channcl DEMUX with control wavelength 

dctunings of 2.5, 5.0 and 7.5 nm, we have performed BER measurements and the 

results arc shown in Fig. 4.20. Error free D F M U X has been obtained for all 

channels. C-1 DEMUX is obtained by XPM in the CCW operation while C,2, C-3 

and C-4 DEMUX arc obtained by XPM in the CW operation. The results ir.dicalc 

error irce two-channcl DEMUX with 〜2-dB difference in receiver sensitivity 

between the two output channels. Compared to the back-to-back 10-Gb/s BER 

measurement，our demultiplexer introduces ~2-dB and ~4-dB power penally for 

CCW and CW operations, respectively. This difference is induced by ihc dispersion 

inside the loop mirror which can be improved by dispersion management lo 

minimize the pulse broadening as demonstrated in Scction 4.6. 
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4.3.2 DA-NOLM for 80-to-10 Gb/s Two-channcl DKMUX/ADM 

It is foreseeable thai the proposed DA-NOLM can also be used for other formals 

like phase shift keying (PSK). Meanwhile, in this part ol" the thesis work, we use a 

relatively large GVD (10 ps/nm) to introduce the relative delay. It appears thai Ihc 

GVD can lead to pulse broadening and wil l be a concern in high-bit-ratc DHMUX. 

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 GVD mapping to compensate the broadening. 

Theoretically, with a small GVD but a sufficiently large pump-signal 

wavelength detuning, the speed limitation can be well improved. 1 lowcvcr. 

considering ihe focus on C-band operation with a wavelength detuning range oi"~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 Ihc control pulse for 

10-Gb/s baseband 0 1 DM signals (100-ps period). Notice thai only half-period 

delay is needed for the rcconfigurable DHMUX and half the required GVD is 

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.()-ps 

pulse width (Gaussian pulse with bandwidth 〜1.8 nm), the pulse broadening is only 
t 

〜1.5 ps. Sincc the periods for 320-Gb/s and 160-Gb/s signal arc 3.125 ps and 6.25 

ps, respectively, wc may consider 160-Gb/s operation be a limit for the DHMUX 

with a baseband of 10-Gb/s. In such a ease, using higher speed baseband signal is 

another approach for improving the speed limitation. 
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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 

which introduces a GVD of 4.6 ps/nm. The input spectrum shown in Fig. 4.23 
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Fig. 4.21 Eye diagram of the 80-Gh/s OTDM signal. 

As shown in iMg. 4.21, the 80-Gb/s OTDM signal has a pulse width of 〜3 ps. 

The generation of the wavelength tunable lO-GIIz control pulse is also based on 

SPM in a MNLF which generates a much wider and flatter super-continuum as 

dcpiclcd in Fig. 4.22. The control pulse width is ~2 ps and the average pump power 

is 15 dBm. 

Chapter 4: /Won I in ear Signal Processing based on DA-NOLM 

Considering the operation in C-band for 10-Gb/s baseband OTDM signals 

based on the same setup using another SMF, wc have obtained 80-kv l0 Gb/s two-

changc rcconfigurable demultiplexing. 

0 

20 

40 

(
E
g
p
)

 A
l
u
 

o
\
A
E
)
 J
B
M
O
d
 



.-1l=50ps 
• 11=37.5ps 
Jt=25ps 

-40 
1540 1550 

Wavelength (nm) 
1560 

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

reconjigurable DEMUX. 
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indicates different delays of 25 ps, 37.5 ps and 50 ps lor the DHMUX with diiTcrcnl 

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 B1)F and the averaged 

pulse width of the wavelength tunable 10-GHz is 〜4 ps. 
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Fig. 4.24 Output eye diagrams and spectra for the two-channels 80-to-10 Gfi/s 

optical demultiplexing. 

The results shown in Fig. 4.24 arc the output spectra and eye diagrams after 

the demultiplexing. The Iwo-channcl demultiplexing is achieved with dilTerenl 

combinations. Five DHMIJX schcmes arc shown in Fig. 4.24 with the control 

wavclcnglh tuned to 1548.4 nm, 1545.6 nm, 1542.7 nm, 1539.2 nm, and 1536.5 nm. 

The signal is locatcd at 1553 nm. The demultiplexed two channels have differeni 

pulse widths, one contributed by the CCW operation has smaller pulse width of 3.5 

ps with rcspcct to the other one with 7-ps pulse with which is contributed by the 

CW operation. The difference of the pulse width is causcd by the different 

switching window and the different broadening due to the GVD. 

Fi^. 4.25 Switchable operation between two-channel DROP and signal channel 

DROP based on the DA-NOLM. 

One can simply detcct 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 eye 
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diagrams for signal with switchablc operation between two-channel and one 

channel drop. Significant suppression of the drop channels can be observed with the 

left channels still widely eye-open. There is also pulse broadening of the lell 

channels due to the presence of GVD. The pulse broadening of the DHMXU and 

A D M can both be improved by dispersion management as investigated in Section 

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 deviccs is their fixed I:SR, meaning the dedicated 

operation repetition rale. Even with extra external control, thermally or 

mechanically, it is still diff icult lo achieve wideband bit rate variable operation 

based on those passive devices. 

The D A - N O L M 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-

N O L M , one can achicve repetition rate multiplications with repetition rale variable 

operations. - ‘ 

Input EDFA 
10GHz 

> Q c m 

o o ’ 
SMF-638m HNLF-lkm 

TL1 (TT) 
¥ Output 

20GHz 

Fig. 4.26 Experimental setup for IO-tp-20 GHz repetition rate multiplication. 

. ^ 120 ，“ 



1545 1560 
Wavelength (nm) 

1575 

Fig. 4.27 DA-NOLM output spectra with different probe wavelengths. 
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The setup for the repetition rate multiplication based on DA-NOLM is 

shown in Fig. 4.26, which is similar to the one for OTDM DBMUX in Section 4.3. 

only the O T D M signal is replaced by the CW light from the tunable laser. The input 

10-GI Iz 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 piilsc train with well improved phase 

coherence at the probe wavelength. Thus, the phase coherent pulses can be used 

PSK modulation formats. 

l:ig. 4.27 shows the output spectra of D A - N O L M for the repetition rate 
s. 

multiplication with different probe wavelengths. The six probe wavelengths 

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

period delay, repetition rate multiplication can be obtained. Since the dispersion of 

SMF is 10-ps/nm and the control wavelength is 1560-nm, we can expccl the 
« 

multiplication can be achieved around the wavelengths of 1555-nm and 1545-nm, 

•9 

which introduces relative delay of 50-ps and 150-ps, respectively. 
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20C;H7 

1544 1545 1546 1547 
Wavelength (nm) 

Fig. 4.28 Spectrum of the 2()-GHz pulse after the repetition rate multipliculion. 

The spectrum shown in Fig. 4.28 indicates the alternative suppressing of the 

10-GHz clock tones and thus results in the 20-GHz carrier spacing at the probe 

wavelength of 1545.6 nm. By simply wavelength tuning, one can obtain cUneicnl 

suppression of Ihc sub-carriers. Indicated from the center carrier suppression in Fig. 

4.28, a suppression ratio of 25-dB can be obtained, which means a comparably large 

ER of 25-dB can be introduced by the active and nonlinear delay interferometer of 

DA-NOLM. 

4.5 DA-NOLM for Tunable Pulse Format Conversion 

Wc have previously demonstrated pulse format conversions based on PCl '-MZl, 

which is a passive delay interferometer [62). In this pari of the thesis work, the 

FWM based D A - N O L M as the active and nonlinear delay interferometer ibr pulse 

formal 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 delay of DA-

NOLM, Ihc pulse format conversions, including RZ-lo-NRZ and NIi;44o-PRZ, arc 
> 

1 2 2 



PRBS Signal 

i 
Clock 

& PC A 
PC 

'1A 
J PC 

_ Converted signal 
.‘一I 
vE) 
BPF 

> - i 
EDFA1 BPF 

OC 
-o- [ > • EDFA2 ISO 

-Sb 
PC 

A-
PC 

OCG 

r ig. 4.29 Experimental setup of the DA-NOLM 

conversions [631. 

for hit-rate variable /annul 

Shown in Fig. 4.29 is the experimental setup for the pulse format conversion. 

A tunable laser at 1549.4 nm is used to generate an input I IZ-OOK or NRZ-OOK 

signal (PRBS, 23i- l) using electro-optic intensity modulators (FOMs). 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 after 

DBF A amplification. The DA-NOLM is constructed with a 64-m dispersion 

flattened photonic crystal fiber (PCF) as the FWM medium and a 600-m standard 

single mode fiber (SMF) with a 〜10 ps/nm group velocity dispersion [44]. The PCF 
、 

has a nonlinear coefficient of 11 W 'km" ' and a dispersion coefficient of -1.3 

ps/niii/km at 〜1550 nm. The 3-dB wavelength conversion bandwidth for FWM is 

- 1 6 nm. By fine tuning the pump wavelength to control the relative time delay and 

the phase difference, format conversions can be achieved at variable bit rates. A 

BPr is used at the output port of the D A - N O L M to extract the converted signal al 

the idler wavelength. 
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bit rate variable. The simultaneously wavelength conversion based on the 

degenerate F W M also enables the operation for phase incoherent signals, which is 

particularly important for high speed OTDM signal generated MLFL. 
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Fig. 4.31 (a) and (b): eye diagrams and spectra of 10 Ghit/s input NRZ-OOK signal 

(top) and converted FRZ signal (bottom); (c) and (d): eye diagrams and spectra of 

J2.5 Ghit/s input NRZ-OOK signal (top) and converted FRZ signal (bottom) 

The eye diagrams and optical spectra of the input and output signals for 10 

and 12.5 Gbit/s RZ-to-NRZ formal conversions are shown in Fig. 4.30. And the 

results for NRZ-to-PRZ formal conversion at 10 and 12.5 Gbit/s are shown in Fig. 

4.31. The plots indicate the bit rate variable operation of the pulse formal 
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conversions with widely opened eye diagrams; Due to the nonlinear process, there 

is extra noise introduced compared to the operation using passive devices such as 

PCF-MZIs. 

4.6 Modified DA-NOLM for Signal Processing 

Previously in Section 4.3, we demonstrated the use of a DA-NOLM for 

rcconfigurable DEMUX of 40-Gb/s On-Off keying (OOK) signals (60, 611. The 

operation speed of the DHMUX is limited due to group velocity dispersion (GVD) 

inside the loop mirror that leads to pulse broadening, especially when the signal 

pulse becomes shorter and occupies a wider bandwidth. 

In this pari of Ihc thesis work, we propose a modified dispersion-asymmclric 

nonlinear optical loop mirror (MDA-NOLM) [64, 65] which has a specially 

designed dispersion management. The aim is to minimize the total GVD inside the 

loop while maintaining a large dispersion imbalance on both sides of the nonlinear 

medium. 

⑶ 

入1 
Control pulse 

Signal 
K2 

人 
Drop'DFMUX 

1 lirongh • “ 

(b) -At 
tAt 

丄O-GHz Contro l 1 a 
Drop Port 

；國 

_ ill •« 
！ 

Through Port 
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Fig. 4.32 Schematic illustration of the MDA-NOLM for two-channel O'lDM 

DEMUX. GVD: group velocity dispersion： CW: clockwise： (X^IV: counter 

clockwise. 

The slruclurc can be simply implemented using two dispersive elements 

with equal but opposite GVDs, as illustrated in Fig. 4,32. Standard single mode 

fiber (SMF) and dispersion compensating fiber (DCF) can be used lo provide 

normal dispersion (+GVI)) and anomalous dispersion ( -GVD) rcspcclivcly around 

1550 nm. By specially tailoring their lengths lo satisfy 卜GVI) | : |] (;V1)|，vvc can 

obtain full dispersion compensation for the signal and thus a ZI^RO dispersion 

inside the loop mirror. The pulse broadening is thus minimized. The opposite OVDs 

on both sides of the nonlinear medium wil l enhance Ihc imbalance pcribrmancc 

between Ihc clockwise (CW) and the counter-clockwise (CCW) operations in the 

loop mirror. With the MDA-NOLM, the speed pcribrmancc of rcconfigurablc 

optical DEMUX is significantly enhanced. 

In Fig. 4.32(a), the control pulse at 入 1 and the optical limc-division-

multiplexed (OTDM) signal at X2 (>X1) are combined and arc launched together 

into the MDA-NOLM. For the CW operation, X\ wil l lead X2 after ihc “ - G V I ) ” 

clement. Cross phase modulation (XPM) wil l subsequently lake placc in the 

nonlinear medium. A relative delay between the control pulse and the ()T1)M signal 

is given by - A t = (k]-X2) x ( -GVD). Along with the delay, the “—GVI),, also 

introduces pulse broadening which wi l l be compensated by an opposite dispersion 

element “+GVD” after the nonlinear medium. Therefore, the signal wi l l remain un-

broadened while the phase of one sclcclcd tributary (channel-3: C-3) wi l l be 

changed by XPM as illustrated in Fig. 4.32(b). As for the CCW operation, XI wil l 
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lead instead of lag behind it after the “+GVD’，element. The opposite relative 

delay +At = x (+GVD) wil l cause the phase changc to appear at a cliiTcrcnl 

tributary (C-l). The pulse broadening introduced by ‘MGVD’，will also be 

compensated by the “—GVI)” element after the nonlinear proccss, similar to thai of 

the CW operation. The total relative delay between the two demultiplexed channels, 

C-3 and C- l , is 2At = 2GVD x (AJ-X2) and is two times larger than that of the 

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

OTDM Signal 
Generation 

MLFL 
10-GHz A2 

Control Pulse 
Generation 

RF.Data 

o n o 1X8 
OTDM 

A2 

EDFA O pn Inm-BPF 

HNLF-

A1 

MDA-NOLM based 
Two-Channel DEMUX 

Drop 

SMF-270m 

r o 
DCF-50m 
" i n r 

HNLF-2 
cm ^ cxn 

BPF ¥ ISO 

V EDFA 

§
 

Fig. 4.33 Experimental setup of the 80-to-10 Gh/s DEMUX based on M DA-NOLM. 

ODL: optical delay line; BPF: hand pass filter; ISO: isolator. 

The experimental setup for 80-to-10 Gb/s two-channel DEMUX is shown in 

Fig. 4.33. The 10-GIIz mode lockcd fiber laser (MLFL) generates a pulse train at 

X2=1551.9 nm with a pulse width of 2.0 ps. The upper branch of the 10-GI Iz pulse 

train at XI is used for 80-Gb/s OTDM OOK signal generation through electro-optic 

modulation (BOM) at 10-Gb/s with a pseudo random binary sequence followed by 

1 x8 optical multiplication. The lower branch of the 10-GHz pulse train is amplified 

127 



Chapter 4: Nonlinear Signal Procewinfj based on l)A-N()LM 

to an average power of 23.0 dBm for supercontinuum generation in a highly 

nonlinear fiber (HNLF-1), which has a nonlinear cocfficicnl of 1 1.0 W—丨km'丨 al 

-1550.0 nm. By spcctral slicing with a tunable llal-top band pass filler (BPl:) of 1-

nm bandwidth, we obtain a widely tunable (1530 nm to 1570 nm) 10-GIIz pulsed 

sourcc with 〜4.0 ps pulse width. 

After SIVIF on ly 

AAAAAAAA 

lrrii;ti 

Fig. 4.34 The pulse broadening of the 8()-Gb/s 0()K signal ujier transmission of (he 

SMF, DCF and them both. 

Fig. 4.34 shows the eye diagrams of the 80-Gb/s signal after propagating in 

SMF, DCF and them both, indicating the dispersion compensation for minimizing 

the pulse broadening which enables the operation ol lhc ML)A-NOLM. 

The 80-Gb/s OTDM OOK signal al X.2 together with the amplified control 

pulse at is launched into the MDA-NOLM after an isolator. Inside the MDA-

NOLM, we adopt 270-m SMF for “+GVI ) ” and 50-m DCF lor “—GVI)”. The 

dispersion coefficients o f the fibers around 1550 nm arc 14,6 ps/nm (270-m SMF) 

and -4.6 ps/nm (50-m DCF), respectively. The 1-km HNLl?-2 has a nonlinear 
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coefficient o f 11.7 W ' k m ' ' and a dispersion coefficient of 0.02 ps nm"'km'' at 

1550.0 nm. The X P M proccss introduces a phase change at two different channels 

through the CW and CCW operations. Thus，two channels wi l l be switched out in 

the “drop” port while the other channels arc directed to the "through" port. 

rig. 4.35 Eye diagrams oblainedfrom the reconfigurable DEMIJX. 

Mr 

m 
"O 
o 

(/) 
C 
兴 
c 

X2=1551.9nm 

1540 1545 1550 
Wavelength (nm) 

1555 

Fi^. 4.36 Spectra obtained from the reconfigurahle DEMUX. 

Fig. 4.35 and Fig. 4.36 show the eye diagrams and the spectra of 

and output signals for two-channel DEMUX of the O T D M signal. The 

Ihe input 

input 80-

Gb/s O T D M OOK signal is set at 1551.9 nm and has a pulse width of 3.0 ps. The 
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frequency bandwidth is 2.0 mm. It is observed that the signal pulse wil l be 

broadened to 5,0 ps and 6.8 ps after transmission in 5()-m I.)CF and 270-m SMF, 

respectively. However, with Ihc DCF and SMF used together, ihe pulse width is 

well restored lo 3.0 ps, indicating a full compensation ol"pulse broadening. The Iwo 

demultiplexed channels have equal pulse width of 4.5 ps. 

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

signal wavelength X2 is 1551.9 nm 

Total relative 
X\ Al 二 delay between DKMUX 

(nm) (nm) (ps) two channels channels 
(ps) 

A 
1549.2 2.7 12.4 24.8 C-r& CO 

A 1546.5 5.4 24.8 49.6 C-8 & C-4 A 
1543.8 8.1 37.3 74.6 C-1 & C-5 
1547.9 4.0 18.4 36.8 C-1 & C-4 
1545.2 6.7 30.8 61.6 C-8 & C-5 
1542.4 9.5 43.7 87.4 C-1 & C-6 

Tabic 4.3 shows the two-channcl DHMUX schemcs at dilTcrcnt control 

wavelengths. For group A, the control pulse overlaps with C-2 be {'ore they arc 

launched into the MDA-NOLM. For group B, the control pulse is located at ihc 

ccnlrc between C-2 and C-3. A l l tributaries from C-1 to C-8 arc demultiplexed with 

widely open eye diagrams by tuning the optical delay line and ihc wavelength of the 

control pulse from 1542.4 nm to 1549.2 nm, as shown in Fig. 4.35 and I'ig. 4.36. 
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Fig. 4.37 BER measurement results for 80-to-10 Gb/s reconfi^urable two-channel 

DEMUX based on the MDA-NOLM. 

Bit error rale measurement is performed based on single channel M M U X , 

similar to the work demonstrated in Rcf. 24. Notice that the M D A - N O I . M is also 

capable o f swilchable operation between single channel D H M U X and two channel 

D B M U X by polarization adjustment. Shown in Fig. 4.37 are the BI^R results, 

indicating an error-free DIZMUX with performance comparable to the conventional 

NOLM-based all-optical DEMIJX. The receiver sensitivity dilTcrcnce between CW 

and CCW operations has been improved compared to that of D A - N O L M based 

D l i M U X thai depicts a 2-dB difference for operations in the opposite directions [24, 

29|. 

The demonstrated M D A - N O L M reserves the nonlinear imbalanccd 

operation wi th improved dispersion tolerance. Therefore, M D A - N O L M can be 

applied to applications for DFSK demodulation, optical regeneration, pulse formal 

conversion and short pulse generation, 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 thai rely on different 

dcviccs and processing techniques. In order to meet the requests of" data Iraffic 

speed and system robustness in next generation optical communication networks, 

one has to look further beyond interferometers for optical signal processing. 

In this chapter, wc wil l look into optical comb generation and optical clock 

recovery based on nonlinear signal processing. Optical comb generation is 

investigated with the use of nonlinear signal processing techniques to improve the 

SLib-carricr quality. The use of degenerate F W M for ch i rp magnif ication is 

demonstrated in Section 5.1. Additional sub-carricrs arc generated by the chirp 

magnification cfleet. In Scction 5.2, an SBS loop mirror is utilized for extinction 

ratio (ER) cnhanccmcnl in optical comb generation. Last, optical clock recovery is 

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

5.1 FWM based Chirp Magnifier 

Rcccntly, orthogonal frequency division multiplexing (OFDM) has allraclcd much 

attention owing to its unmatched performance in spectral efficiency that 

significantly enhances the optical transmission capacity |1|. An optical OFDM 

signal consists of multiple sub-carricrs to transmit data information. The spectra! 

bands in neighboring sub-carricrs may overlap, resulting in channel capacity 

approaching the fundamental Shannon limit. One of the common approaches to 
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implement an optical OFDM transmitter is by using a mode-lockcd laser as the 

comb source Ibr the generation of un-modulalcd carriers |2|. Tens of earners can be 

generated by spectral broadening of the laser output based on self phase modulation 

in a highly nonlinear optical fiber (HNLF), which enables the generation of optical 

OFDM signals with an aggregate bit rale up to terabits per second [3,4| .八 

fundamental drawback of using a mode-lockcd laser is the fixed operating 

fVequency determined by the length of the optical cavity, l imiting ihc ()KI)M 

transmitter for wideband and bit-rate tunable operations. Also, high quality modc-

lockcd lasers with stable phase and short pulse duration lo generate high extinction 

ratio (HR) sub-carriers are cosily and arc not readily available. 

One can also use phase modulation to generate multiple earners as a comb 

sourcc 151. The advantages offered by phase modulation include bit rate tunability, 

high stability, and broadband wavelength tuning. However, ihe number of generated 

carriers is limited. Usually, a very large driving power or a specially designed low 

V-7U modulator wi l l be required in order lo achicvc a sufficiently high modulation 

index. 

In this section, we demonstrate a chirp magnification schcmc (or phase 

modulated signals based on degenerate lbur wave mixing (1:WM) in a highly 

nonlinear fiber. The magnification signillcanlly broadens ihc spectrum a I the idler 

wavelengths and generates additional carriers, which arc dif f icul l lo be achieved 

using direct phase modulation. Based on ihc chirp magnifier, wc have obtained a 

bit-rale tunable optical comb sourcc with 13 earners for optical OFDM signal 

generation. 
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hg. 5.1 Schematic illustration of the principle of chirp magnification based on 

degenerate four-wave mixing. 

The idler generated in pump-modulalcd FWM has a doubled phasc-

modulalion index compared to thai o f the pump wavelength. Therefore，one can use 

a low modulalion voltage to obtain a comparably high modulation index, which 
< 

t 

thus significantly reduces the required driving power. I Icnce, phase modulation 

bccomcs useful even for modulators with a large V -兀 ( 6 | . Based on this 

phenomenon, one can also achieve format conversion for DPSK and DQPSK 

signals [7-9]. When wc consider this phenomenon in the spectral domain, the 

amount o f frcqucncy change j n the idler is also doubled in pump-modulated FWM, 

resulting in a larger spectral width. 
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10 GHz 

Fig. 5.2 Experimental setup of the chirp magnifier. TL: timahle laser; PM: phase 

modulator： WDM: wavelength division multiplexer; ODL: optical delay line： 

ED FA: Erhium-doped fiber amplifier; OS A: optical spectrum analyzer. 

Consider phase modulation of an optical carrier at a wavelength X\. The 

modulation can be achieved by using a phase modulator with a relatively high 

modulation index. After the phase modulation, upper and lower sideband 

components arc generated but they are separated in the time domain, as shown in 

Fig. 5.1(a). Given a modulation index m (which describes how much ihc modulated 

variable of the carrier signal varies around its unmodulated level) at a tone 

modulation frequency fo, the largest frequency change is given by A/,,, 二 mfo and the 

frequency chirp wil l be A/v 二 mfocosil-nfot). Along with the magnification of the 

modulation index m，Ihc chirp wi l l also be magnified. 

In a degenerate FWM proccss with inputs from a continuous wave (CW) 

laser at X2 and a chirpcd carricr at X], one can obtain an idler al wavelength 

X3=2*X\-X2 with doubled modulation index. Hcnce, the largest frequency change is 

also doubled. For the other idler wavelength at X4=2*X2-X \, we obtain the same 

frequency chirp as that of 入 1 but with an opposite chirp sign. Subsequently, with X3 

and X4 directly serve as the FWM inputs, we wi l l obtain and 人6二2*人4-

X3 as the new idlers, as shown in Fig. 5.1(b). The idlers possess even larger spcctral 

widths with 5-times (5X) magnified frequency chirp al X5 and 4X magnified 
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Fig. 5.3 Measured optical spectra after 2 to 5 limes chirp magnification. In (h), X3 

and X4 are relatively delayed by an even multiple of half-period： In (c), A3 and 

are relatively delayed by an odd multiple of half-period. 

Wavelength (1nm/div.) 

Fi^. 5.4 Comparison of the spectra between the originally modulated light at XI and 
» 

the 5X chirp-ma^niftecl fight at X5. 
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frequency chirp at Meanwhile, we can introduce a half-period delay or an odd 

multiple of half-period delay between the signals at A3 and A-4 to obtain the same 

chirp sign, as shown in Fig. 5.1(c). In this case, wil l have 3X magnified chirp 

and \6 wil l ideally becomc CW light which thus has a zero frequency chirp. 

b) 

{
 >
!
p
/
8
p
o
l
.
)

 A
4
!
S
U
9
1
U
|
 

(
.
>
!
p
/
g
p
c
H
)
 A
)
！
S
U
9
1
U
I
 



口 Chapter 5: Optical Comb Generation and Clock Recovery 

Fig. 5.2 shows the experimental setup of the chirp magnifier. X\ is phase 

modulated at 10 GHz with a modulation index of 〜271. In the I INLF (all I INLFs 

used in this work have a nonlinear coefficient of 〜11 kr r f iw- i around 1550 nm), 

degenerate FWM between and X2 results、in generated idlers at >3 and X,4, as 

shown in Fig. 5.3(a), X3 has 2X magnified frequency chirp.'With >3 and >.4 serving 

again as the FWM input, we further obtain idlers at and >̂ 6. Introducing different 

relative delays between Xh and >̂ 4，we can obtain 5X chirp magnification lor X.5 and 

4X chirp magnification for A,6 as shown in Fig. 5.3(b), or 3X chirp magnification 

for as shown in Fig. 5.3(c). Fig. 6.4(a) and Fig. 5.4(b) show the details of the 
/ 

spcclra of the original signal at X] and that of X,5 with 5X magnified frequency chirp, 

respectively. The result indicates significant spcctral broadening with newly 

generated sub-carriers alter chirp magnification by FWM. 

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

carrier optical OFDM generation. 

10.53 GHz 

TL1 nm TL1 
A1 A1 

rm入2 
TL2 

rm入2 
TL2 

WDM 

rm 
A1 

入2 mo 

HNLF-1km 

C O 

even 

IL 

EDFA 

EDFA 
A3/A4 J 

10.53 Gb/s PRBS 

Fig. 5.5 Experimental setup of the chirp magnifier. TL: tunable laser; PM: phase 

modulator; WDM: wavelength division multiplexer; DDL: optical delay line; IL: 

interleaves 
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Fig. 5.6 Chirp magnification, (a): FWMspectrum; (h): idler wavelength X4. 
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The proposed optical chirp magnifier 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 X\ and X2 are combined and 

modulated by a phase modulator. The modulator has a V-TI of ~5V, enabling us to 

generate 5 carriers (within 10-dB bandwidth) for both X\ and Xl with a modulation 

index o f 〜2兀 at a frequency of 10.53 GHz. A wavelength division multiplexer 

(WDM) splits and X2 into two branches and a relative delay is introduced 

between them using a tunable optical delay line. With an odd multiple of a half-

period delay (〜50 ps), the positively chirped portion o f the X\ carricr wi l l overlap 

with the negatively chirped portion of the X2 carricr in the time domain. Similarly, 

the negatively chirped portion of the X-1 carrier wi l l overlap with the positively 

chirpcd portion of the XI carrier. After the FWM proccss, two idler wavelengths at 

>3 and X 4 arc obtained, cach with 3X magnified frequency chirp. 
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1558 1559 、 

Wavelength (nm) 

Fig. 5.S Optical spectrum of the optica! OFDM signal at k4. 

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 

X,4 are shown in Fig. 5.6(b). Within a 10-dB bandwidth, 13 sub-carriers are 

produced. The average extinction ratio is 18 dB. As an optical comb source, the 3X 

chirp magnified XA is directed to a frequency inlcrlcavcr. The even and odd carriers 

are separately modulated. Two electro-optic modulators (KOMs) arc used for non-

retum-to-zero on-off-keying (NRZ-OOK) modulations. The spectra after 

interleaving and modulation are shown in Fig. 5.7. 
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Fig. 5.7 Optical spectra of the even (a) and odd (h) channels of the comb soiircc 

before (lower plot) and after (upper plot) modulation. 
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Shown in Fig. 5.8 is the spectrum of the 13-channel optical OFDM signals 

with a base rate of 10.53 Gb/s. The chirp magnifier for optical comb generation is 

wavelength and bit-rate transparent, offering the advantages of wideband and bil-

ratc tunable optical 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 spaccd periodical and multiple optical channels. The precise and stable 

frequencies of the optical comb are demanded in applications such as ultra short 

pulse generation, arbitrary-waveform generation, optical sensing and frequency 

metrology 110，1 11. The maintained phase and frequency relationship between sub-

channels of an optical comb also makes it suitable lor cohercnl wavelength-division 

multiplexed (WDM) systems 112, 13|, orthogonal frequency division multiplexed 

(OFDM) 114-16], and microwavc photonics [17J. Due to the heavy demands, 

acadcmics and industries have long been trying to generate optical comb sources 

with variable frcqucncy spacing, high extinction ratio (ER), flat and wideband high 

power carriers. 

There have been several solutions demonstrated for optical comb generation. 

One of the most widely used techniques is external modulation including electro-
“ * 

optical intensity modulation, phase modulation, asymmetric Mach-Zchndcr 

modulation and recirculation loop with HDFA/SOA [18-20J. Another clTcclive 

solution is by mode locking of lasers, such as mode-locked laser diodes (MI丄D). 

mode-lockcd quantum-dot/dash semi-conductor lasers (ML-QDSL) and passively 

modc-lockcd Rr:Yb: glass oscillators (ERGO) [12, 21, 22], The external-modulation 

method has minimal implementation complexity. It is also wavelength and bit-rate 
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tunable (meaning the variable frequency spacing). The drawbacks are the limited 

extinction ratio, carricr number and modulation speed (meaning the largcsl 

frequency spacing). 

Extra effort is usually needed 'to overcome these limitations, such as 

nonlinear signal processing based super-continuum generation in high nonlinear 

optical fibers (HNLF) lo increase the carrier number 112J. On the other hand, mode 

locking method can generate high-rcpctilion-rate pulses with widths shorter than 

picoseconds. The technique enables us to obtain optical combs with higher l.:R up lo 

40 clB and higher repetition rale up lo hundreds of GI1/., y d with large numbers of 

earners and a spcctrally flat intensity profile. The bil-ralc can even be extended lo 

427 GHz based on optical signal processing, which is impossible lor external 

modulation method |21|. However, the fixed bit-rale and high cost ol, the mode-

locked lasers make them unallraclivc for wide use. 

In this Section, we demonstrate the use of SBS for optical comb generation. 

The narrow gain band o f SBS enables us lo significantly enhancc the KR 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 HR of 38 dB and a sub-

carricr flatness of 3-dB is obtained from the optical comb sourcc generated by XPM. 

A 25-dB ER enhancement has been achieved. The whole system is wavelength 

tunable and bit-rale transparent with minimal implementation complexity. 

Wideband operation can be cxpccted to generate additional sub-carriers with high 

HR and improved spectral llatness. 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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SBS pump 
A 

A A 

Input comb 
- D 

Modulation for generating 
the SBS probe 

Output comb 

hl^. 5.9 Schematic illustration of the principle of SBS for ER enhancement. 

The principle of the F.R enhancement by SBS is shown in Fig. 5.9. The input 

optical comb source has multiple sub-carriers with a small HR. With the carrier 

power varying significantly (Vom one to another, the optical comb exhibits a poor 

Rainess. By intensity modulation of the input light using an EOM in the SBS loop, 

one can generate a red-shifted copy of the input comb with a frequency shift equal 

to the modulation frequency. Therclbrc, the spcctrally shifted copy of the input 

optical comb wi l l fall within the SBS gain bandwidth and thus act as the SBS probe, 

provided thai the modulation frcqucncy is equal to the Bril louin frequency shitt of 

the I INL1\ The narrow gain bandwidth of SBS wi l l amplify the carriers rather than 

the pedestals which are out of the gain region and thus HR cnhanccmenl can be 

achieved. Meanwhile, due to the saturation of the SBS gain, the flatness of the sub-

carricrs can also be improved. • 

iMg. 5.10 shows the experimental setup of the optical comb generator. The 

tunable laser generates a continuum wave al 1540 nm. The shadowed area is the 

SBS loop constructed by one 10:90 optical coupler with an EOM, an ISO and 1 -km 

ITNLF. There are two IINLPs being used with one for cross phase modulation 

(XPM) and the other for SBS. The two 1-km HNLFs both have a nonlinear 
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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 spcclrum. 

A1 
MLFL nm 1X8 

OTDM MLFL 1X8 
OTDM 

0-GHz 

K2 
EDFA 

80-GHz 
9.725 
-GHz 

TL OCT) 

HNLF-1km 

BPF ^ ^ ^ 

HNLF-lkm 

n n o O D 

ISO (.) 
• e 

Fi^. 5. JO Experimental setup of the HO-GHz optical comb generation. MI.FL: mode 

locked fiber laser： TL: tunable laser; BPF: band pass filter; ROM: electro-opiic 

modulator; ISO: isolator. 

The 80-GI Iz pulse train is obtained by multiplication of 10-GI1/ pulses with 

2-ps width obtained from a MLFL. Since ihc lO-GIlz MLI^'L is based on aci'vc 

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

any clock tones. The 8()-GHz output at 1553 nm is then amplified by an EDFA 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 is generated with 80-GHz sub-carricr frequency spacing as shown in i:ig. 

5.11. A 4-nm BPF after the HNLF fillers out the optical comb al 1540 nm. 

80-GHz Comb sour 
generated by XPM 

1530 1540 1550 1560 1570 
Wavelength (nm) 
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of the input and output combs indicating the ER enhancement by 
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Fig. 5.11 Spectrum measured after applying XPM to generate multiple carriers. 

The optical comb is then amplified to an average power of 400 mW by 

another HDFA before it is launched into the SBS loop mirror. Within the SBS loop 

mirror, the CCW branch light has 90% of, the input power and acts as the SBS pump 

in the UNLF. The CW branch light with 10% of the input power is intensity 

modulated by using an HOM al a frequency of 9.725 GHz. The modulation 

generates sideband carriers (tones) which are shifted by the modulation frequency 

of 9.725 GHz or its multiples. Sincc the modulation frcqucncy is equal to the SBS 

frequency shift, the carriers that are red-shifted by 9.725 GIIz fall within the SBS 

gain region of the CCW pump light. Thus, the narrow gain bandwidth of SBS wil l 

provide significant amplification of the carriers rather than the pedestal. 
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1540 1545 
Wavelength (nm) 

Fig. 5.13 Spectrum of the 6-carrier optical comb with 3S-dll I': R and 3-clB flalncs> 

The ER enhancement of the earners is achieved as shmvn in Fig. 5.12. The 

input comb has 9 sub-carricrs within Ihc 4-nm bandwidth of the BJM\ After the 

processing by Ihc SliS loop mirror, there are 7 sub-carricrs being significantly 

amplified. An ER of 36 is obtained which indicate 25-dB KR enhancement vviih 

rcspect to the input comb. Fig. 5.13 shows the optical comb source with 6 sub-

carriers possessing an ER of 38 dB and a flatness of 3-dB. Compared with ihc input, 

the flatness improvement is about 4 dB. By using a coupler with a smaller split ratio, 

such as 20:80 rather 10:90 in this work, one can cxpect belter flatness improvement 

performance. 

The proposed HR enhancement approach is a complementary technology 

which can be applied to variant of optical comb generation methods, such as the 

external modulation based optical comb generation approach which is a widely 

using approach in optical OI^'DM transmitters. In particular, in order lo achieve high 

speed optical OFDM signal generation, re-circulating loop modulation is frequently 

used. The technique is rccognized as an effective solution for optical comb 

generation with a large number of high qiialily sub-carriers 118, 20 |. More than one 

hundred sub-carriers have been obtained for 11.2 Tb/s optical OFDM generation, as 
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口 Chapter 5: Optical Comb Generation and Clock Recovery 

demonstrated by Y U et. ai [20]. The re-circulating approach enables the generation 

of a large number of sub-carricrs. Unfortunately, the sub-carriers have limited HR 

due to the use of RD1:A and rccirculatcd modulation in the loop. The RR is 

generally between 20 and 30 dB, which can be well improved by using the 

proposed SBS loop mirror for ER enhancement. The improved HR wi l l lead to a 

Imver noise level of the optical OFDM signals. 

5.3 SBS l.oop Mirror I'or Clock Recovery 

Clock recovery (CR) is important in digital communications for providing a 

synchronous signal, which is highly desirable for logic operation, time-division 

demultiplexing, pulse Ibrmat conversion, and retiming in 3R regeneration. Clock 

recovery can be achieved by using electro-optical phase-locking loop, 

semiconductor optical amplifier (SOA) ring laser or self-pulsing distributed 

feedback laser with injcclion-locking, Fabry-Perot filter (FPl:)’ and slimulalcd-

Brillouin-scaUcring (SBS) loop [23-27], Among those techniques, the SBS-bascd 

approach has the unique advantage in its transparency to data rate which can be 

applied to high speed clock recovery up lo hundreds of Gigabil/s |30|. 

( )T I )M enables the generation of high speed signals up to hundreds of Gb/s. 

However, lime division multiplexing is not favorable for obtaining a strong and 

stable clock tone due to possible temporal misalignment. The clock tones arc 

particularly unstable for OTDM signals obtained from short pulses generated from 

mode lockcd lasers, such as a MLFL, which has unstable phase for the short pulses. 

Those pulses can only be used for data formats generated with intensity modulation 

instead of phase modulation. 
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In this Section 5.2, wc have studied the use of an SBS loop minor Ibr 

optical comb generation with ER cnhanccmenl and flatness improvcmcnl. The 

principle for CR based on SBS schcmc is csscniially the same as lhal for optical 

comb generation. Specifically, SliS loop mirror is applied lo high speed O'l 'DM-

()()K signals in our work for clock lone cxlraclioti. 

10-Gb/s 

MLFL mo EOM n m MLFL EOM 

10-GHz 
OTDM 

A2 
TL 

40-Gb/s 
80-Gb/s 
160-Gb/s 

c m 

9.725 
-GHz 

Y EDFA 
HNLF-1km 

HNLF-1km 

n m … n m 

BPF ^ ^ F A 

ISO ( ) BPF 
s -

Fig. 5.14 Experimental setup for the 40/80/160 -Oh/s clock recovery. A flJ' L: mode 

locked fiber laser; 7'L: tunable laser： BPF: hand pass filter; EOM: clcctro-oplic 

modulator： ISO: isolator. 

40 50 60 
lime fps) 

80 90 100 

Fig. 5.15 Eye diagrams of the 40/80/160 -Gh/s OTDM-OOK signals. 

Fig. 5.14 shows ihc experimental setup for ihc clock recovery 40-Cjb/s, 

80-Gb/s and 160-Gb/s OTDM signals. The setup is similar lo the one for the comb 
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generation presented in Section 5.2. The phase-unstable short pulses arc intensity 

modulated by 10 Gb/s PRBS data and then multiplexed in time vvilh a I actor of, 

two/lhrcc/four to obtain 40/80/160 -Gb/s O T D M - O n K signals as shown in 

5.15. The OTDM-OOK signal and the CW probe arc launched into a I INLF for 

XPM to obtain stronger chick tones at Ihc probe wavelength. After passing through 

a the probe wavelength vvilh inulliplc tones are amplified by another l^Dl*A 

and tliLMi direeled to an SHS loop mirror for the clock lone extraction. 

5 
"O 

160-Gb/s 
OTDM-OOK Signal 
at (Jiffecenl tracings 

1540 

Jijj, A A. 
1550 

Wavelength (nm) 
1560 

5.16 Spectra of the 160-Gh/s OTDM-OOK signal at dijjbrenl trcic'ui^s 

in(Healing the instability of the spcctral characteristics. 

Fig. 5.16 shows ihc spcctra of the 160-Gb/s OTDM-OOK signal al X\ 

around 1 551.5 nm. The O T D M signal cannot be utilized directly as the pump in the 

SBS loop mirror due to unstable phase of the pulses generated IVom the MLFL. The 

two spectra in I'ig. 5.16 are obtained fur Ihc same signal but al dilTcrenl tracings, 

indicating ihc varying spcclral characteristics with unstable and complex harmonic 

tones. In order to obtain more stable clock tones, we utilized the XPM process lo 

transIbrm the intensity information of the OTDM-OOK signal to the probe CW 

wavelength, which is generated by a tunable DFB laser with good coherence. By 

using a to remove I he XPM pump at A-1, wc obtain a stabi Used spectrum with 
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enhanced clock tones as shown in Fig. 5.17 (lower). The intensity of the probe 

output is essentially constant. Notice thai one can also rccovcr the intensity 

information by sideband or ccnler filtering using a BPl-' with a suitable bandwidlh, 

thus achieving optical wavelength conversion. 

I 
CQ •D O 

</> 
c 

"c 

Output : 160-GHz opt ica l c lock 

k 

Input : 

1540 1544 

Wavelength (nrn) 
1548 

Fi^. 5.17 The input and output spectra for 16()-Gb/s O'l'DM-OOK clock rccovcry 

Output ; 40-GHz opt ical c lock 

Outpu t : 80-GHz opt ica l c lock ( 

I 

LA 
1542 1544 

Wavelength (nm) 
1546 

Fig. 5. IS The output spectra for 40 and 80 -Gh/s OTDh4-()()K clock recovery. 

The input and output spcclra for 160-Gb/s O TDM-OOK clock rccovcry arc 

shown in Fig. 5.17. The input spectrum is obtained after XPM process with a 4-nm 

BPF. The 160-GI Iz clock tones are generated with relatively strong carriers which 

can thus be used as the SBS pump. The power level of the pedestal in the input 

spectrum indicates the phase/intensity data information of ihc OOK signal due to 
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口 Chapter 5: Optical Comb Generation and Clock Recovery 

XPM. The clock tones are extracted with ihe pedestals suppressed and thus ihc data 

information is erased, leaving only the clock as shown in the output spcctrum. One 

can also notice the improvement of the RR of the carriers after clock recovery. The 

same operations arc implemented with different data rales of 80-Gb/s and 40-Cjb/s. 

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

60-GHz 

40 60 SO 

lime (ps) 
90 

hl^. 5.19 Waveforms of I he output pulse irains after clock recovery. 

The wave forms shown in Fig. 5.19 arc the output pulse Irains obtained from 

the clock recovery schcme. The beating of the clock tones results in a sinusoidal 

profile of the optical intensity. The timing jitters of the 40-GHz, 80-GIiz, and 160-

G11'/ pulse Irains are about 510 fs, 400 fs, and 230 fs, respectively. Due to the speed 

limit of the pholodctcctor, vvc did not measure the RF spcctrum which is usually 

used Ibr determining the phase noisc/jittcr of the recovered clock. One can rcler to 

Rcf. 31 and Rcf. 32 in which the clock recovery for DPSK signals has been 

achieved based on a similar principle, y d performed al lower data rales with 

measured output spectra. 
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Chapter 6: Summary and Future Work 

6.1 Thesis Summary 

Opficai signal processing achieved with interferometers covers a wide range of 

applications in optical communications. This thesis presents an extensive study of 

ihc processing tcchniqucs based on passive and aclivc fiber devices，including 
4 

several innovative fiber interferometers. 

In Chapter 1，we discusscd the trend for the growth of ncxi-gcncralion 

optical communications. Wc also provided a review o f optical communication 

history, and overview of optical signal processing and intcrfcromelLMs (or I'lbcr 

communications. ‘ 

In Chapter 2, wc described the fabrication of a photonic crystal llbcr based 
I 

Mach-Zchndcr interferometer (PCI'-MZl). Its applications in optical signal 

processing arc experimental studied. Included arc DPSK demodulation, pulse 

formal conversion, repetition rate multiplication as well as high speed OTDVl signal 

generation. Tabic 1 lists several major inlcrfcrometers and their properties as the 
ft 

comparison o f the PCF-MZI to the other interferometers. F^CI'-MZI is one of the all-

fibcr in-line modal inlcrrcromelcrs, which only utilizes one line of fiber, and makes 

the fabrication easy and prccisc, with a good precision lolcrancc. The modal index 

diffcrencc is usually quite large and thus makes the dcvicc usually compact. The 

cost o f PCF-MZI is very low, compared with waveguide or free-space deviccs. 

Conventional fiber couplcr based interferometer is also easy for fabricatic\n but 

diff icult for prccisc control with usually a worse tolerance of fabrication precision. 

The fabrication is usually more diff icult lor high speed operation. Waveguide and 
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free-space based interferometer's fabrication is usually expensive bul the operation 

performance is comparably good especially for high speed operations. 

Table 6.1 Comparison of the PCF-MZI lo the other inlei Icromclcrs 

In-line all-fiber modal interferometer 
Device type 

PCF-MZI 
|1>2] 

Two-mode 
fiber [3] 

Sagnac/Loyl 
— _ [ U _ 
1 lo l low core 

Tiber [51 

Interference modes 

Core-mode/ 
cladding mode 

Fundamental/ high-
order corc-modes 

Devicc type 
Fiber coupler 

pair 
Waveguide 

Free-space 

Two polarization 
modes 

Air/si l ica modes 

Delay 
coefficient 

Operation performance 

Large 
(e.g. 3()ps/m) 

Large 

Small 
(e.g. Ips/m) 
Very large 

1500ps/nO_ 
，、vo-arm interferometers 

Operation performance 

Wide band，high ER, small 

loss, stable 
Wide band, high ER, small 

loss, instable 
Wide band, high ER, small 

loss, stable 

fabrication and cost 
liasy fabrication, low precision, 

low cost 

Wide band, high Kll，large 

— _ lass’ stable 
Wide band, high L-R, small 

loss, slable_ 
Wide band, high small 

loss, instable 
NaiTovv band, small 

small loss, slablc 

、 Din icu l l fabrication, lii;4h 
precision, high casl 

Easy fabricalion, high precision, 
high co^ 

O r ] ) M is an attractive solution in next-generation communications I or long 

haul transmission and optical access. Cascaded delay inlerleromclcrs can be used in 

optical OFDM demultiplexing，which has been introduced in Chapter 3. Cascaded 

and multisection Sagnac interferomclcrs are studied theoretically and 

experimentally in this chapter. Designs of optical 01-DM dcmulliplcxcrs arc 

demonstrated based on cascadcd and multisection Sagnac inlLM-lcromclcrs. Optical 

demultiplexing of OFDM signals has been experimentally investigated. 

In Chapter 4，wc first introduced Ihc nonlinear eiTccls in optical fibers, 

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

optical paramctric amplification. Nonlinear optical loop mirrors (NOLM) as aclivc 

and nonlinear interferometers arc also inlrodiiccd in this chapter. Dispersion 
> 

asymmetric NOLM, as a variant of NOLM, has then been investigated in Chapter 4. 
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Nonlinear 
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Converted 
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Wideband 

Limited 
bandwidth 
Wideband 

Wideband 

>.2 Comparison of the (M)DA-NOLM to the other OTDM demultiplexers 

OTDM optical demultiplexers 

Table (: 

Compared wilh several major OTDM optical demultiplexers, DA-NOI.M 

and MDA-NOLM inherit all the advantages of NOLM and particularly ihcy have 

such an unique advantage of two-channcl operation capability, which doubles the 

demultiplexing efficiency. The singlc-channel/two-channcl switchabie operation 

also increases the flexibility of the system. The reconfigurablc operation of 1)A-

NOLM and MDA-NOLM is based on wavelength detuning for OTDM tributary 

selection，which is also dilTerent compared to the other demultiplexers, as list in 
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Reconfigurablc OTDM demultiplexing is demonstrated based on the DA-NOLIVL 

Two-channel optical DCMUX using a single baseband control pulse train is 

achieved for 40 Gb/s OTDM signals. A modified configuration oi' I)A-MOL‘M is 

presented with dispersion management inside the loop mirror. Reconfigurable two-

channel DliMLIX of 80 Gb/s OTDM signals is demonstrated. Other applications of 

DA-NOLM Ibr DPSK demodulation, repetition rate multiplication, and pulse 

formal conversion are also discussed. 

-
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Table 6.2. The nonlinear proccss of XPM in DA-NOl .M and MDA -NOl .M 

indicates the ultrafasl operation capability, rather than clcclric-oplical 

demultiplexers such as ROM and 1:AM which has such an clcclronic boUlcncck, or 

the SOA based demultiplexer like TOAD which has limited speed due lo ihc 

pallcrning elTcct. DA-NOLiM and MDA-NOLM arc also capable of ADM with ivvo-

channel operation rather llian TOAD which wil l destroy ihc through channels. 

In Chapter 5, optical comb generation and clock recovery arc studied bciscd on 

nonlinear signal processing Icchniqucs. Degenerate lour wave mixing (I-WM) is 

utilized for chirp magnificaiion lo generate an optical comb vvilh improved number 

o f sub-carricrs Based on a stimulated Bril louin scaUcring (SI^S) loop mirror, w e 

demonstrated the generation of improved optical combs with cnhanccd extinction 

ratio and flatness. Bil-ralc variable optical clock rccovcry for O l 'DM signals has 

also been experimentally studied. 

6.2 Future Work 

This thesis covers the study of a variety of fiber devices lor optical signal 

processing with emphasis over several innovative fiber inlcrfcromclcrs based on 

PCI'-MZI, Sagnac inlcrrcromeler and NOLM. Continuous clTorl is requested lo 

improve the performance for optical signal processing, particularly along with ihc 

recent developments such as spacc division multiplexing and mode division 

multiplexing. Here below lists several suggested directions for future work and ihc 

outlook. 

The PCF-MZI presented in this thesis is an in-line modal intcrlcromclcr. 

One advantage of using PCF is the flexible structure and innovative guidance 

mechanisms. There have been several demonstrations of PCF with specially 
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designed structures which can favor the applications of constructing in-line modal 

interferometers, e.g., reducing ihc inscrlion loss and polarization dependence. A pari 

from 1)CF，one can also utilize two-mode fiber or Icw-modc fiber lo achicvc modal 

inlcrfcrcncc between the low-order corc modes 110, 1 I Applications lor optical 

signal processing can be improved with the improvemenls i)r Ihc modal 

inlcrfemmcier by using those specially fibers. For example, with rcduccd inscrlion 

loss, cascaded stages ol' in-line intciTcrcncc can be iinpleinenlcd and thus optical 

01 'DM DKMUX can be achieved. 

The SBS frequency shift is wavelength dependent’ which may l ini i l the 

wideband operation for l‘:R enhancement lor optical comb generation, l^irthcr 

investigation is requested to explore ihc SBS loop mirror ibr generating additional 

high-l-^R sub-carricrs, ralher than 7 carriers presented in this thesis for the 8()-(iHz 

optical comb. 

I^y using chirp niagniiler and SBS loop mirror for improved optical cnnih 

generation, wc wi l l continue the study about optical OI 'DM general ion ami ils 

signal processing. Multi-carricr optical 0 M 3 M signals, as a supL-r-channcl, also 

need wavelength conversion for data routing. All-optical wavolm^ilh conversion is 

particularly desired for optical OFDM signals due lo the limited speed and 

complexity of、（）卜:(）conversion for OFDM rcccivcr 'I hiis, one can ul i l i /c optical 

nonlinear cfleets lor wavelength conversion. Since ihc uplical OI:f)IVf signal has an 

analog waveform, 1:WIV1 would be an appropriate approacii. The u lira fast nonlinear 

response can also be utilized fbr optica! gating in optical OFDM 1)1;:MIJX in which 

a narrow gating w i n d o w is particularly required for sampling. 

Recently, mode division multiplexing ( M D M ) has hcconic an eye-catching 

technology which is rccognizcd as another elTcctivc soliil ion to further increase the 
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transmission capacity 112J. This idea utilizes the orthogonality ol. the cigcn-inodes 

supported by the fcw-modc fibers, e.g. two-mode and ihrcc-modc llbcrs, so thai 

different messages can be carried by dilTercnl modes vviihoul noticcablc modal 

interference [131. The principle is similar lo Ol-'DM which utilizes the orthogonality 

of the ircquency earners to prevent interference between llic overlapped spcctra. 

The modal multiplexing, signal transmission, modal cicmulliplcxing, and oilier 

signal processing techniques in MDiM systems still require Ircmendous clTorts. 

Modal dcvices based on two-mode or fcw-modc libcM-s, such as mockil 

interferometers, can be used for WDM DBMUX. At the same time, a MK l inscribed 

on a two-mode fiber wi l l have two resonant wavelengths correspond to I he I wo 

modes supported by I he fiber [ 13J. Thus, such a l,、BG can be used ibr simulliincous 

W D M and M D M demiilliplexing. Mode multiplexing can also be achieved. It is 

anticipated that the all-fiber slruclurc can result in a bcUcr perlbrmancc in insertion 

loss, stability, and compactness, compared with the free spacc or liquid crystal 

based deviccs 丨 14|. 
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