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In recent years, the Internet traffic has been increasing dramatically. The data 
rates of communications are expected to increase rapidly to meet the growing 
demand in the near future. At the same time，the requirement for processing high-
speed data signals will become more stringent. More advanced electronic and optical 
components will be needed for processing at higher speeds, thus significantly 
increasing the operation cost. 

In this thesis, we introduce a new scheme to process high-speed optical 
communication signals using relatively low-speed, low-cost optical components. Our 
scheme uses time- and wavelength-interleaved laser pulses that allow processing of 
signals at a fraction of the line rate. By making use of external modulators, we 
demonstrated the generation of 40 GHz time- and wavelength-interleaved pulses 
with electro-absorption modulator and phase modulator. We will describe the 
generation methods and characteristics in details. We will also compare their 
advantages and disadvantages. By using high-speed modulators, we also achieved 80 
GHz time- and wavelength-interleaved pulses. We will also demonstrate how the 
pulsed source can be used to reduce the bandwidth requirement on signal processing. 

Optical nonlinearities in fibers and semiconductor devices are of great 
importance in the field of nonlinear optical signal processing. By applying the time-
and wavelength-interleaved pulses in nonlinear processing, we have achieved 
different applications for use in optical networks, including wavelength multicasting, 
OTDM-to-WDM conversion, and optical add/drop multiplexing. For OTDM-to-
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WDM conversion, we demonstrated two schemes to achieve the process: cross-
absorption modulation in an electro-absorption modulator and four-wave mixing in a 
nonlinear photonic crystal fiber. Error-free operations of 40 Gb/s OTDM to 4 x 10 
Gb/s WDM signal conversion have been achieved using both schemes. To further 
improve the performance, optical parametric amplifier (OPA) is used to enhance the 
signal-to-noise ratio of the demultiplexed channels. The use of OP A can also provide 
the system with add/drop multiplexing function based on pump depletion. Details of 
the experimental setup and results will be described. 

Wavelength multicasting is an important process in optical networks when 
information from a single location is required to be delivered to multiple locations. 
Using the time- and wavelength-interleaved pulses, we demonstrated wavelength 
multicasting of both NRZ-OOK and NRZ-DPSK signals. Among the multicast 
channels, a delay time is introduced to suit the need for different optical networks. 
We will also discuss the possibility of achieving multicast with regeneration function. 

To further investigate the capability of the time- and wavelength-interleaved 
pulses, we demonstrate other applications including high-speed wavelength 
conversion using low-speed devices and all-optical sampling. Finally, the thesis will 
be concluded by a description on possible future applications of the pulsed source 
and the challenges to operate at higher processing speeds. 
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；茼要 

近年，互聯網的發展一日千里’互聯網的頻寬需求日益增長。爲了應付 

這個急速的增長，在可見將來，數據的傳輸率將會以幾何級數上升。與此同 

時’數據的處理速度要求將會越趨嚴苛。用於處理高速訊號的電子和光電子零 

件將會令成本嚴重增加。 

在這篇論文，我們會弓丨入一種基於低速、低成本光學零件的新方法來處 

理高速的光訊號。這種方法利用一種名爲時域—波域區隔激光器’以低於訊號 

速度的零件來實現高速訊號處理。利用外置的致電-吸收調制器或相位調制 

器，我們實現了 4 0GHz的時域—波域區隔脈衝激光源。我們將會詳細描述 

其生成方法和所產生脈衝的表徵，並且比較利用不同調制器所產生的脈衝。而 

在使用高速的調制器時，我們能夠生成8 0甚至 1 0 0 G H z的激光源。我們 

將會討論如何利用這種特別的激光源來減低處理高速訊號時所需要的頻寬。 

光纖和半導體光學零件的非線性對於非線性光學訊號處理是十分重要 

的。結合時域—波域區隔脈衝激光源和這兩種媒介的光學非線性，我們能夠達 

成在光學網絡的不同功能。這些功能包括波長多播、時分復用-波分復用的訊 

號轉換和塞取多工器。我們利用了兩個不同的方法進行時分復用—波分復用的 

訊號轉換，包括在致電—吸收調制器的交叉吸收調變效應和在光子晶體光纖的 

四波混頻效應。我們實現了 4 0 G b / S的時分復用訊號到四通道 1 0 G b / 

S波分復用訊號的轉換。使用這兩種方法達成的訊號轉換都能達到無誤的操 

作。爲了進一步改善經過轉換後訊號的訊噪比，我們另外使用了光參數放大器 

來進行全光解復用。除了進行全光解復用外，利用光參數放大器的泵抽空現 

111 
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象’我們還實現了全光的塞取多工器。我們將會討論詳細的實驗設計和實驗結 

果。 

當一個地方的資訊需要同時被傳送到多個目的地時’在全光網絡內需要 

進行波長多播。利用時域—波域區隔脈衝激光源，我們示範了不歸零—振幅偏 

移調變訊號和不歸零—差分相位偏移調變訊號的波長多播。在不同的多播頻道 

之間，我們引入了一個固定的延遲，令到不同的多播頻道能夠適合不同的網 

絡。我們亦會探討在進行波長多播的過程中加入訊號再生功能的可能性。 

爲了進一步了解時域—波域區隔激光器的實用性’我們亦示範了其他的 

應用實例，如全光的模擬訊號取樣和利用低速的零件進行高速的波長轉換。最 

後我們對這篇論文作總結’並且探討利用這個光源進行高速訊器處理時將會遇 

到的問題。 
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Nonlinear Optical Signal Processing Using 
Time- and Wavelength-Interleaved Laser 

Pulse Source 

1 Introduction 
Since the first proposal to use silica fiber for optical communications by 

Hockham and Kao in 1966 [1], the deployment of fiber-optic communication 
systems has been increasing dramatically. Compared with conventional copper-wire-
based or microwave-based communication systems, optical systems provide 
advantages including low transmission loss, large bandwidth and small size. 
Nowadays, most of the backbone architectures of communication networks are using 
optical systems. The system capacity has also evolved from Mb/s at the beginning to 
over 10 Tb/s [2’ 3] in recently reported results. To process the data in these systems, 
optical-electrical-optical conversion is the main stream in today's technology. 
However, for future communication systems with baseband rate of 100 Gb/s or 
beyond, the bandwidth limit of electronics will result in a bottleneck of the 
processing speed. Therefore, signal processing in the optical domain is a desirable 
candidate for fiiture communication systems. 

To realize an optical signal processer, many different devices and approaches 
have been proposed to achieve a variety of functions. Commonly used device 
candidates include nonlinear optical fibers [4, 5] and semiconductor/glass based 
devices that are sometimes fabricated using a waveguide structure [6-9], in which 
high-speed optical signal processing has been achieved with satisfactory 
performances. We can foresee that these devices will have a promising potential in 
future development of high-speed optical networks. 



Nonlinear Optical Signal Processing 
Using Time- and Wavelensth-Interleaved Laser Source CHAPTER 3 

However, the popularity of lower speed devices cannot be ignored in current 
operating systems. To adopt the current technology to high-data-rate operations, it is 
not practical to abolish the old equipment all at once. A solution to this dilemma is to 
transform a high-speed data channel into multiple lower speed channels. This process 
is named serial-to-parallel conversion. Serial-to-parallel conversion has been adopted 
for many different applications, including label recognition in packet-switched 
networks [10]，analog-to-digital conversion [11], and all-optical demultiplexing in 
optical networks [12]. In this thesis, we focus on this serial-to-parallel conversion 
process achieved by nonlinear interaction of the signal with a time- and wavelength-
interleaved laser source. Different generation schemes of time- and wavelength-
interleaved pulsed sources will be discussed. A number of applications achieved with 
serial-to-parallel conversion will also be demonstrated and analyzed in detail. 

Apart from serial-to-parallel conversion, the time- and wavelength-
interleaved laser source can also be used to achieve many other functions in 
nonlinear optical signal processing for fiber networks. The performances of these 
demonstrations will be described and analyzed in this thesis. 

4 
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1.1 Outline of the Thesis 
The thesis focuses on the generation and application of time賺 and wavelength-

interleaved laser pulses. In Chapter 1，the motivation and outline of the thesis are 
given. In Chapter 2，different components and nonlinear phenomena are introduced. 
These components and effects will be utilized in following sections of the thesis. 

In Chapter 3，three different schemes are demonstrated for the generation of 
time and wavelength-interleaved laser source. The temporal and spectral profiles of 
the generated pulses will be discussed. Results are presented on successful 
demonstration of 40 GHz and 80 GHz time- and wavelength-interleaved pulses. Also, 
a comparison among the three different schemes will be reported. 

After generating the pulses, we investigate their application in processing 
different types of signals. In Chapter 4, we demonstrate all-optical sampling of an 
optical analog signal. A sampling rate of 40 GSample/s has been achieved while only 
using electronic processors of 10 GHz bandwidth. Characterization of the all-optical 
sampler has also been performed. 

In Chapter 5，wavelength multicasting of digital signals will be discussed. 
Multicasting is of great importance when the data from a single location is to be 
transmitted to different destinations. We will demonstrate l-to-4 wavelength 
multicasting using the pulsed source. Both amplitude-shift keying (ASK) and phase-
shift keying (PSK) signals can be processed using a similar approach. Also, we 
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demonstrate wavelength conversion of high-speed data signals using lower speed 
devices by applying the time- and wavelength-interleaved laser source. 

In Chapter 6，optical time-division multiplexing (OTDM)-to-wavelength-
division multiplexing (WDM) conversion is achieved. By the OTDM-to-WDM 
process, high-speed OTDM channels can be separated into multiple channels at 
different wavelengths, making it possible to bridge different optical networks. By 
using cross-absorption modulation in an electro-absorption modulator, or four-wave 
mixing in a photonic crystal fiber, the operation can be achieved with error-free 
operations. We will introduce the principles and results of these two approaches. 

Optical parametric amplifier (OPA) has been a topic of much interest in 
recent years. It offers advantages including low noise figure, arbitrary pump 
wavelength and ability for high-speed optical signal processing [13]. Key properties 
of OPA will be described in Chapter 7. Using the pump depletion effect in an OP A, 
reconfigurabie OTDM demultiplexing has been achieved with time- and wavelength-
interleaved pulses. Also, some preliminary results on all-optical signal regeneration 
with an OPA will be discussed in this chapter. 

In Chapter 8, we will discuss other potential applications of the pulsed source, 
including the processing of high-speed signals and advanced modulation format 
signals. Finally, a summary will be presented by concluding the works achieved in 
the thesis. 
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2 Background 
In this chapter, the principles of the components used in this thesis research 

are introduced, including different optical modulators and nonlinear optical fibers. 
Also, different types of nonlinear phenomena in the above components are described. 
The principle of wavelength division processing is also discussed, which is an 
important processing technique used throughout the thesis. 

10 
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2.1 Optical Modulators 
optical modulator is a device for converting electrical signals into optical 

signals. Usually, a laser is used for the optical carrier. A laser beam can carry 
information by either changing its amplitude or phase, depending on the modulator 
utilized. Different modulators are optimized for different modulation schemes. 

For amplitude modulation, Mach-Zehnder electro-optic modulator and 
electro-absorption modulator are two most popular candidates. The principles of 
these two modulators are described in Section 2.1.1. 

For phase modulation, either a straight-line electro-optic modulator or Mach-
Zehnder modulator can be used. The details are discussed in Section 2.1,2. 

11 
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2.1 Amplitude Modulators 
Electro-Optic Mach-Zehnder Modulator 

Eletro-optic Mach-Zehnder modulator, or simply MZM, is based on the 
Pockels effect. According to the Pockels effect，the refractive index of a medium 
depends on the amount of applied electric field. The refractive index change depends 
linearly on the electric field change. Materials exhibiting the Pockels effect are called 
electro-optic materials. Only non-centrosymmetric materials (mostly crystals) exhibit 
the Pockels effect that is sometimes referred as the linear electro-optic effect. An 
example of non-centrosymmetric material is LiNbOa. 

In a MZM, a Mach-Zehnder interferometer is fabricated with LiNbOs 
waveguides. A sample structure is shown in Fig. 2.1.1.1 [1]. Electrodes are added on 
both arms of the interferometer, which is called a dual-drive MZM. Either single-
electrode or dual-electrode MZM can achieve amplitude modulation. By applying 
electrical signal on the electrode, the phase of the respective path can be changed. 
Combining the two paths of different phases, an amplitude modulation can be 
produced. 

Phase shifter � 

Light 

Light 

Phase shifter 
Fig. 2,1.1,1 A picture of a MZM with two electrodes. 

Apart from applying electrical signals on the electrodes, a MZM usually has a 
DC bias port to alter the transfer characteristic of the modulator. Shown in Fig. 
2.1.1.2 is the transfer characteristic of a typical MZM [2]. The transfer curve of the 

12 
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MZM is a cosine-squared function. For different applications, the DC bias voltage is 
chosen to adopt different values. 

MZM can be used for amplitude modulation, phase modulation and pulse 
carving application with different biasing voltage and modulation signal. For 
example, the MZM is biased at the linear region for the generation of on-off keying 
signal [3]. For pulse generation, the MZM is biased near the null region. Another 
important parameter for the MZM is the half-wave voltage (VTC) of the modulator. It 
is the required voltage for the MZM to generate a % phase shift of the input light. 
Usually a lower VTC is preferable for pulse generation as the requirement for electrical 
amplifier is lower. 

Popt 
Operating 
Point 

V B i a s i 
> 

Fig, 2,1.1,2 Transfer characteristic of a MZM. 
Electro-absorption Modulator 

Electro-absorption modulator (RAM) is an important device in optical 
communication networks. Usually, EAM is used with its electro-absorption effect. 
EAM is usually used for on-off keying signal generation or pulse carving application. 
During electro-absorption, by either Franz—Keldysh effect [4] or quantum-confined 
Stark effect [5], the absorption spectrum of the modulator depends on the amplitude 
of the applied electric field，thus affecting the intensity of the optical carrier. The 
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advantages of EAM include low driving voltage (usually several volts), small 
polarization dependency, and integrability with other devices. 

Fig, 2.1.1.3 shows the relationship between the output optical power Pout from 
an EAM and the applied reverse voltage VR. When the reverse voltage increases, the 
output power drops significantly. As a result, when a stream of electrical data with a 
swinging voltage Vsw is applied to the EAM, the data can be transferred to the input 
light beam by the voltage-dependent absorption spectrum. The extinction ratio (ER) 
is linearly increased with the applied swing voltage Vsw as shown in Fig. 2.1.1. Vsw 
is usually in the range of 1.5 to 4 V for most EAMs, and the induced dynamic ER is 
in the range of 11 to 13 dB. 

P out 

V sw V R 

Fig. 2,1,1.3 Relationship between applied reverse voltage and output optical power 
in an EAM 

Because the electric field in the active region modulates not only the 
absorption characteristics but also the refractive index, the EAM produces some 
chirp. However, this chirp usually is much less than that of a directly modulated laser. 
A small on-state (bias) voltage around 0 to 1 V is often applied to minimize the 
modulator chirp. 
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2.1.2 Phase Modulators 
For phase modulators (PM), usually the voltage dependent refractive index by 

Pockels effects is utilized. PM can be fabricated in a straight-line LiNbOs waveguide 
or in the Mach-Zehnder interferometer (MZI) configuration [3]. By applying an 
electrical signal on the electrode, the phase of the input light can be changed. Fig. 
2.1.2.1 shows an illustration of phase modulation with a straight-line LiNbOs PM. At 
the optical output, it should be noted that the phase change can also be regarded as a 
frequency change. As a result, the frequency components on the optical carrier are 
increased, resulting in a spectral broadening effect. The larger the phase modulation 
is introduced, the broader is the output spectrum. 

A phase modulator can be used for the generation of phase-shift keying signal. 
For data modulation, the amplitude of the modulation signal should be of Yn to 
achieve a 冗 phase shift. 

Modulation signal 

Input light © Output light 

wm 
Fig. 2.1,2,1 Phase modulation with a single waveguide phase modulator. 

A phase modulator can also be used for pulse generation. As mentioned 
above, spectral broadening occurs when phase modulation is added on the input light. 
By passing thorough a dispersive medium, different frequency components 
propagate at different speeds and an optical pulse can be generated. It is an important 
feature that will be utilized in a later chapter of this thesis. 
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2.2 Dispersion 
Fiber dispersion plays a critical role in optical fiber communications because 

different spectral components travel at different speeds given by c/n(G)). The effect is 
especially pronounced for short pulse as it occupies a wide spectrum. Fig. 2.2.1 
shows the variation of refractive index n and group index ng.[6] 

.49 

.44 

Fig, 2.2,1. Variation of refractive index and group index with wavelength for fused 
silica [6], 

Mathematically, the effects of fiber dispersion are accounted for by 
expanding the mode-propagation constant p in a Taylor series about the frequency coo 
at which the pulse spectrum is centered: 

c 2 

w h e r e = ( ~ ~ — = €0. (m = 0,1,2. . .) dor" 

[2.1] 

[2.2] 

The parameters pi and Pi are related to the refractive index n((jo) and its 
derivatives through the relations: 
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Fig, 2,2,2, Variation of p2 and D with wavelength for fused silica. Both p2 and D 
vanish at the zero-dispersion wavelength occurring near L27 jum, [6] 

Figure 2.2.2 shows how f>2 and D vary with wavelength X for fiised silica. It is 
worth mentioning that at around 1.27 jam, both P2 and D vanish and change sign for 
longer wavelengths. This wavelength is referred to as the zero-dispersion wavelength 
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where rig is the group index and Vg is the group velocity. Figure 2.2.1 also shows the 
group index iig changes with wavelength for fused silica. The group velocity can be 
found using Vg = c/ng. Physically speaking, the envelope of an optical pulse moves at 
the group velocity, while the parameter p2 represents dispersion of the group velocity 
and is responsible for pulse broadening. This phenomenon is known as the group-
velocity dispersion (GVD), and P2 is the GVD parameter. The dispersion parameter 

D, defined as ̂ ^，is also used in practice. It is related to p2 and n as dX 

和 - 错 [2.5] 
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and is denoted as XQ. For standard-single mode fiber，the Xq is at around 1.31 |im after 
some doping on the fiber. The dispersion can also be tailored by changing the core 
size and core-cladding refractive index difference. 

For nonlinear optical signal processing, the zero-dispersion wavelength is 
important as it is a requirement for some nonlinear phenomena such as optical 
parametric amplification. Another important factor affecting efficiency of nonlinear 
optical signal processing is the dispersion slope of the optical fiber. Dispersion slope 
Dx is defined as Dx= dD/d>.. It is generally useful to know its value at For standard 

f% 1 

single-mode fiber the value is of the order of 0.07 ps*nm' km", and for highly 
nonlinear fiber (HNLF) the value is around 0.02 - 0.03 To further 
enhance the nonlinear effect efficiency, higher-order dispersion should also be 
considered. In [7], tailor-making the 4-th order dispersion has been reported with 
enhanced nonlinear effect. HNLFs with different dispersion values are discussed in 
the following. 

For pulse generation, GVD can be a useful tool to generate short pulses. As 
discussed in last section，by phase modulation we can increase the spectrum of a 
continuous wave (CW) Kght In optical fiber, different frequency components travel 
at different speeds due to the GVD in optical fiber. If the CW light is located in the 
normal dispersion region (red light travel faster), at a certain GVD the low frequency 
components catch up high frequency components in the time domain. This is a 
phase-to-intensity conversion. The details on the required GVD and the pulse 
generation process will be further described in Chapter 3. 
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2.3 Nonlinear Effects 
Nonlinear effects, or nonlinearities, refer to some special phenomena when an 

intense light is directed to a nonlinear medium. For example, in the case of weak 
light, the refractive index in an optical fiber is usually regarded as a constant. 
However, in the case of intense light, the refractive index becomes a function of the 
light intensity. Apart from refractive index, optical absorption, phase and intensity 
also depend on the input light intensity in different devices and materials. In this 
section, we focus on several common nonlinearities in optical fibers and 
semiconductor devices. 
Four- Wave Mixing 

Four-wave mixing (FWM) is related to the third order susceptibility (x^) in 
optical fibers. As per its name, the process involves four optical waves. When three 
intense waves are directed into a nonlinear medium, a fourth wave is generated. 
Usually two of them are pumps, donated by coi and C02, and the other one is a signal, 
donated by cOg- The frequency of the generated wave, or idler coj = coi + CO2 - ©s- This 
is called non-degenerate FWM, involving three input light waves. 

If the input waves are reduced to two, for example only mi and C02 exist, two 
new waves are be generated at (03 and 04 where 0)3 = 2coi - coi and ©4 = 2(02 - ®i. This 
is named degenerate FWM. A typical spectrum of degenerate FWM is shown in Fig. 
2.3.1. 0 

� 1 0), � 

Fig, 2JJ. A typical optical spectrum of degenerate FWM. 
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During four-wave mixing, the phase and amplitude are transferred from the 
pump and signal light to the generated waves. The amplitude and phase of 003 and C04 
are governed by the following equations: 

五3 = (五 1 丑 + [2.6] 

E,=(五2 + [2.7] 
where A<I>3=2<I)i-02 and A04=2<I)2-� 1, Em is the respective fields of the waves, cOm is 
the respective frequencies of the waves (m = 1, 2, 3，4)，and y is the complex 
coupling coefficient. 

Due to the fast response of FWM (�several fs)，it is suitable for high-speed 
signal processing. As a result, FWM is one of the most important phenomena in 
nonlinear optical signal processing. The applications of four-wave mixing are broad, 
including all-optical wavelength conversion, multicasting, demultiplexing and 3R 
regeneration. The use of optical signal processing can avoid the optical-electrical-
optical conversion, which is the bottle-neck of today's signal processing technique. 
Also the power consumption and cost are lower when signals > 100 Gb/s are needed 
to be processed. FWM is utilized in some of the applications demonstrated in this 
thesis. 

Cross-Absorption Modulation 
As mentioned before, the modulation scheme in an EAM is achieved by 

changing the applied electric field. Instead of using an electrical approach to change 
the field amplitude, another method to manipulate the electrical field is by directing 
an intense light into the EAM. When an intense light is input to the EAM, the electric 
field is screened out and thus the transmission spectrum changes. An example is that 
when an intense data pattern is input to the EAM, several continuous wave (CW) 

20 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interlecfved Laser Source CHAPTER 3 

lasers from another input experience the change in the data-dependent transmission 
window. As a result, the CW lights are modulated by the data. So the data 
information is transferred to the CW lights. This phenomenon is named cross-
absorption modulation (XAM). Details on the XAM effect have been previously 
explored. The XAM effect has been applied to different applications, including 3R 
regeneration [8] and optical demultiplexing [9]. 

Fig. 2.3.2 is a measured plot showing the characteristic of XAM. Two CW 
lights counter-propagate in an EAM with the one of larger power named as pump 
and the other named as probe. Without the pump light, the probe light is totally 
absorbed by the EAM. With the pump light, the electric field applied to the EAM is 
screened out and the power of the probe light is increased as shown in the figure. 
Also at different bias voltage，the responses of the XAM effect are different. 

2 4 6 8 Pump Power (dBm) 
Fig. 2.3,2, Characteristic of XAM effect in EAM, 
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Optical Parametric Amplifier 
The research on optical parametric amplifier (OPA) has been a hot topic in 

recent years. It exploits nonlinear optical properties of optical fibers. The main 
nonlinear effect utilized is the third order susceptibility�in silica fibers. Compared 
with the common optical amplifiers, OPA can provide some interesting properties as 
listed below [10]: 

Gain bandwidth increasing with pump power 
Arbitrary pump wavelength 
Large gain 
Wavelength conversion 
Low noise figure 
Unidirectional gain and spontaneous emission 
Much research has been focused on the gain, bandwidth and the noise figure 

in the OPA. Besides acting as an optical amplifier, OPA has attracted much interest 
for applications in nonlinear optical signal processing due to its wavelength 
conversion properties and also fast response of the optical gain. 

Usually OPA is pumped by an intense optical wave. Fig. 2.3.3 (a) shows a 
typical wavelength assignment in the case of one-pump OPA. The pump cOp is located 
at the anomalous dispersion region (frequency lower than zero-dispersion frequency 
coo). A point to notice is that the pump wavelength must be close to the zero-
dispersion wavelength to achieve the parametric amplification. The signal at cOs is 
also located at the anomalous dispersion region to maintain phase-matching 
condition throughout the HNLF. Fig. 2.3.3 (a) also represents the situation before the 
pump and the signal are directed to a highly nonlinear fiber (HNLF). After HNLF, 
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OPA occurs and the situation is shown in Fig. 2.3.3 (b). An idler is generated at (jOi = 
2cop _ cog. The pump energy is redistributed and transferred to signal and idler during 
the OPA process. As a result, the signal at cOg experiences gain while the pump 
energy is depleted. Further details on OPA will be discussed in Chapter 7. 

U). CO. 

(a) U). 
� , 

Wq 0) U)o U) 
Fig, 2,3.3. (a) Frequency assignment for pump and signal in the case of one-pump 
OPA, pump wavelength at anomalous dispersion region, (b) Frequency assignment 
after parametric process in HNLF. 

Pump Depletion Effect in Optical Parametric Amplifier 
During amplification in an OPA, as mentioned before the pump energy is 

redistributed to the signal and the idler. As a result, the pump energy is decreased. 
This phenomenon is named pump depletion. For pump depletion operation, usually 
the pump should be of high peak power to achieve reasonable gain on the probe 
wavelength. As a result, it is easier to achieve pump depletion with pulsed pump 
rather than CW pump. 

pump 

八 八 八 八 I 
Time mm 

M 

m 
縣 

Time 

0 0 0 

A 、！3ump 
Time 

A__LA 
Time 

Fig, 2,3.4, Operation principle of depletion in a pulsed-pump OPA 
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Fig. 2.3.4 shows the principle of pump depletion effect. A pulse train at Xpump 
acts as the pump in the OP A, while a fixed-pattern data "1011" at acts as the probe. 
When there is a bit “1”，the data experiences the gain provided by the pulse train. So 
the respective bit is amplified and its pulse format is converted from non-retum-to-
zero (NRZ) to return-to-zero (RZ). Also the pulses are depleted (or representing a bit 
"0"). When there is a bit “0”，the correspondent pulse is not depleted (or representing 
a bit "1"). As a result, the waveform of the pulse train is always an inverse version of 
the data pattern, which is a NOT gate operation. By using the pump depletion effect, 
we can achieve different ftmctions which will be demonstrated in Chapter 7. 
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2.4 Nonlinear Fibers 
For nonlinear optical processing, the most important part is to select a 

suitable nonlinear medium. Nonlinear media include optical fibers, semiconductor 
devices, nonlinear crystal and waveguide devices. In this section, we focus the 
discussion on nonlinear fibers. The two types of nonlinear fibers are photonic crystal 
fiber and highly nonlinear step-index fiber. Both types of fibers are used in this thesis 
for different applications. 
Photonic Crystal Fiber 

The invention of photonics crystal fiber (PCF) happened only in last decade 
of the 20th century. It is also known as micro-structured fiber as its structure is 
different from the traditional core-cladding structure. It can be categorized into 
bandgap fiber, holey fiber and Bragg fiber. In this thesis, the PCF utilized is a 
triangular-core fiber [11]. The image of the PCF cross-section is shown in Fig. 2.4.1. 

Fig, 2.4.1. Cross section of a triangular-core PCF. 
The dispersion slope around 1550 nm is flat, with a value of 10"̂  ps- km'̂ nm" .̂ 

The dispersion coefficient is � 1 . 3 ps-km'̂ nm'̂  in C-band. The nonlinearity is 11 W" 
ikm-i. The loss of the PCF is 9.9 dB/km. However, only a short length of 64 m is 
used throughout the thesis as the light confinement is tight in the PCF. The required 
length can be relatively short for the occurrence of nonlinear effects. 

25 



Fig, 2,4,2, Conversion efficiency against wavelength in FCF. The conversion 
efficiency is defined as the intensity ratio between output idler and input signal 

Highly Nonlinear Step-Index Fiber 
Instead of using specially designed fiber for nonlinear effect generation, 

traditional optical fiber can also be used for nonlinear signal processing purposes 
with modifications. Usually, the core size of the optical fiber is reduced to increase 
light confinement and to shift the zero-dispersion wavelength to �1550 nm. Also, 
different dopants are used to increase the refractive index contrast. In this thesis, the 
highly nonlinear fiber (HNLF) is doped with germanium. The length of the HNLF is 
1 km. The nonlinear coefficient is 11.7 W'̂ km"̂  around 1550 rnn. The zero dispersion 
wavelength of the HNLF is 1549 nm, while the dispersion slope is less than 0.02 
ps'km'^mn"^ at 1550 nm. This HNLF will be utilized in OPA applications. 
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As mentioned in Section 2.2, the dispersion in an optical fiber affects the 
efficiency for nonlinear optical signal processing. By the low dispersion and small 
dispersion slope of the PCF, the achieved 3-dB FWM bandwidth is 16 nm as shown 
in Fig. 2.4.2. Such a wide conversion bandwidth is beneficial to multi-channel signal 
processing. However, the PCF does not have a zero-dispersion wavelength. For 
applications in optical parametric amplifier, PCF is not a suitable candidate. 
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2.5 Wavelength Division Processing 
Current technologies can process optical signals of 10 or 40 Gb/s using 

optical-electrical-optical conversion. However, for future development over 100 Gb/s, 
electronic processors can hardly handle the information at high speed. To continue 
utilizing the electronic equipment, one of the methods is to reduce the speed of 
optical signals using wavelength division processing. The concept is similar to multi-
core central processing units (CPU) in computers. A high-speed signal is divided into 
multiple low-speed channels using multiple optical waves at different wavelengths. 
The repetition rate of individual channel depends on the number of wavelength 
utilized. Fig, 2.5.1 shows a schematic diagram of wavelength division processing. 

Repetition rate: F/N 

Repetition Rate: F 
Aa八八八八八八 

Time 

Time 
Fig, 2,5J. Concept of wavelength division processing, A serial-to-parallel processor 
is utilized as a gateway between high-speed signal and low-speed channels. 

For example, if the input data rate is at F and the number of channel is N，the 

repetition rate of individual channel is F/N, which is possible to be processed by 
electronic devices or low-speed optoelectronic devices. A serial-to-parallel processor 
is used to convert the high-speed signal into low-speed channels. It is worth 
mentioning that without the serial-to-parallel operation, the low-speed devices cannot 
handle the high-speed signals. The design and the applications of the serial-to-
parallel processor is the main focus in this thesis. 
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2.6 Summary 

In this chapter, we discussed the components and nonlinear effects that will 
be utilized in this thesis. For different applications, different nonlinear media should 
be adopted to maximize the performance. Detailed implementations of these effects 
and components will be discussed in later chapters. 
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3 Generation of Time- and Wavelength-Interleaved 
Laser Source 

optical pulses can be generated by many approaches including gain 
modulation of laser diodes [1], external modulation of laser beams with optical 
modulators and mode-locked fiber lasers/laser diodes [2 — 4]. Usually, an optical 
pulsed source is generated at a single central wavelength. For wavelength-division 
multiplexing optical system, multi-wavelength pulses are preferred as a single pulsed 
source can support multiple user channels. Different approaches have been proposed 
to generate multi-wavelength pulses with spectral slicing of a supercontinuum pulsed 
source [5] or multi-wavelength mode-locked semiconductor optical amplifier (SOA) 
or erbium-doped fiber amplifier (EDFA) lasers [6, 7]. 

• Time "—Wi c ‘ 
卜 � b a s e 

Fig, 3.L Profile of a time- and wavelength-interleaved laser source 
Instead of having all the pulses from a multi-wavelength pulsed source 

appearing at the same time, researches were carried out to generate pulses allocated 
in different time slots. One special case is that the wavelengths of the pulses are 
switching sequentially in time. It is named time- and wavelength-interleaved laser 
source. Fig. 3.1 shows a general time/wavelength profile of a time- and wavelength-
interleaved pulsed source. It is shown that the wavelengths of pulses are switching 
from 入 1 to A-4- AS a result, time-to-wavelength mapping is achieved by the pulsed 
source — that means it has the capability to transfer different time information into 
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different wavelengths. This characteristic is very important when the pulsed source is 
applied to different applications. 

Another important characteristic of time- and wavelength-interleaved pulsed 
source is that the bandwidth requirement on electronics is reduced. Also shown in 
Fig. 3.1 is that for individual wavelength channel, say for Â ，the frequency is 
assumed to be Fbase- As the frequency of the overall pulsed source is determined by 
the time spacing between adjacent channels, if the number of channel is N, the 
overall repetition rate of the pulsed source F becomes Fbase 乂 N. For example, if the 
repetition rate of the individual channel is 10 GHz and there are four channels in the 
pulsed source, the overall repetition rate is 40 GHz. If more channels can be inserted 
in the pulsed source, higher repetition rate can be achieved, but the components used 
in the generation is only of 10 GHz bandwidth. However, to avoid inter-chatmel 
crosstalk between adjacent channels, the pulse width of an individual channel should 
be small enough. As a result, short pulse generation is a requirement for the time-
and wavelength-interleaved pulses. To generate short pulses, different schemes can 
be adopted including the use of mode-locked lasers [2 一 4]，pulse compression 
techniques [8 — 11] and soliton [12 ~ 14]. But to generate multi-wavelength short 
pulses, some other techniques should be utilized. Also to generate a time-interleaved 
laser pulse source, it is necessary to separate pulses of different wavelengths in the 
time domain. 

To summarize, there are three requirements for the generation of time- and 
wavelength-interleaved pulses 

1. Multi-wavelength pulse generation 
2. Short pulse generation 
3. Time spacing generation 
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To evaluate the quality of the generated pulsed source, the time-bandwidth 
product is an important parameter. Theoretically, we want to have an impulse 
response for each pulse which is represented by infinitely small pulse width. 
However, by Fourier transform, the bandwidth of the pulse is infinitely large. As a 
result, there is a tradeoff between bandwidth and pulse width. The product of these 
two parameters is named as time-bandwidth product. For different pulse profiles, the 
time-bandwidth products are different. Table 3.1 shows different time-bandwidth 
products: 

Table 3,1: Time-bandwidth products of different pulse profiles 
Lorentzian 0.22 

Sech^ 0.315 
Gaussian 0.44 

If the time-bandwidth product of the generated pulse is similar to that of a 
specific pulse profile, it is called a transform-limited pulse. If the difference between 
the theoretical value and the measured value is large, the pulse quality is not 
favorable as the bandwidth is not fully utilized. Also it is easily affected by 
dispersion as the pulsed source is chirped when the time-bandwidth product is large. 

Previously, different approaches for the generation of time- and wavelength-
interleaved pulses have been proposed, including sub-harmonic pulse gating in a 
self-seeded laser diode [15], harmonic mode-locking in a semiconductor optical 
amplifier (SOA) [16] or EDFA ring laser, multi-wavelength pulse carving with 
cascaded electro-optic modulators [17], and chirped pulse generation by 
supercontinuum process and chirped fiber Bragg grating [18], In this chapter, we 
report three different schemes for the generation of time- and wavelength-interleaved 
laser source. 
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3.1 Cross-Absorption Modulation in Electro-Absorption 
Modulation and Group Velocity Dispersion by Chirped 
Fiber Bragg Grating 

As mentioned before, the modulation scheme in an electro-absorption 
modulator (EAM) is achieved by changing the applied electric field. Instead of using 
an electrical approach to change the field amplitude, the optical approach to change 
the absorption spectrum is by cross-absorption modulation (XAM). Details on the 
XAM effect have been previously explored. The XAM effect has been applied to 
different applications, including 3R regeneration [19] and optical demultiplexing 
[20]. 

For pulse generation application, both electro-absorption effect and XAM 
effect can be adopted. However, a 10 GHz commercial available EAM can only 
generate pulses with pulse width of � 2 0 ps [21] which is too broad for the generation 
of time- and wavelength-interleaved pulses. On the other hand, XAM has a response 
time of less than 10 ps [22] which has a potential to generate short pulses with proper 
configuration. In the following, the generation of time- and wavelength-interleaved 
pulses will be described in details. 

For the generation of time- and wavelength-interleaved pulses, we adopt the 
XAM effect in EAM to achieve multi-wavelength pulse generation. The schematic 
diagram of the pulse generation is shown in Fig. 3.1.1. The EAM is reversely biased 
at -3 V and all the CW lights from a WDM source are absorbed by the EAM in the 
absence of the mode-locked fiber laser (MLFL). The MLFL generates intense short 
pulses with a full-width half maximum (FWHM) pulse width of � 2 ps and average 
power of 13 dBm. The pulse shape is squared hyperbolic secant. When the output 
from MLFL is directed to the EAM, the intensity of the short pulse screens out the 
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Fig, 3.L2, Reflection spectrum of the LCFBG. 
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electric field applied to the EAM. XAM occurs and the four CW lights 
by the pulses. A multi-wavelength pulsed source is thus generated. 

modulated 

入1 - 入 4 ， C W 

reverse 
bias 

LCFBG 
Time 

Fig, 3,1,1, Schematic diagram for generation of time- and wavelength-interleaved 
pulses. LCFBG: linearly chirped fiber Bragg grating MLFL: mode-locked fiber laser. 

To achieve the time-interleaved property, a linearly chirped fiber Bragg 
grating is utilized. The reflection spectrum of the LCFBG is shown in Fig. 3.1.2. The 
bandwidth of the grating is � 3 0 nm with group velocity dispersion (GVD) of � 2 0 
ps/nm. The relationship between wavelength and the introduced delay is shown in 
Fig. 3.1.3. It can be observed that the relative delay has a linear relationship with the 
wavelength. 
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Fig, 3,L3. Relationship between relative delay and wavelength of the LCFBG. 
Inside the LCFBG, different wavelength components are reflected at different 

locations inside the grating. As a result, a time delay is introduced between adjacent 
channels in the multi-wavelength pulsed source. A time- and wavelength interleaved 
laser source is thus achieved. In the experimental setup, only 10 GHz components are 
needed: 10 GHz EAM and MLFL, but the repetition rate of the output pulses is of 40 
GHz. 

Waveforms of the time- and wavelength—interleaved pulses are shown in Fig. 
3.1.4 (a) — (d). The time spacing between adjacent channels is 25 ps，making an 
overall repetition rate of 40 GHz. The pulse width of the individual channel is ~ 16 
ps, as confirmed by measuring with a 500-GHz optical sampling oscilloscope. The 
extinction ratio of individual pulse channel is 25 dB. The optical spectrum of the 
pulsed source is shown in Fig. 3.1.5. The wavelength spacing is 1.25 nm, matching 
the dispersion value of the LCFBG (20 ps/nm). The time-bandwidth product (TBP) 
of the pulses is 0.472. Comparing with a transform-limited Gaussian pulse with TBP 
of 0.44, the pulsed source is slightly chirped. It is caused by the chirp introduced 
inside the EAM and also pulse broadening by the LCFBG. 
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Fig, 3,1,4, (a) - (d) Waveforms of the time- and wavelength-interleaved pulses. The 
time spacing between adjacent channels is 25 ps, (a) 1548.41 nm (b) 1549.66 nm (c) 
1550.92 nm(d) 1552.17 nm. 
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Fig. 3,1.5, Optical spectrum of the time- and wavelength-interleaved pulse. 
Although we can obtain shorts pulses using XAM in EAM, several issues 

should be addressed: 
1. The use of a MLFL is expensive. Although mode-locked laser diode (MLLD) 

can be used instead, additional optical amplifier is needed as usually MLLD 
has a low output optical power. 
The bandwidth of EAM is around 2 0 - 3 0 nm. If additional pulsed channels are 
needed, the performances across different channels may vary. 
EAM has a relatively high insertion loss of around 9 dB and is poorer than that 
of an electro-optic modulator. As a result, an optical amplifier is needed for 
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compensating the loss. As a result, the signal-to-noise ratio of the pulsed 
source degrades. 

4. The LCFBG can be used to separate pulses in the time domain but it also 
broadens the pulse in each pulsed channel. 
In conclusion, a time- and wavelength-interleaved laser source is generated by 

XAM in EAM with GVD provided by LCFBG. The pulse width obtained is � 1 6 ps. 
Although the pulse quality is satisfactory, further improvements are needed for 
generating the pulsed source. 
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3.2 Phase Modulation with Chirp Compensation 
Instead of using EAM, phase modulator is used to generate time- and 

wavelength-interleaved pulses in this section. In general sense, phase modulator can 
generate instantaneous phase change on the input light beams and no intensity 
change is made. The phase change can also be viewed as a frequency change on the 
light beam, which means new frequency components are generated during phase 
modulation. As different frequency components travel at different speeds in a 
dispersive medium, pulses are generated at the output of the medium. The principle 
is illustrated in Fig. 3.2.1. 

Dispersive 
入 probe Aprobe Medium 

Time 

RF Signal 

Fig, 3,2,1, Principle of pulse generation with phase modulation and dispersive 
medium. 

A CW light from a laser diode is directed to the input of a phase modulator. 
The phase modulator is driven with a sinusoidal signal at a frequency F. After the 
phase modulation, new frequency components are generated at different time. By 
travelling in a dispersive medium, the CW light is compressed into pulses. The 
frequency of the pulses depends on that of the applied sinusoidal signal. 

To optimize the output pulse width, the amplitude of the applied sinusoidal 
signal and the amount of dispersion must be well chosen at a specific repetition rate. 
The following equations present the relationship. 
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Assume that a CW light with angular frequency coo is phase-modulated by a 
sinusoidal signal with frequency fm, the field of the modulated light can be expressed 
as a summation of frequency components with Bessel amplitudes: 

E{t)=五 0 - jlS.emilTfj 
[3.1] 

where q is an integer, AO is the modulation index，and Jq is the Bessel function of 
first kind. In this case, the instantaneous frequency of the modulated light is given by 

v(0 = a)J27t-AC oos{27fj) [3.2] 

and the maximum chirp rate is found to be 

(do/dt)^^ =±27fjAe [3.3] 

Fig. 3.2.2 shows the frequency of the modulated light at different temporal 
positions [23]. The frequency components from ！4 fm to % fm have higher 
frequencies than the CW light angular frequency, while those from 3/4 fm to 5/4 fm 
have lower frequencies. In normal dispersion, higher frequencies travel faster. So at 
the end of the fiber, the components from 1/4 to 3/4 fm move to the right and catch up 
with the components from 3/4 to 5/4 fm. As a result, pulse train can be generated with 
the peak at the frequency of (Ho/ln, 

J/ 

i 

0 ]y2fn, Vfn, 3/2f„, 
Fig, 3,2,2, Instantaneous optical frequency of sinusoidally phase-modulated light 
[23], 
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After passing through a dispersive medium, an additional phase delay is 
added to the light field. The field equation can be further expressed as 

尊)=E, e x p [ / ( 6 ) � J q ( A ^ ) 
exp 

[3.4] 

[3,5] 

河m it — r{w,)) — jnq'L' rldv) 
where i:{m) = d6Jdm 
corresponds to the group delay the light experiences inside the dispersive medium 
and dz I dv corresponds to the frequency dispersion of the group delay. 
To obtain the shortest pulse, we define a bunching parameter B where 

B = (frequency chirping rate) x (group delay dispersion) 

- T 2 7 f J h e { d T / d v ) [3.6] 
When B =1，the falling edge just catches up with the leading edge in the 

chirped optical field, and the pulses become highest and steepest [23]. Accordingly, 
atB=l， 

ipild^)知一Vi^LjfjM) [3.7] 

which is approximately the required dispersion for generating pulses with shortest 
pulse width at a specific modulation depth and modulation frequency. 

As discussed in [23, 24], the shortest pulse width t at a specific applied 
modulation index that can be achieved is defined as 

r « 0 . 7 / 2 A C [3.4] 
For generating a 10 GHz pulsed train, a 10 GHz sinusoidal signal is used for 

the modulation. The pi-voltage of the phase modulator is 5V, while the applied signal 
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Vsig 
voltage is 5V.The modulation index, defined as ~ ~ ~ •冗(signal voltage divided by Vn 
the modulator pi-voltage), is 71. As a result, the shortest pulse achievable is 11.14 ps. 

To generate time- and wavelength-interleaved pulses with the proposed 
scheme, the wavelength spacing needs to be determined. For a 40 GHz time- and 
wavelength-interleaved pulsed source, the time spacing between adjacent pulses is 25 
ps. An 8.4-km standard single-mode fiber is used for the dispersive medium. The 
total group velocity dispersion (GVD) D is 142.8 ps-nm'^ Assuming that the pulse 
separation between adjacent pulses is At, the period of the individual pulsed channel 
is T, the wavelength separation is AX, the total GVD is D, we can conclude an 
equation: 

By substituting the above parameters with n = 2, T = lOOps, At =25 ps, D = 
142.8 ps*iim'^ the required wavelength spacing is either 1.23 nm or 1.57 nm. 
The experimental setup is shown in Fig. 3.2.3. Four CW lights from a WDM source 
are modulated by a phase modulator. The wavelength spacing between adjacent 
channels is � 1 . 2 5 nm. After passing through an 8.4-km SMF, time- and wavelength-
interleaved pulses can be generated. 

8.4-km SMF 
入1 ,入2，入3，入4 入 1 入 2 入 3 入 CW { { \ \ 1 2 3 M 

Time 

10 GHz 
RF signal 

Fig. 3.2.3, Experimental setup for generating 40 GHz time- and wavelength-
interleaved pulses. 
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Fig. 3,2,4, Waveform of the 40 GHz time- and wavelength-interleaved pulses. 
The waveform of the pulsed source is shown in Fig. 3.2.4. The overall 

frequency of the pulsed source is 40 GHz, while the fundamental frequency is 10 
GHz for each of the four pulsed channels. The spectrum of the pulsed source is 
shown in Fig. 3.2.5. The pulses are generated at 1548.35, 1549.60，1550.85，and 
1552.10 nm, respectively. 

i t rv MV V y 
1 T 

y 
Time (25 ps/div.) 

1547.5 1549.5 1551.5 1553.5 
Wavelength (nm) 

Fig. 3,2.5. Optical spectrum of the 40 GHz time- and wavelength-interleaved pulsed 
source. 

The pulse width of the pulses is ~ 14 ps for each channel. The pulse width is 
larger than that of the shortest pulse width achievable with the it modulation index. It 
is because the chirp is not folly compensated using the 8.4-km optical fiber. The 3-
dB bandwidth of an individual pulsed channel is 0.326 nm, measuring using the 
optical spectrum analyzer. Compared with the Gaussian transform-limited TBP of 
0.44，the TBP of the generated pulses is 0.558，again showing that the chirp exists. 
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As mentioned before, by changing the applied modulation index, the pulse 
width can be adjusted. Table 3.2.1 shows the relationship between the applied RF 
power and the output pulse width. 

Table 3,2d: Relationship between input RF power and output pulse width 
RF Power (dBm) Pulse width (ps) 

19 19 
20 18.2 
21 16.8 
22 15.2 
23 13.7 
24 12.7 
25 12.1 
26 11.6 

The adjustment of the RF power is achieved by using a tunable RF attenuator. 
A 500-GHz optical sampling oscilloscope (OSO) is used to measure the pulse width. 
The tuning range of the pulse width is from 11.6 ps to 19 ps, limited by the timing 
range of the attenuator. The tunability of pulse width can help to adopt the pulsed 
source in optical systems with different pulse width requirement. 

60 75 
Time (ps) 

100 125 0 25 

Fig. 3.2,6, Waveform of 40 GHz time- and wavelength-interleaved pulses captured 
with a 500-GHz optical sampling oscilloscope. 
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As the response of the oscilloscope used to capture the waveform in Fig. 
3.2.3 is only 17 ps, the pulse profile is further characterized using the OSO. As the 
OSO can only detect a single-wavelength signal, the overall pulse profile is 
superimposed after individual detection. The reconstructed waveform is shown in Fig. 
3.2.6. With the high-speed detection, the overlapping part between adjacent pulses 
can now be resolved. Pedestal is observed at the leading and trailing edges and it 
occupies the time slot of adjacent channel. The phenomenon is also observed as 
reported in [11], showing that it is an inherent property of the proposed generation 
scheme. It is not a favorable characteristic because during nonlinear optical signal 
processing, cross-talk may occur between the adjacent channels because of this 
overlapping. To solve this problem, we make use of another generation approach and 
it will be discussed in Section 3.3. 
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3.3 Phase and Amplitude Modulation with Chirp 
Compensation 

As discussed in the last section, the width of the pulses generated using phase 
modulator with chirp compensation by GVD is � 1 4 ps. However, the pedestals 
appearing at leading edge may distort the performance during nonlinear optical 
signal processing with the generated time- and wavelength-interleaved laser source. 
In this section, we replace the phase modulator with a dual-drive Mach-Zehnder 
modulator (DDMZM) and both amplitude and phase modulation are performed on 
the CW light. In previous reports [25 - 27], short pulses were generated by driving 
the DDMZM with large RF powers applied on both arms. However, due to the 
equipment limit, we can only drive the DDMZM at one of the arms. In this section, 
we will discuss the generation of time- and wavelength-interleaved pulses with 
DDMZM with chirp compensation by GVD. 

LD DDMZ LD DDMZ 
1 

入 probe Dispersive 

K 
入 probe ( \ 

Aprobe 

Time 
� B i ' a s 

RF Signal 
Fig. 3,3. L Principle of pulse generation with DDMZM and dispersive medium. 

Fig. 3.3.1 shows the experimental setup for generating pulses with a 
DDMZM. The setup is identical to the one using a PM. A CW light is directed to the 
input of the DDMZM. The DDMZM is driven with a sinusoidal signal with a RF 
power of 23 dBm. The V兀 of the DDMZM is 5.5V, The bias of the DDMZM is 
optimized to generate the largest number of sidebands. After the DDMZM, both 
amplitude and phase modulation are applied to the CW light. An 8.4-km SSMF is 
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used to compensate for the chirp induced on the CW light. After the SSMF, short 
pulses are generated. 

Fig. 3.3.2 shows the profile of a 10-GHz pulse train generated with DDMZM 
and chirp compensation. The waveform was captured with a 500-GHz OSO. The 
pulse width is 18.1 ps. Although the pulse width is not as short as that generated with 
a phase modulator, the pedestals are clearly removed. We anticipate that a higher RF 
power can decrease the pulse width as the Vjt of the DDMZM is higher than that of 
phase modulator. 

Time (100 ps/div.) 
Fig. 3,3,2, Waveform of a 10 GHz pulse train generated with DDMZM and chirp 
compensation. The pulse width is 18.1 ps, measured with a 500-GHz OSO 

Table 3.3.1: Relationship between input RF power and output pulse width 
RF Power (dBm) Pulse width (ps) 

19 23.7 
20 23.2 
21 21.3 
22 19.5 
23 18.1 
24 16.9 
25 15.9 
26 15.7 

Again, to demonstrate the tunability of the pulse width, the relationship 
between the pulse width and the applied RF power is studied and is shown in Table 
3,3.1. The pulse width can be tuned from 15.7 ps to 23.7 ps. However, pedestals are 
observed when the RF power is larger than 25 dBm due to the nonlinear phase 
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applied on the DDMZM, It is shown that the pulse profile is favorable for the 
generation of time- and wavelength-interleaved pulsed source as the crosstalk 
between adjacent channels is reduced. 

As a demonstration, we generate 40 GHz time- and wavelength-interleaved 
pulses with four pulsed channels. The experimental setup is shown in Fig. 3.3.3. Four 
CW lights from a WDM source are modulated by a DDMZM. The wavelength 
spacing between adjacent channels is �1.25 nm. The spacing is governed by the 
GVD of 8.4-lcm SSMF, which is 142.8 ps*nm"^ The applied RF power is 25 dBm. 
The DC bias is optimized for generating the shortest pulse. After passing through the 
optical fiber, time- and wavelength-interleaved pulses can be generated. 

8.4-km SMF 
入 1 入 2 入 3 入 4 M 

Time 
DC Bias 

10 GHz 
RF signal 

Fig. 3,3,3, Experimental setup for generating 40 GHz time- and wavelength-
interleaved pulse train generated with DDMZM and chirp compensation. 

The overall time profile is shown in Fig. 3.3.4. The measured pulse width is 
15.9 ps. The optical spectrum of the pulsed source is shown in Fig. 3.3.5. The pulses 
are generated at 1547.80,1549.04,1550.35,1551.61 nm respectively. 
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Fig, 3,3,4, Waveform of a 40 GHz pulse train generated with DDMZM and chirp 
compensation. The pulse width is 15.9 ps. 
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Fig. 3,3*5, Optical spectrum of the 40 GHz time痛 and wavelength-interleaved pulses. 
Channel spacing: 1,25 nm. 

Again we calculate the TBP of the generated pulse source. The 3-dB 
bandwidth is estimated to be � 0 . 3 nm and the pulse width is 15.9 ps. So the 
calculated TBP is 0.596，larger than the Gaussian transform-limited value of 0.44. 
The dispersive medium used during the experiment should be further optimized to 
obtain the shortest pulse width achievable. 

638-m SMF 

入i 入2 入3 A 

DC Bias 
20 GHz 

A
 

RF signal CFBG 
Fig, 3,3,6, Experimental setup for generating 80 GHz time- and wavelength-
interleaved pulse train generated with DDMZM and chirp compensation. CFBG: 
chirped fiber Bragg grating. 

Using similar approach, we can generate 80 GHz time- and wavelength-
interleaved pulses by using a high-speed modulator. The experimental setup is shown 
in Fig. 3.3.6. A 40 GHz DDMZ is used for both amplitude and phase modulation. 
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Four CW lights are modulated by the DDMZ. The sinusoidal signal is of 20 GHz and 
the RF power is 25 dBm. The V冗 of the DDMZ is 3.5 V’ so the modulation depth AO 
is �1.147L The channel spacing is � 2 run, optimized for the time spacing of 12.5 ps 
and reduced crosstalk between adjacent channels. The dispersive media include a 
638-m SSMF and a chirped fiber Bragg grating with dispersion of 20 ps/nm. The 
total dispersion applied is �30.8 ps/rnn. After passing through the dispersive media, 
80 GHz time- and wavelength-interleaved pulsed source is generated. 

20 40 
Time (ps) 

Fig, 33,7. Time profile of the 80 GHz time- and wavelength-interleaved pulsed 
source. The trace is captured with a 500-GHz optical sampling oscilloscope. 

The generated pulses are detected using a 500-GHz optical sampling 
oscilloscope. The pulse profile is shown in fig. 3.3.7. The measured pulse width is 
5.9 ps. It is worth mentioning that the overlapping between adjacent pulses is not 
serious. It can be anticipated that the crosstalk between adjacent pulsed channels is 
be negligible when the pulsed source is applied in nonlinear optical signal processing. 

Fig, 3.3.8 shows the spectrum of the 80-GHz pulsed source. The pulses are 
generated at 1547.18，1549.26，1551.35, and 1553.42 run respectively. The 3-dB 
bandwidth of an individual channel is 0.63 nm. As a result, the calculated TBP is 
0.464，close to the theoretical value of 0.44 considering a Gaussian pulse profile. The 
pulsed source is nearly transformed-limited. To further increase the speed of the 

50 



1545 1547 1549 1551 1553 1555 
Wavelength (nm) 

Fig, 3,3,8, Optical spectrum of the 80 GHz time- and wavelength-interleaved pulsed 
source. 
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pulsed source, several issues should be considered. Firstly, as shown in Fig. 3.3.8， 

spectral overlapping is not yet a problem at this repetition rate. However, when the 
repetition rate goes over 100 GHz, the wavelength spacing should be further 
increased to avoid spectral overlapping. The wide spectrum may also lead to walk-
off effect during nonlinear optical signal processing. The research on the signal 
processing issues using high-speed pulses will be an important future direction. 
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3.4 Summary 
In this chapter, we demonstrated three different approaches for generation of 

40 GHz time- and wavelength-interleaved pulses. The generation methods and 
characterization of pulses have been discussed in details. The following table 
concludes the three approaches: 

Table 3,4,1: Comparison among three generation schemes 
XAMinEAMand 
GVD byLCFBG 

Phase modulation 
with GVD 

Phase and amplitude 
modulation with GVD 

Cost High Low Low 

Pulse width Depends on MLFL 
Depends on 

modulation depth 
and modulator 

properties 

Depends on 
modulation depth and 
modulator properties 

Required optical 
power High Low Low 
Power 

consumption 
High (due to the use 

of MLFL) Low Low 
Polarization 
Sensitivity Low High High 

Insertion loss High Low Low 
TBP 0.472 0.558 0.596 

Although EAM can provide advantages of low polarization sensitivity and 
small size, the insertion loss and required optical power are much larger than that of 
phase modulator and DDMZM. Comparing phase modulator and DDMZM, the latter 
can generate pulses with better pulse profile. Although the pulse width generated by 
DDMZM is larger than that by the phase modulator, using a dual-drive approach can 
help to further reduce the pulse width. 

Moreover, we successfully generated nearly transformed-limited 80 GHz 
time- and wavelength-interleaved pulses using DDMZM and chirp compensation. A 
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very short pulse width of 5.9 ps is achieved and further extension to the processing of 
80 Gb/s data is ready. 

After the generation of time- and wavelength-interleaved laser source, in 
following chapters we will discuss the applications of the pulsed source and their 
respective performance. 
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4 Sampling of Analog Signals Using Time- And 
Wavelength-Interleaved Pulses 

In Chapter 3，we introduced the generation of time- and wavelength-

interleaved pulses. As mentioned before, the pulsed source can help to reduce the 

bandwidth requirement on electronics. For high-speed optical signals, it is difficult to 

directly analyze the information using traditional electronic devices. Also it is 

difficult to process the high-speed signals using low-speed semiconductor devices 

such as SOA and EAM. By using time- and wavelength-interleaved pulses, 

wavelength-division all-optical sampling arid photonic analog-to-digital conversion 

(ADC) for analog signals can be achieved. 

In Section 4.1 we mainly focus on the principle of all-optical sampling and 

discuss the performance of the approach. In Section 4.2 we briefly describe the 

principle of a photonic ADC, 
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4.1 All-Opticai Sampling 

High-speed all-optical sampling is of importance in optical communications 

owing to its uniqueness in real-time signal monitoring and performance evaluation. 

Different approaches have been demonstrated to achieve optical sampling. Examples 

are four-wave mixing (FWM) in a semiconductor optical amplifier (SOA) [1], two-

photon absorption in a semiconductor cavity [2]，and sum frequency generation in a 

periodically poled LiNbOa crystal [3]. All-optical sampling has been widely adopted 

for use in different applications, including eye-diagram measurement [4], high-speed 

optical time-division-multiplexed signal measurement [5], and photonic analog-to-

digital converter [6]. Apart from communications, optical sampling is also used in 

other areas including microwave amplifier analysis [7] and THz resonator array 

characterization [8], In this chapter, we will discuss how time- and wavelength-

interleaved laser source plays its role in all-optical sampling application. 
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4.1, Introduction 

As discussed in Chapter 3，different approaches have been proposed to 

generate the time- and wavelength-interleaved pulses. In this experiment, the pulses 

are generated by multiwavelength cross-absorption modulation (XAM) in an electro-

absorption modulator (EAM) together with group velocity dispersion in a linearly 

chirped fiber Bragg grating (LCFBG). We demonstrate 40 GSample/s (GS/s) all-

optical sampling of an arbitrary optical waveform using four-wave mixing (FWM) in 

a 64~m highly nonlinear photonic crystal fiber (PCF) [10]. The time separation 

between adjacent wavelengths is governed by the group velocity dispersion provided 

by the LCFBG. This approach does not depend on multiple fiber delay lines that 

often require precise trimming of fibers to match the relative delay times. Owing to 

the small dispersion and dispersion slope of the PCF, a wide F W M bandwidth is 

obtained. As a result, multiwavelength FWM is supported over a large wavelength 

range. The sampled outputs are distributed sequentially among four wavelengths, 

each operated at a frequency of 10-GHz, By combining data obtained from the four 

channels, 40 GS/s all-optical wavelength division sampling is achieved. 
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Fig. 4,1.1,1, Schematic diagram of all-optical sampling using time- and wavelength-

interleaved pulses, PD: photodetector. D E M U X : demultiplexer, MCU: 

microprocessor 
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The schematic diagram of the approach is shown in Fig. 4.1.1,1. The time-

and wavelength-interleaved pulses are combined with an arbitrary optical waveform. 

After four-wave mixing, the amplitudes of the wavelength-converted pulses are 

modified by the arbitrary waveform. By using a wavelength demultiplexr or arrayed-

waveguide grating, individual channels are detected by low-speed photodetector, 

while the overall sampling is four times of the individual charmei. The data of the 

four channels are combined in a computer or microprocessor and the original 

waveform can be reconstructed. 
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4.1.2 Experimental Setup 

The experimental for all-optical sampling is shown in Fig. 4.1.2.1. Four CW 

lasers with adjacent wavelength spacing of 1.25 nm and operated around 1550 nm 

are obtained from a WDM optical source. The outputs are combined with optical 

couplers. The combined output has a power of 4.8 dBm and is directed to a 10-GHz 

EAM biased at -1.8V. A 1564-mn 10-GHz mode-locked fiber laser (MLFL) with an 

average power of 13.1 dBm is fed to the other port of the EAM via an optical 

circulator. X A M takes place between the counter-propagating CW lights and the 

mode-locked pulses at the EAM. The MLFL pulses generate electron-hole pairs that 

screen the applied electric field, thus allowing the CW lights to transmit through the 

EAM. Therefore, the CW inputs are modulated at 10 GHz and a non-inverting 10-

GHz multiwavelength pulsed source is obtained. 
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Fig. 4,1,2,1, Experimental setup. W D M : wavelength division multiplexing; EAM: 

electro-absorption modulator; MLFL: mode-locked fiber laser; LCFBG: linearly 

chirped fiber Bragg grating; EDFA: erbium-doped fiber amplifier; PCF: photonic 

crystal fiber; BPF: optical bandpass filter; OCJ, 0C2: optical circulator; 
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The pulsed source is directed to the LCFBG through another optical 

circulator. With the 20 ps/nm chirp introduced by the LCFBG, a temporal separation 

of 25 ps is introduced between the 1.25 nm-spaced channels. The separation 

corresponds to a 40-GHz pulsed source. The output is then used as the sampling laser 

source for our experiment. 

It is worth mentioning that the polarizations of the MLFL and the four CW 

laser sources are set to be orthogonal. A polarizer has been used to block the residual 

MLFL pulses from the generated time- and wavelength-interleaved laser source. The 

sampling source is combined with an arbitrary optical waveform using an optical 

coupler. The average power of the waveform is set to be at 10 dB higher than that of 

the sampling source. The combined signal is then launched to an erbium-doped fiber 

amplifier (EDFA). The total average power of the amplified output is 17 dBm. The 

output is directed to a 64-m highly nonlinear, dispersion-flattened PCF to introduce 

FWM. Four new wavelength components are generated, each carrying information of 

the arbitrary waveform at different time slots. The sampled data at individual 

wavelengths are obtained using an optical bandpass filter. The data from the four 

wavelength components are combined to reconstruct the arbitrary waveform. 
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Fig, 4,L3,1, 4x10 GHz time- and wavelength-interleaved pulsed source, (a) 

Temporal profile (b) Optical spectrum. MLFL: mode-locked fiber laser. 

An arbitrary optical waveform is generated at 1553.79 nm with an average 

power of -7.15 dBm. FWM takes place between the sampling pulse and the optical 
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4.1.3 Experimental Results and Discussions 

Fig. 4.1.3.1(a) shows the generated 4 _ - G H z time- and wavelength-

interleaved laser output. The wavelength of the pulsed source switches sequentially 

from X\ (1548.07 run) to X4 (1551.86 nm) in a repetitive manner. The spacing 

between adjacent channels is 1.25 nm. The average power is -17.7 dBm. By 

transmitting the laser output through a polarizer, residual light of the MLFL at 1562 

nm is suppressed as shown in Fig. 4.1.3.1(b). The suppression reduces the noise in 

the sampling source and the sampled output. A slight non-uniformity is observed in 

the pulse amplitude and is caused by the variation in the reflectivity of the LCFBG. 

The pulses at individual wavelengths have been filtered, showing a full-width-half-

maximum of 〜20 ps as limited by the 10 GHz response limit of the EAM. 
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Fig, 4.1.3.3, Waveforms of the sampled data from individual channels, (a) -(d): data 

obtained from Xic to �介. 

Each of the wavelengths is individually detected and the results are shown in 

Fig. 4.1.3.3 (a) to (d). It can be observed that the amplitudes of the wavelength-
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Fig, 4,1,3,2, Optical spectrum of the F W M output showing all-optical sampling at 4 

different wavelengths. 
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signal in the 64-m highly nonlinear, dispersion-flattened PCF. The nonlinear 

coefficient 丫 of the PCF is 11 /W*km. The PCF has a dispersion coefficient of-1.3 

ps/(km*nm) at 1550 nm and the dispersion slope is 〜10 ps/(km*iim ). The 3-dB 

FWM conversion bandwidth is 20 nm. The optical spectrum of the sampled output is 

shown in Fig. 4.1.3.2. The converted wavelength components are denoted by X4c 

(1555.71 nm) to Ale (1559.55 run). The conversion efficiency is about-14 dB. 
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Fig. 4.1,3,4. Reconstructed Waveform. Channel 1 - 4: data obtainedfrom lie to . 

Instead of sampling a repetitive signal, our approach can also be used to 

sample a single-shot signal. Real-time signal monitoring is therefore supported. To 

increase the sampling rate, one can use a higher frequency MLFL together with 

reduced wavelength spacing among the channels or a lower LCFBG dispersion. The 

number of wavelengths in the sampling source can also be increased as long as they 
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converted components have been modified by the arbitrary optical waveform. To 

reconstruct the original waveform, the four channels are combined together as shown 

in Fig. 4.1.3.4. During the superposition process, a square root operation is needed as 

the amplitude relationship between the input signal and the wavelength-converted 

single is a quadratic function [9]. The process is governed by the equation 

A A A A |"411 

EFWM 飞Ep L • 

where EFWM is the field amplitude of the output signal and Ep is that of the input 

signal. The data from individual channels are processed in computer and the original 

signal is reconstructed by combining data from the four interleaved channels. As 

shown in Fig. 4.1.3.4，the result matches well with the input arbitrary signal 

represented by the black solid curve in the figure. 
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fall within the operating bandwidth of the EAM and the reflection bandwidth of the 

LCFBG, A total sampling rate of 100 Gb/s can be realized when 10 channels are 

operating each at 10 Gb/s. Thus, the required bandwidth of the components is only 

10 GHz. 

In conclusion, we experimentally demonstrate 40-GS/s all-optical wavelength 

division sampling of an arbitrary optical signal using a time- and wavelength-

interleaved laser pulsed source. The laser source is generated by multiwavelength 

cross-absorption modulation in an EAM followed by group velocity dispersion in a 

LCFBG. The sampling is performed in a 64-m highly nonlinear, dispersion-flattened 

PCF using four-wave mixing. Individual wavelength channels are filtered and 

calibrated. The sampled outputs are combined and the arbitrary waveform is 

successfully reconstructed. Compared with commercial optical sampling 

oscilloscope, our approach is potentially to be developed to a real-time oscilloscope 

with reduced required electronics bandwidth. Current commercial products can only 

sample repetitive waveforms at single wavelength. We can further develop our 

approach to sample real-time signals at multiple wavelengths using our time- and 

wavelength-interleaved pulse laser source. Further optimization on the post-

processing algorithm can help to enhance the performance of our optical sampling 

scheme. 
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4.2 Photonic Analog-to-Digital Conversion 

Analog-to-digital converters (ADC) play important role in electronic systems. 

It is a device which converts a continuous quantity to a discrete time digital 

representation. It is an important device to communication between analog and 

digital systems. However, because of the limits of electronics speed and fabrication 

process, the best electronic ADC in the world can support sampling rate of around 40 

GSample/s (GSa/s). For future development with signals over 100 GHz, electronic 

components can hardly handle the operation. 

The development in photonic devices can be a solution for the mentioned 

bottleneck. In recent years, much research efforts have been paid to assist electronic 

ADC with optical waves. Photonics devices can help in different ways. As 

mentioned in [11], there are four classes of photonic ADCs 1) photonic assisted ADC 

in which a photonic device is added to an electronic ADC to improve performance, 2) 

photonic sampling and electronic quantizing ADC, 3) electronic sampling and 

photonic quantizing ADC, and 4) photonic sampling and quantizing ADC. 

In this section we wil l briefly describe an ADC with photonic sampling with 

electronic quantizing. The photonic sampling is assisted by time- and wavelength-

interleaved laser source. The speed requirement of electronic quantizing can be 

reduced using our proposed approach. 
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4.2, Architecture 

Fig. 4.2.1.1 shows the proposed photonic ADC assisted by time- and 

wavelength-interleaved laser source. The sampler can be an optical phase modulator 

or amplitdue modulator. The electrical signal is input to the RF port of the modulator. 

A time- and wavelength-interleaved laser source is directed to the input of the 

modulator. An amplitude modutator is used for simple illustration. After the 

modulator, the amplitudes of the time- and wavelength-interleaved pulses are 

modified by the input RF signal. The pulses are then separated into different 

channels using a wavlenegth demultiplexer. Each channel contains a photodetector 

and an electronic ADC. The speed of the electronic ADC is determined by the input 

RF signal and the number of pulsed channels: 

F = F s / N 

Where F is the required sampling speed, Fs is the speed of input RF signal and N is 

the number of pulsed channels. 
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Fig, 4.2,1,1, Architecture of the proposed photonic ADC. Sampler: either a phase or 

amplitude modulator; D E M U X : wavelength demultiplexer; PD: photodetector; ADC: 

electronic analog-to-digital converter; 

After processing by electronic ADC, the data are recombined in a computer 

or micro-controller unit. The reconstructed sampled waveform can be obtained after 

processing. 

Sampler-. 
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It is obvious that using the time- and wavelength-interleaved pulses can help 

to reduce the electronic ADC requirement. By Nyquist theorem, the minimum 

sampling rate for a specific signal of frequency F should be 2F. For example, a 40 

GSa/s ADC is needed to sample a 20 GHz signal. However, with our proposed 

scheme, only 10 GSa/s electronic ADCs are needed for sampling a 20 GHz signal 

when four 10 GHz pulsed channels are used. The cost for the whole system can be 

reduced and the capability of low speed ADC is enhanced. 

To evaluate the photonic ADC, different parameters can be accessed, 

including the total harmonic distortion, spurious-free dynamic range, effective 

number of bits, and signal-to-noise and distortion ratio. These parameters can be 

obtained using RF spectrum analyzer and software processing. 

The limitations of this scheme are the bandwidth of the modulators and the 

pulse width of the time- and wavelength-interleaved laser source. For the modulator, 

bandwidth > 40 GHz is already commercially available, so it is not a big issue. For 

the pulse width, in Chapter 3 we demonstrated that short pulses can be generated 

with different methods. Even though there is slight overlapping between adjacent 

pulses, the crosstalk is not a problem as the proposed scheme does not include any 

nonlinear processing. 

Although the architecture is fully explored, a 10 GSa/s electronic ADC is not 

available at this moment. So the implementation of the proposed scheme is regarded 

as a future work of the thesis. 
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4.3 Summary 

In this chapter, we demonstrate all-optical sampling using time- and 

wavelength-interleaved pulses. The processing speed of the individual channels is 10 

GSa/s, while the system processing speed can reach 40GSa/s. The bandwidth 

requirement on electronics is relieved and the processing speed can be increased with 

more pulsed channels. Also, we briefly described the architecture of a 40 GSa/s 

photonic ADC. Only 10 GHz electronic components are needed for sampling a 20 

GHz signal. The implementation of the photonic ADC can be achieved when a 10 

GSa/s electronic ADC is available. 
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5 Wavelength Multicasting and Conversion 

Wavelength Multicasting is an important process in communications for 

transmitting identical information to different locations at the same time. It is 

particularly useful for bandwidth-intensive applications such as Internet Protocol 

television distribution and teleconferencing in wavelength division multiplexing 

(WDM) and time division multiplexing (OTDM) networks. Different approaches 

have been proposed to achieve wavelength multicasting. In this chapter we wil l 

discuss the use of time- and wavelength-interleaved pulses for wavelength 

multicasting operation. Both non-retum-to-zero on-off keying (NRZ-OOK) and non-

retum-to-zero differential phase-shift keying (NRZ-DPSK) signals can be processed 

using the same pulsed source. Besides, pulse format conversion from non-retum-to-

zero (NRZ) to retum-to-zero (RZ) is achieved at the same time. Performances of the 

multicasting process wil l be analyzed. Also the pulse width of the multicast outputs 

can be tunable, making the scheme suitable for different system requirements. 

Instead of broadcasting the data to different locations, sometimes the 

information is needed to be transmitted to a specific destination. In this case, 

wavelength conversion plays an important role in a wavelength-routed network. 

However, for high-speed conversion, low-speed optoelectronic devices cannot 

handle the operation. The use of time- and wavelength-interleaved pluses can help to 

reduce the data speed by serial-to-parallel processing and enable the operation by 

low-speed devices. The operation principle and the performance of conversion wil l 

be discussed. 

74 



Nonlinear Optical Signal Processing 
Using Time- and Wavelensth-Interleaved Laser Source CHAPTER 3 

5.1 Wavelength Multicasting of OOK Signals 

On-off keying (OOK) signal is one of the most popular formats in optical 

communication networks due to its simple implementation. In OOK signal, the data 

is modulated on light by changing its amplitude. Different approaches have been 

proposed to achieve wavelength multicasting of OOK signals. Examples include 

cross-absorption modulation in an electro-absorption modulator [1], four-wave 

mixing in a highly-nonlinear fiber [2], optical parametric amplification aided by self 

seeding [3]，and cross-phase modulation in a semiconductor optical amplifier (SOA) 

[4]. By using multiple probes, up to 40 multicast channels have been demonstrated 

using 20 continuous-wave lasers [5], In future communication networks, the traffic 

wi l l be carried by data at different pulse and modulation formats. Hence, pulse 

format conversion is a desirable technology to connect between different networks. 

In particular, the interface between a WDM and an OTDM network requires inter-

conversion between NRZ and RZ formats. Different approaches have been 

demonstrated to achieve the conversion, including schemes for single and multiple 

channels [6 - 8]. In this section，we report results on wavelength multicasting of a 10 

Gb/s NRZ-OOK signal to 4 x lo Gb/s RZ-OOK outputs using a time- and 

wavelength-interleaved laser source [9]. The multicasting is performed by four-wave 

mixing in a highly nonlinear photonic crystal fiber (PCF), while simultaneous pulse 

format conversion is achieved using the interleaved pulses. A unique feature of this 

approach is that the multicast outputs have a common relative delay time and thus 

can be effectively applied for use in an all-optical tunable delay line [10] and in 

applications of TDM-WDM traffic grooming [11]. Furthermore, we experimentally 

demonstrate the tuning of duty cycles by controlling the RF driving power of the 

phase moduiator in the pulse generation stage. It is important to optimize the pulse 
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width in a transmission link as it can greatly affect the system performance [12，13]. 

Eye diagrams of the outputs at different duty cycles are presented to demonstrate the 

flexibility of our approach. Error-free operations have been obtained for all multicast 

outputs with a maximum power penalty of 0.5 dB at output pulse width of 19.3 ps. 

The schematic diagram of the wavelength multicasting process is shown in 

Fig. 5.1.1. A 4 X 10 GHz time and wavelength-interleaved pulsed source is combined 

with a NRZ-OOK data. The pulsed peaks are aligned with the peak amplitude of the 

data. The two signals undergo four-wave mixing and new wavelength components 

are generated By the equation 
A A 

EFWM = K { E p ' E s ^ ] E p [5.1] 

where EFWM is the field amplitude of the FWM generated idler, EP is the field 

amplitude of the pump and Eg is the field amplitude of the signal. From the equation, 

the FWM-generated idler contains the information of both the pump and signal. In 

the configuration shown in Fig. 5.1.1，the pulsed source acts as signal and the NRZ-

OOK data acts as pump. As a result, all generated idlers contain the information of 

the NRZ-OOK data. So wavelength multicasting is achieved after the operation. 

入 1 入 2 入3 入 4 入 1 入2 入3 入I 

NRZ data bits 

i He 

1 �2c 

1 
III八 

�3c 

A 入4c 

Time 

Fig, 5,1.1, Schematic diagram of the proposed wavelength multicasting scheme. 
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5.1.1 Experimental Setup 

The experimental setup is shown in Fig. 5.1.1.1. Four CW laser beams with 

adjacent channel spacing of 1.25 nm are obtained from a WDM source. The laser 

outputs are combined with optical couplers and connected to the input port of an 

optical phase modulator. The modulator is driven with a 10 GHz RF signal to 

introduce frequency chirp on the CW beams. The half-wave voltage V^ of the phase 

modulator is 5 V. The power of the RF signal is 〜24 dBm, leading to a modulation 

index of 2%. The modulated outputs are then connected to 8.4-km single-mode fiber 

(SMF). As the spectral content in each of the four lasers is now time-dependent, the 

GVD in the SMF compresses the CW beams to generate short pulses [14]. The time 

spacing between adjacent channels is 〜25 ps，determined by the wavelength spacing 

between adjacent laser outputs and the GVD of the SMF [14]. As a result, 40 GHz 

time- and wavelength-interleaved laser pulses are achieved at the output of the SMF. 

The time spacing between any two wavelength channels should be equal to the 

difference between the product of the GVD and their wavelength spacing and an 

integral multiple of the driving period, which is 100 ps in our case. 

To generate a 10 Gb/s data stream, a tunable laser is modulated by an electro-
o I 

optic modulator driven by a 2 -1 pseudorandom binary sequence. The time and 

wavelength-interleaved pulses and the data stream are then combined with a 50/50 

optical coupler. An optical tunable delay line is used in the setup to synchronize the 

two signals. The coupled lights are subsequently amplified by an erbium-doped fiber 

amplifier (EDFA) to 26 dBm and are directed to a 64-m PCF. The nonlinear 

coefficient of the PCF is 11.2 (W-km)"^ around 1550 nm. The insertion loss is 2.6 

dB, The dispersion is less than 3 ps (km*nm) over the C-band, while the dispersion 

slope is 〜ICr ps (ian*nm )' . The low-dispersion and dispersion-flattened properties 

77 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 6 

contribute to a wide 3-dB FWM conversion bandwidth of 16 nm, implying that the 

number of multicast outputs can be potentially increased. 

10 GHz 

OBPF EDFA 

Fig, 5,1.1.1. Setup for simultaneous wavelength multicasting and pulse format 

conversion. LD: laser diode; EOM: electro-optic modulator; PRBS: pseudorandom 

binary sequence; PM: phase modulator; OTDL: optical tunable delay line; EDFA: 

erbium-doped fiber amplifier; PCF: photonic crystal fiber; OBPF: optical band pass 

filter. 

FWM takes place in the PCF. The input data stream acts as a pump and 

interacts with four probes represented by different wavelength components in the 

interleaved laser pulses. Consequently, new wavelength components are generated 

and they carry the same data spaced by ~25 ps. By filtering out the four generated 

components, the multicast outputs are obtained. 
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5.1.2 

Pulses 

Results on Time- and Wavelength-Interleaved 

The waveform and the optical spectrum of the time- and wavelength-

interleaved pulses are shown in Fig. 5.1.2.1 (a) and (b), respectively. The repetition 

rate is 40 GHz. The wavelengths are selected at 1548.20, 1549.55，1550.80, and 

1552.05 nm to produce a time separation of ~25 ps between adjacent pulses. The 

width of the individual pulses at each center wavelength is 〜12.5 ps, as confirmed 

by measurement with a 500-GHz optical sampling oscilloscope. The measured 

profile of one of the channels is shown in Fig. 5.1.2.2. It is noticed that some 

pedestals appear next to the pulse peak in the temporal profile. The pedestals are 

believed to be caused by the nonlinear chirp in the CW light. To reduce the distortion, 

a better optimization is required on the amount of dispersion and the modulation 

depth. 
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1547 1553 1549 1551 
Wavelength (nm) 

Fig. 5.1,2,1. Time- and wavelength-interleaved laser pulses, (a) Temporal profile 

measured with a high-speed photodetector and an electrical sampling oscilloscope, 

(b) Optical spectrum of the interleaved pulses. 
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Time (50 ps/dlv.) 
Fig* 5.L2J, Eye diagram of the 10 Gb/s NRZ-OOK input signal 
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Time (100 ps/div.) 
Fig、5.1,2,2 Trace of an individual channel at 1548.20 nm obtained with a 500-GHz 

optical sampling oscilloscope. The actual pulse width is determined to be 〜12J ps. 

Fig. 5.1.2.3 shows the 10 Gb/s NRZ-OOK data. The PRBS data are generated 

at 1545.3 nm with a pattern length of bits. Since the rise time of the data is 

relatively long, we deliberately introduce an offset in one channel of the interleaved 

pulses to minimize distortions at the eye crossing regions of the input data. 
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Fig, 5.L3J, (a) Optical spectrum after F W M in the PCF. (b) Amplified spontaneous 

emission noise spectrum of the EDFA. 
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5.1.3 Results on Wavelength Multicasting 

Wavelength multicasting is achieved by FWM in the PCF. Fig. 5.1.3.1 (a) 

shows the FWM output spectrum. The multicast outputs are located at the short 

wavelength side of the spectrum after wavelength conversion. The respective center 

wavelengths are 1542.50, 1541.34, 1540.00 and 1538.82 nm. The FWM conversion 

efficiency is 〜-18 dB. The fiber length is much shorter than that in conventional 

HNLF and the SBS threshold is higher (27 dBm). However, due to the uneven 

optical gain of the EDFA over the spectral region as shown in Fig. 5.1.3.1 (b), the 

intensities of the multicast outputs are not identical. To further analyze the 

performance of multicasting, we filter out the four individual channels from the PCF 

output using a 0.3-iini optical band pass filter. 
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The eye diagrams of the multicast outputs are shown in Fig. 5.1.3.2 (a) — (d) 

for channels 1 to 4, respectively. The traces are detected using a 32-GHz 

photodetector with a 50-GHz digital sampling oscilloscope. The response time of the 

whole detection system is 〜17 ps. The outputs are in RZ-OOK format. The time 

spacing between adjacent channels is 〜25 ps, governed by the pulse separation in the 

time- and wavelength-interleaved laser source. It is observed that some ripples 

appear at the ground level of channel 1. The reason is that the eye crossing region has 

a partial overlap with channel 1 in the laser pulses, resulting in a poorer extinction 

ratio in the multicast output. The unequal amplitudes of the output eye diagrams are 

mainly caused by the uneven optical gain in the EDFA as shown in Fig. 5.1.3.1(b). 

Time (50 ps/div.) 

Fig, S.L3,2, (a) 一 (d). Eye diagrams of the four wavelength-multicast channels with 

a common delay time, (a) 1542.50 nm, (b) 1541.34 nm, (c) 1540.00 nm and (d) 

1538.82 nm. 

To analyze the multicasting performance, we also carry out BER 

measurements. Error free operations (BER < 10'̂ ) have been achieved in all channels. 

The results are shown in Fig. 5.1.3.3. The power penalty ranges from -0.5 dB to 0.5 

dB at the BER of 10"̂ . The degraded receiver sensitivity of channel 1 is caused by 

the appearance of ripples as mentioned above. Also, an error floor is developed at the 

BER curve of channel 1 but operation with a BER < 10'̂ ® can still be obtained. The 
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improvement on the receiver sensitivity is a consequence ofNRZ to RZ pulse format 

conversion, as the impulsive coding can reduce the effect of inter-symbol 

interference [20]. 
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Fig, 5J.3.3, BER performance of the 10 Gh/s back-to-back and the 4 multicast 

outputs. The receiver sensitivities are improved except for channel I. The dotted line 

indicates the BER level ofl(f. 
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Time (50 ps/div.) 

Fig, 5d,4.L Eye diagrams of the multicast output at 1542,50 nm. Different duty 

cycles are obtained by adjusting the RF power applied to the phase modulator. The 

traces are captured with a 500-GHz optical sampling oscilloscope. 

Here, we demonstrate the tunability of the pulse width with four different 

applied RF powers. The eye diagrams are shown in Fig. 5.1,4.1 (a)-(d). Table 5.1.4.1 

shows the relationship between the applied RF power, the measured pulse width, and 

the extinction ratio observed from the eye diagrams. 

The tuning range of the pulse width is around 4.3 ps and is limited by the 

maximum output power of the RF amplifier. Shorter pulse width has been 

demonstrated with an even larger driving voltage [15]. It is observed that the 
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5.1.4 Tuning of Duty Cycle 

By controlling the applied voltage on the phase modulator, the width of the 

time- and wavelength-interleaved pulses can be adjusted. As a result, the duty cycles 

of the multicast outputs can be tuned. As derived in [15], the relationship between 

the pulse width and the phase change is given by: 

r « 0 . 7 / _ x / J [5.2] 

where t is the transform-limited pulse width, AG is the modulation index, and fm is 

the modulation frequency. By changing the modulation index, we can achieve 

multicast outputs with different pulse widths. 
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extinction ratio of the eye diagrams does not change substantially when the pulse 

width is adjusted. For the pulses with the shortest width of 17.9 ps, pedestals appear 

because of nonlinear chirp on the CW light. However, they can in principle be 

suppressed by a pulse cleaning approach [16]. 

Table 5.1,4,1. The relationship between the applied RFpower, the multicast output 

pulse width, and the respective extinction ratios. 

RF power Pulse width Extinction ratio 
(dBm) (ps) m 

19 22.2 16.5 
21 20.5 16.6 
23 19.3 16.1 
25 17.9 16 

It has been demonstrated that the delay between adjacent channels is an 

important parameter for multi-wavelength operation, including the control of walk-

off between channels in 2R regeneration [17] and the time alignment for WDM and 

OTDM inter-conversion [18，19]. Also it is important to have data with different 

delays for dropping and adding different tributary channels in a WDM-TDM network 

[21]. Time- and wavelength-interleaved pulses can act as an intermediate tool for the 

aforementioned operations and provide desirable delays between the W D M channels. 

In conclusion, we have demonstrated 4 x 10 Gb/s wavelength multicasting 

together with NRZ to RZ format conversion. The process is achieved by FWM 

between a 10 Gb/s NRZ data and a 40 GHz time- and wavelength-interleaved pulse 

train in a 64-m highly nonlinear PCF. The multicast copies are separated by a 

common relative delay time of 〜25 ps. Error-free operations have been achieved for 

all multicast outputs with a maximum power penalty of 0.5 dB. Multicast outputs 

with different duty cycles have also been demonstrated with a timing range of 4.3 ps 

in the pulse width. The scheme is potentially scalable to produce additional multicast 
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channels when more wavelength components are adopted in the interleaved laser 

pulsed source. 

86 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 6 

5.2 Wavelength Multicasting of DPSK Signals 

Besides OOK signals, phase-shift keying (PSK) is another popular signal 

format in modem communication systems. Compared with OOK signal which carries 

data by changing the intensity of the light beam, PSK signal carries data by changing 

the phase of the light. Usually the differential form of PSK signals are used as it does 

not require a reference signal. It is called differential phase-shift keying (DPSK) 

signal. The use of DPSK signals can provide several advantages, including 

enhancement of receiver sensitivity by 3 dB using balanced detection, higher 

tolerance to nonlinearity due to constant intensity and also higher spectral efficiency 

[22]. Fig. 5.2.1 shows a typical DPSK signal. The data is encoded by the differential 

phase change. When there is a bit “0”，no phase change happens. When there is a “1”， 

a 180-degree phase change is added on the light. To retrieve the original information, 

demodulation is needed before direct detection by photodetector. A fiber-based delay 

interferometer is used for the demodulation process. 

0 1 1 0 
A f\\ f\ f f\ A 八 A A n 
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\l \l 

Time 
Fig. 5,2.1. Phase changes in a DPSK signal Phases are changed by 180 degrees 

when there is a "1" in the data stream. 

To multicast DPSK signals, one important issue is that the process should be 

phase-sensitive such that the phase information can be preserved. By using four-

wave mixing (FWM) effect and sum frequency generation/difference frequency 

generation effects, wavelength multicasting of DPSK signals have been 
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demonstrated in nonlinear optical fibers, semiconductor optical amplifiers, phase 

sensitive amplifiers and periodically-poled lithium-niobate (PPLN) waveguides [23 一 

27], It is also desirable to demonstrate the capability for simultaneous conversion of 

signals among different formats according to the specific system requirement [22]. In 

this section, we experimentally demonstrate wavelength multicasting of DPSK 

signals with simultaneous NRZ to RZ pulse format conversion [28]. The operation is 

achieved by FWM of the incoming DPSK signal with a time- and wavelength-

interleaved pulsed source. The FWM is performed in a 64-m photonic crystal fiber 

(PCF). Four multicast channels have been achieved with power penalties ranging 

from 0.8 dB to 1 dB. The scheme can easily be extended to higher speed by 

increasing the repetition rate of the pulsed source. Also, the number of multicast 

outputs can be increased by using up to ten wavelengths in a time- and wavelength-

interleaved pulsed source [29]. ‘ 
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5.2.1 Experimental Setup 

The experimental setup is shown in Fig. 5.2.1.1. Two continuous-wave (CW) 

laser outputs are obtained at different wavelengths from a pair of tunable distributed 

feedback lasers. The CW lights are combined with a coupler and directed to a dual-

drive Mach-Zehnder modulator driven by a 10 GHz sinusoidal signal. The power of 

the driving signal is 24 dBm. Both amplitude and phase modulations are achieved 

with the modulator. The modulated outputs are then launched into an 8.4-km single-

mode fiber to fiirther compress the pulses by compensating the frequency chirp. The 

generated time- and wavelength-interleaved pulses are amplified by an erbium-doped 

fiber amplifier (EDFA) to 4.7 dBm. 

10 GHz 
RF © 

WDM 
Source 

8.4 km-SMF 

Individual 
Channels 

100-ps D \ PCF 
/ \ oo 

rKj 
oo 
rKj 

OBPF 印 FA 

Fig. 5.2.1.1. Experimental setup for DPSK wavelength multicasting with 

simultaneous pulse format conversion. D D M Z : dual-drive Mach-Zehnder modulator; 

SMF: single-mode fiber; EDFA: erbium-doped fiber amplifier; OTDL: optical 

tunable delay line; TL: tunable laser; PM: phase modulator; LD: laser diode; PCF: 

photonic crystal fiber; OBPF: optical bandpass filter; DI: delay interferometer. 

To prepare a NRZ-DPSK data signal, the output from a tunable laser is 

directed to a phase modulator driven by a 10-Gb/s pseudorandom binary 
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sequence. The NRZ-DPSK data stream is combined with both a CW pump and the 

time- and wavelength-interleaved pulses. The pulse peaks are temporally aligned to 

the constant phase region of the NRZ-DPSK signal using an optical tunable delay 

line. The combined inputs are then amplified to 26 dBm with an EDFA and directed 

to 64-m highly nonlinear PCF. The nonlinear coefficient of the PCF is 11 W^km"^ 

and the dispersion coefficient is —1.3 ps-km'^nm"^ at 1550 nm. The dispersion slope 

is 〜10一3 ps-km'^nm"^. The 3-dB FWM conversion bandwidth is 16 nm. FWM takes 

place inside the PCF. 

The phase transfer process during FWM is illustrated in Fig. 5.2.1.2. The CW 

pump at cOp and the data stream at ©s create an index grating in the PCF by frequency 

beating. This grating scatters the two pulsed channels at coi and CO2 and generates new 

wavelength components at a)iH,L二gh士 (G)s-®p) and g)2h,l=®2士 (cOs-®p)- The phases of 

these generated idlers are <DIH. L= <1>I± (OS- Op) and L=�2土（①S-①p)， 

respectively. As the CW and pulsed pumps do not contain data information, the 

phase changes in the pulsed idlers follow that of the NRZ-DPSK data stream. As a 

result, NRZ-to-RZ format conversion is achieved simultaneously with wavelength 

multicasting. The four multicast outputs are extracted using a tunable optical filter 

before they are individually analyzed. 
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Fig, 5,2.1,2, Phase transfer diagram during four-wave mixing. A0: 0p - 0s' 

CO— 0a2L ⑴2 ⑴2H ⑴ 
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Fig. 5.2,2,L (a) Profile of the time- and wavelength-interleaved pulses measured 

with a high-speed photodetector and oscilloscope with a system response of 17 ps. 

The pulse width is determined to be 〜14 ps with a 500-GHz optical sampling 

oscilloscope, (b) Eye diagram of the demodulated NRZ-DPSK signal 
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5,2.2 Experimental Results 

The time- and wavelength-interleaved pulses are measured with a high-speed 

photodetector and a sampling oscilloscope with a system response time of 〜17 ps. 

The result is shown in Fig. 5.2.2.1 (a). Since the pulses are not well resolved, a 500-

GHz optical sampling oscilloscope is used to accurately determined the pulse width 

that is found to be 〜14 ps. The pulses are generated at 1548.1 nm and 1550.8 run. 

The time separation between pulses at the two center wavelengths is 〜21 ps. The 

NRZ-DPSK data signal is generated at 1557.4 nm while the CW pump is obtained at 

1556.5 rnn. Fig. 5.2.2.1 (b) shows the eye diagram of the demodulated NRZ-DPSK 

signal. A 100-ps delay interferometer is used for the demodulation. It is observed that 

the limited response time of the phase modulator used in this experiment restricts the 

number of multicast channels. 
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Fig, 5.ZZ2. Optical spectrum after FWMin PCF. 

The outputs are again demodulated with a 100-ps delay interferometer. Fig. 

5.2.2.3 (a) to (d) show the eye diagrams of the multicast outputs obtained at 1547.2， 

1549.0, 1549.9 and 1551.7 nm, respectively. Clear eye diagrams have been achieved 

for all multicast channels. Also, the pulse format has been converted from NRZ to 

RZ. The amplitude non-uniformity can be reduced by further optimizing the optical 

filtering process. 

Time (50 ps/div.) 

Fig, 5,2,2,3. (a) - (d) Eye diagrams of the four multicast outputs, (a) 1547,2 nm; (b) 

1549.0 nm; (c) 1549.9 nm; (d) 1551.7 nm. 
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After FWM in the PCF, the multicast outputs are obtained. The spectrum 

after FWM in the PCF is shown in Fig. 5.2.2.2. Although there are several high-order 

FWM products, no obvious crosstalk is observed. Multicast outputs are filtered out 

and examined individually. 

l/iil,Uj y -
r
w
w
 

i
 -

 ̂
^
 

(
•
>
!
p
/
g
p
{
H
)

 M
i
s
s
e
l
 

(
•
n
.
B
)

 l
a
s
 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 6 

To characterize the performance of the multicast operation, bit error rate 

measurements have been performed on the output channels. The measurement results 

are shown in Fig. 5.2.2.4. Error-free operations are achieved for all the outputs with 

power penalties ranging from 0.8 dB to 1 dB. The power penalty is mainly caused by 

amplified spontaneous emission noise in the EDFAs and the noise introduced during 

FWM. 
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Fig, 5.2,2.4, BER measurement results. B-2-B: NRZ-DPSK input signal. Chi to 

Ch.4: RZ-DPSK multicast outputs. The dotted line indicates the BER level of 10'^. 

In conclusion, we have experimentally demonstrated wavelength multicasting 

of DPSK signals with simultaneous NRZ-to-RZ format conversion. The scheme is 

achieved by FWM of the DPSK signal with time- and wavelength-interleaved pulses 

in a 64-m nonlinear photonic crystal fiber. Four multicast channels have been 

achieved with power penalties ranging from 0.8 dB to 1 dB. The scheme can be 

easily upgraded to operate at a higher speed and with additional output wavelength 

channels. Up to 10 wavelength channels have been demonstrated in [29]. The 

number of multicast channels is limited by the pulse width and also the interactions 

among the pulse channels. Careful wavelength arrangement is needed for expansion 

to more channel count. 
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5.3 Wavelength Conversion of High-Speed Data Signal 
Using Optoelectronic Devices of Limited Speed 

In the previous chapter, we discussed the processing of optical analog signal 

using time- and wavelength-interleaved pulses. The concept can be extended to 

digital signal with the same pulsed source for high-speed optical signal processing. 

High-speed optical signal processing is important as the transmission rate of 

communication system continues to increase. In recent years, different approaches 

have been proposed to process high-speed optical signals，including the use of 

nonlinearity in optical fibers [30]，high-speed semiconductor devices [31] and 

parallel processing approach [32]. For the parallel processing approach, it is 

necessary to divide an incoming high-speed signal into different branches. By the 

interaction between time- and wavelength-interleaved pulses and a high-speed 

optical signal, multiple lower speed branches can be generated thus parallel 

processing can be achieved. The use of parallel processing can help to reduce the 

bandwidth requirement of the optoelectronic devices. Also the scheme can be easily 

scalable to higher operation speed i f multiple channels are used. Moreover, the 

carrier dynamics in the optoelectronic devices can be fully recovered, thus increasing 

the extinction ratios of the processed signals. 
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5.3.1 Introduction 

With the time-wavelength mapping characteristic of the time- and 

wavelength-interleaved pulses, high-speed optical signal can be divided into multiple 

lower speed branches at different wavelengths. The schematic diagram is shown Fig. 

5.3.1,1. 

入<1入0入7 A/入1入o入q入‘ 

AIAAAA.A 
Time 

Output 

、！A_i 
�2c A 
hi_i 
hi 4 A 

LSD: low speed device 

m 

Fig. 5.3J,L Schematic diagram for high-speed parallel processing. Xj to X4： Channel 

1 - 4 of time- and wavelength-interleaved pulses; Xic to ��:demultiplexed data. 

The time- and wavelength-interleaved pulses interact with a train of high-

speed data. They undergo a signal transfer process such that the data are now carried 

by pulses of different center wavelengths. Therefore, by a wavelength demultiplexer, 

the data can be split into multiple channels with a reduced operation speed. For each 

path, an optoelectronic device such' as a low-speed electro-absorption modulator 

(EAM) or a semiconductor optical amplifier (SOA) can be used for different types of 

optical processing, including wavelength conversion, 3R regeneration and logic 
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operation. The processed signals from the four branches can be combined again to 

reconstruct the high-speed signal. 

As a proof-of-concept experiment, we demonstrate the use of a 10 GHz EAM 

to perform wavelength conversion on a 10 Gb/s data channel demultiplexed from a 

40 Gb/s OTDM data [33]. The demultiplexing is performed by four-wave mixing 

(FWM) between the OTDM data and the time- and wavelength-interleaved pulses. 

Error-free operations have been achieved for both the demultiplexing process and the 

wavelength conversion operation, with a total power penalty of less than 5 dB. 
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5.3.2 Experimental Setup 

The experimental setup is shown in Fig. 5.3.2.1. Four continuous-wave (CW) 

laser beams obtained from a WDM source are combined with optical couplers and 

directed to a phase modulator. The phase modulator is modulated by a 10 GHz 

sinusoidal signal. As a result, the light beams are chirped and different frequency 

components are generated. The chirped lights are then directed to an 8.4-km single-

mode fiber. As different frequency components propagate at different speeds inside 

the optical fiber, the chirped CW lights are then compressed into pulses. The time 

separation between adjacent channels is determined by the wavelength spacing and is 

25 ps in this work. 40 GHz time- and wavelength-interleaved pulses are achieved at 

the output of the single-mode fiber. The pulses are then amplified to 20,9 dBm by an 

erbium-doped fiber amplifier (EDFA). 

10 GHz 

OOP 
8.4 km-SMF 

o 
J 

s m . 

EOM 
pop iiliiiifll 

OTDL 
27-1 PRBS 

XAM wavelength 
conversion 

PCF 

OBPF EDFA 
Output FWM serial to parallel 

Fig. 5,3,2.1, Experimental setup. P M : phase modulator; EDFA: erbium-doped fiber 

amplifier; PRBS: pseudorandom binary sequence; M U X : optical multiplexer; OTDL: 

optical tunable delay line; PCF: photonic crystal fiber; RAM: electro-absorption 

modulator; TL: tunable laser. 
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To generate a 40 Gb/s OTDM signal, the output from a mode-locked fiber 

laser with a full-width half maximum pulse width of 10 ps is modulated by a 2^-1 

pseudorandom binary sequence in an electro-optic modulator. The wavelength of the 

fiber laser is 〜1545.00 nm. The sequence length is limited by the commercial optical 

multiplexer that is used subsequently to multiply the bit-rate by a factor of 4. A 40 

Gb/s OTDM data stream is thus achieved. The data stream is amplified by another 

EDFA to 27.5 dBm and combined with the interleaved pulses using an optical 

coupler. An optical tunable delay line is used to synchronize the two branches. 

Polarization controllers are used to optimize the states of polarization during the 

operation. The combined signals are then directed to a 64-m photonic crystal fiber 

where FWM takes place. As a result, the data are transferred to four new wavelength 

components, each operating at 10 Gb/s. They can then be separated by an arrayed-

waveguide grating into four branches. In the experiment, we use a 0.3-nm band-pass 

filter instead of the grating to investigate the performance of each channel separately. 

After being demultiplexed, the baseband signal is amplified to 13 dBm and 

directed to the input of an EAM through an optical circulator. The EAM is biased at -

2.1 V. Meanwhile, a CW light at 1560 nm is obtained from a tunable laser and is 

connected to another input port of the EAM. Cross-absorption modulation occurs 

inside the EAM and the data are copied to the CW light. The output is obtained 

through an optical circulator. 
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5.3.3 Experimental Results and Discussions 

The waveform of the time- and wavelength-interleaved pulses and its optical 

spectrum are shown in Fig. 5.3.3.1 (a) and (b), respectively. The repetition rate is 40 

GHz, while the exact FWHM pulse width is determined by a 500-GHz optical 

sampling oscilloscope to be 〜14 ps. The wavelength separation between adjacent 

channels is 1.6 tim. The wavelengths of the pulses are switched sequentially in time. 

As a result, after FWM in the PCF, each wavelength component carries information 

of an individual baseband channel in the OTDM data stream. 
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Fig. 5.3,3.1. (a) Waveform of the time- and wavelength-interleaved pulses (b) optical 

spectrum. The wavelengths are selected at 1547.50 nm, 1549.08 nm, 1550,70 nm, 

and 1552.55 nm. 

The waveform and the optical spectrum of one demultiplexed channel are 

shown in Fig. 5.3.3.2 (a) and (b), respectively. Clear eye diagrams have been 

obtained for all channels with similar performance [34]. The spacing of the peaks in 

Fig. 5.3.3.2 (b) is 0.08 nm, confirming that the channel is operating at 10 Gb/s. As 
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mentioned above, each channel is converted to another wavelength through cross 

absorption modulation (XAM) in the EAM. 

Time (20 ps/div.) 

1540 1541.5 1540.5 1541 
Wavelength (nm) 

Fig, 5,3,3.2, (a) Measured eye diagram of one demultiplexed channel (b) optical 

spectrum. 

Fig. 5.3.3.3 (a) to (d) show the wavelength converted outputs. It is observed 

that the ripples at bit zero are flattened due to the S-shape of the EAM transfer 

function. However, time jitter appears at the trailing edges. The jitter is believed to 

originate from noises inside the EAM. The response time limit of the EAM also 

increases the pulse width of the demultiplexed channel. However, as each channel is 

operating at the baseband, there is sufficient time for the distribution and density of 

electrical carriers to recover to its original state inside the EAM. Before combining 

the four channels, pulse compression should be performed to ensure that there is no 

overlapping between adjacent channels. By passing the converted outputs through a 

red-shifted filter, the distortion at the trailing edges can be reduced [35]. 
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Fig, 5.3.33, Waveforms of the wavelength-converted outputs from channel 1 to 

channel 4. 

-22 -19 
Power (dBm) 

F'lSm SmSm Sm^m BER measurement. B2B: 10 Gb/s data before optical multiplexing; 

Demux: 10 Gb/s data after four-wave mixing-based demultiplexing; Demux + WC: 

10 Gb/s wavelength-converted output withXAMin EAM. 

Bit error rate measurements are performed on the 10 Gb/s back-to-back signal 

before multiplexing, the demultiplexed channel, and the wavelength-converted (WC) 

output. The measurement results are shown in Fig. 5.3.3.4. The power penalty for the 

demultiplexed output is ~3 dB at a BER of 10"^ while the wavelength conversion 

process adds another 1 dB penalty. Although there is a slight signal degradation, it is 

worth mentioning that a 10 GHz EAM cannot otherwise process a 40 Gb/s data 

without the serial-to-parallei conversion stage. 

Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 5 

也 

15 
c 
CD 
CO 



Nonlinear Optical Signal Processing 

Using Time- and Wavelensth-Interleaved Laser Source CHAPTER 3 
In conclusion, we demonstrate the use of a 10 GHz EAM to perform 

wavelength conversion of a demultiplexed channel obtained from FWM of a 40-Gb/s 

OTDM data with time- and wavelength-interleaved pulses. Error-free operations 

have been achieved for both the demultiplexing and the wavelength conversion 

operations. The architecture is applicable for high-speed signal processing using 

optoelectronic devices of limited speed performance. 
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5.4 Summary 

In this chapter, we have experimentally demonstrated wavelength 

multicasting using time- and wavelength-interleaved pulses and four-wave mixing in 

photonic crystal fiber. Both OOK and DPSK signals can be processed using similar 

approaches. Four multicast channels have been achieved for both data formats. Also, 

we demonstrated a scheme to use optoelectronic devices of limited speed to perform 

wavelength conversion of high-speed data signal by serial-to-parallel processing. 

Error-free operations have been achieved in all of the above demonstrations. 
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6 Autoptical OTDM-to-WDM Conversion 

To increase the capacity in the optical fiber，different multiplexing techniques 

can be adopted. Some examples are optical time-division multiplexing (OTDM)， 

wavelength-division multiplexing (WDM) and polarization-division multiplexing 

(PDM). In different optical networks, different multiplexing techniques can be used. 

For example, in long-haul transmission, OTDM has many potential advantages [1，2] 

while WDM is popular in metro networks [ 3 - 6 ] . To bridge networks with different 

multiplexing schemes, an all-optical conversion is desirable as the data rates of these 

networks are usually over the bandwidth limit of electronics. By performing all-

optical demultiplexing and wavelength conversion, an OTDM signal can be 

converted to a number of lower-speed WDM channels. In this chapter, we wil l 

introduce two approaches to perform OTDM-to-WDM conversion with the time- and 

wavelength-interleaved pulses. In Section 6.1，the conversion using cross-absorption 

modulation (XAM) in electro-absorption modulator (EAM) is achieved. In Section 

6.2，four-wave mixing (FWM) in photonic crystal fiber (PCF) is performed instead. 

We wi l l discuss the experimental results and the comparison between these two 

approaches wi l l be given in details. 
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6.1 OTDM-to-WDM Conversion by Cross-Absorption 
Modulation in an Electro-Absorption Modulator 

All-optical conversion between optical time division multiplexing (OTDM) 

and wavelength division multiplexing (WDM) signals has been a subject of intense 

research. By performing all-optical demultiplexing and wavelength conversion, an 

OTDM signal can be converted to a number of lower-speed WDM channels. 

Examples of the approaches include wavelength conversion in a Mach-Zehnder 

interferometer [7] and cross-phase modulation (XPM) in a nonlinear optical loop 

mirror (NOLM) [8] or a semiconductor optical amplifier (SOA) [9]. The above 

approaches rely on precise time delay among individual laser branches or 

complicated source generation scheme, making them unattractive for application in a 

system with large channel count OTDM to WDM conversion has also been 

demonstrated using four-wave mixing (FWM) with W D M sampling pulses in a 

highly non-linear fiber [10] or spectral slicing of data-signal-induced supercontinuum 

light source [11]. However，the setups are relatively bulky, polarization sensitive, and 

are dependent on high-power operation. In this demonstration [12，13], we generate 

40-GHz time- and wavelength-interleaved pulses by X A M of four laser beams in an 

electro-absorption modulator (EAM) followed by dispersion in a linearly chirped 

fiber Bragg grating (CFBG). We then applied the pulses for 40-Gb/s OTDM to 4 x 

10-Gb/s WDM signal conversion, again through XAM. The setup is compact, 

potentially integrable, and operates at moderate optical power levels. Bit-error rate 

measurement shows error-free operation with power penalties ranging from 4 to 6 dB. 

The operation principle is illustrated in Fig. 6.1.1. A time- and wavelength-

interleaved pulsed source is directed to a reversely biased EAM. A l l the light pulses 
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are absorbed at this stage. An OTDM data stream is input to the EAM at another 

input port via an optical circulator. When a bit "0" in the data stream is fed into the 

EAM, the time- and wavelength-interleaved pulses are absorbed by the EAM and no 

light can pass through the device. When a bit “1” is input to the EAM, the intense 

light screens the electric field applied to the EAM. During this time window, the 

time- and wavelength-interleaved pulses can pass through the EAM and be observed 

from the output port of the optical circulator. An example is shown in Fig, 6.1.1 with 

data bits "1001". As the "1" bits are time aligned with X\ and the pulses of these 

two wavelengths can pass the EAM while and are absorbed. The data are thus 

correctly copied to the pulses. By the time-to-wavelength mapping of the pulsed 

source, different channels can be separated using a WDM filter or arrayed-waveguide 

grating. OTDM-to-WDM conversion is thus achieved. 

1 0 0 

Time 
Fig, 6,LL Operation principle of OTDM-to- W D M conversion with XAM in EAM. 
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6.1.1 Experimental Setup 

The experimental setup is shown in Fig. 6.1.1.1. Four continuous-wave (CW) 

lasers are obtained from a WDM source. The wavelength spacing is 1.3 nm. The 

laser outputs are combined with optical couplers before they are connected to the 

input port of EAMl. Another input port of EAMl is connected to a 10-GHz mode-

locked fiber laser (MLFL) via an optical circulator. The MLFL is centered at 

1536.41 nm. The intensity FWHM pulse width measured with a 500-GHz optical 

sampling oscilloscope is 12 ps. The pulse shape is squared hyperbolic secant. 

Individual 
Channels 

VOA EDFA 
OBPF 

Fig. 6.LLL Experimental setup for O T D M to W D M conversion. EAMl, EAM2: 

electro-absorption modulator; OCl, 0C2 and 0C3: optical circulator; MLFL: 

mode-locked fiber laser; CFBG: linearly chirped fiber Bragg grating; EDFA: 

erbium-doped fiber amplifier; OTDL: optical tumble delay line; EOM: electro-optic 

modulator; PRBS: pseudorandom binary sequence; M U X : optical multiplexer; 

OBPF: optical band pass filter; VOA: variable optical attenuator. 

EAMl is biased at -3 V to maximize the absorption of the CW lasers in the 

absence of the MLFL. When the MLFL is applied, X A M takes place and the four 

CW lasers are modulated. The modulated lasers are then reflected by the CFBG via 
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another optical circulator. The dispersion of the CFBG is -20 ps/nm and introduces a 

25-ps separation between adjacent pulses. The 3-dB bandwidth of the CFBG is ~30 

nm and is centered at 1550 nm, enabling a wideband operation. 40-GHz time- and 

wavelength-interleaved pulses are thus achieved. The pulses are amplified to 9.8 

dBm by an erbium-doped fiber amplifier before it is directed to EAM2. 

To generate a 40-Gb/s OTDM signal, a lO-GHz pulsed source is obtained 

from another output port of the MLFL. In practice, a separate pulsed source should 

be used. The laser pulses are modulated by an electro-optic modulator with a 2^-1 

pseudorandom binary sequence (PRBS). The pattern length is limited by the delay of 

the optical multiplexer. The modulated signal is multiplexed to 40 Gb/s and 

amplified to 16 dBm. The signal enters EAM2 via an optical circulator. An optical 

tunable delay line is used to ensure the time synchronization between the OTDM 

signal and the interleaved pulses, X A M is performed in EAM2 and the output is 

obtained from 0C3. The output is amplified by another EDFA to achieve the 

minimum detection power. It is worth mentioning that the polarization sensitivities 

for both EAMs are within 0.5 dB, providing a polarization-insensitive property for 

the whole process. 
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6.1.2 Experimental Results on EAM 

To optimize the conversion performance, we first investigate the 

characteristics of the EAM utilized in the experiment. The static characteristic of 

EAM2 from 1540 to 1560 nm is shown in Fig. 6.1.2.1. It is observed that the EAM 

absorption efficiency is wavelength-dependent, agreeing with the results in [14, 15]. 

The absorption changes rapidly at a reverse bias voltage of around -1.5 V. 

0 
1540 nm 
1550 nm 

Fig. 6丄2丄 

wavelengths. 
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Fig* 6 J,2,2, Output probe power against pump power at different bias voltages. 

The XAM performance at different bias is plotted in Fig. 6.1.2.2. In the 

measurement, both probe and pump lights are CW and they counter-propagate inside 

the EAM2. As the design of the EAM2 is not optimized for X A M operation, a 10 dB 
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change in pump power can only induce a ~ 2 dB change in the probe power at the 

bias voltage of -1.5 V. We can anticipate that the on-off ratio of the demultiplexed 

channels is not very high. It is worth mentioning at the bias voltage of -2.5 V, a 5 dB 

change in probe power can be achieved, which in principle can lead to better 

performance in OTDM-to-WDM conversion. However, the optical loss is too high 

and additional amplification decreases the signal-to-noise ratio. During the 

experiment, both the extinction ratio of the cross-absorption modulated pulses and 

the output power are optimized to obtain the largest eye-opening after the conversion. 
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1553 

Time (50 ps/div.) 

1555 1567 Wavelength (nm) 1559 

F i g . 6,L3,1, (a) ~ (d) Waveforms of the four channels of the time- and wavelength-

interleaved pulses, (e) Optical spectrum of the interleaved pulses. The center 

wavelengths of the four channels are 1554.10, 1555.40, 1556.70, and 1558.05 nm 

respectively. 
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6.1.3 Experimental Results on OTDM-to-WDM 
Conversion 

The waveforms of different channels in the time- and wavelength-interleaved 

pulses are shown in Fig. 6.1.3.1 (a) to (d). The repetition rate at each channel is 10 

GHz and the pulse width is around 20 ps. The contrast ratio of the pulses is 25 dB. 

The time-bandwidth product of the pulses is 〜0,524, showing that the pulses are 

slightly chiiped. The measured optical spectrum is shown in Fig. 6.1,3.1 (e). The 

pulse width is limited by the pulse width of the MLFL, which is 12 ps in this 

experiment. The pulse width of the time- and wavelength-interleaved source can be 

reduced i f a separate MLFL is used to optimize each stage of XAM. 
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The eye diagram of the 40 Gb/s OTDM data is shown in Fig. 6.1.3.2. The 

data stream is generated at 1536.00 nm. The data acts as pump to screen out the 

electric field applied to EAM2. 

3 

"？S & 
CO 

Time (20 ps/div.) 
Fig* 6,1.3,2, Eye diagram of the 40 Gb/s OTDM data. 

After X A M in EAM, we filter out the four individual channels from the EAM 

output using a 0.3-nm optical band pass filter. In principle, an arrayed waveguide 

grating can be used to separate all the channels simultaneously. 

Time (20 ps/div.) 
F i g . 6.1,3,3, (a) — (d) Eye diagrams of the four demultiplexed channels, from ch.l to 

ch. 4. 

Figure 6.1.3.3 (a) - (d) show the eye diagrams of the four demultiplexed 

channels. The traces are detected using a 50-GHz digital oscilloscope with a 32-GHz 

photodetector. The response of the whole detection system is 17 ps. We observe 

some amplitude noise together with a slight reduction in the extinction ratio. The 

degradation occurs as a result of channel overlapping in the interleaved pulses shown 

in Fig, 6.1.3.1. When an OTDM bit "1" opens an optical gate in the EAM for the 

corresponding pulse in the interleaved source, the pulses at adjacent channels can 
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Fig, 6.1.3,4, BER performance of the 10 Gb/s back-to-back and the 4 demultiplexed 

W D M signals. 
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also be partially transmitted due to the channel overlapping. As a result, the signal-

to-noise ratio of the output is reduced. 

The BER performances of the four channels are shown in Fig. 6.1.3.4. Error-

free operations (BER<10'^) are obtained in all channels. However, a relatively large 

power penalty of 4 to 6 dB is observed. The penalty is mainly caused by channel 

overlapping of the interleaved pulses as described above. An additional cause for the 

degradation is the reduction of optical signal-to-noise ratio in the EAMs and 

additional amplified spontaneous emission (ASE) noise from the EDFA. The power 

penalty varies slightly among the four chaimels owing to power fluctuation in the 

WDM laser source. An error floor appears in the converted outputs, suggesting that 

an optical regenerator such as a Mamyshev-based regenerator [16] or EAM-based 

regenerator [17] may be needed to improve the system performance. 

•2 

-3 

In conclusion, a new scheme for all-optical OTDM to WDM signal 

conversion has been demonstrated using X A M in an EAM with time- and 

wavelength-interleaved pulses. The time separation between pulses at different 

wavelengths is determined by wavelength mapping of the pulses. No adjustment is 
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needed on the optical delay of individual laser branches. We have successfully 

applied the scheme for 40 Gb/s OTDM to 4x10 Gb/s WDM conversion. The power 

penalty is 4 - 6 dB and is limited by temporal overlapping of the interleaved pulses 

and additional ASE noise. The system can be further improved to operate at higher 

bit rates by accommodating more channels in the setup. The compact setup is 

potentially integrable and provides a polarization insensitive solution to address all-

optical data conversion in future photonic networks. 
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6.2 OTDM-t0"WDM Conversion by Four-Wave Mixing in 
Photonic Crystal Fiber 

In last section, we have demonstrated OTDM-to-WDM conversion by X A M 

in EAM. However, the power penalties are relatively large due to the large pulse 

widths and the limited speed of EAM. For higher speed operation up to 80 Gb/s or 

even 160 Gb/s, expensive semiconductor devices are needed, such as quantum-dot 

semiconductor optical amplifier (QD-SOA) [18] and quantum-dash mode-locked 

laser diode (QD-MLLD) [19]. Instead, the use of nonlinearity in specialty fiber can 

help to reduce the cost and enhance the bandwidth a lot. For the application of 

OTDM-to-WDM conversion, different approaches have been proposed to achieve 

the operation in specialty fibers including time-domain Fourier transform [20], self-

phase modulation with a single optical gate [21] and optical parametric amplification 

[22]. Other than these effects in specialty fibers, in recent years, pump-modulated 

FWM has been rigorously pursued for all-optical signal processing. The regenerative 

property of the approach has been previously demonstrated [23, 24]. By the 

regenerative properties, the performance of the OTDM-to-WDM conversion is 

expected to improve compared with the previous approach using X A M in EAM. In 

this section, we experimentally demonstrate the conversion of 40 Gb/s OTDM data 

to 4 X 10 Gb/s WDM channels by pump-modulated four-wave mixing with a time-

and wavelength-interleaved pulsed source in a highly nonlinear photonic crystal fiber 

(PCF) [25]. With the regenerative property of pump-modulated FWM, the extinction 

ratios of the demultiplexed channels are enhanced compared with that of the 40 Gb/s 

OTDM input data. 

The operation principle is illustrated in Fig. 6.2.1. A time- and wavelength-

interleaved pulsed source is combined with the OTDM data and directed to the PCF. 

121 



FWM occurs inside the PCF. During the FWM process, four idlers are generated. 

The information of the individual idlers is governed by the following equation: 

E F W M oz{Ep'Es'']Ep [6.1] 

where EFWM is fieid amplitude of the FWM-generated idler, EP is the field amplitude 

of the pump and Eg is the field amplitude of probe pulses. It is worth mentioning that 

the OTDM data acts as a pump during the FWM process. As a result, the field 

amplitudes of the idlers have a quadratic relationship with the field amplitude of the 

OTDM data. In consequence, the extinction ratios of the idlers are enhanced 

compared with the input data stream. 

入 1 入 2 入 3 入 4 入 1 入 2 入 3 入 4 八]\ / \ 入1C 

Time 

1 0 1 1 1 1 0 1 
八 / V W \ A 

X I 
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1 

A A '2c 

A �3c 

八 八 入 ‘4c 
Time 

Fig, 6,2,L Operation principle of OTDM-to-WDM conversion with F W M in PCF 

Moreover, as different wavelength components reside at different time slots 

in the time- and wavelength-interleaved pulsed source, each converted wavelength 

component contains information in a particular channel of the OTDM data. By 

filtering out the four generated components, four WDM channels are obtained. As a 

result, the OTDM to W D M conversion is achieved. 
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6.2. Experimental Setup 
The experimental setup is shown in Fig. 6.2.1.1. Four CW laser outputs are 

obtained from a WDM source. The four branches are combined with couplers and 

directed to the input of a phase modulator. The phase modulator is driven by a 10 

GHz RF signal, introducing a 10 GHz chirp on the CW lights. The CW lights are 

then transmitted in an 8.4 km single-mode fiber (SMF)，introducing a dispersion of -

142 ps*nnfi. Owing to frequency chirp introduced in the phase modulator, different 

portions of the CW lights are of different instantaneous frequencies. As a result, 

group delay occurs for the CW lights and short pulses are generated through group 

velocity dispersion in the SMF. At the same time, since the four CW lights are of 

different wavelengths, inter-channel time delay occurs between adjacent channels. 

By optimizing the phase modulation depth, the wavelength spacing and the 

dispersion, a4 x 10 GHz time- and wavelength-interleaved pulsed source is achieved. 

8.4 km-SMF 
H R Q m 

ODQ, 
I ^ r 

OOP 
Q O Q r c

 
L- ：二】 

•Q.QQ.. 

EOM 

MLFL OOP 
y 

7JA PRBS 

10-> 40 
MUX 

Individual 
Channels 

OTDL PCF 

EDFA OBPF 
F i g . 6,2,1,1, Experimental setup. EDFA: erbium-doped fiber amplifier; EOM: 

electro-optic modulator; MLFL: mode-locked fiber laser; M U X : multiplexer; OBPF: 

optical band-pass filter; OTDL: optical tunable delay line; PCF: photonic crystal 

fiber; PM: phase modulator; PRBS: pseudorandom binary sequence; SMF: single 

mode fiber. 
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To generate a 40 Gb/s OTDM signal, a 10-GHz pulsed source is obtained 

from the output port of a mode-locked fiber laser (MLFL). The laser pulses are then 

modulated by an electro-optic modulator with a 2 -1 pseudorandom binary sequence 

(PRBS) and optically multiplexed to 40 Gb/s. The sequence length is limited by the 

maximum delay provided by the optical multiplexer. The 40 Gb/s OTDM data are 

then combined with the time- and wavelength-interleaved pulses. A tunable optical 

delay line is added after the multiplexer to ensure synchronization between the two 

light branches. The combined signal is directed to an EDFA through a polarization 

controller and is then amplified to 27 dBm. FWM occurs inside the PCF and four 

new wavelengths are generated. The individual channels are filtered out for further 

investigation. 
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6.2.2 Experimental Results on Extinction Ratio 
Enhancement 

The waveform of the time- and wavelength-interleaved pulses is measured 

with a 32-GHz photodetector connected to a 50-GHz digital sampling oscilloscope 

with a measurement response time of 〜17 ps. The result is shown in Fig, 6.2.2.1. 

With an optical sampling oscilloscope, the width of the laser pulses is determined to 

be 14.4 ps as shown in Fig. 6,2.2.2, The wavelength spacing between adjacent 

channels is 1.25 nm. The wavelengths of the pulsed source range from 1548.40 rnn to 

1552.24 nm. The pulsed source acts as probes during FWM. 

F i g , 6,2,2,1, Temporal profile of the time- and wave length-interleaved pulses. The 

center wavelengths of the four channels are 1548AO, 1549.76, 1550.92, and 1552.24 

nm, from Xj to X4 respectively. 

M H H 
Z5 

"c5 
CO 

Time (50 ps/div.) 
F i g , 6,2,2.2. Waveform of an individual pulsed channel, detected using a 500-GHz 

optical sampling oscilloscope. 

The eye diagram of the 40 Gb/s OTDM data is shown in Fig. 6.2.2.3. The 

quality of the data is distorted intentionally by applying an offset bias to the electro-
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Time (20 ps/div.) 
F i g . 6.2.2,4. Eye diagram of one demultiplexed channel. The extinction ratio is 

enhanced to be 11.2 dB. 

A widely opened eye with an extinction ratio of 11.2 dB is obtained, showing 

a 2.6 dB improvement compared with the original 40 Gb/s OTDM data. The noise on 

bit "0" is also suppressed. We observe channel crosstalk at the leading and trailing 
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Time (20 ps/div.) 
Fig, 6.2,2.3. Eye diagram of the distorted 40 Gb/s O T D M data stream. The 

extinction ratio is 8.6 dB. 

After FWM in PCF, the OTDM data are demultiplexed into four WDM 

channels. To examine the property of extinction ratio enhancement, we filter out the 

idler generated by FWM between the data pump and the pulsed probe at 1548.40 nm. 

The eye diagram of the filtered channels is shown in Fig. 6.2.2.4. 

Nonlinear Optical Signal Processing 
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Optic modulator. The extinction ratio is 8.6 dB. Four-wave mixing occurs in a 64-m, 

highly nonlinear, low-dispersion, and dispersion-flattened PCF. The nonlinear 

coefficient y is equal to 11 with a dispersion of < 3 ps*km"^mn"' over the C-

band and a dispersion slope of 10'̂  ps*km"^nin'^. The 3-dB conversion bandwidth of 

the PCF is 16 nm. The wide conversion bandwidth ensures similar conversion 

efficiencies for all pulsed channels. 
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edges that can be attributed to pulse pedestal observed in Fig. 6.2.2.2. The pedestal 

can be eliminated with further compression of the pulses and additional pulse 

cleaning process [26]. However, as both the OTDM data and demultiplexed channels 

are too noisy, bit-error rate measurement cannot be performed. To further investigate 

the performances of the OTDM-to-WDM converter, an error-free OTDM data is 

used instead of a noisy one. 
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Fig. 6,2、3丄 Optical spectrum after FWMin PCK 
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6.2.3 Experimental Results on OTDM-to-WDM 
Conversion 

The eye diagram of the error-free 40 Gb/s OTDM data is shown in Fig. 

6.2.3.1. The wavelength of the data is at 1545.5 nm. The extinction ratio of the data 

stream is over 11 dB. The optical spectrum after FWM in PCF is shown in Fig. 

6.2.3.2. The conversion efficiency, defined as the peak intensity ratio between the 

generated idler and the input probe, is ~ -20 dB. Also, it is observed that the 

conversion efficiencies of the FWM components generated among the pulsed 

channels are less than -25 dB, proving that the slight overlapping between adjacent 

pulses does not introduce serious crosstalk among the WDM channels. 

Time (20 ps/div.) 
Fig. 6,2,3,L Eye diagram of a normal 40 Gb/s OTDM data stream. The extinction 

ratio is over II dB. 
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Fig. 6.2,3,3. (a) - (d) Eye diagrams the demultiplexed channels, from Xic to X4c 

respectively, 
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Received Power (dBm) 
Fig, 6.23,4. BER measurement B2B: back-to-back measurement on 10 Gb/s before 

optically multiplexed to 40 Gb/s OTDM data.Chl to Ch, 4: demultiplexed channels 

from Xic to X40 

Finally, bit-error rate measurements are performed on the demultiplexed 

channels. The back-to-back curve indicates the 10 Gb/s RZ-OOK signal before 

optical multiplexing. Error-free operations have been achieved for all channels. The 

power penalties range from 3 dB to 5 dB. The power penalties are believed to be 

caused by the pump-to-idler intensity noise during the FWM process and additional 
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The waveforms of the filtered idlers are shown in Fig. 6.2.3.3 (a) - (d). . The 

idlers are generated at 1542.6, 1541.24，1540.08, and 1538.76 nm, respectively. Non-

uniform amplitudes are observed for the four channels. The reason is that the EDFA 

used in the experiment has a non-flattened gain over its spectrum. 
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ASE noise. The poorer performance of channel 1 is attributed to the large ASE noise 

at the gain peak of the EDFA around 1543 nm. 

In conclusion, we experimentally demonstrate the conversion from 40 Gb/s 

OTDM to 4 X 10 Gb/s WDM channels using pump-modulated four-wave mixing in a 

64-in PCF with a time- and wavelength-interleaved pulsed source. Error-free 

operations have been achieved for all demultiplexed channels with power penalties 

ranging from 3 dB to 5 dB. With the bit-rate transparency of FWM, the system can 

potentially be operated at higher speeds with additional channels. 

130 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 6 

6.3 Summary 
In this chapter, we have demonstrated two approaches for OTDM-to-WDM 

conversion using time- and wavelength-interleaved pulses. The first one is by X A M 

in EAM, and the second one is by FWM in PCF. The following table concludes the 

comparison between these two approaches. 

X A M in EAM FWM in PCF 

Response limit 〜1 ps [27] Several fs [28] 

Compactness Integrable Bulky 

Polarization Sensitivity Low (by proper design) High 

Cost Moderate (expensive for 
high speed) Moderate 

Required Optical Power Low High 

In [27], the proposed transmitter is an electro-absorption modulated laser 

(EML) operating at 100 Gb/s. As a result, it is believed that the response time for 

X A M is at the ps region. 

To conclude, for the OTDM-to-WDM conversion, the two proposed 

approaches have their pros and cons. Depending on the budget and system 

requirement, either EAM or PCF can be used for the operation, both offering 

satisfactory system performances. 
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7 Regenerative Optical Signal Processing in Optical 
Parametric Amplifier 

The research on optical parametric amplifier (OPA) has been a hot topic in 

recent years. It exploits nonlinear optical properties of optical fibers. The main 

nonlinear effect utilized is the third order susceptibility 受 in silica fibers. Compared 

with the common optical amplifiers, OPA can provide some interesting properties as 

listed below [1]: 

Gain bandwidth increasing with pump power 

Arbitrary pump wavelength 

Large gain 

Wavelength conversion 

o Spectral inversion 

o Phase conjugation 

o High-speed optical signal processing 

• Low noise figure 

• Unidirectional gain and spontaneous emission 

Much research has been focused on the gain, bandwidth and the noise figure 

in the OPA [1, 2]. Besides acting as an optical amplifier, OPA has attracted much 

interest for applications in nonlinear optical signal processing due to its wavelength 

conversion properties and also fast response of the optical gain. 

For the wavelength conversion property, different applications have been 

demonstrated using OPA including all-optical demultiplexing [3], wavelength 

multicasting [4]，3R regeneration [5]，all-optical tunable delay [6], and applications 

in microwave photonics [7]. Due to the gain in OPA, the performances are better 
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compared with results obtained from traditional four-wave mixing approach and 

other nonlinearities in optical fibers and semiconductor devices. 

In this chapter, we wi l l discuss the applications of time- and wavelength-

interleaved pulses in an OP A, In Section 7.1，the principles of one-pump OPA and 

the pump depletion effect wi l l be discussed. In Section 7.2, reconfigurable all-optical 

demultiplexing wi l l be demonstrated. The operation is achieved by a data-pumped 

OPA interacting with a time- and wavelength-interleaved pulsed source. The power 

penalties of the demultiplexed channels are less than 0.6 dB，which is very small 

compared with the results obtained in previous chapter. In Section 7.3, some 

preliminary results on two-channel signal amplitude noise reduction wi l l be 

discussed. Amplitude noises of two RZ-DPSK signals can be achieved 

simultaneously in a CW-pumped OPA. We wil l discuss how the proposed 

regenerator can be more channel count and other advanced modulation format. 
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7.1 Introduction of Optical Parametric Amplifier 
Although OP A can provide a lot of advantages as mentioned previously, 

there are several requirements to realize an OPA. They are: 

• High nonlinear coefficient y 

• Constant zero-dispersion wavelength for phase matching 

• Pump source with high peak power 

Although it was difficult to achieve the above requirements in 1990s, the 

development in fiber fabrication and optical amplifiers in recent years makes it 

possible to achieve OPA easily. Nowadays optical fiber with nonlinear coefficient y 

larger than 10 is commercially available. Also the dispersion wavelength 

can be controlled accurately along the fiber. For high power pump source, EDFA is 

widely available and the price for a 1-W EDFA has become affordable. Thus，it is 

not difficult to achieve a high power laser source, either in CW mode or pulsed mode. 

As a result, the popularity of OPA has been increasing dramatically in the first 

decade of the century. 

For different applications, various pump configurations can be adopted to 

achieve OPA with different gain spectra and gain bandwidths. In this chapter, we 

focus on the discussion of one-pump OPA which wi l l be utilized in Section 7.2 and 

7.3. Also we wi l l describe the effect of pump depletion in OPA. 
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7.1. One-Pump Optical Parametric Amplifier 
As mentioned in the last section, OPA has a property of working with 

arbitrary pump wavelength. Also OPA can be pumped by either single pump or 

multiple pumps. In one-pump OPA, there are two categories: OPA with pump 

located in the normal dispersion region and OPA with pump located in anomalous 

dispersion region. The main differences between these two configurations are the 

shape of the gain spectrum and the phase-matching condition inside the nonlinear 

fiber. 

Fig. 7.1.1.1 (a) shows a typical wavelength assignment in the case of one-

pump OPA, The pump oOp is located at the anomalous dispersion region (frequency 

lower than zero-dispersion frequency ©o). The signal at cop is also located at the 

anomalous dispersion region to maintain phase-matching condition throughout the 

HNLF. Fig. 7.1.1.1 (a) also represents the case for the pump and signal before 

directing to a highly nonlinear fiber (HNLF). After HNLF, OPA occurs and the 

situation is shown in Fig. 7.1.1.1 (b). An idler is generated at coj = 2(0p_ cOs. The pump 

energy is redistributed and transferred to the signal and the idler during the OPA 

process. As a result, the signal at cos experiences gain while the pump energy is 

depleted. The property of pump depletion is very important to the applications that 

wil l be demonstrated in Section 7.2 and 7,3, 
U)R 

U). 
p 

(a) 
⑴i 

COr W Wf w 

F i g , 7,1,1.1, (a) Frequency assignment for pump and signal in the case of one-pump 

OPA, pump wavelength at anomalous dispersion region, (b) Frequency assignment 

after parametric process in HNLF. 
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F i g . 7.1,1,2, A typical gain spectrum of a one-pump O P A with pump wavelength in 

anomalous dispersion region. 
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Fig. 7.1.1.2 shows a typical gain spectrum when the pump is located in the 

anomalous dispersion region. The pump is a 40 Gb/s data with a pulsed with of 10 ps. 

The use of a data pump is needed to investigate the properties of a pump-modulated 

OPA. The pump wavelength is 1551 nm. The pump power is 17.5 dBm. The HNLF 

has a nonlinear coefficient of 11.7 W'^km"^ around 1550 nm. The zero dispersion 

wavelength of the HNLF is 1549 nm, while the dispersion slope is less than 0.02 
I f s 

ps*kmHm' at 1550 nm. The gain spectrum is of M-shape. The gain bandwidth and 

the amount of gain change when the spacing between the zero-dispersion wavelength 

and the pump wavelength is changed. For pump depletion application, the signal 

should align with the gain peak to achieve best performance. 
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7.1.2 Pump Depletion in Optical Parametric Amplifier 
During amplification in an OP A, as mentioned before the pump energy is 

redistributed to the signal and the idler. As a result, the pump energy is decreased. 

This phenomenon is named pump depletion. For pump depletion operation, usually 

the pump should be of high peak power to achieve reasonable gain on the probe 

wavelength. As a result, it is easier to achieve pump depletion with pulsed pump 

rather than CW pump. 

pump 

八八八八I 
Time 

i J � S；} 、〜、‘ 

f 
i 
f 

Time 

0 0 0 

A *pump 

Time 

A _ / L A 
Time 

F i g , 7J.2J. Operation principle of depletion in a pulsed-pump OPA, 

As a proof-of-concept experiment, we demonstrate the pump depletion effect 

with a clock-pumped OPA and a non-retum-to-zero (NRZ) fixed-pattern data. The 

principle is shown in Fig. 7.1,2.1. A pulse train at Âump acts as the pump in the OPA, 

while a fixed-pattern data at Xi acts as the probe. When there is a bit “1”，the data 

experiences the gain provided by the pulse train. So the pulse format of the fixed-

pattern data is converted from NRZ to retum-to-zero (RZ). Also the pulses are 

depleted (or representing a bit "0"). When there is a bit “0”，the correspondent pulse 

is not depleted (or representing a bit "1"). As a result, the waveform of the pulse train 

is always an inverse version of the data pattern, which is a NOT gate operation. It is a 

side-product of pump depletion in a pulsed-pump OPA. 
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Fig. 7,1.2,2, Waveforms of (a) Fixed pattern data "10110110”. (b) 10 GHz pulses 

After pump depletion in OP A, the energies of the pulses are depleted when 

the data obtains gain. Fig. 7.1.2.3 (a) shows the amplified data with NRZ-to-RZ 

format conversion. The pulse width of the RZ data follows that of the pulsed pump. 

The waveform of the pulsed pump after pump depletion is shown in Fig. 7.1.2.3 (b). 

The pulses which are aligned with the bits “1” in the data stream are depleted, while 

those aligned with the bits “0” remain. So the resulting bit pattern is "01001001" 

which equals a NOT operation on the original data pattern. The experimental results 

show the pump depletion effect is efficient in a pulsed-pumped OPA, which is 

suitable for OTDM data add/drop multiplexing. 
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Fig. 7.1.2.2 (a) shows the fixed-pattern non-retum-to-zero (NRZ) data with 

bits “10110110”. The data acts as probe in OPA. Fig. 7.1.2.2 (b) shows a 10 GHz 

clock with a pulse width of 18 ps. It acts as the pump in OPA. 

Time (100 ps/div.) Time (100 ps/div.) 

F i g . 7,1.2,3, Waveforms of (a) format-converted pattern and (b) depleted pulses. 

142 

(
.
n
e
)

 一
e
u
6
!
s
 

(a： 

I 

=3 

"co 
C 

CO 

3 

c O) 

o 

0) 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 7 

7.2 All-Optical Demultiplexing by Pump Depletion in an 
Optical Parametric Amplifier 

optical add/drop multiplexing is an important process in the communication 

networks for routing data to different destinations. For a wavelength-division 

multiplexing (WDM) network, the implementation is relatively straightforward using 

wavelength-selective devices such as fiber Bragg gratings and different types of 

filters. However, for an optical time-division multiplexing (OTDM) network, a time 

gating mechanism is required to extract one or more tributaries from the multiplexed 

data stream. The ability of reconfigurable operation is also a desirable characteristic 

for an add/drop multiplexer as dynamic routing or bandwidth reallocation is required 

in optical networks. Several approaches have been proposed to achieve add/drop 

multiplexing through the use of integrated devices [8] and fiber devices [9-11]. 

Recently, the applications of optical parametric amplifier (OPA) have been widely 

explored [12], and different functionalities such as wavelength multicasting [13], 

optical demultiplexing [14，15]’ and 10 Gb/s add/drop multiplexing [16] have been 

demonstrated. With the use of a multi-wavelength pulsed source, additional 

functionalities are expected to be achieved with OPA. 

In previous chapters, we discussed OTDM-to-WDM conversion by X A M in 

EAM and FWM in PCF. However, the power penalties were relatively large due to 

degradation in the optical signal-to-noise ratio (SNR) in the two approaches. To 

improve the performance, the SNR of the demultiplexed channels should be 

enhanced. In this section, we use the pump depletion effect in an OPA to achieve 

reconfigurable two-channel demultiplexing from a 40 Gb/s OTDM data stream [17]. 

Owing to saturated gain in the OPA，the SNR has been improved compared with the 
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results in [18] and the power penalties have been reduced. Regeneration properties of 

OP A have been reported in [19，20]. Instead of using the conventional pulsed pump 

configuration, we use the multiplexed data directly as the OPA pump. This pump-

modulated OP A achieves channel drop through depletion of the pump (data) power 

by probe pulses obtained from a time- and wavelength-interleaved laser source. Two 

10 Gb/s OTDM tributaries have been successfully dropped from a 40 Gb/s 

multiplexed data stream with error-free operations and reconfigurable channel 

selection. Droppings of both adjacent and alternate channels have been demonstrated 

with measured power penalties less than 0.6 dB. With the wavelength-interleaved 

probe pulses, the demultiplexed channels can subsequently be wavelength-routed to 

different destinations. Our scheme allows fast reconfiguration through wavelength 

tuning instead of relying on complicated length adjustment in multiple delay lines. 

Moreover, the system can be potentially upgraded to an OTDM-to-WDM converter 

when two extra pulsed channels are added. 
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IX Experimental Setup 
The setup is shown in Fig. 7.2.1.1. Two continuous-wave (CW) lasers with a 

wavelength spacing of 2 run are obtained from a WDM source. The laser outputs are 

combined by an optical coupler connected to a dual-drive Mach-Zehnder modulator. 

The modulator is driven with a 10 GHz sinusoidal signal on one of the arms to 

introduce chirp and amplitude modulation on the CW lights. The power of the 

driving signal is 22 dBm. The outputs are then directed to 8.4-km single-mode fiber 

(SMF). As the frequency components contained in both lasers are now time-

dependent, group velocity dispersion (GVD) in the SMF can be used to further 

compress the pulses [21，22]. The time spacing between adjacent channels is ~25 ps, 

governed by the wavelength spacing and the GVD in the SMF. An EDFA is used 

after the SMF to compensate for the loss. Consequently, a time- and wavelength-

interleaved laser source is achieved at the EDFA output. 

10 GHz 
RF © 8.4 km-SMF 

OBPF EDFA 

F i g . 7,2,LL Setup for pump-modulated OPA demultiplexing. MLFL: mode-locked 

fiber laser; ROM: electro-optic modulator; PRBS: pseudorandom binary sequence; 

D D M Z : dual-drive Mach-Zehnder modulator; RF: radio frequency; OTDL: optical 

tunable delay line; EDFA: erbium-doped fiber amplifier; HNLF: highly nonlinear 

fiber; OBPF: optical band pass filter; 
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Fig, 7,2,1,2, Principle of add/drop operation of OTDM data by pump depletion in 

optical parametric amplifier. The amplitudes of the pulses after D E M U X are for 

illustration only but not of true values. D E M U X : wavelength demultiplexer; HNLF: 

highly nonlinear fiber optimizedfor OPA process. 

Optical parametric amplification takes place inside the HNLF. The principle 

is illustrated in Fig. 7,2,1,2. The input data stream serves as the pump at Xp to amplify 

probe pulses at X{ and When a bit "1" in the data stream is aligned to a probe 

pulse, the respective pulse is amplified and the energy is thus transferred to the probe 

wavelength. The corresponding bit in the data stream is suppressed due to pump 
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To generate a 40 Gb/s data stream, the output from a 10 GHz mode-locked 

fiber laser is modulated by an electro-optic modulator driven by a 10 Gb/s 

pseudorandom binary sequence. The data is directed to an optical multiplexer and the 

bit rate is increased to 40 Gb/s. The multiplexed data is combined with the time- and 

wavelength-interleaved pulses using a 90/10 optical coupler. An optical tunable 

delay line is used to provide synchronization between the two branches. The coupled 

lights are subsequently amplified by an EDFA to 17.5 dBm and are directed to a 1-

km highly nonlinear fiber (HNLF) with a nonlinear coefficient of 11.7 W^km'^ 

around 1550 nm. The zero dispersion wavelength of the HNLF is 1549 nm, while the 

dispersion slope is less than 0,02 ps-km'^nm'^ at 1550 nm. 
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depletion. By this mechanism, the data are transferred to the probe wavelength and 

channel drop operation is achieved. With multiple pulse channels interacting with the 

modulated pump, multi隱channel demultiplexing can be achieved. Also, by 

controlling the number and the delay of the probe pulses in the time- and 

wavelength-interleaved source, reconfigurable operation becomes possible. 
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F i g , 7,2,2,1, Time- and wavelength-interleaved laser pulses, (a) Temporal profile. 

Adjacent pulses appear to be overlapped due to finite response of the measurement 

system. The actual pulse widths are determined to be 〜18 ps using a 500-GHz optical 

sampling oscilloscope, (b) Optical spectrum. The two probe pulses are centered at 

1557.20 and 1559.20 nm. Resolution: 0.02 nm. 

Fig. 7.2.2.2 shows the eye diagram of 40 Gb/s RZ-OOK data at 1553 nm. The 

data and the probe wavelengths are all located in the anomalous dispersion region of 

the HNLF. Fig. 7.2.2.3 shows the optical spectrum measured after the HNLF. 
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7.2,2 Experimental Results and Discussions 
The waveform and the optical spectrum of the time- and wavelength-

interleaved probe pulses are shown in Fig. 7.2.2.1 (a) and (b)，respectively. The 

wavelengths are selected at 1557.20 and 1559.20 nm to produce a time separation of 

~25 ps between the generated pulses. The pulse width is measured with a 500-GHz 

optical sampling oscilloscope and is found to be 〜19 ps. The pulse width is 

optimized for removal of pedestals on the pulses. 
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F i g , 7,2,2,4, O P A gain spectra at different pump wavelengths. Resolution: 0.1 nm. 

Fig. 7.2.2.4 shows the gain spectra of the optical parametric amplifier at 

different pump wavelengths. For multi-channel operation, it is desirable to optimize 

the gain bandwidth and the gain profile. When the pump is tuned from 1551 to 1557 

nm, the gain bandwidth is observed to decrease while the peak gain increases. To 

draw a balance between the spectral width and the gain, we choose a pump 

149 

Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source CHAPTER 6 

Although there are some undesired four-wave mixing products in the spectrum, they 

have no effects on the pulsed probes and the data pump. 

Time (20 ps/div.) 
F i g , 7,2,2,2, Eye diagram of 40 Gh/s OTDM data stream at 1553 nm. 

1545 1550 1555 1560 1565 
Wavelength (nm) 

F i g . 7.2.2.3, Optical spectrum measured after pump depletion in the HNLF. 

Resolution: 0,1 nm. 
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Fig, ZZ2J,( 
Dropped channels and through channel with interleaved probe pulses separated by 

25 ps. (d)-ff) Dropped channels and through channel with interleaved probe pulses 

separated by 50 ps. 

The demultiplexed outputs are filtered out for analysis. The eye diagrams of 

the two dropped channels are shown in Fig. 7.2.2.5 (a) and (b) while that of the 

through channel is shown in Fig. 7.2.2.5 (c). Widely opened eye diagrams have been 

obtained. In the through channel, the data bits that have been aligned with the probe 

pulses are depleted in power. The extinction ratios of the through channels are 〜11 

dB, making it possible to add new channels on the remaining data stream. 

By changing the wavelength spacing of the time- and wavelength-interleaved 

pulses from 2 to 1.75 nm, the time separation between the probe pulses can be tuned 

to 50 ps. As a result, demultiplexing can be achieved in alternate channels. Fig. 

7.2.2.5 (d)-(f) show the corresponding eye diagrams that are again widely opened. 

The results are comparable to the demultiplexing performance in adjacent channels 
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wavelength of 1553 run for the parametric amplification. The gain peak is located at 

1563 nm. 
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Fig, 7.2,2,6. BER measurement. Chi: dropped channel at shorter wavelength Ch.2: 

dropped channel at longer wavelength. Back-to-back 10 Gb/s data before optical 

multiplexing. 

To further characterize the performances, bit-error rate measurements are 

carried out on the demultiplexed outputs for both cases of adjacent and alternate 

channels. The results are shown in Fig. 7.2.2.6. Ch.l represents the dropped channel 

at the shorter wavelength and Ch.2 represents the dropped channel at the longer 

wavelength. Error-free operations have been achieved for all cases. Power penalties 

of less than 0.6 dB are obtained for all the dropped channels. The performances of 

both adjacent and alternate channel demultiplexing are similar, again confirming that 

the reconfiguration does not introduce additional power penalty to the system. 

The fiber-based OPA scheme is applicable for higher speed operation when 

the repetition rate of the time- and wavelength-interleaved probe pulses is increased. 

Such pulses have been recently demonstrated at 160 GHz [23], allowing add/drop 

multiplexing with 4-fold increase in the bit rate. For higher channel count, the main 
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shown in Fig. 7.2.2.5 (a)-(c). The extinction ratios of eye diagrams in Fig. 7.2.2.5 (a) 

and (d) are 13.4 dB, while those in Fig, 7.2.2.5 (b) and (e) are 14 db. It is noted that 

the channel powers in (b) and (e) are higher than those in (a) and (d) because their 

wavelengths are closer to the gain peak at 1563 nm. 
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constraints lie in the limited bandwidth of the OPA and the finite width of the 

interleaved pulses. To solve the bandwidth limitation, multiple pumps and/or new 

nonlinear media can be used to increase the gain-bandwidth of the OPA [5]. Also, 

different pulse compression techniques can be adopted to shorten the pulses and 

suppress the crosstalk in adjacent channels. 

In conclusion, we have demonstrated simultaneous two-channel 

demultiplexing using pump depletion in an OPA with time- and wavelength-

interleaved probe pulses. Error-free operations have been achieved for the dropped 

channels with power penalties less than 0.6 dB. The setup is relatively simple and the 

receiver sensitivities have been improved compared with previous approaches. Fast 

reconfiguration can be achieved by wavelength tuning of the probe pulses. The 

system can be easily upgraded to operate at a higher speed owing to ultrafast 

response of OPA. The extension to OTDM-to-WDM converter can also be realized 

using extra pulse channels in the optical probe. 
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7.3 Amplitude Noise Reduction by Four-Wave Mixing in 
an Optical Parametric Amplifier 

Signal regeneration is important in communication systems. For traditional 

regeneration operation in optical networks, optical signals are converted to electrical 

signals, regenerated by using electronic circuits and devices, and converted back to 

optical signals. However, for high-speed signal > 100 Gb/s，it is impossible for 

electronic circuits to handle the signal Also, the above scheme is format dependent, 

which cannot be applied to systems with different modulation formats. As a result, 

all-optical regeneration is desirable for future optical signal regeneration. 

Differential phase-shift keying (DPSK) modulation is receiving much 

attention in recent years because it has superior performances over on-off keying 

(OOK) modulation on dispersion and nonlinearity tolerance. Different schemes have 

been proposed for regeneration operations on DPSK signals, including phase-

sensitive amplification [24], gain saturation in optical parametric amplifier [25], 

power saturation in optical saturable absorber [26], and nonlinear optical loop mirror 

[27]. 

However, for the above demonstrations, the regenerator can only regenerate a 

single channel signal. For wavelength division multiplexing (WDM) system, it is 

desirable to perform optical regeneration on multiple wavelength channels. The main 

problem for multiple-channel regeneration is the crosstalk among the signal channels. 

To solve this problem, different techniques have been proposed to reduce the 

crosstalk problem, including the use of bidirectional operation in a nonlinear optical 

fiber [28], time-interleaving of signal channels [29]，polarization multiplexing [30]， 

multi-channel cross-phase modulation in a dispersion-managed fiber section [31], 
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and self-phase modulation with inter-channel walk-off control in bidirectional fiber 

configuration [32]. These demonstrations all focus on OOK signals，but the 

performances for DPSK signals have not been studied. 

In this section, we give a brief demonstration on amplitude noise reduction of 

DPSK signal. The noise reduction process is performed by four-wave mixing in a 

highly nonlinear fiber and pump depletion in an OPA. Amplitude noise can be 

suppressed with this approach. We wi l l report experimental results for single channel 

amplitude noise reduction of NRZ-DPSK signal in a pulsed pump OPA. Also we 

demonstrate wavelength multicasting with amplitude noise reduction and format 

conversion using time- and wavelength-interleaved pulsed pumps. We wil l describe 

the background theories, experimental setup and some preliminary experimental 

results. 
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7.3.1 Amplitude Limiting Effect in OPA 
As mentioned before, wavelength conversion can take place when there is a 

pump and a probe in an OPA. The process is achieved by four-wave mixing (FWM). 

During the FWM process, the amplitude of the wavelength-converted output is 

determined by: 
A A A A 
E F W M - K [ E p ' E s ^ ] E p [7.1] 

where EFWM is the field amplitude of the wavelength converted signal, ES is the field 

amplitude of the input signal and Ep is the field amplitude of the pump. However, in 

an OPA, the pump is depleted during parametric amplification. When the signal 

power increases, the pump depletion also increases. As a result, the field amplitude 

of the wavelength converted output reaches a saturation state. The increase in signal 

power does not increase the amplitude of wavelength converted output because of 

the drop of pump power. Consequently, different input signal levels map to the same 

output level. This property is important to signal quality enhancement as the 

amplitude noise in the input signal can be reduced due to the FWM saturation effect. 
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7.3.2 DPSK Signal Amplitude Noise Reduction by 
Four-Wave Mixing Saturation Effect 

As mentioned in Chapter 5, DPSK signals play an important role in today's 

communication systems. During transmission, different impairmnets in the system 

distort the ampltidue and phase of the DPSK signals. To regenreate DPSK signals, 

techniques developed for OOK signals such as self-phase modulation and cross-

absorption cannot be utilized as the phase information cannot be preseved. FWM is a 

phase-maintaining process as introudced in Chapter 2. By FWM effect in an 

nonlinear fiber, we can perform a phase-maintaining wavelength conversion. When 

the FWM process occurs in an OPA，we can make use of the amplitude limiting 

effect to regenerate a distorted DPSK signal. By reducing the amplitude noise, the 

nonlinear phase noise originated from SPM in the fiber link can also be suppressed. 

As a proof-of"Concept experiment, we demonstrate 10 Gb/s NRZ-DPSK amplitude 

noise reduction by FWM saturation effect in OPA. The OPA is pumped by a 10 GHz 

pulse train with duty cycyle of 17%. Receiver sensitivity has been imporved by 2.8 

dB compared with the input distorted DPSK signal. 

Fig. 7.3.2.1 shows the experimental setup. A NRZ-DPSK is generated by 

phase-modulating the output from a tunable laser with a 10 Gb/s pseudorandom 

binary sequence. To introduce amplitude noise, the DPSK signal is again modulated 

by an electro-optic modulator with a 1.25 GHz sinusoidal wave. The DPSK signal is 

amplified by an EDFA to a power level of 15 dBm to achieve saturation in the OPA. 

For the pulsed pump generation, a CW light is phase and amplitude modulated by a 

dual-drive Mach-Zehnder modulator with 10 GHz sinusoidal signal and compressed 

into pulses by an 8.4-km single-mode fiber. The pulse train is then amplified to 14.5 

dBm by another EDFA, coupled with the DPSK signal and directed to a l~km highly 
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nonlinear fiber (HNLF) with a nonlinear coefficient of 11.7 W'^km"^ around 1550 nm. 

The zero dispersion wavelength of the HNLF is 1549 nm, while the dispersion slope 

is less than 0.02 ps-km'^nm'^ at 1550 nm. An optical tunable delay line is used for 

synchronization between the two branches. FWM and optical parametric 

amplification occur inside the HNLF. New wavelength components are generated 

after FWM process. An optical bandpass filter is used to filter out the desired 

wavelength component. 

8.4 km-SMF 

231-1 PRBS © Regenerated 
.25 GHz Output 一 

RF HNLF 
OBPF 

Fig, 7.3,2,1. Setup for DPSK signal amplitude noise reduction, TL: tunable laser： 

PM: phase modulator; PRBS: pseudorandom binary sequence; OTDL: optical 

tunable delay line; LD: laser diode; D D M Z : dual-drive Mach-Zehnder modulator; 

RF: radio frequency; ED FA: erbium-doped fiber amplifier; HNLF: highly nonlinear 

fiber; OBPF: optical band pass filter; 

Fig. 7.3.2.2 (a) shows the demodulated DPSK signal with distortion 

generated at 1557.16 nm. The demodulation is achieved by a 100-ps delay 

interferometer (DI). It is observed that the bit-1 level has a large amplitude jitter, 

introduced by the 1.25 GHz sinusoidal wave modulation. Fig. 7.3.2.2 (b) shows the 
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waveform of the 10 GHz pulse train. The pulse width is~17ps and the wavelength is 

1553.48 mn. The pulse train acts as a pump during the FWM process. 

Time (50 ps/div.) 

=3 

ra c 
D) 
O) 

Time (50 ps/div.) 

Fig, 73,2,2, (a) Eye diagram of demodulated DPSK signal with amplitude distortion. 

(b) Waveform of the 10 GHz pulse train. 

The relationship between input and output signal power is shown in Fig. 

7.3,2.3. To achieve the amplitude limiting effect, different input power levels should 

be mapped to a single output levels. As shown in Fig. 7.3.2.3，the saturation input 

power is around 15 dBm. At the range of input power from 14.5 dBm to 16 dBm, the 

powers of the wavelength converted outputs are similar. The input signal power wil l 

be limited in this region to achieve the saturation effect. 
_ -4 
I -5 
r -6 
i - 7 

t - 9 
� - 1 0 

12 13 14 15 16 17 18 
Input signal power (dBm) 

Fig, 7,3,2.3, Relationship between input signal power and wavelength-converted 

output power. 
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Time (50 ps/div.) 
F i g . 7,3.2,5* Eye diagram of the regenerated output. 

-2 

- 1 2 -28 -26 -24 -22 -20 
Power (dBm) 

F i g , 7,3,2.6, BER measurement. Dashed line: BER at 10'^. 

1545 1551 1557 1563 
Wavelength (nm) 

F i g , 7.3.2,4. Optical spectrum after four-wave mixing in the HNLF. 

Fig. 7.3.2.4 shows the spectrum after FWM process. New wavelength 

components are generated after FWM. The phase-preserving wavelength converted 

output is at 1549,76 nm. The component is filtered out and demodulated again with a 

100-ps DI. Its waveform is shown in Fig. 7.3.2.5. The amplitude noise is reduced 

compared with that shown in Fig. 7.3.2.2 (a). Also, the pulse format is converted 

from NRZ to RZ due to the pulsed pump property. 

•18 •16 
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To further evaluate the amplitude noise reduction property, bit-error-rate 

measurements are performed both on the distorted DPSK signal and the wavelength 

converted output. The results are shown in Fig. 7.3.2.6. 2.8-dB improvement in 

receiver sensitivity is achieved after the amplitude noise reduction process. The 

improvement is caused by the amplitude noise reduction and NRZ-to-RZ conversion. 

In conclusion, we confirm that the FWM saturation effect can provide 

amplitude noise reduction function. We wil l discuss how this approach can be 

suitably adopted for multi-channel amplitude noise reduction process in Section 7.3.4. 
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7.3.3 DPSK Signal Amplitude Noise Reduction with 
Wavelength Multicasting 

Multicasting is important as discussed in details in Chapter 5. Instead of 

performing multicasting right after the transmitter, the signal may have propagated 

for some distances before multicasting. With a time- and wavelength-interleaved 

pulsed source, we can regenerate a distorted DPSK signal and multicast it to multiple 

wavelengths simultaneously. The principle is shown in Fig. 7.3.3.1. The time- and 

wavelength-interleaved pulses at ？ipi and are temporally aligned with the phase 

stable region of the distorted DPSK signal at Xs. By FWM in a HNLF, the phase 

information is carried by the wavelength-converted outputs, while the signal format 

is converted from NRZ to RZ. Also the amplitude fluctuation is suppressed by FWM 

saturation in OP A. As a result, amplitude noise reduction, pulse format conversion 

and wavelength multicasting can be achieved simultaneously in a single processor. 

We demonstrate l-to-2 multicasting on 10 Gb/s DPSK signal with amplitude noise 

reduction. Two multicast outputs are achieved with improved receiver sensitivities 

and NRZ-to~RZ format conversion. The experimental setup and results wil l be 

2入pi -As 
Tt 0 71； 71 

A _ L A 

A A A A - W ^ m Time 
2Ap2 -K 

入 s 7t 0 

Time 

Time 

F i g . 7,33,1, Operation principle of the proposed regenerator with multicasting and 

format conversion functions. 
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Fig. 7.3.3.2 shows the experimental setup. Two continuous-wave (CW) lasers 

with a wavelength spacing of 〜2.3 nm are obtained from a WDM source. The laser 

outputs are combined by an optical coupler connected to a dual-drive Mach-Zehnder 

modulator. The modulator is driven with a 10 GHz sinusoidal signal on one of the 

arms to introduce chirp and amplitude modulation on the CW lights. The power of 

the driving signal is 23 dBm. The outputs are then directed to 8.4-km SMF and short 

pulses are generated. The time spacing between adjacent channels is ~25 ps, 

governed by the wavelength spacing and the GVD in the SMF. An EDFA is used 

after the SMF to compensate for the loss. Consequently, a time- and wavelength-

interleaved laser source is achieved at the EDFA output with an average power of 

16,8 dBm. 

OBPF 

F i g . 7,3,3.2, Setup for amplitude noise reduction for DPSK signal with multicasting. 

TL: tunable laser; PM: phase modulator; PRBS: pseudorandom binary sequence; 

OTDL: optical tumble delay line; LD: laser diode; D D M Z : dual-drive Mach-

Zehnder modulator; RF: radio frequency; EDFA: erbium-doped fiber amplifier; 

HNLF: highly nonlinear fiber; OBPF: optical band pass filter. 

A NRZ-DPSK signal is generated by phase-modulating the output from a 

tunable laser with a 10 Gb/s pseudorandom binary sequence of length equals to 
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To introduce amplitude noise, the DPSK signal is again modulated by an electro-

optic modulator with a 1.25 GHz sinusoidal wave. The DPSK signal is amplified by 

an EDFA to 15 dBm, combined with the pulsed source and directed to a 1-km highly 

nonlinear fiber. FWM and OPA occur inside the nonlinear fiber. The wavelength-

converted outputs are filtered out using an optical bandpass filter. 

Fig. 7.3.3.3 (a) shows the waveform of the time- and wavelength-interleaved 

pulsed source. The time spacing between the two pulses is 25 ps. The pulse width for 

individual channel is 〜17 ps. The waveform of the demodulated DPSK signal is 

shown in Fig. 7.3.3.2 (b). Demodulation is achieved in a 100-ps DI. The signal 

distorted by amplitude fluctuation. 

IS 

"co g> 
o5 

H - / 

Time (50 ps/div.) 

Time (50 ps/div.) 

M g , 7,3.3 J . (a) Waveform of the time- and wavelength-interleaved pulses, (b) Eye 

diagram of demodulated DPSK signal with amplitude distortion. 

Fig. 7.3.3.4 shows the optical spectrum after four-wave mixing in a highly 

nonlinear fiber. The input time- and wavelength-interleaved pulses are located at 

1551.48 and 1553.8 nm, respectively. The input DPSK signal is at 1557.18 rnn. The 

degenerate FWM products are generated at 1550.42 and 1545.78 rnn. Although the 

two pulses appear to overlap as shown in Fig. 7.3.3.3(a), the conversion efficiency of 

163 



Time (50 ps/div.) 
Fig, 7,3,3,5, Eye diagrams of regenerated signals at (a) 1545.78 nm (b) 1550.42 nm. 

The waveforms of the regenerated signals are shown in Fig. 7.3.3.5 (a) and (b) 

respectively. The signals are again demodulated using 100-ps DL The time 

separation is 25 ps, inherited from the pulse source. The amplitude distortion is 

suppressed due to the pump depletion effect in the OP A. However, some ripples 
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r i f 
I f - n f l 

the beating products at 1549.16 and 1556.12 irni are less than -20 dB，showing that 

the crosstalk is not serious. 

§ 
CD "O o 

'(0 
c s 

1542 1547 1552 1557 1562 Wavelength (nm) 
Fig, 7.3,3,4, Optical spectrum after four-wave mixing in highly nonlinear fiber. 

Dotted rectangle: time- and wavelength-interleaved pulses. Dashed rectangles: 

wavelength components containing regenerated signals. Solid rectangles: 

wavelength components generated by beating between two pulsed channels. 
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appear at the zero level. It is caused by the slight overlapping between two pulses 

and wavelength-dependent DI. Further optimization can be done on the pulse width 

and the wavelength assignment. 

To evaluate the channels, bit error rate measurements are performed on both 

distorted and regenerated signals. The results are shown in Fig. 7.3.3.6. Compared 

with the distorted DPSK signal, 2.4 and 1.8 dB improvements on receiver sensitivity 

have been achieved for the channel at 1545.78 and 1550.42 nm, respectively. The 

poorer performance on 1550.42 nm is caused by slight spectral overlapping with the 

pulsed channel at 1551.48 nm. Further optimization on the wavelength assignment 

can improve the amplitude noise reduction performance. 
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Fig, 7.3.3,6, BER measurements. Ck 1: regenerated channel @ 1545.78 nm, Ck 2: 

regenerated channel @ 1550.42 nm. B-2-B: distorted DPSK signal. Dashed line: 

BER @ W-9. 

In conclusion, we have demonstrated amplitude noise reduction, multicasting 

and NRZ-to-RZ pulse format conversion of a 10 Gb/s DPSK signal with amplitude 

noise. The operation is achieved by FWM of the distorted signal with a time- and 

wavelength-interleaved laser source in an OPA. Receiver sensitivities have been 

improved by over 1.5 dB. 
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7,3.4 Multi-Channel Amplitude Noise Reduction for 
DPSK Signals 

To further explore the capability of the proposed regenerator, we propose to 

process two DPSK signals at the same time. In this chapter we wil l discuss the 

feasibility of reducing amplitude noises in two RZ-DPSK signals in a single 

processor. 

Fig. 7.3.4.1 shows the operation principle of the proposed scheme. Two RZ-

DPSK signals at Xs\ and ？are time-interleaved and directed to an OP A. The OP A is 

pumped by a CW laser at as it can interact with the signals at different time slots. 

The amplitudes of the two RZ-DPSK signals are distorted. To reduce the amplitude 

noise, we make use of the amplitude limiting function by FWM saturation in the 

OP A. The process is performed in a highly nonlinear fiber. So after the FWM 

process, regenerated channels are located at 2Xp - Xsi and 27^ -

2入广入SI 
0 0 

A A A A 「 
Time 

£ufnp3epletlon 

Ik Jk Ik Ik 
Time 

2入p-入s-
1 1 1 0 

Time 

Time 

F i g , 7,3.4,1, Operation principle of the proposed multi-channel amplitude noise 

reduction scheme for DPSK signals. 

Although the principles are similar to that in previous section, several issues 

should be addressed: 
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1. As stimulated Brillouin scattering (SBS) can easily occur when the CW pump 

power is high, the length of the highly nonlinear fiber is critical. Also the 

spectrum of the CW pump should be broadened to reduce the SBS effect. 

2. The pulse width of the RZ-DPSK should be short enough to avoid crosstalk 

between the two data streams. 

3. As both signals are of short pulses, the wavelength assignment should be well 

defined because each of them occupies a wide bandwidth. 

4. To increase the maximum number of processing channels, sub-ps pulses 

should be adopted. However, it is not a practical solution for commercial 

WDM systems as it requires a large bandwidth. Other techniques can be used 

simultaneously with the time-interleaving approach, including polarization 

multiplexing and bidirectional launching of signals to increase the total 

number of channels. 
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7.4 Summary 
In this chapter, we have demonstrated 40 Gb/s two-channel demultiplexing 

with pump depletion effect in OPA and time- and wavelength-interleaved laser 

source. Small power penalties have been achieved (< 0.6 dB) for both adjacent and 

alternate channel demultiplexing. The scheme can be potentially upgraded to an 

OTDM-to-WDM demultiplexer. 

We also discussed the application of amplitude noise reduction in an OPA. 

Amplitude noise of a 10 Gb/s DPSK was successfully suppressed and 2.8 dB 

improvement on receiver sensitivity has been achieved. By using time- and 

wavelength-interleaved pulses, the regenerated signal was multicast into two 

channels, also with receiver sensitivity improvements. 

Finally, we proposed a multi-channel regenerator with a CW-pumped OPA. 

The requirements on the pump configuration, the choice of the nonlinear fiber and 

the wavelength assignment have been discussed. 
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8 Future Work and Thesis Summary 
This thesis focuses on the generation and application of time- and 

wavelength-interleaved laser sources. Different generation methods and applications 

have been demonstrated. In the following, we wi l l give a summary of the thesis. 

In Chapter 1, we discuss the need for wavelength division signal processing 

and introduce the time- and wavelength-interleaved laser source which can be used 

to convert a high-speed signal into multiple low-speed channels. In Chapter 2, we 

introduce different components and nonlinear phenomena that have been utilized 

throughout the thesis research. The idea of wavelength division signal processing is 

also described. 

Generation of time- and wavelength-interleaved laser pulse source 
In Chapter 3，we report three different generation schemes for 40 GHz time-

and wavelength-interleaved laser source. They are concluded in the following table: 

X A M i n E A M a n d 
GVDby LCFBG 

Phase modulation 
wi thGVD 

Phase and amplitude 
modulation with GVD 

Cost High Low Low 

Pulse width Depends on MLFL 

Depends on 
modulation depth 

and modulator 
properties 

Depends on 
modulation depth and 
modulator properties 

Required optical 
power High Low Low 

Electrical power 
consumption High Low Low 

Polarization 
sensitivity Low High High 

Insertion loss High Low Low 
Time-bandwidth 

product 0.472 0.558 0.596 
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Also, we have successfully generated 80 GHz time- and wavelength-

interleaved laser source using phase and amplitude modulation followed by GVD. 

The time-bandwidth product is 0.464，indicating a nearly transform-limited pulsed 

source suitable for future high-speed signal processing. 

All-optical sampling 
In Chapter 4, all-optical sampling has been demonstrated with the time- and 

wavelength-interleaved pulsed source based on four-wave mixing (FWM) in a 64-m 

photonic crystal fiber (PCF). Using the time-to-wavelength mapping characteristic, 

information of the input optical analog signal at different times can be easily 

separated to multiple wavelength channels and detected by low-speed detectors. 

Wavelength conversion and multicasting 
Instead of processing analog optical signal, in Chapter 5 to 7, we have 

demonstrated different important fimctions for optical digital signals in all-optical 

networks. In Chapter 5，wavelength multicasting has been demonstrated for both 10 

Gb/s NRZ-OOK and NRZ-DPSK signals. A single data stream is multicasted to four 

multiple wavelength channels by FWM with a time- and wavelength-interleaved 

laser source in a PCF. At the same time, the pulse format of the input data is 

converted from NRZ to RZ. Moreover, the duty cycles of the multicast outputs are 

tunable, making the multicast process suitable for different network requirements. 

Error-free operations have been achieved for all multicast outputs with power 

penalties less than 1 dB. 
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Instead of multicasting a data signal to different locations, wavelength 

conversion is also important for a wavelength-routed network. With wavelength 

division parallel processing, we have demonstrated wavelength conversion of a 40 

Gb/s data stream using 10 GHz components. The power penalty for the whole 

process is 5.5 dB. However, without the serial-to-parallel conversion, 10 GHz 

components are not able to handle 40 Gb/s data. 

OTDM'tO'WDM conversion 
Different architectures are adopted in optical networks nowadays. To bridge 

among different networks, a conversion is desirable in an all-optical manner for high-

speed signals. One of the most common conversions is between OTDM and WDM. 

In Chapter 6，we have achieved OTDM to W D M signal conversion by two different 

approaches. The first approach makes use of the cross-absorption modulation (XAM) 

effect in an electro-absorption modulator (EAM), while the second one utilizes FWM 

in a PCF, Again using time-wavelength mapping, different time slots are transferred 

to different wavelengths using time- and wavelength-interleaved laser source. We 

have demonstrated 40 Gb/s to 4 x 10 Gb/s OTDM to W D M conversion with error-

free operations. The largest power penalty obtained is 6 dB. The use of X A M in 

EAM can provide polarization-independent operation while benefiting from a 

compact setup. Alternatively, FWM in PCF can support high-speed signal 

processing over 100 Gb/s. Depending on the speed and system requirement, either 

scheme can be adopted for OTDM to WDM conversion. 
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Regenerative optical signal processing with optical parametric amplifier 

Optical parametric amplifier (OPA) provides many attractive characteristics 

for optical signal processing. In Chapter 7, we have demonstrated all-optical 

demultiplexing of OTDM data stream using the pump depletion effect in an OPA 

with a 2-chamiel time- and wavelength-interleaved laser source. By changing the 

wavelength spacing between the two channels, different channels in the OTDM data 

can be demultiplexed. Because of the gain provided by the OP A, the signal-to-noise 

ratios of the demultiplexed outputs are enhanced. Hence, the power penalties are 

relatively small (less than 0.6 dB) for both adjacent and alternate channel 

demultiplexing. 

Regeneration is often needed when a signal travels for some distances in an 

optical fiber and becomes degraded. All-optical regeneration is desirable as 

compared to the traditional O-E-0 approach, as it provides format and data rate 

transparency. By using four-wave mixing in a saturated OPA, we have achieved 

simultaneous amplitude noise reduction, multicasting and format conversion of a 

distorted NRZ-DPSK signal. The receiver sensitivities have been improved by over 

1.8 dB. Also, a novel scheme has been proposed for the regeneration of multiple RZ-

DPSK signals. 
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8.1 Future Work 
For future extension on the generation and application of the pulsed source, 

both the data rate and the performance can be improved. Applying the source for the 

processing of signals in advanced modulation formats wi l l also be of great 

importance for future optical networks. 

In Chapter 3, we have described three different generation schemes of time-

and wavelength-interleaved pulses. For the scheme on phase and amplitude 

modulation followed by GVD, the applied amount of GVD has not been optimized. 

To generate the shortest pulse, further simulations and experiments should be 

performed. Also, to achieve even shorter pulses, a dual-drive scheme can be adopted 

with the use of extra RF amplifiers. 

In Chapter 4，we have demonstrated 40 GSample/s all-optical sampling. With 

a high-speed pulsed source like the 80 GHz one described in Chapter 3，we can 

perform the sampling process at an increased rate. Also，instead of relying on 

conventional four-wave mixing in a PCF, we can operate the whole system with an 

OPA to study whether the performances can be enhanced. Furthermore，the pulsed 

source can be applied to electrical analog signals for applications in photonic analog-

to-digital conversion. It is expected that 100 GSa/s photonic analog-to-digital 

conversion can easily be achieved with our pulsed source and the work should find 

important applications in radio-over-fiber and radar systems. 

In Chapter 5, wavelength multicasting has been performed on both NRZ-

OOK and NRZ-DPSK signals. For future networks, advanced modulation formats 
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like QPSK and QAM formats wi l l be used to enhance the spectral efficiency. As the 

multicasting scheme is phase-preserving, we expect that the multicasting operation 

can be performed on different modulation formats using our pulsed source. Also, by 

adding more wavelengths in the pulsed laser source, extra multicast channels can be 

produced. 

In Chapter 7, two-channel time-division-demultiplexing has been 

demonstrated in an OPA. Considering the promising performances achieved, wc can 

potentially upgrade the system for application of OTDM-to-WDM conversion by 

introducing two additional pulsed channels. Also, the demultiplexing system can be 

easily upgraded to operate at 80 Gb/s or a higher speed as OPA has an intrinsic 
c 

ultrafast response. 

For the regeneration process, the next step of developing the regenerator is to 

enable multi-channel operation. By time-interleaving two distorted RZ-DPSK signals 

in a CW pumped OPA, we anticipate that both signals can be regenerated at the same 

time. The data rate of the signals can also be substantially increased as the process is 

format and speed transparent. 

Integrated optics is currently a very hot topic of research. Many on-chip 

processing functions have been demonstrated in silicon and III/V based waveguides. 

The preliminary results show that for future optical networks, a chip processor may 

be more favorable than a long reel of fiber in terms of overall power consumption 

and reduced footprint. The design and fabrication of a time- and wavelength-
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interleaved laser source on semiconductor waveguides wi l l be of much interest as the 

above demonstrated applications can then be migrated to a single chip. 

For applications with four-wave mixing effect, there are several issues. Using 

four-wave mixing in photonic crystal fiber, we achieved a conversion efficiency of 〜 

-20 dB，which wasted a lot of pump power. To increase the efficiency, other 

nonlinear media such as dispersion-shifted highly nonlinear fiber or different 

nonlinear phenomena such as cross-phase modulation can be used. Also the wasted 

pump power can be reused by deploying energy harvesting techniques. 

For the undesirable wavelength components generated during four-wave 

mixing, filters such as wavelength selective switch or fiber Bragg gratings can be 

used to block the reduce the crosstalk. Also using time-interleaved pum|3s or 

orthogonal pumps can help to reduce the generation of four-wave mixing products by 

pump-pump interactions. 

For the time control between signals and pumps, in practical system a 

feedback loop should be used to trace the synchronization between the two branches. 

Different clock recovery techniques can be performed on the incoming signals to 

provide a time reference for the synchronization. 

180 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source APPENDICES 

Appendix A: Publication List 
Invited papers 
11. Chester Shu and Gordon K . P. Lei, "Time- and wavelength-interleaved laser 

pulses: prospects and challenges in optical signal processing," to be presented 

in Asia Communications & Photonics Conference & Exhibition 2011, 

Shanghai, China. 

12. Chester Shu, Gordon K. P. Lei, and Mable P. Fok, "High-speed processing 

of optical signals with 40-GHz time- and wavelength-interleaved short 

pulses," International Conference on Materials for Advanced Technologies 

2009, paper A02198-04016, Singapore, Jul. 2009. 

Journal Publications 
Jl . Gordon K. P. Lei and Chester Shu, "Reconfigurable OTDM Demultiplexing 

Using Time- and Wavelength-Interleaved Pulses in an Optical Parametric 

Ampli f ier," IEEE Photon. Technol Lett., vol. 23，issue 16, pp.1127 一 1129, 

Aug. 2011. 

J2. Gordon K . P. Lei, Yongheng Dai, Jiangbing Du, and Chester Shu, 

"Wavelength multicsting of DPSK signal with NRZ-to-RZ format 

conversion," Electron. Lett, vol. 47, issue 17，pp. 808 -810 , July 2011. 

J3. Gordon K. P. Lei, Chester Shu, and Mable P, Fok, "All-optical OTDM-to-

W D M signal conversion using cross-absorption modulation with time- and 

wavelength-interleaved short pulses," IEEE Photon, Technol. Lett, vol. 22, 

no. 8, pp. 571-573, Apr. 2010. 

A-clxxxix 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source APPENDICES 
J4. Gordon K. P. Lei and Chester Shu, "4 x 10 Gb/s wavelength multicasting 

with tunable NRZ-to-RZ pulse format conversion using time- and 

wavelength-interleaved pulses," Opt, Comm., paper submitted. 

J5. Yongheng Dai, Jiangbing Du, Xuelei Fu, Gordon K. P. Lei, and Chester Shu, 
"Ultrawideband monocycle pulse generation based on delayed interference of 

n/2 phase-shift keying signal," Opt. Lett, paper accepted. 

J6. Liang Wang, Yongheng Dai, Gordon K. P. Lei，Jiangbing Du, and Chester 
Shu, "All-optical RZ-to-NRZ and NRZ-to-PRZ format conversions based on 

delay- asymmetric nonlinear loop mirror," IEEE Photon. Technol Lett., vol. 

23, pp. 368 - 370, March 2011. 

J7. Jiangbing Du, Yongheng Dai, Gordon K. P. Lei, and Chester Shu, 
"Reconfigurable all-optical two-channel demultiplexer based on modified 

dispersion asymmetric nonlinear optical loop mirror," Electron. Lett, vol. 46， 

no. 24, pp.l613-1614,Nov. 2010. 

J8. Jiangbing Du, Yongheng Dai, Gordon K. P. Lei, and Chester Shu, 
"Reconfigtirable two-channel demultiplexing using a single baseband control 

pulse train in a dispersion asymmetric NOLM," Opt. Express, vol. 18，pp. 

18691-18696, Aug. 2010. 

J9. Jiangbing Du, Yongheng Dai, Gordon K. P. Lei, Weijun Tong, and Chester 
Shu, "Photonic crystal fiber based Mach-Zehnder interferometer for DPSK 

signal demodulation," Opt Express, vol. 18，pp. 7917 — 7922 Apr. 2010. 

Conference Proceedings 

CI. Gordon K. P. Lei and Chester Shu, "Performance investigation of processing 
high-speed optical signals using time- and wavelength-interleaved pulses and 

A-ii 



Nonlinear Optical Signal Processing 
Usim Time- and Wavelength-Interleaved Laser Source APPENDICES 

low-speed optoelectronics," in Asia Communications & Photonics 

Conference & Exhibition 2010’ Shanghai, China, Dec. 2010，paper SuH2. 

C2. Gordon K. P. Lei and Chester Shu, "4 x 10 Gb/s Time and wavelength 

multicasting with NRZ to RZ format conversion using four-wave mixing in a 

highly nonlinear photonic crystal fiber," in Optical Fiber Communication 

Conference, OS A Technical Digest (CD) (Optical Society of America, 2010)， 

San Diego, CA, Mar. 2010, paper JWA49. 

C3. Gordon K. P. Lei and Chester Shu, "Conversion of 40 Gb/s OTDM to 4x10 
Gb/s WDM channels with extinction ratio enhancement by pump-modulated 

four-wave mixing using time- and wavelength-interleaved laser pulses," 

Opto Electronics and Communications Conference, 2009, Hong Kong, Jul. 

2009，paper FK4. 

C4. Gordon K. P. Lei, Mable P. Fok, and Chester Shu, "Simultaneous 

conversion of 40 Gb/s OTDM to 4 x 10 Gb/s WDM signals using a time and 

wavelength-interleaved pulsed source," in Optical Fiber Communication 

Conference, OSA Technical Digest (CD) (Optical Society of America, 2009), 

San Diego, CA, Mar. 2009, paper 0ThM2. 

C5. Gordon K. P. Lei, Mable P. Fok, and Chester Shu, "18-nm, 10-GHz 

continuously wavelength-tunable pulse generation by compensated dispersion 

tuning in a mode-locked SO A ring laser," in Asia Optical Fiber 

Communication and Optoelectronic Exposition and Conference’ OSA 

Technical Digest (CD) (Optical Society of America, 2008), Shanghai, China, 

Dec. 2008，paper SaG4, 

C6. Gordon K. P. Lei, Mable P. Fok, and Chester Shu, MO-GS/s all-optical 

sampling using four-wave mixing with a time- and wavelength-interleaved 

A • • • 

A-111 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source APPENDICES 

laser source," in Conference on Lasers and Electro-Optics/Quantum 

Electronics and Laser Science Conference and Photonic Applications 

Systems Technologies, OSA Technical Digest (CD) (Optical Society of 

America, 2008), San Jose, CA, May 2008，paper CTuH6. 

C7. Christy K. Y, Fung, Xia Chen, Gordon K. P. Lei, Chester Shu, and Hon K i 

Tsang, "Silicon waveguide side-cladding distributed Bragg reflector hybrid 

laser," to be presented in IQEC/CLEO Pacific Rim 2011, Sydney, Australia 

C8. Liang Wang, Yongheng Dai, Gordon K. P. Lei, Jiangbing Du, and Chester 

Shu, “ Delay-asymmetric nonlinear loop mirror for bit-rate variable RZ-to-

NRZ format conversion," in Optical Fiber Communication Conference, OSA 

Technical Digest (CD) (Optical Society of America, 2011)，Los Angeles, CA, 

Mar. 2011, paper JWA35. 

C9. Jiangbing Du, Yongheng Dai, Gordon K. P. Lei, and Chester Shu, 

"Reconfigurable all-optical two-channel demultiplexer based on modified 

dispersion asymmetric nonlinear optical loop mirror," in Asia 

Communications & Photonics Conference & Exhibition 201Shanghai, 

China, Dec. 2010, paper ThB3. 

CIO. Yongheng Dai, Jiangbing Du, Gordon K. P. Lei, and Chester Shu, 

"Wideband clock recovery for NRZ-DPSK signals," in Asia Communications 

& Photonics Conference & Exhibition 2010, Shanghai, China, Dec. 2010, 

paper FI5. 

C l l . Jiangbing Du, Yongheng Dai, Gordon K. P. Lei, and Chester Shu, 

"Dispersion asymmetric NOLM for reconfigurable ail-optical two-channel 

demultiplexing using single baseband control pulse," 36th European 

A-iv 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source APPENDICES 

Conference and Exhibition on Optical Communication (ECOC), 2010，Torino, 

Italy, Sept. 2010, paper PI.15. 

C12. Yongheng Dai, Gordon K. P. Lei, Jiangbing Du, Chester Shu, and M. P. Fok, 

"Bit-rate tunable clock recovery of NRZ-DPSK signal based on delay-

asymmetric nonlinear loop mirror and stimulated Brillouin scattering loop," 

in Optical Fiber Communication Conference, OSA Technical Digest (CD) 

(Optical Society of America, 2010), San Diego, CA, Mar. 2010, paper 0MT3. 

CI3, Jiangbing Du, Yongheng Dai, Gordon K . P. Lei, Huifeng Wei, and Chester 

Shu, "RZ-to-NRZ and NRZ-to-PRZ format conversions using a photonic 

crystal fiber based Mach-Zehnder interferometer," in Optical Fiber 

Communication Conference, OSA Technical Digest (CD) (Optical Society of 

America, 2010), San Diego, CA, Mar. 2010, paper 0M04 . 

CI4. Jiangbing Du, Yongheng Dai, Gordon K . P. Lei, Weijvin Tong，and Chester 

Shu, "Demodulation of DPSK signals using in-line Mach-Zehnder 

interferometer based on a photonic crystal fiber," OptoElectronics and 

Communications Conference, 2009, Hong Kong, Jul. 2009，paper FM6. 

A-v 



Nonlinear Optical Signal Processing 
Using Time- and Wavelength-Interleaved Laser Source APPENDICES 

Appendix B: List of Figures 
Fig. 2.1.1.1 A picture of a MZM with two electrodes. 

Fig. 2.1.1.2 Transfer characteristic of a MZM. 

Fig. 2.1.13 Relationship between applied reverse voltage and output optical power 

in an EAM, 

Fig. 2.1.2.1 Phase modulation with a single waveguide phase modulator. 

Fig. 2.2.1. Variation of refractive index and group index with wavelength for fused 

silica [6]. 

Fig. 2.2.2. Variation of P2 and D with wavelength for fused silica. Both p2 and D 

vanish at the zero-dispersion wavelength occurring near 1.27 jim. [6] 

Fig. 2.3.1. A typical optical spectrum of degenerate FWM. 
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after parametric process in HNLF. 
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Fig. 2.4.2. Conversion efficiency against wavelength in PCF. The conversion 
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Fig. 2.5.1. Concept of wavelength division processing. A serial-to-parallel processor 

is utilized as a gateway between high-speed signal and low-speed channels. 

Fig. 3.1. Profile of a time- and wavelength-interleaved laser source 

Table 3.1: Time-bandwidth products of different pulse profiles 
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Fig. 3.1.1. Schematic diagram for generation of time- and wavelength-interleaved 

pulses. LCFBG: linearly chirped fiber Bragg grating MLFL: mode-locked fiber laser. 

Fig. 3.1.2. Reflection spectrum of the LCFBG. 

Fig. 3.1.3. Relationship between relative delay and wavelength of the LCFBG. 

Fig. 3.1.4. (a) — (d) Waveforms of the time- and wavelength-interleaved pulses. The 

time spacing between adjacent channels is 25 ps. (a) 1548.41 nm (b) 1549.66 nm (c) 

1550.92 nm(d) 1552.17 nm. 

Fig. 3.1.5. Optical spectrum of the time- and wavelength-interleaved pulse. 

Fig. 3.2.1. Principle of pulse generation with phase modulation and dispersive 

medium. 

Fig. 3.2.2. Instantaneous optical frequency of sinusoidally phase-modulated light 

[23]. 

Fig. 3.2.3. Experimental setup for generating 40 GHz time- and wavelength-

interleaved pulses. 

Fig. 3.2.4. Waveform of the 40 GHz time- and wavelength-interleaved pulses. 

Fig. 3.2.5. Optical spectrum of the 40 GHz time- and wavelength-interleaved pulsed 

source. 

Table 3.2.1: Relationship between input RF power and output pulse width 

Fig, 3.2.6. Waveform of 40 GHz time- and wavelength-interleaved pulses captured 

with a 500-GHz optical sampling oscilloscope. 

Fig, 3.3.1. Principle of pulse generation with DDMZM and dispersive medium. 

Fig. 3.3.2. Waveform of a 10 GHz pulse train generated with DDMZM and chirp 

compensation. The pulse width is 18.1 ps, measured with a 500-GHz OSO, 

Table 3.3.1: Relationship between input RF power and output pulse width 
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F i g . 3.3.3. Experimental setup for generating 40 GHz time- and wavelength-

interleaved pulse train generated with DDMZM and chirp compensation. 

Fig. 3.3.4. Waveform of a 40 GHz pulse train generated with DDMZM and chirp 

compensation. The pulse width is 15.9 ps. 

F i g . 3.3.5. Optical spectrum of the 40 GHz time- and wavelength-interleaved pulses. 

Channel spacing: 1.25 nm. 

Fig. 3.3.6. Experimental setup for generating 80 GHz time- and wavelength-

interleaved pulse train generated with DDMZM and chirp compensation. CFBG: 

chirped fiber Bragg grating. 

Fig. 3.3.7. Time profile of the 80 GHz time- and wavelength-interleaved pulsed 

source. The trace is captured with a 500-GHz optical sampling oscilloscope. 

Fig. 3.3.8. Optical spectrum of the 80 GHz time- and wavelength-interleaved pulsed 

source. 

Table 3.4.1: Comparison among three generation schemes 

Fig. 4.1.1.1. Schematic diagram of all-optical sampling using time- and wavelength-

interleaved pulses. PD: photodetector. DEMUX: demultiplexer. MCU: 

microprocessor 

Fig. 4.1,2.1. Experimental setup. WDM: wavelength division multiplexing; EAM: 

electro-absorption modulator; MLFL: mode-locked fiber laser; LCFBG: linearly 

chirped fiber Bragg grating; EDFA: erbium-doped fiber amplifier; PCF: photonic 

crystal fiber; BPF: optical bandpass filter; OCl, 0C2: optical circulator; 

Fig. 4.1.3.1. 4x10 GHz time- and wavelength-interleaved pulsed source, (a) 

Temporal profile (b) Optical spectrum. MLFL: mode-locked fiber laser. 

Fig. 4.1.3.2. Optical spectrum of the FWM output showing all-optical sampling at 4 

different wavelengths. 
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F i g , 4.1.3,3. Waveforms of the sampled data from individual channels, (a) -(d): data 

obtained from A,ic to 入4c. 

Fig. 4 . 1 . 3 . 4 . Reconstructed Waveform. Channel 1 — 4: data obtained from A.ic to 入4c • 

Fig. 4.2.1.1, Architecture of the proposed photonic ADC. Sampler: either a phase or 

amplitude modulator; DEMUX: wavelength demultiplexer; PD: photodetector; ADC: 

electronic analog-to-digital converter; 

F i g . 5.1.1. Schematic diagram of the proposed wavelength multicasting scheme. 

F i g . 5.1.1.1. Setup for simultaneous wavelength multicasting and pulse format 

conversion. LD: laser diode; EOM: electro-optic modulator; PRBS: pseudorandom 

binary sequence; PM: phase modulator; OTDL: optical tunable delay line; EDFA: 

erbium-doped fiber amplifier; PCF: photonic crystal fiber; OBPF: optical band pass 

filter. 

Fig. 5.1.2.1. Time- and wavelength-interleaved laser pulses, (a) Temporal profile 

measured with a high-speed photodetector and an electrical sampling oscilloscope, (b) 

Optical spectrum of the interleaved pulses. 

Fig. 5.1.2.2 Trace of an individual channel at 1548.20 nm obtained with a 500-GHz 

optical sampling oscilloscope. The actual pulse width is determined to be 〜12.5 ps. 

Fig. 5.1.2.3. Eye diagram of the 10 Gb/s NRZ-OOK input signal. 

Fig. 5.1.3.1. (a) Optical spectrum after FWM in the PCF. (b) Amplified spontaneous 

emission noise spectrum of the EDFA. 

F i g . 5.1.3.2. (a) — (d). Eye diagrams of the four wavelength-multicast channels with a 

common delay time, (a) 1542.50 nm, (b) 1541.34 nm, (c) 1540.00 nm and (d) 

1538.82 nm. 
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Fig. 5.1.3.3. BER performance of the 10 Gb/s back-to-back and the 4 multicast 

outputs. The receiver sensitivities are improved except for channel 1. The dotted line 

indicates the BER level of 10"l 

Fig. 5.1.4.1. Eye diagrams of the multicast output at 1542.50 nm. Different duty 

cycles are obtained by adjusting the RF power applied to the phase modulator. The 

traces are captured with a 500-GHz optical sampling oscilloscope. 

Fig. 5.2.1. Phase changes in a DPSK signal. Phases are changed by 180 degrees 

when there is a ' T ’ in the data stream. 

Fig, 5.2.1.1. Experimental setup for DPSK wavelength multicasting with 

simultaneous pulse format conversion. DDMZ: dual-drive Mach-Zehnder modulator; 

SMF: single-mode fiber; EDFA: erbium-doped fiber amplifier; OTDL: optical 

tunable delay line; TL: tunable laser; PM: phase modulator; LD: laser diode; PCF: 

photonic crystal fiber; OBPF: optical bandpass filter; DI: delay interferometer. 

Fig. 5.2.1.2. Phase transfer diagram during four-wave mixing. A€>: Op - Os. 

Fig. 5.2.2.1. (a) Profile of the time- and wavelength-interleaved pulses measured 

with a high-speed photodetector and oscilloscope with a system response of 17 ps. 

The pulse width is deterniined to be 〜14 ps with a 500-GHz optical sampling 

oscilloscope, (b) Eye diagram of the demodulated NRZ-DPSK signal. 

Fig. 5.2.2.2. Optical spectrum after FWM in PCF. 

Fig. 5.2.2.3. (a) — (d) Eye diagrams of the four multicast outputs, (a) 1547.2 nm; (b) 

1549.0 nm; (c) 1549.9 nm; (d) 1551.7 rnn. 

Fig. 5.2.2.4. BER measurement results. B-2-B: NRZ-DPSK input signal Ch.l to 

Ch.4: RZ-DPSK multicast outputs. The dotted line indicates the BER level of l O , 

F i g . 5.3.1.1. Schematic diagram for high-speed parallel processing.人i t o、 : Channel 

1 一 4 of time- and wavelength-interleaved pulses; Xic to X.4c :demultiplexed data. 
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F i g . 5.3.2.1, Experimental setup. PM : phase modulator; EDFA: erbium-doped fiber 

amplifier; PRBS: pseudorandom binary sequence; MUX: optical multiplexer; OTDL: 

optical tunable delay line; PCF: photonic crystal fiber; EAM: electro-absorption 

modulator; TL: tunable laser. 

Fig. 5.3.3.1. (a) Waveform of the time- and wavelength-interleaved pulses (b) optical 

spectrum. The wavelengths are selected at 1547.50 nm, 1549.08 nm, 1550.70 nm, 

and 1552.35 nm. 

F i g . 5.3.3.2. (a) Measured eye diagram of one demultiplexed channel (b) optical 

spectrum. 

F i g . 5.3.3.3. Waveforms of the wavelength-converted outputs from channel 1 to 

channel 4. 

F i g . 5.3.3.4. BER measurement. B2B: 10 Gb/s data before optical muitiplexing; 

Demux: 10 Gb/s data after four-wave mixing-based demultiplexing; Demux + WC: 

10 Gb/s wavelength-converted output with X A M in EAM. 

F i g . 6.1.1. Operation principle of OTDM-to-WDM conversion with X A M in EAM 

Fig. 6.1.1.1. Experimental setup for OTDM to WDM conversion. EAMl , EAM2: 

electro-absorption modulator; OCl, 0C2 and 0C3: optical circulator; MLFL: mode-

locked fiber laser; CFBG: linearly chirped fiber Bragg grating; EDFA: erbium-doped 

fiber amplifier; OTDL: optical tunable delay line; EOM: electro-optic modulator; 

PRBS: pseudorandom binary sequence; MUX: optical multiplexer; OBPF: optical 

band pass filter; VOA: variable optical attenuator. 

F i g . 6.1.2.1. Output power against bias voltage of EAM2 at different input 

wavelengths. The input optical power is 0 dBm. 

F i g . 6.1.2.2. Output probe power against pump power at different bias voltages. 
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Fig. 6.1.3.1. (a) - (d)Waveforms of the four channels of the time- and wavelength-

interleaved pulses, (e) Optical spectrum of the interleaved pulses. The center 

wavelengths of the four channels are 1554.10，1555.40, 1556.70, and 1558.05 nm 

respectively. 、 

F i g . 6.1.3.2. Eye diagram of the 40 Gb/s OTDM data. 

F i g . 6.1.3.3. (a) — (d) Eye diagrams of the four demultiplexed channels, from ch.l to 

ch. 4. 

F i g . 6.2.1. Operation principle of OTDM-to-WDM conversion with FWM in PCF 

F i g . 6.2.1.1. Experimental setup. EDFA: erbium-doped fiber amplifier; EOM: 

electro-optic modulator; MLFL: mode-locked fiber laser; MUX: multiplexer; OBPF: 

optical band-pass filter; OTDL: optical tunable delay line; PCF: photonic crystal 

fiber; PM: phase modulator; PRBS: pseudorandom binary sequence; SMF: single 

mode fiber. 

F i g . 6.2.2.1. Temporal profile of the time- and wavelength-interleaved pulses. The 

center wavelengths of the four channels are 1548.40, 1549.76, 1550.92，and 1552.24 

nm, from to respectively. 

F i g . 6.2.2,2. Waveform of an individual pulsed channel, detected using a 500-GHz 

optical sampling oscilloscope. 

F i g . 6.2.2.3. Eye diagram of the distorted 40 Gb/s OTDM data stream. The extinction 

ratio is 8.6 dB 

F i g . 6.2.2.4. Eye diagram of one demultiplexed channel. The extinction ratio is 

enhanced to be 11.2 dB. 

F i g . 6.2.3.1. Eye diagram of a normal 40 Gb/s OTDM data stream. The extinction 

ratio is over 11 dB. 

F i g . 6.2.3.2. Optical spectrum after FWM in PCF. 
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F i g . 6.2.3.3. (a) - (d) Eye diagrams the demultiplexed channels, from Â c to L i e 

respectively. 

Fig. 6.2.3.4. BER measurement. B2B: back-to-back measurement on 10 Gb/s before 

optically multiplexed to 40 Gb/s OTDM data.Ch. 1 to Ch. 4: demultiplexed channels 

from ^ic to X,4c. 

F i g . 7.1.1.1. (a) Frequency assignment for pump and signal in the case of one-pump 

OP A，pump wavelength at anomalous dispersion region, (b) Frequency assignment 

after parametric process in HNLF. 

Fig. 7.1.1.2. A typical gain spectrum of a one-pump OPA with pump wavelength in 

anomalous dispersion region. 

Fig. 7.1.2.1. Operation principle of depletion in a pulsed-pump OPA 

Fig. 7.1.2.2. Waveforms of (a) Fixed pattern data "10110110". (b) 10 GHz pulses 

Fig. 7.1.2.3. Waveforms of (a) format-converted pattern and (b) depleted pulses. 

Fig. 7.2.1.1. Setup for pump-modulated OPA demultiplexing. MLFL: mode-locked 

fiber laser; EOM: electro-optic modulator; PRBS: pseudorandom binary sequence; 

DDMZ: dual-drive Mach-Zehnder modulator; RF: radio frequency; OTDL: optical 

tunable delay line; EDFA: erbium-doped fiber amplifier; HNLF: highly nonlinear 

fiber; OBPF: optical band pass filter; 

Fig. 7.2.1.2. Principle of add/drop operation of OTDM data by pump depletion in 

optical parametric amplifier. The amplitudes of the pulses after DEMUX are for 

illustration only but not of true values. DEMUX: wavelength demultiplexer; HNLF: 

highly nonlinear fiber optimized for OPA process. 

Fig. 7.2.2.1. Time- and wavelength-interleaved laser pulses, (a) Temporal profile. 

Adjacent pulses appear to be overlapped due to finite response of the measurement 

system. The actual pulse widths are determined to be 〜18 ps using a 500-GHz optical 
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sampling oscilloscope, (b) Optical spectrum. The two probe pulses are centered at 

1557.20 and 1559.20 nm. Resolution: 0.02 rnn. 

F i g . 7.2.2.2. Eye diagram of 40 Gb/s OTDM data stream at 1553 nm. 

F i g . 7.2.2.3. Optical spectrum measured after pump depletion in the HNLF. 

Resolution: 0.1 nm. 

F i g . 7.2.2.4. OPA gain spectra at different pump wavelengths. Resolution: 0.1 nm. 

F i g . 7.2.2.5. (a) - (f) Eye diagrams of the dropped and through channels, (a)-(c) 

Dropped channels and through channel with interleaved probe pulses separated by 25 

ps. (d)-(f) Dropped channels and through channel with interleaved probe pulses 

separated by 50 ps. 

Fig. 7.2.2.6. BER measurement. Ch.l: dropped channel at shorter wavelength. Ch.2: 

dropped chaimel at longer wavelength. Back-to-back: 10 Gb/s data before optical 

multiplexing. 

Fig. 7.3.2.1. Setup for DPSK signal amplitude noise reduction. TL: tunable laser; PM: 

phase modulator; PRBS: pseudorandom binary sequence; OTDL: optical tunable 

delay line; LD: laser diode; DDMZ: dual-drive Mach-Zehnder modulator; RF: radio 

frequency; EDFA: erbium-doped fiber amplifier; HNLF: highly nonlinear fiber; 

OBPF: optical band pass filter; 

Fig. 7.3,2.2. (a) Eye diagram of demodulated DPSK signal with amplitude distortion, 

(b) Waveform of the 10 GHz pulse train. 

F i g . 7.3,2.3. Relationship between input signal power and wavelength-converted 

output power. 

F i g . 7.3.2.4. Optical spectrum after four-wave mixing in the HNLF. 

F i g , 7.3.2.5. Eye diagram of the regenerated output. 

F i g . 7.3.2.6. BER measurement. Dashed line: BER at 10"̂ . 
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F i g . 7.3.3.1.0peration principle of the proposed regenerator with multicasting and 

format conversion functions. 

F i g . 7.3.3.2. Setup for amplitude noise reduction for DPSK signal with multicasting. 

TL: tunable laser; PM: phase modulator; PRBS: pseudorandom binary sequence; 

OTDL: optical tunable delay line; LD: laser diode; DDMZ: dual-drive Mach-

Zehnder modulator; RF: radio frequency; EDFA: erbium-doped fiber amplifier; 

HNLF: highly nonlinear fiber; OBPF: optical band pass filter. 

Fig. 7.3.3.3. (a) Waveform of the time- and wavelength-interleaved pulses, (b) Eye 

diagram of demodulated DPSK signal with amplitude distortion. 

F i g . 7.3.3.4. Optical spectrum after four-wave mixing in highly nonlinear fiber. 

Dotted rectangle: time- and wavelength-interleaved pulses. Dashed rectangles: 

wavelength components containing regenerated signals. Solid rectangles: wavelength 

components generated by beating between two pulsed channels. 

Fig. 7.3.3.5. Eye diagrams of regenerated signals at (a) 1545.78 nm (b) 1550.42 nm. 

Fig. 7.3.3.6. BER measurements. Ch. 1: regenerated channel @ 1545.78 nm. Ch. 2: 

regenerated channel @ 1550.42 nm. B-2-B: distorted DPSK signal. Dashed line: 

BER @ 10-9. 

F i g . 7.3.4.1. Operation principle of the proposed multi-channel amplitude noise 

reduction scheme for DPSK signals. 
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Appendix C: Manufactures of Major Components Utilized 
Component Manufacturer Model 

WDM Source Profile PRO 8000 

Tunable laser HP 8168 

Mode-locked fiber laser Calmar PSL-IOTT 

Photonic crystal fiber Crystal Fiber A/S 

Highly nonlinear fiber OFS 

Chirped fiber Bragg grating Redfera optical 
components Custom-made 

Electro-absorption modulator OKI OM5642W-30B 
10 GHz Dual-drive Mach-Zehnder 

modulator Sumitomo T-DKH1.5-10-PD-
ADC 

40 GHz Dual-drive Mach-Zehnder 
modulator Fujitsu FTM7937EZ 

10 GHz Phase modulator Avanex IM-lOP 

10 Gb/s to 40 Gb/s optical multiplexer Calmar BRM-T4 

Optical sampling oscilloscope PicoSolve PSOIOIB 

12.5 Gbit/s BERT system Anritsu MP1800A 
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