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Preface

This thesis presents a study on ultrafast all-optical analog-to-digital (A/D) conversions and logic
operations, which aim to be free from the speed limitation of electrical devices. The content of the
dissertation is based on researches that were carried out during my Ph. D. course at the Division of
Electrical, Electronic and Information Engineering, Graduate School of Engineering, Osaka University. The
dissertation is organized as follows:

Chapter 1 is a general introduction, which gives background and the purpose of the study. In the future
optical communication systems, to increase the bit rate of optical transmission systems, ultrafast A/D
conversion is required for dispersion compensation techniques and advanced modulation format using
digital signal processing, and to provide flexible photonic network, ultrafast all-optical logic gate is
required for signal processing in photonic routers.

Chapter 2 introduces optical quantizing and coding using multi-period transfer functions of nonlinear
optical loop mirror (NOLM). In previous work, the number of bit resolution of optical A/D conversion was
only 3-bit, which was not sufficient for optical communication systems. We investigated numerical design
considerations of NOLM, which is a key to the optical quantizing and coding. We consequently
demonstrated a record, nearly 4-period transfer function for a control pulse width of approximately 2 ps
capable of the 4-bit A/D conversion at the sampling rate of 100 GS/s. Finally we demonstrated nearly
8-period transfer function of a NOLM. In future, the 5-bit A/D conversion will be possible.

Chapter 3 proposes a split-and-delay technique for simplifying of the multi-bit A/D conversion. Detailed
design issues of the encoder considering for the counter-propagating effects in the case of slow and fast
varying analog signals are also discussed. With this design technique, the sampling rate and the resolution
of A/D converter can be easily changed, and the convenience of the all-optical A/D converter increases. We
have succeeded in experimental demonstration of our proposed scheme to realize the quantizing and coding
of 3-bit A/D conversion at the sampling rate of 10 GS/s.

Chapter 4 proposes a versatile all-optical logic gate based on multi-periodic transfer function of a NOLM.
We have shown that the proposed scheme can perform all sixteen two-input logic operations only by
adjusting PCs and VOAs without changing the configuration. The flexibility and ultrafast operation are
expected to support the digital signal processing in photonic router in future optical communication
systems. We have also experimentally demonstrated all-optical AND, NAND, OR, NOR, XOR, and XNOR
operations at a processing speed of 40 Gbit/s. It has been found that control and probe pulses with short
temporal widths and a carefully designed wavelength allocation are required for realizing a ultrafast logic
gate. We show the feasibility of the processing speed and the extinction ratio up to 350 Gbit/s and 13.7 dB
by numerical simulation, respectively.

From all the obtained result, it is concluded that, the proposed all-optical A/D conversion and logic



operations have the feasibilities of ultrafast and flexible operations. Each proposed technique is expected to
support several digital signal processing for advance future optical communication networks.

All the results described in the dissertation were published in OSA Journal of Optics Express, IEEE/OSA
Journal of Lightwave Technology, Proceedings of the 31st, 32nd and 33rd European Conference on Optical
Communication (ECOC 2005, ECOC 2006 and ECOC 2007), and Proceeding of the 2007 IEEE MTT-S
International Microwave Symposium (IMS 2007).

Yuji Miyoshi

Osaka Japan
July 2008
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Chapter 1

Introduction

1.1 Demand of Ultrafast Signal Processing

An analog-to-digital (A/D) conversion is fundamental signal-processing technology, which serves
as a front-end for the digital signal processing and analog signals. Analog-to-digital (A/D) conversion
is one of the most fundamental functions in signal-processing technology because it converts input
signals, which are essentially analog, into digital code sequences such that the input signals can be
processed in a highly sophisticated manner through various digital signal-processing devices.

In recent years, high-speed A/D converters have been developed to support optical communications,
radio communications with ultra-wide-band (UWB) technology, wide-band radar, radio astronomy
and various measuring equipments [1-5]. Figure 1.1 graphically represents several different
applications of A/D converters and their associated resolution and frequency requirements [6].
Particularly, ultrafast A/D conversions may find a wide variety of applications in the near future,
including pre-processing of electrical dispersion compensation (EDC) in high-speed optical fiber
communication systems [3-5]. The resolution for EDC is modest required around 5 or 6-bit, and the
sampling rate is same or twice as the bit rate [4, 5].

On the other hand, several ultrafast optical logic gates are studied in optical communication systems.
To increase the bit rate of an optical transmission system, ultrafast optical AND gates have been
studied for an optical time division demultiplexer [7]. Also, in future photonic burst and packet switch
networks, the photonic routers are expected to handle XOR operations for optical label swapping and
header reconfiguration [8-10]. These applications require ultrafast logic operations in
optical-time-division-multiplex (OTDM) communication system. Generally speaking, the realization
of various logic operations for ultrafast signals is essential for coming future applications.
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Fig. 1.1 Applications of A/D converters and their corresponding resolution and signal bandwidth

requirements.

1.2 Fundamentals of A/D Conversion

Sampling Quantizing Coding |=———m———>

111 001 101 011
>t

Continuous analog signal Sampled analog signal Quantized value Digital bit stream

Fig. 1.2 Block diagram of A/D conversion.

The block diagram of A/D conversion is shown in Fig. 1.2. The A/D conversion consists of
sampling, quantizing and coding. Sampling is to convert continuous analog signal into a discrete
signal in the time domain. Quantizing is to convert the analog amplitude of the sampled signal into a
discrete value by thresholding. Coding is to assign binary digits with according to a rule. The
sampling rate and number of quantized levels are the most of properties of an A/D converter.
Generally, a 2N-level A/D converter is called a N-bit A/D converter. In this section, we introduce

limitations of electrical A/D conversion, and possibility of a photonic A/D converter.
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1.2.1 Limitations of Electrical A/D Conversion

The amplitude resolution of an A/D converter over the sampling rate of 100 MSamples/s depends
on sampling jitter and comparator bandwidth [11]. The sampling jitter induces the amplitude error of
a sampled analog signal, because the analog signal is not sampled at precise time. The comparator
with insufficient bandwidth cannot decide the correct quantized level due to the transient response of
an input signal. Therefore, the effective number of bit (ENOB) resolution decreases with the
frequency of an input analog signal or sampling rate, as shown in Fig. 1.3 [11]. Electrical
analog-to-digital (A/D) conversion operating at 3-bit, 40 Giga Samples per second (GS/s) was
reported in 2004 [1]. The ENOB resolution is 2.30 bit at the input frequency of 9.99975 GHz. In
typical high-performance electrical A/D conversion, the sampling jitter and comparator bandwidth
ranges from 0.1 ps to 2 ps and 50 GHz to 150 GHz [12]. The resolution is limited to 3.5 ENOB at
the signal bandwidth of 10 GHz with to the case of comparator bandwidth of 150 GHz. Time
interleaved A/D conversions have been studied to overcome the limitation of comparator bandwidth.
However, the ENOB resolution of time interleaved A/D converters is limited by the temporal jitter
and the bandwidth of a sampling-and-hold circuit. The ENOB resolution of a time interleaved A/D
converter reported in 2003 was 4.6 bit at a signal bandwidth of 6 GHz [13].

10
8 \
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26
2
m 5
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3 Comparator bandwidth
5 Target of all-optical ADC
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Fig. 1.3 Effective number of bit (ENOB) of resolution versus signal bandwidth with different

sampling jitter and comparator bandwidth [1, 11-13].
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1.2.2 All-Optical A/D Conversion

All-optical A/D conversion has a potential to overcome the above-mentioned limitation of
electrical A/D conversion, because the timing jitter in the tens-femtoseconds regime is available by
mode-locked laser technology, and the response time of Kerr effect in silica is the femtoseconds
regime [14, 15]. Therefore, it is possible to operate multi-bit A/D conversion at the sampling rate of
several hundreds GS/s.

Optical sampling in optical A/D conversion has been already realized by the methods of using a
nonlinear optical loop mirror (NOLM) [16], four wave mixing (FWM) [17], etc. Several optical
interleaved A/D converter using optical sampling, optical temporal demultiplexing and M-array
electrical A/D converters have been proposed [18, 19], where M is the number of A/D converters.
These schemes can use a low jitter optical source for sampling, and electrical A/D converters operate
at a rate reduced by the factor M from the sampling rate. However, these schemes are required many
high-speed electrical A/D converters for ultrafast A/D conversion. Therefore, these schemes lead to
large-scale and high-cost implementation. Another approach based on a photonic time stretch
technique was proposed, and an effective sampling rate of 1 TS/s has been achieved [20]. However,
this scheme also requires many high-speed photo detectors and electrical A/D converters for
continuous time measurement. To realize ultrafast A/D conversion, photonic quantizing and coding
would be an ultimate solution.

An electro-optic quantizing and coding scheme was proposed in 1970s [21]. In this scheme, the
electrical analog signal is converted into an optical digital signal using multi-period transfer
functions of electro-optic modulators. The advantage of this scheme is that only N interferometers
and N photo detectors are needed for N-bit A/D conversion. In 1999, an all-optical quantizing and
coding scheme using periodic transfer functions of optical interferometer was proposed [22].
However, this scheme can measure only impulse-like signals, because a nonlinear optical loop
mirror (NOLM) is practically used as the interferometer. When a continuous signal is launched into a
NOLM, the NOLM dose not work due to a counter-propagating effect and the high average power of
input signals [23]. Therefore, the input analog signals have to be converted into impulse-like signal
by optical sampling. Moreover, to the best of my knowledge, over 2-period transfer function of a
NOLM capable of 3-bit A/D conversion has been never reported [22, 24, 25]. However, the reported
resolutions were not sufficient for optical communication systems. To realize all-optical A/D
conversion, we have studied optical quantizing and coding scheme using multi-period NOLMs to

convert into optical digital signal from sampled optical signals, and investigated the design of the
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NOLM for improving the resolution.

1.3 All-Optical Logic Operation

All-optical logic operation has been studied to realize ultrafast logic operation, and to decrease the
cost of photonic routers in future photonic networks by removing optical-to-electrical (O/E)
conversion and electrical-to-optical (E/O) conversion.

Several approaches have been proposed to realize all-optical logic gates using semiconductor
optical amplifiers (SOA) and highly nonlinear optical fibers (HNLF) [26-28]. The schemes using
HNLF have advantages in that ultrafast optical signals can be processed through the femtosecond
response of Kerr effect in silica [15]. However, HNLF tend to be large in size if integration is
attempted, in contrast to those using integrated SOAs. Therefore, in order to be useful with such a
difficulty of the HNLF-based schemes, one must seek a scheme such that one fixed configuration
can provide as many logic operations as possible.

In order to provide flexibility, and to simplify the configuration, variable logic gates capable of
some logic operations have been proposed [27-29]. To provide more flexibility with ultrafast
operation, we propose a versatile all-optical logic gate using NOLM that is capable of all two-input

logic operations without changing the configuration.

1.4 Overview of the Thesis

In the following chapters, introduction of fundamentals of photonic analog-to-digital conversion
and design consideration of multi-period nonlinear optical loop mirror are described in Chapter 2, a
simplified photonic analog-to-digital converter using the split-and-delay technique is proposed in
Chapter 3, and a ultrafast versatile logic gate is proposed in Chapter 4:

Chapter 2 introduces a photonic quantizing and coding scheme using periodical transfer functions,
and investigates design issues of NOLM with multi-period transfer function. To realize the optical
quantizing and coding, the multi-period transfer function is indispensable. The influences of
nonlinearity and group velocity dispersion on NOLM are discussed.

Chapter 3 proposes a split-and-delay technique and discusses the influence of counter-propagating
effect with split-and-delay technique. The optical quantizing and coding scheme in Chapter 2 require

2N NOLMs for a N-bit photonic quantizing and optical coding. Therefore, the hardware constraint to
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high-resolution or multi-bit quantizing is an issue to be solved. With this technique, the sampling
rate and the resolution of A/D converter can be easily changed, and the convenience of the all-optical
A/D converter increases. The split-and-delay technique realizes a N-bit photonic A/D converter
using a single cascaded NOLM.

Chapter 4 proposes and demonstrates a versatile all-optical logic gate using NOLM that is capable
of all two-input logic operations without changing the configuration. This scheme provides all
two-input logic operations only by adjusting polarization controllers (PCs) and variable optical
attenuators (VOAs), without changing the configuration. Then, we discuss the limitation of the
processing speed due to dispersion effects and undesirable nonlinear effects in HNLF.

Chapter 5 summarizes all the results and concludes this thesis.



Chapter 2

Fundamentals of All-Optical
Analog-to-Digital Conversion and
Multi-Period Nonlinear Optical Loop

Mirror

2.1 Introduction

In this chapter, we introduce an optical quantizing and coding scheme for an all-optical
analog-to-digital (A/D) conversion and investigate design issues of a nonlinear optical loop mirror
(NOLM), which is a key to the optical quantizing and coding. The All-optical A/D conversion is a
potential break-through to overcome the limitations of the electronic A/D converters.

In Section 2.2, an optical quantizing and coding scheme using periodical transfer function is
introduced. In Section 2.3, we review the principle of a NOLM. In Sections 2.4 and 2.5, we

investigate design issues of a NOLM with multi-period transfer function.



8 Chapter 2. Fundamentals of All-Optical Analog-to-Digital Conversion
and Multi-Period Nonlinear Optical Loop Mirror

2.2 Optical Quantizing and Coding Scheme Using

Multi-period Transfer Function

We have studied an all-optical quantizing and coding scheme for ultrafast A/D conversion, using
periodical transfer functions of NOLMs [24,25]. This scheme is based on the Taylor scheme [21].
Figure 2.1 shows the block diagram of the all-optical A/D conversion. This A/D converter consists
of a sampler, a splitter, N-encoders and N-thresholders for N-bit A/D conversion.

As shown in Fig. 2.1, input analog optical signal is firstly sampled by optical sampling technique.
The sampled optical analog signal is branched to N-pulses by splitter. The split pulses are inputted
into N-encoders with different periodical transfer functions, respectively. The encoders have
transfer functions for quantizing and coding, and the output code is the Gray Code characterized by
only 1-bit changing between adjacent codes. Each encoder has a transfer function with different
number of periods for quantizing and coding. The #n encoder must have the 22 periods transfer
function (n=1, 2, ~, N). The example of the Gray code is shown upper side of Fig. 2.2. In order to
realize 3-bit A/D conversion with the Gray code, encoders #1, #2 and #3 have half-, single- and
two-period transfer functions, respectively, as shown in the lower side of Fig. 2.2. Each encoder
switches a sampled analog pulse into digital signal with the Gray code correspond to intensity of
sampled analog pulse by the transfer function. Moreover, the thresholders improve the extinction

ratio of the transfer function by rejecting residual “0” pulses and limiting excessive “1” pulses.

#1 #1
1 1
#1 antizing-
/\ %ld_cozdmgg Thresholding
Encoder#1 Thresholder#1 Output #1
. #2 # #
Input Sampling /\ /O\ 0
Sampler Encoder#2 Thresholder#2 W#z
B } #N ] #N
z = S : 1
172] 7] " "
5 #N i ;
= : H
bt A Encoder#N hresholder
Sampled optical feocer Lhesholder Output #N
analog signal Optical digital signal

Fig. 2.1 Block diagram for all-optical A/D conversion.
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Fig. 2.2 Transfer functions of the encoders for 3-bit A/D conversion with Gray code.

2.3 Nonlinear Optical Loop Mirror (NOLM)

Each encoder consists of a nonlinear optical loop mirror (NOLM), and its configuration is shown
in Fig. 2.3. The NOLM consists of a 3-dB coupler, a WDM coupler, a band pass filter (BPF), a
highly non-linear fiber (HNLF), and polarization controllers (PCs). The sampled optical analog
signals operating at A are launched into Input; port as control pulses. The probe pulses operating at
A, are synchronized with the optical analog pulses and are inputted into Input, port. A probe pulse is
divided into clockwise and counter-clockwise traveling pulses by the 3dB-coupler. The pulses
traveling clockwise receive cross-phase modulation from the co-traveling split control pulses. The

phase shift @ypy.cp due to this cross phase modulation (XPM) is given approximately by
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Fig. 2.3 Configuration of nonlinear optical loop mirror for the encoder.

Pxor—cw = 27PpeakL= 2.0

where y and L are the nonlinear coefficient and length of the highly non-linear fiber (HNLF),
respectively. P,eq is the peak power of the control pulse. This phase shift @ypar.cw is used for the
switching operation of the NOLM.

On the other hand, the control pulses induce unwanted phase shift, which is not desired for the
switching on the counter-clockwise traveling probe pulses at the same time. The counter-clockwise
traveling probe pulses receive the phase shift when the control pulses pass through them in the
HNLF. The phase shift @ypyrcow of the counter-clockwise traveling probe pulse is given by the

average power of the control pulses as,

Pxpri—cow =27 P (DL

2t r+TP(t')dt', 2.2)
T -7

where ¢ is the time when the probe pulse is input into the HNLF. P,,.(?) is the average power of
control pulses in the HNLF, which may be taken as time-dependent in practical applications. T is
the transit time of the probe pulse in the HNLF, and P(?) is the power of input control pulses into

the HNLF. We note that P, is a time-varying function, whose response time is comparable with



2.3. Nonlinear Optical Loop Mirror (NOLM) 11

the transit time 2t. The electric fields Ecy, Eccw of clockwise and counter-clockwise traveling

probe pulse after passing through the HNLF are given by

1 .
Eoy = ﬁEo eXp( i ypur —cw ) (2.3)
i )
Ecew = ﬁEo exXp( P ypur _cow ) 2.4

respectively, where E, is input electric field of the probe pulse. The electric field of the output

probe pulse Eppris given by

1 1 )
Eour = \/5 * ﬁEo exXp( i yppr —cw )
I I
+ o —F exp(i —cew ) (2.5)
2 2 0 P xer _cow
E

0

= [exp( 1D yor —cw ) — €XPIPxpys —cow )]

>

The output power Poyr is given by

1
Pour = EPIN {1 — COS (A P xom )}a (2.6)

where Ppy is the power of the input probe pulse, Adypy 1s the phase difference between the
clockwise and counter-clockwise probe pulses and can be calculated from Egs. (2.1), (2.2), and

(2.6) as

A¢XPM = ¢XPM—CW - ¢XPM—CCW

=29P .L—2yP ()L 2.7

peak ave

1 pt+r N
_ ;/L[2Ppeak - [ P j

-7

It should be noted that Poyr depends on @ypyrcow, which is time-varying. This phenomenon is
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Fig. 2.4 Configuration of nonlinear optical loop mirror for the encoder

called counter-propagating effect [23]. Because the NOLM we have used approximately
400-m-long HNLF, more than tens of thousand of control pulses are included in the transit time 27,
at the sampling rate of 10 GS/s. Therefore, the @xprrcow can be regarded as almost constant as fast
varying analog signal is assumed. If the HNLF in the NOLM is a non-polarization-maintaining
HNLF, this effect can be compensated by the polarization controller of the NOLM [30]. For a
NOLM using a polarization-maintaining HNLF, solutions using an optical bias controller or optical
phase-bias compensator (OPBC) have been studied [31, 32]. The design considerations have to
carefully include the issues associated with this phenomenon. Here, we neglect the fiber loss,
changes in pulse shape and polarization, and walk off due to the fiber dispersion to simplify the
discussion.

Figure 2.5 shows a thresholder using a NOLM, which is consist of a circulator a 3-dB coupler , a
HNLF, a PC, and attenuator (ATT). The quantities of SPM for the clockwise pulses @spy.cn and

counter-clocwise traveling pulses @spy.cow can be written by equations

:a% 7L, (2.8)

¢SPM -Cw

_Piva

Pserr -cow = _2 7L, 2.9

respectively, where Py, and a are the input power of the probe pulse and the loss due to the ATT
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in the loop, respectively. Here, we neglect the counter-propagating effect to simplify the discussion.
The electric fields Ecw.p, Ecow.s of clockwise and counter-clockwise traveling probe pulse after

passing through the HNLF and ATT are given by

(04 .
Ecy 4y = '\/?Eprobe —ar €XP( TP sprs —cw )5 (2.10)

.| .
Ecew-u = lﬂEEpmbe i EXPCIPsprr —cow )s (2.11)

respectively, where E,q..44 is input electric field of the probe pulse. The electric field of the output

probe pulse Egyr.y, is given by

1 fa .
Eour o = \/5 b ?Eprobe i EXP( Doy e )
I . |la .
\/5 ¢! EE probe —ih exp( Lbspr _cow ) (2.12)

E robe — . .
= %\/;[exp( [Dsprr —cw ) — €XPUiPspys _cow )]

+

The output power Poyry, of the thresholder is given by

1
Pour o = Eapww {1 = COS(Dsprs —cw — Pseur —cow )}

1 (1-a)yL 2.13)
:EaPIN—th I_COS{TPIN—th} -

The transfer function can be used as thresholder, which suppresses “0” level signals and tailors

“1” level signals.

2.4 Design Considerations of Multi-Period NOLM

In section 2.3, we neglected the fiber loss, changes of pulse shape, and walk-off due to the fiber

dispersion. In this section, effects due to the fiber nonlinearity and group velocity dispersion (GVD)
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are discussed. To realize multi-period transfer functions in a NOLM, the cross-phase modulation of
the probe pulse travelling clockwise at Ap by a high-intensity control pulse at Ac has to be
maximized by mitigating walk-off through a careful design of the wavelength allocation of Ap and
Ac by taking into account of the group velocity dispersion (GVD). The wavelength allocation of the
control and probe pulses has to be optimized with respect to the chromatic dispersion of highly
nonlinear fiber (HNLF). In the past, to reduce parametric gain, and to avoid unwanted soliton
phenomena the wavelengths of both control and probe pulses be placed normal dispersion region,
as shown in Fig 2.5 (a). However, this wavelength allocation induces the walk-off problem, which
is caused by the difference of group velocity between the control pulse and probe pulse. The
walk-off reduces the XPM efficiency and the extinction ratio of transfer function, because the
control pulse can’t induce uniform phase shift to the whole clockwise traveling probe pulse by
walk-off and fiber loss, as shown in Fig. 2.6. The uneven phase shift broadens a spectrum of the
probe pulse. Such a clockwise traveling probe pulse cannot fully interfere with counter-clockwise
traveling probe pulse. The differential transit time AT, between the control pulse and probe

pulse can be written as
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ATwalk—of =DL (icontrol - Z’probe)’ (2.5)

where D and L are the dispersion and fiber length of HNLF in the NOLM, respectively. Aconsor and
Aprove are wavelengths of the control and probe pulse.

To minimize walk-off, the wavelength interval between control pulse and probe pulse, and the
dispersion parameter should be minimized. However, if both the dispersion parameter and
differential wavelength interval are too small, the transfer function profile will be deformed
because the probe pulses travelling clockwise are amplified by parametric gain, depending on the

power of the control pulse. The parametric amplification gain G can be written as [15]

G =1+ (27 Py | €)° sinh*(g2), (2.6)
— 2 2

8= \/(27 R:ontrol) - (K/Z) ’ (27)

K = Ak + 27/])control’ (2.8)

where L, y are the fiber length and the nonlinear coefficient of a HNLF in a NOLM. P,z 1S the
power of a control pulse. x, g and Ak are, the net phase mismatch, the parametric gain, and the
phase mismatch. In order to reduce the amplification factor, the phase mismatch Ak should be
increased by increasing the difference of the control pulse wavelength and the probe pulse
wavelength, and increasing the difference of the control pulse wavelength and the zero dispersion
wavelength.

Fig. 2.5 (b) shows the wavelength allocation to suppress both influences of walk-off and the
parametric amplification. In this allocation, the wavelength of the control pulse is located in normal
dispersion region. On the other hand, the wavelength of the probe pulse is located in the anomalous
dispersion region, which is symmetric to that of the control pulse with respect to the zero dispersion
wavelength. It is possible to achieve the same group velocity between control pulse and probe pulse
[7]. If the wavelength interval between the control pulse and the probe pulse is large enough, this
allocation will be available not only to suppress parametric amplification but also to suppress
walk-off.

At the same time, the spectral broadening of the control pulse caused by self-phase-modulation
(SPM) and Raman effect has to be taken into account. If the wavelength spacing between the
control and probe pulse is too narrow, the broadened spectrum of the control pulse overlaps with

the probe pulse. The overlapped control pulse cannot be removed at output port by band pass filter.
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Fig. 2.7 Effect of Raman gain on transfer function of multi-period NOLM.

If the wavelength spacing is too wide, the power of probe pulse travelling clockwise is
Raman-amplified by the control pulse. The Raman gain increases as the wavelength spacing
approaches to 100 nm [15]. Too high gain degrades the transfer function. However, a proper gain
improves transfer function profile, because the gain compensates the decreased power of probe

pulse due to spectrum broaden by uneven XPM and filtering by BPF, as shown in Fig. 2.7.

2.5 Numerical Simulations and Demonstrations

2.5.1 Design Comparison of NOLMs

In this section, we compare designs by numerical simulation. Figure 2.8 shows the simulation
model of the NOLM. In order to consider both the effects of uneven XPM and Raman amplifier in
HNLF, we used the split-step Fourier method [15]. However, the pulses transmitted bi-directionally
cannot be simulated by this method. So we split the counter-clockwise and clockwise paths into
two different paths. The control pulse and the probe pulse are input to the upper side path as the
clockwise path from the WDM coupler and the 3-dB coupler. To the lower side path, only probe
pulse is input as counter-clockwise path from 3-dB coupler. It is assumed that control and probe
pulse maintain the same polarization state. Figure 2.9 and Table 2.1 show the group delay, the
dispersion of HNLF, the wavelength allocation, and the parameters of each design. The zero
dispersion wavelength, the dispersion slope, the nonlinear coefficient, and the length of HNLF are

assumed to be Ay=1567.7 nm, Ds = 0.02 ps/km'lnm'l, v=9.0 W'lkm'l, and L =403 m, respectively.
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Table 2.1 Parameters of Designs.

Control pulse Probe pulse | Walk-off
Ac[nm] | Tc [ps]|Ae [nm] | Tp [ps]| Tw [ps]
Design la| 1553.0 | 4.11 [1572.0| 1.22 | 0.868
Design 1b| 1553.0 [ 2.58 [ 1572.0| 1.19 | 0.868
Design 2 | 1542.0 | 2.04 |1572.0( 1.34 | 2.870
Design 3 | 1553.0 | 2.04 |1583.0( 1.34 | 0.002
Design 4 | 1548.2 | 2.04 |1588.2( 1.34 | 0.004

The walk-off is more suppressed in Designs 3 and 4 than Design 1 and 2. The wavelength spacings

between the control and probe pulses in Designs 2, 3 and 4 are 30 nm, 30 nm, and 40 nm,

respectively. In Designs 1b, 2, 3, 4 and 5 the pulse width of the control pulse T¢ and probe pulse Tp

are approximately 2 ps and 1 ps, respectively, because the A/D converter is targeted for the

sampling rate above 100-GS/s. Figure 2.9 shows the simulation results of the transfer functions of
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the NOLM with the five designs. The transfer function of Design 1a achieves 4 periods. However
in Design 1b the transfer function cannot achieve 4 periods, because the broadened spectrum of the
control pulse overlaps with the probe pulse at an average power of 550 mW. The wavelength
spacing, 19 nm, is too narrow for the pulse width of 2.58 ps. The extinction ratio in Design 2 is
lower than the one in Design 3, due to the large walk-off (2.87 ps), while those of Designs 3, and 4
are improved due to smaller walk-off. The transfer functions of Designs 3 and 4 achieve 4 periods.
However, the effect of Raman amplification is large in Design 4. Overall, Design 3 is the optimum
for 4-bit A/D conversion in these Designs. To support this Design consideration, we experimentally
demonstrated Designs la, 1b and 3.

Figure 2.11 shows the experimental setup to measure the transfer function of the NOLM. The
control and probe pulse parameters, and fibre parameters of HNLF, were substantially the same as
the simulation parameters of Design 1a, 1b, and 3, respectively. We note that in Designs 1a and 1b,
a different HNLF was used; the wavelengths of control and probe pulse, and the zero dispersion
wavelength were shifted by -2 nm. Because the dispersion slopes of the HNLFs used were the same,
the conditions were theoretically equivalent to those listed in Table 2.1. The sampling rate was
40-GS/s but the pulse width was approximately 2 ps so that sampling rate higher than 100-GS/s
could be demonstrated in Design la and 3. To generate the probe pulse train, we used a 40-GHz
pulse source consisting of a tuneable laser source (TLS) operating at 1583 nm or 1570 nm
depending on the condition, a RF oscillator, a LN intensity modulator, an EDFA and a pulse
compressor so-called comb-like profiled fibre (CPF) [34]. We generated control pulses from the

wavelength conversion of the probe pulses in HNLF, through the degenerate four-wave mixing
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Fig. 2.11 Experimental setup.

with the continuous wave pump light at 1568 nm or 1560.5 nm. The pulse width of the control
pulses was adjusted by the bandwidth of a band pass filter (BPF). A variable optical attenuator
(VOA) was used to emulate level change of the optical analog signal input. The variable delay line
(VDL) was adjusted so as to overlap the probe pulse with the control pulse. Two PCs at each input
adjusted the polarization states of the control and probe pulses to be matched efficiently for
inducing XPM. In this experiment, we could measure nearly 4-period sinusoidal transfer function.
However, compared with the simulation results, the input power required for Designs 1a, 1b, and 3
in the experiment was larger by factors of 1.16, 1.18, and 1.41, respectively. The difference
presumably arises from the misalignment of the polarization states due to indefinitely varying
birefringence of the HNLF. Therefore, as a fair comparison, we modify the powers of control pulse
by these factors, and co-plot the modified measured transfer function of the NOLM in Fig. 2.10. We
find from Fig. 2.10 that the extinction ratio of the experimental transfer functions is worse than the
simulated ones. One plausible reason is due to the timing fluctuation between the control and probe

pulse during measurement. We speculate that it should be solved by stabilizing the timing.

2.5.2 Demonstration of multi-period transfer function

Figure 2.11 shows the experimental setup to measure multi-period transfer function of NOLM.
This experimental setup was solved above the timing fluctuation problem by using a timing
stabilizer. For the control pulses, or the sampled analog pulses, we used a 10-GHz mode-locked

fiber ring laser (FRL) operating at a wavelength of 1542 nm. To generate high power control
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pulses, the repetition rate of control pulses were decreased by a Mach Zehnder modulator (MZM).
We generated the probe pulses by means of the wavelength conversion of the control pulses
through four-wave mixing (FWM) in HNLF; with a tunable laser source (TLS) whose wavelength
is set at 1560 nm. The probe pulses, which were generated at a wavelength of 1572 nm with a pulse
width of 2.7 ps, were synchronized with the control pulses. The BPF, with a 3-dB bandwidth of 0.4
nm was used to expand the pulse width of the control pulses up to 6.8 ps. A variable optical
attenuator (VOA) was used to emulate the changing levels of the optical analog signal input. A
variable delay line (VDL) was set so as to overlap the probe pulse train with the control pulses. The

zero dispersion wavelength, the dispersion slope, the nonlinear coefficient, and the length of the
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HNLF are assumed to be Ay= 1560 nm, Ds = 0.02 ps/km-nmz, vy =12.0 1/W-km, and L = 400 m,
respectively. Two PCs at each input adjusted the polarization states of the control and the probe
pulses to be matched efficiently for inducing XPM. The PC in the loop is used in order to adjust the
bias setting so that all probe pulses are output to the reflection port, when the control pulses are
absent. The BPF; placed at the output of the NOLM removes the control pulses and only transmits
the probe pulses. Figure 2.13 is the numerical and experimental result, which shows the nearly
8-period transfer function of the NOLM. This discrepancy between numerical and experimental
results is probably due to the mismatching of the polarization states between the control pulses and
the probe pulses in the HNLF,. The mismatching cannot be inevitable by only adjusting the PCs,
because the control and probe pulses are received wavelength-dependent polarization rotations
from indefinitely varying birefringence of the HNLF. The polarization mismatch decreases the
efficient of XPM, and the extinction ratio due to the nonlinear polarization rotation, which depends
on the intensity of sampled analog signals. In future, a 5-bit A/D conversion will be possible by
completely matching the polarization states of the control pulses and the probe pulses using a

polarization-maintaining HNLF.

2.6 Conclusion

In this chapter, an optical quantizing and coding scheme using multi-period transfer functions
were introduced. We investigated numerical design considerations of a NOLM that had been
confirmed by experiment, and consequently demonstrated a record, nearly 4-period transfer
function for a control pulse width of approximately 2 ps capable of 4-bit A/D conversion at the
sampling rate of 100-GS/s. Finally we demonstrated nearly 8-period transfer function of NOLM. In

future, the 5-bit A/D conversion will be possible using a polarization-maintaining HNLF.
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Chapter 3

All-optical Quantizing and Coding Using
Split-and-Delay Technique

3.1 Introduction

In this chapter, we propose an all-optical quantizing and coding scheme using a split-and-delay
technique. The Split-and-delay technique simplifies the configuration of the A/D converter and
supports a high-resolution all-optical A/D converter. The conventional all-optical A/D conversion
scheme, which is introduced in Chapter 2 required N-encoders, and N-thresholders for N-bit optical
quantizing and optical coding. Therefore, the problems of size, complexity and polarization
instability become conspicuous when the resolution is high. The A/D converter using the
split-and-delay technique requires only one encoder and one thresholder for N-bit A/D conversion.
This technique can change the sample rate and the resolution only by changing the operation of the
sampler and the split-and-delay coupler (SDC), and thus the convenience of the all-optical A/D

converter increases.
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3.2 Split-and-Delay Technique

In the scheme of conventional A/D conversion, which was described in Section 2.3, in order to
increase resolution, the number of encoders and thresholders had to be increased. In conventional
scheme, N-encoders with a different periodical transfer function for each bit were required for N-bit
A/D conversion. Therefore, the problems of size and complexity become conspicuous when the
resolution is high. On the other hand, the configuration of proposal scheme dose not become
complex even at high resolution A/D conversion, because the A/D converter using split-and-delay
technique requires only one encoder and one thresholder even at N-bit A/D conversion. Figure 3.1
schematizes this process for 3-bit A/D conversion. As shown on the right-hand side of Fig. 3.1, in
order to realize the coding based on Gray code, the 3-bit A/D converter needs to have the periodic
transfer functions with three different periods. The transfer function of #N requires 2" periods for
N-bit A/D conversion. The intensity of the output pulse for each bit of #1, #2, and #3 takes a value
either “0” or “1”, depending on the intensity of an optical analog pulse. For example, when the
intensity of an input analog signal is “6”, the output pulses of #1, #2 and #3 encoder are “1”, “0” and
“17, respectively. This scheme requires N-encoders for N-bit A/D conversion.

The block diagram of our proposed all-optical quantization and coding for N-bit A/D conversion
using a novel split-and-delay technique is shown in Fig. 3.2(a). The A/D converter consists of a
split-and-delay coupler (SDC), an encoder and a thresholder. The SDC splits a sampled optical

analog pulse into N analog pulse trains with a set of pre-determined splitting ratios. Their delay
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Fig. 3.2 Split-and-delay technique.

interval is determined by the target sampling resolution N. The encoder and the thresholder have the
operation speed of N-times the sampling speed. An example of 3-bit quantization and coding is
shown on the left-hand side of Fig. 3.1. If the relative power ratios for the split and delayed pulses
were set 1/22, 1/21, and 1/20, respectively, then one encoder could provide effectively a different
period for each of the split pulses. Namely, in the case of Fig. 3.1, the encoder exhibits different
transfer functions; (#1) half-, (#2) single- and (#3) two-period transfer function in each time-slot,
respectively, for one input analog pulse.

The configuration of a SDC for the 3-bit A/D conversion is shown in Fig. 3.2(b). This SDC
consists of two half mirrors, three mirrors, three variable optical attenuators, and an optical circulator.
The input pulse is split into three pulses by the half mirrors, and the split pulses are reflected back
and coupled together again. The delays and relative power ratios of three divided pulses are given by
the difference of their path lengths and the variable optical attenuators, respectively. It is noteworthy

that this technique allows us to increase the intensity resolution of A/D conversion by sacrificing the
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temporal resolution. In other words, the use of this split-and-delay technique is indeed to exploit the
bandwidth of the encoder for increasing the number of bits, as is exemplified in Fig. 3.3. In Fig.
3.3(a), the sampler can operate at a sampling rate of 4xB GS/s, when the split-and-delay technique is
not used. The encoder and thresholder operate for 1-bit A/D conversion at 4xB GS/s. If we employ
the split-and-delay technique, the sampling rate can be changed to B GS/s, and the sampled analog
pulse divides into 4 pulses by a SDC as shown in Fig. 3.3(b). The encoder then realizes the half-,
single- two- and four- period transfer function at time-slots #1, #2, #3, and #4 respectively. As a
result, the encoder and thresholder can operate as a 4-bit A/D converter at a sampling rate of B GS/s,
while the encoder operates at the same clock frequency of 4xB GHz. Thus, the temporal resolution is
utilized to increase the intensity resolution. If two split-and-delay units were operated in parallel,
4-bits at 2xB GS/s would be realized. This is so called hybrid approach to obtain both
high-resolution and high-speed. And the split-and-delay technique allows us to save the number of

encoders, leading to a much simpler configuration compared to the conventional setup.



3.3. Principle Operation of Split-and-Delay Technique 27

3.3 Principle Operation of Encoder Using

Split-and-Delay Technique

The encoder we use here is a NOLM with the configuration as shown in Fig. 3.4. While SDC,
divides a sampled analog pulse operating at A, into N control pulses with the designated splitting
ratios, SDC, divides a probe pulse operating at A, into N probe pulses with an equal intensity. The
divided probe pulse train is synchronized with the optical analog pulses.

When the probe pulses enter the NOLM, they split into the two directions; one is clockwise and the
other is counter-clockwise. The clockwise traveling pulses receive cross-phase modulation from the
co-traveling split control pulses. The phase shift dyvprrcpr (i=1, 2, ... N) due to this cross phase

modulation (XPM) is given approximately by

Pxpr —cwi = 2V Preari L (3.1

where 7 and L are the nonlinear coefficient and length of the highly non-linear fiber (HNLF),
respectively. P,.q; is the i-th peak power of the control pulse overlapped with the probe pulse in each
time-slot. This phase shift @ypy.cws is used for the switching operation of the NOLM.

However, the control pulses induce unwanted phase shift on counter-clockwise traveling probe
pulses at the same time. The counter-clockwise traveling probe pulses receive the phase shift when
the control pulses pass through them in the HNLF. The phase shift @ypy.con of the counter-clockwise

traveling probe pulse is given by the average power of the control pulses as,

Pyort—cow =27 P (DL

7 [ Paar, (3.2)
T -7

where ¢ is the time when the probe pulse is input into the HNLF. P,,.(2) is the average power of
control pulses in the HNLF, which may be taken as time-dependent in practical applications. T is the
transit time of the probe pulse in the HNLF, and P(#) is the power of the input control pulses into the
HNLF. We note that P, is a time-varying function, whose response time is comparable with the

transit time 2t. The output power Poyr; of the i-th time-slot is given by
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1
Poyri = EPINi {1 — COS (A ¢XPM1’ )}’ (3.3)

where Ppy; is the power of the input probe pulse, the subscript i denotes the i-th time slot, and
Adypy; 18 the phase difference between clockwise and counter-clockwise probe pulses and can be

calculated from Egs. (3.1), (3.2), and (3.3) as

A¢XPM1’ = ¢XPM—CW:’ - ¢XPM—CCW

=2yP  L—2yP. (1)L (3.4)

peaki ave

1 pt+r
- yL(zppm ——| P(t)dt].
T -7

It should be noted that Poyr; depends on @ypys.cow which is time-varying. This phenomenon is called

counter-propagating effect [31]. The design considerations have to carefully include the issues

associated with this phenomenon.
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3.4 Counter-Propagating Effect in Sprit-and-Delay

Technique

Let us estimate the SDC power splitting ratios, accounting for different regimes of the
counter-propagating effects. The encoder needs to have the (#1) half-, (#2) single- and (#3)
two-period transfer function for the input analog pulse in each time-slot for 3-bit quantizing and

coding. Then, the phase shift ratio of Agypy; has to be set so as to satisfy the following equation.

A¢XPM1 : A¢XPM2 Lo A¢XPMN =1:2:---: 2N_1- (3.5

3.4.1 Characteristics of the Encoder without Counter Propagating
Effect

The first regime we consider is the case where the average power of the control pulses P, is
enough small compared with their peak power, i.e. Ppeui>>Pyye(t), so that the counter-propagating
effect can be neglected. Then, the relative power ratios of the pulse divided by the SDC will be given

by the following equation.

Ppeak1 :Ppeak2 Teees PpeakN =1:2:...:2N71, (3.6)

On the other hand, the counter-propagating effect cannot be neglected in the cases of a A/D

conversion with a high-sampling rate and/or a high-resolution.

3.4.2 Static Characteristics of the Encoder with Counter-propagating
Effect

The second regime we consider is the case where the analog signal changes enough slowly as
compared with 1, the transit time of the probe pulse in the NOLM. In this regime, the all control
pulses in each time-slot in HNLF have approximately the same peak power at each instant of time, .
Then, P,,., and hence the phase shift ¢xpycow, is approximately proportional to the peak power of

the control pulses Ppq. Here, let us define Rp = Ppeup/Pave, as the peak-to-average power ratio of the
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input sampled analog pulse before entering the SDC. The average power of a control pulse train after

the SDC, P,e.spc 1S given by

Ppeakl (t) + PpeakZ (t) teeet PpeakN (t)
R, '

PavefSDC (t) = (37)

The relative power ratios of the divided control pulses by the SDC can be calculated using Eq. (3.4),
(3.5) and (3.7).

7 21
Ppeakl :PpeakZ :Ppeak3 :1(2_4+RPJ(4_4+RP] (38)

For example, assuming that the pulse shape is of sech®, the peak-to-average power ratio Rp can be

written as
RP — Ppeak (t)
PHV@ (t)
1000x P, ()
0.5673 % Ty, X Py (t)] sech®(T)dT x B (3.9)
~ & = Const.,
TFWHM x B

where Ty [ps] is the full-width at half-maximum of the control pulse and B [GHz] is the
repetition rate (sampling rate). If the control pulse width is 3 ps for 3-bit A/D conversion at 10 GS/s,
the peak-to-average power ratio Rp is approximately 29.4. The relative power ratios of the control

pulses are Ppegis @ Ppear2: Ppears =1:1.79 : 3.37.

3.4.3 Dynamic Characteristics of the Encoder with Counter
Propagating Effect

While the second regime we have considered only very slowly varying analog signal input, the third
regime that we consider here is the case where the input analog signal varies fast enough, but its
average power defined in Eq. (3.2) can be approximated as a constant. This is usually the case for the

optical signals used in high-speed data transmissions. For a constant average power of the control
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Fig. 3.5 Transfer functions of the encoder in the case of the counterclockwise probe pulses receive

constant phase shift @ypir.cow = 1/2.

pulses, the traveling counter-clockwise probe pulse trains always receive the same amount of phase
shift @ypar.cow irrespective of which time slot the probe pulse belongs to. Fig. 3.5 shows the transfer
function with the constant phase shift @xpy.comw = /2, and the relative power ratio of control pulse
train are 1 : 2 : 4. The phase shift laterally translates the transfer functions. So the transfer function
of the encoder cannot operate properly for quantizing and coding into Gray Code. The similar
problems have also arisen in ultra-fast wavelength conversion and 3R regeneration using NOLM
[29-31]. This problem can be solved by giving the same magnitude of the phase shift to the
clockwise probe pulse train. If the HNLF in the encoder uses a non-polarization-maintaining HNLF,
this effect can be compensated by the polarization controller of the encoder [29]. If the HNLF in the
encoder uses polarization-maintaining HNLF, the solutions using an optical bias controller or optical
phase-bias compensator (OPBC) have been studied [30, 31]. Therefore, when the analog signal does
not contain low frequency components, these schemes can be applied to compensate the

counter-propagating effect.

3.5 Numerical Simulation

In the previous section, we neglected the fiber loss, changes in pulse shape, parametric
amplification and walk off due to the fiber dispersion to simplify the discussions. In order to take
these effects into account and precisely design our proposed scheme in detail, we run numerical
simulations. Figure 3.6 shows the simulation model of the encoder. In order to consider the walk-off

and the parametric amplification in HNLF, we used split-step-Fourier-method. To simplify the
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Input sampled WDM-coupler
analog pulse

Input probe pulse
—> —5DC, H%

3dB-coupler

EPXPMf COW

3dB-coupler

Fig. 3.6 Simulation model of the encoder.

Table 3.1 Parameters used in numerical simulation and experimental demonstration.

Input control pulse Pulse shape: Sech’

(Sampled Analog Pulse) Wavelength: 1560 nm
Repetition rate: 10 GHz

Pulse width: 4.78 ps

Input probe pulse Pulse shape: Sech’
Wavelength: 1570 nm

Repetition rate: 10 GHz
Pulse width: 2.45 ps

Average power: 4 mW

Band pass filter Filtering shape: Gaussian

Center wavelength: 1570 nm

-3dB band width: 3.2 nm

Parameters of HNLF in the encoder

Fiber length L [m] 380
Nonlinearity y [W'km™] 17.5
Zero dispersion wavelength 4y [nm] 1575
Dispersion slope A [ps/km/nm”] 0.0271
Fiber loss o [dB/km] 0.668
Excess loss of components
3dB-coupler 0.05 dB
WDM-coupler at 1560nm 0.93 dB

WDM-coupler at 1570nm 0.82 dB
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Fig. 3.7. Waveforms of each input power of control pulse train, and transfer functions in each
time-slot of the proposed encoder for 3-bit quantizing and coding. The counter-propagating effect is
neglected in (a), and included in (b) and (c). The relative power ratios of the control pulse train are

(a)1:2:4,(b)1:2:4,and (c) 1:1.69 : 3.06, respectively.
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simulation procedure, we split the counter-clockwise and clockwise path into two different paths.
The control pulses and the probe pulses are input to the upper side path through WDM coupler and
3-dB coupler, respectively, for simulating the clockwise path. In the lower side path, only the probe
pulses are input through the 3-dB coupler, for simulating the counter-clockwise path. The timing of
input probe pulses is adjusted to maximize XPM under the effect of walk-off. It is assumed that the
control and probe pulses maintain the same polarization state. We should note that the effects of
bidirectional propagation cannot be simulated by this simplified model. However, in order to
consider the counter-propagating effect, the phase shift @ypy.con by the average power of the control
pulses is added to the probe pulse in counter-clockwise path. The connection loss of fibers were
neglected. The SDCs divide one pulse to three pulses by a 25-ps time delay. Table 3.1 shows the
parameters used in the numerical simulations. All of the parameters are the same as those of the
experimental demonstrations described in the subsequent section.

Fig. 3.7(a) shows the waveforms of each input power of control pulse train, and transfer functions
of each time-slot for the case that the counter-propagating effect is neglected (@xparcow = 0) and the
relative power ratios of the control pulse train are Ppeuis: Ppeako: Ppeaks = 1 @ 2 : 4. Fig. 3.7(b) shows
the waveforms of each input power of control pulse train, and the transfer functions of each time-slot
including the counter-propagating phase shift @yprr.cow = 2/LepPave and the relative power ratios of
the control pulses are Pueais: Ppeak2: Ppeaks = 1 : 2 1 4, where Legis the effective length defined as Ly =
(1-exp(-a.L))/a.. Fig. 3.7(c) shows the waveforms of each input power of control pulse train, and the
transfer functions of the probe pulses at each power of the control pulses for the case that the
counter-propagating effect is included (@xpyr.cow = 2o ave) and the ratios of the control pulse train
are Ppeaki: Ppeak2: Ppears =1 :1.69 : 3.06 in accordance with Eq. (3.8).

When the counter propagating effect is neglected, the encoder exhibits a (#1) half-, (#2) single-
and (#3) two-period transfer function for each time-slot of an input analog pulse as shown Fig. 3.7(a).
When the counter-propagating effect is considered, and the relative power ratios are Ppears: Ppeako:
Ppeais = 1 1 2 1 4, the transfer functions of each time-slot is distorted resulting in errors in
quantization and coding as shown Fig. 3.7(b). On the other hand, by properly setting the power ratios
of the control pulses to be 1 : 1.69 : 3.06, respectively, the transfer functions of each time-slot fitted
for A/D conversion as shown Fig. 3.7(c). The output power does not become 0 mW at the points
where the phase difference A¢ became 27 and 4n. Due to the walk-off between the control pulse and
the probe pulse, and because the shape of the control pulse is not rectangular, the control pulse

cannot cause the XPM uniformly over the entire probe pulse.



3.6. Experimental Demonstration 35

3.6 Experimental Demonstration

Figure 3.8 shows the experimental setup for demonstrating our proposed 3-bit all-optical
quantizing and coding at a sampling rate of 10 GS/s using split-and-delay technique, and table 3.1
shows the parameters used in the above numerical simulations that are completely the same as those
used in this experiment. We used a 10 GHz mode-locked fiber ring laser (FRL) operating at a
wavelength of 1560 nm with a pulse width of 2.48 ps for the pulse sources of the control pulses and
the probe pulses. We generated the probe pulses by means of the wavelength conversion through
four-wave mixing (FWM) in HNLF, with the pulse source and a tunable laser source (TLS) whose
wavelength is set at 1550 nm. The probe pulses, which are generated at a wavelength of 1570 nm
with a pulse width of 2.45 ps, are synchronized with the control pulse. Split-and-delay couplers
(SDCs) were used to divide one pulse into three pulses with 25-ps spacing. The SDC for control
pulse (SDC,) was set to provide the different phase shift Agypy; (1 =1, 2, 3) with the ratioof 1 : 2 : 4,
respectively. The SDC for probe pulse (SDC,) was used to divide pulses with a same intensity
synchronized with the split control pulse train. The BPF; with a 3-dB bandwidth of 0.532 nm was
used to expand the pulse width of the control pulse train up to 4.78 ps. The variable optical
attenuator (VOA) was used to emulate the change level of the optical analog signal input. In this
experiment, we measured the only static characteristics of the A/D converter, because the VOA
cannot make a fast varying analog signal. The variable delay line (VDL) was set so as to overlap the
probe pulse train with the control pulses. The two PCs at each input matched the polarization states
of the control pulses and the probe pulses, for XPM efficiently inducing. The PC in the loop was
used to adjust the bias setting so that all probe pulses were output to the reflection port, when the
control pulses are absent. The BPF; placed at the NOLM output removed the control pulses and only
transmits the probe pulses.

At first, in order to adjust the encoder, We set the experimental setup without dividing pulses at the
SDCs. We set the relative power ratios of each SDC in 1 : 0 : 0. The PC in the loop was adjusted to
reflect the probe pulses when the control pulses are not inputted, and the VDL was adjusted to make
the probe pulses overlap with the control pulses, and the two PCs of each input port was adjusted to
make the polarization states of the control pulses match with that of the probe pulses for maximizing
the XPM. Then, We introduced the SDCs. The SDC, was adjusted to divide the probe pulses with
the same intensity. The relative power ratios of SDC; were adjusted to provide the different phase
shifts Adypar (1 =1, 2, 3) with ratios of 1 : 2 : 4, respectively. Here, the average power of the control

pulses and the relative power ratios were adjusted alternately so that each intensity of the transmitted
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Fig. 3.8 Experimental setup for the proposed 3-bit quantizing and coding at a sampling rate of 10

GS/s using split-and-delay technique.
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Fig.3.11 Measured DNL and INL of the encoder.

probe pulse was became half for Adypy; = /2, local maximum for Agypy, = m, and local minimum
for Agypyz = 27 in each time-slot #1, #2 and #3 respectively. The resulting relative power ratios of
the divided control pulses Ppeaki: Ppeaka: Ppeaks Were measured to be 1 : 1:84 : 3.79, respectively. This
is not equal to the theoretical result using Eq. (3.8). This discrepancy is probably due to the
mismatching of the polarization states between the control pulse train and counter-propagating probe
pulse train in HNLF,. The mismatching reduces the counter propagating effect due to reducing the
amount of the XPM suffered by the counter-propagating probe pulses.

The measured sampling oscilloscope traces and transfer functions of the encoder without the
thresholder (point B in Fig. 3.8) are shown in Fig. 3.9(a) and Fig. 3.9(b). The average power of the
control pulses was measured at the output of VOA (point A in Fig. 3.8). The transfer functions were
measured by reading the peak power of the sampling oscilloscope traces in each time-slot.

The (#1)half-, (#2)single- and (#3)two-periods transfer functions were observed. Compared with
the simulation result, the input power required in the experiment was 1.4 dB larger. The difference
may have come from the splice loss of the fiber, and the misalignment of polarization states of the
control pulses and the probe pulses. A self-switching NOLM was used for the thresholder. The
length and nonlinear coefficient of HNLF; are 830 m, and 19 W'lkm'l, respectively. The EDFA in
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the thresholder operated in a constant gain mode avoiding its transient effects. The measured
sampling oscilloscope traces and transfer functions of the encoder with the thresholder (point C in
Fig. 3.8) are shown in Fig. 3.9(c) and Fig. 3.9(d). We note that the width of the output probe pulses
from the encoder measured with an autocorrelator were approximately 2.0 ps. The pulse widths in
Fig. 3.9 were wider than 2.0 ps, due to the limited bandwidth of the photo detector and the sampling
oscilloscope. The transfer function, differential nonlinearity (DNL) and integral nonlinear
nonlinearity (INL) of the encoder are shown in Fig. 3.10 and fig. 3.11. Fig. 3.10 shows the offset
error of 12.4 mW. Fig 3.11 shows a peak DNL of 0.070 LSB and a maximum INL of 0.045 LSB.

3.7 Conclusion

In this chapter, we have proposed a split-and-delay technique for simplification of the multi-bit
A/D conversion and discussed detailed design issues of the encoder accounting for the
counter-propagating effects in the case of slow and fast varying analog signals. With this technique,
sampling rate and resolution of A/D converter changed easily, and the convenience of the all-optical
A/D converter increases. We have succeeded in the experimental demonstration of our proposed
scheme to realize the quantizing and coding of 3-bit A/D conversion at 10 GS/s. However, in this
experimental demonstration, we measured the only static characteristics of the A/D converter. To
realize a high-speed signal A/D conversion, a demonstration using a fast varying analog signal has

yet to be studied in the future.



Chapter 4

Ultrafast Versatile All-Optical Logic
Gate using Nonlinear Optical Loop

Mirrors

4.1 Introduction

In this chapter, we propose and experimentally demonstrate a versatile all-optical logic gate
capable of all sixteen two-input logic operations without changing the configuration. This scheme
can perform respective logic operations only by adjusting polarization controllers and variable
optical attenuators without changing the configuration. This scheme provides flexibility with
ultrafast operation in optical communications. In section 4.2, we review the principle of the
versatile all-optical logic gate. In section 4.3, the experimental demonstrations are all-optical logic
operations of AND, NAND, OR, NOR, XOR, and XNOR at 40 Gbit/s. In section 4.4, we consider
the limitation of the processing speed due to dispersion and undesirable nonlinear effects in HNLF,

and show the feasibility of the processing speed up to 350 Gbit/s by numerical simulations.
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Fig. 4.1 Configuration of versatile all-optical logic gate.

4.2 Principle Operation of Versatile All-Optical

Logic Gate

The configuration of the proposed optical logic gate is shown in Fig. 4.1. The logic gate operation
is realized through a bidirectional-input nonlinear optical loop mirror based switch and a
thresholder/limiter. The thresholder/limiter follows this switch in order to eliminate the incomplete
suppression of nulls and non-uniform height of ones for the sake of the sinusoidal nature of
nonlinear-optical-loop-mirror (NOLM) switching. The input RZ signals X and Y at a wavelength of
A1 are launched into the loop via the WDM couplers as clockwise and counter-clockwise travelling
control pulses, respectively. The output is obtained from either port T or R depending on the type
of logic operation to be realized. Variable attenuators (VOAs) are used to adjust the input powers.

The phase shifts ¢ ¢y and @ ccw, which are induced by the input signals X and Y are given by

Pow =2y Py L, 4.1)
Pecw =27 P L, 4.2)

respectively, where 7 and L are the nonlinear coefficient and length of the highly non-linear fiber
(HNLF), respectively. Py and Py are the peak power of the signal X and Y, respectively. The electric
fields Ecw, Eccw of clockwise and counter-clockwise traveling probe pulse after passing through

the HNLF are given by
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Table 4.1 Phase shift amount for all two-input logic operation.
o Output level (Output power)
utput . .
Logic operation | %% | fccw at input signal X:Y
gleop [rad] |[rad] |port pr e
1:1 1:0 0:1 0:0
0 0 0 Port T |0 (0) 0(0) 0(0) 0(0)
X+Y (NOR) |2n/3 |4n/3 |PortR |0 (0.25Py) 0(0.25Pp) [0(0.25Py) | 1(Pw)
XeY /3 |2n/3 |Port T |0 (0.25P) 0(0.25Py) |1 (0.75P) |0 (0)
X n 0 Port R [0 (0) 0 (0) 1 (Pw) 1 (Pw)
XeY 2n/3 |n/3  |Port T |0 (0.25P) 1 (0.75Py) |0 (0.25P) |0 (0)
Y 0 b PortR |0 (0) 1 (Pw) 0(0) 1 (Pw)
X®Y (XOR) |=n s Port T |0 (0) 1 (Pw) 1 (Pw) 0(0)
XeY (NAND) |n/3 |5n/3 |PortR |0 (0.25Py) 1(0.75Pw) |1(0.75Pn) |1 (Pw)
XeY (AND) (mw/3 |57/3 [PortT |1 (0.75P) 0 (0.25Pp) |0 (0.25Pn) 0(0)
X®Y (XNOR) |=w s PortR |1 (Pp) 0(0) 0(0) 1 (P)
Y 0 T Port T |1 (Pp) 0(0) 1 (Pw) 0(0)
X+Y 2n/3 |m/3  |PortR |1 (0.75P) 0 (0.25Pp) |1(0.75Pp) 1 (Pw)
X i 0 Port T |1 (Pw) 1 (Pw) 0(0) 0(0)
X+Y /3 |2n/3 |PortR |1 (0.75P) 1 (0.75Py) |0 (0.25Py) 1 (Pw)
X+Y (OR) 2n/3 |4n/3 |Port T |1 (0.75P) 1 (0.75Pp) |1 (0.75Pn) 0(0)
1 0 0 PortR |1 (Ppy) 1 (Pw) 1 (Pw) 1 (Pw)
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1 )
Eop = ﬁEo exp(iPcy )s 4.3)
Ecey = on exp(ideey ) (4.4)

respectively, where E, is input electric field of the probe pulse. The electric field of the output

probe pulse Egyris given by

1 1
E =——eo—F exp(ig., )
ouTT \/E \/5 0 cw

i [

+ NG} . NG Eqexp(ideey ) *2)
= %[exp( iPey ) — eXp(iPccy )]

i 1
E =——=e0—F exp(i )
OUTR \/5 \/5 o €Xp( Py

1 .
+ = %EO exp(ideey ) (4.6)

iE . .
= = lexpCigen )+ expligeon )]
The peak powers of the output probe pulses can be written as

Pourr = %PIN {1 — COS (A¢)}a 4.7)

1
Povm =5 P {1+cos(Ag)), (4.8)

where Py is the peak power of the input probe pulse, Poyrr and Poyrr are the peak powers of the
output probe pulses at the transmission and reflection ports, respectively, A¢ is the phase

difference between the clockwise as
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Ap=|dew — deenl- (4.9)

The transfer function of the NOLM switch depends on the differential phase shift. For example,
when signal X is “1” level, the clockwise travelling probe pulse induces a phase shift due to the
cross phase modulation (XPM) in HNLF. For signal Y at “1” level, the counter-clockwise
travelling probe pulse also induces a phase shift. The phase shifts become null for the cases of “0”
signal inputs. A variety of logic operations can be realized by properly setting the values of the
phase shifts @c and deew, that are in proportion with the peak power of the input signals. The
phase shifts due to the input “1” signal for all two-input logic functions are summarized in Table
4.1. For example, Fig. 4.2 shows the transfer functions and operating points of NOLM for logic
operations of AND, NAND, OR, and NOR. The output of OR operation is obtained from the
transmission port Poyrr by setting the phase shifts ¢y and @ecp to be 2n/3 rad and 4n/3 rad,
respectively. Note that the input peak powers are represented in two ways, the logical values 0 or 1
and the actual values in the bracket. When, input signals (X:Y) are (0:0), (0:1), (1:0), and (1:1), the
peak powers of transmitted probe pulse Poyrr becomes 0, 0.75Pp, 0.75Pp, and 0.75Pp,

respectively, as shown in Fig. 4.2(c).

4.3 Experimental demonstration

Figure 4.3 shows the experimental setup for the all-optical logic gate operating at 40 Gb/s. we
used a 10-GHz mode-locked fiber ring laser (FRL) operating at a wavelength of 1560 nm and a
time width of 3.1 ps for a pulse source of the control pulses and the probe pulses. The first optical
time division multiplexer (OMUX1) with a time interval of 25 ps generated control pulse sequences
of {0011} and {0110} at 40 Gb/s. we generated probe pulses from wavelength conversion of the
control pulse sequences of {0011} in HNLF; through the four-wave mixing with the continuous
wave signal light of 1550 nm tunable laser source (TLS). And the following OMUX2 with 50-ps
time interval generated a pulse sequence of {1111} at 40 Gb/s. The probe pulses have a carrier
wavelength of 1570 nm, a pulse width of 2.6 ps, and are synchronized with the signal pulse bit
sequences. The BPF1 with 3-dB bandwidth of 0.34 nm was used to expand the width of each
control pulse up to 9.7 ps. The variable optical delay lines (VDL) were adjusted for fixed signal
pattern of (X:Y) = (0:0), (0:1), (1:1), and (1:0) at each time slot. The peak powers of input signals

X and Y are adjusted to the phase shifts @cy and @ecw of each logic operation by the VOAs, as
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Fig. 4.3 Experimental setup.

shown in table 4.1. The fiber length L and the nonlinear coefficient y of HNLF, of the logic gate
were 380 m and 17.5 W'km', respectively. The second-stage NOLM was used as a
thresholder/limiter. The gain of EDFA and PC in the thresholder/limiter were adjusted to suppress
“0” level signals, and stabilizing fluctuations of “1” level signals. The fiber length L and the
nonlinear coefficient y of HNLF; were 830 m and 19 W'km™, respectively.

Figures 4.4 and 4.5 show the waveforms of output probe pulses before and after the
thresholder/limiter, respectively. Table 4.2 shows the extinction ratios of output probe pulses before
and after the thresholder/limiter, respectively. These waveforms were measured with a photo
detector and a sampling oscilloscope. The logic operations AND, NAND, OR, NOR, XOR, and
XNOR were successfully obtained, as the thresholder/limiter suppressed “0” level signals and
tailored “1” level signals. The extinction ratios were improved to over 8.6 dB by the
tresholder/limiter. We note that the width of the output probe pulse from the logic gate and the
thresholder/limiter measured with an autocorrelater was 2.8 ps. The pulse widths in figures 4.4 and
4.5 were wider than 2.8 ps, due to the limited bandwidth of the photo detector and the sampling

oscilloscope.
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Fig. 4.4 Sampling oscilloscope traces of output probe pulse in each logic operation before the

thresholder/limiter.
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Fig. 4.5 Sampling oscilloscope traces of output probe pulse in each logic operation after the

thresholder/limiter.

Table 4.2 Extinction ratios in each logic operation before and after the thresholder/limitter.

Logic operation | Before | After Logic operation | Before | After

AND 3.5dB | 8.6 dB NAND 54dB |13.1dB
OR 9.2dB | 149dB NOR 54dB | 11.7dB
XOR 7.5dB | 9.4 dB XNOR 12.3dB | 13.8 dB
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Table 4.3 Simulation parameters. Table 4.4 wavelength spacing and peak powers.
HNLFs parameters Initial Wavelength ~ Peak power [W]
HNLF; HNLF, pulse spacing Signal X Signal Y
Fiber loss [dB/km] 0.5 0.5 width [ps]  AX [nm]
Zero dispersion 1565 1576.5 0.5 36 0.20 1.18
wavelength A [nm] 0.6 30 0.16 0.96
Dispersion slope 0.02 0.02 0.7 26 0.14 0.82
[ps/km-nm’] 0.8 23 0.13 075
Nonlinearity 12.0 12.0 21 0.12 0.69
[1/W-km] 0.9
Fiber length [km] 0.5 0.5 1.0 20 0.12 0.68
BPF parameters 1.1 18 0.11 0.65
Bandwidth [nm] 5
Filter shape Gaussian + -2y
» —re—>
Probe pulse parameters Initial M2 AN2
& | control pylse .
Pulse width [ps] 0.5 'z ' probe oul
2 & | Transmitted robe pulse
Pulse shape Sech Z | control_pulse :
- d L I
Peak power [W] 0.0 N Loede, /:\ .
Ao Ay Ny
Wavelength
Fig. 4.6 Wavelength allocation.
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Fig. 4.7 Simulation model.

4.4 Discussion

In this section, we discuss the limitation of processing speed due to group velocity dispersion
(GVD) and self-phase-modulation (SPM) in HNLF. In order to suppress an inter-symbol
interference (ISI), the time slot has to be wider than the pulse width of the control pulse through the

HNLF. The GVD has to be carefully designed for ultrafast operation, because the wavelengths of
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the control and probe pulses are allocated in the normal and the anomalous dispersion regions in
order to suppress the walk-off effect, as shown in Fig. 4.6. The temporal shapes of the control
pulses are also changed by the interaction of GVD and SPM. Therefore, we need to optimize the
peak power and the pulse width of control pulses considering the dispersion profile and the
nonlinearity of HNLF, while at the same time the spectral broadening of the control pulse caused by
SPM has to be taken into account. If the wavelength spacing AA between the control and probe
pulse is too narrow, the broadened spectrum of the control pulse overlaps with that of the probe
pulse. If the wavelength spacing is too wide, the control pulse is greatly broadened due to the large
GVD.

We investigate the minimum time slot determined by the interaction of GVD and SPM for the
parameters of a currently available HNLF by numerical simulation. Table 4.3 shows the parameters
of HNLFs, a BPF and the probe pulse. Here, we simulated the case of AND operation, because
AND and NAND operations are the most difficult ones due to the largest phase shift of 5m/3. Figure
4.7 shows the simulation model of the logic gate and the thresholder/limitter. In order to consider
the GVD and nonlinearity in a HNLF, we used split-step-Fourier-method. To simplify the
simulation procedure, we split the counter-clockwise and clockwise path into two different paths.
Table 4.4 shows the minimum wavelength spacing to avoid overlap of the broadened spectrum of
the control pulse, and the peak powers of signals X and Y at each initial pulse width. The peak
powers of signal X and Y differ from the initial pulse width, because decreasing of the peak powers
by dispersion effects passing through the HNLF depends on the initial pulse width. Figure 4.8
shows the -3 dB and -13 dB pulse width of signal Y after passing through the HNLF against the
initial pulse width. The shape of a control pulse becomes nearly rectangular due to an interaction of
the GVD and nonlinear effect. Therefore, the width of time slot can set shorter than twice -3dB
width without the effect of ISI. Here, we define the -13 dB pulse width of transmitted signal Y as
the minimum width of a time slot, because the powers of output probe pulses with the effect of the
bit pattern are stable enough. The -13 dB width has the minimum value of 2.85 ps when the initial
pulse width is 0.8 ps. The processing speed can be up to 350 Gbit/s with currently available HNLF.
Figure 4.9 shows the input and output waveforms of the AND operation for the input pulse with a
temporal width of 0.8 ps, and for a processing speed of 350 Gbit/s. Theses results show that the ISI
effect in the logic gate is very small. The extinction ratio of output probe pulses was improved to

13.7 dB from 5.0 dB by the thresholder/limitter.
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4.5 Conclusion

In this chapter, we have proposed a versatile all-optical logic gate based on multi-periodic transfer
function of a NOLM. We have shown that the proposed scheme can perform all sixteen two-input
logic operations only by adjusting PCs and VOAs without changing the configuration. We have
also experimentally demonstrated all-optical AND, NAND, OR, NOR, XOR, and XNOR
operations at the processing speed of 40 Gbit/s. It has been found that the control and probe pulses
with short temporal widths and a carefully designed wavelength allocation are required for
realizing an ultrafast logic gate. We show the feasibility of the processing speed and the extinction
ratio up to 350 Gbit/s and 13.7 dB by numerical simulation, respectively. The processing speed can
be future improved by decreasing the dispersion slope and the fiber length of the HNLF. This logic
gate will be able to process ultrafast optical signals without demultiplexing in

optical-time-division-multiplex (OTDM) communication systems.
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4.5. Conclusion



Chapter 5

Conclusions

This thesis has been devoted to investigate ultrafast all-optical A/D conversions and logic operations,
which aim to be free from the speed limitation of electrical devices. In the future optical
communication systems, to increase the bit rate of optical transmission systems, ultrafast A/D
conversion is required for dispersion compensation techniques and advanced modulation format using
digital signal processing, and to provide flexible photonic network, ultrafast all-optical logic gate is
required for several signal processing in photonic routers. The main results obtained in this dissertation
are summarized as follows:

In Chapter 2, an optical quantizing and coding scheme using multi-period transfer functions of
NOLM have been introduced. In previous work, the number of bit resolution of A/D conversion was
only 3-bit, which was not sufficient for optical communication systems. We investigated numerical
design considerations of NOLMs, which is a key to the optical quantizing and coding. We
consequently demonstrated a record, nearly 4-period transfer function for a control pulse width of
approximately 2 ps capable of 4-bit A/D conversion at the sampling rate of 100 GS/s. Finally we
demonstrated nearly 8-period transfer function of NOLMs. In the future, the 5-bit A/D conversion will
be possible.

In Chapter 3, a split-and-delay technique for simplification of the multi-bit A/D conversion have
been proposed, and detailed design issues of the encoder accounting for the counter-propagating
effects in the case of slow and fast varying analog signals have been discussed. With this technique,
sampling rate and resolution of A/D converter can be changed easily, and the convenience of the
all-optical A/D converter increases. We have succeeded in an experimental demonstration of our
proposed scheme to realize the quantizing and coding of 3-bit A/D conversion at the sampling rate of
10 GS/s.

In Chapter 4, a versatile all-optical logic gate based on multi-periodic transfer function of a
NOLM has been proposed. We have shown that the proposed scheme can perform all sixteen
two-input logic operations only by adjusting PCs and VOAs without changing the configuration.
The flexibility and ultrafast operation are expected to support the digital signal processing in the

photonic router of future optical communication systems. We have also experimentally demonstrated
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all-optical AND, NAND, OR, NOR, XOR, and XNOR operations at a processing speed of 40 Gbit/s.
It has been found that the control and probe pulses with short temporal widths and a carefully
designed wavelength allocation are required for realizing an ultrafast logic gate. We show the
feasibility of the processing speed up to 350 Gbit/s by numerical simulations.

From all the obtained result, it is conclude that, the proposed all-optical A/D conversion and logic
operation have the feasibilities of ultrafast and flexible operation. Each proposed techniques are
expected to support several digital signal processing for advanced future optical communication
networks.
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