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General introduction

Optical signal multiplexing plays an important role in many systems for communica-
tion. For example, in optical communication, large capacity information transmission
is realized by multiplexing different wavelength lights to overcome the limitation due
to processing speed of electrical circuits and optical modulators. Furthermore, mea-
surement systems such as spectroscopy are also regarded as a kind of communication
system because physical and chemical properties of objects are obtained by demulti-
plexing contained informations in the measured spectrum. In such a communication
system, multiplexing and demultiplexing certainly affect a system transfer function.
To get the best performance of the system, it is important to optimize its transfer
function how the signals are transmitted and received through a system. Among such
a communication system, an optical communication system is useful as a representa-
tive model for optimization because it would be the most feasible and reliable one in
a real world. In recent years, to satisfy the requirement of an enormous increase of a
transmission capacity among limited optical spectral resources,! advanced signal pro-
cessing such as orthogonal frequency division multiplexing (OFDM) based on Fourier
transform and multilevel modulation with high speed digital-to-analog conversion /
analog-to-digital conversion (ADC) is enthusiastically introduced.??! However, a high
launch power to an optical fiber with an increase in transmission capacity leads to non-
linear effect which degrades a signal quality, thus the further capacity increase requires

an optimization of the transmission system to avoid a signal degradation.??3?

To optimize a system transfer function, multiplexing techniques should be flexibly
selected in accordance with the system. Recently, it is predicted that optical OFDM
based on fractional Fourier transform (FrFT) in place of Fourier transform increases
the system flexibility.*® Although the optical fractional OFDM is expected to sup-
press signal impairments in the propagation, the behavior of a transmission signal in

actual optical fiber links still hasn’t been verified. If the signal degradation is miti-



General introduction

gated, a multilevel modulation with high multiplicity is available. To treat the high
multiplicity of multilevel modulation, the high resolution ADC is required.*! However,
performance of conventional electrical ADCs are limited by the jitter of the sampling
aperture and the power consumption.*?> To overcome this limitation, optical approaches
have recently attracted much attention because a mode locked laser, which provides
an ultra-stable optical pulse stream, can offer a sampling aperture with ultra-low jit-
ter, as low as a few femtoseconds.***? Although optical sampling using optical pulse
streams with electrical quantization and coding processes realizes high-performance
ADCs, multiple electrical ADCs are required to support a high sampling rate, and
therefore, increased energy consumption is unavoidable.’® % Using optical technology
for the entire process, including the subsequent quantization and coding, should reduce

energy consumption.’* 96

To get the best performance of a transmission system by optimizing its transfer
function, it is important to clarify the behavior of a transmission signal in actual
optical fiber links. Additionally, a feasibility demonstration of devices and subsystems
such as implementation of FrFT and ADC in various environments is of considerable

practical significance.

In this thesis, to realize the optimized signal processing for the limiting factor of
large capacity communications, optical signal multiplexing using FrFT and all-optical
ADC is presented. This thesis consists of general introduction, six chapters, and sum-
mary. Contents of chapters in the thesis are listed with brief summaries in the follow-
ings.

In Chapter 1, introduction of optical signal multiplexing in optical communication is
presented as an essential procedure. At the beginning, overviews of current situation in
optical signal multiplexing for large capacity optical communications is described. To
understand the necessity of optimization of a transfer function in optical transmission

system, various phenomena induced in optical fibers during transmission are explained.

The frequency domain is not always optimum for all of applications, although it is
used for powerful signal processing based on the Fourier transform. FrF'T is expected
to generalize the Fourier transform, and define a new domain which could provide more
flexible signal processing. In Chapter 2, an innovative optical OFDM based on FrFT in
place of the conventional Fourier transform is presented. The theoretical backgrounds

of FrF'T and the method of all-optical implementation of an optical signal are described.
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The behavior of optical fractional OFDM signal in a dispersive fiber focusing on the
reduction of peak to average power ratio is clarified. Moreover, the fiber nonlinearity
mitigation technique is proposed and demonstrated by evaluating the transmission
performance of the fractional OFDM signal in the dispersion compensated fiber link in

simulation.

In Chapter 3, to confirm that the FrF'T can generalize the Fourier transform with
keeping original useful functions in the Fourier transform, a verification of cyclic pre-
fix insertion for all-optical fractional OFDM is presented. Since cyclic prefix exploits
a periodicity of the discrete Fourier transform to reduce linear impairments such as
chromatic dispersion in conventional OFDM, it is expected that a cyclic prefix is also
effective for a fractional OFDM signal. The cyclic prefix insertion for all-optical frac-
tional OFDM is experimentally demonstrated. The relationship between a fractional

parameter and an effect of cyclic prefix insertion is investigated in simulation.

In Chapter 2 and 3, a performance maximization of a transmission system by op-
timizing an optical signal multiplexing by FrFT was describes. In order to apply
optimized transmission system in an actual system, it is indispensable to demonstrate
the feasibility of devices and subsystems of the system. In Chapter 4, experimental
demonstrations of feasibilities of implementation of all-optical fractional OFDM for
practical use are presented. Firstly, to guarantee the operation in an actual network,
the field trial in JGN-X which is an optical network testbed laid between NICT (at
Koganei) and KDDI (at Ohtemachi) is demonstrated. Secondly, to reduce the cost of
introducing the system, the feasibility of a cost effective all-optical fractional OFDM
receiver using a planar lightwave circuit is demonstrated. Thirdly, to extend a flexi-
bility of the signal handling method, a demultiplexing of an optical fractional OFDM
signal by a time-lens effect is demonstrated.

In Chapter 5, the necessity and issue on all-optical ADC are experimentally exam-
ined to cope with an optical fractional OFDM. Firstly, the motivation of an optical
approach for ADC and principle of all-optical ADC are stated. To demonstrate the
feasibility of all-optical ADC for a received optical fractional OFDM signal, the exper-
imental demonstration of a demodulation of 4-amplitude-shift keying optical fractional

OFDM signal using 2 bit all-optical ADC is presented.

Lastly, in Chapter 6, resolution improvement techniques of all-optical ADC are

proposed to treat the received signal with higher performance in practical limitations.
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Firstly, to cope with a imperfection of components in the all-optical ADC, a quan-
tization error improvement technique is presented and experimentally demonstrated.
Secondly, to overcome a limitation of a trade off between sampling rate and resolution,
the sampling rate independent resolution upgrade is presented. Finally, the demon-

stration of 40 GS/s 4 bit all-optical ADC is presented.



Chapter 1

Introduction of optical signal
multiplexing

In this chapter, introduction of optical signal multiplexing in optical communication is
presented as an essential procedure. At the beginning, overviews of current situation in
optical signal multiplexing for large capacity optical communications is described. To
understand the necessity of optimization of a transfer function in optical transmission

system, various phenomena induced in optical fibers during transmission are explained.

1.1 Signal multiplexing in optical fiber communica-

tion
N
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Figure 1.1: Global Internet traffic.

The popularization of network environments such as the Internet spurred the rapid
growth and spread of social networking service, video streaming contents, videocon-
ferencing, cloud computing, and on-line shopping and greatly transformed the lives

of citizens and the shape of industries. In 2016, global Internet traffic is expected
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Figure 1.2: Capacity of fiber.

to exceed 1 zetta-byte (zetta = 10?!), as shown in Fig. 1.1. The compound annual
growth rate of Internet traffic is 21 percent in the period 2013-2018.1 The Internet
traffic in 2040 is expected to grow by 100 times because of the spread of smart phone
and tablet devises, ultra high definition (4K or 8K) video contents, and Internet of
things technologies. Optical fiber communication is a fascinating technology to satisfy
the tremendous demand of the transmission capacity. One of the advantages of optical
fiber is the low-loss characteristic. Although the glass made by the ancient Egyptian
in 1 BC was transparent in the region of visible wavelength, general glasses used of
windows have typically a loss of a few dB/mm. Thus, waveguides using free space
optical beam and lenses were considered at an early stage of the development of the
optical communication. However, it has a weak point that components of free space
optics are weak against vibration and environmental fluctuation. Since Kao and Hock-
ham (1966) predicted that the fiber loss could be reduced to as low as 20 dB/km by
lowering the impurity concentration of glass,%” the development of low loss optical fiber
was immediately accelerated. Today’s commercially available optical fiber has a loss of
about 0.2 dB/km at the low-loss window around 1550 nm. Another advantage of the
optical fiber is the wide band property. The coaxial cable which is used for traditional
telecommunications attenuates the high frequency components of the transmission sig-
nal and limits the transmission speed. On the other hand, the available bandwidth of
the optical fiber is very broad than the coaxial cable. Figure 1.2 shows the evolution of

the transmission capacity of the optical fiber. Optical signal multiplexing, which allows
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a number of channels to be established in an optical fiber is a key technology. Optical
amplifier such as Erbium doped fiber amplifier (EDFA) realized wavelength division
multiplexing (WDM), which bundles wavelength different subcarriers. A record capac-

ity of 100 Thit/s for single core transmission®® %

used digital coherent technique and
multilevel multiplexing which transmits several data in one symbol for high spectral
efficiency coding. In order to further the capacity expansion, countermeasures for non-
linear signal distortion is required. Recently, to overcome this issue of nonlinear signal
distortion, spatial division multiplexing based on multi core and multi mode fiber is
developing. For the maximization of the capacity of whole fiber, the capacity expan-
sion per core is important. Additionally, there is strong motivation from a business

perspective to reduce implementation costs by exploiting the capacity of the existing

installed optical fibers without the costly deployment of new fibers.

1.2 Conventional optical signal multiplexing tech-
nique

1.2.1 Wavelength division multiplexing

[ A Bandpass filter
—{A_AF{_Receiver ]
1} Optical Bandpass filter
th |
Optical fber Optical A A Receiver
combiner @ coupler | .
A Bandpass filter
- o Recever ]

Figure 1.3: Wavelength division multiplexing.
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Figure 1.4: Spectrum of WDM signal.
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The symbol rate per channel is limited to several ten Gbaud/s due to processing speed
of electrical circuit and optical modulator. In WDM, data of each channel is con-
verted to different wavelength subcarrier and multiplexed using a optical combiner at
the transmitter, as shown in Fig. 1.3. At the receiver side, the transmitted signal is
demultiplexed using a optical coupler and a bandpass filter into separate subcarriers
and converted into electrical signals. The transmission capacity could be increased
depending on the number of channels. However, longhaul transmissions required a
demultiplexing, a large number of signal regenerations, and a multiplexing in every re-
peater before the development of optical amplifiers. The optical amplifier covers a wide
range of optical band and simultaneously amplifies a lot of subcarriers. EDFA is a typ-
ical optical amplifier and amplifies several ten nm of wavelength range. The number of
available subcarriers is depending on the cover range of optical amplifier. Thus, wide-
band optical amplifiers is effective for the capacity expansion. Recent ultra-wadeband
amplification can cover the wavelength range over 100 nm.™ For effective utilization of
optical spectral resources, the wavelength interval of each subcarrier should be narrow
as soon as possible. However, spectral guard bands are required to avoid crosstalk from

adjacent channels, as shown in Fig. 1.4.

1.2.2 Orthogonal frequency division multiplexing

ejZ/zOfot e—szrOfot
T il i T/2
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T ‘ l T/2
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Figure 1.5: Conceptual diagram of OFDM.

Orthogonal frequency division multiplexing (OFDM) is a more recent approach in

2 OFDM is well known in wireless telecommunication. In

optical communication.
contrast to WDM, OFDM subcarriers overlap each other significantly. Nevertheless,

each OFDM subcarrier could be demultiplexed without the interference from other
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Figure 1.6: (a) Waveform of OFDM signal. (b) Spectrum of OFDM signal.

channels by exploiting the orthogonality between the individual subcarriers. Figure

1.5 shows the conceptual diagram of OFDM. The OFDM subcarrier is described by

On(t) = rect (%) - 2ot (1.1)

where n is an integer, T' = 1/ f is symbol duration, and fj is interval of each subcarrier
frequency. Here, eq. (1.1) is represented one symbol. Exactly n cycles of sin wave are
included in the symbol duration 7', as shown in Fig. 1.6(a). The amplitude and phase
are changed depending on the value of the data symbol s,,. The multiplexed signal of
N subcarriers is described

N—

2(t) = 3 sah(t), (1.2)

n=0

[y

where s, is a data symbol. The spectrum of each subcarrier is sinc shape, as shown
in Fig. 1.6(b). The optimum detector for each subcarrier could use a correlator that
matches the subcarrier waveform. Thus, the detected information symbol d,, at the

output of the correlator is given by

1 (T2 1 (T2 '
A = = / r(t)pL* (t)dt = — / x(t)e2mmiot g, (1.3)
T -T/2 T -T/2
Here, the two subcarriers are orthogonal to each other as following equation
T/2 _
/ €j27rnfot6—j27rmf0tdt — { T (m — 77,) (14)
~T/2 0 (m#n)
Therefore,
_J sa (m=n)
dp = { 0 (m+n) (1.5)
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These orthogonal subcarrier sets, with their frequencies spaced at a multiple of the
inverse of the symbol duration can be recovered with the matched filters without inter
carrier interference (ICI), in spite of strong signal spectral overlapping,.

If the OFDM signal is sampled with a sample duration of 1/N f, and add a nor-

malization factor 1/N

k 1 ph k
v _ J27meW
R T W Z °

= $ne? N (k=0,1,2,...,N — 1). (1.6)

This is exactly the expression of inverse discrete Fourier transform (IDFT). It means
that the OFDM baseband signal can be implemented by IDFT. The pre-coded signals
are in the frequency domain, and output of the IDF'T is in the time domain. Similarly,

at the receiver side, the data is recovered by discrete Fourier transform (DFT),

N-1
2wkn

x( k=0,1,2,..,N —1). 1.7
2 Nfo N ( ) (1.7)

A large number of orthogonal subcarriers can be modulated and demodulated without
resorting to a very complex array of oscillators and filters. Since IDFT/DFT could
be implemented by fast Fourier transform (FFT) algorithm, OFDM system is realized
by a relatively simple architecture. In optical communication, optical OFDM tech-
nique has been widely investigated for high spectral efficiency transmission with high
speed electronic processing devices.>® However, the maximum transmission capacity
is limited by the speed and the power consumption of the electronic processing devices.
Recently, all-optical implementations of IDFT/DFT operation for all-optical OFDM
have been proposed using passive optical components such as optical delay lines and
phase shifters, Mach Zehnder delay interferometers, fiber Bragg grating, an arrayed
waveguide grating, and planar lightwave circuit.!*® All-optical OFDM can avoid
electrical speed limitation and reduce energy consumption and system costs because
passive optical components are transparent for modulation format and speed and don’t
require additional energy consumption.

Fig. 1.7(a) shows the principle of all-optical IDFT operation with optical delay

lines and phase shifters for an N subcarrier conventional OFDM. The nth subcarrier

10
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Figure 1.7: All-optical implementation of IDFT/DFT.

is expressed by

M—

P (t) = Sp - A(t +m - T)exp (j27m%> : (1.8)

—_

m=0

where s, is the complex data with high-order modulation, A(t) is the shape of an
optical pulse, M is the number of IDFT samples within the symbol duration 7', and
7 =T/M is the delay time between each sample.

The all-optical DFT operation for demultiplexing is similar to the IDFT operation,
as shown in Fig. 1.7(b). The output signal of the corresponding nth DFT operation is
expressed by

. [
D(ln,n) (t) = oL (t)exp (jQWnM>
1=0
M—1M-1 _—
= Sp- Alt+ (m+1) - T)exp (j27m 7 ) . (1.9)
=0 m=0

The number of samples of the output signal is 2M — 1. Because all-optical DFT is
operated by linear convolution, the orthogonal condition can be satisfied for only one

sample in the symbol duration. At the position m 4+ [ = M — 1, which is equal to

11
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ts = (M — 1), the signal is expressed by

o M—-1
Dy g (t) =M -5, - A(t) - exp (J%n 7 ) . (1.10)

On the other hand, the output signal of the non-corresponding fth DFT operation is
expressed by

M-1
D) = Y- dhtoeay (i2nf; )
I—
M—1M-1
= Sp At +(m+1)-7T)exp <j27man+ﬂ> . (1.11)
=0 m=0
At tys = (M — 1)7, the signal is expressed by
M—1 o
Dhuseol®) = sn- A0+ Y- ean (2t — 1)+ 01 =)
m=0
= s, Alt 270 0 ) S eap (22
= o0 40)-cap (5701 ~05) 3 ap (Zmin 1))
o A - eap (P2 — 1y ) Lo G M (e = )
= e at)cap (G007 ) SRR R
= 0 (1.12)

The energy of different subcarriers can disappear, at which point the energy of the
target subcarrier becomes maximum. Because the subcarriers are extracted from the
transmission signal without the ICI at only the orthogonal position, the time gate is
used to reduce the interference of the non-orthogonal position.

All-optical IDFT/DFT could be also implemented by time-space conversion based
optical spectral shaping technique such as wavelength selective switch (WSS)!"18 be-
cause all-optical IDFT/DFT circuit is a special optical filter. Figure 1.8 shows a
schematic diagram of time-space conversion based spectral shaping. An input signal
h(t) is input on the diffraction grating 1 at an angle. The temporal waveform of the
input signal is spatially projected onto the plane of grating 1. The spatial distribution
of the input signal along the horizontal axis xg is represented by h(t;xy). The input
signal is divided into decomposed spectral waves by the diffraction grating 1. Those
decomposed spectral waves are collimated by the cylindrical lens 1, and respectively

distributed at different positions of the horizontal axis x;. The spatial distribution of

12
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Cylindrical Spatial filter Cylindrical
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Figure 1.8: Schematic diagram of time-space conversion based spectral shaping.

the spectrum is adopted as a spatial signal. This spatial signal H(f;z) is given by
the Fourier transform of the input signal h(t;zg), which is described as
oo

H(f;x1) = / h(t; zo)exp(—j2m ft)dt. (1.13)
Thus, the spatial signal H(f; ) corresponding to the input signal h(t) can be obtained.
By setting a spatial filter, optical spectral shaping is accomplished in the spatial do-
main. If a spatial filter F'(f;xz;) is applied to the spatial signal H(f;x;), the product
of H(f;x1) and F(f;x;) can be implemented in the spatial domain. And then, the
product is converted into the output signal ¢(¢; z5) by the inverse time-space conversion
with cylindrical lens 2 and the diffraction grating 2. The output signal ¢(; x3) is given
by

1 [roo

c(t;xg) = — H(f;2z1) - F(f;x1)exp(j2n ft)df, (1.14)

2r J_o

where the filter function F(f) is the inverse Fourier transform of f(¢),

—+00

F(f)= [ J@Weap(—j2nfi)df. (1.15)

The spatial filter is reconfigurable by using spatial light modulators such as liquid
crystal on silicon. The filter function of OFDM subcarrier is obtained by Fourier

transform of eq. (1.1),

—+00

Fu(f) = O (t)exp(—j2m ft)df

+o0 t ]
= / rect (T) eIFm ot eqp(— 52 ft)df

[e.9]

= iSinc i —-n
= T (f0>®5(f fo)- (1.16)

13
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Figure 1.9: Schematic diagram of OOK transmission.
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Figure 1.10: Constellation of OOK, ASK, PSK, and QAM.

1.3 Multilevel modulation

The optical carrier is modulated to map the information data onto its amplitude, phase,
or a combination of amplitude and phase.’®?! Figure 1.9 shows the diagram of on-
off-keying (OOK) transmission. In OOK, a pulse represents data '1’, and no pulse is
transmitted for data ’0’. The modulation format most commonly used in optical fiber
communication has been OOK because the OOK signal could be detected only a simple
photo detector. Although OFDM minimizes the subcarrier interval in frequency do-
main and realizes the high-density multiplexing, when the one symbol carries one binary
data using OOK, the spectral efficiency is limited to 1 bit/s/Hz. Note that this discus-
sion considers only single polarization. The signal multiplexing by multilevel modula-
tion formats is a solution to increasing the spectral efficiency. Figure 1.10 shows the
signal constellation of OOK, amplitude-shift-keying (ASK), phase-shift-keying (PSK),
and quadrature-amplitude modulation (QAM) signal. Although the optical carrier has

14



1.4. Propagation in optical fiber
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Figure 1.11: Schematic diagram of QAM transmission.

both in- and quadrature-phase that was represented as a two-dimensional constellation,
OOK and ASK uses only the positive axis of a signal dimension to carry information.
QAM scheme uses positive and negative sides of both dimensions. The modulation
formats with M level can achieve up to the spectral efficiency of logaM bit/s/Hz.
Figure 1.11 shows the diagram of QAM transmission. The multilevel signal, whose
number of level is M = 2%, is generated by multiplexing N binary signals. After map-
ping in the constellation, the multilevel signal modulates the optical carrier through
digital-to-analog conversion. At the receiver, the coherent detection is used to obtain
the electrical field of the optical signal including amplitude and phase. The received
multilevel signal is demapped to N binary signals after analog-to-digital conversion
(ADC).

While higher order multilevel modulations realize high spectral efficiency, Fuclidean
distances between the adjacent level in the constellation diagram are shorter. When the
noise is large, the possibility of an erroneous signal decision is enhanced. In transmission
link, the noises occur due to various factors such as amplified spontaneous emission
(ASE) in optical amplifiers, chromatic dispersion, and nonlinear effect in optical fibers.
Therefore the improvement of the spectral efficiency is depending on the distance and

characteristic of the transmission link.

1.4 Propagation in optical fiber

1.4.1 Loss

An optical fiber has a power loss during transmission of optical signals due to material
absorption and Rayleigh scattering. If P, is the power launched at the input of a fiber
of length L, the transmitted power Pr is given by

Pr = Pyexp(—al), (1.17)
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Chapter 1. Introduction of optical signal multiplexing

where the attenuation constant « is the measure of the fiber loss. Modern fibers exhibit
a loss of 0.2 dB/km near 1550 nm.™ In a long-haul transmission, the optical amplifier
such as EDFA is used to compensate the fiber loss. Typically, the optical signal is
amplified every 80-100 km in long-haul transmission systems. Each time the signal
passes through the optical amplifier, the amplifier noise is accumulated, resulting in

signal to noise ratio (SNR) degradation.

1.4.2 Chromatic dispersion

When an electromagnetic wave interacts with the bound electrons of a dielectric, the

induced dielectric polarization P(t) is related to an electric field E(t).
P(t) = eoxME(1), (1.18)

where 7 and x(!) are the electric permittivity of free space and the electric suscepti-
bility, respectively. If the intensity of electrical field is not strong, the relationship is
linear. The frequency of the vibration of P is the same as the £. While a new electro
magnetic wave is emitted by the vibration of P, the phase of the new wave is delayed.
As a result, the propagation velocity in the medium is slower than in vacuum.

Cc

v(w) = (1.19)

n(w)’

The refractive index n(w) is related to the electric susceptibility x1) by a relation
n(w)? =14 W (w), (1.20)

where Y (w) is the Fourier transform of (! (¢). the electric susceptibility depends on
the optical frequency w due to the characteristic resonance frequencies of the medium.
Therefore the frequency dependence of the refractive index induces chromatic disper-
sion. Fiber dispersion plays a critical role in propagation of the optical signal because
different spectral components of the optical signal travel at different speeds and the
waveform of the optical signal is changed. The effects of chromatic dispersion are ac-
counted for by expanding the mode propagation constant [ in a Taylor series about

the center frequency wy

Blw) = n(w)?,
= Bo+ Bi(w — wo) + Bo(w — wo)? + Bs(w — wp)?, (1.21)
pm] = [%wao. (1.22)
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1.4. Propagation in optical fiber
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Figure 1.12: IST induced by chromatic dispersion.

The parameters 57 and (35 are related to the refractive index n(w) and its derivatives

through the relations

1 dn Ng 1
= - — === — 1.2
oh c[n+wdw] e T (1.23)
1 d*n d*n w d*n 2 d*n
= —2w— —_— ~ 1.24
B c[ wde + wduﬂ] ¢ dw? 27rc2 d\?’ ( )

where ngy and v, are the group index and the group velocity. The envelope of an optical
signal moves at the group velocity, while the parameter 35 represents dispersion of the
group velocity and is responsible for the change of the waveform. When the spectrum
of the input optical signal is broad, the inclusion of higher order dispersion effects
is necessary. For wavelengths such that 8, > 0, the fiber is said to exhibit normal
dispersion. In the normal dispersion regime, high frequency components of the optical
signal travel slower than low frequency components. On the other hand, the opposite
occurs in the anomalous dispersion regime in which 8 < 0. The dispersion parameter

D is also used in practice. In is related to £ and A

2
D= mﬁQ (1.25)
For example, the chromatic dispersion of the standard single mode fiber (SMF) at
1550 nm is D = 17 ps/nm/km.>>"7 The waveform change of the transmission signal
by the chromatic dispersion induces inter symbol interference (ISI) and degraded the

signal quality, as shown in Fig. 1.12.

1.4.3 Nonlinear effect

When the intensity of electrical field is strong, the relationship between the induced
dielectric polarization P(t) and an electric field E(t) becomes nonlinear.”™ Since the

frequency of the vibration of P is different to the E, the different frequency lights are
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Nonlinear distortion
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A

Figure 1.13: ICI induced by nonlinear effect.

emitted.

P(t) = eo(xVE®) + XPE*(t) + xXPE3(t) + - --), (1.26)

where xU) is jth order susceptibility. The susceptibility varies depending on the
medium. As SiO, is a symmetric molecule, the second order susceptibility y? van-
ishes for silica glasses. Thus the lowest order nonlinear effects in optical fibers originate
from the third order susceptibility x®. Most of the nonlinear effects are induced by
nonlinear refraction. Nonlinear refraction, referred to as Kerr effect, changes the re-
fraction in proportion to the intensity of the electrical field. The refractive index n can
be written as

i=mn-+ny|E], (1.27)

where ny is the nonlinear index coefficient related to x®. The propagation of the
optical signal in optical fibers including loss, chromatic dispersion, and nonlinear effect

is described by the nonlinear Schrodinger equation (NLSE)
0A « B OPA B3 0%A

o _ ST Ho ¥ ™ 2
o 2A 5 aT2+ 68T3+71A| A, (1.28)

where a frame of reference moving with the signal at the group velocity v, is used by
making the transformation

T=t—"=t—Bz, (1.29)

Uy
where A is the slowly varying amplitude of the signal envelope. The nonlinearity v is

defined as

D19

= 1.

where A.r; is the effective mode area. The nonlinear phase shift depending on the
intensity of the electrical field leads to a large number of interesting nonlinear effects.
In transmission, self phase modulation (SPM) distorts the optical signal together with

chromatic disperison. Additionally, the nonlinear phase noise is added because the
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Figure 1.15: Waveform of OFDM signal.

WDM signal of each channel is modulated by other channels through cross phase
modulaiton (XPM), and the cross talk occurs because the signals generate new spectral
components outside the channel band by four wave mixing (FWM). These ICI by

nonlinear distortion significantly degrades the signal quality, as shown in Fig. 1.13.

1.4.4 Signal quality of transmission signal

The signal quality of transmission signal is degraded by the ASE of optical amplifier,
ISI, and ICI. Figure 1.14 shows the constellation before and after transmission. As a
result of signal distortion, the distribution of the signal points is spread. The more the
distribution is spread, the more the bit error occurs. Assuming that the distribution

of the signal points follows a normal distribution, the signal quality Q is defined by,

Q = 20logio(q),
q = pjo, (1.31)

where p is Euclidean distance between the adjacent level and o is variance.
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Chapter 1. Introduction of optical signal multiplexing

Signal quality is improved by increasing the signal power at the transmitter because
the ASE noise of optical amplifier is large when the input power of the optical amplifier
is small. However, the high signal power induces nonlinear distortion. The larger the
phase shift, the larger the influence of nonlinear effect. The acute change of the intensity
waveform of the signal significantly degrades the signal quality. Figure 1.15 shows the
waveforms of each OFDM subcarrier and the multiplexed signal. Very high peaks
locally forms due to the coherent superposition of many subcarriers in time domain.
Although OFDM realizes a high density subcarrier multiplexing, OFDM signal has
a disadvantage of very high peak-to-average power ratio (PAPR) and is distorted by

nonlinear effect.

Compensation techniques of signal distortion by digital signal processing are pro-
posed.?22? Since the propagation of the optical signal could be calculated by NLSE,
the signal before the transmission is restored by solving NLSE toward a direction op-
posite to the propagation. This technique is called as digital back-propagation (DBP).
Considering only chromatic dispersion, NLSE could be solved one step. The real-time
operation is experimentally demonstrated.>® For nonlinear compensation, NLSE is
solved by the split-step Fourier method (SSFM). However, the computational cost of
SSFM is estimated to be over 100 times greater than for dispersion compensation,
thus it is difficult to implement in real-time.3! Additionally, an experimental demon-
stration®? suggests that DBP of a single carrier produces only a very small benefit in
the presence of a large number of subcarriers. To calculate the all of subcarriers, the
complete electrical field of all of subcarriers and the enormous computational cost are

required.?® Therefore, realization in a real-time system would be very difficult.

Another approach is the optical compensation using a phase conjunction wave.3437

Although the experimental demonstrations of simultaneous compensation of many sub-
carriers were reported,®3? phase conjunction wave generators must be installed at the
exact center of the fiber. Therefore, this technique can not be used in established fiber

links.

Recently, it is predicted that optical OFDM based on fractional Fourier transform
(FrF'T) in place of Fourier transform increases the system flexibility and suppresses

O If the signal degradation is mitigated, a

signal impairments in the propagation.?
multilevel modulation with high multiplicity is available. To treat the high multiplicity

of multilevel modulation, the high resolution ADC is required.*! However, performance
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of conventional electrical ADCs are limited by the jitter of the sampling aperture and
the power consumption. To overcome this limitation, optical approaches have recently
attracted much attention because a mode locked laser, which provides an ultra-stable
optical pulse stream, can offer a sampling aperture with ultra-low jitter, as low as a few
femtoseconds. Although optical sampling using optical pulse streams with electrical
quantization and coding processes realizes high-performance ADCs, multiple electrical
ADCs are required to support a high sampling rate, and therefore, increased energy
consumption is unavoidable. Using optical technology for the entire process, including
the subsequent quantization and coding, should reduce energy consumption.

To get the best performance of a transmission system by optimizing its transfer
function, it is important to clarify the behavior of a transmission signal in actual
optical fiber links. Additionally, a feasibility demonstration of devices and subsystems
such as implementation of signal processing and ADC in various environments is of

considerable practical significance.

1.5 Conclusion

In this chapter, introduction of optical signal multiplexing in optical communication
was presented as an essential procedure. Overviews of current situation in optical signal
multiplexing for large capacity optical communications and various phenomena induced
in optical fibers during transmission were described. To get the best performance of a
transmission system for further large capacity optical communications, an optimization

of a transfer function including an optical signal multiplexing is required.
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Chapter 2

All-optical fractional orthogonal
frequency division multiplexing

The frequency domain is not always optimum for all of applications, although it is
used for powerful signal processing based on the Fourier transform. Fractional Fourier
transform is expected to generalize the Fourier transform, and define a new domain
which could provide more flexible signal processing. In this chapter, an innovative op-
tical OFDM based on fractional Fourier transform in place of the conventional Fourier
transform is presented. The theoretical backgrounds of fractional Fourier transform
and the method of all-optical implementation of an optical signal are described. The
behavior of optical fractional OFDM signal in a dispersive fiber focusing on the re-
duction of peak to average power ratio is clarified. Moreover, the fiber nonlinearity
mitigation technique is proposed and demonstrated by evaluating the transmission
performance of the fractional OFDM signal in the dispersion compensated fiber link in

simulation.

2.1 Introduction

The Fourier transform plays an important role in almost all the science and tech-
nology fields™ and is applied to widely applications such as infrared spectroscopy, X
ray crystal structural analysis, and OFDM. In communication, OFDM exploits the
orthogonal basis of the Fourier transform for high spectral efficiency. OFDM is a
more recent approach in optical communication, and all-optical implementation of the
Fourier transform has been attracted to reduce the energy consumption. Although

OFDM realizes high spectral efficiency, OFDM has a disadvantage of very high PAPR
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Chapter 2. All-optical fractional orthogonal frequency division multiplexing

due to the coherent superposition of many subcarriers in a time domain. Since the
high PAPR signal may induce serious nonlinear effects in fiber links, the signal quality
could be degraded and the launchable power is limited. Since the Fourier transform de-
composes a signal into the frequency components, a time domain relates to a frequency
domain. However, the frequency domain is not always optimum for all of applications.
The fractional Fourier transform (FrFT) is a generalization of the conventional Fourier
transform.”# The Fourier transform cannot obtain the local time-frequency charac-
ter that is essential for processing nonstationary signals because it is a kind of holistic
transform. Since the FrF'T can handle time-varying signals in the FrFT domain, it
is applied to flexible applications such as quantum mechanics, filtering in a FrFT do-
main, phase retrieval, and Neural networks. In wireless communication, the FrFT is
introduced for compensations of Doppler shift and multipath fading.®” Additionally,
the PAPR reduction effect of FrFT based OFDM signal is reported.®® Recently, it is
predicted that optical OFDM based on FrF'T in place of Fourier transform suppresses
the PAPR and the chromatic dispersion impairment. To get the best performance of a
transmission system by optimizing its transfer function, it is important to clarify the
behavior of a transmission signal in actual optical fiber links. The major difference be-
tween optical communication and wireless communication is the presence of chromatic
dispersion. Although there is no time-varying characteristic in optical transmission
links, the waveform of the signal is largely distorted due to the delay depending on the
frequency. Since, therefore, the PAPR is changed according to the propagation, the
PAPR has been handled stochastically so far. However, if we can control the change
of the PAPR with propagation, it is expected that the transmission performance is
optimized according to the transmission link. In this chapter, we clarify the behavior
of optical fractional OFDM signal in a dispersive fiber focusing on the reduction of
PAPR. From obtained result, the fiber nonlinearity mitigation technique is proposed
and demonstrated by evaluating the transmission performance of the fractional OFDM

signal in the dispersion compensated fiber link in simulation.
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2.2. Principle of all-optical fractional OFDM

1

Figure 2.1: Fractional Fourier transform.

2.2 Principle of all-optical fractional OFDM

2.2.1 OFDM based on fractional Fourier transform

The conventional Fourier transform is defined as

X() = Fla@) (1) = [ atte > at, (2.)
where z(t) is a function in time domain and X (f) is a function in frequency domain.
The Fourier transform is a projection of a signal on the frequency axis. In time-
frequency plane, the signal is rotated /2 with respect to the time axis. The FrFT is
a generalization of the Fourier transform. The FrFT is defined as

T(u) = F{z(t)} (u) =/ (t) Kp(t, u)dt, (2.2)

where the transformation kernel K,(¢,u) is described by

ej%{p—sign[sin(l'%)]}ejTr[(tQJru?)cot(p%)72tucsc(p%)] (p 7& l)

Bytu) =9 5 Y'Z;(%” (p = 21)
ot + u) (p=20+1)
I € Z, (2.3)

where p is fractional parameter. The FrF'T can be interpreted as the projection of the
signal on an intermediate axis u that forms an angle pr/2, as shown in Fig. 2.1. The
signal is rotated pm/2 with respect to the time axis. Setting p = 1, the FrFT is equal
to the conventional Fourier transform. In OFDM, a subcarrier eq.(1.1) is an impulse
output of Fourier transform. The time domain representation of an impulse function

d(u — nugp) in the intermediate domain is given by

on(t) = F{8(u—nuy)} (t)

B e]z{—P—szgn[sm(_Pi)]} 6,j7r[(t2+(nu0)2)cot(pg)fﬂ(nuo)csc(pg)] ) (24)

s

|sin (—p3)]
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The integration for any two subcarriers along the whole symbol duration 7" is computed

as
T/2 5 5
o (), (t)dt
-T/2
T/2
_ 1 ejﬂ(n2m2)ugcot(pg)/ efjﬂ’2t(nfm)u0csc(p%)dt
stn (p%) —T/2
_r =
sinQ(pg) (m n>
o 1 e—jﬂ'(nQ—mQ)ugcot(pg)ej(n—m)uo(T/2)csc(pg)
- 7j(nfm)uosin(p%)
> {e—j(n—m)uoTcsc(P%) _ 1} (m ?é n)
n,m € Z. (2.5)

If ¢ (t) satisfies the orthogonal condition, eq.(2.5) should equal zero in the case (m #
n). This condition can be satisfied only when uy = 27 (sin(pn/2)/T). By neglecting

unessential constant terms, the subcarrier ¢®(¢) and the multiplexed signal xP(t) of

n

optical fractional OFDM is expressed as

(1) = 3 s), (26)
)= s ( ) 05y Bl ), .

where s, is a data symbol. Fractional OFDM symbol could be demultiplexed by appling
a complementary FrF'T such as —p at the reciever. Figure 2.2-2.7 show waveforms of
optical fractional OFDM subcarriers in the case of p =1,0.5,0.1, 0.1, —0.5, —1. The
number of subcarriers is 8 and the symbol duration is 100 ps. Since each subcarrier
has a quadratic chirp depending on p, the instant frequency is changed along to time.
The fractional OFDM symbol is rotated an angle (1 — p)7/2 from OFDM symbol
in time-frequency plane, as shown in Fig. 2.8. Fractional OFDM symbol could be
demultiplexed by appling a complementary FrFT such as —p at the reciever.

2.2.2 Implementation of all-optical fractional Fourier trans-
form

The FrFT could be implemented by passive optical components as with the case of all-

optical IDFT/DFT.? 9 Figure 2.9 shows the principle of all-optical FrFT with optical
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Figure 2.2: Waveforms of optical fractional OFDM subcarriers in the case of p = 1.
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Figure 2.3: Waveforms of optical fractional OFDM subcarriers in the case of p = 0.5.
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Figure 2.5: Waveforms of optical fractional OFDM subcarriers

-0.1.
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Figure 2.7: Waveforms of optical fractional OFDM subcarriers in the case of p =
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Figure 2.8: Fractional OFDM signal in time-frequency plane.
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Figure 2.9: All-optical implementation of fractional Fourier transform.

delay lines and phase shifters. The discretized nth subcarrier of the fractional OFDM

is expressed by

M-1

ght) = > su-Alt+m-7)

m=0
—ind [n2ein2(pm) 4 (e /22 | m\ o me(M—1)/2
xe J {|: (p2)+ M2 ] t<p2) 2 M }’ (28)
where the parameter p is the fractional order, A(t) is the shape of an optical pulse,
and M is the number of sample within the symbol duration 7. In order to set the
center position of the chirp to the center of the symbol, the index m starts from

—(M —1)/2. The all-optical FrF'T can be implemented in the same manner as the
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all-optical IDFT/DFT with modifying phase shifters. The fractional OFDM symbol
can be demultiplexed by applying a complementary FrFT such as —p. The output

signals of the corresponding nth and non-corresponding fth FrFT (—p) are expressed

M-1
D,y (t) = o (t)
=0
Xeijﬂ—{ |:n282n2(*pg)+(l_(N;;;)/2)2:|COt(fp%)72nl_(1wA;1)/2}
M-1M-1

|
[
&
>
=
El
5

=0 m=0
Xe*ﬁr{[(mf ;1)2 (l M 1) ]mt(—Mgﬁ/% o, M= 1)} (2.9)
M-1
Dip®) = 2_ o)
=0
—jmq | f2sin? t-—-1)/2)% | I—(M—1)/2
Xeg{{f (PP (g )—af }
M-1M-1
= 3N s A+ (mrl) )
=0 m=0

w e IT{ (n?=?)sin? (pg) IS

B | e e L e NCRT)

At the position m+1 = M —1, which is equal to t; = (M —1)7 the signals are expressed
by

D?n,n,ts)(t) =M- Sn - A(t)v (211)
P = L m(n M_l)f_w)
Dl pin(t) = sn- A(t)- - ) e ;
m=0

M-1
= su-A(t)- 8- elit M-Vt Z ZEm(n—f)

=0
- — B M(n=1)
_ 25 (M-1)(n+ ) Z 2L = €N
= M
RO = 1 — ehrn=1)
= 0, (2.12)

where [ is the term unrelated to the summation. Thus, the fractional OFDM sub-

carriers also have orthogonality at the same sample as OFDM. The all-optical FrFT
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Figure 2.10: Spectra of optical fractional OFDM subcarriers in the case of p =
1,0.5,0.1, 0.1, —0.5, —1.

circuit serves as the special optical filter. Thus a time-space conversion based opti-
cal spectral shaper could also implement the all-optical FrFT. The filter functions of
fractional OFDM subcarriers are obtained by Fourier transform of eq. (2.7). Fig-
ure 2.10 shows the spectra of optical fractional OFDM subcarriers in the case of
p = 1,0.5,0.1,—-0.1,—-0.5, —1. The spectrum is broadened compared with conven-
tional OFDM signal (p = 1). The subcarrier correcponding to —p has inverse phase in

frequency domain. All subcarriers have the same spectrum, shifted of 1/7".

2.3 Peak to average power ratio reduction using all-
optical fractional OFDM

2.3.1 Generation of Nyquist pulse train using time-lens effect

Eq.(2.7) of fractional OFDM subcarrier could be written by,

cot(vF) 2

(bﬁ(t) _ e—jwn2sin2(pg)cot(pg)¢717I(t)€fj7r T2 ) (213)

This means that OFDM subcarrier is multiplied a quadratic phase in time domain.
The time-lens effect could be induced by a convolution processing of a quadratic phase
which is realized by a propagation of a fiber with total dispersion D that satisfies the

condition

D = —cT?tan (pr/2) /N2, (2.14)
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Figure 2.11: Generation of Nyquist pulse train using time-lens effect.

where c is the speed of light and \ is the central wavelength.%?
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where At = Ttan(pr/2) is the interval of each subcarrier. Fracitonal OFDM sub-
carriers are converted to sinc pulses, referred to as Nyquist pulse, and have different
time shift, as shown in Fig. 2.11. Since the overlapping of subcarriers in time domain
is smaller than the OFDM signal, the Nyquist pulse train has the low PAPR charac-
teristic. Thus it is expected that the PAPR of the fractional OFDM signal decreases
according to the propagation of a fiber link by forming to a Nyquist pulse train.

2.3.2 Examination of PAPR reduction

We examined the PAPR reduction effect by formation of a Nyquist pulse train using a
fractional OFDM symbol in a simulation. We used 12 x 10 Gbaud/s 16 QAM fractional
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Figure 2.12: (a) Simulation setup. (b) Simulation result of the PAPR before propa-
gation. (c) Simulation result of the PAPR after 12 km propagation. (d) Simulation
result of the PAPR after 24 km propagation.

OFDM signals for the simulation. The simulation setup is shown in Fig. 2.12(a). The
optical source emitted 1.5 ps pulses at a 10 GHz repetition rate. The center wavelength
was 1550 nm. The pulses were split into 12 copies for 12 subcarriers. Each subcarrier
was modulated by 16 QAM format at 10 GHz speed and multiplied a spatial filter of
FrFT in frequency domain with time-space conversion based optical spectral shaping.
The subcarriers were spaced at 10 GHz. We simulated p = —1 (conventional OFDM),
p = —0.2, and p = —0.1 fractional OFDM signals. For a comparison, we prepared a
same data capacity Nyquist-optical time division multiplexing (N-OTDM)% 1% gjgnal
whose number of subcarrier was 12. The N-OTDM signal is a series of sinc pulses
delayed of At =T/N,

(2.17)

The system had a data capacity of 480 Gbit/s per polarization. We used only a single
polarization. The number of symbol was 4000. The symbols were passed to a linear
model of a dispersive fiber. The fiber dispersion was 17 ps/nm/km.

Figure 2.12(b-d) show the results of the complementary cumulative distribution
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Figure 2.13: Relationship between the FrF'T parametar p and the changes of spectra.

function (CCDF) of the PAPR. Figure 2.12(b) is the result before transmission. The
N-OTDM signal has the lowest PAPR. On the other hand, Fig. 2.12(c, d) are the
results after 12 km propagation and 24 km propagation. The PAPR of N-OTDM
was grown by an increase of the subcarrier overlapping because chromatic dispersion
significantly broadens the short pulse. The p = —0.1 fractional OFDM signal is the
best result after 12 km propagation and The p = —0.2 fractional OFDM symbol is the
best result after 24 km propagation. These results agree with the relationship of eq.
(2.14) and confirm that the PAPR becomes lower as approaching the point where the

transmission signal forms to a Nyquist pulse train.

2.3.3 Influence of nonlinear distortion

From the above simulation results in subsection 2.3.2, it is expected that the influence
of nonlinear distortion is effectively relaxed depending on the FrFT parameter. We
investigated the influence of nonlinear distortion using spectral changes before and
after the propagation. For simplification, we considered only the effects of dispersion
and nonlinearity. The fiber dispersion and nonlinearity were 17 ps/nm/km and 1.3
/W /km, respectively. The launch power was 1 dBm. The propagation was calculated
by split step Fourier method. The spectral change SC' is defined by

S Sagter (f) = Shegore (f)] df
fjooo SbEfore (f) df

where Spefore and Sy e are the intensity of spectra before and after the propagation.

SC =

x 100, (2.12)

Figure 2.13 shows the relationship between the FrFT parameter p and the spectral

change. After transmission of 24 km, the spectral change of p = —0.1 signal is the
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Figure 2.14: Simulation setup of the transmission of an all-optical fractional OFDM
signal.

smallest. After transmission of 48 km, the spectral change of p = —0.2 signal is
the smallest. These lengths are twice as long as the lengths that induce a time-lens
effect. These results indicate that setting FrF'T parameter p so as to transform the
transmission signal into a Nyquist pulse train at the middle of the fiber, the nonlinear

distortion in whole fiber could be mitigated.

2.4 Fiber nonlinearity mitigation using all-optical
fractional OFDM

To assess the proposed fiber nonlinearity mitigation technique through the all-optical
fractional OFDM, we evaluated the performance of the transmission of a fractional
OFDM signal in the dispersion compensated fiber link. Figure 2.14 shows a transmis-
sion simulation setup. The condition of the transmitter side was same as subsection
2.3.2. Length of transmission link was 1100 km and EDFA was set at 110 km length
intervals. We assumed that the dispersion of SMF' is compensated by dispersion com-
pensation fibers (DCF) at regular length intervals. We simulated four cases; (i) 5 km
SMF (loss: 0.2 dB/km, dispersion: 17 ps/nm/km, nonlinearity: 1.3 /W/km) and 0.5
km DCF (loss: 0.2 dB/km, dispersion: -170 ps/nm/km, nonlinearity: 1.3 /W /km)
link, (ii) 10 km SMF and 1 km DCF link, (iii) 20 km SMF and 2 km DCF link, and
(iv) 50 km SMF and 5 km DCF link. The noise figure of the EDFA was 4 dB. At the
receiver side, fractional OFDM and N-OTDM symbols were demultiplexed by suitable
FrFT and time sampling using a WSS and a 1 ps time gate. Demultiplexed symbols
were detected by coherent receivers with 50 GHz electrical bandwidth. The perfor-

mance of the detected signal was evaluated by the Q-factor of electrical signals after
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Figure 2.15: Simulation results of launch power versus Q-factor in (a) 5 km SMF
and 0.5 km DCF link, (b) 10 km SMF and 1 km DCF link, (c¢) 20 km SMF and 2
km DCF link, and (d) 50 km SMF and 5 km DCF link.

the coherent receiver. Figure 2.15(a, b) shows the calculated results of the case (i) and
(ii). Since the influence of dispersion is small, the N-OTDM symbol is the best signal
quality. However, when the dispersion is compensated at long span, fractional OFDM
symbols have better signal quality in the high launch power range as shown in Fig.
2.15(c, d). Figure 2.16 shows the constellation map of p = —1 and p = —0.1 at launch
power 1 dBm in 20 km SMF and 2 km DCF link. The received signal of p = —0.1 is
improved by 1.0 dB as compared with p = —1. These results indicate that the fiber
nonlinearity could be mitigated by all-optical fractional OFDM with an appropriate
FrFT parameter p. In this approach, there is no requirement of additional cost and
power consumption because an all-optical fractional OFDM requires only replacement

of the filter from conventional all-optical OFDM.
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Figure 2.16: Simulation result of the constellation map of p=-1 and p=-0.1 at launch
power 1dBm in 20 km SMF and 2 km DCF link.

2.5 Conclusion

In this chapter, an optical OFDM based on FrFT in place of conventional Fourier
transform was presented. It is expected that the FrFT can handle signals in a new
domain for more frexible applications than the conventinal Fourier transform. The
theoretical backgrounds of FrFT and the method of all-optical implementation for
an optical signal was described. The behavior of optical fractional OFDM signal in a
dispersive fiber focusing on the reduction of peak to average power ratio was examined.
The numerical simulation results show that the PAPR of fractional OFDM signal is
decreased at a point where the Nyquist pulse train is formed by the time-lens effect.
Moreover, the fiber nonlinearity mitigation technique was proposed and demonstrated
by evaluating the transmission performance of the optical fractional OFDM signal in
the dispersion compensated fiber link in simulation. The signal quality after the 1100
km propagation of a dispersion compensated fiber link was successfully improved by
1.0 dB as compared with the conventional OFDM. Since the PAPR is increased when
the number of subcarriers is increased, it is expected that the effect of the proposed
approach could be enhanced. This new FrE'T based optimization approach for a control

of a PAPR of a optical signal is useful to increase usable information.
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Chapter 3

Cyclic prefix insertion for
all-optical Fractional OFDM

In this chapter, to confirm that the FrF'T can generalize the Fourier transform with
keeping original useful functions in the Fourier transform, a verification of cyclic prefix
insertion for all-optical fractional OFDM is presented. Since cyclic prefix exploits a
periodicity of the DFT to reduce linear impairments such as chromatic dispersion in
conventional OFDM, it is expected that a cyclic prefix is also effective for a fractional
OFDM signal. The cyclic prefix insertion for all-optical fractional OFDM is experimen-
tally demonstrated. The relationship between a fractional parameter and an effect of

cyclic prefix insertion is investigated in simulation.

3.1 Introduction

In the previous chapter, it was found that the nonlinear signal distortion could be
mitigated by all-optical fractional OFDM. Although it is assumed that the chromatic
dispersion of the transmission link is completely compensated by DCF, in the actual
link, there are cases where the chromatic dispersion is not completely compensated due
to the temperature dependency and wavelength dependency of optical fibers.!92106 The
permissible residual dispersion becomes smaller when the data rate is high because the
influence of dispersion is depending on spectral width. In conventional OFDM, a cyclic
prefix (CP) is an essential technique for reducing the ISI and ICI in the presence of
fiber dispersion because the orthogonality of the subcarriers with CP is maintained
even if each subcarrier receives a different delay.%®1°7 An all-optical implementation

of inserting a CP has also been reported, and further tolerance of practical difficulties
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Figure 3.2: Cyclic prefix insertion.

such as timing errors of an actual receiver is expected in addition to the resistance
to fiber dispersion.'® 1% The CP of OFDM is based on continuity at the end and
the beginning of a waveform. Although the end and the beginning of subcarriers of
fractional OFDM are not continuous, the CP of fractional OFDM is partially available
unless p = 0. In this chapter, the CP insertion for all-optical fractional OFDM is
verified and experimentally demonstrated. Moreover, the relationship between the

fractional parameter p and the effect of CP insertion is investigated in simulation.

3.2 All-optical fractional OFDM with cyclic prefix

In order to demultiplex the OFDM signal, the signal must be extracted at an ap-
propriate timing over the symbol duration. When there is the chromatic dispersion,
it is impossible to extract all the subcarriers at an appropriate timing because each
subcarrier has different delay. Since the orthogonality of the subcarriers is destroyed
and a sampling window includes a neighboring symbol, the signal quality is degraded
by ICI and ISI. In OFDM, a CP is a solution to this ICI and ISI. The beginning of
the waveform is copied and added to the end of the waveform. Since exactly n cycles

of sin wave are included in the symbol duration 7', the sin wave of each subcarrier is
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Figure 3.3: All-optical implementation of cyclic prefix.

extended backward. If the sampling window is in the extended symbol duration, the
orthogonality is maintained because the orthogonality of eq.(1.4) is not depending on
the phase. As long as the length of CP is larger than the delay, the subcarriers could
be demultiplexed without ICI and ISI.

Figure 3.3(a) shows the all-optical IDFT with a CP. The beginning of the waveform
generated by the IDFT is copied and added to the end of the waveform. The nth
subcarrier with the CP is expressed by

M-1 c-1
PL(t) = mz:o Sp - A(t +m - T)exp (j27m%> + ; Sp- At + (M +c¢) - T)exp (]271‘71%)
M+C—1 o
= mzzo Sp - A(t+m - T)exp (]27mM> : (3.1)

where C'is the number of the CP. The delay time between each sample shortens to 7 =

T /(M + C). The output signals of the corresponding nth DFT and non-corresponding
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fth DFT are expressed by

l
Dhy(®) = Y- dh(0yeap (i2n;
1=0
M+C—1M—1 —
= Z Sp- At + (m+1) - T)exp <j27m i ) : (3.2)
=0 m=0
M-1
Dy, p(t) = Z o (t)exp (JQWfM>
=
M—1M+C—1
= Sp- At + (m+1) - 7)exp (j27man+ﬂ> . (33)
=0 m=0

At the position from m+1{ = M —1tom—+1 = M+ C —1, the output signal completely
includes the components of the subcarrier. According to the same analysis with eq.
(1.10) and(1.12), orthogonality is maintained at these positions. Thus, the orthogonal
position can be increased to C'+ 1 by the CP.

The CP of OFDM is based on continuity at the end and beginning of a waveform.
In fractional OFDM, the end and beginning of subcarriers are not continuous. This
may decrease the effectiveness of the CP for fractional OFDM. The nth subcarrier with
a CP is expressed by

M+C-1
@) = D sn-Alt+m-7)
m=0

2
in{ [ 2in 2+ OGRS e () ot
xXe

(3.4)

Here, the delay time between each sample is shortened to 7 = T'/(M + C). The output

signals of the corresponding nth and non-corresponding fth FrFT (—p) are expressed
by

M-1M+C-1

Dyt Z Z Sn- At + (m+1)-7)
=0 =0

xe_]ﬂ{[(m M+C 1) (l IWQI) ]cot<;/[p27r/2)}
s {mH=(35C-1)} (3.5)
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Figure 3.4: Experimental setup for DBPSK modulated fractional OFDM transmitter
and receiver with a CP.
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Figure 3.5: Transfer functions installed on the WSS without and with the CP.
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At the position m + 1 = (2M + C)/2 — 1, the signals are the same as in eq. (2.11) and
(2.12). However, even if the position is fromm+1=M —1tom+1= M +C — 1, the

ICI occurs because of the terms related to the quadratic chirps. The amount of ICI

depends on the parameter p.

3.3 Experimental demonstration

Figure 3.4 shows the experimental setup for the fractional OFDM based transmitter
and receiver with a CP. We set p = -0.5 at the transmitter and p = 0.5 at the receiver

for an 4 subcarriers fractional OFDM and added a CP of 15%. An all-optical FrFT was
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Figure 3.6: Experimental results for the eye diagrams of the four received subcarriers
after the time gate and demodulation: (a) without a CP, (b) with a CP of 15%.

implemented by a WSS with spatial filters obtained by the Fourier transform in Eq.
(14). Figure 3.5 shows the installed spatial filters with and without the CP. Although
the spectra of each channel with and without the CP were the same, the interval of each
channel was wider with the CP than without CP. A 10 GHz mode locked laser diode
(MLLD) emitted a 1.5 ps pulse at 1550 nm. The pulse train was modulated by a 10
Gbit /s pseudo random bit sequence (PRBS) with differential binary phase shift keying
(DBPSK). The modulated signal was split into four signals, and different delays were
applied by optical delay lines (ODLs) to synchronize them with pattern decorrelation.

44



3.4. Discussion

=
Sso

~
S~ee
-~
-

o ,B|--©--sc1cPo%
w 10 [oce--sc20P 0%
--8--SC 3CP 0%
8| ——*-—-SC4CP0%
10 [—e—sC1CP15%
—4+—SC 2CP 15%
—B—SC3CP 15%
10 f—+—SC4CP15% ) ) ) ) E
-42 -38 -34 -30 -26
Received power [dBm]

-~
-~
—_——

Figure 3.7: Experimental results for the BER performance as a function of the
received power without and with a CP.

The four signals were fed to the input ports of the 4x1 WSS (Finisar 4000S) at the
transmitter, which generated a 40 Gbit/s fractional OFDM signal. The polarizations
of each port were aligned by a polarizer and polarization controllers (PCs). At the
receiver, we used another 1x1 WSS (Finisar 1000S) and changed the corresponding
installed filter to receive the four subcarriers. To demonstrate the effect of inserting a
CP, we used the lithium niobate intensity modulator (LN-IM) time gate. Since the gate
width was several tens of picoseconds, the detected signal is a summation of results
extracted at various timing, thus ICI and ISI could be induced. A 1-bit delay line
and 40 GHz balanced photo detector (BPD) demodulated the time-gated signals. Fig.
3.6 shows the eye diagrams of the four received subcarriers after the time gate and
the demodulation with and without the CP. The eye diagrams are clearly larger with
the CP than without the CP. Figure 3.7 shows the relationship between the BER and
received power. The BER performed better with the CP than without the CP. These
results indicate that the CP can reduce the ICI even if the performance of the time

gate is insufficient.

3.4 Discussion

In order to quantify the effect of CP insertion, we evaluated the performance of the
all-optical fractional OFDM transmitter and receiver in a simulation. For simplicity,

we ignored noises such as shot noise and signal spontaneous beat noise and considered
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Figure 3.8: Relationship between the Q-factor and gate width of the time gate: (a)
without a CP, (b) with a CP of 5%, and (c) with a CP of 10%.

only the ICI. The number of channels was 12. Each subcarrier was modulated in the
QPSK format at a speed of 10 GHz. The demultiplexed signal was detected by coherent

receivers with a 50 GHz electrical bandwidth. The performance of the detected signal
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was evaluated according to the Q-factor of the electrical signals after the coherent
receiver. Figure 3.8(a) shows the relationship between the Q-factor and gate width of
the time gate without the CP. The Q-factor decreased depending on the gate width,
and there was not a great difference according to the parameter p. With the CP, the
Q-factor was significantly improved at any p, as shown in Figs. 3.8(b) and (c). When
p was close to 1, the high signal quality was kept by using a wide time gate because
the orthogonal position was wide. Inserting a large CP allowed the use of a wide time
gate. However, further CP insertion may decrease the spectral efficiency. Reducing

the parameter p decreased the effect of the CP.

3.5 Conclusion

In this chapter, to confirm that the FrF'T can generalize the F'T with keeping original
useful functions in the Fourier transform, a verification of CP insertion for all-optical
fractional OFDM was presented. We experimentally demonstrated the insertion of a
CP in a four-channel 40 Gbit/s all-optical fractional OFDM signal. The measured BER
showed that the CP improves the signal quality even if the performance of the time gate
is insufficient. The relationship between the fractional parameter and the effect of CP
insertion was investigated in simulation. In conjunction with nonlinearity mitigation
presented in Chapter 2, all-optical fractional OFDM could mitigate the degradation of
the signal quality due to nonlinear and linear impairments by optimizing the fractional
parameter in accordance with the characteristic of fibers and the performance of system

components.
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Chapter 4

Experimental demonstration for
practical use of all-optical fractional

OFDM

In Chapter 2 and 3, a performance maximization of a transmission system by optimiz-
ing an optical signal multiplexing by FrF'T was describes. In order to apply optimized
transmission system in an actual system, it is indispensable to demonstrate the feasi-
bility of devices and subsystems of the system. In this chapter, experimental demon-
strations of feasibilities of implementation of all-optical fractional OFDM for practical
use are presented. Firstly, to guarantee the operation in an actual network, the field
trial in JGN-X which is an optical network testbed laid between NICT (at Koganei)
and KDDI (at Ohtemachi) is demonstrated. Secondly, to reduce the cost of introduc-
ing the system, the feasibility of a cost effective all-optical fractional OFDM receiver
using a planar lightwave circuit is demonstrated. Thirdly, to extend a flexibility of the
signal handling method, a demultiplexing of an optical fractional OFDM signal by a

time-lens effect is demonstrated.

4.1 Field trial in JGN-X

4.1.1 Introduction

In many cases, transmission experiments are demonstrated in laboratories. Because
a fluctuation of temperature and vibration in a laboratory is small, the influence to
optical signals in transmission fiber is supposed to be static. On the other hand, a
transmission fiber in an actual network is exposed to a fluctuation of temperature and

vibration. The optical signal is influenced by those factors. Therefore, it is desirable
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Figure 4.1: JGN-X.

that the transmission experiment should be performed in an actual environment. In
this section, the field trial is demonstrated in an optical testbed of the Japan Gigabit
Network eXtreme (JGN-X). JGN-X is operated by the National Institute of Commu-
nication and Information Technology (NICT) as an ultrahigh-speed testbed network
for R&D collaboration between industry, academia, and government.''' The optical
fiber is installed between the NICT (at Koganei) and KDDI (at Ohtemachi) as shown
in Fig. 4.1. The fiber length is 44.6 km (round trip is 89.2 km). Because the fiber
specification is comply with ITU-T G.652 requirements, it provides an experiment envi-
ronment close to an actual use environment for the feasibility experiments of an optical

communication.

4.1.2 Experimental demonstration in JGN-X

The experimental setup is shown in Fig. 4.2. The transmitter and the receiver was
set in NICT at Koganei. We set p = —0.5 at the transmitter and p = 0.5 at the re-
ceiver. A WSS implemented the filters of all-optical FrFT and multiplexed four chan-
nels which were modulated by 10 Gbit/s DBPSK. The 40 Gbit/s fractional OFDM
signal trasmited though JGN-X. An EDFA in KDDI building at Ohtemachi amplified
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Figure 4.2: Experimental setup of the field trial in JGN-X.
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Figure 4.3: Experimental results for the eye diagrams of the four received subcarriers.

the transmitted signal and the signal returned to Koganei. A DCF compensated the
chromatic dispersion before the receiver. Another WSS and LN-IM time gate demul-
tiplexed the received signal to four subcarriers. Figure 4.3 shows the eye diagrams of
the four received subcarriers, and a clear eye opening is observed. Figure 4.4 shows the
relationship between the BER and received power, which is below the forward error
correction (FEC) limit (2 x 107®). Under this error rate, the transmission could be

regarded as error free.
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Figure 4.4: Experimental results for the BER performance as a function of the
received power.
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Figure 4.5: Experimental results for the eye diagrams of the four received subcarriers
with cyclic prefix.

4.1.3 Performance improvement by cyclic prefix insertion

The eye opening and BER is worse than the back-to-back results demonstrated in
Chapter 3 due to the residual dispersion. We tried to improve the received signal
quality by cyclic prefix insertion. The insertion ratio was 15%. Figure 4.5 shows
the eye diagrams which has a more clear eye opening. The BER is largely improved
compared with the no insertion result. Therefore, the effectiveness of cyclic prefix

insertion in an actual environment was also demonstrated.
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Figure 4.6: All-optical fractional OFDM system using WSS and PLC.

4.2 Cost effective all-optical fractional OFDM re-
ceiver using planar lightwave circuit

4.2.1 Introduction

The above experimental demonstrations used the WSS for the implementation of all-
optical FrF'T. Given that the software-defined networks presently being considered
transmit different signals in various directions, the transmission conditions should be
flexibly adjustable at all times.!'? Therefore, WSSs—which could implement recon-
figurable filter functions in the frequency domain—should be used in the optical line
terminals and nodes in optical networks as shown in Fig. 4.6. However, WSSs require
large installation spaces and high manufacturing costs. On the other hand, planar light-
wave circuits (PLC) could be mass-produced and reduce system cost and complexity,
although with a fixed modulation bandwidth and function set. Because user-side opti-
cal network units often require a low cost, integrated waveguide devices are attractive
for cost reduction.!'® 14 In this section, we present a cost effective fractional OFDM

receiver using a PLC, in combination with a flexible WSS based transmitter.

4.2.2 Implementation of all-optical fractional Fourier trans-
form using planar lightwave circuit

Implementation of the FrF'T by an PLC—by modifying the second slab coupler from a
conventional DFT PLC, as shown in Fig. 4.7—has also been already proposed.!'® The
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Figure 4.7: Configuration of the FrFT PLC.

first slab coupler splits the input pulse and the grating arms work as delay line. The
second slab coupler gives the appropriate phase shift. The relation between the input

q(z) and output ¢'(x) fields in the second slab coupler is dictated by Fresnel diffraction.

€j277l/)\
(1) =—= [ ¢
1 ViN

where [ is the distance between the two surfaces and R their curvature radius. When
the PLC parameters satisfy the relations [ = R, M = N, N = \d/d;d,, and At =

1/FSR, where d is a real-valued scale parameter with dimensions of length, d; the

(@) R ) (=R) =2 g (4.1)

input waveguide pitch, d, the output waveguide pitch, M the number of grating arms,
N the number of output ports, and F'SR the free spectral range, the discretized output
field is

nd, M md
/ 0 i i 2mn
q - | =B q ( > - eTN (4.2)
(\/Ad) 1 ,; Vad

By = (5 5), (4.3)
This PLC performs the DFT operation for comventional OFDM. The FrFT PLC pa-

rameters satisfy the relations [ = dsin(pr/2), R = dcot(pr/4), M = N, At = 1/FSR,
d; = VAd/N, and d, = V' Adsin(pr/2). The discretized output field is

/(25 - Bpiq (e rllrensonrs]oos) 25 (1.49)

-2nl

1
T\ |~ 2
— ) -
B, = e’

sin <p§>‘ eI asignlsin(pm/2)] (4.5)

The channel spacing is F'SR/N as in conventional OFDM.
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Figure 4.8: (a) Experimental setup. (b) Transfer functions of the fabricated FrFT
PLC at ports 5, 6, and 7.

Figure 4.9: Fabricated FrFT PLC.

4.2.3 Experimental demonstration

Figure 4.8(a) shows the experimental setup for a combined WSS-PLC fractional OFDM
system. We used p = —0.0529 at the transmitter (where the FrFT is implemented using
a WSS) and p = 0.0529 at the receiver (where the FrFT is implemented using an PLC).
The fabricated FrFT PLC parameters were: N = 12 ports, F.'SR = 120 GHz, [ = 10.1
mm, R =292m, d; =30.0 « m and d, = 29.8 4 m. Figure 4.8(b) shows transmission
spectra at ports 5, 6, and 7. Even though the spectra of individual subcarriers in
the fractional OFDM signal are broader than the corresponding conventional OFDM
signal spectra, the interval of each subcarrier is equal to that of conventional OFDM.
Figure 4.9 shows the appearance of the fabricated FrFT PLC. Given that the used
WSS (Finisar 4000S) has only four ports, SC1-5-9, SC2-6-10, SC3-7-11, and SC4-8-12
transmitted the same data. A 10 GHz MLLD emitted 1.5 ps pulses at 1541 nm. The
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Figure 4.10: (a) Multiplexed signal waveform. (b) Multiplexed signal spectrum.

pulse train was modulated by a 10 Gbit/s PRBS with DBPSK. The modulated signal
was split into four signals, and different delays were applied—Dby optical delay lines—to
synchronize them with the decorrelation pattern. The four signals were then fed to
the input ports of the 4 x 1 WSS at the transmitter, which generates a 120 Gbit/s
fractional OFDM signal. The polarizations of the individual ports were aligned with
a polarizer and polarization controllers. The multiplexed signal appears random in
shape, as shown in Fig. 4.10(a); its spectrum is shown in Fig. 4.10(b). An additional
WSS was used as a compensation filter, because the MLLD output had some chirping
behavior. In general, the system does not require the additional WSS. Figure 4.11(a,
b) shows the output signals of the FrFT PLC at ports 5 and 6. It was confirmed that
open eyes were obtained for the signals. A 1.5 ps four-wave mixing based optical time
gate using another MLLD, a highly nonlinear fiber (HNLF), and an optical bandpass
filter (OBPF) were used to sample the output signals. In this experiment, we used
the same clock at both transmitter and receiver. In practical situations, clock recovery
should be used for synchronization. Figure 4.12 shows the four-wave mixing results.
The conversion efficiency was -24 dB. A 1-bit delay line and a balanced photodetector
demodulated the sampled signal. The detected waveform was averaged, because of the
oscilloscope large timing jitter. The eye diagrams at port 5 and port 6 were clearly

open, as shown in Figs. 4.13(a, b).

4.2.4 Discussion

Although we tried to measure the bit error rate to evaluate the system performance,

the signal to noise ratio of the recovered signal was not enough. The degradation of
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Figure 4.11: Output signals of the FrFT PLC at (a) port 5 and (b) port 6.
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Figure 4.12: Four wave mixing result.
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Figure 4.13: Eye diagrams of the demodulated signals at (a) port 5, and (b) port 6.

the signal quality may be caused by a p parameter mismatch between transmitter and
receiver. In our experiment, we obtained the value of p of the fabricated FrF'T PLC
by the relationship between the p parameter and dispersion value for the pulsing of
the FrFT signal. However, it is difficult to obtain the accurate value of p because the
pulsed shapes with correct dispersion and slight difference dispersion are very similar.

In a practical situation, a p parameter mismatch might be occurred by some errors of
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Figure 4.14: Relationship between the value of p of FrFT PLC and the degradation
of Q-factor from the ideal value (p=0.0529).

system conditions or device fabrication. Therefore, we investigated the performance
degradation by p parameter mismatch in a simulation. The system condition was the
same as the experiment. We used p = —0.0529 at the transmitter and changed the value
of p of FrF'T PLC at the receiver. The quality of the recovered signal was evaluated
by the Q-factor. Figure 4.14 shows the relationship between the value of p of FrFT
PLC and the degradation of Q-factor from the ideal value (p = 0.0529). When the p
parameter mismatch was 0.005 (p = 0.0479), the Q-factor was significantly degraded
and the penalty was 5 dB. To keep the degradation of Q-factor under 1 dB, the p

parameter mismatch should be suppressed under 0.0017.

4.3 Demultiplexing of optical fractional OFDM sig-
nal by time-lens effect

4.3.1 Introduction

In the receiver side, the optical fractional OFDM signal is demultiplexed by fractional
Fourier transform with inverse p parameter. On the other hand, we discussed that the
optical fractional OFDM signal is converted to Nyquist pulse train through the time-
lens by the chromatic dispersion, as shown in Fig. 4.15. Thus, it is indicated that the
converted signal could be treated like a N-OTDM signal. Since the N-OTDM signal
could be demultiplexed using ultra-fast time gate, the demultiplexing of the converted

signal is achieved without the fractional Fourier transform.
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Figure 4.15: Receiving by time-lens effect.
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Figure 4.16: Generated sinc pulses.

4.3.2 N-OTDM conversion by time-lens effect

The dispersion for time-lens effect is discribed by
D = —cT?tan (pr/2) /N2, (4.6)

where c is the speed of light and ) is the central wavelength. Sinc pulses are generated,

as discribed by

. e 42 - Cot(p%) 2
gty @e¥nt = C.e /T F (1)}
i Cot(l;%) 42 . t
= O - e J T - S1nc (E + TLAt,) s (47)
where
At = Ttan(pr/2) (4.8)

is the interval of each subcarrier. The interval is set equal to the zero-crossing period
in the oscillating tail. Even if neighboring pulses overlap, no ICI occurs at any symbol
point, as shown in Fig. 4.16. When the number of subcarrier is N, the Nth subcarrier

delays NAt' compared with the 1st subcarrier. If the timewidth exceeds the symbol
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Figure 4.17: Experimental setup of the demultiplexing of the optical fractional
OFDM signal by time-lens effect.

length, the signal is interferenced to neighboring symbols of other subcarriers. Thus,

p is required to be
2.
p= —tan " (1/N) (4.9)
™

or lower. Moreover the zero-crossing period in the oscillating tail is required to be fit
into the symbol length because the peak point of each sinc pulse should be set at the

zero-crossing points of neighboring symbols. Therefore, p is required to be
2,
p=—tan" " (1/M) (4.10)
™

where M is a positive integer of N or smaller. In this case, all subcarrier could be

demultiplexed without ICI and ISI.

4.3.3 Experimental demonstration

Figure 4.17 shows the experimental setup. The optical pulse emitted by a 10 GHz
mode locked fiber laser (MLFL) propagates a 400 m HNLF for self-phase modulation
because two optical pulse sources were required for the experiment, as shown in Fig.
4.18. The signal pulse filtered at 1538 nm was modulated by 10 Gbit/s OOK signal.
The number of subcarrier is 3. The fractional Fourier transform was implemented
by WSS. The p parameter was -0.105. The waveform of each subcarrier is spread in
the symbol length as shown in Fig. 4.19. The eye diagram of the multiplexed signal
appears random in shape. The dispersion corresponding to the p is 213 nm/km. In
this experiment, the dispersion was implemented in WSS. Figure 4.20 shows the eye

diagram of each subcarrier with the dispersion. The signal was converted to sinc pulse

60



4.3. Demultiplexing of optical fractional OFDM signal by time-lens effect

Original
spectrum

After SPM

Intensity [a.u.]
Intensity [a.u.]

1535 1540 1545 1550 1555 1560 1535 1540 1545 1550 1555 1560
Wavelength [ps] Wavelength [ps]
Filtered spectrum for signal pulse Filtered spectrum for gate pulse

Intensity [a.u.]
Intensity [a.u.]

1535 1540 1545 1550 1555 1560 1535 1540 1545 1550 1555 1560
Wavelength [ps] Wavelength [ps]

Figure 4.18: Spectra of optical pulse source generation.
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Figure 4.19: Waveform of each subcarrier before chromatic dispersion.

and delayed 16 ps from the neighboring subcarrier. This result agrees the eq. (4.6).
There were three open eyes in the multiplexed signal because no ICI and ISI occured at
each peak point. A ultra-fast time gate by nonlinear loop mirror (NOLM) performed
the demultiplexing of the optical fractional OFDM signal. A 1 ps optical pulse filtered
at 1558 nm was used as the gate pulse. Figure 4.21 shows the open eye of the eye
diagram of each demultiplexed subcarrier. Figure 4.22 shows the BER measured as a

function of the recived power, wicth is largely below the FEC limit.
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Figure 4.22: Experimental results for the BER performance as a function of the
received power.

4.4 Conclusion

In this chapter, we experimentally demonstrated the feasibility of the all-optical frac-

tional OFDM system in a practical network system. Firstly, to guarantee the operation
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4.4. Conclusion

in an actual network, the field trial in JGN-X was successfully demonstrated. The
40 Gbit/s optical fractional OFDM signal could be demultiplexed after the 89.2-km
transmission. If there are ICI due to residual dispersion or insufficient timegates, the
cyclic prefix insertion mitigates the degradation of the signal quality. Secondly, the
WSS-based multiplexing and PLC-based demultiplexing of a 12x10 Gbit/s DBPSK
optical fractional OFDM signal were experimentally demonstrated. This combination
has advantages both in terms of network architecture flexibility, and in the reduction of
system cost and complexity. Thirdly, the demultiplexing of optical fractional OFDM
signal by time-lens effect was demonstrated. Treating the optical fractional OFDM
signal like a N-OTDM signal, the signal is demultiplexed by an ultra-fast time gate
without the fractional Fourier transform. From these experiments, the feasibility of the
all-optical fractional OFDM system was demonstrated. These demonstrations in an

optical communication field could ensure a reliability of the optical signal multiplexing

based on FrFT in wide fields.
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Chapter 5

Experimental demonstration of
feasibility of all-optical

analog-to-digital conversion for
optical fractional OFDM signal

In this chapter, the necessity and issue on all-optical ADC are experimentally examined
to cope with an optical fractional OFDM. Firstly, the motivation of an optical approach
for ADC and principle of all-optical ADC are stated. To demonstrate the feasibility
of all-optical ADC for a received optical fractional OFDM signal, the experimental
demonstration of a demodulation of 4-ASK optical fractional OFDM signal using 2 bit
all-optical ADC is presented.

5.1 Introduction

In Chapter 2 and 3, it is indicated that all-optical fractional OFDM mitigates the
degradation of the signal quality due to nonlinear and linear impairments by optimiz-
ing the fractional parameter p in accordance with the characteristic of fibers and the
performance of system components. If the signal quality is improved, a multilevel mod-
ulation with high multiplicity is available. The optical signal in the fiber is an analog
signal. Generally, to demultiplex a multilevel signal including many binary signals, a
signal level is distinguished after converting it to a digital signal. To treat a high mul-
tiplicity multilevel modulation at high symbol rate, high resolution and high sampling
rate ADC is required. However, a performance of the conventional electrical ADC is

limited by the jitter of the sampling aperture.*? Since the jitter of the sampling aper-
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Figure 5.1: Trade off between sampling rate and resolution due to jitter.

ture affects the accuracy of high frequency input signals, there is a trade off between
sampling rate and resolution, as shown in Fig. 5.1. The relationship between the jitter
and the achievable maximum effective number of bits (ENOB) is calculated as,
ENOB,1er = log, <#) -1, (5.1)
V3T foampT
where 7 is jitter and feump is sampling rate. In general, the lower limit of electri-
cal jitter is estimated to 100 fs.** To overcome this limitation, optical approaches
have recently attracted considerable attention. The mode locked laser, which provides
an ultra-stable optical pulse stream, can offer a sampling aperture with ultra-low jit-
ter, as low as a few femtoseconds.***? An ADC consists of three parts: sampling,
quantization, and coding. Optical sampling using optical pulse streams is a mature
technique and has been used in high-performance ADCs using electrical quantization
and coding processes. Because the optical approach is used for serial-to-parallel con-
version in this type of photonic-assisted ADC, multiple electrical ADCs are used for
bandwidth matching.’® 3 However, many electrical ADCs are required to support a
high sampling rate, and therefore, increased energy consumption is unavoidable. Using
optical technology for the entire process, including the subsequent quantization and
coding, should reduce energy consumption. Several optical quantization and coding
techniques have been proposed to achieve all-optical ADC designs.>® In these propos-
als, the use of the nonlinear effects in a fiber is one promising approach because it

has an ultrafast response speed and introduces various power-dependent phenomena
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such as self-phase modulation, cross-phase modulation, and soliton self-frequency shift
(SSFS).% 58 Previously, our research group proposed an optical quantization method
using intensity-to-wavelength conversion based on SSF'S and various coding schemes to
support the proposed optical quantization.®® 96116 SSES is energy-efficient compared
with other nonlinear effects because it is self-acting, without the assistance of a pump
pulse.

Since the proposed all-optical ADC performs a whole process from sampling to cod-
ing in a optical domain, a output is a optical signal. Although the converted signal could
be performed the digital signal processing by electrical circuits after optical-electronic
conversion, the  converted signal could be directly processed in the optical domain.
Recently, optical routing techniques have attracted much attention to reduce power
consumption of the network routing system. Using the proposed all-optical ADC for
demultiplexing of multilevel modulation, the multilevel signal could be routed without
optical-electronic-optical conversion.

In this chapter, the receiving of optical fractional OFDM signal with multilevel

modulation using all-optical ADC is presented and experimentally demonstrated.

5.2 Principle of all-optical analog-to-digital conver-
sion

Figure 5.2 shows a conceptual diagram of our proposed all-optical ADC. An analog
input signal is sampled by an optical pulse train using an established optical sampling
process. The sampled pulses with different intensities are fed to an optical fiber and
propagate as solitons with no pulse broadening owing to the balance between fiber
dispersion and nonlinearity. At this point, the Raman effect moves the spectral energy
of each sampled pulse to the longer or shorter wavelength side depending on its inten-
sity. This phenomenon is called SSFS, the amount of wavelength shift is theoretically
determined by the equation developed by the nonlinear Schrodinger equation,

8
k(z) = —1—5537742, (5.2)

where k is the center frequency of a soliton pulse, z is the propagation distance in a
HNLF, g is the coefficient of the self-induced Raman effect, and 7 is the amplitude of
an input pulse. Eq. (5.2) indicates that the center wavelength of an input pulse shifts
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Figure 5.2: Schematic diagram of all-optical ADC.
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Figure 5.3: Schematic diagram of the demultiplexing multilevel ASK signal using
all-optical ADC.

to longer wavelength side in proportion to the fourth power of the peak power of the
input pulse. Because the intensity difference is converted into wavelength information,
optical quantization is achieved by separating the wavelength using an appropriate
dispersion device. For optical coding, each different wavelength port of the dispersion

device is connected to each output port in accordance with an arbitrary coding table.
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Figure 5.4: Experimental setup.

5.3 Demultiplexing of multilevel ASK signal using
all-optical analog-to-digital conversion

Figure 5.3 shows the schematic diagram of the demultiplexing multilevel ASK signal
using all-optical ADC¢ in the case of 4-ASK. A multilevel ASK signal is generated by
combining N input binary signals. Each input binary signal di; is applied a different

weighting factor w;, and all of them are summed.

N
s = Zwkdzk,wk = Qk_l. (53)

k=1

The generated multilevel signal s has 2V levels. A multilevel ASK signal is sampled
by an optical pulse train. The sampled pulses with different intensities are fed to an
optical fiber for intensity-wavelength conversion by SSF'S. Each pulse has the different
wavelength depending on its intensity. For optical coding, each different wavelength

pulse is connected to N bit output ports in accordance with a binary conversion table.
doy, = floor(s/wy) mod 2,wy, = 2", (5.4)

Since each output binary signal doy is corresponding to the input binary signal diy,
the multilevel ASK signal could be demodulated by all-optical ADC without optical-

electronic conversion.

5.4 Experimental demonstration of receiving of op-
tical fractional OFDM signal using all-optical
analog-to-digital conversion

Figure 5.4 shows the experimental setup for the all-optical demultiplexing of 4-ASK
optical fractional OFDM signal using all-optical ADC. We used a MLFL as the optical
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Figure 5.6: Filter function of FrFT.

pulse source. The center wavelength, repetition rate, and pulse width were 1537.5
nm, 10 GHz, and 1.3 ps, respectively. To generate a 4-ASK signal, the pulse train
was modulated by two LN-IM with PRBS. Figure 5.5(a, b) shows the waveform with
only input data 1 and only input data 2, respectively. The voltage of the input data
2 was twice than that of the input data 1. Figure 5.5(c) shows the waveform with
both data 1 and data 2. The WSS 1 installed p = 0.01 FrFT filter which allows to
pack 64 subcarriers within a symbol duration after Nyquist pulse conversion. Figure
5.6 shows the filter function and the eye diagram of the optical fractional OFDM
signal. The optical fractional OFDM signal was transmitted through 6.4 km single

mode fiber and dispersion compensation fiber link which has 20 ps/nm dispersion for
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After After
1st bit coding 2 bit coding

Intensity [a.u.]
Intensity [a.u.]

1530 1540 1550 1560 1570 1530 1540 1550 1560 1570
Wavelength [nm] Wavelength [nm]

(a) (b)

Figure 5.9: Installed 2-bit coding filter.

the time-lens effect. In this experiment, a time-gating module was not used because
we transmitted only one subcarrier and changed the FrE'T filter to separately transmit

the other subcarriers. Figure 5.7 shows the temporal delay of each subcarrier measured
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Figure 5.12: BER performance as a function of the received power.

by 50 GHz optical oscilloscope and the autocorrelation trace. Since the temporal delay
and pulse width were 1.56 ps and 1.58 ps, the optical fractional OFDM signal was
converted to the Nyquist pulse. The converted pulse was propagated in a 1 km HNLF
(dispersion: D=7 ps/nm/km, dispersion slope: S=0.03 ps/nm2/km, nonlinearity: v
=15 /W/km) to induce SSFS, a 1 km dispersion increasing fiber (DIF) (D =0.0 to
15.0 ps/nm/km) to compress spectrum, and a 90 m DCF to adjust the group velocity
walk-off effect by chromatic dispersion. Figure 5.8 shows the output spectrum after

intensity-to-wavelength conversion. There were four peak spectra corresponding to
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modulated four levels. Wavelength separation and coding processes were obtained by
a 1x2 WSS 2. Figure 5.9 shows the installed 2-bit coding filters. To compensate for
the output power, the attenuation on the longer wavelength side was higher than on
the shorter wavelength side. Figure 5.10 shows the temporal waveform of each output
signal from the WSS 2. The 4-ASK signal could be demodulated into two binary
signals. The eye diagrams were clearly opened as shown in Fig. 5.11. To evaluate
the system performance, we demonstrated the BER test as shown in figure 5.12. Both
output binary signals below the FEC limit.

5.5 Conclusion

In this chapter, the necessity and issue on all-optical ADC were experimentally exam-
ined to cope with an optical fractional OFDM signal. All-optical ADC is expected to
afford ultrawide broadband signals in the next generation of optical communication.
To demonstrate the compatibility of all-optical ADC for a received optical fractional
OFDM signal, the experimental demonstration of a demodulation of 4-ASK optical
fractional OFDM signal using 2 bit all-optical ADC was presented. The demonstra-
tion was performed in low bit resolution to confirm a compatibility of all-optical ADC
with a received optical fractional OFDM signal. Once the number of levels is upgraded,

a high resolution all-optical ADC is required.
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Chapter 6

Resolution improvement techniques
of all-optical analog-to-digital
conversion in practical limitations

In this chapter, resolution improvement techniques of all-optical ADC are proposed
to treat the received signal with higher performance in practical limitations. Firstly,
to cope with a imperfection of components in the all-optical ADC, a quantization
error improvement technique is presented and experimentally demonstrated. Secondly,
to overcome a limitation of a trade off between sampling rate and resolution, the
sampling rate independent resolution upgrade is presented. Finally, the demonstration

of 40 GS/s 4 bit all-optical ADC is presented.

6.1 Introduction

In optical communication, a high resolution and high sampling rate ADC is indispens-
able to improve spectral efficiency. The higher the resolution is, the higher multiplicity
of multilevel modulation can be handled. ADC is a very important technology in all
kinds of fields such as advanced radar systems, remote sensing, and realtime signal
monitoring. Previously, our research group has proposed all-optical ADC based on
intensity-to-wavelength conversion by soliton self frequency shift. Since the resolution
of optical quantization strongly depends on the spectral width after SSF'S, we tried to
upgrade the resolution using a spectral compression technique and have demonstrated
a 6 bit optical quantization.''” Furthermore, a simulation result shows that the 7 bit
resolution can be realized by using a phase modulator.!'® However, a further resolu-

tion upgrade is suppressed due to stagnations of wavelength shift at specific input peak
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Figure 6.2: Stagnations of wavelength shift and distortions of spectral compression.

power regions and the pulse broadening by the spectral compression. In this chapter,
the resolution improvement techniques of all-optical ADC are proposed. Firstly, the
quantization error improvement is presented and experimentally demonstrated. Sec-
ondly, the sampling rate independent resolution upgrade is presented. Finally, the

demonstration of 40 GS/s 4 bit all-optical ADC is presented.

6.2 Quantization error improvement for optical quan-
tization using dual rail configuration

In this section, we propose a quantization error improvement technique using a dual rail
configuration for high accuracy optical quantization and experimentally demonstrate
an improvement of the evaluation figures of quantization error; differential nonlinearity
(DNL), integral nonlinearity (INL), and ENOB. In addition, we examine the XPM

influence between counter-propagating pulses at high sampling rate.
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Figure 6.3: Schematic diagram of Principle of quantization error improvement for
optical quantization.

6.2.1 Principle of quantization error improvement for optical
quantization

The resolution of quantization is restricted by the fineness of spectrum width after
SSFS. Therefore, spectral compression is effective for resolution upgrade. Spectral
compression is achieved by making a suitable balance between wavelength dispersion
and phase modulation to the pulse. We have achieved a compression of spectral width
to a few nm using a multi-stage SPM-based spectral compression (MSSC). Figure 6.1
shows the number of bit (NOB) corresponds to the resolution given by,

Ashift A
NOB:logg( hAf;FWZZHM)’ (6.1)

where Agpipe and AXpy ar are the amount of center wavelength shift and the spectral
width of a signal after SSFS, respectively. Increase of Agife in eq. (6.1) upgrades
the resolution. This is achieved by increasing input peak power as much as possible.

However, with the input peak power increasing, the shape of an amplified pulse is

77



Chapter 6. Resolution improvement techniques of all-optical analog-to-digital conversion in practical
limitations

distorted as a result of unnecessary nonlinear optical effects such as SPM or self-steeping
in an amplifier before SSF'S. A distorted pulse induces a stagnation of the amount of
center wavelength shift of SSEF'S at some specific input peak power regions as shown in
Fig. 6.2 (a). This phenomenon could induce serious quantization error. Decrease of
AXpw g in eq. (6.1) can upgrade the resolution too. In proposed quantization, SPM-
based spectral compression is used for different wavelength shifted pulses after SSF'S.
Since the balance in spectral compression fluctuates depending on the wavelength, the
distortions of spectra occur at some specific input peak power regions as shown in Fig.
6.2 (b). Then, these phenomena could induce a serious quantization error because the
discrimination of each input intensity is difficult at the regions. The quantization error
causes degradation of the ENOB.

To avoid the degradation of the ENOB by the quantization error, we propose a
dual rail configuration of optical quantization. The schematic diagram is shown in
Fig. 6.3. Each sampled signal is divided into two pulses before SSFS and these two
pulses propagate different routes; main rail and sub rail. The main rail consists of
three parts: intensity-to-wavelength conversion, spectral compression, and wavelength
separation as is the case in a single rail. In the main rail, a sampled signal propagates
upwardly through a HNLF for SSF'S by an optical circulator (OC1) and through SMF's
and HNLF's for MSSC. Some specific input peak power regions are unavailable due to
the stagnations of wavelength shift and the distortions of spectra. On the other hand,
the sub rail consists of an optical attenuator (ATT) in addition to the three parts. In
the sub rail, a sampled signal propagates downwardly through the same HNLF in the
main rail for SSF'S by an optical circulator (OC2) and through SMFs and HNLF's for
MSSC. The variance of center wavelength shift of SSFS as a function of an input peak
power in the sub rail can be changed to the different variance in the main rail by use
of the ATT. The sub rail have different unavailable input peak power regions where
the stagnations and the distortions are induced. Therefore, combining the both rails,
the discrimination of each input intensity could be achieved in whole input peak power

region.

6.2.2 Experiment

We experimentally verified the quantization error improvement effect by the proposed

technique in 6 bit optical quantization. Although the proposed technique requires
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Figure 6.4: Experimental setup.

optical circulators that are available over the entire region of wavelength shift by SSF'S,
a usable band of a commercial available optical circulator is mostly the C-BAND
and L-BAND. Since, previous 6 bit optical quantization system uses a wide range
from the L-BAND to U-BAND, we used two HNLFs without optical circulators. If
a short wavelength pulse laser could be prepared, the proposed configuration using
optical circulators and a single HNLF is possible. Figure 6.4 shows the experimental
setup. We used optical pulses from a fiber laser (IMRA America Inc.) as a light
source. The pulse width, the center wavelength, and the repetition rate were 0.5
ps, 1559 nm, and 50 MHz, respectively. Here, we used a relatively low repetitive
frequency laser to provide a sufficient peak power for generation of SSEFS because
this scheme has the inherent feature of sampling rate transparency. To generate high
peak power pulses, we used an EDFA with chirped pulse amplification (CPA). We
prepared sampled pulses with pseudo-continuously varied peak power as a substitute
of an input analog signal. To prepare sampled pulses, we adjusted power of optical
pulses using a variable optical attenuator (VOA). We varied the peak power of optical
pulses from 22.0 W to 66.0 W. Input sampled analog pulses were propagated in a 1 km
HNLF (D=7 ps/nm/km, S=0.03 ps/nm2/km, nonlinearity: v =15 /W /km) for the
generation of SSF'S. The wavelength shifted pulses were propagated through 4 SMFs
and 4 HNLFs for MSSC and they were connected in the following order; 2 m SMF
(D=17 ps/nm/km, S=0.06 ps/nm2/km, v =15 /W/km), 92 m HNLF (D=-0.0185
ps/nm/km, S=0.0029 ps/nm2/km, v =15 /W/km), 10 m SMF, 110 m HNLF (D=-
0.266 ps/nm/km, S=0.0268 ps/nm2/km, v =9.3 /W /km), 30 m SMF, 400 m HNLF
(D=0.044 ps/nm/km, S=0.029 ps/nm2/km, v =20 /W /km), 100 m SMF, 521 m HNLF
(D=0.055 ps/nm/km, S=0.029 ps/nm2/km, v =16 /W /km). The output spectra was
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measured by an optical spectrum analyzer (OSA). Unfortunately, since we couldn’t
prepare only one set of 5 HNLFs and 4 SMFs for SSFS and MSSC, first we connected
these fibers to the main rail and measured the output spectra, then the sub rail. To
change the variance of center wavelength shift of SSFS as a function of input peak
power in the sub rail to the different variance in the main rail, we inserted an ATT
before SSEF'S. The ATT was set at 1.0 dB attenuation.

Figure 6.5 (a, b) indicates 64 output spectra with input peak power set at equal
interval in the main rail and the sub rail, respectively. In the main rail, there are some
spectra overlapping the next spectrum and some distorted spectra which doesn’ t satisfy
the required condition for our optical quantization. On the other hand, although there
are similarly some overlapping and distorted spectra in the sub rail, signal levels of
these spectra are different from that of the main rail. Figure 6.6 shows the amount of
center wavelength shift of the main rail, the sub rail, and the dual rail as a function
of an input peak power. The dual rail is a combination of the available regions of
the main rail and the sub rail. In order to idealize the quantization function with the
number of switching as few as possible, we optimized the selection of the main rail and
sub rail. From Fig. 6.6, we can confirm that whole input peak power region almost
satisfies the required condition. Figure 6.7 shows the obtained quantization function
from the main rail and the dual rail. Although there are missing codes in the main
rail, there is no missing code in the dual rail.

Concerning the quantization error improvement effect of the proposed technique,
we estimate the DNL, the INL, and the ENOB. DNL is the error of each quantization
step size compared with the ideal quantization function and INL is the distance of the
center of each quantization step from the ideal center line. The DNL, the INL, and
the ENOB are derived from the quantization function. The calculated result of the
DNL and the INL are shown in Fig. 6.8 and 6.9. The maximum DNL is improved
from 1.31 least significant bit (LSB) in the main rail to 0.74 LSB in the dual rail. The
maximum INL is improved from 0.42 LLSB to 0.37 LSB. In the estimation of the ENOB,
we use the following calculation to derive ENOB from signal to noise and distortion
ratio (SINAD),

ENOB = 0.5log2(SINAD) — 0.5logs(1.5). (6.2)

We assume a sine wave input and create a FFT plot from a reconstructed wave
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Figure 6.5: Experimental results of 64 output spectra of the main rail and the sub
rail.
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Figure 6.7: Experimentally obtained the transfer functions.

using quantized output data. The quantized output data in a FFT plot shows the

fundamental input signal along with quantization noise and distortion. SINAD is the
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ratio of the power of the fundamental to the power of all the other spectral compo-
nents, including noise and distortion, but excluding DC. The ENOB is improved from
5.35 bit to 5.66 bit. These results show that our proposed method is very efficient
for quantization error improvement. On the other hand, the improvement effect was
limited to only 0.31 bit. When the unavailable input peak power regions of the sub rail
overlap with that of the main rail, the proposed method corrects not all quantization
errors. Using fibers of other properties, a large improvement effect could be expected.
Moreover, although the system complexity increases, a large improvement effect could

be also expected using even more sub rails.

6.2.3 Discussion

In HNLF for SSFS, the bidirectional pulses could go by each other and coexist in
the proposed configuration using optical circulators and a single HNLF. Opposite di-
rectional pulses induce XPM influence. The XPM interaction between two counter-
propagating pulses is generally quite weak and can be neglected in the case of ultra-

short pulses because it would be very short time for interaction between the two
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I However, at high sampling rate such as 10~100 GS/s, a pulse encounters

pulses.
enormous number of pulses along a 1 km fiber. For example at 10 GS/s, XPM are
caused nearly 100000 times in 1 km HNLF. Since the XPM influence may not be
negligible under such a condition, we examined the XPM influence between counter-
propagating pulses at high sampling rate. First, we experimentally examined the XPM
influence in 5 GS/s optical quantization system. Figure 6.10 shows the experimental
setup. Each optical pulse was divided into two pulses by a 3 dB coupler and these
two pulses propagated different routes by optical circulators. The output of OC2 was
connected to an optical terminator (OT). To compare the difference by the XPM influ-
ence, we switched an existence of opposite directional pulses by controlling the shutter
in the sub rail. The output spectra of the main rail for average power of 140.6 mW,
166.4 mW, and 190.6 mW are shown in Fig. 6.11. Black line is the spectra with the
XPM influence, and red line is the spectra without the XPM influence. The XPM

couldn’t affect the output spectra. Finally, we examine the XPM influence at much

higher sampling rate in a simulation. Generally, the fiber propagation is analyzed by
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Figure 6.12: Simulation results of the spectra after SSFS at 10 GS/s, 40 GS/s, and
100 GS/s.

solving the generalized nonlinear Schrodinger equation which is represented by,™
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where « is the attenuation, z is the propagation distance, f; and (5 is dispersion
coefficients, ~ is the nonlinear coefficient, Tk is the Raman coefficient, and B is the

XPM coefficient. Although B is 2 in the case of same polarization, B is 2/3 in the

case of vertical polarization. Numerical calculation is solved by the split-step Fourier
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Figure 6.13: Simulation results of the spectra after spectral compression at 100 GS/s.

method (SSFM), which obtains an approximate solution by assuming that in propa-
gating the optical field over a small distance step h, the dispersion and nonlinear effects
can be assumed to behave independently. In one directional propagation, since a rela-
tively long step size such as several cm has high accuracy, SSFM could be performed
at high speed even for long fibers. Since, however, the interaction distance between
two counter-propagating pulses is only several hundred um, further short step size
is required for high accuracy calculation. To reduce the calculation time, we change
the step size along the propagation depending on an existence of opposite directional
pulses. In addition, we assume that the polarization of each pulse is same and the in-
tensity waveform of the opposite directional pulse doesn’t change. Figure 6.12 (a)-(c)
shows the calculation results of 10 GS/s, 40 GS/s, and 100 GS/s optical quantization
systems without spectral compression. Under 10 GS/s and 40 GS/s conditions, the
XPM influence couldn’t be found. On the other hand, under 100 GS/s condition, we
can find a little difference between spectra by the XPM influence. Figure 6.13 shows
the spectra of 100 GS/s after spectral compression. A distortion by the XPM influ-
ence couldn’t be found. However, with the XPM influence, the center wavelength after
spectral compression changes to a little bit higher wavelength. The difference of the
wavelength shift between with and without the XPM influence is 0.23 nm. This dif-
ference is equivalent to DNL of 0.13 LSB. From these results, it may be concluded
that the XPM influence can be negligible under 40 GS/s conditions. Moreover, if the
polarizations of counter-propagating pulses are vertical, the XPM influence could be

suppressed. This is achieved by using a polarization maintaining fiber.
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Figure 6.14: Conventional approaches for proposed optical quantization.

6.3 Parallel use of dispersion devices for resolution
improvement of optical quantization at high sam-
pling rate

Spectral compression induces stretching of the pulse width. Then, it restricts the
sampling rate because the sampling rate is inversely proportional to the pulse width. As
a result, a new tradeoff arises between the sampling rate and the resolution. To achieve
a furthermore high performance all-optical ADC, it requires a different approach for
resolution improvement of optical quantization without affecting the sampling rate. In
this section, we focus on the linear function part in our proposed optical quantization
and propose parallel use of dispersion devices for resolution improvement with keeping

high sampling rate.
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6.3.1 Principle of parallel use of dispersion devices for resolu-
tion improvement of optical quantization

In our previous work, we tried two approaches for resolution improvement. One ap-
proach is extension of wavelength shift as shown in Fig. 6.14 (a). Increase of Ag;fs
in eq.(6.1) upgrades the resolution. This is achieved by increasing input peak power
as strong as possible. However, with the input peak power increasing, the shape of an
amplified pulse is distorted as a result of unnecessary nonlinear optical effects in an
amplifier before SSFS. A distorted pulse induces a stagnation of the amount of center
wavelength shift of SSEF'S at some specific input peak power regions. This phenomenon
could induce serious quantization error. To suppress unnecessary nonlinear optical ef-
fect in an amplifier, we employed CPA and demonstrated the wide range shift to 1670
nm from 1560 nm for our quantization system. However, a large wavelength difference
between subsequent pulses causes an overlapping problem due to a group-velocity walk-
off effect in a fiber. A delayed pulse threatens to overlap with a next pulse. This could
lead to unnecessary nonlinear optical effects such as XPM. Therefore, the walk-off effect
limits the amount of extension of wavelength shift. Another approach is compression
of spectral width as shown in Fig. 6.14 (b). This is achieved by applying a suitable
wavelength dispersion and phase modulation to the pulse. Decrease of AXpy gy in
eq.(6.1) can upgrade the resolution. We have achieved compression of spectral width to
a few nm. On the other hand, an uncertainty relationship exists between pulse width

and spectral width of optical pulse and is represented by the following equation,
At - Av > K, (6.4)

where At and Av are the pulse width and the spectral width of an optical pulse, respec-
tively, and k is the constant value depending on the shape of an optical pulse. Eq.(6.4)
suggests that pulse width and spectral width is an inverse relationship. Sampling rate
of optical ADC is determined by pulse width of sampled pulse. A few nm spectral
width is corresponding to the sampling rate over several 100s GS/s. Therefore, the
spectral compression approach also restricts sampling rate.

To overcome the above mentioned limitation in a nonlinear function part, we shift
our attention to a linear function part of optical quantization. In a new approach,
additional use of different dispersion devices can assist wavelength separation by an

original dispersion device. Using a dispersion device of which the center wavelength of
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Figure 6.16: Influence of a quantization error.

each port is shifted from that of the original dispersion device, the obtained quanti-
zation function shifts from the original one as shown in Fig. 6.15. Here, quantization
function means a relationship between input peak power and output quantization level.
Input peak power range corresponding to one output level of the original quantization
function could be separated to two by using half level shift of a quantization function.
The intensity difference of half level can be distinguished because outputs for higher
and lower levels in the range are different. As a result, a double resolved quantiza-
tion function can be achieved. The effect of resolution improvement is in proportion
to the number of different dispersion devices. An ideal quantization function has no
limitation regarding resolution improvement by this method. However, an actual quan-

tization function has some quantization errors as shown in Fig. 6.16 (a). Since shifted
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Figure 6.17: Schematic diagram of principle of parallel use of dispersion devices for
resolution improvement of optical quantization.

quantization functions have the same quantization errors of the original quantization
function, the quantization errors are accumulated as shown in Fig. 6.16 (b). For ex-
ample, DNL greater than 1 LSB may lead to occur a fatal defect called missing code
as shown in Fig. 6.16 (c¢). Here, DNL is the error of each quantization step size com-
pared with the ideal quantization function and LSB is the quantization step size of
the ideal quantization function. There is the following equation of the relationship
between the available maximum number of different dispersion devices and the value

of the maximum DNL necessary for no missing code,

1

DNLmam S AT
N

(6.5)

where DN L,,,. is the value of the maximum DNL of the original quantization function
and N is the available maximum number of different dispersion devices. Moreover,
parallel use of dispersion devices complicates a coding process. However, if the number
of different dispersion devices is two, it demands only a single exclusive OR (XOR)
circuit. In this section, we discuss only in the case of two different dispersion devices.
Figure 6.17 (a) shows a schematic diagram of the proposed parallel use of dispersion

devices in optical quantization. Each wavelength shifted pulse is divided into two pulses
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and they are fed to main and sub dispersion devices. As shown in Fig. 6.17 (b), the
wavelength interval between each adjacent port of the sub dispersion device is the same
as that of the main dispersion device. On the other hand, the center wavelength of
each port of the sub dispersion device is set between the center wavelengths of each
adjacent port of the main dispersion device. As a result, the timing at which the output
port is switched in the sub dispersion device shifts from the case of the main dispersion
device. In this system, optical coding is performed by optical interconnection technique
by connecting braided waveguide, output pulse from each port of a dispersion device
is converted to parallel digital bit train. We assume two pulses whose intensities are
different each other. A single dispersion device system cannot recognize the slight
difference of the wavelength of the pulses after SSFS. For example, No.2 and No.3
pulses in Fig. 6.17 (b) are emitted from the same port of a main dispersion device
and converted to same digital signals. On the other hand, they are separated to the
different ports of a sub dispersion device and converted to different digital signals. No.3
and No.4 pulses are in the opposite situation. We can use the difference of outputs
from two dispersion devices to improve resolution twice of the single use of dispersion
device. To finalize distinguishing the difference of outputs, XOR decision is necessary
for the 1st bits of the main and sub output digital signals. As shown in Fig. 6.17 (c),
by combining the main output and the XOR result as the least significant bit, we can

get the double resolution.

6.3.2 Experiment

We verified the principle of resolution improvement by the proposed method in 3 bit
optical quantization. Figure 6.18 (a) shows an experimental setup. We used optical
pulses from a fiber laser. The pulse width, the center wavelength, and the repetition
rate were 0.9 ps, 1559 nm, and 50 MHz, respectively. Here, we used a relatively
low repetitive frequency laser to provide a sufficient peak power for generation of SSF'S
because this scheme has the inherent feature of sampling rate transparency. To generate
high peak power pulse, a 330 m SMF1 (D=17 ps/nm/km, S=0.06 ps/nm2/km, v =1.5
[/W/km]) , an EDFA, and a 40 m DCF1 (D=-160.0 ps/nm/km, S=0.06 ps/nm2/km, v
=1.5 /W/km) were used for CPA. We prepared input pulses with pseudo-continuously
varied peak power as a substitute of an input analog signal. To prepare sampled

analog pulses, we adjusted power of an optical pulse using a VOA. Input sampled
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Figure 6.18: Experimental setup.

analog pulses were propagated through a 1 km HNLF1 (D=7.0 ps/nm/km, S=0.03
ps/nm2/km, v =16 /W /km) for the generation of SSFS. The wavelength shifted pulses
were propagated through two SMFs and two HNLFs for spectral compression and
they were connected in the following order; 2 m SMF2, 92 m HNLF2 (D=-0.0185
ps/nm/km, S=0.0029 ps/nm2/km, v =15 /W /km), 10 m SMF3, 110 m HNLF3 (D=-
0.266 ps/nm/km, S=0.0268 ps/nm2/km, v =9.3 /W /km). After spectral compression,
the output spectra were measured by an OSA, and the average spectral width was 3.2
nm. Each pulse is fed to the arrayed waveguide grating (AWG). The free spectral
range, the diffraction order and the passband shape of AWG are 10 THz, 19, and a
Gaussian-type, respectively. Unfortunately, since we couldn’t prepare 400 GHz spacing
AWG which is suitable to 3.2 nm spectral width, we used continuous 4 ports of 100
GHz spacing AWG as 1 port of 400 GHz spacing AWG as shown in Fig. 6.18 (b).

Figure 6.19 shows the relationships between the center wavelengths and input peak
powers after the spectral compression. Output center wavelength is almost linearly
shifted from 1575 nm to 1600 nm according to the input peak power from 16 W to 25
W. Figure 6.20 indicates 8 output spectra of which input peak powers are set at equal

interval. After spectral compression, the average spectral width was 3.2 nm. Figure
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Figure 6.19: Experimental result of the relationships between the center wavelengths
and input peak powers after the spectral compression.
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Figure 6.21: Experimental results of the measured output power of each output port.

6.21 shows the measured output power of each output port of main AWG and sub

AWG as a function of an input peak power. We can find that the timing at which the
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Figure 6.23: Simulation results of the quantization function of 3 bit optical quanti-
zation and 4 bit optical quantization.

output port is switched in the sub AWG shifted as compared with the case of the main
AWG.

We performed a coding to the output signal after AWG by assuming connecting the
coupler in a simulation. Here, we used the experimental data of optical quantization
as input data of optical coding. Figure 6.22 shows the transfer functions of main 1~3
bit ports and sub 1 bit port. From Fig. 6.22, we can obtain the quantization function

using thresholding to each output port and XOR decision between main and sub 1st
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Figure 6.24: Simulation results of differential nonlinearity error and integral nonlin-
earity error.

bit. Figure 6.23 shows the quantization functions from main AWG and parallel AWGs.
As a result, we successfully confirmed that 4 bit optical quantization was achieved
with 3 bit optical quantization system. Concerning the resolution performance of pro-
posed method, we estimate the DNL, the INL, and the ENOB which is associated with
SINAD. The DNL, the INL, and the ENOB are derived from the experimentally ob-
tained quantization function. The calculated result of the DNL and the INL are shown
in Fig. 6.24. The maximum DNL and INL are 0.49 LSB and 0.50 LSB, respectively.
The ENOB estimated to 3.62 bit.

6.4 Experimental demonstration of 40 GS/s 4 bit
all-optical analog-to-digital conversion

Previously, the whole operation from sampling to coding has been experimentally
demonstrated at only low sampling rates.% In this section, we experimentally demon-
strate a 40 GS/s all-optical ADC system using sampling rate independent resolution

improvement approach to prevent resolution degrading due to high sampling rates.

6.4.1 Experimental demonstration

The experimental setup is shown in Fig. 6.25. We used a MLFL as the optical pulse
source. The center wavelength, repetition rate, and pulse width were 1545 nm, 10
GHz, and 1.2 ps, respectively. To create a 40 GHz sampling rate pulse train, the 10
GHz optical pulse source was fed to a quadruple multiplexer based on delay-line bit

interleaver. Figures 6.26(a) and (b) show the waveform and spectra of the obtained
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Figure 6.25: Experimental setup of 40 GS/s 4 bit all-optical ADC.

sampling pulse train. The 5 GHz sinusoidal wave is superimposed onto the 40 GHz
sampling pulse train using a lithium niobate intensity modulator as the input analog
radio frequency signal. After sampling, the pulse train is amplified using an EDFA
and propagated in a 1 km HNLF (D=7.0 ps/nm/km, S=0.03 ps/nm2/km, v =16
/W /km) to induce SSFS. Figure 6.26(c) shows the spectra after the HNLF at 196 mW
input average power without the 5 GHz sinusoidal wave. For spectral compression,
the wavelength-shifted pulse train is fed to a 1 km DIF (D = 0.0 to 15.0 ps/nm/km).
The DIF can effectively compress the spectral width in an adiabatic process. Figure
6.26(d) shows the spectra after HNLF at 196 mW input average power without the
5 GHz sinusoidal wave. The spectral width after the DIF was 1.5 nm. A 90 m DCF
was used to adjust the group velocity walk-off effect by chromatic dispersion. Because
SSES and spectral compression are nonlinear processes, a high input peak power is
required. An optical switch after the MLFL controls the emission time of the optical
pulse train to reduce saturation of the EDFA. The ratio between the ON and OFF times
is set to 1:3. Higher nonlinearity devices such as photonics crystal fibers, chalcogenide

waveguides, or silicon waveguides allow continuous operation.!?

Figures 6.27(a) and (b) show the sampled signal with the 5 GHz sinusoidal wave
and the output spectrum of the sampled signal after the DIF with the 5 GHz sinu-
soidal wave, respectively. The spectrum is the integration of several different power
pulses. Wavelength separation and coding process are obtained by a 1x4 WSS, whose
available wavelength range is from 1550 nm to 1565 nm. This range can contain 3-bit
8-level spectra. Used together with one additional coding filter for the parallel dis-
persion device approach, 40 GS/s 4 bit ADC was demonstrated. Figure 6.28 shows
the installed 3-bit coding filters and additional 1-bit coding filter with the coding ta-
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Figure 6.26: (a) Sampling pulse train. (b) Spectra of the sampling pulse train. (c)
Spectra after HNLF and DIF at 196 mW input average power without an analog
input signal. (d) Auto correlation traces after HNLF and DIF at 196 mW input
average power without an analog input signal.
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Figure 6.27: (a) Sampled signal with the 5 GHz sinusoidal wave. (b) Output spectra
of the sampled signal after HNLF and DIF with the 5 GHz sinusoidal wave.

ble. The wavelength interval at the longer wavelength side is slightly larger than at
the shorter wavelength side because the amounts of wavelength shift differ depending
on wavelength. To compensate for the output power, the attenuation at the longer
wavelength side is higher than at the shorter wavelength side. Figure 6.29 shows the
temporal waveforms of each output signal from the WSS. These signals are compared
with the appropriate threshold voltages to obtain binary signals. Figure 6.30 shows a
plot of reconstructed waveform overlaid with the 5 GHz sinusoidal wave. As a result,

we successfully confirmed that the input analog signal is converted to a digital signal.
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Figure 6.29: Measured temporal waveform of each output signal from the WSS.
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Figure 6.30: Overlaid plot of the input 5 GHz sinusoidal wave and reconstructed
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6.4.2 Discussion

To evaluate the performance of 40 GS/s 4 bit ADC system, it is useful to estimate the

ENOB. However, the estimation of ENOB requires a lower frequency sinusoidal wave
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Figure 6.31: Transfer functions of the original 1- to 3-bit ports and additional 1-bit
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Figure 6.32: (a) Relationship between input power and output quantization level.
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input than our experimental setup supports. Instead, we estimated the ENOB from
the experimentally obtained relationship between input power and output quantization
level. Figure 6.31 shows the transfer functions of the 1- to 3-bit coding ports and
additional 1-bit cording port. Using threshold lines and XOR decisions, we were able
to obtain the relationship shown in Fig. 6.32(a). Figure 6.32(b) shows the calculated
results of the DNL and the INL. The maximum DNL and INL are 0.5 LSB and 0.4
LSB, respectively. The ENOB was hence estimated to be 3.79 bits.
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6.5 Conclusion

In this chapter, resolution improvement techniques of all-optical ADC were proposed
to treat the received signal with higher performance in practical limitations. Firstly,
to cope with a imperfection of components in the all-optical ADC, a quantization
error improvement technique was presented and experimentally demonstrated. The
ENOB was improved from 5.35 bit to 5.66 bit, even if the 6 bit optical quantization
has a defective component. Secondly, to overcome a limitation of a trade off between
sampling rate and resolution, a sampling rate independent resolution upgrade technique
was presented. The experimental results show that the high resolution could be realized
in high sampling rate condition. Using this technique, 40 GS/s 4 bit all-optical ADC
was experimentally demonstrated. The demonstrated all-optical ADC has a better
ENOB than the other 40 GS/s all-optical ADC.?® Furthermore, applying the proposed
technique to 6 bit or 7 bit optical quantizations, higher resolution is expected. In high
sampling rate condition, a more high nonlinear optical device is required to induce the
nonlinear effect because a power of each pulse becomes low. Since silicon waveguides has

high nonlinearity, it is expected that it is useful for improving future performance.!?%:2!
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In this thesis, I focused on optical signal multiplexing using fractional Fourier transform
and all-optical analog-to-digital conversion to realize the optimized signal processing
for the limiting factor of large capacity communications. Performances of any commu-
nication systems could be maximized by optimizing transfer functions of their system.
In optical communication, the increase of the transmission capacity has been limited
due to signal impairments during a propagation. It is predicted that optical OFDM
based on fractional Fourier transform in place of Fourier transform increases the sys-
tem flexibility and suppresses signal impairments in the propagation. If the signal
degradation is mitigated, the transmission capacity is expected to be further increased
by a high-performance ADC. To get the best performance of a transmission system
by optimizing its transfer function, the behavior of a transmission signal in actual
optical fiber links was clarified. Additionally, a feasibility demonstration of devices
and subsystems such as implementation of fractional Fourier transform and ADC in
various environments was presented toward practical applications. Followings are the
summaries presented in the sequence of chapters:

In Chapter 1, introduction of optical signal multiplexing in optical communication
was presented as an essential procedure. Overviews of current situation in optical
signal multiplexing for large capacity optical communications and phenomena induced
in optical fibers during transmission were described. To get the best performance of a
transmission system for further large capacity optical communications, an optimization
of transfer function including an optical signal multiplexing is required.

In Chapter 2, an optical OFDM based on fractional Fourier transform in place
of conventional Fourier transform was presented. It is expected that the fractional
Fourier transform can handle signals in a new domain for more frexible applications
than the conventinal Fourier transform. The theoretical backgrounds of fractional

Fourier transform and the method of all-optical implementation for an optical signal
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was described. The behavior of optical fractional OFDM signal in a dispersive fiber
focusing on the reduction of peak to average power ratio was examined. The numerical
simulation results show that the PAPR of fractional OFDM signal is decreased at a
point where the Nyquist pulse train is formed by the time-lens effect. Moreover, the
fiber nonlinearity mitigation technique was proposed and demonstrated by evaluating
the transmission performance of the optical fractional OFDM signal in the dispersion
compensated fiber link in simulation. The signal quality after the 1100 km propagation
of a dispersion compensated fiber link was successfully improved by 1.0 dB as compared
with the conventional OFDM. It is expected that this new fractional Fourier transform
based optimization approach for a control of a PAPR of a optical signal is useful to

increase usable information.

In Chapter 3, to confirm that the fractional Fourier transform can generalize the
Fourier transform with keeping original useful functions in the Fourier transform, a
verification of CP insertion for all-optical fractional OFDM was presented. We exper-
imentally demonstrated the insertion of a CP in a four-channel 40 Gbit/s all-optical
fractional OFDM signal. The measured BER showed that the CP improves the sig-
nal quality even if the performance of the time gate is insufficient. The relationship
between the fractional parameter and the effect of CP insertion was investigated in
simulation. In conjunction with nonlinearity mitigation presented in Chapter 2, all-
optical fractional OFDM could mitigate the degradation of the signal quality due to
nonlinear and linear impairments by optimizing the fractional parameter in accordance

with the characteristic of fibers and the performance of system components.

In Chapter 4, we experimentally demonstrated the feasibility of the all-optical frac-
tional OFDM system in a practical network system. Firstly, to guarantee the operation
in an actual network, the field trial in JGN-X was successfully demonstrated. The
40 Gbit/s optical fractional OFDM signal could be demultiplexed after the 89.2-km
transmission. If there are ICI due to residual dispersion or insufficient timegates, the
cyclic prefix insertion mitigates the degradation of the signal quality. Secondly, the
WSS-based multiplexing and PLC-based demultiplexing of a 12x10 Gbit/s DBPSK
optical fractional OFDM signal were experimentally demonstrated. This combination
has advantages both in terms of network architecture flexibility, and in the reduction of
system cost and complexity. Thirdly, the demultiplexing of optical fractional OFDM
signal by time-lens effect was demonstrated. Treating the optical fractional OFDM

102



Conclusions

signal like a N-OTDM signal, the signal is demultiplexed by an ultra-fast time gate
without the fractional Fourier transform. From these experiments, the feasibility of
the all-optical fractional OFDM system was demonstrated. These demonstrations in
an optical communication field ensures a reliability of the optical signal multiplexing

based on fractional Fourier transform in wide fields.

In Chapter 5, the necessity and issue on all-optical ADC were experimentally ex-
amined to cope with an optical fractional OFDM signal. All-optical ADC is expected
to afford the high multiplicity of multilevel modulation for a received optical fractional
OFDM signal. To demonstrate the feasibility of all-optical ADC for a received optical
fractional OFDM signal, the experimental demonstration of a demodulation of 4-ASK
optical fractional OFDM signal using 2 bit all-optical ADC was presented. The demon-
stration was performed in low bit resolution to confirm a compatibility of all-optical
ADC with a received optical fractional OFDM signal. Once the number of levels is
upgraded, a high resolution all-optical ADC is required.

In Chapter 6, to treat the received signal with higher performance in practical lim-
itations, resolution improvement techniques of all-optical ADC were proposed. Firstly,
to cope a imperfection of components in the all-optical ADC, a quantization error im-
provement technique was presented and experimentally demonstrated. The ENOB was
improved from 5.35 bit to 5.66 bit, even if the 6 bit optical quantization has a defec-
tive component. Secondly, to overcome a limitation of a trade off between sampling
rate and resolution, a sampling rate independent resolution upgrade technique was
presented. The experimental results show that the high resolution could be realized
in high sampling rate condition. Using this technique, 40 GS/s 4 bit all-optical ADC
was experimentally demonstrated. The demonstrated all-optical ADC has a better
ENOB than the other 40 GS/s all-optical ADC.?® Furthermore, applying the proposed
technique to 6 bit or 7 bit optical quantizations, higher resolution is expected. In
high sampling rate condition, a more high nonlinear optical device is required to in-
duce the nonlinear effect because a power of each pulse becomes low. Since silicon
waveguides has high nonlinearity, it is expected that it is useful for improving future

performance.!?%-121

As is summarizes above, an optical signal multiplexing using fractional Fourier
transform and all-optical analog-to-digital conversion can realize a maximization of a

performance of a transmission system by optimizing its transfer function. The feasi-
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bility demonstrations of the proposed approach in an optical communication system
could ensure a reliability of the proposed approach in any other systems such as mea-
surement systems. Since optical circuits for fractional Fourier transform and all-optical
ADC can greatly benefit from silicon photonics that has developed rapidly in recent
years, 207122 it is expected that a further performance improvement and popularization

promote applications of the proposed approach in a wide field.
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Abbreviations

ADC Analog to digital conversion

ASE Amplified spontaneous emission

ASK Amplitude shift keying

ATT Optical attenuator

AWG Arrayed waveguide grating

BER Bit error rate

BPD Balanced photo detector

CCDF Complementary cumulative distribution function
CP Cyclic prefix

DBP Digital back-propagation

DBPSK  Differential binary phase shift keying
DCF Dispersion compensation fiber

DFT Discrete Fourier transform

DIF Dispersion increasing fiber

DNL Differential nonlinearity

EDFA Erbium doped optical Fiber amplifier
ENOB Effective number of bit

FEC Forward error correction
FFT Fast Fourier transform
FrFT Fractional Fourier transform

FWHM Full width at half maximum
FWM Four wave mixing
HNLF High nonlinear fiber

IDFT Inverse discrete Fourier transform
ICT Inter channel interference
INL Integral nonlinearity

105



Abbreviations

ISI Inter symbol interference

JGN-X  Japan Gigabit Network eXtreme

LN-IM Lithium niobate intensity modulator

LSB Least significant bit

MLFL Mode locked fiber laser

MLLD Mode locked laser diode

MSSC Multi stage SPM based spectral compression
N-0TDM Nyquist-optical time division multiplexing
NOLM Nonlinear loop mirror

NLSE Nonlinear Schrodinger equation

ODL Optical delay line

OFDM Orthogonal frequency division multiplexing
00K On off keying

0SA Optical spectrum analyzer

PAPR Peak to average power ratio

PC Polarization controller

PLC Planar lightwave circuit

PRBS Pseudo random bit sequence

PSK Phase shift keying

QAM Quadrature amplitude modulated
SINAD  Signal to noise and distortion ratio
SMF Single mode fiber

SNR Signal to noise ratio

SPM Self phase modulation

SSFM Split step Fourier method
SSEFS Soliton self frequency shift

VOA Variable optical attenuator

WDM Wavelength division multiplexing
WSS Wavelength selective switch

XPM Cross phase modulation
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