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Summary

As the rapid growth of internet data traffic, especially the wide application of multime-
dia technology, optical fiber transmission system becomes the best candidate for the
backbone transmission in telecommunication networks. Current optical networks are
operating in the static mode, which will face serious challenge of future high-speed
reconfigurable systems, where dynamic routing and environment variation will cause
unpredicted degradation effect to the transmission systems. The channel condition and
component performance are the two major factors that determine the performance of
optical transmission systems. In the optical transmission channel, additive spontaneous
emission noise (ASE) generated by optical amplifier and chromatic dispersion (CD) of
optical fiber are the major optical effects that degrade received signal quality and limit
transmission distance. Additionally, the transceiver working performance is another
vital factor that influences the system performance.

Optical performance monitoring (OPM) is a potential mechanism that diagnoses
the optical impairments in the physical layer of optical networks, which can provide
great assistance for the system management of future optical networks. It enables the
capabilities of automatic system performance diagnosis, intelligent network reconfig-
uration and accurate optical impairment compensation. In this thesis, several topics
of OPM are investigated, including monitoring optical impairments in fiber link and
transmitter.

Firstly, the optical signal to noise ratio (OSNR) monitoring method using uncor-
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related signal power is investigated, which relies on optical filtering effect. In this
method, a single optical band-pass filter (OBPF) is used to shrink the bandwidth of
the monitored signal. The bandwidth-shrunk signal and the monitored signal have a
part of overlapped frequency components, which are correlated. The correlated part is
removed by a balanced receiver, which leaves the uncorrelated signal that is sensitive
to signal OSNR variation. Moreover, low bandwidth receivers are used in this scheme,
which reject the high-frequency radio frequency (RF) power variation induced by dis-
persion effect. Thus, the uncorrelated signal power is insensitive to dispersion effect,
which leads to a dispersion insensitive OSNR monitoring method. This method is
demonstrated in both single polarization and polarization division multiplexed (PDM)
systems in the experiment. Furthermore, the optical interference between the corre-
lated signals is another way to generate uncorrelated signal, which is also investigated
and demonstrated in the simulation work. In this scheme, an optical coupler replaces
the balanced receiver to generate uncorrelated signal, whose destructive output exhibits
a novel band-stop filtering effect. The OSNR monitoring based on the novel band-stop
filtering effect shows a better monitoring dynamic range than that of the method using
optical delay interferometer.

Secondly, the OPM based on electrical sampling technique is investigated in this
thesis. The generation of the 2-dimension (2-D) phase portrait using single channel
sampling technique is proposed, which reduces the monitoring system setup cost and
complexity in large degree. Additionally, the related and un-related sampling schemes
are studied. In the related sampling scheme, the sampling frequency is synchronized
with the monitored signal, which obtains accurate sampling intervals. In the un-related
sampling scheme, the software synchronization is used to synchronize the sample se-
quence. Once the phase difference between the samples is known, the X-Y pairs are
generated by searching the nearest sample pairs with certain phase difference from the

sample sequence. After the 2-D phase portrait is generated, the monitoring parameter-
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s can be derived by using simple statistical pattern recognition on the phase portrait.
OSNR monitoring and CD monitoring are demonstrated in several systems by using
the proposed method.

At the last, time mis-alignment monitoring in return to zero (RZ) phase modula-
tion signals is studied. The RZ pulse carver alignment and I/Q alignment monitoring
based on 2-D phase portrait are proposed. By identifying the pattern distortion di-
rection and quantifying the pattern width variation, the time mis-alignment can be
monitored with the sign. Both simulation and experimental demonstration show that
the proposed scheme is a simple and efficient method for the RZ phase modulation

transmitter performance monitoring.

viii



List of Figures

1.1
1.2
1.3

2.1
2.2
2.3
24
2.5
2.6

3.1

3.2
33

34

Structure of optical fiber transmission system. . . . . . . .. ... .. 3
[lustration of differential group delay (DGD) . . . ... ... .. .. 6
Schematic diagram of 50% RZ-OOK generation process. . . . . . . . 9
Structure of Mach-Zehnder modulator. . . . . . . .. ... ... ... 23
Power transmission functionof MZM. . . . . . ... ... ... ... 24
Schematic diagram of I/Q modulator. . . . . . . . ... ... ... .. 25
RZ pulse carver waveform with different duty ratios. . . . . ... .. 26
Demodulator structure of (a) DPSK, (b) DQPSK. . . . ... ... .. 27
Schematic diagramof ADC. . . . . .. ... .. ........... 28
Simulation setup of the proposed OSNR monitoring method using the

uncorrelated signal power generated by balanced subtraction. . . . . . 32
Optical spectra of the two input signals of the banlanced receiver. . . . 33
System setup of the tranmission system for the OSNR monitoring demon-
Stration. . . . . ... L. e e e 34
Simulation results of the OSNR monitoring performance comparison

among the three tested formats. . . . . . . ... ... ... .. 35

X



LIST OF FIGURES

3.5

3.6

3.7

3.8

39

3.10

3.11
3.12

3.13

Simulation results of the monitoring dynamic range versus the channel
bandwidth. The monitoring dynamic range is the normalized power
ratio increment when the OSNR is from 4 dB to 30 dB. OBPF: 25
GHz, 1° order Gaussian filter; PD: S00 MHz. . . . . ... ... ...
Simulation results of the OSNR monitoring dynamic range versus the
bandwidth of the OBPF. The monitoring dynamic range is the normal-
ized power ratio increasement when the OSNR varies from 4 dB to 30
dB. OTF: 50 GHz; PD: 500MHz. . ... ... ... ... ......
Simulation results of the OSNR monitoring accuracy versus CD effect
in 10-Gb/s NRZ-OOK system. OTF: 50 GHz; OBPF: 25 GHz, 1%
order Gaussian filter. . . . . . . .. ... L oL Lo
Simulation results of the OSNR monitoring accuracy versus DGD in
10-Gb/s NRZ-OOK system; OTF: 50 GHz; OBPF: 25 GHz, 1 order
Gaussianfilter. . . . . . .. ... oL o
Schematic diagram of the experimental setup for the uncorrelated sig-
nal generation using balanced subtraction. . . . . . . ... ... ...
Experimental setup of the optical transmission system for the OSNR
monitoring demonstration. . . . . . . . ... ..o
Optical spectra of the input signals of the balanced receiver. . . . . . .
Experimental and simulation results of the proposed OSNR monitoring
method. S: simulation results (line); E: experimental results (symbol);
LB: low bandwidth receiver (465 MHz); HB: high bandwidth receiver
(42GHz). . . . . . e
The experimental results of the signal power ratio versus the OSNR
value in both single and dual polarization systems. SP: 50-Gb/s QPSK;
DP: 100-Gb/s PDM-QPSK. . . . . . . .. ... ..o

36

40

44



LIST OF FIGURES

3.14 The OSNR monitoring performance of 100-Gb/s PDM-QPSK signals

in the presence of Istorder PMD, . . .. ... ... ... ...... 46
3.15 The OSNR monitoring performance of 100-Gb/s PDM-QPSK signals

inthe presenceof CD. . . . . .. .. ... ... ... ... ..., 47
3.16 1st order PMD induced OSNR monitoring errors in the low bandwidth

scheme and the high bandwidth scheme for different OSNR cases (10

dB, 15 dB and 20 dB) in 100-Gb/s PDM-QPSK system. LB: low band-

width receiver; HB: high bandwidth receiver. . . . . . . .. ... .. 48
3.17 CD induced OSNR monitoring errors in the low bandwidth scheme

and the high bandwidth scheme for different OSNR cases (10 dB, 15

dB and 20 dB) in 100-Gb/s PDM-QPSK system. LB: low bandwidth

receiver; HB: high bandwidth receiver. . . . . . . . ... .. ... .. 49
3.18 The time mismatch tolerance comparison between the low bandwidth

scheme and the high bandwidth scheme at different OSNR values (10

dB, 15 dB, and 20 dB) in 100-Gb/s PDM-QPSK system. . . .. . .. 50
3.19 Schematic diagram of the proposed notch filtering scheme. . . . . . . 51

3.20 The illustration of the proposed filtering effect generation using ASE

3.21 Optical spectra at the different locations of the proposed scheme, which
use ASE noise as an example. (a) the upper branch before the second
coupler , (b) the lower branch before the second coupler, (c) the upper
branch after the second coupler, (d) the lower branch after the second
coupler. . . . . .. 53
3.22 The system setup of the OSNR monitoring method using the proposed

notch filtering scheme. . . . . . . ... ... ... ... ... 54

Xi



LIST OF FIGURES

3.23

3.24

3.25

3.26

3.27

3.28

4.1

4.2

4.3

4.4

4.5

Simulation results of the comparison among different modulation for-

mats with different data rates. OTF: 50 GHz; OBPF: 25 GHz; PD: 1

Simulation results of the OSNR monitoring performance comparison

between the proposed notch filter based method and the DI based method.

DI: the DI based method; NF: the proposed notch filter based method.
OTF: 50 GHz; OBPF: 25 GHz; PD: 1 GHz. . . . ... ... ... ..
Simulation results of the OTF bandwidth versus the monitoring dy-
namic range. OBPF: 25 GHz; PD: 1 GHz. . . . . . ... ... .. ..
Simulation results of the relationship between the monitoring dynamic
range and the bandwidth of OBPF. OTF: 50 GHz; PD: 1 GHz.

Simulation results of CD versus OSNR monitoring error in 40-Gb/s
NRZ-OOK system for difference receiver schemes. OTF: 50 GHz;
OBPF:25GHz. . . . . . . . ...
Simulation results of 1st order PMD versus OSNR monitoring error in
40-Gb/s NRZ-OOK system for difference receiver schemes. OTF: 50
GHz; OBPF:25GHz. . . . . . . .. ... .. ... ... ...

Schematic diagram of the two sampling schemes: (a) two-channel-
sampling method, (b) single-channel-sampling method. . . . . . ..
Working principle of these two methods. . . . . ... .. ... ...
Schematic diagram for the self-delay method. . . . . . . .. ... ..
Experimental demonstration setup of our proposed method. DI: delay
interferometer. . . . . . ... ...
Eye diagrams of the three types of electrical waveform, including 10-

Gb/s NRZ-OOK, 10-Gb/s NRZ-DPSK, and 20-Gb/s RZ-DQPSK.

xii

56

57

58

59

60

60

64

65

65

66

68



LIST OF FIGURES

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

10-Gb/s NRZ-OOK phase portraits generated by using different time

In the case of 30-dB OSNR, tenth symbol phase difference phase por-
trait and half symbol phase difference phase portrait of 10-Gb/s NRZ-
OOK, 10-Gb/s NRZ-DPSK, 20-Gb/s NRZ-DQPSK, and 50-Gb/s RZ-

10-Gb/s NRZ-OOK half symbol phase difference phase portraits gen-
erated by using SCS method in different OSNR. . . . . . .. ... ..
10-Gb/s NRZ-OOK half symbol phase difference phase portraits gen-
erated by using SCS method in 30-dB OSNR with different CD.

10-Gb/s NRZ-DPSK half symbol phase difference phase portraits gen-
erated by using SCS method in different OSNR. . . . . . . . ... ..
10-Gb/s NRZ-DPSK half symbol phase difference phase portraits gen-
erated by using SCS method with different CD, when the OSNR is at

50-Gb/s RZ-DQPSK half symbol phase difference phase portraits gen-
erated by using SCS method in different OSNR. . . . . . .. ... ..
50-Gb/s RZ-DQPSK half symbol phase difference phase portraits gen-
erated by using SCS method in 30-dB OSNR with different CD.

NRZ-DPSK half symbol phase difference phase portrait, (a) the points
on the diagonal and horizontal directions are derived, (b) bimodal dis-
tribution along the diagonal direction, (c¢) bimodal distribution along

the horizontal direction. . . . . . . . . . . . . . . .. ...

Xiii

74

76



LIST OF FIGURES

4.17

4.18
4.19
4.20
4.21
4.22

4.23

4.24

5.1

5.2
5.3
54
5.5
5.6
5.7
5.8

59

RZ-DQPSK half symbol phase difference phase portrait, (a) the points

below the red line are derived; (b) uni-modal distribution of the select-

ed points on horizontal direction . . . . . .. ... ... ... .... 78
OSNR monitoring of 10-Gb/s NRZ-OOK signal in the presence of CD 79
OSNR monitoring of 10-Gb/s NRZ-DPSK signal in the present of CD 80
OSNR monitoring of 20-Gb/s NRZ-DQPSK signal in the present of CD 81
OSNR monitoring of 50-Gb/s RZ-DQPSK signal in the presence of CD 82
OSNR monitoring accuracy versus sample size used for portrait depic-

tion and monitoring parameter calculation. . . . . . . ... .. .. .. 83
CD monitoring of 10-Gb/s NRZ-DPSK signal in the presence of OS-

NR variation. . . . . . . . . . . L 85
CD monitoring of 20-Gb/s NRZ-DQPSK signal in the presence of OS-

NR variation. . . . . . . . . . . e 86

NRZ-OOK signal eye diagrams that are reconstructed under different

aliasing clock frequency estimation offset. (a) FO=0 Hz, (b) FO=500

Hz, (c) FO=1000Hz. . . . ... ... ... ... ... ... . .... 89
The experimental setup of the proposed OSNR monitoring method. . 90
Un-related low speed sampling scheme. . . . . . ... ... ... .. 91
Synchronized sample sequence with known phase difference. . . . . . 91
10.7-Gb/s NRZ-DPSK signal power spectrum generated by FFT. . . . 92
Reference phase detection method. . . . . . .. .. .. ... ..... 92
X-Y pairs generation for 2-D phase portrait depiction. . . . . . . . . . 93

The generated 2-D phase portrait of (a) NRZ-OOK, (b) NRZ-DPSK,
(c)RZ-DPSK. . . . . . 94
(a) Statistical information acquisition for the NRZ signals. (b) Bimodal

distritbution of the point along diagonal direction of the phase portrait. ~ 95

X1V



LIST OF FIGURES

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

Statistical information acquisition for the RZ signals. (b) Uni-modal
distritbution of the points at the one end of the phase portrait. . . . . .
Experimental results of OSNR monitoring in the present of CD effect
in 10.7-Gb/s NRZ-OOK system. . . . . . .. ... .. ... .....
Experimental results of OSNR monitoring in the present of CD effect
in 10.7-Gb/s NRZ-DPSK system. . . . . . ... ... ... ......
Experimental results of OSNR monitoring in the presence of CD effect
in 10.7-Gb/s RZ-DPSK system. . . . . . . . ... ... ... .....
Estimated aliasing frequency offset versus OSNR monitoring error in
the three tested systems. . . . . . . . . ... ... ...
Eye diagrams of NRZ-DPSK signal with 30-dB OSNR, which is re-
covered under different aliasing FO: (a) 0 Hz, (b) S00Hz. . . . . . . .
Half symbol delay phase portrait of NRZ-DPSK with 30-dB OSNR,
which is generated under different aliasing FO: (a) 0 Hz, (b) 500 Hz,
(c)10kHz. . . . . ...
Phase portrait generated by using different equivalent time delay in
different modulation systems. . . . . . . . ... ... oL
(a) Schematic diagram of tolerated phase difference phase portrait gen-
eration. (b) NRZ-DPSK signal phase portrait generated by tolerated
phase difference. . . . . . .. ... L Lo
Phase portrait comparison between the fixed phase difference scheme
and the tolerated phase difference scheme in the three tested formats,
when the aliasing frequency offsetis 10kHz. . . . .. ... ... ..
OSNR monitoring accuracy versus the phase difference deviation of

the sample pairs. . . . . . . . . . . ...

XV

97

105



LIST OF FIGURES

5.21 OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s
NRZ-DPSK system for the tolerated phase difference phase portrait
scheme. . . . . . . . .. 106

5.22 OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s
RZ-DPSK system for the tolerated phase difference phase portrait scheme. 107

5.23 OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s
RZ-DPSK system for the tolerated phase difference phase portrait scheme. 108

5.24 Experimental results of OSNR monitoring by using tolerated phase
difference phase portrait in the present of CD effect in 10.7-Gb/s NRZ-
DPSKsystem. . . . . . . . . .. ... 109

5.25 Experimental results of OSNR monitoring using tolerated phase dif-
ference phase portrait in the presence of CD effect in 10.7-Gb/s RZ-
DPSKsystem. . . . . . . . . . . . e 110

5.26 Experimental results of OSNR monitoring using tolerated phase dif-
ference phase portrait in the presence of CD effect in 10.7-Gb/s NRZ-

OOK system. . . . . . . . vt 111

6.1 Schematic diagram of the proposed pulse carver alignment monitoring
SYSEM SELUP. . . . v o e e e e e e e e e e e 114
6.2 Illustration of RZ pulse carver alignment (a) synchronized RZ-DPSK
signal generation, (b) mis-aligned RZ-DPSK signal generation, (c) eye
diagram of mis-aligned RZ-DPSK signal. . . . . .. ... ... ... 116
6.3 The evolution of eye diagram, tenth symbol delay phase portrait, and
one and tenth symbol delay phase portrait of 10-Gb/s RZ-DPSK signal
as the pulse carver mis-alignment varies. The demonstrated time mis-

alignment is -20 ps, -10 ps, O ps, 10 psand20ps . . . . . . . .. .. 117

Xvi



LIST OF FIGURES

6.4

6.5

6.6

6.7

6.8

6.9
6.10

6.11

6.12

6.13

6.14

Phase portrait of 10-Gb/s RZ-DPSK signal generated by using differ-
ent time delay: (a) 1.1 x T, (b) 10.1 % T}, (¢) 30.1 % T}, (d) 50.1 * T§;
(e) phase portrait of 50-Gb/s RZ-DQPSK signal generated by using
50.1xTytimedelay. . . . ... ... ... ... .. .. ...
Equivalent tenth symbol difference phase portrait of 10-Gb/s RZ-DPSK
signal and schematic diagram of pattern recognition. . . . . ... ..
Simulation results of the proposed pulse carver alignment monitoring
using tenth symbol delay phase portrait in 10-Gb/s RZ-DPSK system.
Simulation results of the proposed pulse carver alignment monitor-
ing using equivalent tenth symbol delay phase portrait in 10-Gb/s RZ-
DPSK system. Ts: one symbol duration. . . . . ... ... ......
Simulation results of the proposed pulse carver alignment monitoring
by using equivalent tenth symbol phase difference phase portrait in
50-Gb/s RZ-DQPSK system. Ts: one symbol duration. . . . . .. ..
Experimental setup of RZ pulse carver alignment monitoring . . . . .
Eye diagrams and tenth symbol phase difference phase portraits of
10-Gb/s RZ-DPSK signal with different degree of pulse carver mis-
alignment (-20 ps, Ops,and 20 ps). . . . . . . . .. . ... ... ...
Eye diagrams and tenth symbol phase difference phase portraits of
20-Gb/s RZ-DQPSK signal with different degree of pulse carver mis-
alignment (-20 ps, Ops, and 20 ps). . . . . . . . . . . ...
Experimental results of 10-Gb/s RZ-DPSK pulse carver alignment mon-
itoring by using tenth symbol phase difference phase portrait. . . . . .
Experimental results of 20-Gb/s RZ-DQPSK pulse carver alignment
monitoring by using tenth symbol phase difference phase portrait . . .

Simulation setup of I/Q alignment monitoring in RZ-DQPSK system.

Xvii

119

120

121

122

123
125

126

127

128

129
130



LIST OF FIGURES

6.15

6.16

6.17

6.18

6.19

The evolution of eye diagram, tenth symbol delay phase portrait, and
one and tenth symbol delay phase portrait of 20-Gb/s RZ-DQPSK sig-
nal. The demonstrated time mis-alignment is -20 ps, -10 ps, O ps, 10
psand 20 ps. . . ...

Simulation results of IQ alignment monitoring of 20-Gb/s RZ-DQPSK

Experimental setup of I/Q branch alignment monitoring in 20-Gb/s
RZ-DQPSKsystem. . . . . . .. .. ... ... ... ... .. ...
Eye diagrams and tenth symbol phase difference phase portraits of 20-

Gb/s RZ-DQPSK signal at different I/Q mis-alignment (-40 ps, Ops,

Experimental results of I/Q branch alignment monitoring of 20-Gb/s

RZ-DQPSK'signal. . . . . ... .. ... ..

xXviii

136



List of Tables

2.1 RZFormat. . . . . . . . . e

XiX



List of Abbreviations

1-D One Dimension

2-D Two Dimension

ADC Analog-to-Digital Converters
AM Amplitude Modulation

ASE Amplified Spontaneous Emission
BER Bit Error Rate

BPF Band-Pass Filter

CD Chromatic Dispersion

DGD Differential Group Delay

DI Delay Interferometer

DOP Degree of Polarization

DQPSK Differential Quadrature Phase-Shift-Keying
DSP Digital Signal Processing

EAM Electro-Absorption Modulator
ECL External Cavity Lasers

EDFA Erbium-Doped Fiber Amplifier
FFT Fast-Fourier Transform

FO Frequency Offset

FWM Four Wave Mixing

XX



Abbreviations

ISI
LPF
MZM
NOLM
NRZ
OADM
OBPF
ODI
OEO
OOK
OPM
OSNR
OTF
PD
PDL
PDM
PM
PMD
PolMux
PSK
PSP
QAM
QPSK
RF

RZ
SCS

Inter-Symbol Interference
Low-Pass Filter

Mach-Zehnder modulator
Nonlinear Optical Loop Mirror
Non-Return-to-Zero

Optical Add/Drop Multiplexer
Optical Band-pass Filter

Optical Delay Interferometer
Optical-Electrical-Optical
On-Off Keying

Optical Performance Monitoring
Optical Signal-to-Noise Ratio
Optical Tunable Filter

Photo Detector

Polarization Dependent Loss
Polarization-Division-Multiplexing
Phase Modulation
Polarization-Mode Dispersion
Polarization-Multiplexing
Phase-Shift-Keying

Principle State of Polarization
Quadrature Amplitude Modulation
Quadrature Phase-Shift-Keying
Radio Frequency
Return-to-Zero

Single Channel Sampling

xxi



Abbreviations

SE Spectral Efficiency

SMF Single-Mode Fiber

SNR Signal-to-Noise Ratio

SPM Self-Phase Modulation

TCS Two-Channel-Sampling

WDM Wavelength-Division-Multiplexing

XPM Cross-Phase Modulation

xXxii



Chapter 1

Introduction

From 1990s, as internet service and application rapidly develop, the demand of t-
elecommunication capacity increases continuously. More importantly, with the wide
usage of multimedia applications (such as 3-D/HD TV, online gaming, telemedicine,
and so on), the growth of the bandwidth demand would last for a long time. Thus,
high capacity optical fiber transmission systems take over conventional coaxial trans-
mission systems gradually, which provide ultra-broad bandwidth to satisfy the increas-
ing demand of transmission bandwidth. Moreover, as the invention and development
of Erbium-doped fiber amplifiers (EDFA), all-optical networks enter a fast develop-
ing stage, which replace the expensive transmission scheme based on the repeatable
optical-electrical-optical (OEO) conversion. Additionally, wavelength division multi-
plexing (WDM) technique takes advantages of ultra-broad bandwidth of optical fiber,
which enables the data transmission in terabit-level. Besides the full usage of opti-
cal bandwidth, polarization division multiplexing (PDM) technology further increases
the transmission capacity, which employs the two polarizations of the light for data
transmission.

However, as the capacity of optical fiber transmission systems increases, the sys-

tem operation window is narrowed by the limited tolerance of the optical impairments
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in the physical layer of optical fiber transmission systems [1]. Optical performance
monitoring (OPM) offers a great assistance to optical impairment management in
transmission systems, which is potential to enlarge the operation window. This thesis
will focus on several basic optical impairment monitoring techniques. In this chapter,
section 1.1 and 1.2 give a general introduction on optical fiber transmission system-
s and some basic optical impairments. Then, the necessity of OPM is discussed in
section 1.3, and the literature review is presented in section 1.4. In the last section,

motivation, contribution and outline of this thesis are given.

1.1 Optical Transmission System

Thanks for the invention of optical fiber, information can be delivered through low-
loss optical fiber with high speed. Compared with radio frequency (RF) transmission,
optical fiber transmission provides ultra-broad bandwidth to meet the increasing band-
width demand. Wavelength division multiplexing (WDM) technology further increas-
es the transmission capacity of single optical fiber from gigabit-per-second level to
terabit-per-second level [2]. The general structure of optical fiber transmission sys-
tem is demonstrated in Fig. 1.1. Information is modulated onto light, and transmit-
ted through optical fiber link. The basic optical modulation format is on-off keying
(OOK), which employs light intensity to carry information, while phase-shift keying
(PSK) modulates the phase of light [3]. Furthermore, optical intensity and phase can
be used together to carry information, such as multi-level quadrature amplitude modu-
lation (QAM) [4,5].

In current all-optical tranmission system, Erbium-doped fiber amplifier (EDFA) is
an important element that relays information in fiber link, which replaces the expensive
OEO conversion. After a certain period of fiber transmission, the EDFA compensates

optical signal power loss induced by optical fiber attenuation. Thus, a piece of fiber link
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is filled by the repetitive EDFAs and the optical fibers. The flat gain of EDFA realizes

the thousands of kilometres of WDM transmission without OEO conversion [6].
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Figure 1.1: Structure of optical fiber transmission system.

In receiver end, the transmitted optical signal is converted into a electrical signal
for information collection. According to the different modulation schemes, the cor-
responding demodulation solutions are employed to extract information from optical
signals [7]. Moreover, digital signal processing (DSP) algorithms are employed to pro-
cess the received electrical signal, which offer compensation to signal distortion [8,9].

Moreover, along with the development of optical switching [10] and wavelength
conversion [11], all-optical networks have flexible and transparent features, which en-
able network reconfiguration in optical domain. However, the dynamic optical network
scheme will bring a great challenge to the system management of current optical net-

works, which perform under the static and well-defined scenario.

1.2 Optical Impairments

In optical fiber transmission systems, there are a number of factors influencing the re-
ceived signal quality, which can be generally divided into two groups. One is the chan-
nel effect that is the physical effect of optical fiber link, and the other is the transceiv-
er performance variance. For the channel effect, optical amplifiers and optical fiber
in optical fiber link are the major sources that introduce optical impairments, which

include additive spontaneous emission (ASE) noise, chromatic dispersion (CD), po-
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larization mode dispersion (PMD), and fiber non-linearity. For the transceiver perfor-
mance, there are several factors originating from the optical and electrical components
in optical transceivers, which degrade system performance, including laser emission
wavelength, time alignment between components, bias voltage of optical components,
and so on. In this thesis, several major optical impairments are studied. The basic

introduction of these optical impairments are discussed in the following paragraphs.

Chromatic Dispersion
Chromatic dispersion (CD) is a non-catastrophic optical impairment induced by the
physical characteristic of optical fiber. In brief, CD effect is illustrated as that different
frequency components of light travel in optical fiber with different speed, which causes
received signal distortion and pulse width broadening.

The optical fiber chromatic dispersion effect can be expressed by Taylor series
expansion of mode-propagation constant S in Eq. 1.1 [12]. n is the refractive index,

which is related to the wavelength. The frequency wy is the center frequency of the

propagating light.
B@) = nw)2 = fo+ frlw —wo) + 3ol -l +o (LD
where
B = (flz—f)w:wo (m=0,1,2,..) (1.2)

The parameter [3; is the group velocity term, which is related to the group re-
fractive index ngy, as Eq. 1.3 expresses. The item /3 is the group velocity dispersion
parameter that determines pulse broadening, as Eq. 1.4 demonstrates. The dispersion
parameter (D) can be defined by Eq. 1.5, which is the refractive index and wavelength

related item.

5= Lo (2 - % <n+wd_”) (1.3)
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After a certain distance (L) of fiber transmission, the pulse width of the signal is
broadened. The increment of the pulse width (A7) is expressed by Eq. 1.6, where AA

is the spectrum width of the transmitted optical signal.

AT = DLAA (1.6)

The pulse width broadening causes inter symbol interference (ISI), which reduces
transmission distance. This phenomenon has square increase as bit rate increases.
Thus, dispersion management is quite important for the high-speed and dynamic opti-
cal networks [13]. Even if CD can be compensated by chromatic dispersion compensa-
tion module [14], the dynamic networks will bring an un-predicted amount of residual
CD to the static compensation scheme. Moreover, CD has temperature dependent
feature [15], so that the residual CD varies as the environment temperature changes.
Although the temperature change of 10 degrees centigrade (°C') causes around 0.25-
ps/nm residual CD variation for one-kilometer fiber transmission, one-thousand-kilometer
transmission accumulates a large amount of residual CD, which causes serious system

performance degradation.

Polarization Mode Dispersion

Polarization mode dispersion (PMD) can be generally explained by that the two polar-
ization states of optical signal travel in optical fiber with slightly different speed. In the
ideal case, optical fiber is a perfect cylindrical isotropic material, so that the two polar-
ization states of light travel in it with same speed. However, the real optical fiber is an
elliptical birefringent material, which induces the propagation deviation between the

two identical polarization states. This characteristic is named as modal birefringence,
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which is quantified by the dimensionless parameter as Eq. 1.7 expressed.
B = |n, —ny| (1.7)

where n, and n, are the effective refractive indices in the x and y polarization states
respectively.

Thus, in single mode fiber (SMF), the two principle states of polarization (PSPs)
of light travel with different speed, which cause a certain amount of time delay between
the two polarization states after a certain period of fiber transmission, as shown in
Fig. 1.2. This kind of time delay is named as differential group delay (DGD), which is
first order PMD. It leads to received pulse width spreading.

Since the birefringence of optical fiber changes randomly along the fiber, DGD
is a stochastic quantity [16]. For the quantization of PMD effect in optical fiber, the
DGD caused by a certain length of fiber transmission is utilized to express first order P-
MD. Moreoever, since the polarization state of light changes randomly in optical fiber,
DGD is a time varying parameter. Furthermore, the fiber mechanical strain caused by
the variation of environment temperature and the exterior pressure changes the bire-

fringence of optical fiber, which is able to affect the variation of DGD.

DGD

Figure 1.2: Illustration of differential group delay (DGD)

Additive Spontaneous Emission Noise
Optical amplifier is a key optical component in current optical fiber transmission sys-

tems, which replaces expensive OEO conversion and increases transmission distance
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without electrical relay. Optical amplifier employs stimulated emission of optical gain
medium to amplify optical signal. At the same time, there exists spontaneous emission
that generates optical noise with optical signal amplification. The spontaneous emis-
sion noise is an additive noise, which is accumulated as the optical signal passes the
cascaded optical amplifers. The power ratio between optical signal and optical noise
is called as optical signal to noise ratio (OSNR), which is a key parameter in optical
fiber transmission systems.

The spectrum density of ASE noise can be expressed by Eq. 1.8 [17], which is
white Gaussian noise.

Ssp(v) = (G — 1)ng,hv (1.8)

where v is the optical frequency, G is the gain of optical amplifier, n, is the population
inversion factor, and / is the Planck constant. The SNR of the amplified signal can be

expressed by Eq. 1.9, which shows the relationship between SNR and OSNR.

GPy,

NR ~
SNE 4S,Af

(1.9)

where P, is the input optical signal power, and A f is the receiver bandwidth.
Moreover, OSNR can be described by Eq. 1.10. It is noted that the signal input
power of optical amplifier is proportional to the OSNR. In the static optical networks,
the OSNR is almost kept in static status by the well defined architecture. However,
in the future reconfigurable optical networks, the input signal power of EDFA might
fluctuate within a certain range, so that the OSNR is not a static value any more. The

signal OSNR becomes a dynamic parameter in the reconfigurable optical networks.

P, P,
OSNR= —" = -
PASE 2nsp(G — 1)hUBO

(1.10)

where B, is the optical bandwidth of ASE noise.
More importantly, ASE noise is a kind of irreversible effect, which means that it

can not be compensated directly. It is accumulated more and more as the signal passes
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the cascaded amplifiers, which is detrimental to the received signal quality. Thus, OS-
NR is one of the most importance parameters, which determines the performance of

optical fiber transmission systems.

Time Alignment in Transmitter

An optical transmitter is composed of several optical and electrical components, which
are employed to modulate information onto light. Generally, NRZ electrical signal is
the information carrier in electrical domain, which is modulated onto light to generate
optical NRZ signals, including NRZ-OOK and NRZ-PSK signals. In recent years, re-
turn to zero (RZ) signals are employed by advanced modulation formats for high-speed
transmission, which shows better receiver sensitivity than NRZ signals [3]. Addition-
ally, RZ format is adopted in polarization division multiplexing (PDM) systems [18].
The typical method of RZ signal generation is to use RZ pulse carver that modulates
NRZ signals by sinusoidal-like clock signal. The modulated clock signal should be
aligned with the modulated data, as the schematic diagram of RZ-OOK signal genera-
tion shows in Fig. 1.3. The NRZ-OOK signal is modulated by 50% RZ pulse carver to
generate 50% RZ-OOK signal. The waveform valley of the pulse carver is aligned with
the bit transition center of the NRZ signal, while the peak is aligned with the bit center.
The RZ suppression can reduce inter-symbol interference (ISI). In the optical RZ signal
transmitter, the data modulator should be synchronized with the RZ pulse carver. How-
ever, as component ages or environment temperature changes, the optimized working
condition would be eroded, which may induce the time mis-alignment between com-
ponents. The time mis-alignment between the pulse carver and the modulated data will

cause waveform distortion, which finally degrades bit error rate (BER) [19].
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Figure 1.3: Schematic diagram of 50% RZ-OOK generation process.

Moreover, for RZ-DQPSK system, an I/Q modulator is used to generate DQP-
SK signal, which has in-phase (I) and quadrature-phase (Q) data modulation branches.
The I and Q branches need to be aligned with each other, which can be considered
as the synchronization between the 1/Q branches and the RZ pulse carver respectively.
A certain amount of the time mis-alignment between I and Q branches would cause
serious system performance degradation [20]. Thus, for the modulation formats gen-
erated by using the I/Q modulator, the time alignment between I and Q branches is an

important issue for the transmitter performance.

1.3 Necessity of Optical Performance Monitoring

Current optical fiber transmission networks are performing in well-defined and static
specifications, where the light path is fixed. As the optical networks enter the dynamic
era [21], the reconfigurable fashion promotes dynamic optical networks that maximize
and optimize the usage of network resources. Thus, the system management is facing
a great challenge from the dynamic networks, where the optical impairments are not
in the static status any more. Moreover, as the transmission data rate increases, the
transmission systems become more vulnerable to the optical impairments. Optical
performance monitoring (OPM) is a potential mechanism that provides helpful and

useful assistance to the system management of the dynamic networks [1,22,23].
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In the reconfigurable optical networks, OPM is not a simple module to generate
the fault alarm of optical networks any more. It is required to isolate and quantify the
optical impairments in the physical layer of optical fiber transmission systems as well
as to locate the impairment resource, which provides useful assistance to the intelli-
gent system management of optical networks. However, several optical impairments
co-exist in the systems, which are difficult to be distinguished, because several optical
impairments cause similar impact on the tested signal. Thus, independent impairment
monitoring is an indispensable requirement for a robust monitoring scheme. Secondly,
the cost of OPM system is another significant factor, which is a non-negligible part of
the whole network budget. The cost of the monitoring system not only includes the
setup cost, but also contains the expense of operation and maintenance, such as power
consumption. Thirdly, the complexity of the OPM setup and its operation procedure
should be considered, which is better to be as simple as possible. These features are
significant for the design of OPM system. However, for the OPM mechanism in the
whole optical network, OPM module is not restricted to be applied in receiver end.
The deployment in fiber link or switching center can collect the detailed and distribut-
ed monitoring information of optical impairments, which is beneficial to locate the
impairment source. For the real applications, network administrators may bring the
portable OPM device to a suspected failure point for testing and diagnosis, while the
real-time monitoring module would operate persistent listening in switching center.
Thus, the integratability of the monitoring system and the power consumption are the
important aspects for the OPM system design.

So far, there are several OPM techniques have been proposed and demonstrated
[22], which are based on different techniques and purposes. In the next section, we

will make a general review of some major OPM techniques.
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1.4 Literature Review of Optical Performance Moni-
toring

Among various OPM techniques, OSNR monitoring and CD monitoring are the two
hot topics that have been studied by a number of researchers [22], since OSNR and
CD are the two major factors that impact the transmission performance of optical net-
works. Moreover, the monitoring techniques of PMD, optical power, optical spectrum,
and so on, are also investigated by several researchers [24-26]. This thesis focuses
on the study of OSNR monitoring and CD monitoring techniques. In addition, time

alignment of optical transmitter is also investigated.

Optical Signal to Noise Ratio Monitoring
Among the proposed OSNR monitoring methods, a number of methods rely on the
optical or electrical characteristics of signal and noise. The most effective and direc-
t OSNR monitoring method is the out-band noise measurement method [27]. This
method is based on the fact that the ASE noise spectrum is flat in the tested frequency
range. The out-band noise power and the signal power are extracted from the obtained
optical spectrum directly. However, in WDM systems, due to the narrow channel s-
pacing, it is difficult to derive the out-band noise between channels with acceptable
accuracy. Moreover, the major part of out-band noise is removed by optical add/drop
multiplexers (OADM) in networks, so that it is difficult to obtain the noise power by
this way. Thus, in-band OSNR monitoring technique is more important and necessary
for WDM systems. In the following paragraphs, we will discuss several in-band OSNR
monitoring methods based on different techniques.

Firstly, pilot tone and sub-carrier were proposed to be transmitted with data for
OSNR monitoring [28,29]. Low-speed components are used to generate small ampli-

tude pilot tone, which is a cost-effective solution. For this method, the optical transmit-

11
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ter is modified to insert pilot or sub-carrier. However, the modification of transmitter
increases the system complexity. Moreover, the pilot tone and sub-carrier interact with
the modulated data, which causes crosstalk to the transmitted data. Thus, this scheme
brings an additional optical impairment to the network, and increases the complexity
of the network, which is not recommended for the high-speed optical transmission sys-
tems with narrow operation window. The method that directly processes the monitored
signal would be preferred, which is flexible to be operated at any locations in networks.

The OSNR monitoring methods based on the polarization nulling technique were
studied in [30-32], which analyzed optical signal directly. This kind of method relies
on the fact that optical signal is linear polarized and optical noise is de-polarized, so
that the tested optical signal with noise can be split into the polarized signal with polar-
ized noise and the polarized noise by a polarization splitter. This method has a simple
and low-cost setup, which is easy to be operated. However, it is not practical for the re-
al optical fiber transmission systems with PMD and polarization dependent loss (PDL).
Moreover, as the polarization state of the incoming light rotates, the incoming angle of
the monitoring system should be tuned to compensate the polarization rotation.

For the polarization independent monitoring, optical delay interferometer (ODI)
was widely studied in OSNR monitoring [33—-38]. The two outputs of ODI have differ-
ent optical filtering effects. While one output shows band-pass filtering effect, the other
output exhibits stop-band filtering effect. Thus, the ODI can tailor the optical signals
with different optical spectra, which contain different signal to noise power ratios. The
power ratio between these two outputs is a function of OSNR, which can be used as
OSNR monitoring parameter. Moreover, by using different time delay of ODI [33,35],
the bandwidth of the pass-band and stop-band of ODI is tuneable, which causes dif-
ferent OSNR monitoring dynamic ranges. More importantly, the ODI based OSNR
monitoring method is also applicable to polarization division multiplexing (PDM) sys-

tems [39,40]. However, the optical interference based method is sensitive to the optical

12
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phase deviation induced by environment temperature change. The optical phase vari-
ation will lead to the center frequency shift of the pass-band and stop-band, which
causes OSNR monitoring error. Although the ODI based OSNR monitoring method
has the advantages of simple and cost-effective all-optical setup, easy operation pro-
cedure, incoming polarization independence, and dispersion insensitivity, the temper-
ature sensitive feature requires an additional temperature control, which restricts its
application in a temperature stabilized environment.

Moreover, in recent years, the OSNR monitoring method based on optical non-
linear effect was reported in several papers. Self-phase modulation (SPM) was pro-
posed for OSNR monitoring, since the SPM induced spectrum evolution is related to
signal OSNR [41]. Moreover, the OSNR monitoring method using nonlinear optical
loop mirror (NOLM) was proposed [42,43], which relies on the power transfer pro-
file of NOLM. In addition, four wave mixing (FWM) is another optical non-linear
effect that has been used for OSNR monitoring [44-47]. The generated wavelength
spectrum or optical power has an OSNR-dependent feature. The OSNR monitoring
method based on non-linear effect is all-optical monitoring method, which has quite
fast monitoring speed. However, these schemes require high power optical amplifiers
and highly non-linear mediums, which is a complicated scheme. Thus, this method
would not be applicable for the portable monitoring device to provide a flexible moni-
toring capability in the whole optical network. Even if it works in switching center or
receiver end, its high energy consumption increases the operation cost of the monitor-

ing system.

Chromatic Dispersion Monitoring
As discussed in the previous section, the pilot-tone was used in OSNR monitoring [28],
which was also applicable to CD monitoring. The CD monitoring methods using pi-

lot tone and sub-carrier were investigated by several researchers [14,48-52]. These

13
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methods are based on the fact that CD causes the time delay between the inserted
sub-carrier and the baseband. It is a simple and low-cost method, which can be used
in WDM system. However, the insertion of sub-carrier needs the modification of the
existing optical transmitter. Additional, the sub-carrier interferes with the transmitted
data to degrade the BER. Thus, this method is also not recommended for real applica-
tion. Moreover, since CD induces the phase mis-match between the two side-bands of
the signal, CD effect causes the RF tone fading or re-generation of the received signal.
Thus, the RF tone power of the transmitted signal was proposed and demonstrated for
CD monitoring, which does not require the insertion of sub-carrier [25,53-55]. By
measuring the RF tone power at different frequencies, the CD monitoring dynamic
range is diverse. The monitoring scheme using the low frequency RF tone power has
larger monitoring range and smaller dynamic range, while the high frequency scheme
has contrary performance. However, the RF power is also affected by OSNR value.
Thus, this method is not an independent CD monitoring scheme, which needs simul-
taneous OSNR monitoring. Furthermore, fiber non-linear effect was also used for CD
monitoring. CD monitoring was demonstrated by using SPM, 2R regenerator, FWM,
and XPM [41, 56-59]. For CD monitoring, the method based on fiber non-linear ef-
fect has limited CD measurement range, and requires high power optical amplifier and

highly non-linear medium.

Multi Optical Impairment Monitoring

As discussed in the previous paragraphs, the monitoring methods have simple working
principle and fast measurement speed, which are based on the physical effects of the
optical impairments. However, most of them require the precise control of the opti-
cal components in the monitoring systems, which increases the operation complexity.
Since various optical impairments cause the received signal waveform distortion in dif-

ferent degree and forms, OSNR and CD can be identified and quantified from electrical
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waveform distortion, which uses electrical sampling technique to convert waveform in-
formation into data sequence for computer processing.

Firstly, Q-fator and OSNR were estimated by using a one dimension (1-D) his-
togram of signal amplitude, which was derived by the synchronized or asynchronized
sampling scheme [60—-66]. By using statistical analysis on the sampled signal ampli-
tude, the monitoring parameters can be derived from the amplitude distribution. For
this type of method, electrical sampling and digital signal processing (DSP) are in
charge of the major function of the monitoring module, instead of the precise con-
trol of optical components. Thus, the monitoring system is easy to be operated and
maintained. Moreover, the OSNR monitoring method based on 1-D histogram is al-
so applicable for advanced phase modulation format [67, 68]. Additionally, the 1-D
histogram was proposed and demonstrated for CD monitoring [69-71]. However, the
CD monitoring results are affected by the OSNR variation. It is difficult to distinguish
CD and OSNR from 1-D statistical analysis, due to its limited information. Thus, this
method is not practical to the systems where there are multiple optical impairments.

In order to derive more information from the waveform, the two dimension (2-D)
histogram was proposed for multiple optical impairment monitoring, which provided
fruitful statistical information [72,73]. The 2-D histogram is also named as 2-D phase
portrait or delay-tap sampling plot. It is an alternative plot of eye diagram for the
demonstration of electrical waveform. This method employs two samplers that work
simultaneously with short internal time delay to derive samples. The samples from
these two samplers are formed as X-Y pairs successively, which are depicted in 2-D
coordinate system. The X-Y pairs display the relative intensity between the two ad-
dresses on electrical signal, which are with fixed time delay. The time delay can be
considered as the phase difference on the waveform. Since the phase portrait pattern
evolutions induced by different optical impairments are diverse, it is possible to sepa-

rate and quantify multiple impairments by monitoring the pattern evolution of the 2-D
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phase portrait [74].

According to the particular waveform of difference modulation formats, half sym-
bol or tenth symbol delay was used to generate 2-D phase portrait for OSNR monitor-
ing parameter derivation [75-79]. By using different time delay, the phase portraits
exhibit different features of the electrical waveform. Although the phase portrait pat-
tern is different in various modulation formats, the common method is to derive the
ASE-noise induced corresponding pattern evolution. The most notable feature is that
the “mark” level amplitude is sensitive to the noise power variation, so that the sample
pairs from the “mark” level are extracted for the monitoring parameter calculation.

Since residual CD induces pulse width broadening, the pattern width of the phase
portrait is changed by residual CD [80-83]. Additionally, since the pattern width is
related to the monitored signal power, the width ratio of the pattern in the two specific
directions is employed to estimate CD variation. Moreover, for DPSK and DQPSK
signals, the sign of CD can be determined after applying the imperfect phase demodu-
lation to the phase modulated signal [80, 81].

In sum, the OSNR monitoring and CD monitoring parameters can be derived from
the 2-D phase portrait by using simple statistical pattern recognition technique. The
key part of the monitoring system is signal processing, which reduces the complexity
of maintenance and operation in large degree, compared with the methods using ana-
log signal processing, which need the precise control of optical components. Moreover,
this method has a much simple system setup, which is easy to be maintained. However,
the 2-D phase portrait generation using two sampling channels is not a cost-effective
method, which is another important factor for the system design. In addition, electrical

sampling and data processing are power consuming.

Time Alignment Monitoring

For the time alignment monitoring in RZ phase modulation system, RZ pulse carver
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monitoring and I/Q alignment monitoring were studied by several researchers. In [19],
a pulse carver alignment monitoring method of RZ-DPSK signal was proposed by us-
ing the degree of polarization (DOP) of the monitored signal, which varied with the
time mis-alignment in the presence of finite differential group delay (DGD). It is a
simple and cost-effective method that employs few passive optical components. How-
ever, this method requires the polarization alignment of the monitored signal, which
increases the operation complexity of the monitoring system. In [84], since the time
mis-alignment broadens the optical spectrum of the modulated signal, the authors pro-
posed to use the optical side-band power variation to monitor the time mis-alignment
by filtering out a narrow side-band from the optical spectrum. However, the monitor-
ing accuracy is dependent on the filter performance, which would be affected by the
detuning of filter’s center frequency and bandwidth. Moreover, the RF spectrum evo-
lution induced by the RZ pulse carver mis-alignment was proposed and demonstrated
for the time alignment monitoring [85].

For 1/Q branch alignment monitoring, the radio frequency (RF) clock tone power
was proposed to be used in the time alignment monitoring for both RZ pulse carver
and 1/Q branch in RZ-DQPSK system [86]. However, this method cannot identify
the sign of the time mis-alignment of RZ phase modulated signals, and neither do the
methods in [19,84,85]. In [87], the time alignment monitoring method based on delay-
tap sampling technique was proposed for RZ-OOK signal. The sign and degree of the
time alignment can be determined by quantifying the average angle of the sample pairs
that is located at the certain area of the plot. Thus, the sign of the time mis-alignment

can be identified through the analysis on the waveform.
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1.5 Motivation and Contribution of the Thesis

In the previous section, the discussed OPM techniques can be divided into two groups.
One is based on analog signal processing, which relies on the physical characteristics
of optical impairments. The other is based on digital signal processing, which investi-
gates the signal waveform distortion induced by optical impairments.

For the methods using analog signal processing, they have fast monitoring speed
and good monitoring dynamic range. Moreover, this type of monitoring systems em-
ploys several cost effective components to estimate single optical impairment. The
monitoring system is able to be integrated to a compact monitoring module, which is
flexible to be implemented in networks. Thus, in this thesis, we will firstly investigate
the method using analog signal processing for single OSNR monitoring, which is the
most important function in OPM system. In practical systems, since optical signal is
with CD, PMD, and PDL, a robust OSNR monitoring scheme should be able to isolate
OSNR with other effects. Moreover, the OSNR monitoring system does not require the
modification of optical transmitter. One of the good solutions is to use optical filtering
effect, such as the ODI based method [34]. However, the key drawback of this method
is its phase sensitive feature. Additionally, its limited bandstop effect limits the moni-
toring dynamic range. In this thesis, we will further investigate the OSNR monitoring
method using optical filtering effect.

For the OPM method using digital signal processing, it relies on the fact that opti-
cal impairments cause the received waveform distortion in different forms and degree,
so multiple optical impairments could be derived from the pattern evolution of the 2-
dimension (2-D) phase portrait [72]. Thus, it is a good candidate for multiple optical
impairments monitoring, which would be a monitoring solution in switching center
or receiver end. This method was studied in OSNR monitoring and CD monitoring

with the co-operation of simple pattern recognition technique [75, 77]. However, the
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2-D phase portrait is depicted by using two high bandwidth samplers. It is a quite
expensive method, even if several optical impairments could be derived simultaneous-
ly. Since the two samples of two sampling channels generate the X-Y pair, which are
located in the waveform with certain phase difference, it is possible to derive the X-Y
pair from the sample sequence with known time interval by using single sampler. By
using this approach, the monitoring system cost could be reduced in large degree. More
importantly, the monitoring system setup can be simplified further. It would be easily
implemented in real systems. Thus, in this thesis, we will investigate the 2-D phase
portrait generation using single sampler. Moreover, based on the generated 2-D phase
portrait, the monitoring methods of OSNR, CD and time alignment are investigated.

In sum, the contributions of this thesis are listed as below:

e For single optical impairment monitoring, optical signal to noise ratio (OSNR)
is a quite important parameter that desires an effective monitoring solution. In
this work, we propose to use the uncorrelated signal power to monitoring OS-
NR variation. The uncorrelated signal is generated by removing the correlated
signal, which is generated by a narrow-bandwidth optical filter. The removal of
correlated signal is proposed to utilize balanced subtraction or optical interfer-
ence. In both simulation and experimental demonstration, the uncorrelated sig-
nal is successfully derived by using electrical balanced subtraction. Moreover,
after using low bandwidth receiver, the proposed OSNR monitoring scheme can
be insensitive to both CD and PMD. Additionally, the usage of low bandwidth
receiver reduces the monitoring setup cost in large degree. Further more, in the
simulation demonstration, the uncorrelated signal is also derived by using optical

interference, which shows better OSNR monitoring dynamic range.

e In order to reduce the cost of the 2-D phase portrait generation for OPM, single

channel sampling technique is proposed to generate the X-Y pairs, which saves
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1.5 Motivation and Contribution of the Thesis

the cost of one high bandwidth sampler. In the experimental demonstration,
a low-speed related sampling clock is used to trigger the sampler to generate
the sample sequence with known time interval. Then, the proposed self-delay
scheme generates the X-Y pairs for the 2-D phase portrait depiction. By using
simple statistical pattern recognition, the OSNR monitoring parameter is derived
from the 2-D phase portrait in all the demonstrated modulation formats, while the
CD monitoring parameter is derived in the demonstrated NRZ phase modulation

systems.

e In order to further reduce the monitoring setup cost and extend the application
scope, a un-related sampling clock is used to trigger the single sampling chan-
nel. In this case, the software based synchronization technique is used for the
2-D phase portrait generation. In the experimental demonstration, the OSNR
monitoring method based on the software synchronized 2-D phase portrait is
successfully demonstrated. Moreover, in order to loosen the requirement of the
software synchronization accuracy, a tolerated phase difference phase portrait is
proposed. Compared with the conventional X-Y pairs with fixed phase differ-
ence, the phase difference of the X-Y pairs is proposed to be within a tolerated
range. This scheme is verified by experimental demonstration for OSNR moni-

toring.

o In this thesis, we also investigate the time alignment of optical transmitter. We
propose to use the 2-D phase portrait to monitor RZ pulse carver alignment and
I/Q branch alignment in RZ phase modulation systems. By identifying the pat-
tern distortion direction of the 2-D phase portrait, the sign and degree of the time
mis-alignment are estimated. More importantly, the time alignment monitoring
is also demonstrated by using the proposed single channel sampling method,

which extends the application scope.
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1.6 Outline of the Thesis

The following contents of this thesis are as follows.

In chapter 2, we will review the generation of different modulation formats in
high-speed optical transmission systems, which use Mach-Zehnder modulator (MZM).
Moreover, RZ pulse carver generation, demodulation of differential phase-shift keying
(DPSK) and differential quadrature phase-shift keying (DQPSK) signals, and electrical
sampling technique are introduced.

In chapter 3, the OSNR monitoring method based on filtering effect is investigat-
ed. By using electrical subtraction or optical interference, the generated uncorrelated
signal can be used for OSNR monitoring. Both experimental demonstration and simu-
lation work are employed to investigate the proposed OSNR monitoring method.

In chapter 4, single channel sampling technique is proposed for OSNR moni-
toring and CD monitoring. Single channel sampling scheme is employed to depict
the 2-D phase portrait, from which the monitoring parameters are derived. The OS-
NR monitoring and CD monitoring in different modulation formats are experimentally
demonstrated and discussed in this chapter.

In chapter 5, software synchronized single channel sampling technique is pro-
posed for OSNR monitoring, where the sampler is triggered by un-related sampling
frequency. In this scheme, the sampling sequence is synchronized by software algo-
rithm. Moreover, the tolerated phase difference phase portrait is proposed, which can
further increase the tolerance to the aliasing frequency estimation offset.

In chapter 6, time alignment monitoring is investigated by using the proposed
sampling technique. With the cooperation of simple statistical pattern recognition, the
monitoring of RZ pulse carver alignment and I/Q branch alignment are demonstrated
in RZ phase modulation systems.

Finally, conclusion and future work are discussed in chapter 7
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Chapter 2

Fundamental of Optical Transmission
System and Optical Performance

Monitoring

In this chapter, the basic knowledge of optical fiber transmission systems and elec-
trical sampling technique are studied. In optical fiber transmission systems, sever-
al optical modulation formats are employed to carry information travelling in opti-
cal fiber link [3]. Among these formats, on-off keying (OOK) is the basic one that
modulates light intensity. Compared with OOK, phase-shift-keying (PSK) provides
better receiver sensitivity and robustness to fiber non-linearity [3]. Among various ad-
vanced modulation formats, differential-phase-shift keying (DPSK) and differential-
quadrature-phase-shift keying (DQPSK) signals are the candidates that can be utilized
in both coherent and non-coherent detection systems [88]. Moreover, return to ze-
ro (RZ) format shows better receiver sensitivity than non-return to zero (NRZ) one,
which is also employed by advanced polarization division multiplexing (PDM) sys-
tems [18,89]. Moreover, multi-level modulation formats and multi-carrier systems are

employed to improve spectra efficiency (SE) [4,90]. In this thesis, we focus on the
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2.1 Application of Mach-Zehnder Modulator

OPM methods for single carrier systems. Moreover, the optical performance monitor-
ing (OPM) methods using analog signal processing and digital signal processing are
investigated. Thus, in this chapter, the working principle of the related optical effects,

optical transceiver and electrical sampling are studied.

2.1 Application of Mach-Zehnder Modulator

Mach-Zehnder modulator (MZM) is an important and fundamental optical device that
is used for optical modulation in optical transmission systems, including amplitude
modulation (AM) and phase modulation (PM). The structure of MZM is demonstrated
in Fig. 2.1. The light is identically split into two branches in the MZM at first. Two
phase modulators are applied to add phase shift in the two branches separately, which
are controlled by the modulation driving voltages V;(¢) and V5(t) separately. Then, the
two-branch signals interference with each other at the second coupler [91]. The output
of the second coupler can be expressed by Eq. 2.1, where ¢;(V (t)) and ¢o(V(t)) are

the modulated phase in the two branches [92]. V};s 1s the bias voltage of the modulator.

Vi(t)

out

Va(t)

Figure 2.1: Structure of Mach-Zehnder modulator.

B = 22 fexp (6 (V (1) + exp (j6(V (1))
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2.1 Application of Mach-Zehnder Modulator

= Byt c08 (w . W) exp (w
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The output power of the MZM can be expressed as Eq. 2.2.

B2, . =E% . - cos (Mw> (2.2)

output — inpu 4V
s

In order to obtain chirp free operation, the MZM works in push-pull mode, where the
driving voltages have the relationship as V;(t) = —V,(¢) [92]. Thus, Eq. 2.1 can be

represented as Eq. 2.3

Eoutput = Binput - 05 <7T2V‘1/it)) 2.3)
The power transmission function of the MZM is shown in Fig. 2.2. The output power
is a periodic function of the modulation voltage. For intensity modulation, the bias
voltage is placed at the quadrature point, so that the modulated signal can manipulate
the output from the maximum transmittance to the minimum transmittance [93]. For
phase modulation, the bias voltage is set to the null point, which is the minimum

transmittance point. The optical phase is modulated by 7, when the driving voltage

crosses the null point.

Power

Voltage

Figure 2.2: Power transmission function of MZM.

MZM can not only be used for binary phase modulation, but also for quadrature

phase modulation using the parallel structure MZM. The schematic diagram of the
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2.2 Optical Pulse Carver Generation

parallel structure MZM is composed of two push-pull mode MZMs and one 90° phase

shift, which is named as I/Q modulator, as shown in Fig. 2.3.

Figure 2.3: Schematic diagram of I/Q modulator.

The incoming light is equally split into two branches, which are processed by the
two MZMs. These two MZMs are biased at the null point for binary phase modulation.
The 90° phase shift is applied at one branch to generate 90° phase difference between
the two branches. Finally, the phase modulated signals of these two branches are
coupled to generate quadrature phase modulated signal [94]. Moreover, the parallel-
structure I/Q modulator is also employed for the generation of multi-level advanced

modulation formats [95].

2.2 Optical Pulse Carver Generation

In optical communication systems, return to zero (RZ) format can be generated by sev-
eral methods [3,96,97]. The optical data modulation drived by electrical RZ signal is a
direct method to generate optical RZ signal, which has been demonstrated in 10-Gb/s
system. Moreover, optical RZ waveform can be also generated by using a RZ pulse

carver, which is realized by driving electro-absorption modulator (EAM) or MZM with
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2.3 Demodulation of DPSK and DQPSK Signals

sinusoid signal. In high-speed optical transmission systems, the MZM based RZ pulse
carver is preferable for chirp free modulation, compared with the method using RZ
driving signal or EAM generated RZ pulse carver [96,97]. For the MZM based RZ
pulse carver, the duty ratio of the RZ signal is tuned by using different driving schemes.
The detailed configuration of these schemes are listed in table 2.1, while the corre-
sponding RZ pulse carver waveform is demonstrated in Fig. 2.4. The RZ pulse carver
is applied in the NRZ signal to generate a RZ signal, which suppresses the bit transition

of the NRZ signal.

Table 2.1: RZ Format

Format | Bias Voltage | Amplitude | Frequency
33% RZ 2V, 2V, Fsymbol/2
50% RZ V)2 Vy Fsymbol

67% RZ Vi, 2V, Fymbvot /2

JIIYN VN VVY

33% 50% 67%

Figure 2.4: RZ pulse carver waveform with different duty ratios.

2.3 Demodulation of DPSK and DQPSK Signals

In optical fiber transmission systems, photo detectors (PD) convert optical intensity
to electrical signal. For the intensity modulated signals, such as OOK, a single PD

can directly demodulate optical signal. However, the phase-modulated optical signal
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2.4 Electrical Sampling Technique

carries the information by using the phase of light, so that the phase information cannot
be obtained by detecting the light intensity directly. In order to extract the information
from the optical phase, a phase demodulation is required. The phase demodulation
methods of DPSK and DQPSK can be divided into two types. One is direct detection,
the other is coherent detection [7,98,99]. For coherent detection, coherent local light
is employed to beat with the received light, which converts the phase-modulated signal
to the light intensity, where the local light provides the reference phase. However, for
direct detection, the reference phase is provided by the received light itself. The optical
demodulator structures of DPSK and DQPSK signals are demonstrated in Fig. 2.5. The
1-bit delay optical delay interferometer (DI) is used to enable the beating between the
neighbour bits, which provides the reference phase to each other in DPSK system. For
the quadrature phase modulated system, two DIs are used to demodulate the in-phase
and quadrature-phase branches separately. In fact, one output of single DI contains
the transmitted data, but the balanced detection provides the benefit of 3-dB receiver

sensitivity [100].

@

Figure 2.5: Demodulator structure of (a) DPSK, (b) DQPSK.

2.4 Electrical Sampling Technique

In the nature, both optical and electrical signal exist and propagate in analog fashion.

However, signal processing can be realized by either analog method or digital way.
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2.4 Electrical Sampling Technique

Optical signal processing is carried out by optical effects, which performs in contin-
uous manner [101]. However, for electrical signal processing, it works in continuous
or discrete ways. In the continuous way, the signal processing is based on the elec-
trical effect of electrical components, while digital signal processing (DSP) processes
discrete signal in a mathematical way [102]. DSP has been widely implemented in sev-
eral areas. Since the electrical signal exists in a continuous way, it requires an analog
to digital converter (ADC) to transform the continuous signal into the digital sequence

for mathematical computation. Thus, ADC is an important component for DSP.

I(t) 40/—— S(n)

gate

— — capacitor

= GND

Figure 2.6: Schematic diagram of ADC.

The typical ADC employs a sample-and-hold circuit, which is generally com-
posed of a sampling gate and a capacitor, as shown in Fig. 2.6. The sampling gate is
controlled by the sampling frequency, which is also considered as a switching period.
After the sampling gate is closed, the incoming electrical signal (/(t)) charges the ca-
pacitor. The accumulated charges is related to the signal amplitude, which is used to
quantize the analog signal. After the sampling gate is open, the capacitor is discharged
and prepared for the next sampling time slot.

In practical systems, the sampling gate closing time is an important parameter
that determines the analog bandwidth of the sampler. The mathematical model of
electrical sampler is expressed by Eq. 2.4. The closing process of the sampling gate
is represented by the sampling pulse (g(¢)). In ideal case, the sampling pulse (g(t))

is expressed by Dirac function, which is with infinite analog bandwidth. However, in
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2.4 Electrical Sampling Technique

practical case, the sampling pulse has a certain duration, so that the analog bandwidth
of sampler is finite. For further explanation, the Gaussian pulse is employed as an
example to represent the sampling pulse. In this model, the sampling pulse (g(t))
is expressed by Eq. 2.5 in time domain, where 7). is the sampling pulse width. In
frequency domain, it is expressed by Eq. 2.6. The sampling pulse width determines the
analog bandwidth of the sampler. The sampling pulse width is inversely proportional

to the analog bandwidth of the sampler.

S(n) = / ) - gt) - dt 2.4)
t2
g(t) = exp <—T2 > (2.5)
G(f) = Tyarem*exp(—(Tyare - 7 - f)?) (2.6)
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Chapter 3

Optical Signal to Noise Ratio

Monitoring Using Filtering Effect

For single optical signal to noise ratio (OSNR) monitoring, robustness of incoming
signal polarization state variation, isolation from other optical impairment, and mon-
itoring system setup cost are the three key concerns for the system design. Thus, the
OSNR monitoring method using the filtering effect of optical delay interferometer (O-
DI) would be an effective solution. This method adopts passive optical components
and measures the optical power, which is a cost-effective and dispersion insensitive
OSNR monitoring method [34]. This method is based on the advantage of band-stop
and band-pass effect of ODI. However, the ODI is sensitive to its phase shift, which
induces OSNR monitoring error. In [103], the authors proposed a OSNR monitoring
method using uncorrelated signal. By placing two optical filters symmetrically at the
two side-bands of the monitored signal separately, the optical spectra of the two filtered
side-band signals partially overlap at the center frequencies. The overlapped frequen-
cy components are correlated, which are removed by balanced subtraction after photo
detection. The remaining part is the uncorrelated signal, whose high frequency pow-

er density is derived to estimate in-band OSNR. The generation of the uncorrelated
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3. Optical Signal to Noise Ratio Monitoring Using Filtering Effect

signal is an alternative method to generate band-stop effect. The electrical balanced
subtraction is not sensitive to the optical phase variation between the two branches.
However, the method using high-frequency signal power is affected by CD and PMD,
since both CD and PMD induce high-frequency RF tone power variation. Moreover,
the two-filter based setup is complicated.

In this chapter, we propose to use a single optical band-pass filter (OBPF) to
generate uncorrelated signal, where the correlated signal is removed by balanced elec-
trical subtraction or optical interference. The power ratio of the uncorrelated signal
and the original signal is a function of the OSNR, which is used for OSNR monitoring.
More importantly, after using low bandwidth receiver, the proposed OSNR monitor-
ing method can be insensitive to CD and PMD. For the demonstration of the proposed
method, numerical simulation and experimental demonstration are employed to inves-
tigate the OSNR monitoring method using the uncorrelated signal power generated
by balanced subtraction in both single and dual polarization systems. Moreover, the
OSNR monitoring performance is studied in the presence of CD and PMD effect.

In addition, the uncorrelated signal generated by using optical interference is pro-
posed for OSNR monitoring, which is demonstrated by simulation work. The proposed
scheme exhibits novel notch filtering (band-stop) effect, which removes the correlated

signal. The proposed OSNR monitoring method is investigated in different systems.
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Subtraction

3.1 OSNR Monitoring Using Uncorrelated Signal Gen-

erated by Balanced Subtraction

3.1.1 Working Principle of the Proposed Method and Simulation

Setup

Optical
transmission
system

delay Balanced
receiver

Figure 3.1: Simulation setup of the proposed OSNR monitoring method using the

uncorrelated signal power generated by balanced subtraction.

Fig. 3.1 shows the simulation setup of the OSNR monitoring method using the uncorre-
lated signal power generated by balanced subtraction. In the setup, an optical tuneable
filter (OTF) is used as a de-multiplexer to select the monitored channel with certain
bandwidth. Then, the optical signal is split into two identical branches by a 3-dB cou-
pler. One branch signal passes a relatively narrow bandwidth optical band-pass filter
(OBPF), whose center frequency is the same as the monitored signal center frequency.
After that, the filtered signal is split by another 3-dB coupler into two branches. One
output is sent into a single photo detector (PD), and the other is connected with one
input of a balanced receiver. The other output of the first 3-dB coupler is connected
with the other input of the balanced receiver after passing an optical time delay line and

an attenuator. These two components are used to keep the two input signals matched
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3.1 OSNR Monitoring Using Uncorrelated Signal Generated by Balanced
Subtraction

before the balanced receiver. The output power of the two receivers are measured as

the uncorrelated signal power and the reference signal power (P and Pr.).

Optical narrow

band-pass filter
Optical signal

Intensity

Optical Frequency

Figure 3.2: Optical spectra of the two input signals of the banlanced receiver.

The optical spectra of the two inputs of the balanced receiver are demonstrated in
Fig. 3.2. The shadow one is the optical spectrum of the signal at the upper branch
of the balanced receiver, which is overlapped with the outer optical spectrum that is
from the signal of the balanced receiver lower branch. The bandwidth and shape of
the OBPF determine the overlapped area. The overlapped frequency components are
correlated, which are cancelled out after balanced detection and subtraction. The re-
mainder is the uncorrelated signal, whose power contains a certain amount of signal
and noise. The uncorrelated signal power can be expressed by Eq. 3.1, while the refer-

ence signal power can be expressed by Eq. 3.2.

pUNO(CM'Ps—Fﬂ'PN (31)
Prepoc¢-Ps+v- Py (3.2)
Ps-NEB Pres
NR=-2"""2_ f=>¢ 3.3
OSNER Py - B, f(PUN) -3)
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Ps and Py represent the optical signal and the noise power respectively. The coef-
ficient o and [ are related to the shape and bandwidth of the OTF and OBPF, while
the coefficient ¢ and + are related to the OTF. Since the majority of the signal power
is removed by balanced subtraction, « is much smaller than ¢. Moreover, due to the
different signal-to-noise power ratios of these two equations, the OSNR is a function
of the power ratio between the reference power and the uncorrelated signal power,
as shown in Eq. 3.3, where NEB and B, are the noise equivalent bandwidth and the
resolution bandwidth separately.
The simulation setup of the proposed OSNR monitoring system is shown in Fig.3.3.

The modulated optical signal is coupled with the ASE noise, whose power level is
tuned by using an optical attenuator, which emulates different OSNR values. During
the fiber transmission, a section of single model fiber (SMF) and a PMD emulator are
used to introduce CD and PMD into the system. Finally, the signal is tested by the

proposed OSNR monitoring module.

Modulated SMF
optical signal
PMD M OS.NR
Eviuiatar onitoring
Noise ) 3dB Module
EDFA
attenuator

Figure 3.3: System setup of the tranmission system for the OSNR monitoring demon-

stration.

The proposed OSNR monitoring method is demonstrated in 10-Gb/s NRZ-OOK,
DPSK and Duo-binary systems by using VPI transmission maker 7.6. The bandwidth
of the OTF and the OBPF are investigated from 30 GHz to 100 GHz, and from 10 GHz
to 40 GHz separately. Moreoever, the low bandwidth receiver scheme is also studied

in the simulation work.
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3.1.2 Simulation Results and Discussions
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Figure 3.4: Simulation results of the OSNR monitoring performance comparison a-

mong the three tested formats.

Three modulation formats are tested in the proposed OSNR monitoring method, and
the performance comparison are shown in Fig. 3.4. In this work, the OTF and the
OBPF are 1st order Gaussian filters, with 50-GHz and 25-GHz bandwidth separately.
The receivers bandwidth is 500 MHz. When the three modulation formats are tested
under the same monitoring system setup and condition, the OSNR monitoring dynam-
ic ranges are different. The monitoring dynamic range discussed in this chapter is the
power ratio increment for the OSNR from 4 dB to 30 dB, which is used to compare the
OSNR monitoring performance. Since the three tested modulation formats have their
different spectrum shape, the coefficients are different for different systems, which

lead to different OSNR monitoring dynamic ranges. As the OSNR increases to a high
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value, signal power is dominant in Py and P,..y. Thus, the ratio between Py and
P,y would converge to a saturation value, which is related to the filters” shape and

bandwidth.

Channel Bandwidth

H
o

|[ —=— NRZ-00K
| —e— NRZ-DPSK
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w
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1
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Monitoring Dynamic Range(dB)

Channel Bandwidth (GHz)

Figure 3.5: Simulation results of the monitoring dynamic range versus the channel
bandwidth. The monitoring dynamic range is the normalized power ratio increment
when the OSNR is from 4 dB to 30 dB. OBPF: 25 GHz, 1% order Gaussian filter; PD:
500 MHz.

The monitored channel bandwidth is determined by the performance of de-multiplexer.
In the simulation work, the OTF is used as de-multiplexer, whose bandwidth is studied
from 30 GHz to 100 GHz, as shown in Fig. 3.5. The OSNR monitoring dynamic ranges
increase as the channel bandwidth increases for all the tested formats, when the OSNR

varies from 4 dB to 30 dB. The larger bandwidth of the OTF increases coefficient ~y in
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the P..s, which enlarges the noise power portion in Py, so that the OSNR monitor-
ing dynamic range increases. However, in some cases, the larger channel bandwidth
would bring more noise from neighbour channels, which may induces some monitor-

ing errors. Thus, there is a trade-off between the monitoring dynamic range and the

reliability.
Bandwidth of the OBPF
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Figure 3.6: Simulation results of the OSNR monitoring dynamic range versus the
bandwidth of the OBPF. The monitoring dynamic range is the normalized power ra-
tio increasement when the OSNR varies from 4 dB to 30 dB. OTF: 50 GHz; PD: 500

MHz.

In Fig. 3.6, the OBPF bandwidth versus the OSNR monitoring dynamic range is
demonstrated. As the OBPF bandwidth increases from 10 GHz to 40 GHz, the OSNR

monitoring dynamic range is enlarged. The larger bandwidth of the OBPF reduces the
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signal power weighting in Py, while the noise portion in Py is increased, which
leads to that the power ratio is more sensitive to noise power variation. Consequently,

the OSNR monitoring dynamic range is increased.

Receiver Bandwidth

The receiver bandwidth is investigated in the proposed OSNR monitoring method. A
high bandwidth receiver scheme is tested for the performance comparison with the low
bandwidth scheme, whose bandwidth is equal to the bit rate. As Fig. 3.7 shows, the
high bandwidth receiver scheme suffers serious OSNR monitoring errors, since the
high frequency RF power variation induced by CD effect is included into the measured
signal power. Moreover, in the high OSNR case, the CD induced power variation is
more significant than the noise power variation, which leads to larger OSNR estimation
errors. However, the low bandwidth receiver scheme minimizes CD induced OSNR
monitoring error, since the low bandwidth receiver removes CD induced high frequen-
cy signal power variation. For PMD effect, since DGD also causes high frequency RF
signal power variation, the low bandwidth receiver can also reduce DGD induced OS-
NR monitoring errors, as the simulation results show in Fig. 3.8. Hence, the receiver
with the bandwidth of twentieth symbol rate is able to minimize the monitoring errors
induced by dispersion effect. Although the receiver with narrower bandwidth is able
to remove the dispersion induced power variation, it might cause that the output power
is too small to be detected by the power meter with limited sensitivity. Thus, there
is a tradeoff between the receiver bandwidth and the power meter sensitivity. More

importantly, the low bandwidth receiver reduces the OSNR monitoring setup cost.
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Figure 3.7: Simulation results of the OSNR monitoring accuracy versus CD effect in

10-Gb/s NRZ-OOK system. OTF: 50 GHz; OBPF: 25 GHz, 1** order Gaussian filter.
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Figure 3.8: Simulation results of the OSNR monitoring accuracy versus DGD in 10-

Gb/s NRZ-OOK system; OTF: 50 GHz; OBPF: 25 GHz, 1% order Gaussian filter.
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3.1.3 Experimental Setup

The experimental setup of the proposed OSNR monitoring method is shown in Fig. 3.9.
The monitored signal is selected by a 0.4-nm optical tunable filter (OTF), and then, s-
plit into two branches by a 90:10 coupler. The 10% optical signal is directly detected
and measured as the reference signal power P,.r, while the 90% optical signal is split
into two branches by another 3-dB coupler. One branch is connected with a 0.2-nm
OBPF with the same center frequency as the monitored signal. The other branch is
connected with an optical attenuator and an optical time delay line, which are used to

keep time and power matched between the two branches of the balanced receiver.

Monitored OTF

; ADC
signal
—

&DSP

Figure 3.9: Schematic diagram of the experimental setup for the uncorrelated signal

generation using balanced subtraction.

In the simulation work, the filter bandwidth and shape are investigated for their
impact on the monitoring dynamic rang. In this section, the bandwidth of the OTF and
the OBPF are fixed at 0.4 nm and 0.2 nm individually for experimental demonstra-
tion. More importantly, since the low bandwidth receiver and measurement equipment
are adopted to achieve a low-cost OSNR monitoring scheme, two 465-MHz low-pass

filters (LPF) are placed after the DC-coupled high-speed balanced receiver and the sin-
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gle DC-coupled high-speed photo detector to emulate the low bandwidth receivers, as
shown in Fig. 3.9. Additionally, the LPF can reject the high frequency RF components
that are affected by dispersion effect, so it can reduce the signal power variation caused
by dispersion. For the power measurement, since we do not have power meter, we use
a 20-GHz sampling oscilloscope that works as an analog-digital-converter (ADC) to
derive the amplitude of electrical signals, which can be converted into signal power.
Since the LPF is placed before the sampling oscilloscope, the bandwidth of the ADC
can be as low as the receiver bandwidth. Thus, it is possible to use a low bandwidth

receiver and an ADC to fabricate a cost-effective OSNR monitoring module.

_ 1storderPMD| (O
amulatar | OSNR

Monitoring
Module

Figure 3.10: Experimental setup of the optical transmission system for the OSNR

monitoring demonstration.

The whole experimental setup of the OSNR monitoring method is shown in Fig. 3.10.
In the experimental demonstration, single polarization 10-Gb/s NRZ-OOK, 10-Gb/s
NRZ-DPSK and 50-Gb/s NRZ-QPSK are tested. Moreover, 100-Gb/s PDM-QPSK is
also investigated in detail in this work. For the generation of 10-Gb/s NRZ-OOK and
DPSK, an MZM works at the quadrature and null point separately by applying differ-
ent bias and driving voltage. 50-Gb/s single polarization QPSK signal is modulated
by an I/Q modulator, while Pol-Mux is used to push 50-Gb/s signal to 100-Gb/s PDM
signal. A first order PMD emulator is used to introduce differential group delay (DGD)
into the system. Additionally, the different values of CD in the system are emulated
by using different lengths of single mode fiber (SMF). The OSNR value in the sys-

tem is varied by tuning the output power of the ASE noise source, which is coupled
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with the optical signal by a 3-dB coupler. The bandwidth of the noise source is 0.8
nm. Before the monitoring module, an Erbium-doped fiber amplifier (EDFA) is used
to compensate power loss during fiber transmission.

The optical spectra of 100-Gb/s PDM-QPSK signal before the two branches of the
balanced receiver are shown in Fig. 3.11. The optical spectrum of the upper branch is
overlapped with the center frequencies of the lower branch. The overlapped area can be
tuned by varying the bandwidth of the OBPF. The overlapped frequency components
of these two signals are correlated, which are cancelled out by balanced subtraction
after photo detection. Therefore, the output of balanced receiver is the uncorrelated
signal, which is measured as Py . It can be generally expressed by Eq. 3.1. Moreover,

the detected reference signal power (F,.¢) is expressed by Eq. 3.2.
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Figure 3.11: Optical spectra of the input signals of the balanced receiver.

Since the majority of the signal power is removed by balanced subtraction, « is
much smaller than ¢. Moreover, due to the different signal-to-noise power ratios of
these two equations, the OSNR is a function of the power ratio between the reference

power and the uncorrelated signal power, as shown in Eq. 3.3. The signal OSNR is
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estimated by using the power ratio between the reference signal and the uncorrelated
signal. The exact OSNR can be estimated by the measured power ratio after data fitting
and one-time calibration based on the actual performance of the filters in the monitor-

ing setup.

3.1.4 Experimental Results in Single Polarization Systems

As the experimental and simulation results in Fig. 3.12 show, the proposed OSNR
monitoring method using the power ratio is successfully demonstrated in 10-Gb/s
NRZ-OOK and NRZ-DPSK systems from 10 dB to 30 dB. The simulation results
demonstrated in this figure are generated by using the same setup and configuration as
the experiment. The two modulation formats have different OSNR monitoring perfor-
mances, due to different optical spectra. When the OSNR is at high level (larger than
25 dB), signal power becomes dominant in Fyy, which is insensitive to noise power
variation, so that the OSNR monitoring dynamic range decreases. The divergences
between the experimental results and the simulation results would be attributed to the
performance difference of the filters. More importantly, the low bandwidth receiver
scheme is not only compatible to our proposed OSNR monitoring method, but also
able to increase the monitoring dynamic range, compared with the high bandwidth re-
ceiver scheme. When the OSNR is from 10 dB to 30 dB, the total monitoring dynamic
range is increased by around 4 dB for these two signals. The monitoring dynamic range
can also be tuned by varying the bandwidth of the OTF and the OBPF, as discussed in

the previous sections.
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Figure 3.12: Experimental and simulation results of the proposed OSNR monitoring
method. S: simulation results (line); E: experimental results (symbol); LB: low band-

width receiver (465 MHz); HB: high bandwidth receiver (42 GHz).

3.1.5 Experimental Results in Polarization Division Multiplexed
System

In this work, the proposed OSNR monitoring method is demonstrated in 50-Gb/s QP-
SK and 100-Gb/s PDM-QPSK systems. As the experimental results in Fig. 3.13 show,
the proposed power ratio is a function of OSNR value in both 50-Gb/s QPSK and 100-
Gb/s PDM-QPSK systems. The demonstrated OSNR monitoring range is from 5 dB
to 27.5 dB. For real system monitoring, it is profound to monitor the signal OSNR
from 10 dB to 25 dB. The OSNR monitoring performances in the two tested systems
are the same, due to the same optical spectra, even if the 100-Gb/s signal uses PDM

technique.
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Figure 3.13: The experimental results of the signal power ratio versus the OSNR value
in both single and dual polarization systems. SP: 50-Gb/s QPSK; DP: 100-Gb/s PDM-
QPSK.

Since the proposed method is based on the electrical signal power, both CD and
PMD induced high frequency RF power variation will reduce monitoring accuracy.
Thus, by using the low bandwidth receiver, the OSNR monitoring errors induced by
CD and PMD can be minimized. As the experimental results show in Fig. 3.14, in
the demonstrated OSNR monitoring range (from 5 dB to 27.5 dB) of 100-Gb/s PDM-
QPSK signal, the OSNR monitoring performance is robust to 1st order PMD. As the
DGD increases from 0 ps to 50 ps, the OSNR monitoring errors are within 1-dB all the

time.
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Figure 3.14: The OSNR monitoring performance of 100-Gb/s PDM-QPSK signals in

the presence of 1st order PMD,

For investigation of the CD influence on the OSNR monitoring accuracy, the
residual CD value is changed from O ps/nm to 1360 ps/nm in 100-Gb/s PDM-QPSK
system. In Fig. 3.15, the experimental results show that the OSNR monitoring errors
can always be kept below 1 dB. Since the low bandwidth receiver successfully removes
the CD induced high frequency power variation, this scheme can be insensitive to the

CD value which is much larger than the demonstrated one.
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Figure 3.15: The OSNR monitoring performance of 100-Gb/s PDM-QPSK signals in

the presence of CD.

In Fig. 3.16, the 1st order PMD influences on the OSNR monitoring accuracy in
the low bandwidth receiver (465 MHz) and the high bandwidth receiver (42 GHz) sys-
tems are demonstrated and compared. As the DGD varies from O ps to 50 ps, the signal
OSNR is tested in 10 dB, 15 dB, and 20 dB. By using the high bandwidth receiver, the
OSNR monitoring performance is seriously affected by DGD, especially for the high
OSNR cases. Itis due to that the DGD induced power variation is greater than the noise
power variation in the uncorrelated signal. In the low bandwidth receiver scheme, the

OSNR monitoring errors are minimized below 1 dB for all cases.
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Figure 3.16: Ist order PMD induced OSNR monitoring errors in the low bandwidth
scheme and the high bandwidth scheme for different OSNR cases (10 dB, 15 dB and
20 dB) in 100-Gb/s PDM-QPSK system. LB: low bandwidth receiver; HB: high band-

width receiver.

In Fig. 3.17, the OSNR monitoring accuracy in the low bandwidth receiver and
high bandwidth receiver systems is studied in the presence of CD effect. The residual
CD is changed from O ps/nm to 1360 ps/nm by using different lengths of fiber. The
signal OSNR is tested in 10 dB, 15 dB, and 20 dB individually. The high bandwidth
receiver scheme suffers the CD induced OSNR monitoring performance errors seri-
ously, especially for the high OSNR cases. As same as DGD, the CD induced power
variation is greater than the noise power variation in the uncorrelated signal. In the low
bandwidth receiver scheme, the OSNR monitoring errors are almost kept below 1 dB

as the CD varies.
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Figure 3.17: CD induced OSNR monitoring errors in the low bandwidth scheme and
the high bandwidth scheme for different OSNR cases (10 dB, 15 dB and 20 dB) in 100-

Gb/s PDM-QPSK system. LB: low bandwidth receiver; HB: high bandwidth receiver.

The low bandwidth scheme cannot only reduce the DGD and CD induced mon-
itoring errors, which also increases the time mismatch tolerance between the two
branches of the balanced receiver. As the experimental results show in Fig. 3.18, the
1-dB OSNR monitoring error tolerance of the time mismatch is less than 4 ps in the
high bandwidth scheme. The time mismatch induced OSNR monitoring error is larger
in the higher OSNR case (20 dB). After using the low bandwidth receiver, the 1-dB

OSNR monitoring error tolerance can be increased to 40 ps in the high OSNR case.
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Figure 3.18: The time mismatch tolerance comparison between the low bandwidth
scheme and the high bandwidth scheme at different OSNR values (10 dB, 15 dB, and

20 dB) in 100-Gb/s PDM-QPSK system.

3.2 OSNR Monitoring Using Uncorrelated Signal Gen-
erated by Optical Interference

In this section, we propose an OSNR monitoring scheme using the uncorrelated signal
generated by optical interference. Compared with the uncorrelated signal generation
using balanced subtraction, an optical coupler is employed to replace the balanced
receiver to remove the correlated signal. The destructive port of the optical coupler
generates novel notch filtering effect, while the constructive port serves as a combiner.
This novel filter scheme is proposed for OSNR monitoring, because the two outputs
contain the different ratios of signal and noise power. Consequently, the signal power
ratio between the destructive and constructive branches can be a function of OSNR

value. Moreover, a low bandwidth photo detector used in this monitoring scheme
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provides low-cost and dispersion insensitive merits. The proposed OSNR monitoring
method is demonstrated in 10-Gb/s and 40-Gb/s systems by using VPI transmission

maker 7.6.

3.2.1 Working Principle of the Proposed Method

The conventional notch filtering effect is generated by FBG filter or delay interferom-
eter (DI). In this section, we propose a new scheme to generate notch filtering effect.
The schematic diagram of the setup is shown in Fig. 3.19. The incoming optical signal
is split into two branches by a 3-dB coupler at first. Then, the upper branch is sent into
a narrow bandwidth optical band-pass filter (OBPF), whose center frequency is same
as the monitored signal center frequency. The filtered signal in the upper branch is
coupled with the signal in the lower branch by another 3-dB coupler. Both the inten-
sity and the time delay of the two-branch signals are matched before the second 3-dB

optical coupler.

OBPF
A~ Destructive branch
7 (Notch filtering)
light
3dB 3dB
O }D’ Constructive branch
T

Timedelay  attenuator

Figure 3.19: Schematic diagram of the proposed notch filtering scheme.

In Fig. 3.20, the optical spectrum of ASE noise is used to illustrate the generated
filtering effect. The optical spectrum of ASE noise is assumed to be constant at the
demonstrated frequency range. After it enters the proposed setup, the ASE noise in
the upper branch is tailored by the narrow bandwidth OBPF, while the lower branch

signal keeps intensity and time matched with that of the upper branch. The filtered
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signal and the un-filtered signal are correlated at the overlapped frequencies. After
optical interference between these two branches, the correlated signal components are
removed by destructive interference at one output, which generates band-stop effect,

as notch filter.

1 Noise

l

Destructive _\

e
//
/N

interference
2 \
g \ Notch
% filtered noise
= \ ')
\ P Filtered Noise
\ /
\ f
\\ J/
Frequency

Figure 3.20: The illustration of the proposed filtering effect generation using ASE

noise.

In Fig. 3.21, the simulated optical spectra demonstrate the proposed notch filtering
effect, which employ ASE noise as an example. In Fig. 3.21(a) and (b), the optical
spectra are the noise spectra in the upper (filtered) and lower (un-filtered) branches of
the proposed scheme separately. Fig. 3.21(c) and (d) show the optical spectra of the
destructive and constructive ports of the proposed scheme. As Fig. 3.21(c) shows, there
generates band-stop effect at the correlated frequency, where the correlated signal is
removed. In Fig. 3.21(d), the optical spectrum shows that the constructive interference

combines the two signals.
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Figure 3.21: Optical spectra at the different locations of the proposed scheme, which
use ASE noise as an example. (a) the upper branch before the second coupler , (b) the

lower branch before the second coupler, (c) the upper branch after the second coupler,

(d) the lower branch after the second coupler.

The system setup of the OSNR monitoring method using the proposed notch fil-
tering effect is shown in Fig. 3.22. The modulated optical signal is coupled with the
ASE noise before launching into fiber link. A section of single mode fiber (SMF) and
a PMD emulator are used to induce CD and PMD into the transmission system. The
optical tuneable filter (OTF) is employed as a channel selector to pick up the monitored

channel from WDM system. Then, the optical signal goes through the proposed notch
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filter scheme, and is detected by a low bandwidth photo detector. A power meter is

used to measure the received signal power.

Destructive leg

Proposed Notch filter Power
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Figure 3.22: The system setup of the OSNR monitoring method using the proposed

notch filtering scheme.

Firstly, the signal at the lower branch of the second coupler input is the original
monitored signal, whose optical power (/) can be expressed by Eq. 3.4. Additionally,
the upper branch filtered signal power (F,.) can be expressed by Eq. 3.5. The whole
filtered signal is correlated with a part of the original signal. After the optical inter-
ference between these two signals, the correlated signals between these two branches
are cancelled out at the destructive port, which can be expressed by Eq. 3.7, while the
signal at the constructive port is the summation of the two signals, whose power can

be expressed by Eq. 3.6.

Pyox<¢:-Ps+v-Pxn (3.4)
P.xa-Ps+ (- Py 3.5)
Proc05-((¢+a) - Ps+(y+ ) Pxn) (3.6)
Pyoc05:((¢—a) - Ps+(y—08)- Px) (3.7)
_Ps-NEB (P,

Ps and Py represent the signal power and the noise power, respectively. The coeffi-

cients « and [ are related to the shape and bandwidth of the OBPF separately, which
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determine the spectrum of the correlated signal, while ¢ and v are defined by the OTF
performance. Since the correlated signal contains the major part of signal power, ¢ — «
is much smaller than ¢ 4+ «. Thus, the ratio between P, and P, is a function of OSNR,
as expressed in Eq. 3.8.

In this work, NRZ-OOK, NRZ-DPSK, and Duo-binary signals are investigated
for the proposed OSNR monitoring scheme in 10-Gb/s and 40-Gb/s systems by using
VPI transmission maker 7.6. The bandwidths of OTF, OBFP and photo detector (PD)

are also investigated for their influence on the OSNR monitoring.

3.2.2 Simulation Results and Discussions

Modulation Format and Transmission Rate

In this section, three modulation formats in 10-Gb/s and 40-Gb/s systems are demon-
strated and compared in the proposed monitoring setup, as shown in Fig. 3.23. The
bandwidths of OTF, OBF, and PD are 50 GHz, 25 GHz, and 1 GHz separately in this
setup. The OSNR monitoring in the three modulation formats are successfully demon-
strated, but their monitoring dynamic ranges are diverse, due to the different spectrum
shapes. The monitoring dynamic range being discussed in this section is the power
ratio increment as the OSNR from 5 dB to 30 dB. When the OSNR increases to a
certain high value, P; and P, become signal power dominant. Thus, the power ratio
approaches to a fixed value, like saturation. When the data rate is increased from 10-
Gb/s to 40-Gb/s, the signal optical spectrum is broaden, which increases the difference
between ¢ and «. It increases the weight of the signal power in the uncorrelated signal,

which reduces the monitoring dynamic ranges.
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Figure 3.23: Simulation results of the comparison among different modulation formats

with different data rates. OTF: 50 GHz; OBPF: 25 GHz; PD: 1 GHz.

Monitoring Scheme Comparison

In this work, the DI based OSNR monitoring performance is compared with the
proposed OSNR monitoring performance. The time delay of the demonstrated DI is
25 ps. The power ratio between the constructive port and the destructive port of the DI
is used to estimate OSNR. In Fig. 3.24, the monitoring performances of the proposed
method and the DI based method are compared in 10-Gb/s and 40-Gb/s NRZ-OOK
systems. The proposed OSNR monitoring method has a larger monitoring dynam-
ic range. It is due to that the stop-band bandwidth of the notch filter is larger than
that of the ODI. Thus, more signal power is removed in the proposed scheme, which

contributes to the larger monitoring dynamic range.
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Figure 3.24: Simulation results of the OSNR monitoring performance comparison be-
tween the proposed notch filter based method and the DI based method. DI: the DI
based method; NF: the proposed notch filter based method. OTF: 50 GHz; OBPF: 25

GHz; PD: 1 GHz.

Channel Bandwidth

The bandwidth of the OTF is tuneable for different channel spacing and various
system configuration requirements. The monitored channel bandwidth is another fac-
tor that determines the monitoring dynamic range. As Fig. 3.25 shows, the OSNR
monitoring dynamic range increases as the OTF bandwidth increases from 30 GHz to
80 GHz, which is quite important to improve the OSNR monitoring dynamic range
for the 40-Gb/s systems. Since more noise power is included in P; and P, the signal

power dynamic range is improved.
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Figure 3.25: Simulation results of the OTF bandwidth versus the monitoring dynamic

range. OBPF: 25 GHz; PD: 1 GHz.

Bandwidth of OBPF

The bandwidth of the OBPF is another key factor that affects the OSNR monitor-
ing performance. As the simulation results show in Fig. 3.26, the scheme using larger
bandwidth OBPF has a larger monitoring dynamic range. The larger bandwidth OBPF
increases « in Eq. 3.5, which reduces the signal power portion in P, so that the satu-
ration point of the power ratio curve is also increased. The monitoring dynamic range

is increased as well.
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Figure 3.26: Simulation results of the relationship between the monitoring dynamic

range and the bandwidth of OBPF. OTF: 50 GHz; PD: 1 GHz.

Bandwidth of Photo Detector

In this method, low bandwidth photo detectors are used to minimize the CD and
PMD induced OSNR monitoring errors, which is also a low-cost solution. Thus, the
high bandwidth (40 GHz) scheme and the low bandwidth (1 GHz) schemes are investi-
gated in the OSNR monitoring in the presence of CD and PMD. As Fig. 3.27 and 3.28
show, the low bandwidth scheme is robust to CD and PMD impairments, since the low
bandwidth receiver removes the dispersion induced high frequency power variation.
However, the high bandwidth scheme suffers from the CD and PMD induced monitor-
ing errors. Moreover, the monitoring errors introduced by CD and PMD are significant
in the high OSNR case, because the CD and PMD induced power variation is greater

than the noise power variation.
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Figure 3.27: Simulation results of CD versus OSNR monitoring error in 40-Gb/s NRZ-

OOK system for difference receiver schemes. OTF: 50 GHz; OBPF: 25 GHz.
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Figure 3.28: Simulation results of 1st order PMD versus OSNR monitoring error in

40-Gb/s NRZ-OOK system for difference receiver schemes. OTF: 50 GHz; OBPF: 25
GHz.
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3.3 Conclusion

In this chapter, a OSNR monitoring method was proposed and demonstrated by using
uncorrelated signal power. The generation of the uncorrelated signal was demonstrated
by balanced subtraction or optical interference. For the OSNR monitoring method
using the uncorrelated signal power generated by balanced subtraction, it has been
experimentally demonstrated in both single and dual polarization systems. Moreover,
by using low bandwidth receivers, both CD and PMD induced monitoring errors are
minimized, while the tolerance of the time mismatch of balanced receiver is increased.
More importantly, the low bandwidth receiver scheme reduces the cost of monitoring
module. This method has shown its advantages of dispersion sensitivity, simple and
low cost system setup, polarization independence, and integrability. Thus, it is possible
to fabricate a portable OSNR monitoring device which is implemented in the receiver
end, switching center, and fiber link.

For the OSNR monitoring method using the uncorrelated signal generated by op-
tical interference, it is demonstrated by simulation work. The proposed scheme gen-
erates novel band-stop filtering effect to derive uncorrelated signal power for OSNR
monitoring, which shows a larger monitoring dynamic range than that of the OSNR
monitoring method using ODI. Since this method is based on optical interference that
is sensitive to polarization rotation, it is difficult to experimentally demonstrate this
method by using the discrete devices, which are connected by fiber patch cords. Thus,
the monitoring setup needs to be integrated into a waveguide based photonic device

for further demonstration.
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Chapter 4

Optical Signal to Noise Ratio and
Chromatic Dispersion Monitoring
Based on Single Channel Sampling

Technique

In the previous chapter, the OSNR monitoring method based on filtering effect is dis-
cussed, which is a cost effective method of single optical impairment monitoring in
optical fiber transmission systems. However, the monitoring accuracy depends on the
stable working performance of the optical devices, including working wavelength, at-
tention, polarization, optical gain, and etc. The precise control of the optical devices
increases the complexity of OPM system, which is an important factor for the monitor-
ing system design. Compared with the OPM method using analog signal processing,
the monitoring method based on digital signal processing (DSP) shows its advantages
of simple setup and easy maintenance, which employs a limited number of devices.

Since the optical impairments cause the received signal waveform distortion in
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4.1 Operation Principle and Experimental Setup

different forms and degree, it is an effective way to monitor the optical impairments
through the analysis on the received waveform. 2-dimension (2-D) phase portrait is an
alternative expression of electrical waveform. Thus, the method using the 2-D phase
portrait is a good approach for multiple optical impairments monitoring. By using the
statistical analysis on the 2-D phase portrait, the OSNR monitoring and CD monitor-
ing parameters can be derived by simple pattern recognition [75-77]. However, for the
2-D phase portrait generation, high bandwidth samplers are necessary to display the
waveform distortion induced by optical impairments, so that the two samplers are the
major cost of the monitoring setup. Thus, we propose to derive the X-Y pairs by using
single-channel-sampling (SCS) technique, which could reduce the monitoring setup
cost significantly. Moreover, as discussed in [66], for OSNR monitoring, the moni-
toring system noise should be much smaller than the monitored signal noise, which
means that larger optical input power is preferred for the monitoring system. Since
the SCS method samples the received signal directly without a 3-dB split, it can save
3-dB power budget for the monitored signal, compared with the two-channel-sampling
(TCS) method.

In this chapter, the generation of the 2-D phase portrait using SCS method is
proposed and demonstrated in both NRZ and RZ systems. Additionally, statistical

pattern recognition is used to derive the monitoring parameters.

4.1 Operation Principle and Experimental Setup

4.1.1 Working Principle of Single Channel Sampling Scheme

The schematic diagrams of the TCS method and the SCS method are shown in Fig. 4.1.
For the TCS method setup, the two samplers are the major part of the monitoring sys-

tem, which convert analog signal into digital sequence. The sampled data is processed

63



4.1 Operation Principle and Experimental Setup

by digital signal processing (DSP) successively. The whole monitoring system setup
is much simple, which is easy to be maintained. The SCS method saves one sampler
cost, while the abandon of the time delay line enables the further simplification of the

monitoring system.

Two-sampling-channel scheme

Sampling
clock

Sampler

Electrical Signal X1,X2... Xp
> v
m Sampler Y1:¥Y2--¥Yn

(a)

Single-sampling-channel scheme

Sampling
clock

Sampler S1,55..5,

3-dB

Electrical Signal

v

(b)

Figure 4.1: Schematic diagram of the two sampling schemes: (a) two-channel-

sampling method, (b) single-channel-sampling method.

The X-Y pair derivation procedures of these two methods are shown and com-
pared in Fig. 4.2. In the TCS method, the two samples (x and y) are obtained by the
two sampling channels separately with short and fixed time delay (At) as a X-Y pair.
Typically, the time delay (At) is less than one symbol duration. In the SCS method,
since a single sampler continuously samples electrical signal with relatively slower fre-
quency (fs), the time interval between the continuous two samples, S; and S5, can be

expressed as 1/ fs, which can also be described as n x T'+ 7 (n is an integer number; T’
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4.1 Operation Principle and Experimental Setup

is one symbol duration; 7 is the remaining time that is less than one symbol duration).

Once the data rate and the sampling rate are known, 7 can be obtained.

e

1 01 1 001 0 11 0 1 01 0 1 0
I R |
nxT nxT
At I'; T
\ Xy s, nxXT+rt S, nXxT+71 S3

Figure 4.2: Working principle of these two methods.

4.1.2 X-Y Pairs Generation by Self-delay Scheme

[Self-delay scheme X-Y pair_ \
Original sampled | S, | S, | | St | sml |
sequence
Self-delay LLMXTHA s [ s]] T s [ se] - |
sequence | i

N i J

Figure 4.3: Schematic diagram for the self-delay method.

By using the SCS method, we can obtain the discrete sample sequence (.5;...S,,) with
a known sampling interval, which is shown in Fig. 4.3. There exists a sample (Sy1)
that has the time interval (k - n x T+ k x 7) between S and S, 1, which can also be
expressed as m x T+ At (m is an integer number, At is the same as TCS method). The
original sequence makes self-delay by k samples, so that S;; and S; are composed
of a new X-Y pair with large time delay m x 17"+ At. The following sample pairs
between the two sequences, such as Si.o and Ss, Sk 3 and S3, and so on, have same
time delay. Thus, the following sample pairs between these two sequences are selected

to form the X-Y pairs, which are depicted in a 2-D coordinate system successively.
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4.1 Operation Principle and Experimental Setup

The accumulated X-Y pairs depict a particular pattern in the 2-D coordinate system,
which delivers the relative intensity between the two addresses on waveform, who are
with a fixed phase difference (27 - At/T). It is an equivalent phase portrait of the
phase portrait generated by using TCS method. In the experimental demonstration of
the proposed SCS method, a single channel of sampling oscilloscope is used to derive
the discrete waveform serial. A sampling clock, whose frequency is f;/256 (f; =data
rate), is employed to obtain the accurate and known sampling time interval for the SCS

method demonstration.

4.1.3 Experimental Setup

SMF
Modulated
optical signal 0.65 nm S l
50:50 7= amolin
1.6 nm X - 9'* pling
~ o G module
| Noise M1z EDFA : =

(For NRZ-D(Q)PSK)
Figure 4.4: Experimental demonstration setup of our proposed method. DI: delay

interferometer.

The experimental demonstration setup of our proposed SCS method is shown in Fig. 4.4.
10-Gb/s NRZ-OOK and NRZ-DPSK are modulated by a Mach-Zehnder modulator
with different bias voltage respectively, while 20-Gb/s NRZ-DQPSK and 50-Gb/s RZ-
DQPSK are modulated by an I/Q modulator separately. After optical fiber transmis-
sion, the optical signal is coupled with a 1.6-nm bandwidth noise source. An EDFA is
used to compensate the power loss in the fiber transmission. Before photo detection,
another 0.65-nm optical band pass filter (OBPF) is used to remove the redundant noise.

For the NRZ-OOK and RZ-DQPSK systems, we employ a single photo detector (42
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

GHz) to detect the optical signal directly, and then, use a single channel of sampling
oscilloscope (20 GHz) to sample the detected electrical signal. For the NRZ-DPSK
and NRZ-DQPSK signals, a delay interferometer (DI) is used to demodulate the phase
modulated signals before the photo detector. Since ASE noise induces significant mark
level variation, the phase demodulation can emphasize the ASE noise induced signal
variation. The input power of the photo detector is kept at -3 dBm. In this chapter,
we demonstrate the OSNR monitoring from 10 dB to 30 dB. At the same time, the
residual CD is introduced by the optical fibers with different distances, in order to in-
vestigate the OSNR monitoring performance under residual CD impairment. For the

CD monitoring demonstration, the residual CD is changed from O ps/nm to 425 ps/nm.

4.2 OSNR Monitoring Based on 2-D Phase Portrait

4.2.1 2-D Phase Portrait

Simulation Study of Different Phase Difference Phase Portraits

In order to make a systematic study of the 2-D phase portrait, the simulation study is
carried out in this part. The received electrical waveform of the tested modulation for-
mats can be divided into three types, as shown in Fig. 4.5. As the eye diagrams show,
the three types of waveform have two-level features. The eye diagram of the NRZ-
OOK signal is from the direct photo detection of the optical signal. For NRZ-DPSK
signal, the phase modulated optical signal has almost constant intensity, which is not
preferred for signal quality monitoring. Thus, the demonstrated DPSK signal is phase-
demodulated by an optical delay interferometer (DI). However, for 50% RZ-DQPSK
signal, the direct detection obtains the sinusoid pulse carver waveform that has two
levels. For OSNR monitoring, the efficient way is to investigate the significant varia-

tion of the mark level, which is induced by ASE noise. In the conventional delay-tap
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

sampling method, the tenth symbol or half symbol delay phase portrait is employed for
OSNR monitoring. For single channel sampling technique, the time delay between the
two samples is much larger than one symbol duration, so that the pattern of the phase

portrait is different to that of the two-channel scheme.

NRZ-OOK NRZ-DPSK RZ-DQPSK

e e

Figure 4.5: Eye diagrams of the three types of electrical waveform, including 10-Gb/s

NRZ-OOK, 10-Gb/s NRZ-DPSK, and 20-Gb/s RZ-DQPSK.

Firstly, the phase portraits generated by using different time delay are studied and
compared by simulation software. In Fig. 4.6, the generated phase portraits of 10-
Gb/s NRZ-OOK signal are shown, which are formed by using different time delay.
The tested time delay values are 0.1 x T, 1.1 x T}, 2.1 x T, 10.1 x T}, 0.5 x T,
1.5 x Ty, 2.5 x T, and 10.5 x T} respectively. Although the time delay values are
different, the phase differences between the two samples, whose time delay values are
0.1x7T,, 1.1 xT, 2.1 x T, 10.1 x T respectively, are same, and the phase differences
between the sample pairs, whose time delay values are 0.5 x Ty, 1.5 x T}, 2.5 x T,
and 10.5 x T}, are same. The phase differences of these two groups of phase portraits
are tenth symbol duration (7/5) and half symbol duration (7) separately. For the tenth
symbol phase difference phase portraits, the patterns are different from that of the
portraits generated by less than two symbol duration time delay. When the time delay
is larger than two, the tenth symbol phase difference phase portraits have same pattern.

For OSNR monitoring, a simple approach is to derive the mark level and space level
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

variations from the diagonal direction of the phase portrait. Thus, in single channel
sampling technique, the larger time delay between the sample pairs leads to that the
tenth symbol phase difference phase portrait is not suitable for OSNR monitoring.
However, for the half symbol phase difference phase portraits, the patterns are almost
same in the different time delay cases, as shown in the second row of Fig. 4.6. More
importantly, the representations of the mark level and the space level of the waveform
are separated along the diagonal direction of the half symbol phase difference phase
portrait, which is suitable for the OSNR monitoring parameter derivation. Thus, for
NRZ-OOK signal, the half symbol phase difference phase portrait is used for OSNR
monitoring.

At=0.1xT, At=1.1xT, At=2.1xT, At=10.1xT,

At=1.5xT, At=2.5xT, At=10.5xT,

Figure 4.6: 10-Gb/s NRZ-OOK phase portraits generated by using different time delay.

For NRZ-DPSK signal, the tenth symbol phase difference phase portraits gener-
ated by using different time delay are also different, as exhibited in Fig. 4.7. The time
delay values are as 0.1 x T, 1.1 x T, 2.1 x T}, 10.1 x T, 0.5 x Ty, 1.5 x T}, 2.5 x T,
and 10.5 x T; separately. As similar as NRZ-OOK signal, the tenth symbol phase
difference phase portraits have same pattern when the time delay is larger than two
symbol duration. For SCS technique, it is not straight to derive the OSNR monitoring

information from the tenth symbol phase difference phase portrait generated by larger
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

time delay. However, for the half symbol phase difference phase portrait, the patterns
are almost same for the portraits using different time delay, which separate the mark
level and the space level. Thus, in NRZ-DPSK system, the half symbol phase differ-

ence phase portrait is adopted for the OSNR monitoring parameter derivation.
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Figure 4.7: 10-Gb/s NRZ-DPSK phase portraits generated by using different time de-

o

lay.

The third case of the investigated phase portraits is RZ-DQPSK signal. For the
RZ phase modulation format, including RZ-DPSK, RZ-DQPSK, and RZ-8PSK, the
direct detection of the optical signal generates the periodic pulse carver waveform. In
this chapter, RZ-DQPSK signal is employed for the demonstration. Due to the periodic
waveform feature, the phase difference phase portraits generated by using same phase
difference have same pattern, as shown in Fig. 4.8. For the tenth symbol phase differ-
ence phase portrait, the mark level and space level of the signal are split into the two
ends of the elliptical pattern. By using half symbol phase different, there generates the
phase portrait with a line pattern, as shown in Fig. 4.8. The two ends of the line pattern
represent the peak to valley variation of the periodic waveform, which can be used for

OSNR monitoring [76]. Moreover, in the low OSNR cases, it is easier to derive OSNR
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

monitoring parameter from the line pattern, compared with the tenth symbol phase d-
ifference phase portrait. Thus, for RZ phase modulation format, the half symbol phase

difference phase portrait is used for OSNR monitoring in this work.
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Figure 4.8: 20-Gb/s RZ-DQPSK phase portraits generated by using different time de-

lay.

Experiment Demonstrated 2-D Phase Portrait

By using single channel sampling technique, the generated phase portraits of the
tested signals are shown in Fig. 4.9. The tenth symbol phase difference and the half
symbol phase difference are used to generate the 2-D phase portrait. The experimental
demonstrated phase portraits have same pattern as that of the simulation demonstra-
tion. For the NRZ signals, the half symbol phase difference phase portrait separates
the mark level and the space level along the diagonal direction of the portrait, which
is more effective for OSNR monitoring parameter derivation. For the RZ signal, the
monitoring system noise fills the open area of the tenth symbol phase difference phase
portrait, which leads to the difficulty of the monitoring parameter derivation. Howev-
er, the influence of the monitoring system noise does not affect the noise parameter

derivation from the line pattern portrait. Thus, for the all investigated signals, the half
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

symbol phase difference phase portrait is adopted for OSNR monitoring.

Tenth symbol Half symbol

NRZ-OOK

NRZ-DPSK

NRZ-DQPSK

RZ-DQPSK

Figure 4.9: In the case of 30-dB OSNR, tenth symbol phase difference phase portrait
and half symbol phase difference phase portrait of 10-Gb/s NRZ-OOK, 10-Gb/s NRZ-

DPSK, 20-Gb/s NRZ-DQPSK, and 50-Gb/s RZ-DQPSK.

In 10-Gb/s NRZ-OOK system, the half symbol phase difference phase portraits
of different OSNR are shown in Fig. 4.10. The points along the diagonal direction

represent the waveform intensity of the mark level and space level. As the OSNR
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

varies from 10 dB to 30 dB, the pattern line becomes thicker and more noisy, especial-
ly the part that represents the mark level intensity. Thus, the point distribution along
the diagonal direction can be derived for OSNR estimation. For the CD induced pat-
tern evolution, when signal OSNR is 30 dB, the half symbol phase difference phase
portraits of 10-Gb/s NRZ-OOK signal with different residual CD are demonstrated in
Fig. 4.11. In the demonstrated residual CD range (from 0 to 425 ps/nm), the pattern

has a limited change as the residual CD value increases.

30dB

Figure 4.10: 10-Gb/s NRZ-OOK half symbol phase difference phase portraits gener-

ated by using SCS method in different OSNR.
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170 ps/nm

f

0 ps/nm

Figure 4.11: 10-Gb/s NRZ-OOK half symbol phase difference phase portraits gener-

ated by using SCS method in 30-dB OSNR with different CD.

In Fig. 4.12, the 10-Gb/s NRZ-DPSK half symbol phase difference phase portraits
with difference OSNR are exhibited. As the OSNR is changed from 10 dB to 30 dB,
the “grid” pattern is coarsened by the increase of ASE noise power, which is similar
to the phase portrait of NRZ-OOK signal. However, in the presence of CD effect,
residual CD induces an obvious pattern evolution, as shown in Fig. 4.13. Since CD
effect affects the pulse width, the pattern of the half symbol phase difference phase
portrait of NRZ-DPSK signal is changed. The pattern width of the diagonal direction
is reduced as the CD value increases. However, for NRZ-OOK signal, the presence of
its continuous mark level contributes the robustness of CD effect for the half symbol

phase difference phase portraits.
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

Figure 4.12: 10-Gb/s NRZ-DPSK half symbol phase difference phase portraits gener-

ated by using SCS method in different OSNR.

108 ps/nm 170 ps/nm

Figure 4.13: 10-Gb/s NRZ-DPSK half symbol phase difference phase portraits gener-

ated by using SCS method with different CD, when the OSNR is at 30 dB.

In Fig. 4.14, the 50-Gb/s RZ-DQPSK half symbol phase difference phase por-
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

traits with different OSNR are exhibited. For the RZ-DQPSK line-pattern plot, the
line pattern becomes broader, and evolves to the triangle pattern, as the signal OSNR
increases. In the presence of CD effect, the pattern is also broaden, due to the CD

induced pulse width change, as shown in Fig. 4.15.

30dB 25dB 20 dB

Figure 4.14: 50-Gb/s RZ-DQPSK half symbol phase difference phase portraits gener-

ated by using SCS method in different OSNR.

0 ps/nm 55 ps/nm

Figure 4.15: 50-Gb/s RZ-DQPSK half symbol phase difference phase portraits gener-

ated by using SCS method in 30-dB OSNR with different CD.
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4.2.2 OSNR Monitoring Parameter Derivation
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Figure 4.16: NRZ-DPSK half symbol phase difference phase portrait, (a) the points on

the diagonal and horizontal directions are derived, (b) bimodal distribution along the

diagonal direction, (c¢) bimodal distribution along the horizontal direction.

According to the different patterns of the NRZ and RZ signals, the OSNR monitoring
parameter derivation algorithms are divided into two groups. For the “grid” pattern of
the NRZ signals (including NRZ-OOK, NRZ-D(Q)PSK), the points along the diagonal
and horizontal directions of the pattern are acquired to calculate the bimodal distribu-
tion coefficients, including the mean values (m) and the standard deviations (o), as
shown in Figs. 4.16. In [75,77], authors proposed that OSNR is estimated by using
their defined factor F' based on the bimodal distribution along the diagonal direction.

Since the bimodal distance at the diagonal direction in NRZ-DPSK and NRZ-DQPSK
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

systems varies with CD, we propose to involve the bimodal distance (1,2 — my1) on
the horizontal direction to represent the signal power, which is not sensitive to CD
variation. Moreover, the bimodal variation along the diagonal direction is used to con-
vey the ASE noise induced two-level variation, so that the OSNR monitoring factor is
defined by Eq. 4.1 for the NRZ systems. The exact OSNR value can be calculated by

using data fitting.

Mp2 — Mpy

o2+ 01

FNRZ(dB) =10- l0910( 4.1)

For RZ-DQPSK system, the two ends of the line pattern deliver the waveform peak
to valley variation, which is influenced by ASE noise. Thus, the points below the
highlighted line are extracted to calculate the uni-modal distribution on the horizontal
direction, including the mean value (m,) and the standard deviation (o), as shown
in Fig. 4.17. Thus, the OSNR monitoring factor of RZ-DQPSK system is defined as

Eq. 4.2, which is proposed in [76].
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Figure 4.17: RZ-DQPSK half symbol phase difference phase portrait, (a) the points
below the red line are derived; (b) uni-modal distribution of the selected points on

horizontal direction
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

4.2.3 Experiment Results and Discussions

In Fig. 4.18, the experimental results show that the phase portrait derived by our pro-
posed SCS method can successfully be used to monitor OSNR in NRZ-OOK system.
The calculated OSNR monitoring factor has been converted to the corresponding OS-
NR value by using polynomial fitting. Additionally, each single estimated value is an
average value of ten times estimation, where 20,000 X-Y pairs are used to calculate the
monitoring parameter each time. More importantly, in Fig 4.18, the proposed OSNR
monitoring method exhibits its certain tolerance to CD effect. The OSNR estimation
errors vary within 1 dB for the OSNR monitoring from 10 dB to 25 dB, when the
CD is below 340 ps/nm.
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Figure 4.18: OSNR monitoring of 10-Gb/s NRZ-OOK signal in the presence of CD

In Fig. 4.19, the experimental results show the OSNR monitoring performance
of 10-Gb/s NRZ-DPSK system in the presence of CD effect. The OSNR monitoring

errors can be kept within 1-dB monitoring from 15-dB to 25-dB OSNR monitoring at
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4.2 OSNR Monitoring Based on 2-D Phase Portrait

the demonstrated CD range. It is significant to obtain an accurate OSNR monitoring
performance from 15 dB to 25 dB. As the CD increases, the pattern width on the
diagonal direction becomes narrow, which refers to Fig. 4.13, so that the points from
the two clusters on the diagonal direction are overlapped in the lower OSNR case.
Thus, it is difficult to derive accurate bimodal statistical parameters, which reduces
OSNR monitoring dynamic range and increases monitoring errors. When the OSNR is
high, large CD induces a strong waveform distortion that overrides the OSNR induced

variation, which also causes OSNR monitoring errors.
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Figure 4.19: OSNR monitoring of 10-Gb/s NRZ-DPSK signal in the present of CD

Fig. 4.20 shows the experimental results of 20-Gb/s NRZ-DQPSK system OSNR
monitoring in the presence of CD effect. The OSNR monitoring performance of 20-
Gb/s NRZ-DQPSK is more sensitive than the one in 10-Gb/s NRZ-DPSK. The OSNR
monitoring accuracy can be kept within 1-dB error from 15 dB to 25 dB, when the
CD is below 255 ps/nm. As same as NRZ-DPSK signal, CD effect reduces the pattern

width of NRZ-DQPSK signal, which starts to cause OSNR monitoring errors as CD
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increases to a certain value.
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Figure 4.20: OSNR monitoring of 20-Gb/s NRZ-DQPSK signal in the present of CD

In Fig. 4.21, the experimental results demonstrate the OSNR monitoring of 50-
Gb/s RZ-DQPSK signal. The signal OSNR is successfully derived by using the pro-
posed method. However, as the data rate increases to 50 Gb/s, CD effect significantly
influences the OSNR monitoring accuracy, due to the narrower pulse width of the
transmitted signal. When the CD is at 55 ps/nm and the OSNR varies from 10 dB to
20 dB, the OSNR monitoring errors reach 2 dB. Additionally, the monitoring dynamic

range is also decreased.
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Figure 4.21: OSNR monitoring of 50-Gb/s RZ-DQPSK signal in the presence of CD

By using the statistical analysis on the monitoring parameter derivation, the sam-
ple size used for the statistical calculation is an important factor that determines the
accuracy and efficiency of monitoring system. As the results in Fig. 4.22 show, when
the sample point size used for the phase portrait depiction and monitoring parameter
calculation reaches 10,000, the standard deviation of the estimated OSNR value can be
kept below 0.5 dB (the exhibited signal is 15-dB 50-Gb/s RZ-DQPSK). As the sample
size increases, the monitoring performance becomes more stable and accurate. How-
ever, there is a tradeoff between the monitoring accuracy and the total monitoring cost.
Firstly, in this work, one of the merits is using the low-speed sampling component to
reduce the monitoring setup cost. The case using larger sample size requires the sam-
pler with faster sampling speed to keep the original sampling time. In addition, the
computational cost is increased by the larger amount of sample pairs, which includes
the electrical energy consumption and the cost of high-performance computer. Thus,

the tradeoff between the monitoring accuracy and the total cost is important for the real
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system design. Since the sampling rate can be at dozens of MHz, the derivation time

of single phase portrait can be less than one micro-second.
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Figure 4.22: OSNR monitoring accuracy versus sample size used for portrait depiction

and monitoring parameter calculation.

4.3 CD Monitoring of NRZ Phase Modulated Signal

4.3.1 Working Principle of CD Monitoring

As discussed in the last section, CD reduces the pattern width of the phase portrait
at the diagonal direction, which can be the basis of CD monitoring. However, the
pattern width is also related to the received signal power. Thus, the distance ratio
between the diagonal direction and horizontal direction of the pattern is proposed for
CD monitoring, since the pattern width at the horizontal direction is mainly determined

by the received signal power. For the CD monitoring of NRZ-DPSK and NRZ-DQPSK
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4.3 CD Monitoring of NRZ Phase Modulated Signal

signals, the statistical coefficients in the horizontal and diagonal directions are derived
by using the same approach as the OSNR monitoring parameter derivation, as Fig. 4.16
shows. The mean values (m) and the standard deviations (o) are derived from the
bimodal distributions on the two directions of the portrait. The distance of the two
directions are represented by Eq. 4.3 and Eq. 4.4. Thus, the distance ratio, as expressed

in Eq. 4.5, is proposed to estimate CD.

Dd:mg—m1+01—|—02 (43)
Dq = mpz — mpy + op1 + op2 4.4)
D _
DR — d mo m1+01+02 (45)

Dy, mpz —mpy + op1 + op2

4.3.2 Experimental Results of CD Monitoring

In Fig. 4.23, the CD monitoring of 10-Gb/s NRZ-DPSK signal is demonstrated by us-
ing the proposed distance ratio between the two directions of the portrait. The demon-
strated CD monitoring range is from O ps/nm to 425 ps/nm. The linear performance of
the CD monitoring is from 150 ps/nm to 425 ps/nm. Moreover, when the OSNR varies
from 15 dB to 30 dB, the CD monitoring is not sensitive to the OSNR variation. How-
ever, as the OSNR falls below 15 dB, the CD monitoring performance has an offset to

the larger OSNR cases.
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Figure 4.23: CD monitoring of 10-Gb/s NRZ-DPSK signal in the presence of OSNR

variation.

As the experimental results show in Fig. 4.24, the proposed distance ratio is a
function of residual CD in 20-Gb/s NRZ-DQPSK system. The linear performance of
the CD monitoring is from 150 ps/nm to 425 ps/nm. In DQPSK systems, when the
OSNR is above 20 dB, the CD monitoring performance is insensitive to the OSNR
variation. When the OSNR is below 20 dB, the CD monitoring performance degrades
seriously. In the demonstrated NRZ-DPSK and DQPSK systems, the CD monitoring
has poor performance on the small CD value measurement, since the half symbol delay
phase portrait derived from the relatively large duty ratio waveform is insensitive to the

slight distortion.
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Figure 4.24: CD monitoring of 20-Gb/s NRZ-DQPSK signal in the presence of OSNR

variation.

4.4 Conclusion

In this chapter, we have proposed and experimentally demonstrated the 2-D phase por-
trait depicted by using our proposed single channel sampling technique. By employing
corresponding statistical pattern recognition on the 2-D phase portraits, OSNR mon-
itoring and CD monitoring are demonstrated in both RZ and NRZ systems success-
fully. Moreover, the SCS scheme saves monitoring setup cost and 3-dB monitored
signal power budget. More importantly, the monitoring setup is simplified in large
degree, which reduces the system management complexity. Based on the self-delay
method, it is flexible to generate the phase portraits with different phase differences,
which enlarges its application area. Additionally, the phase portrait generated by our

proposed method has potential for multiple optical impairments monitoring. However,
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4.4 Conclusion

this method employs a high bandwidth sampling channel and data processing, which is
high energy consuming. Thus, it is preferred to be implemented in the receiver end or

the switching center, where the monitoring device can use a continuous power supplier.
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Chapter 5

Optical Signal to Noise Ratio
Monitoring Based on Software

Synchronized Sampling Technique

In chapter 4, single channel sampling technique was proposed to generate 2-D phase
portrait for OSNR monitoring and CD monitoring. In order to obtain an accurate
sampling interval, the related sampling frequency is used to trigger sampler, which
limits the application scope of the monitoring system, since the sampling frequency is
synchronized with the monitored signal. The un-related sampling frequency can break
this restriction, which is not related to the data rate of the monitored signal. However,
this scheme requires additional synchronization on the sampling sequence.

In [104, 105], the software based synchronization technique was proposed to syn-
chronize the sample sequence for eye diagram reconstruction. The aliasing frequency
in the un-related low-speed sampling scheme is estimated by using fast Fourier trans-
form (FFT) and phase reference detection method, which is the key step of the software
synchronization technique. Then, the eye diagram is reconstructed after software syn-

chronization, which is used to monitor the signal quality by the analysis of the signal

88
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Sampling Technique

amplitude distribution at the symbol center. However, this method requires the highly
accurate estimation of the aliasing frequency. The estimated aliasing frequency off-
set (FO) would lead to re-timing shift for the re-construction of eye diagram, which
seriously affects the monitoring accuracy, as the recovered eye diagrams generated by
using this method shows in Fig. 5.1. When the estimated aliasing frequency offset is up
to 500 Hz, the eye diagram formed by ten thousands of samples suffers the re-timing
error, which causes the half eye being closed. As the offset increases, the recovered
eye is almost closed.

In this chapter, we propose to use the low-speed un-related sampling scheme with
the software based synchronization technique to depict the 2-D phase portrait for OS-
NR monitoring, which has a certain tolerance to the aliasing frequency estimation off-
set. Moreover, in order to increase the tolerance to the aliasing frequency estimation
offset, the tolerated phase difference is proposed for the phase portrait generation. In
the experimental demonstration, OSNR monitoring is successfully performed by us-
ing the proposed method in different modulation formats in the presence of a certain

amount of chromatic dispersion (CD).

Amplitude (a.u.)
Amplitude (a.u.)
Amplitude (a.u.)

' |me(a.u

()

Figure 5.1: NRZ-OOK signal eye diagrams that are reconstructed under different alias-

ing clock frequency estimation offset. (a) FO=0 Hz, (b) FO=500 Hz, (c) FO=1000 Hz.
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5.1 Working Principle and Experimental Setup

5.1 Working Principle and Experimental Setup

The experimental setup of the proposed software synchronized single channel sam-
pling method is shown in Fig. 5.2. The modulated signal is coupled with a 0.8-nm
noise source after a certain period of standard single mode fiber (SSMF) transmission.
In this chapter, 10.7-Gb/s NRZ-OOK, NRZ-DPSK and RZ-DPSK signals are tested.
The OSNR value of the monitored signal is tuned by changing the output power of the
noise source, while the different values of residual CD are introduced by using different
lengths of SSMF. Then, an erbium-doped fiber amplifier (EDFA) is used to compen-
sate the power loss during fiber transmission. Before the receiver, the redundant noise
is removed by a 0.65-nm optical band pass filter (BPF).

In this work, the receiver of NRZ-OOK and RZ-DPSK signals is composed of a
single photo detector and a linear electrical amplifier, while an optical delay interfer-
ometer (DI) is employed before the photo detector to demodulate NRZ-DPSK signal.
By using this approach, the ASE noise induced significant waveform peak variation can
be obtained. In the experimental demonstration, a single 16-GHz bandwidth sampling
channel of real-time oscilloscope is triggered by un-related low sampling frequency
(~9.77 MHz), as an analog to digital converter (ADC), which derives the discrete
waveform sequence. The rest part of this OSNR monitoring setup is signal processing,
which includes sampling sequence synchronization and monitoring parameter deriva-

tion.

| Low speed clock |

Modulated

signal 0.65 nm

X\\*— Receiver—{ ADC || DSP

BPF

SSMF

0.8 nm

ASE noise X\L

BPF

Figure 5.2: The experimental setup of the proposed OSNR monitoring method.
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5.2 Working Principle of Software Synchronization Tech-
nique

Since the sampler is triggered by the un-related low speed sampling frequency (f5),
it generates the aliasing frequency (f,), as shown in Fig. 5.3. The sampling interval
can be expressed by n X T' + 7 (n is an integer number; 7" is one symbol duration;
7 is within one symbol time shift between neighbor samples). There is a particular
relationship between the aliasing frequency and the sampling frequency as expressed

in Eq. 5.1[104].

equivalent
> T
" T ; nxT+t i
> P~
N S : S b ~

» S, N < hldd(.e.t].fer|ods , 2 LY R 7
4 N S
e 7 2 d 3

f £~ - T

Figure 5.3: Un-related low speed sampling scheme.

Jo _ T (5.1)

fo T
After the aliasing frequency is estimated, the phase difference (7/T) between adjacent

samples can be obtained by Eq. 5.1. Moreover, the accumulated phase difference of

the whole sample sequence can be obtained, as Fig. 5.4 shows.

Intensity S S2 S3 Sk Sk
Phase |t | 2% | 3% k*o [(ktD*t
difference T T R T

Figure 5.4: Synchronized sample sequence with known phase difference.
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5.2 Working Principle of Software Synchronization Technique

Thus, the aliasing frequency estimation is the core part of the software synchro-
nization. In this chapter, the aliasing frequency estimation is based on the FFT based
reference phase detection method [104], which is originally used for eye diagram re-
construction. Firstly, the sample sequence is transformed into frequency domain by
FFT, whose power spectrum is shown in Fig. 5.5. Due to the limited resolution of FFT,
the rough aliasing frequency (f.) is obtained by searching the peak of the power spec-
trum. The FFT resolution leads to a frequency estimation offset between the rough
aliasing frequency and the true aliasing one. Thus, the reference phase detection is

used to further estimate the aliasing frequency ( f,), as shown in Fig. 5.6.

Intensity

N Wb o

Frequency

Figure 5.5: 10.7-Gb/s NRZ-DPSK signal power spectrum generated by FFT.
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Figure 5.6: Reference phase detection method.
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5.3 OSNR Monitoring Using Fixed Phase Difference Phase

Portrait

5.3.1 Phase Portrait Generation and Monitoring Parameter Deriva-
tion

For the typical delay-tap sampling plot, the time delay or the phase difference between
the X-Y pair is a fixed value. In the chapter 4, the fixed half symbol phase difference
is used to generate the 2-D phase portrait for OSNR monitoring and CD monitoring,
which is applicable to the software synchronized single channel sampling method.
For the X-Y pair generation using software synchronized single channel sampling
method, the nearest sample pairs, whose phase difference is equal to half symbol peri-
od, are selected from the software synchronized sample sequence as X-Y pairs. Then,

the selected X-Y pairs are depicted in a 2-D coordinate system, as shown in Fig. 5.7.

ISearch sample pair with half l
symbol phase difference

i 1 2 .
Intensity S S S3 Sk Syt (S1.8,)
. °
Phase |t | 2%t | 3% k*r | (k¥
difference T T T T T
X

Figure 5.7: X-Y pairs generation for 2-D phase portrait depiction.

The generated half symbol phase difference phase portraits of 10.7-Gb/s NRZ-
OOK, NRZ-DPSK and RZ-DPSK signals are shown in Fig. 5.8. They have similar
patterns as the phase portraits generated by the method using related sampling fre-
quency. The pattern of 10.7-Gb/s NRZ-OOK is not standard “grid” pattern, due to the

low pass filtering effect of the 16-GHz sampling channel.
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X(au)
(a)

Figure 5.8: The generated 2-D phase portrait of (a) NRZ-OOK, (b) NRZ-DPSK, (c)
RZ-DPSK.

Since the patterns are different in the three tested systems, the derivation ap-
proaches of the monitoring parameter are diverse in different systems. For the NRZ-
OOK and NRZ-DPSK signals, the points along the diagonal direction of the phase
portrait are derived, which follow bimodal distribution, as shown in Fig. 5.9 (a). The
bimodal points represent the mark level and space level of the signal separately. The
bimodal statistical parameters, including the mean values (14, m2) and the standard
deviations (o7, 09), are calculated. The summation of the bimodal variances is used
to represent the noise power variation, while the input monitored signal power (F;,)
is used to express the signal power. Accordingly, the OSNR monitoring parameter of

NRZ signals is expressed in Eq. 5.2.
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Figure 5.9: (a) Statistical information acquisition for the NRZ signals. (b) Bimodal

distritbution of the point along diagonal direction of the phase portrait.
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Fnprz = (5.2)

For the half symbol phase portrait of RZ-DPSK signal, the points at the two ends of
the line pattern convey the waveform peak to valley variation. For these sample pairs,
when one is located at waveform peak, the other is from waveform valley. In this
work, as shown in Fig. 5.10 (a), the points at the one end are derived to calculate its
distribution information in the horizontal direction, which can express the ASE noise
induced waveform peak-to-valley variation. Then, the OSNR monitoring parameter
can be calculated by using the derived variance of the uni-modal distribution and the

monitored optical signal power, as expressed by Eq. 5.3.
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Figure 5.10: Statistical information acquisition for the RZ signals. (b) Uni-modal

distritbution of the points at the one end of the phase portrait.

Pin
Frp =2 (5.3)

5.3.2 Experimental Results

In Fig. 5.11, the experimental results show the propose OSNR monitoring performance
of 10.7-Gb/s NRZ-OOK signal in the presence of CD effect. The demonstrated OSNR
monitoring range is from 10 dB to 30 dB, while the CD is changed from 0 ps/nm to 595
ps/nm. As the residual CD increases, the OSNR monitoring accuracy degrades gradu-
ally. For the higher OSNR cases (larger than 25 dB), the OSNR monitoring accuracy is
significantly influenced by serious CD effect, because the CD induced waveform dis-
tortion becomes dominant. For OSNR monitoring, the more meaningful monitoring
range is from 10 dB to 25 dB. In this range, the total OSNR monitoring variation range

is within +1 dB, when the CD is less than 510 ps/nm.
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Figure 5.11: Experimental results of OSNR monitoring in the present of CD effect in

10.7-Gb/s NRZ-OOK system.

In Fig. 5.12, the experimental results show the proposed OSNR monitoring perfor-
mance in 10.7-Gb/s NRZ-DPSK system, which undertakes CD effect simultaneously.
The demonstrated OSNR monitoring range is from 10 dB to 30 dB, while the residual
CD is changed from O ps/nm to 595 ps/nm. When the CD is less than 510 ps/nm, for
the OSNR monitoring from 10 dB to 25 dB, the OSNR monitoring variation range is
within =1 dB. When the CD is larger than 510 ps/nm, serious CD effect reduces the
phase portrait pattern width to a quite narrow level, where it is difficult to derive an

accurate OSNR monitoring parameter.
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Figure 5.12: Experimental results of OSNR monitoring in the present of CD effect in

10.7-Gb/s NRZ-DPSK system.

In Fig. 5.13, the experimental results show the proposed OSNR monitoring per-
formance for 10.7-Gb/s RZ-DPSK signal in the presence of CD effect simultaneously.
The demonstrated OSNR monitoring range is from 10 dB to 30 dB, while the residual
CD is changed from O ps/nm to 595 ps/nm. Signal OSNR is successfully estimated
by using the proposed method. At the same time, the OSNR monitoring method has a

certain tolerance to CD effect. When the CD is not larger than 425 ps/nm, the OSNR

monitoring variation range can be kept within £1 dB.
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Figure 5.13: Experimental results of OSNR monitoring in the presence of CD effect in

10.7-Gb/s RZ-DPSK system.

In Fig. 5.14, the experimental results show the OSNR monitoring accuracy versus
the estimated aliasing frequency offset. When it is within 500 Hz, the OSNR monitor-
ing errors of all the demonstrated formats are within 1 dB. However, as the frequency
offset keeps increasing, the OSNR monitoring accuracy of the NRZ-DPSK and RZ-
DPSK systems is seriously degraded for the higher OSNR value estimation, while the
OSNR monitoring performance of the NRZ-OOK system is more robust. It is due to
that NRZ-OOK signal has continuous mark level, it still can derive waveform peak to

peak variation for large frequency drift.
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Figure 5.14: Estimated aliasing frequency offset versus OSNR monitoring error in the

three tested systems.

5.4 OSNR Monitoring Using Tolerated Phase Differ-

ence Phase Portrait

5.4.1 Working Principle of Tolerated Phase Difference Phase Por-

trait

fa;—fo:T—i-TAT (5.4)

As discussed in the previous part, the core part of the software synchronization is the

aliasing frequency estimation, which is in charged by the FFT based reference phase
detection. However, when the aliasing frequency has a certain estimation offset (f,),
it generates the drift phase (A7/T') in the obtained phase difference between samples,

as expressed in Eq. 5.4. More seriously, the drift phase is accumulated in the sample
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5.4 OSNR Monitoring Using Tolerated Phase Difference Phase Portrait

sequence, which destroys the recovered eye diagrams. As shown in Fig. 5.15(a) and
(b), for 500-Hz aliasing FO, the recovered eye of 10.7-Gb/s NRZ-DPSK signal suffers
the re-timing error (phase drift), which would be worse as the frequency offset keeps

increasing.

Figure 5.15: Eye diagrams of NRZ-DPSK signal with 30-dB OSNR, which is recov-

ered under different aliasing FO: (a) 0 Hz, (b) 500 Hz.

Since the interval between the X-Y pair is several samples apart, the S00-Hz alias-
ing FO induced accumulated drift phase between samples pair leaves limited influence
on the phase portrait pattern, as shown in Fig. 5.16(a) and (b). However, as the aliasing
FO continuously increases to 10 kHz, the plot pattern is changed by the fault phase

difference between the sample pairs, as shown in Fig. 5.16(c).

Figure 5.16: Half symbol delay phase portrait of NRZ-DPSK with 30-dB OSNR,

which is generated under different aliasing FO: (a) 0 Hz, (b) 500 Hz, (c) 10 kHz.
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5.4 OSNR Monitoring Using Tolerated Phase Difference Phase Portrait

For the conventional 2-D phase portrait, the time delay or the phase difference
between the sample pair is a fixed value, such as tenth symbol or half symbol dura-
tion [72,75,77]. The pattern of the tenth symbol phase difference phase portrait is
totally different from that of the half symbol phase difference phase portrait. However,
a slight deviation of the phase difference does not change the patterns of the portraits
significantly. As the plots in Fig. 5.17 show, the phase portraits are generated by us-
ing different equivalent phase differences (A7 /T’). The patterns generated by using 0.5
times symbol phase difference are similar to that generated by 0.47 times symbol phase
difference in all the three tested modulation formats. Thus, the OSNR monitoring rely-
ing on these two different phase portraits would have similar monitoring performance.

However, as the phase difference deviation increases, the pattern changes gradually.

At/T=0.5 At/T=0.47 At/T=0.45 At/T=0.4

NRZ-OOK

NRZ-DPSK

RZ-DPSK

Figure 5.17: Phase portrait generated by using different equivalent time delay in dif-

ferent modulation systems.

Since the patterns of the phase portraits with slightly different phase differences

are similar, the sample pairs, whose phase difference is within the tolerated range (2 -
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to,/T), are selected from the sample sequence to depict a phase portrait, as shown in
Fig. 5.18(a). For example, the phase difference between the sample S; and its partner
Sy is in the range from (At —1¢,) /T to (At +t,)/T, so that the sample pairs that satisfy
the phase difference would be easier to be found during the X-Y pairs generation. The
time interval between the sample pairs would be reduced, which increases the tolerance
to the drift phase induced by the aliasing frequency estimation offset. As the tolerated
half symbol phase difference phase portrait generated under 10-kHz aliasing frequency
offset in Fig. 5.18(b) shows, the tolerated phase difference (¢,/T = 0.003) scheme is

more robust to the aliasing frequency estimation offset.

IXT+At-t, 2,
S, ‘ hidden periods \ Sp
T =
IXT+At Sa

(a)

Figure 5.18: (a) Schematic diagram of tolerated phase difference phase portrait gener-

ation. (b) NRZ-DPSK signal phase portrait generated by tolerated phase difference.

In Fig. 5.19, the phase portraits in both the fixed and tolerated phase difference
schemes are compared in the case that the estimated aliasing frequency offset is 10
kHz. It is noted that the patterns of the tolerated phase difference plot do not change
under 10-kHz aliasing frequency estimation offset. For the fixed phase difference,
since the aliasing frequency offset leads to a certain amount of drift phase, the true

phase difference is changed.
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Fixed Phase Difference Tolerated Phase Difference

NRZ-DPSK

RZ-DPSK

NRZ-OOK

Figure 5.19: Phase portrait comparison between the fixed phase difference scheme and
the tolerated phase difference scheme in the three tested formats, when the aliasing

frequency offset is 10 kHz.

5.4.2 Experimental Results and Discussions

The tolerated phase difference scheme is a method that overlaps the phase portraits
generated by using slight different phase differences. Firstly, the OSNR monitoring
performance based on the phase portraits with different phase differences are inves-
tigated. As the experimental results shown in Fig. 5.20, when the phase difference
deviates from half symbol duration, the OSNR monitoring errors increase in the NRZ-
DPSK and RZ-DPSK systems. In the high OSNR cases, the OSNR monitoring is more
sensitive to the phase difference deviation. When the deviation is less than 0.03/T, the
OSNR monitoring error can almost be kept in an acceptable range. However, for NRZ-

OOK signal, the OSNR monitoring error is almost within 1 dB, since its continuous
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mark level signal feature leads to the similar pattern in the demonstrated phase differ-
ence range, which can also be referred to the phase portraits in Fig. 5.17. Thus, the

tolerated phase difference, which is 0.03/T, is adopted to generate the phase portrait

for OSNR monitoring.
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Figure 5.20: OSNR monitoring accuracy versus the phase difference deviation of the

sample pairs .

In Fig. 5.21, the experimental results show the OSNR monitoring error of the
proposed tolerated phase portrait scheme versus the aliasing frequency offset in 10.7-
Gb/s NRZ-DPSK system. The signal OSNR is tested from 10 dB to 30 dB. The OSNR
monitoring errors can almost be kept below 1 dB as the aliasing frequency estimation
offset increases up to 10 kHz for the demonstrated OSNR value. Compared with the
fixed phase difference phase portrait scheme, the tolerated phase difference scheme is

more robust to the aliasing frequency estimation.
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Figure 5.21: OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s

NRZ-DPSK system for the tolerated phase difference phase portrait scheme.

In Fig. 5.22, the experimental results show the OSNR monitoring error of the
proposed tolerated phase portrait scheme versus the aliasing frequency offset in 10.7-
Gb/s RZ-DPSK system. The signal OSNR is tested from 10 dB to 30 dB. The 1-dB
OSNR monitoring tolerance to the aliasing frequency offset can reach 10 kHz in the

demonstrated OSNR value.

106



5.4 OSNR Monitoring Using Tolerated Phase Difference Phase Portrait

oo
1

—=— OSNR=10dB
—e— OSNR=15dB
—A— OSNR=20dB
—v— OSNR=25dB
—— OSNR=30dB

o N
L1

-----

OSNR Estimation Error (dB)
w

20000 -10000 O 10000 20000
Aliasing Frequency Offset (Hz)

Figure 5.22: OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s

RZ-DPSK system for the tolerated phase difference phase portrait scheme.

In Fig. 5.23, the experimental results show the OSNR monitoring error of the
proposed tolerated phase portrait scheme versus the aliasing frequency offset in 10.7-
Gb/s NRZ-OOK system. The signal OSNR is tested from 10 dB to 30 dB. For the
NRZ-OOK format, due to its continuous mark level, its half symbol phase portrait is
more robust to the aliasing frequency estimation offset. In the demonstrated frequency
offset range from -26 kHz to 26 kHz, the OSNR monitoring error can almost be kept

within 1 dB.
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Figure 5.23: OSNR monitoring error versus aliasing frequency offset in 10.7-Gb/s

RZ-DPSK system for the tolerated phase difference phase portrait scheme.

In Fig. 5.24, the experimental results exhibit the OSNR monitoring performance
in the presence of both aliasing frequency offset and CD effect in 10.7-Gb/s NRZ-
DPSK system. The signal OSNR is tested from 10 dB to 30 dB. At the same time,
the aliasing frequency estimation offset varies from 0 Hz to 10 kHz, while the CD is
changed from O ps/nm to 425 ps/nm. When the two factors co-exist in the monitoring
system, the proposed OSNR monitoring method can keep a good monitoring accuracy
from 10 dB to 25 dB. Beyond 25 dB, the OSNR monitoring accuracy is poor, since it

is more sensitive to the CD induced pattern distortion.
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Figure 5.24: Experimental results of OSNR monitoring by using tolerated phase dif-

ference phase portrait in the present of CD effect in 10.7-Gb/s NRZ-DPSK system.

In Fig. 5.25, the experimental results show the OSNR monitoring performance in
the presence of both aliasing frequency offset and CD effect in 10.7-Gb/s RZ-DPSK
system. The signal OSNR is tested from 10 dB to 30 dB. At the same time, the alias-
ing frequency estimation offset varies from O Hz to 10 kHz, while the residual CD
is changed from O ps/nm to 425 ps/nm. In the presence of the variation of these two
factors, the proposed OSNR monitoring performs with good accuracy from 10 dB to
25 dB. For the larger than 25-dB OSNR case, the monitoring accuracy reduces signif-

icantly, because CD induces more obvious pattern distortion.
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Figure 5.25: Experimental results of OSNR monitoring using tolerated phase differ-

ence phase portrait in the presence of CD effect in 10.7-Gb/s RZ-DPSK system.

In Fig. 5.26, the experimental results show the OSNR monitoring performance in
the presence of both aliasing frequency offset and CD effect in 10.7-Gb/s NRZ-OOK
system. The signal OSNR is tested from 10 dB to 30 dB. In the meanwhile, the aliasing
frequency estimation offset varies from 0 Hz to 10 kHz, while the CD is changed from
0 ps/nm to 425 ps/nm. In the demonstrated CD and aliasing frequency offset variation
ranges, the proposed OSNR monitoring method can keep accurate performance in the

demonstrated OSNR range.
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Figure 5.26: Experimental results of OSNR monitoring using tolerated phase differ-

ence phase portrait in the presence of CD effect in 10.7-Gb/s NRZ-OOK system.

5.5 Conclusion

In this chapter, the OSNR monitoring method using single channel sampling with soft-
ware synchronization technique was proposed and successfully demonstrated in 10.7-
Gb/s NRZ-OOK, NRZ-DPSK, and RZ-DPSK systems. More importantly, by using
the proposed tolerated phase difference phase portrait, the tolerance to the aliasing
frequency estimation offset of the software synchronization is significantly improved,
which reduces the accuracy requirement of the software synchronization technique.
This method employs the software based algorithm to synchronize the sampling se-
quence that is sampled by un-related sampling frequency, so that the system setup com-
plexity is further simplified. This method has the simplest OSNR monitoring setup, to

the best of our knowledge. In addition, the un-related sampling frequency extends its
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application scope. However, the software synchronization increases the computation
loading in some degree, so the monitoring speed is reduced. Thus, there is a tradeoff

between the application scope and the monitoring speed.
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Chapter 6

Time Alignment Monitoring Using

Electrical Sampling Technique

In this chapter, RZ pulse carver alignment and 1/Q branch alignment monitoring of
RZ phase modulation systems are investigated. So far, there are some RZ pulse carver
alignment monitoring methods that have been proposed for RZ signals [19,84,86,106].
These methods are based on the fact that the time misalignment induces optical or
RF spectrum evolution. However, it is difficult to identify the sign of the time mis-
alignment from frequency domain of the signal. Thus, during system calibration, the
monitoring system needs to keep testing the signal till the calibration is finished, which
is not efficient.

For the time alignment monitoring, the sign of the time mis-alignment can be
observed from time domain of the signal [87]. In this chapter, we propose and demon-
strate a novel method to monitor RZ pulse carver alignment of RZ-DPSK and RZ-
DQPSK systems by using electrical sampling technique with cooperation of simple
pattern recognition. The proposed method is demonstrated by using both simulation
and experimental demonstration. More importantly, the proposed method is demon-

strated by using software synchronized single channel sampling technique being dis-
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6.1 Pulse Carver Alignment Monitoring

cussed in chapter 5. The sign and degree of the time mis-alignment can be estimated by
investigating the pattern evolution. Moreover, the I/Q alignment of RZ-DQPSK signal
can also be monitored by using our proposed method. More importantly, the proposed
method is convenient to be operated and maintained, since digital signal processing

(DSP) is in charge of the core part of the monitoring system.

6.1 Pulse Carver Alignment Monitoring

6.1.1 Working Principle of Pulse Carver Alignment Monitoring

NRZ signal Intensity RZ signal
transmitter [ | Modulator

m 4 DC || Photo

|
|
Sampler H At block | | detector :
|

Monitoring system

Figure 6.1: Schematic diagram of the proposed pulse carver alignment monitoring

system setup.

In the simulation work, delay-tap sampling method is used to investigate the time align-
ment monitoring performance, where different time delay phase portraits with same
phase difference are investigated. The simulation setup of our proposed RZ pulse
carver alignment monitoring system is shown in Fig. 6.1. The integrated optical trans-
mitters generate NRZ-DPSK and NRZ-DQPSK signals separately in the two tested

systems. An optical intensity modulator works as a RZ pulse carver to generate RZ
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6.1 Pulse Carver Alignment Monitoring

pulse, which is driven by clock signal. The pulse carver employs a tuneable delay line
to synchronize the pulse carver and the modulated data. In order to reduce the cost
and complexity of the monitoring setup, we propose to monitor the time alignment
by analysis on the pulse carvers waveform, so that a single photo detector is used to
transform the time mis-aligned optical signal into electrical signal. After a DC block
and an electrical amplifier, a power divider splits the electrical signal into two branch-
es. An electrical delay line is placed in one branch, which emulates an internal delay
(At) between the two samplers. The bandwidth of the sampling channel is 10 GHz for
10-Gb/s RZ-DPSK signal, while it is 25 GHz for 50-Gb/s RZ-DQPSK signal.

In this work, we propose to monitor the time alignment by using the tenth symbol
phase difference phase portrait. In the simulation work, the tenth symbol difference
phase portraits generated by using within one symbol delay and larger than one symbol
delay are investigated in the alignment monitoring performance. The larger time delay
values (1.1 T}, 10.1x Ty, 30.1 % T, and 50.1 % T}, T§: one symbol duration) are used to
generate phase portraits separately, whose phase differences are tenth symbol duration.
Thus, they are named as equivalent tenth symbol phase difference phase portrait.

For the synchronized RZ pulse carver, the waveform peak of the pulse carver is
aligned with the bit center, while the waveform valley is placed at the phase transition
center. In Fig. 6.2(a), the diagram shows the generation of RZ-DPSK. NRZ-DPSK
signal has almost a constant light intensity except that at the phase transition. In the
bit transition period, the phase change of the neighbour bits causes a slight optical
intensity dip, while the transitions of the continuous same phase keep almost constant
intensity. Thus, there are two types of light intensities during bit transition. For the
well aligned case, the pulse carver suppresses the two types into one. The intensity
of the RZ-DPSK signal has a sinusoid-like profile. However, when there is a certain
number of time mis-alignment between the pulse carver and the modulated light, the

intensity profile of RZ-DPSK signal is distorted, as shown in Fig. 6.2(b). The intensity
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6.1 Pulse Carver Alignment Monitoring

dip of the NRZ-DPSK signal shifts to one edge of the pulse carver, which leads to the
edge distortion of the combined RZ-DPSK signal. At the meantime, the mis-alignment
does not influence the waveform at the no-dip transition, which means that the pulse
carver waveform is not changed in this case. Thus, these two cases cause the two edges
in one side, as the eye diagram of mis-aligned RZ-DPSK signal shows in Fig. 6.2. The

sign of the time mis-alignment decides which side the double edge appears.

Pulse Carver Pulse Carver
i ] l /" NRZ-DPSK /ey + NRZDPSK
RZ’DTK RZ-DPSK
Type 1 -:b,e 2
(@) (b)
Eye diagram
(c)

Figure 6.2: Illustration of RZ pulse carver alignment (a) synchronized RZ-DPSK sig-
nal generation, (b) mis-aligned RZ-DPSK signal generation, (c) eye diagram of mis-

aligned RZ-DPSK signal.

In Fig. 6.3, the eye diagrams and phase portraits of 10-Gb/s RZ-DPSK signal
generated by simulation demonstrate the waveform and pattern evolutions as the time
mis-alignment varies. As the eye diagrams show in the first column of Fig. 6.3, the
received pulse carver waveform appears the double edge, whose gap increases as the

time mis-alignment increases. The sign of the time mis-alignment can be observed
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6.1 Pulse Carver Alignment Monitoring

from the eye diagrams.

EYE

:::::

Figure 6.3: The evolution of eye diagram, tenth symbol delay phase portrait, and one
and tenth symbol delay phase portrait of 10-Gb/s RZ-DPSK signal as the pulse carver
mis-alignment varies. The demonstrated time mis-alignment is -20 ps, -10 ps, O ps, 10

ps and 20 ps
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6.1 Pulse Carver Alignment Monitoring

After the electrical signal waveform is transformed into the tenth symbol delay
phase portrait (At = 0.1 * T}), the pattern evolves as the time mis-alignment changes,
as shown in the second column of Fig. 6.3. It can be noticed that the tenth symbol
delay phase portrait is extended at the diagonal direction as the time mis-alignment
increases, but the one and tenth symbol delay phase portraits (At = 1.1 % T) show
more obvious pattern distortion, even if these two types of phase portraits show the
similar pattern of the synchronized signal, as exhibited in the third column of Fig. 6.3.
For the case using tenth symbol delay, the sample pairs are from same transition edge,
while the sample pairs with one and tenth symbol delay are from either of these two
edges, which cause a different phase portrait in the large time mis-alignment case.
As the -20-ps mis-alignment phase portrait in the third column of Fig. 6.3 shows, the
curve pattern at right bottom of the portrait is formed by the X-Y pairs from different
types of edges, which lead to a significant pattern evolution as the time mis-alignment

increases.
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6.1 Pulse Carver Alignment Monitoring

Figure 6.4: Phase portrait of 10-Gb/s RZ-DPSK signal generated by using different
time delay: (a) 1.1 x 75, (b) 10.1 x 7§, (¢) 30.1 * T, (d) 50.1 x T§; (e) phase portrait of

50-Gb/s RZ-DQPSK signal generated by using 50.1 x T time delay.

In Fig. 6.4(a)-(d), the 10-Gb/s RZ-DPSK equivalent tenth symbol phase differ-
ence phase portraits generated by using different time delay are demonstrated. It can
be noted that the tenth symbol phase difference phase portraits generated by using dif-
ferent time delay have same pattern. Moreover, for the 50-Gb/s RZ-DQPSK signal, the
tenth symbol phase difference phase portrait generated by using large time delay has a
similar elliptical pattern as the RZ-DPSK signal tenth symbol phase difference phase

portrait, due to their similar received pulse carver waveform, as Fig. 6.4(e) shows.
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6.1 Pulse Carver Alignment Monitoring

6.1.2 Monitoring Parameter Derivation

X 1 0 -3 Numerical
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Figure 6.5: Equivalent tenth symbol difference phase portrait of 10-Gb/s RZ-DPSK

signal and schematic diagram of pattern recognition.

According to the pattern evolution as the time mis-alignment varies, we propose to
use the ratio of the pattern widths to monitor pulse caver alignment. As the schematic
diagram shows in Fig. 6.5, initially, the pattern is divided into two areas at the diagonal
direction of the 2-D coordinate system. One area is defined as the positive region, the
other is the negative one. Then, the pattern widths of these two areas are measured as
d,, and d,,, while the pattern length along the diagonal direction at the third quadrant of
the original coordinate system is measured as d;. The pattern widths are obtained by
calculating the distance of the points to the diagonal lines. The three width parameters
are the average values of several longest distances in each case. Thirdly, by comparing
the pattern widths in the two areas, the region sign of the wider one determines the sign
of the distance ratio (D R) as expressed by Eq. 6.1. The normalized parameter (D R)
is the distance ratio of the synchronized signal, as expressed by Eq. 6.2, where the
three distances (dy, dpo, dqo) are measured from the synchronized signal. We propose

to monitor RZ pulse carver alignment by using Eq. 6.1, which can determine the sign
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6.1 Pulse Carver Alignment Monitoring

of the time mis-alignment.

d, +d
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6.1.3 Simulation Results of RZ Pulse Carver Alignment Monitor-

ing

—A— No sign defined
—©6— Sign defined

-50 40 -30 -20 -10 0 10 20 30 40 50
Time mis-alignment (ps)

Figure 6.6: Simulation results of the proposed pulse carver alignment monitoring using

tenth symbol delay phase portrait in 10-Gb/s RZ-DPSK system.

In Fig. 6.6, the simulation results show the proposed distance ratio of the tenth symbol
delay (At/T = 0.1) phase portrait as a function of the time mis-alignment in 10-Gb/s
RZ-DPSK signal. By comparing the pattern width of the phase portrait in the two
regions, the sign of the time mis-alignment can be identified. Otherwise, it can only

estimate the absolute value of the time mis-alignment, as the no-sign-defined curve
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6.1 Pulse Carver Alignment Monitoring

shows in Fig. 6.6. The no-sign-defined scheme does not distinguish the pattern widths
of the two region. Although the sign can be determined, the monitored range is reduced
by 10 ps, which is from -30 ps to 30 ps. Beyond this range, the two area widths of the
pattern are comparable, so that it is difficult to determine the accurate sign of the time

mis-alignment. Thus, the effective monitoring range of the sign defined scheme is

reduced.
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Figure 6.7: Simulation results of the proposed pulse carver alignment monitoring using

equivalent tenth symbol delay phase portrait in 10-Gb/s RZ-DPSK system. Ts: one

symbol duration.

More importantly, by using the equivalent tenth symbol phase difference phase
portrait, the monitoring dynamic range is significantly improved, as Fig. 6.8 shows.
It shows that the equivalent tenth symbol phase difference phase portraits have same
monitoring performance, whose time delay values are 1.1 % T, 10.1 % T}, 30.1 % T} and
50.1 % T, since these phase portraits have same patterns and evolution trend. Addition-

ally, the pulse carver alignment monitoring range regains 12 ps.
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6.1 Pulse Carver Alignment Monitoring

The proposed pattern recognition algorithm is also applied for RZ pulse carver
alignment of RZ-DQPSK signal. In Fig. 6.8, the simulation results show the distance
ratio versus the time mis-alignment of 50-Gb/s RZ-DQPSK signal, which uses the
tenth symbol phase difference phase portraits generated by using different time delay.
The equivalent tenth symbol phase difference phase portraits are more sensitive to the
time mis-alignment than the tenth symbol delay phase portrait, which shows a larger
monitoring range and monitoring dynamic range. Thus, it can be concluded that the
equivalent tenth symbol phase difference phase portrait is a better candidate for pulse

carver alignment monitoring in RZ-DPSK and RZ-DQPSK systems.
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Figure 6.8: Simulation results of the proposed pulse carver alignment monitoring by

using equivalent tenth symbol phase difference phase portrait in 50-Gb/s RZ-DQPSK

system. Ts: one symbol duration.

123



6.1 Pulse Carver Alignment Monitoring

6.1.4 Experimental Demonstration of RZ Pulse Alignment Moni-
toring

As the simulation results exhibit, the phase difference phase portraits using larger time
delay are more sensitive to pulse carver alignment monitoring. Additionally, the sign
monitored range is extended. Thus, the proposed phase portrait generated by using
single channel sampling method is a good solution for pulse carver alignment monitor-
ing, which generates the X-Y pairs with large time delay. In Fig. 6.9, the experimental
setup of the proposed pulse carver monitoring method is exhibited. Firstly, the light
generated by an external cavity laser (ECL) laser is modulated by the transmitted data.
Then, the modulated light is modulated by clock signal, which works as a pulse carver.
The tuneable delay line is used to synchronize the pulse carver to the modulated data.
In this work, 10-Gb/s RZ-DPSK and 20-Gb/s RZ-DQPSK signals are tested. For the
generation of 10-Gb/s RZ-DPSK signal, the first optical modulator is an MZM that is
biased at the nulling point for NRZ-DPSK signal generation, while an I/Q modulator
is used as the data modulator for 20-Gb/s NRZ-DQPSK signal generation. The pulse
carver is modulated by a 10-Gb/s clock signal to generate 50% RZ pulse carver. The
obtained RZ signal is directly sent into the monitoring module for testing. For the
monitoring module setup, a single photo detector transforms the optical signal into the
electrical waveform. Then, an electrical amplifier increases the electrical signal power
after the DC component is removed. A single sampling channel of real-time oscillo-
scope samples the electrical signal by using un-related sampling frequency. Finally,
the sample sequence is processed by off-line software. Since this method employs
the SCS method with un-related sampling frequency, the 2-D phase portrait genera-
tion procedure is the same as the method in chapter 5. At first, the sample sequence
is synchronized by software algorithm. Then, the 2-D phase portrait is generated by

searching the nearest sample pairs that are with certain phase difference.
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Figure 6.9: Experimental setup of RZ pulse carver alignment monitoring

6.1.5 Generated 2-D Phase Portrait

The generated tenth symbol phase difference phase portraits and eye diagrams of 10-
Gb/s RZ-DPSK signal with different degree of RZ pulse carver time mis-alignment
are exhibited in Fig. 6.10. From the eye diagrams, it can be observed that the received
pulse carver waveform is distorted by the time mis-alignment, and the sign of the time
mis-alignment can be distinguished from the eye diagrams by identifying the dual
edge appearance direction. The generated phase portraits display the pattern evolution
induced by the RZ pulse carver mis-alignment, which is the same as the simulated
plots in section 6.1.1. The sign of the time mis-alignment can be distinguished by
identifying the pattern width in the two regions. For the quantization of the time mis-
alignment, the alignment monitoring parameter is calculated by using the proposed

algorithm in section 6.1.2.
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-20 ps 0 ps 20 ps

Figure 6.10: Eye diagrams and tenth symbol phase difference phase portraits of 10-
Gb/s RZ-DPSK signal with different degree of pulse carver mis-alignment (-20 ps,

Ops, and 20 ps).

Moreover, in this work, 20-Gb/s RZ-DQPSK signal is also investigated and demon-
strated. The generated RZ-DQPSK signal eye diagrams and tenth symbol phase differ-
ence phase portraits with different degree of the time mis-alignment are shown in Fig.
6.11. For the 10-Gsymbol signal, its pulse carver frequency is the same as 10-Gb/s
RZ-DPSK, but the two transition levels of RZ-DQPSK signal cause slightly different
pattern from that of RZ-DPSK signal. However, the pattern distortion trends of these
two signals are similar. Thus, they can use the same algorithm to calculate the RZ

pulse carver monitoring parameter.
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-20 ps 0 ps 20 ps

Figure 6.11: Eye diagrams and tenth symbol phase difference phase portraits of 20-
Gb/s RZ-DQPSK signal with different degree of pulse carver mis-alignment (-20 ps,

Ops, and 20 ps).

6.1.6 Experimental Results and Discussions

In Fig. 6.12, the experimental results show that the proposed distance ratio of the phase
portrait is a function of the RZ pulse carver mis-alignment in 10-Gb/s RZ-DPSK
system. By comparing the pattern widths in two regions, the sign of the time mis-
alignment can be distinguished, as the sign defined line shows in Fig. 6.12. Otherwise,
it can only estimate the absolute value of the time mis-alignment, which does not define
the sign of Eq. 6.1. In the demonstrated 10-Gb/s RZ-DPSK system, the sign defined
time mis-alignment is from -45 ps to 45 ps. Beyond this range, the sign decision accu-

racy is quite poor.
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Figure 6.12: Experimental results of 10-Gb/s RZ-DPSK pulse carver alignment moni-

toring by using tenth symbol phase difference phase portrait.

For 20-Gb/s RZ-DQPSK signal, the time mis-alignment of RZ pulse carver can
be estimated with sign by using the proposed distance ratio, as the experimental results
demonstrate in Fig. 6.13. For the sign defined monitoring method, the RZ pulse carver
alignment of 20-Gb/s RZ-DQPSK signal can be monitored from -45 ps to 45 ps. Other-
wise, the absolute value of the time mis-alignment is obtained, as the no-sign-definition

scheme shows.
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Figure 6.13: Experimental results of 20-Gb/s RZ-DQPSK pulse carver alignment mon-

itoring by using tenth symbol phase difference phase portrait

6.2 1/Q Alignment Monitoring in RZ-DQPSK system

6.2.1 Working Principle and Simulation Setup

For RZ-DQPSK signal, the I/Q branch alignment is another critical issue. In this work,
the 2-D phase portrait is also proposed to monitor the I/Q branch alignment of RZ-
DQPSK signal. The simulation setup of the I/Q branch alignment monitoring of RZ-
DQPSK signal is demonstrated in Fig. 6.14. In the transmitter part, the 1/Q modulator
is drived by the I and Q branches of the modulated data. An electrical tuneable de-
lay line is inserted into the Q branch to manipulate the time mis-alignement between
the I and Q branches. Then, the generated 20-Gb/s NRZ-DQPSK signal is modulated
by a RZ pulse carver, which is realized by an optical intensity modulator driven by

clock signal. The generated RZ-DQPSK signal is sent into the monitoring system di-
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6.2 I/Q Alignment Monitoring in RZ-DQPSK system

rectly. In order to reduce the monitoring system setup cost, the direct detection of the
RZ-DQPSK signal is used, which obtains RZ pulse carver waveform. After the DC
current is removed by a DC block, the received signal is processed by delay-tap sam-

pling scheme. The generated 2-D phase portrait is processed by DSP for monitoring

parameter derivation.
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Figure 6.14: Simulation setup of I/Q alignment monitoring in RZ-DQPSK system.

Photo
detector

Monitoring system

6.2.2 2-D Phase Portrait

In Fig. 6.15, the simulated eye diagrams and phase portraits of 20-Gb/s RZ-DQPSK
signal demonstrate the waveform and pattern evolutions as the time mis-alignment
varies respectively. Since the intensity dip of NRZ-DQPSK signal has two levels, the
eye diagram of the received pulse carver waveform appears triple edge feature, whose
gap increases as the time mis-alignment increases, as shown in the first column of

Fig. 6.15. The sign of the time mis-alignment can be observed from the eye diagrams

by identifying the appearance direction of the triple edge.
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Figure 6.15: The evolution of eye diagram, tenth symbol delay phase portrait, and one
and tenth symbol delay phase portrait of 20-Gb/s RZ-DQPSK signal. The demonstrat-
ed time mis-alignment is -20 ps, -10 ps, O ps, 10 ps and 20 ps.

As shown in the second column of Fig. 6.15, the generated tenth symbol delay
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phase portrait (At = 0.1 x Ty) pattern evolves as the time mis-alignment changes.
It can be observed that the tenth symbol delay portrait is extended at the diagonal
direction as the time mis-alignment increases. In the third column of Fig. 6.15, the
one and tenth symbol delay phase portraits (At = 1.1 * T;) exhibit the distinguished
pattern distortions, even if these two types of phase portraits have similar pattern in the
synchronized case. For the case using the tenth symbol delay, the sample pairs are from
same transition edge, while the sample pairs with one and tenth symbol delay are from
any edge of the three levels, which is more sensitive to the time mis-alignment. More
importantly, for the different sign of the time mis-alignment, the distortion direction
of the phase portrait is different. Since the pattern evolution of the I/Q branch mis-
alignment is similar to the one of RZ pulse carver mis-alignment, the I/Q branch mis-
alignment monitoring is proposed to use the same pattern recognition algorithm as
discussed in section 6.1.2. The I/Q branch mis-alignment monitoring parameter is

referred to Eq. 6.1 and 6.2.

6.2.3 Simulation Results and Discussions

In the simulation work, the 1/Q branch mis-alignment monitoring is investigated by
using the tenth symbol phase difference phase portrait, which is generated by using
different time delay. The time delay values are 0.1 7, 1.1x7T;,10.1x 7T, 30.1 T and
50.1 % T} separately. In Fig. 6.16, the simulation results show that 20-Gb/s RZ-DQPSK
signal I/Q branch mis-alignment is a function of the proposed distance ratio, where
the tenth symbol phase difference phase portraits are generated by using different time
delay. It can be observed that the phase portrait formed by using larger time delay
is more sensitive to the time mis-alignment. Thus, single channel sampling method

discussed in chapter 4 and 5 can be used for the I/Q branch alignment monitoring.
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Figure 6.16: Simulation results of IQ alignment monitoring of 20-Gb/s RZ-DQPSK

signal.

6.2.4 Experimental Setup

For the experimental demonstration, the un-related single channel sampling scheme
is employed to generate 2-D phase portrait for I/Q branch mis-alignment monitoring.
The experimental setup of the I/Q branch mis-alignment monitoring using un-related
single channel sampling technique is demonstrated in Fig. 6.17. In the optical transmit-
ter part, 20-Gb/s NRZ-DQPSK signal is generated by using an I/Q modulator. Then,
an optical RZ pulse carver is applied to generate the RZ-DQPSK signal. In this work,
the I branch is already aligned with the pulse carver, so a tuneable delay line is inserted
to the Q branch to synchronize the I and Q branches. Moreover, the pulse carver is
modulated by 10-Gb/s clock signal to generate 50% RZ pulse carver. The RZ-DQPSK
signal is directly sent into the monitoring module for testing. For the monitoring part,

a single photo detector is used to obtain the pulse carver waveform. Then, an electrical
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amplifier increases the electrical signal power without DC component. A single sam-
pling channel of real-time oscilloscope samples the electrical signal with un-related
sampling frequency. The sample sequence is processed by DSP. In the DSP part, the
2-D phase portrait generation procedure is the same as the method in chapter 5. The
2-D phase portrait is generated by searching the nearest sample pairs that are with tenth

symbol phase difference after the sample sequence is synchronized.
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Figure 6.17: Experimental setup of I/Q branch alignment monitoring in 20-Gb/s RZ-

DQPSK system.

6.2.5 Experimental Results and Discussions

In Fig. 6.18, the generated tenth symbol phase difference phase portrait with different
degree of I/Q branch mis-alignment is demonstrated. The pattern width is extended
as the I/Q mis-alignment increases. The sign of the mis-alignment can be observed
by comparing the pattern widths between the two sides. Since the pattern evolution
is similar to that of the pulse carver mis-alignment, the defined distance ratio of the

pattern is also used for I/Q branch mis-alignment monitoring, as Eq. 6.1 expressed.
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-20 ps 0 ps 20 ps

Figure 6.18: Eye diagrams and tenth symbol phase difference phase portraits of 20-

Gb/s RZ-DQPSK signal at different I/Q mis-alignment (-40 ps, Ops, and 40 ps).

In Fig. 6.19, the experimental results show the proposed distance ratio as a func-
tion of I/Q branch time mis-alignment in 20-Gb/s RZ-DQPSK system. The 1/Q branch
time alignment of 20-Gb/s RZ-DQPSK signal is demonstrated from -46 ps to 46 ps.
When the I/Q branch mis-alignment is within 15 ps, the monitoring dynamic range is
poor, since the pattern distortion induced by I/Q branch mis-alignment is not signif-
icant. More importantly, the sign of the time mis-alignment can be distinguished by

using the proposed pattern width comparison.
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Figure 6.19: Experimental results of I/Q branch alignment monitoring of 20-Gb/s RZ-

DQPSK signal.

6.3 Conclusions

In this chapter, the time alignment monitoring of the RZ pulse carver and the I/Q
branch was proposed and demonstrated in RZ phase modulation systems. The sign
and degree of the time mis-alignment are identified and quantified by the proposed
pattern recognition method. From the simulation results, it is found that the method
using larger time delay phase portrait has larger monitoring dynamic range. Thus, this
method is able to be applied with single channel sampling technique, which generates
the phase portrait with large time delay. In the experimental demonstration part, the
time mis-alignment monitoring is successfully demonstrated by using the 2-D phase
portrait, which is generated by using software synchronized single channel sampling

technique. Thus, the proposed time alignment monitoring method is not only a sign de-
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fined monitoring method, but also extends the application scope of our proposed single
channel sampling technique. The time alignment monitoring of optical transmitter can
share the same monitoring setup with other optical impairments monitoring scheme,

which is located at transceiver end.
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Chapter 7

Conclusions and Future Works

Optical fiber transmission system is the backbone of modern telecommunication net-
works, in which there are various optical impairments degrading the system perfor-
mance. For future reconfigurable optical networks, optical performance monitoring
(OPM) can offer great assistance for intelligent system management of dynamic opti-
cal networks. In this thesis, OSNR monitoring and CD monitoring were investigated
by using different techniques. Moreover, time alignment monitoring in RZ phase mod-
ulation system was discussed. In this chapter, the main contributions of this thesis are

summarized, and the future works are pointed out.

7.1 Conclusions

In this thesis, the discussed OPM methods can be divided into two types. One is based
on analog signal processing, while the other relies on digital signal processing. These
two types of methods have their particular merits and drawbacks in different applica-
tions. Their common merit is that the system setup cost is reduced, compared with
the same type of methods. Generally speaking, the OPM methods using analog sig-

nal processing have fast monitoring speed, while the methods employing digital signal
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processing have simple monitoring system setups that are easy to be operated. The
detailed discuss of the particular method is stated in the following paragraphs.

In chapter 3, the OSNR monitoring method based on filtering effect was dis-
cussed. By using balanced subtraction or optical interference, the uncorrelated signal
is generated, whose power is sensitive to noise power variation. Thus, the power ra-
tio between the uncorrelated signal and the correlated signal was proposed to monitor
signal OSNR. Moreover, by using low bandwidth receiver, the proposed OSNR mon-
itoring method is insensitive to dispersion effect. More importantly, the usage of low
bandwidth receiver reduces the cost of the OSNR monitoring system setup. Thus,
for the OSNR monitoring method using filtering effect, it is a simple and cost effec-
tive method for single OSNR parameter monitoring. Moreover, the monitoring system
setup is able to be integrated into a single photonic device, due to the usage of low
bandwidth optical and electrical devices. Additionally, the energy consumption of this
method is low, so the monitoring system is portable to be implemented at any place of
the network for long time monitoring or temporary diagnosis.

The rest part of this thesis discussed the OPM methods based on electrical sam-
pling technique. For the conventional OPM method based on electrical sampling tech-
nique, the two-sampling-channel scheme was used to generate the 2-D phase portrait,
which was able to monitor multiple optical impairments. The classification and quan-
tification of the optical impairments are based on the pattern recognition of the gen-
erated phase portrait. This method is simple to operate and maintain. However, the
two expensive high bandwidth samplers in the monitoring system setup take the major
cost. In order to reduce the monitoring system setup cost, the single channel sampling
scheme was proposed to generate the 2-D phase portrait for OPM. In chapter 4, the sin-
gle channel sampling method was demonstrated by using the related sampling scheme.
The proposed method employs the self-delay scheme to generate the X-Y pairs from

the sample sequence. By using statistical pattern recognition, OSNR monitoring and
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CD monitoring are demonstrated in different modulation formats. The proposed SCS
scheme saves both monitoring setup cost and 3-dB monitored signal power budget.
However, the related sampling scheme has a limited application scope.

In chapter 5, in order to extend the application scope of the proposed single chan-
nel sampling technique, the un-related sampling scheme was proposed to generate
the 2-D phase portrait. For the un-related sampling system, software synchronization
technique is used to synchronize the sample sequence. The software synchronized
sampling sequence is used to generate the 2-D phase portrait, which is demonstrated
in OSNR monitoring. Moreover, in order to further improve the monitoring system tol-
erance to the software synchronization accuracy, the tolerated phase difference phase
portrait was proposed. In the experimental demonstration, this method was successful-
ly applied for OSNR monitoring. Thus, in this thesis, the proposed software synchro-
nized single channel sampling technique achieves the simplest system setup for OPM,
which reduces the monitoring system setup complexity in large degree. Compared
with the monitoring system discussed in chapter 4, the un-related sampling scheme
employs the software algorithm to synchronize the sampling sequence instead of the
synchronized sampling frequency, which enlarges the application scope. However, the
software synchronization increases the computational loading of the data processing,
which further reduces the monitoring speed of the method using electrical sampling
technique. Although the related sampling scheme requires the exact knowledge of the
sampling rate and data rate, it can still be applied in the optical networks where these t-
wo parameters are fixed. Thus, the network manager can select the monitoring scheme,
according to the particular network design.

In chapter 6, the pulse carver and I/Q branch alignment monitoring in RZ phase
modulation systems were investigated. By using the proposed 2-D phase portrait, the
time alignment of RZ phase modulation systems can be monitored with sign. From the

simulation results, it is found that the monitoring scheme using the phase portrait with
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large time delay has larger monitoring dynamic range, which shows its feasibility of
using single channel sampling technique. In the experimental demonstration part, the
time alignment monitoring is successfully demonstrated by using the proposed soft-
ware synchronized single channel sampling technique. Thus, this method extends the
application scope of the software synchronized single channel sampling technique.

In sum, the proposed single channel sampling technique is available to multiple
optical impairments monitoring, which can monitor the optical impairment from chan-
nel and transmitter. Since this method has the simplest monitoring system setup, it is
able to sweep different channels continuously or select the particular channel swiftly.
Moreover, it can change its function from the received signal performance monitor-
ing to the transmitted signal performance monitoring. Thus, this method has multiple
functions, while the method using analog signal processing cannot achieve. Although
the OSNR monitoring method discussed in chapter 3 is able to be integrated into a
portable device for flexible usage, it has single function. However, we can not neglect
its advantage of low cost. Thus, this method is still an effective solution for single

OSNR monitoring.

7.2 Future Works

In this thesis, OSNR monitoring, CD monitoring, and time alignment monitoring have
been studied, and some novel methods have been proposed and demonstrated. How-
ever, there are still several points worth further study, which have some gap between
research and real application. Based on the current works, there are several valuable
topics that need further investigation.

Firstly, for the OSNR monitoring method based on uncorrelated signal power, the
uncorrelated signal generation is generated by using balanced subtraction or optical

interference. In order to remove the high frequency signal power variation induced by
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dispersion effect, low bandwidth receivers are used to remove the high frequency sig-
nal power. However, dispersion effect can be monitored by using the high frequency
signal power [53]. Moreover, the differentiation of CD and PMD induced high fre-
quency signal power is a key point of the dispersion monitoring [25, 107]. Thus, CD
monitoring and PMD monitoring could be based on the high frequency power of the
uncorrelated signal, such that the uncorrelated signal could be used for the three typical
optical impairments monitoring.

Secondly, optical impairment monitoring has been demonstrated in this work by
using the proposed single channel sampling method. This scheme has a quite simple
system setup, which is convenient to operate in real system. By using simple statistical
pattern recognition, the OSNR monitoring and CD monitoring parameters have been
derived in several modulation formats. However, for the real transmission system, the
optical impairments are not limited in ASE noise and CD. Thus, in the future work,
the main challenge is to derive more optical impairments from the generated 2-D phase
portrait with differentiation.

Finally, for the time alignment monitoring of the transmitter, RZ phase modula-
tion format is demonstrated in this work. For the advanced modulation formats (e.g.
16QAM and 64QAM), the time alignment of the transmitter is a critical issue, which
also needs a OPM scheme. For the multi-level advanced modulation format, the gen-
erated 2-D phase portrait has complicated pattern evolution. Thus, in future work,
the advanced pattern recognition technique would be employed for the time alignment

monitoring in the advanced modulation formats.
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