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Abstract

With the deepening of society information, the IP services, as a
representative of data services, have an explosive growth. As a result, the
field of communication has developed rapidly. New communication
technologies and new programs have sprung up. But, there are also
numerous problems in it. Application of new technologies can solve a
particular aspect of the problem, but coming with other problems
inevitably. If these problems are not solved appropriately, the results of
accumulation are the declining of the system performance and the
increasing of the system cost, restricting the increasing of the
communication capacity and can’t meet people’s growing needs of
communication capacity.

Compared to the cable communication, the fiber communication has
greater transmission capacity, longer transmission distance and stronger
anti-jamming capability, so it has became the development trend of the
communication technology. In the developing process of the fiber
communication, the wavelength division multiplexing technology came
into being. There is only one way of signal in one fiber in the past fiber
communication systems. So, more fibers should be lay in order to
increase the capacity of the system, it makes the cost go up
significantly(3). But the wavelength division multiplexing technology can

achieve contemporary transmission of multiple signals in the same fiber,



which can increase the system capacity significantly, so it has been
considered as an effective method to solve the communication capacity
problem. But, as been said before, the application of new technology will
inevitably come with new problems, including group velocity dispersion
(GVD), polarization mode dispersion (PMD) , the amplifier noise,
transient effect, the channel crosstalk and fiber non-linearity(18). The
channel spacing is becoming smaller and smaller in order to increase the
system capacity in WDM system, which causes the channel crosstalk
problem in the system getting worse. This article is focused on the study
of the channel crosstalk problem. The main works lie:

Understand that the accumulation of Non linear interference in
optical fiber transmission can improve performance better. In this thesis,
We studied the characteristics of nonlinear interference noise (NLIN) in
fiber communication systems with large cumulative dispersion.
Frequency domain and time domain analysis were published, which
attributed very different attributes to NLIN. After reviewing the two
methods, we have identified some reasonable assumptions that are key to
the GN model derivation and are reasonable. We perform extensive
simulation verification by solving a number of rich and important formats
including PM-BPSK, PM-QPSK, PM-8QAM and PM-16QAM, We have
multiple values for all three different types of fiber (PSCF, SMF and

NZDSF) and WDM channel spacing(5). We derived the true NLIN
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power and verified that NLIN is additive Gaussian. It was upgraded
to enhanced GN model or EGN model. In addition, we focus on the other
part of non linear propagation, which is symbol rate, long-term

correlation and non-linearity formats.

Keyword: Coherent systems, GN model, EGN model, IGN model, PM-QAM,
PM-BPSK, PM-QPSK, Uncompensated transmission, Nonlinear interference,
Nyquist-WDM
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Chapter 1 Introduction

In the recent years the ultra distance optical links is very paid
attention in the world. They benefit from the rapid development of
coherent detection systems. and also they were achieving ever increasing
performance records.

Reducing the channel spacing is an effective means to improve the
spectral efficiency. As the channel spacing decreases, the signal spectrum
in different channels of the same fiber in the system will be spectrally
aliased, and the same-frequency crosstalk problem will appear, non linear
interference is a important indicator in the ultra distance optical links. The
distortion of the spectrum causes the bit error rate of the receiving end to
increase, which makes it difficult for the receiving end to recover the
original signal, which becomes a major factor that restricts the system

capacity increase.
Section 1 The system of the optical transmission

The overall structure of the N-channel wavelength-multiplexed
WDM system is mainly composed of three parts: the transmitting and
receiving optical multiplexing terminal (OMT) unit and the trunking line
developed (ILA) unit(1).

(1) Optical wavelength conversion unit (OTU);

(2) Wavelength division multiplexer: split/combiner (ODU/OMU);
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(3) Optical amplifier (BA/LA/PA);
(4) Optical monitoring channel/channel (OSC);

The Optical Wavelength Conversion Unit (OTU) converts
non-standard wavelengths into standard wavelengths specified by ITU-T.
The optical/electrical/optical (O/E/O) conversion is applied in the system,
ie, the photodiode PIN or APD is used first(1). The received optical signal
is converted to an electrical signal, which is then modulated by a standard
wavelength laser to obtain a new desired optical wavelength signal(1).
The wavelength division multiplexer can be divided into an optical
multiplexer at the transmitting end and an optical splitter at the receiving
end. The optical multiplexer is used for the transmitting end of the
transmission system(1). It is a device with multiple input ports and one
output port. Each input port inputs a per-selected wavelength optical
signal, and the input different wavelengths of light waves are output by
the same output port. The optical demultiplexer is used at the receiving
end of the transmission system, just opposite to the optical combiner. It
has an input port and multiple output ports to classify multiple different
wavelength signals(1). The optical amplifier not only directly amplifies
the optical signal, but also has real-time, high-gain, wide-band, online,
low-noise, low-loss all-optical amplifier, which is an indispensable key
component in the new generation of optical fiber communication systems.

Among the currently practical fiber amplifiers are erbium-doped fiber



amplifiers (EDFAs), semiconductor optical amplifiers (SOAs), and fiber
Raman amplifiers (FRAs)(4). Among them, erbium-doped fiber
amplifiers are widely used for long distances due to their superior
performance. In high-capacity, high-speed optical fiber communication
systems, it is used as a per-amplifier, line amplifier, and power
amplifier(4).

The optical supervisory channel is established for the monitoring of
the WDM optical transmission system. ITU-T recommends a 1510nm
wavelength with a capacity of 2Mbit/s (1). High receiver sensitivity
(better than -50dBm) at low speeds still works. However, the light path

must be taken before the EDFA and the light path after the EDFA.

Section 2 Working principle of optical transmission system

Optical fiber has huge bandwidth resources. However, due to
technical factors and other factors, people can only use a small part of it.
Wavelength division multiplexing technology has solved this problem
well. It is a kind of fiber low loss area. Communication technology that
makes full use of bandwidth resources. Wavelength division multiplexing
technology divides the low loss region of the fiber into multiple paths
according to the wavelength of the transmitted light wave, and uses the
light wave with different wavelengths as the carrier of the signal. Each

channel is regarded as a channel and can be transmitted with specific



Optical carrier signal of wavelength. In the transmission process, optical
carrier signals of different wavelengths are transmitted in channels
divided into different frequency bands, so that the optical carrier signal
transmission processes can be regarded as independent of each other
without considering the non-linearity of the optical fibers. Just as optical
carrier signals are transmitted in different fibers before wavelength
division multiplexing occurs, simultaneous transmission of multiple
signals in a single fiber is possible. For the problem of how to realize
bidirectional transmission, it is only necessary to separately modulate
signals in two directions to transmit channels in different wavelengths.
The number of reusable waves in a wavelength division multiplexing
system depends mainly on the optical carrier frequency spacing allowed
by the designed wavelength division multiplexer and demultiplexer. At
present, commercial wavelength division multiplexing systems can be
multiplexed with wavelengths of 16, 32, 64, etc.

The wavelength division multiplexing technology is implemented as
follows: First, at the transmitting end of the system, the multi-channel
signal is modulated onto the optical carrier of different wavelengths by
up-conversion, and the optical carrier signal carries all the information of
the original signal, and then passes the wavelength division multiplexing.
The optical carrier signals having different wavelengths are coupled to a

plurality of previously defined paths in the same optical fiber for



transmission. In the transmission process, due to the optical fiber
transmission loss, a transmission amplifier is used to transmit signals at a
certain distance. Amplification (currently used as an erbium-doped fiber
amplifier) for long-distance transmission; then, at the receiving end of the
system, the wave-demultiplexing multiplexer is used to demultiplex the
transmitted signals in the fiber(1), coupling these together Optical carriers
having different wavelengths and carrying different signals are separated;
finally, the separated optical carrier signals are down-converted, and the
decision circuit is used to restore the original signals, thereby finally
realizing the transmission of multiple signals. After analyzing the
working principle of the wavelength division multiplexing system, we
can see that the wavelength division multiplexing technology is actually
the frequency division multiplexing technology in the optical domain(3),
which performs the transmission bandwidth of the low loss region of the
optical fiber in the frequency domain. The split mode is divided into
multiple sub-channels, so that the optical carrier signal of each specific
wavelength is transmitted in one sub-channel and occupies a specific
bandwidth in the optical fiber, which is more technical than the frequency
division multiplexing technology of the coaxial cable that has been used
in the past. The difference is:

(1) The difference in transmission medium. Wavelength division

multiplexing technology divides the fiber bandwidth by frequency in the



optical domain, while coaxial Cable frequency division multiplexing
technology implements frequency division on the electrical domain.

(2) The types of signals transmitted in the system are different. The
wavelength division multiplexing system transmits digital signals, while
the coaxial cable frequency division multiplexing system transmits analog

voice signals with a bandwidth of 4 kHz(14).

Section 3 The structure of this thesis

The thesis is structured as follows:

In chapter 2, we introduce the Non linear interference noise, classify
of the the no linear interference and how the no linear interference can be
accumulated in the optical links

Then, in chapter 3, we will review the basic knowledge and
background of frequency domain model and we will review the family of
the frequency domain model, e the family of the GN-model, in this
chapter we introduce the derivation and configuration of GN-model and
the modeling signal in this model. And also we introduction what is the
IGN-model and EGN-model.

In chapter 4, we review the family of the time domain model. In this
chapter we will introduce the theory of the TD models and the difference
part with FD models.

In chapter 5, we compare the performance between frequency



domain models and time domain models. We also introduce the different
performance of the IGN model and EGN model with GN model.

In Section 6, we present a physical simulation environment for open
optical transmission on telecommunications infrastructure projects for the
design and operation of transmission quality assessments.

In Section 7, we conclusion the result of all the models and to

analytical the different performance between different models.



Chapter 2 Non linear interference noise

Crosstalk in WDM systems has become an important factor affecting
the performance of their systems. There are many types of crosstalk in
WDM systems, and the terminology for crosstalk description is also
different. From the physical mechanism of crosstalk generation, crosstalk
in WDM systems can be roughly divided into linear interference and non
linear interference. In a WDM system, the sum of the energy of each
channel constitutes the total energy of the fiber transmission. Therefore,
even if the energy of each channel is not large, as the number of
multiplexed channels in the system increases, the total energy transmitted
in the fiber will also A large value is reached, and with the increase in
energy, the nonlinear effects in the light continue to deteriorate and
deteriorate. The main causes of crosstalk between channels in nonlinear
effects are four-wave mixing (FWM), stimulated Raman scattering (SRS),

and cross-phase modulation (XPM)(13).
Section 1 Four-wave mixing

The nonlinear crosstalk caused by the four-wave mixing effect in the
WDM system is generated as long as three waves of i, ®; and wx
propagate simultaneously in the fiber(9), and the four-wave mixing effect
can be in a new one. A new light wave is generated at the frequency point

or =0; +®; —0k(3). For a system with M channels, 1,j,k can vary from 1 to
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M, and each group corresponds to a new frequency. Point, this produces a
lot of new frequency points. When the channel spacing is equal, most of
the new frequencies are the same as the original channel frequencies, and
coherently interfere with the original signals in the channel. When the
channel spacing is not equal, most of the new frequencies fall between
the original frequencies, forming noise. Whether it is equal channel
spacing or unequal channel spacing, the channel power is lost, which in
turn affects system performance. However, due to the coherent nature of
crosstalk, when the channel spacing is equal, the situation is much more
serious.

When the channel spacing is equal, most of the FWM components
will fall within the channel spectrum and cannot be clearly observed.
However, when these FWM components interfere coherently with the
signal, they are easily seen in the time domain.

In WDM systems, the need for capacity expansion forces people to
maximize spectrum utilization, which makes the channel spacing of the
system more and more dense, and the crosstalk caused by the four-wave
mixing effect becomes severe, so the four waves are controlled. The
influence of the mixing effect is of great significance.

In general, there are several ways to reduce the effects of the
four-wave mixing effect(2).

(1) Adopt a suitable dispersion management scheme. FWM efficiency is



closely related to fiber dispersion. The dispersion of the fiber can make
the optical signals of the interacting channels have different group
velocities, which can destroy the phase matching condition and reduce
the four-wave mixing efficiency(3), so increase the dispersion and
increase of the fiber. Channel spacing can reduce four-wave mixing
crosstalk. Dispersion management refers to the installation of fibers with
different dispersion on the fiber link, and to ensure that the total
dispersion value of the fiber is zero, which not only suppresses the
four-wave mixing crosstalk, but also eliminates the limitation of the fiber

dispersion on the transmission distance of the system.

N e———

Figure 2.1 New frequency generated by FWM when channel spacing is equal

(2) Adopt unequal spacing channel configuration. When the channel
spacing of the system is equal, the newly generated frequency of the
FWM falls on the channel. At this time, the FWM crosstalk in the fiber is
the most serious, and the unequal-space channel configuration can make

the new frequency point generated by the four-wave mixing fall at all.
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Outside the channel, as shown in Figure 2.1. The unequality of the
channel spacing is not arbitrarily chosen, and it is necessary to meet the
relevant recommendations of  the ITU-T (International
Telecommunication  Union  Telecommunication  Standardization
Organization) that the channel spacing must be an integer multiple of 100
GHz(17). This approach comes at the cost of occupying a huge
bandwidth of the system and requires a new multiplexer to work with.

(3) Utilizing polarization multiplexing between adjacent channels.
Constant changes in the polarization state between adjacent channels can
destroy phase matching conditions, thereby reducing the generation of

four-wave mixing effects.

Section 2 Stimulated Raman scattering

Stimulated Raman scattering (SRS) is caused by the interaction of
the light field with the photons (8), during which the medium exchanges
energy with the photons. When the incident photon (ie, pump light) enters
the fiber, the photon transfers a part of the energy to the photon, causing
its molecular vibrational dynamics to transition from a low energy state to
a high energy state(16), and the photon frequency is correspondingly
reduced, that is, the Stoke frequency shift. Therefore, stimulated Raman
scattering in an optical fiber can produce photons of lower frequency, or

can provide optical gain to a lower frequency optical field. The cost of
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generating a new frequency or providing an optical gain is the
consumption of pump optical power.

The generation of stimulated Raman scattering is conditional and
can only occur when the pump light exceeds a certain threshold. We can
roughly estimate the threshold power Py of the SRS by observing the
scattering intensity in the fiber when it is generated. It means that in the
fiber of length L, the incident optical power is half lost to the stimulated
Raman scattering when measured from the exit end. The power of light,

whose expression is:

P, =164, /(g;Ly)

Where L is the effective length of the fiber, A is the effective core
area, and R is the Raman gain factor(15).

In a single-channel fiber system, the SRS effect is generally not
considered due to its high threshold. In a multichannel WDM system, the
stimulated Raman scattering in the fiber has to be viewed squarely(12).
The role of the Manchester amplifier is that as long as the wavelength
difference of the signals in any two channels falls within the gain
bandwidth, the short-wavelength signal will amplify the long-wavelength
signal and its power will be reduced accordingly. In a WDM system, the
optical signal with the shortest wavelength can act as the pump light of all

other wavelengths of optical light to maximize its power loss, while the
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optical signal with the longest wavelength is pumped by all other optical

signals to make its power gain reach the maximum.
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Figure 2.2: Influence of SRS on signal power of WDM channels

Figure 2.2 shows the power variation of each channel's light waves
(from low frequency to high frequency) affected by stimulated Raman
scattering in an 8-channel WDM system. It can be seen from the figure
that the light waves at both ends are most affected. The previous analysis
was also verified. This kind of crosstalk originating from the energy
transfer between channels is very disadvantageous to the system. It only
occurs when the signals of the two channels take the bit "1", which causes
the power of the signal to fluctuate, increasing the noise at the receiving
end. The system performance is seriously deteriorated.

In order to suppress nonlinear crosstalk caused by stimulated Raman
scattering, we have the following methods:

(1) Reduce channel power. Reducing the channel power so that it
does not reach the threshold for causing stimulated Raman scattering is
the most straightforward method, but it will reduce the system

signal-to-noise ratio and has no practical significance.
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(2) Using spectrum inversion techniques. Let the stimulated Raman
scattering exist on the entire link, and use the spectrum inversion
technique to invert the wavelength division multiplexed signal at some
appropriate distance, so that the short-wavelength channel and the
long-wavelength channel are mutually converted, and finally Raman The
direction of the scattered power transfer is reversed, and the power of
each channel is approximately equal at the output end of the fiber(20).

(3) Adopt dispersion management technology.

(4) Use large effective area fiber. Large effective area fibers can
reduce the core power density and increase the stimulated Raman
scattering threshold, thereby improving the system limitation of

stimulated Raman scattering(19).

Section 3 Cross phase modulation

In an optical fiber, when the incident light is strong, its refractive
index changes with the amplitude of the optical field . When light waves
of different frequencies propagate in the optical fiber, the amplitude
modulation of each optical wave changes the refractive index of the
optical fiber(12), and other optical waves Affected by this change, it is
equivalent to nonlinear modulation of light waves. This phenomenon is
called cross-phase modulation (XPM). In the intensity modulation-direct

detection wavelength division multiplexing system, due to the influence
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of cross-phase modulation, the fluctuation of the power of one signal will
cause the phase of other signals in the fiber to change(7), and then the
modulation of the system tends to be caused by group velocity dispersion
(GVD). Unstable, eventually leading to crosstalk between channels.
When the number of multiplexed channels in the WDM system is small
and the modulation rate of the signal is low, cross-phase modulation has
little effect on system performance, but as the number of multiplexed
channels increases and the signal modulation rate increases, the effect It
will gradually emerge.

Taking a two-channel multiplexed WDM system as an example, the
signal wavelengths in the two channels are respectively A1 and A, the
modulation rates of the two channels are equal, and the effects of fiber
dispersion are not considered, that is, the two channels have the same
group velocity. Figure 2.3 shows the change in power after the interaction
of the two signal pulses. he optical pulse signal with a wavelength of A,
generates cross-phase modulation for the optical pulse signal of
wavelength A1 due to the nonlinear effect of the optical fiber, and
generates self-phase modulation (SPM) for itself, causing phase
fluctuation, and exhibits the amplitude of optical power at the receiving
end. Similarly, the optical pulse signal with a wavelength of A, generates
cross-phase modulation for the optical pulse signal with a wavelength of

A1 due to the nonlinear effect of the optical fiber, and generates self-phase
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modulation for itself, causing phase fluctuation and appearing as
receiving optical power. The amplitude changes, which leads to the loss
of the optical power of the system, which in turn affects the receiver's

reception of the signal and limits the performance of the system.
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Figure 2.3: Signal pulse interaction power variation in two-channel wavelength
division multiplexing system

For crosstalk caused by cross-phase modulation, we can study its
suppression method from several aspects:

(1) Increasing the effective area of the fiber used, the effective area
in the fiber refers to the average area of the light used to transmit the
power of the optical signal, and increasing the effective area of the fiber
increases the threshold of the nonlinear effect in the fiber, thereby The
system has the ability to transmit more power(2).

(2) Control the maximum channel number, maximum channel power,
and minimum channel spacing.

(3) Using a fiber with a certain dispersion to achieve dispersion

16



management of the system. Dispersion can make optical signals of
different wavelengths move away during transmission, thus weakening
the influence of cross-phase modulation on system performance.
However, fiber dispersion also broadens the time domain of optical pulse
signals during propagation, making the system's bit error rate Rising,
severely limits the transmission distance of the system. The dispersion
management technology can solve this problem very well. Through the
dispersion management technology, the optical fiber realizes the
alternating positive and negative dispersion values during the
transmission process, and ensures that the total dispersion value of the

system is zero.

Section 4 Non linear interference noise accumulation

NLI noise PSD Gnwi(f) form has been very significant because it is
used to evaluate system performance. Particularly, when Gnui(f) is
roughly flat across bandwidth within the provided WDM channels, NLI
noise is regarded as Gaussian, additive, as well as local white. Therefore,
it will significantly ease the computation of system performance.

Within Figure 2.4, Gnwui(f) is shown for the case of an Ny = 20 spans
NY-SMF system, where the retire optical bandwidth Bwpom = 544 GHz,
which corresponds to the 17 NY-WDM channels in 32 GBaud(42). This

figure obviously presents NLI noise PSD have been comparatively flat
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across the channels, except for outermost noise. In particular, it is almost
completely flat on the central passage, which is also the most affected

passage.

1.2 T T T T T T T

PSD A.U.

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
f [THZ

Figure 2.4: Full lines in green: PSD for transmitted signals Gwpwm(f), equal to
seventeen Nyquist-WDM channels in thirty-two GBaud. Full lines in blue: PSD for
NLI noises Gnri(f). Within every figure, the signals as well as NLI spectrum is able to
adjust the scale freely on easy comparison.(42)

In addition, local white NLI assumes that assumption that values of
flat PSD are equivalent to central frequency of the channel are usually
cautious about central channels, in other words, result in a bit negative
performance evaluation. Within a lot of situation, such a kind of accuracy
is really great, or it will be comparatively simple for improving NLI noise
variance estimation through assessing NLI PSD within several other
frequencies in channels.

A key problem associated with the overall model NLI noise what
type of relationship between the cumulative noise generated optical signal

bandwidth or channel B, and the number of channel N¢n, Nsis the number
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of spans. About accumulation and N; literature now has a variety of

experimental results, suggesting that this type of law

G (f) =G () v o N (2-2)(42)

The estimated value € between 0 to 0.6. Note, €= 0 means a span
generated in a power sum, i.e. incoherently summed with all other
contributions span. Conversely, the & closer to 1, the greater the
correlation between the different spans of NLI, e=1 corresponds to
perfect phase matching(42).

NLI has less reliance channel numbers, which imply that
non-insignificant amounts of NLI will be produced though they pass
through the channel far from the channel under test.

Accumulation for numerical integration in GNRF obtains the
prediction for GN models which caused problem of the NLI accumulation.
Process used to derive the results are as follows. Gnii calculates Nep=1
and Ns=1 for each system scenario. In Nyquist-WDM condition, Bwpm
parameter has been adopted instead of Nen, ranging from one GHz to five
THz. Then process resultant information for extracting related data.

A funny part derived according to the next analyses has been that the
relationship with the NLI accumulation of bandwidth and distance are not
independent, since the relationship between cumulative noise Ns depends

on how much light signal bandwidth Bwpwm.
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Subsection 1 NLI accumulation versus Ns

In the Figure 2.5 shows that in the bandwidth is 0.2,1 and 5THz(42),
and the fiber is NY-SMF program. The drawn amount has been

normalized in the following:

Gy (0) |NS
G (0)

Qualitative results of NY-PSCF as well as NY-NZDSF are similar.

g (N,) =

Ne=l 23y 42)

Solid curves have been discovered by GNRF numerical integration. This
point is the most suitable. This Figure 2-5 suggests basic index models
are very efficient at correctly referring cumulative NLI over entire Nj
scope. It will be a significant outcome for it presents one factor € that

has been constant with N entirely characterizes this accumulation.
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Figure 2.5: Red solid line: gnui(Ns), regarded to be NLI noise PSD Gnii(0) versus
span number N, relevant to Gnei(0) and Ns=1, with Bwpm=0.2, one and five THz.
Superimposed dot in blue: most suitable. Blue dotted lines in the lower part are
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inconsistent accumulation to compare.(42)

As the Figure 2.5 shows that the most suitable value of the € of the
NY-PSCF, NY-NZDSF, as well as NY-SMF versus Bwpm. And the
curves of NY-SMF and NY-PSCF are almost the same. When the
Bandwidth is 5THz, all fiber have the same € which is equal to 0.035.
And if the bandwidth of the WDM is 1GHz, all the fiber have the same €
equals to one.

Last values indicate NLI noises generated in one GHz of f equal to
zero adds up in the way of phase matching after the span. NLI area
increases to N, so NLI grows to N¢. In contrast, NLI involving a longer
frequency will not be a phase match any more with 1 frequency band to
next. While Bwpm has been higher than 1THz, it is lower than 0.05. It
refers to that NLI generally adds up nearly irrelevantly. As a matter of
fact, the contribution of NLI occurring having a long distance from
f=zero add up within the completely uncorrelated manner because they
summarize the other contributions that start in some GHz for f=zero, and
these contributions add up in a coherent fashion, so in general It is the
weighted average of these different systems that tend to be the same in

quantity and tend to zero.
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Figure 2.6 NLI cumulative index €, VS. optical signal bandwidth Bwpwm, having

signals of Nyquist-WDM . Full lines in red: system of NY-LPSCF; dotted lines in
green: system of NY-SMF; dotted- dash lines in blue: system of NY-NZDSF .(42)

For non-Nyquist cases, the best fit results from the exponential are
as accurate and valid as Nyquist-WDM cases (not shown for simplicity).
Figure 2.7 presents the most suitable value of RS-SMF, RS-LPSCF as
well as RS-NZDSF with Ncn(42). Similarly, this figure presents a
qualitatively identical curve, for nearly identical SMF as well as LPSCF.
End values are higher than Nyquist, e= 0.06 for SMF and LPSCF, and
NZDSF 1s about 0.07. The slightly higher e value will be briefly
interpreted as shown in the following. SCI contributions referring to Ncn
equal to one is comparative big: SMF will be 0.19 and NZDSF will be
0.36. Spectra left are basically non-coherently accumulated, but less
integral than Nyquist-WDM due to the free guard band between the

channels. Therefore, entire Nyquist WDM situation has been a bit larger.
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If channel interval is increased f=100GHz, is consistent with the
explanation given above, the value tends to increase further. The value in
51-channels (entire C band) will be: RS-SMF is 0.09; RS-LPSCEF is 0.096;
RS-NZDSF is 0.123. If the span length Ls instead reduced to 50km, while
maintaining f = S0GHz and N, = 100, the RS-SMF i1s 0.088; RS-LPSCF
is 0.090; RS-NZDSF is 0.103. In other words, for C-band systems,
significantly increase channel interval and reduce the length of span will

result in the great growth, but still comparative small in C-band system.
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Figure 2.7: NLI cumulative index &, VS. channel number Ncn. Full lines in red:

system of RS-LPSCF; Dotted lines in green: system of RS-SMF ; Dotted -dash lines
in blue: system of RS-NZDSF.(42)

Subsection 2 NLI accumulation versus Bwpwm

As the Figure 2.8 shows the non linear interference cumulative noise

versus optical signal bandwidth in the NY-SMF, function (2-4) is as

follows:
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G (0)1s,,,

Gy (0)] Byyppy =STH:z

E L1 (B WDM )=
(2-4)(42)

In the N¢=1, 10, 50, the curve is like the logarithmic law. The
standardization of gnui allows direct reading of the bandwidth
corresponding to all parts of total C-band noises. Such as, with respect to
produce N = 50, 50% of the graph shows the noise spectrum only the
signal generated before 200GHz, this also means that the remaining 50%

of the signal spectrum outside 4.8THz(42).
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Figure 2.8: Plot of gnui(Bwpwm), regarded to be NLI noise PSD Gnwi(0) VS. Bwow,
relevent to Gnei(0) in Bwpv=5THz, to the system of NY-SMF. Within the figure, N is
span number.(42)

When N; is large, the low bandwidth causes more NLI noise as they
have a higher frequency as previously described, so their contributions to
NLI are boosted by larger Ns. This fact leads to 50% of the bandwidth is
moved to cross a lower value to increase NG.

As the Figure 2.9 in the RS-SMF we can have a function (2-5) of the
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Nch .

Gy, (0)],
gy (N, = .
M Gy (0) [y o,

The three different curves, Ns equal to one, ten together with fifty.

(2-5)(42)

Now, NLI noise also increases logarithmically based on the logarithmic
law, without saturation signs. Similarly, gni1 lets direct reading of the
number of channels that produce a total C-band noise portion. Such as ,
fifty percent of the noises will be generated through first channels of three,
five together with six, and N; are fifty, ten, one separately. The comments
are identical to the one in the case of Nyquist-WDM, which you are able

to do now about curve-level comparisons.
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Figure 2.9: Plot of gnii(Nen), regarded to be NLI noise PSD Gnii(0) versus channel
number Nep, relevant to Gnei(0) in New=101, to the system of RS-SMF. Within the
figure, N; has been span number.(42)
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Subsection 3 Conclusion of NLI accumulation

Due to space constraints, the former outcomes can just explore a
restricted number of scenes. But we are able to draw some conclusions
about the accumulation of NLI GN model predictions.

First of all, by the simple exponential gives the NLI seems sufficient
to represent the relationship between growth and N of a specific system
scenes.

Second, while considering the completed filled systems of standard
50 GHz spacing, ie. spanning the entire C-band or larger, NLI
accumulation approaches N linearly, ie. Noises add up to in large part
incoherently. Residual index is typically about 0.06 and is nearly
independent to fiber type used. Pay attention to that if channel number
will be small, particularly if the interval is relatively large, you can see
that the actual € is larger.

The recent simulation results and the partially reported experimental
results appear to be consistent with the prediction of NLI accumulation
and Ns. However, it has to be pointed out that the e values reported by
other people is larger than the e forecast with GN models. Obviously,
greater studies and cautious comparisons for analytical, simulation as
well as evidence in the experiment are even the required conditions for
solving this problem.

Third, NLI noises may generate from far-flung channel, while
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virtually no enough channels are negligible. In particular, XCI will be in
charge of the continuous increase in NLI.

This last aspect can have important implications if further
experiments are confirmed. Specifically, twelve together with thirteen,
which is understood to be the NLI noise fractional number, can be made
up with receiver in theory. Its optical bandwidth refers to x-coordinate as
long as receiver has been configured with a non-perfect Digital Signal
Processing (DSP) nonlinear compensation algorithm.

For example: Figure 2.9 shows that in a 50-span RS-SMF case, fifty
percent of NLI noises in the central channels are generated through the
central channels as well as the 2 neighbouring channels (a total of 3
channels). It refers to means for reducing Pni1 in central channels with
fifty percent(3dB), receiver will require a sufficiently wide optical
bandwidth for making sure that these 3 channels are fully visible
(approximately 132 GHz) at the same time. Unfortunately, as shown in
Section 12B, Pni1 has a 3dB increase in system length by only 1dB (25%).
For greater benefit, according to Figure 2.9, requires a daunting large
receiver bandwidth and associated DSP processing power. The outcomes
show electronic nonlinear mitigation can come across actual obstacles to

implement with great challenges.
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Chapter 3 Non linear interference in

frequency domain model

Section 1 Frequency domain model

In these few years, there are many models used UT in the nonlinear
propagation. We can classified them into three kinds of models: model of
Volterra-series(VS), model similar to four-wave-mixing(FWM) and
model of GN.

Volterra-series can be separated in two kinds of domain, one is
frequency and another is time domain. At first, we talk about the
frequency domain VS. and next section we will talk about the time
domain VS. In the dispersion optical fiber, Volterra series method usually
use nonlinear Schrodinger equation (NLSE) to get the analytical solution.
Because it 1s difficult to get an exact solution for the general NLSE, so

we just think about the first order of Volterra-series expansion, as (3-1)

and (3-2).

D _ b ogz)+iv | AGO Az 0)

z (3-1)(30)

o 2
D(z)=-Z+ iﬁa—z
2 2 at (3-2)(30)

FWM-like models are separated by the signal spectrum, and put the

spectrum into spectral components. Now it usually deal with the OFDM
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coherent systems, which each WDM channel will be separated into many
electric sub-carrier. Interestingly, the results and the performance of the
VS and the FWM-like model are almost similar.

Recently there is another important approach which is based on
frequency domain, The model generated by this method is often called
the Gaussian Noise model, and many solutions in papers about the
influences. This approach give us a assumption that additive Gaussian

noise can be very similar as non liner noise.

Section 2 GN model

Subsection 1 Derivation

In this subsection we will show the fundamental results on the
relationship among BER, ratios of signal to noise and optical signal to
noise. In order to consider the non linear interference, we modified the
SNR and OSNR. By modeling the first properly TX signal we proceed
towards assessing variance of the non linear interference noise and

signaling with the formulas similar to four-wave-mixing(FWM)

A. BER, OSNR as well as SNR

In the linear transmission, the noise of ASE can be calculated as a
function (3-3), SNR has been assessed over the diagram of constellation

scattering in the deciding phase of receiver.
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BER=y(SNR)

The ¥ depends on the modulation format. For example, the BER of

the PM-QPSK is as (3-4).

BER = % erfe(N'SNR/2)

(3-4)

For the other formats (3-5), the SNR 1s found as

2

SNR =

2
O-ASE (3_5)

The A?is the average signal constellation points squared distance
without noise , which is decided by coherent receiver’s whole base band
scalar transferring function and transmitted waveform. The signal in the
transmitter can not be added both ISI or linear crosstalk, the adaptive
equalizer Hrx(f) is shaped, so the function (3-6) is like this. And the 6?ase
is the ASE noise variance.

A =Py o R [Hy () df
- (3-6)(33)

The Prx is received power per channel and R is symbol rate. Hrx(f)
is from the DSP adaptive equalizers in the coherent receiver.

And then we should find how to calculate the 6%asg, as the function

(3-7):

O-jSE = jGASE °*Hp, (f)zdf
o (3-7)(33)
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Gase 1s the power spectrum density (PSD) of dual-polarization ASE

on to the receiver(27).
The BER depends on the SNR, and we should calculate the SNR
including the NLI noise as the function (3-8):
A

2 2
O s T O Ny

SNR,, =
(3-8)(33)

onw1 is similarity as the function (3-9):
v = OOG H *d
Oy = | G () H e (f) [ df
— (3-9)(33)
The quantity G?nwi (f) is the power spectrum density of Non linear

interference(33).
Gy, ()= EV Leff .

T TGWDM (fD)Gwprs )G (1 + 1= 1)

—00—00

Pt ) 2 fos DS, (3-10)(24)

The power spectrum density in the function (3-10) is in the end of
the link and in this case the spans is identical and the loss is caused by the
amplification of optical. GNRF may be physically as descriptions of
spectral jitters each thin sheet WDM signal with all other spectral other
sheet by FWM process. This is reflected in the GNRF twice the points
represent the three "pumps" the frequency (f1, 2, 3=f1+{2-f) of beating

normalized FWM efficiency p(fl, {2, f3), and creating an interference
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signal at frequency f. And the Lesr 1s used to let p to 1 as the maximum.

~ ) _ _
l—e 20!L,yej477 Bl (f1=1)S2=1) |2 ,

) 'Leﬁ’
o~ jam* By(fi = ) fs = 1) s

p(flﬂfpf) =] )

Focus on the third frequency 3, {3 is not in the function (3-11).
f3=f1+1f2-f, which is in the lumped amplification.
The integrand factor:
GWDM (fl )GWDM (fz)GWDM (fl + fz o f) (3-11)(24)
It represents the power spectrum density. The finally factor is as the
formula (3-12):

sin?(2N 7z (f, = £)(fs = HBLL,)
sin® 272 (f, = 1)(fs = )B,L,) (3-12)(29)

Z(flafzaf):

This is called phase array factor which takes coherent interference at

the receiver in each span.

Using the function of 62ase and A2. We can get the function of the

OSNR:

RS

OSNR = —SNR

n (3-13)
The B 1s the bandwidth of OSNR. This formula is just used in the
matched Rx filter. Otherwise the formula is more complex.

The formula of the non linear OSNR is as follow:

OSNR,, = % SNR,,

" (3-14)
Finally we calculate the OSNR including the ASE and NLI noise,
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Loy

OSNR, =——¢<t
P ASE + P NLI

(3-15)
The Pen is power of launched, the Pasw and P is the power of ASE

and NLI.

Subsection 2 Configuration

In the past few research, many system configurations was used.
They are all based on the three types: SMF, NZDSF and PSCF. The
parameter of the three types fiber.

Dispersion parameter is > which can be describe as (c refers to

light-speed and the A refers to wavelength of operating):
B.=ID|- X 127-¢) o
The Bn is always 12.48dB(0.1nm). We usually use an odd number of
channels Nc, because we need a central channel. So we choose the Nev=
101. The N is assumed to the full C-band which is 5THz(32). The
symbol rate is 32Gbaud and the roll off is 0.3. So the full channel
bandwidth is 41.6GHz. Span length is 100km and channel space is
50GHz.
There are another three systems which assumed the ideal Ny-WDM

transmission which means the channel rectangular spectra is perfectly

rectangular and the bandwidth is the same as the symbol rate.
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Subsection 3 modeling the transmitted signal

We first make key assumptions, combing to a Gaussian random
process by each channel and the total WDM signal. Furthermore, we need
a signal spectrum composed of spectral lines, because we are using a
method analogous to FWM in assessing NLI. Necessary to meet both
requirements, but also the use of complicated periodic white Gaussian
noise (PWGN) procedure with a suitable spectral shaping way.

The procedure of PWGN cycle is able to be presented by

Karhunen-Lo¢ve function (3-17) as follows

Eppon (1) = \/70 i fiejsz()t

i=—o0 (3-17)(9)

The fo equal to 1/To and it is assumed for having unit variance of the
&’s which have been statistically independent complicated Gaussian
random variables of the same distribution: The Fourier transform of
formula is

Eppon (1) = fo S ES(/ ify)

f=—e0 (3-18)(9)
GPWGN(f) = /o 25(f_i.f())
j=—e0 (3-19)(9)
In order to obtain a desired Gaussian noise transmission from the
Erwan (GN) to EGN signal model, we performed spectral shaping of the

latter, so that the spectral lines in the final EGN "envelope" the WDM
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optical signal emitted from the actual PSD Grx (f)

Eou () =GN To S ES(f ~if,)

= (3-20)(9)

Gox (1) =G (N 1o Y5(f ~ify)

[=—e0 (3-21)(9)

GPWGN (f )

Ganl?) Gr()
(spectral lines) (solid curve)

AT AT T T

Figure 3.1: (a) PWGN noise’s Average power spectrum; (b) Average power spectrum
of periodic Gaussian noise with spectral shape(9)

Please note, assuming it is important independent that each
frequency component of all other frequency components at the statistics,
because &’s is independent of the RV. Also note, EGN cyclical
hypothesis does not result in an actual general loss, because the cycle To

may be selected as large as desired. It can even become infinite.

Section 3 Enhanced GN model

Most restrictions GN model derived from the assumption of a
Gaussian signal. Eliminate the assumption seems to be a necessary step.
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Briefly, the signal is assumed Gaussian model calculation means
considering only the second time transmission signal. Removing
Gaussian assumption to consider the fourth timing signal, XPM, and
FWM, SPM, and the fourth and sixth timing signals.

In such an extension is XPM contribution to the NLI. In has
completed the contribution of FWM and SPM. Then came the follow-up
and several related publications EGN model.

EGN model formula is more complicated than GN model. As with
GN model, the main objective is to provide EGN model expression Gnri(f)

for the NLI PSD. It can be written as function (3-22),
Gy () =Gy () =Gy (f)

correlation which has the influence of signal without Gaussian into user.

(3-22)(9)

In this section, we are focusing on the type of NLI which named SCI,
XCI and MCI, orderly presentation EGN model formula (3-23). In other

words, we will EGN broken down into:
EGN EGN EGN EGN
Gu; (f)=Gs (f)+Gye (N)+Gyué (f)

Please note that the right of each item has a GN model section and a

(3-23)(9)

correction section, and function (3-24). For example:
Gt (N =GN+ G L) v
For the GNxci(f) and GNyci(f) is similar. We will point out which
one is in their definition formula.

In function (3-23) the contribution of this segment of the NLI GN
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model is more likely than traditional classification. Before continuing, we
review three kinds of NLI type definitions, to facilitate the reader. In (9)
can be found based on the equivalent of the actual position of the spectral
components of the WDM signal but more formal definition of a set.

The latter intends to render a negative number, model calibration
stressed EGN NLI typically reduces the facts. In fact, if it is assumed
PM-QAM signal, it will always be lower NLI. Interestingly, if the signal

constellation are Gaussian, the G\ (f) = 0, i.e. GFNypi(f) = GNuw (€).

Section 4 Incoherent GN model

In the section 3, every NLI single span generated the coherent
interference on the receiver of the GNRF. As discussed above in in
Section 3, in the case where a transparent and homogeneous links, such
interference is shown as GNRF integrated factor y.

Here we introduce a surrogate model GN coinciding with each
model on a single span, but in this section we ignored the coherent
interference between various spans. The model has been named
incoherent GN model(referred to as IGN model). Accordingly, the total

NLI end linking PSD is:
) Ns
Gy ()= =l G ()

Within n-th span alone, G™nLi(f) is the non linear interference power

(3-25)(24)

spectrum density generated, and then propagated to the Rx via the link all
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the way. As the function:
mc 2 2
NL[ (f ) - 7/ n"eff ,n

nel 6 jgk@w ol
-0
e’ e I}

Ly

2 j g ()dS

N,
H e e—ZakLa,k Fk
k=n
0

o0

_[ IGWDM(]q)GWDM(](Q)GWDM(ﬁ +£-1)

—00—00

P, (1> 125 1)) df,

(3-26)(24)
Where in the subscript integer n, k represents an amount related to

the span.

Function (3-25)--(3-26) constitutes a broadly-defined inconsistent or

GNRF IGNREF. It is assumed with the homogeneous and transparent

connection, IGNRF simplified as:

Jl\’fZ(f)_ 7/5 iﬁ‘nN .

j jGWDM (S)Gyprs ()G (J1 + 2= )

—00—00

p(f1s 1os /)t df,

(3-27)(24)
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Section S  The performance of the Frequency domain

models

In this section, there is a very important thing is we analysis the
results with the model predictions that we find in the recently simulate.
Because of the NLI noise, noise accumulation is looked to be
"incoherent". As that our cumulative data with incoherent noise
demonstrate that the simulation is better than using the coherent

accumulation.

Subsection 1 The GN model test result

Most of our tests proceed as follows. For each of fiber type in the
different frequency spacing, we estimate the NLI models system to
simulate by a transmit power per channel function with L. For example,
in Figure 3.3(a), we can find the group of PM-QPSK curves on the SMF.
In Figure 3.3(b), the identical curves of PM-8QAM has been displayed on
the PSCF. The numbers have shown our consistent finding throughout the
comparison: the solid lines(model) pretty much similar as the
markers(simulation results).

Since it would be impractical to show a similar graph of all twelve
combinations of format and fiber, we can analysis the results in different
ways. The key information in Figure 3.3 is clearly that we want the

maximum data of every curve, which means the maximum L achievable
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by the system. We estimate Lmax for all system configurations by
simulating and using the model. We then collected all the results, one
Lmax versus net spectral efficiency (SE) per fiber type, as shown in Figure
3.3. The net spectral efficiency is M that is the number of bits carried per
symbol (PM-BPSK is 2, PM-QPSK is 4, PM-8QAM 1is 6 and
PM-16QAM is 8) and Rs = 25GBaud is the symbol rate of net Payload.
The last one is achieved through minus FEC and protocol overhead from
the total symbol rate of 32GBaud, which we assume will reach 28%
worldwide. Draw a different curve for each format and for each fiber
while changing the channel spacing parameters. In Figure 3.2, the solid
line is the model prediction and the mark is the simulation. The label is

the value of the frequency interval.

2
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— n 28—y b4
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Figure 3.2: optical launch power Prxopt being channel interval function Af for 2 kinds
of fibers: SMF together with NZDSF. Full line: predicting models; mark:
simulating(circle: PM-BPSK; square: PM-QPSK; diamond:PM-8QAM; triangle:

40



PM-16QAM) (27).
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Figure 3.3: The system achieves the relationship between Lio: and transmit power
per channel Pry, 9 channels with 32 GBaud, BER=10. Full line: predicting the
model of GN. Mark: Simulation outcome. Various curves refer to various channel
spacing, as shown within the diagram, draw (a) PM-QPSK on SMF; draw(b)
PM-8QAM on PSCF (27).

The most striking feature of Figure 3.4 is that two kinds of curves

one is model predictions and another is simulations that are excellent in
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all modulation formats, fiber optics, and spacing. Note that the distance
between these two extremes is very far: from PM-BPSK system in PSCF
up to 18000 km and spectral efficiency 1.0bit/s/Hz up to 200km for the
PM-16QAM system at a spectral efficiency of NZDSF over 5.7 bit/s/Hz.
From this data we can find the model predictive ability is quite extensive.
In addition to the maximum range, another significant parameter for
system is the optimal transmit power of each channel(Piuopt), i€ the
transmit power referring to Lmax. Pwopt Was collected from all the
modulation, fiber as well as spacing. And the relationship between this
Puwopt and the frequency interval was plotted by us for all formats on the
SMF as well as NZDSF fiber as the picture shows within Figure 3.2. The
PSCF outcomes have been nearly the same as the SMF results, so do not
show in Figure 3.2 because they will overlap the SMF data and we cannot
get the curves very clear. Different formats are shown by different type
marker. Only two solid lines are model predictions for two type of fiber.
Because transmit power per channel versus the frequency spacing is not
depended on the model formats. However, the Lmax 1s depended on the
Popt, modulation formats and all the parameter, as shown in Figure 3.4.
Lmax will not be the same. Anyhow, these simulation outcomes confirmed

the interesting phenomenon.
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Figure 3.4: The maximum realizable system achieves the relationship between Lmax
and net spectral efficiency SE, in bits per s / Hz, with 9 channels of 32 GBaud, BER =
1073, The full line represents the model, while the mark represents the outcome of
simulation: every color curve refers to the format in various modulation of the mark in
the diagram. The number beside the mark specifies the channel spacing appled within
the simulation. a) PSCF diagram. b) SMF diagram. ¢) NZDSF diagram (25).
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Figure 3.5: maximum achievable system achieves the relationship between Liax and
the quantity of WDM channels considering the use of PM-QPSK on the SMF at 32
GBaud with channel spacing equivalent to 32 GHz and 50 GHz with BER = 107, Full
line: predictive model; mark: simulation (25).

In order to further expand the scope of the model test scenario, we
decided to increase channel quantity. We specialize in PM-QPSK for
SMF at 32 and 50 GHz intervals. The assessed Lmax and the quantity of
transmission channels Nen have been simulated by us. Due to the CPU
time limit, we added N¢, until it is actually possible. Then, we calculate
the model prediction, increase Nen until it is full of the entire C band
(4THz), referring to 80 and 125 channels of 50 and 32 GHz, respectively.
Result is presented within Figure 3.5, in which the simulation is a marker

and the model is solid (25). Even in such a wide bandwidth, the accuracy
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of the model can be sufficiently confirmed as long as simulations are
possible.

In essence, it can be seen from Figure 3.5 that the performance
degradation is not saturated with respect to the number of channels. There
seems to be no "adequate" channel in this regard to ensure that NLI is
fully considered. However, we can find in Figure 3.5 that performance
decreases slowly as N¢n increases.

In addition, obviously the performance of several channel
experiments doesn’t thoroughly represent the performance of the
complete system of "C" band. As for this, the model that is shown above
may be significantly helpful: Because the models look fairly accurate in
predicting system performance and Ne, the performance of several
channel systems can be extrapolated through the model so that it can be

reliably predicted to be larger the number of channels.

Subsection 2 The incoherent GN model test results

We simulate the incoherent GN-model of the function (3-28) and
shown as the figure. In the top Figure 3.6 we used the span length is
100km and in the bottom figure we used the span length is 60km. We use
all the 36 and 45 systems configurations of the ‘landscape’. The dash line
is the results of the simulation. There is a error bar in this results which is

5% (or 10% total).
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(3-28)(36)

A striking feature is a good model for 500 kilometers accuracy of
MR grid line. Even below 500 km, PM-64QAM only exceeded 10% at an
MR value of approximately 2 spans (200 km), only with an error of more
than 10% on the NZDSF Figure 3.6(top). The GN mode must never dealt
with this short-range system, and that the signal should be in the
completely dispersed state during most fiber transmissions is the key
point. Interestingly, the error size seems to mostly depend on the reach,
not the format, the length of the fiber or even the span. With MR over
500 km, the model seems fairly more reliable, independent than any other
aspects of the system. Under five hundred kilometers, errors increase
gradually, and the model is still in use, which depends on the demand of
accuracy.

We should pay attention to that the test within Figure 3.6 does not
solve for symbol rates below thirty-two GBaud as well as dispersion
below 3.8 ps/(nm*km). That the safety threshold is able to be taken 25
GBaud will be shown in section III. To the dispersion, a lower value
below 3.8 ps/(nm*km) has not been proposed by us within this study,
namely the NZDSF fiber. It should be conservatively assumed that the

GN-Model should not be able to handle near-zero dispersion should not
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be close.
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Figure 3.6:

Dashed line: predict maximum reach of the system on the basis of the irrelevant GN
model, equation (6-1) and throughout the whole test ‘landscape’, every system is
configured with raw spectral efficiency with spans of one hundred kilometers (upper
part) and sixty kilometers (lower part), respectively. Mark: Simulation outcomes
under 33.6, 37.5, together with 50 GHz channel interval (22).

Subsection 3 Test Outcomes of Closed Irrelevant GN-Model

Although it is very simple, function (3-29) asks for double numerical
integration. But assuming the signal of WDM is even, function (3-29)
will be solved analytically through a smaller approximation for obtaining
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the PNLI closed form as follows :
The solution can be resolved with a smaller approximation to obtain

the following closed form of PNLI:

R

N

16 y’LeyPen . 7 v
_n o rlalo asmh(;’— | B, | R[N*a]Y)
a

NLI — S277Z'|ﬂ2|aR2

(3-29)(36)

This very simple closed formula reduces the complexity of the
model to almost 0. It offers a legible and comprehensible dependency on
NLI for parameters of critical system as well. In addition, with these
concatenation phases have been approached, it can be imagined that its
accuracy may be diminished and therefore needs assessing cautiously.

Figure 3.7 is similar to Figure 3.6, the line now represents MR
estimation based on function (3-29). The difference from Figure 3.6 is the
smallest among pictures in the 100 km range. In the picture of 60
kilometers range, the error of PSCF situation increases slightly. This has
nothing to do with primary functions for the models of GN. It is because
of the need for a specific further approximation for obtaining the
closed-form settlement to function (3-29). This approximation is valid, as
long as the loss of pan will be a little big, the Threshold is approximately
ten dB. At a PSCF span with sixty kilometers, the loss will be 10.2 dB,
which is why it differs from the numerical integration of Figure 3.6
(bottom). In general, the whole story, including the PSCF, this error is

quite inclusive. Considering its simplicity, function (3-29) is valid in
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nonlinear modeling of various test landscape systems, MR as well as
spectral efficiency are nearly 2 magnitude orders between 2.5 and 11.5 bit

/ (s-Hz), from our perspectives, is a bit significant.
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Figure 3.7: Dashed line: predict maximum reach of the system on the basis of the
irrelevant GN model, equation (3-29) and throughout the whole test ‘landscape’,
every system is configured with raw spectral efficiency with spans of one hundred
kilometers (upper part) and sixty kilometers (lower part), respectively. Mark:
Simulation outcomes under 33.6, 37.5, together with 50 GHz channel interval (22).

As mentioned earlier, function (3-29) assumes a uniform, transparent

and homogeneous system. All three assumptions can be based on the

same type of approximation (3-29) as the derived formula, while still
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obtaining the fully closed formula of the incoherent GN model. This
general formula offer the quick evaluation means of performance that is
of great use for many applications in practice. At present it has applied to
the real-time physical layer perceptual controlling plane in the business
WDM network of main device vendors(22). This kind of formula can’t be
really tested here by us since effective test requires producing a few
hundred of uneven together with non-uniform system testing
configurations. However, prior to commercial deployment, equipment
vendors have conducted extensive experimental testing. However, we
ought to keep in mind that the closed formulas take after all limits got in
irrelevant GN-model. Additionally, just like what has been described
above, the loss of span should be larger than ten dB. In addition, they

don’t consider the further.

Subsection 4 Test Outcomes of EGN Model

This test method is similar to IGN model, on the similar "landscape"
within the systematic configuration. This result is presented within Figure
3.8. You can immediately see the good corresponding relation in
predicting EGN model as well as simulation outcomes in the entire
landscape. This agreement has been really compelling because in
obtaining two estimated values, calculations between simulation and

EGN are quite various within formula as well as algorithm, which is
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involving a few trillions of FLOPS. However, the last outcome agreed to
be in the range of less than 3%, from 200 kilometers to nearly 16,000
kilometers.

Now we have also achieved very good results in reproducing the
more sensitive "Pnii" indicators. Figure 3.7 is similar to Figure 3.8, with
EGN estimates added (dashed green line) and non-coherent GN-model
curves removed for clarity. A coincidence between 2 and 50 spanning
simulation and EGN estimates Pn.i which almost perfect equal to 10.
More detailed and detailed comparisons between simulation and Pnuir

EGN estimates can be found, all of which show excellent agreement.
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Figure 3.8: Full line: predict maximum reach of the system on the basis of the
irrelevant EGN model, and throughout the whole test ‘landscape’, every system is
configured with raw spectral efficiency with spans of one hundred kilometers (upper
part) and sixty kilometers (lower part), respectively. Mark: Simulation outcomes
under 33.6, 37.5, together with50 GHz channel interval (22).
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quantity of the incoming link. The normalization of Pxiij number VS the transmit

power (22).

Subsection 5 Closed Approximation of EGN Model

EGN models’ outstanding accuracy, validated within the former
parts, has been gained with more analysis as well as computational
complexity than GN-model. Therefore, being able to operate it is
important for the simple and ideal closed-form approximation. It retains
main characteristics of EGN models. It is especially useful for the study
of complicated network optimization in which multiple models need to be
evaluated to obtain the single outcome.

Within the first phase toward the aim is achieved through
determining the closed approximation within corrective item G®"nii(f),
asymptotically effective over the number of spans spanned. However, this

approximation does not solve the SPM problem and is limited to a unified
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WDM signal. The SPM is taken into account and provides a simpler way

that can handle any WDM comb:

corr corr 40 yzpmNsLiﬁ”
GNLI(f)zQNu:Sl R 7B L
m 2 s
N P’ 2P’
(2 )

D, s +®, —
n=l,n#m Rn | f;z _fm | Rm (3-30)
The arrow below G®™\r1 reminds approximate asymptotic behavior.

The symbols P,, R, and f,, correspond to transmit power, sign rate as well
as middle frequency for the nth channel. The m' channel has been CUT.

Constant @, is decided by the channel’s modulation format. Table 1 lists

a few major transmit format values.

Format o
PM-BPSK 1
PM-QPSK 1
PM-8QAM 2/3

PM-16QAM 17/25
PM-32QAM 69/100
PM-64QAM 13/21
PM-0-QAM 3/5
PM-Gaussian 0

Table 1:Values of the ¢ parameter (22)
Note that G®™\; isn’t decided by frequency. It has been regarded

(approximately) constant on frequency band [fn-Rs / 2, fm + Ry/2] where
fm will be CUT center frequency, while it will be 0 outside this band. In
addition, the homogeneous and crystal connection of aggregated
magnification is assumed in the formula. But once the span is different, it

may use the average span Ls as well as the effective length Lerrz More
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approximation applies to all connections with a single span length in +
15% of mean. Once WDM signal has been consistent and CUT becomes
a center channel, it is able to simplify the formula (no more

approximation) in the following:

T2 3

corr _ @(D yzLeff})ChN
—M 81 RPAfnf,L

LHN(N,, ~11/2)+ 2
s (3-31)

where HN represents a harmonic number sequence, it is defined as:

_vN
HN(N)=Z),(/n)
The plain formula above was tested by us in the ordinary case within

system configuration. Our approximate expression (3-33) is:
G (N =G (N=Gor
to evaluate the NLI PSD of the CUT, otherwise it was done before. MR
results are shown in Figure 3.7. It is worth noting that the accuracy is
very good throughout the figure, there is no substantial difference in
Figure 3.7. A single exception is the smaller error of PM-64QAM on
NZDSF within Figure 3-7(upper part). It is because, like what has been
mentioned above, equation (3-33) is asymptotically accurate in terms of
the number of spans. Fusion is not fully achieved in MR with only 2
spans.
The results in Figure 3.11 show the possibility of asymptotic

approximation to G®™\ri(f). However, an important warning must be

mentioned. There are two items to the right of it, which in fact can be
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absolute but converse within signs. While 2 quantities are subtracted, the
comparative error in outcome may be in excess of the comparative error
of the two operands. In particular, we find when contribution of GN
model G%Nui(f) and EGN correction G®"\ui(f) are independent
approximations, it may cause great deviation of the right results. We
suggest that GN model term G®Nxpi(f) is not approximate when using the
asymptotic closed approximation of G*"nri(f), or it uses the very precise
fully validated approximation. Especially, taking the place of the GNxpi(f)
together with an approximately non-coherent GN model as talked within
previous part is not appropriate. An interesting topic has been left by us, a
reliable approximation of the overall closed form as equation(4-21) for
investigation in the future. In this part, while approximating
equation(4-21) through equation(6-10), we often accurately evaluate the
GN model contribution GNypi(f).

As shown in Figure 3.11, The question then is whether they remain
valid at lower symbol rates. Fig 3.11 presents the relation among a
number of channels in which the same number Gnri shown in Figure 3.11
is divided for a given optical bandwidth Bwpm. In the figure above,
BWDM = 504 GHz, 32GBaud refers to fifteen channels. At the lower
part, BWDM = 2.52THz together with 32GBaud corresponds to
seventy-five channels. The upper graph presents asymptotic

approximation equations which well match the EGN model to about
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5GBaud(one hundred channels). The lower diagram presents the slightly
inaccurate matching, however, still superior to GN model, or EGN
models ignore the FWM. In general, this error is included in the best sign
index. It will be 2.4 GBaud or so within these two figures. However, pay
attention to that asymptotically approximating curve doesn’t present the
min-value, so when performing the optimizing study, you must use the

full EGN model.

57



18 . .

=y
(o]

-
IS

G, (THz?/W?), dB
)

101 ]
l --'GN
gHl—EGN S
......... EGN no FWM e
- = -asym. app. SI\IF Ly 1001{111, 50 spans, B\\'D_\[ 504 GHz
6 ! I
1 10 100 1000
number of channels N,
20 . .

- -asym. app. |SI\’IF LS 1001{111, 50 spans, B\VDM 2.52 THz

15 100 1000 3000
number of channels N,

Figure 3.10 Normalized average of NLI noise power spectral density "G N LI on
center channel, vs. channel number Nch, for the fixed total WDM bandwidth of 504
GHz (upper part) and 2.52 THz (lower part). PM-QPSK modulation, quasi-Nyquist:
roll-off 0.05, interval is 1.05 times over the symbol rate. NLI has been measured at

50-span of SMF. Line: Calculation adopting the model shown in the diagram. The tag
"asym. app." has been an approximation of the asymptotic EGN model (23).

In summary, closed-form corrections for asymptotic approximations

greatly reduce the complexity of the EGN model and are trusty at 32
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GBaud or above. To the rate of lower symbols, its accuracy will lose
gradually. But it can not be applied to full NLI and research on

optimization of symbol rate.
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Figure 3.11:Dashed-dotted line: predict maximum reach of the system on the basis
of the asymptotic EGN model, and throughout the whole test ‘landscape’, every
system is configured with raw spectral efficiency with spans of one hundred
kilometers (upper part) and sixty kilometers (lower part), respectively. Mark:
Simulation outcomes under 33.6, 37.5, together with 50 GHz channel interval (22).
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Chapter 4 Time-Domain Models

Section 1 Time domain model

The another approach is time domain analysis which was covered by
Mecozzi together with Essiambre. This approach has been much different
from those of former. A larger portion of the NLIN will be seen to be
phase noise within non-ignored intensity modulation.The NLIN can be
easily canceled out by its long temporal correlation if the NLIN can be
characterized as phase noise.

We take an interesting channel in to consideration, setting the center
frequency to be 0 freely, while setting the center frequency of the
interference channel due to XPM. We involves only interaction with 2
channels, its contribution NLIN plurality of WDM channels are added,
there is no need to use more than one pair for initial analysis. We ignore
involving the nonlinear interaction of the amplified spontaneous emission
noise that in the frame of our ongoing disturbance analysis is negligible.
The analysis is possible in principle, but we are here to research
conducted found that the first order method with sufficient accuracy. First,

we represent our zero-order electric field (linear) settlement:

—ifh+iLsz
u?(z,0)=2a,g"”(z,t—kT)+Xh.e 2 gz, t—kT - p'Q2)
k k (4-1)(26)

Superscript whole equation represents the "zero-order" (4-1)
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represent the right side and the first channel of interest, and represents a
second interference channel. Symbol ax and bk represent the k-th data
symbol from 2 channels carry, z and t have been coordinates of spatial
and time, B" has been diffusion factor, T has been the duration of symbol.
To simplified symbols, with no generality loss in under the circumstances,
B" will be assumed to be negative in this part, Q is positive. Represents a
basic pulse single sign will be g (0)U(z, t) = U(z)g(0, t), in which g (0, t)
will be input waveform (21),
U(z) = expli 207
(4-2)(26)

represents the time derivative of the user) with existence of a dispersion
propagator.

It 1s assumed that waveform g(0,t) has been standardized as unit
energy and real capacity of transmission symbol being interpreted by the
coefficients ax and bk (26). Further, assume input waveform g(0, t) is an
integer with regarding of the time shift of orthogonal sign duration (26),

1.€.

" 07 (0,t—kT)g(0,t —k'T)dt = 5, ..
| g (0.r=kT)g( =8 o

Since the unit of U(z), and this nature has been retained
orthogonality linear propagation waveform g (0) (z, t) as well in the.
u(1)(z, t) first order correction of the field has been gained through

settling non-linear Schrodinger function (4-4)(26), where zero-order
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approximation of the nonlinear term

ouV(z,1) i
———==——p0u" (z,0)+iyf (2) |[u® (z,t) P u'”(z,1)
0z 2 (4-4)(26)

where g has been nonlinear factor, function f(z) is described along
optical link loss/gain profile. In the case of uniformly distributed
throughout amplification, is equal to 1, the lumped amplifier f(z) = exp
(-az') the case wherein A has been a loss factor, z' has been z position of
amplifier’s last point. the nonlinear term, leaving only the item of interest
help the channel (which is near zero frequency). function (4-5) z =L is

direct (26), it is

(L) =i7], d=U(L=2)/ () [u" .0 u® (z.0)
0 (4-5)(26)

We are concerned that without loss of generality when detecting the
zero symbol data obtained by the reception field of a0, u(L, t) = u(0) (L,t)
+ u(l)(L,t) by the match filters, the pulse reaction g(0)(L,T) is
proportional(26). u(0)(L,t) contribution to the output of matched filter is
itself ao, and u(1)(L,t) is an estimate of the error contribution resulting

from Aap NLIN(26). It is given by
Ay = [ u®(L,0g"" (Lt)dt =

L 0
iy [ def ()] dig (2,0 |u® (z,6) P u®(z,0)
0 = (4-6)(26)

We have used the definition of linear propagation operator
U(L-2)g(0)*(L,t)=g(0)*(z,t)(26). Alternatively zero-order field equations
produce a result from the expression (4-1) to (4-6)
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Aa() = 17/ Z(ahazamSh,k,m + 2ahbl>:meh,k,m)

h,k,m

_ [t N ¢, 4 O, O, 4
Siim = |, 2 ()] dtg™ (2,08 (z,t=hT)g® (2,6~ hT)g" (z,t ~mT) w06

This is the intra-channel interference effects(26),

X, = [ df (2)] dig " (2,00 (2,2 = ht)

x g (2,0 —kT = f'Q)g " (2,0 —mt = '), oo

It accounts for (inter-channel) interference induced XPM(26).
Channel interference involves only the symbol transmission channel of
interest does not necessarily considered to be noise. It can be
reduced by a large block of symbols jointly decoding, may be
eliminated by back propagation as well as predistortion. Therefore, the
item will be ignored by us with the following formula is proportional to,
and will pay attention to NLIN due XPM. Note a provided injection pulse
waveform g(0,t), sign duration time T, channel interval parameter W as
well as optical fiber, values Xu, k, m will be seen in numbers(26). So as
the channels between the discrete, monotonically decreases, which is the
ratio between the parameters b"W symbol duration T and the group
velocity difference.

Xn, k, m @ very important feature is directly proportional to the overlap
between it and the four time shifting waveform. Thus, according to the
prediction equation it is reasonable. The maximum element Xu, k, m is 0
and h = k = m elements of. This is because in this case, only two shifted

waveform need to overlap. We contribute these items written Aao:
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AaO = laO(zﬂ/Z | bm ‘2 XOm m) = iaog
g m o (4-9)(26)

We define:

. 2
0= 27 Zm |bm | XO,m,m (4-10)(26)

Note that, since Xomm 1S in accordance with equation , q is a real number,
which refers to the non-linear phase and rotation. It is done using
subindex p (just like within "phase") within sign inspiration Aagp. q First

two order moments will be provided through the following formula

<@>=2y<b,|’>2X

0,m,m

(4-11)(35)

<0'>=4y* ¥ <b,['|b, "> X,, X

’ ’
0,m,m=>0,m',m

(4-12)(35)

The phase rotation variance will be

AP =<0 >—<0>"=4y*(<b,|'>—<b, |2>2)%X§

’m5m

(4-13)(35)
Here independence has been applied between the various data signs
<[bm[*|bw’|Z>=<[bm|*><|bm’[*>(1-8mm’ ) +<|bm[*>Omm’(31), As their stability
<|bm[">=<|bo|>. Equation (4-13) constitutes a very important result, i.e.,
the information symbol phase noise increases with squared amplitude
variation and growth, and disappears in the pure phase modulation
situation, in which [bo| will be the constant (therefore <|bo|*>-<|bo|*>=0).
In view of the fact that regardless of the modulation scheme by dispersion
fiber spread, which is the opposite intuitive result, the electric field

intensity appears random fluctuations.
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In addition to pure noise after the phase XPM among WDM
channels, as well as extra noise contribution, to the single pulse channel
of interest of a pair of pulses from the interference channel(21). Since
these contributions to residual NLIN, we will NLIN called NLIN, in
order to distinguish it from NLIN staging area previously described.
Generally, as the left NLIN happens during the time overlaps among 3 or
4 different waveform so amplitude modulation (16QAM, or to be larger
QAM constellation) case its amplitude not less than the phase noise, as
we used in the digital section 4 as indicated.

Further simplify the phase noise variance limit expression to follow
a big cumulative dispersion, and it precisely characterize the case of most
up-to-date fiber communication connections aren’t included in-line
compensation of dispersion. Under this condition, propagation waveform

g(z, t) with itself fast Fourier transform is proportional to, i.e.

i it’ oot
.~ exp(—-—-)g(0,—-)
273"z 28"z Pz (4-14)(26)

gzt~

Function (4-14) merely shows the truth that various frequency
component of dispersion resulting in the incoming signal travel with
various speeds, in order to map the injection signal spectrum to time.
Within the above limitation, the factors Xo, m, m is provided through the

following formula
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mT

L dv
Xomm = dzf (2) "
L° I4” i Pz (4-15)(26)

We define v=t/b"z. In function (4-15) we ignore the non-linear
distortion which is produced within the vicinity of input fiber define
zo~T2/|B "|<<L large as the distance a discrete approximation of Function
(4-14) becomes effective use (26). Function (4-15) in the case of fully
distributed amplification, we approximate analytical expression of 0.
Physically, this is equivalent to claiming all collisions in the region of the
center [zo,L] collisions are considered fully collision, despite the fact that
some of (those fibers near the edge of the middle collision) part of them
are. Will be multiplied by a function of z./z (near unity when there are

great overlaps among pulses), as well as altering integration order,

2 S (2,)

2ﬂ”2|

Xomm = j g [ dz

< BOUL
~ mT = (0<ms )
g0,v-Q- )z{/“2 g
ﬂ”Z 0(otherwise)
(4-16)(26)
The result of the equation:
4y°L

0> = (<|b, |'> — < b, [*>?)

QT (4-17)(26)

Simplify the expressions X0,m,m, function (4-17). Also allows to
calculate the phase noise Ro(1)=<0,0,:1>-<0>> time autocorrelation
function, notation n is used by us wherein non-linear phase to nth sign

within channels of interest induced rotation. Use function (4-18) We
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have:

Ry()=4y">. > <b, 15, I">Xo 1 X o0

—<0 >2=A92{1—i}

| ’B € | L (4-18)(26)

Wherein [a]+=max{a, 0}(26). In the case where a plurality of WDM

channels, function (4-19) is extended to

[T

Ry = AO* ()| 1-— 1
(h=2.40% ){ 7L

:| (4-19)(26)

Where Wi has been frequency spacing of the s-th channel as well as
WDM channels of interest, then the sum of the interference on channel.
Note within the great cumulative dispersion limit, |B QL/T>>1
characterized in that phase noise of the related long period(26). Such a
feature helps use of the available non-linear phase noise cancellation
equalization techniques, and helps achieve larger information volume. It

helps to extract phase noise in the simulation as well.

Section 2 The time domain model test result

Taking into account the system of 5-channel WDM performed on
fiber with standard single mode which dispersion to be seventeen
ps/nm/km, non-linear factor y=1.3[Wkm]!, as well as 0.2dB attenuation
per kilometer, the results were obtained from a series of simulations(26).
We assume that the Nyquist pulse has a perfect square spectrum with a
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32-GSymbols/s sign rate together with 50-GHz channel interval. The
simulation sign number per running is 4,096, and the running number per
group of system parameters (every system parameter has independent and
arbitrary data signs) is from one hundred to five hundred for collecting
enough statistical data. The simulations have been carried out using
single polarization and theoretical outcomes have discussed scaling in the
case of double polarization. For forward-backward circulation, scalar
non-linear Schrodinger equation was settled adopting the method of
standard split-step Fourier by setting the step size for limiting the largest
non-linear phase change into 0.02 degrees(as well as defining 1000
meters within the upper limit). The sample rate is sixteen examples/sign.
For extracting NLIN, firstly we remove the average phase shift resulted
from adjacent WDM channels and later evaluate the offset receiving
constellation point as well as perfect constellation point, which will

represent the testing within non-linear case.

Distributed amp. .~

NLIN power [dBm]

Ly

1

-
=

-15 -12 -0 -6 -8 - 2
Imput power [dBm] Tnput power [dBm]

Figure 4.1: NLIN power VS. average power/channel within the 5x100 kilometers
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system for QPSK as well as16-QAM modulation. Full line shows theoretical
outcomes and dot refers to simulation. Dotted red lines refer to SON contribution
P3y1, and it will be the same to GN model’s outcome. (a) Distributed amplification.
(b) Aggregated amplification (28).

In Figure 4.1 NLIN power is shown to be the function of average
input power of the system by us, which consists of a 5x100 kilometers
span in modulation of QPSK and 16-QAM(28). We show the NLIN
power as a function of the average input power of the system. In the case
of QPSK and 16-QAM modulation, the average input power of the
system is 5*100 km(28). Figure 6-12(a) refers to under the condition of
pure distribution amplification, while Figure 6-12(b) corresponds to the
same system with aggregated amplification. The solid curve and the
points show the simulation outcomes. Dotted line in red represents GN
prediction model, ie, P3y. The diagrams show the reliability upon the
modulation format, as has been offset of the GN models. But although
errors of GN model in QPSK situation are 10 dB to distributed
amplification, they are reduced to 3.7 dB while using aggregated
amplification. Please pay attention to differences of modulation format
and errors in GN model results have nothing to do with input power. The

good consistency of theory and simulation will be obvious.
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Figure 4.2: NLIN cumulative power (obtained power is normalized) and spans Fig a
refers to distributed amplification situation while fig b,c and d refer to the situation of
span-lengths with twenty-five kilometers, fifty kilometers, as well as one hundred
kilometers, respectively. Full line represent the theoretical outcomes while the dot
refers to simulation. Dotted curves in red show SON, or GN model outcome equally
(28).

Figure 4.2 suggests NLIN cumulative systems through various
lengths of spans. Figure 4.2(a) presents distributed amplification
situation , and Figures 4.2(b)-4.2(d) present the case of spans of
twenty-five kilometers, fifty kilometers as well as one hundred kilometers,
separately. NLIN power within the diagrams has been standardized to the
obtained optical power within every situation. Therefore vertical axis is

able to be explained to be the ratio of noise to signal. Please note within
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single span transmission situation, there is the greatest dependence
between modulation format and inaccuracy within GN model. With the
increase of span, NLIN goes up faster to QPSK format, while differences
among modulation formats decreases. When spreading for 500 km, for
distributed amplification, the difference in NLIN power between
modulation formats of QPSK and 16-QAM will be about 1.5dB, 2.8dB,
4.8dB, as well as 6dB to spans of twenty-five kilometers, fifty kilometers
as well as one hundred kilometers. For distributed amplification,
twenty-five kilometers, fifty kilometers as well as one hundred kilometers
span cases, the GNPS model has about 3.7dB, 5.8dB, 8.6dB, 10dB, as

well as error in QPSK case.
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Chapter 5 The performance of the FD
models and the TD models

Section 1 compare the GN model family and the Time

domain model

In the GN model, we use the different modulation formats, different
type of fiber and different distance to simulate, and we get very good
results. In the Figure 5.1, even in the ultra long distance between the two
extremes, the result of the GN model is almost the same as the model
predictions.

In the other hand, there is other important parameter which is
optimal transmit power per channel Pwop.. We used all the modulations
and frequency spacing in SMF and NZDSF(even PSCF, but it is the same
as SMF) as the Figure 5.1. The Puopt Vs spacing is not depend on model
formats. It is matched the model predictions.

However the maximum distance is depended on all the parameter as
the Figure 5.1. The simulation curves is proved it. Maximum distance is
depended on the increasing of channel numbers. In the model prediction,
we use the QPSK in the 32GHz and 50 GHz, the maximum distance will
be decrease when the channel numbers increase as Figure 5.1. And the
simulation results in the 32GHz and 50GHz can be proved this.

Within EGN models, we used similar way as IGN models to
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simulate. The simulation result is more better than GN model as the
Figure 5.1. the NZDSF has a error bar in GN model but in the EGN

model the error bar has been improved.
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Figure 5.1: Dashed line: predict maximum reach of the system on the basis of the
irrelevant GN model, and throughout the whole test ‘landscape’, every system is
configured with raw spectral efficiency with spans of one hundred kilometers (upper
part) and sixty kilometers (lower part), respectively. Mark: Simulation outcomes
under 33.6, 37.5, together with 50 GHz channel interval(22).

In the time domain model, it find that GN model is not very accuracy.

In this model, we use the distance not very long, it is 25km, 50km, 75km
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and 100km, the error can be shown in the result which is not acceptable.
But it is because the transmission range is very limited. Even in the IGN
model, there is a error bar about 5% in the NZDSF, when you decrease
the distance, you will find the error bar will be increased to 10%, so you
can say it is not suitable in the short range propagation in IGN model, but
the signal must be the fully decentralized state in the fiber. And one more,
under 500km there will be a large error, but it can use in different
accuracy requirements. However in the long distance, more than 500km,
this system is much more stable, and can not be depended on the other
parameters. So GN model can be acceptable in the NLI noise in the

optical links.

Section 2 Compare GN model with the IGN model

In this subsection we separate into two parts, one part is compared
about the GN and IGN models prediction for the maximum system reach
(MSR) along with the simulation in a very large range of the system
configuration. This work provided the first full model performance
evaluation.

Within Section 2, several accuracy problems which appear in
Section 1 have been investigated by us. In particular, we examine
assumption of GN and IGN models described within an attempt to assess

the extent to which each one has been validated and which one will lead
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to error noticed in Section 1 within this part.

Subsection 1 large range of the system configuration

Three fiber types are used, the parameters of which are shown. They
have been particular SMF, big area efficient area PSCF as well as
NZDSF. In general, they contain the wide range of dispersion, attenuation
as well as nonlinear coefficients. UT test link is uniform and transparent,
together with a amplification of concentrated EDFA. The noise diagram
of'is 5dB.

As a test setup, we pay attention to system on the basis of PM-QPSK,
PM-16QAM as well as PM-64QAM (23). In Tx, digital prefiltering is
used to get a pulse with square root-bump spectrum, and a roll-off is
equivalent to 0.05. The 4 perfect DACs then generate electric signal that
drive 2 nesting Mach-Zehnder modulator to work within the linear
transfer characteristics. Sign rate (Rs) is set as a 32 GBaud particular
business standard value. Channel interval Af., spans values as follows:
33.6, 35, 40, 45 as well as 50 GHz(22). The smallest value referring to
1.05-Rs has been the smallest interval even making sure that there isn’t
any channel-to-channel linear crosstalk, provided selected roll-off. Data is
produced adopting several independent PRBSs with length 216-1, with 4
per PM-QPSK channel, 8 per PM-16QAM channel and 12 per

PM-64QAM channel. The PRBS’s for each channel is different. The
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simulation length is 2!7 symbols. These lengths have been tested to ensure
they have enough Monte Carlo diversity.

By properly adjusting the local oscillator, selecting channel has been
implemented within Rx. After light detection was balanced, a Bessel
(5-pole) electrical-aliased filter with a bandwidth of Ry2 has been
plugged in. The output samples 2 examples per sign. The electronic CD is
then compensated by an adaptive 2x2 equalizer, coming with polarization
demultiplexing as well as equalization, driven by the least mean square
algorithm determined by the equalizer. Since the central channel Tx and
local oscillator lasers are considered ideal (no phase noise), carrier and
phase recovery are not required. Other channels are sent at five-MHz
line-width for a few phase perturbations.

This verification effort has concentrated on making comparison with
maximum system-wide (MSR) and model predictions discovered by
simulation. The meaning of "MSR" is as follows. The system range (SR)
is defined to be the largest quantity of spans which will be obtained when
the BER has been lower than the set goal for the given transmit power.
MSR has been the largest SR value relative to the transmit power, that is,
it is the SR obtained using the best transmit power.

We assume that the system uses FEC with BER equal to 1072,
However, to be realistic, we are not targeting the FEC BER threshold.

Instead, our goal is to lower the target BER by 2 dB SNR corresponding
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to the FEC threshold, which is considered as an real system margin. The
generated aimed BERs are: PM-QPSK, 1.70x103; PM-16QAM,
2.04x1073; PM-64QAM, 2.82 x 103(22). The above BERs have been
various due to the various BER-SNR curve slope for every format. To
target a rational span number of formats as well as fibers, that it cannot be
very big or very small, the length of span is fixed as the various value,
decided by the format: 50, 85, and 120 kilometers(22), to PM-QPSK,
PM- 16QAM as well as PM-64QAM.

In addition to transmitting the signal before transmitting it to the
optical fiber (100000ps/nm), the transmission signal ensures that the
signal Gaussian assumption is followed by applying a very substantial
per-diffusion (PD). A group of parallel simulations is carried out using
the same settings as well.

As mentioned earlier, the simulation is based on a staged algorithm
that has been thought to generate a variety of artefact, of which stray
FWM. The logarithm approach to alleviate this problem is applied by us.
To limit the minimum step size, we simultaneously apply 50 dB of
spurious FWM rejection and the largest shift of nonlinear phase, since
total instantaneous WDM power accumulated in the 5 ps time window
doesn’t exceed 0.1 radian. The numbers have been selected through
verification further limiting the precision constraints doesn’t change

simulation outcomes.
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MSR plot to every setting is presented within Figure 5.2, in which
marks have been the simulation outcomes (the circle of non-PD signal as
well as the square of the PD signal) and pass GNRF (full line) as well as
IGNRF (dotted line). The entire necessary simulation group spent
approximately one-year CPU time. GNRF and IGNRF numerical
integration was implemented adopting interpreted Matlab code, which
has taken several hours on the whole.

The salient characteristic of these figures has been that PD
simulation is much closer to GN model prediction and is comparable to
the remaining uncertainty of the simulation over the 0.25 dB-error of the
fibers, spacing, as well as formats. These results show that the GN
model's accuracy is very good while signal-Gaussian assumption has
been fully validated. It again highly recommends that the mentioned
perturbation as well as AGN assumption must also be sufficiently verified,
basically with the best transmit power referring to MSR. While the PD
has been taken away, then the system experiences a so-called "initial
discrete transient" (IDT), the approximate signal Gaussianity gradually
approaches only in this process, with a larger number of errors discovered
of GN model and simulation. However, MSR errors never exceeded 0.8
dB in configurations of system. What’s more, GN models seem to be an
funny characteristic that is often conserved to non-PD signal, meaning it

forecasts that MSR is a bit smaller than simulation shows. It predicts that
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the the analog display.

It has been funny that the IGN models seem to produce quite precise
predictions for non-PD signal systematically, significantly higher than
GN models, as found in previous validation efforts. The outcome has
been a bit confusing for IGN models are closer to the models than GN’s.
Therefore, by principle basically, we can hope the IGN to have a larger
error than the GN models.

Certain characteristics of GN and IGN model error which appear in
Figure 5.2 has a detailed discussion with following part. However, during
this phase, to some extent, both GN and IGN models all seem to
efficiently catch the common characteristics of systematic influence from
nonlinear circulation, with small false parentheses in a great variety of

systems as well as settings.
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Figure 5.2: Maximum system reach (MSR) diagrams in span number N™**s to the test
settings, VS. channel interval Afc, . Upper diagram: PM-QPSK, 120 kilometers of
span length . Central diagram: PM-16QAM, 85 kilometers of span length. Lower
diagram: PM-64QAM, 50 kilometers of span length. Item in red: NZDSF. Item in
blue: SMF. Item in green: PSCF. Full line: predicting GN models. Dotted line:
predicting IGN-models. Circle: simulation with great per-dispersion (100,000 ps/nm).
Square: simulation with no per-dispersion (22).
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Subsection 2 Hypothesis of Perturbative and AGN

When hypothesis of perturbation or AGN fails then the contrast
between GN models and the simulation of PD signals will show a
substantial error, of course the signal-Gaussian assumption is well
validated. In contrast, the results in the former part present outstanding
agreement under this situation, which indicates the main inaccuracies for
disturbances or AGN hypothesis ought to be excluded.

To be the further specific test for AGN hypothesis, within system
simulation shown, the BER are all measured with Monte Carlo direct
error counts. Meanwhile, it is calculated with normalized BER formula,
adopting SNR to be the direct measure on the signal constellation The
average of signal points. When statistic characteristics of the NLI deviate
significantly from the AGN, then the analytical formula derived based on
the AGN hypothesis will result in a different BER result than the Monte
Carlo algorithm(22). Conversely, the consistency of both BER values is
often perfectly excellent. It suggests AGN assumption can be considered
valid, basically in the perspective of actual system performance
assessment. This conclusion is consistent with the previous conclusions

drawn from the paper on this issue both in simulation and in experiments.

Subsection 3 Signal-Gaussianity Hypothesis as well as IDT

The truth that GN-model presents with little or without errors in the
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PD signal, rather than errors in the PD signal, greatly indicates this will
be the signal-Gaussian hypothesis that, in the latter case, it will at least
partially fail, requiring careful investigation.

For a specific study of signal-Gaussian assumptions, we focus on
evaluating NLI directly, but not evaluating performance parameters
related to the system. It is because the latter one usually obscures or
suppresses error in NLI evaluation, like what is talked within Section
IV-A. Using similar simulation testing format as well as settings stated
within the former part, there are only some subtle differences. The setting
of Tx spectral roll-off is 0.02 and just 1 interval is adopted: Afe, = 33.6
GHz, ie 1.05'Rs. Length of PRBS increases to 218.1, while total
simulation length increases to 218 signs. The analog channel number is 9.
The regular and PD signal (200,000 ps/nm predispersed) are started from
here. The span length for all settings is set to 100 km. Regarding
step-by-step parameters, fake FWM repression is set as fifty dB, while

the largest non-linear phase shift is fixed at 0.025 radian.

Section 3 Compare GN model with the EGN model

Jus like what we talked before, the bad performance at low sign rate
is one of the disadvantages for GN models. The truth that GN models
demand the fully decentralized signals for working correctly is able to

explain this situation, which has been an essential (although not enough)
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condition to signal Gaussian approximation. The EGN model eliminates
the Gaussian approximation of the signal, so it can be inferred that small
dispersive signals are well implemented even at low symbol rates.

Prior to the test this hypothesis, we want to show the preciseness at
low sign rate seems to be essentially a no meaningful academic subjects,
as if, all of the symbol rate in the field of optical communications have
been steadily rising. In particular, the current 32GBaud industry standard
seems to soon be replaced by new systems running at speeds up to
64GBaud and beyond, paying attention to the latest news release as well
as the announcement from the main suppliers..

Surprisingly, however, higher symbol rates appear to have some
inherent nonlinear losses and lower loss rates. In some cases, this
punishment can be substantial. This led to a set of electronic sub-carriers
proposed to generate a system of new higher sign rate to be a DAC, each
operating at the best symbol rate in NLI mitigation. Such a conception is
called "symbol rate optimization" of the "SRO" .

Please note within the article we show no interest in SROs. Instead,
we intend to explore the entire range of the effectiveness of the non-linear
model. In addition, we think it is vital to show precisely simulating NLI
with a low sign rate isn’t only an interest in academic research. It is likely
to become an important aspect in practice as well.

For the purposes of this study, the symbol rate Rs per channel varies,
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when other major system characteristics remain unchanged.

In particular,

we impose:

1) Total optical bandwidth BWDM

2) Relevant channel interval 6f = Af/ Rs
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Fig 5.3: Standardized average NLI noise power spectral density GNLI on middle
channel, vs. the channel number within the set total WDM bandwidth with 504 GHz.
PM-QPSK modulation, quasi-Nyquist: roll-off 0.05, interval 1.05
times the sign rate. Measure NLI at 50-span SMF (upper part) or 30-span NZDSF
(lower part). Line: computation adopting the model suggested within the diagram.
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Mark: simulation (22).

These 2 parameters set decide spectral efficiency in the system as

well as the total (original) bit rate, separately:

5=2

I (51

Rb,toz - BWDM ) (5-2)

where bs is the bit number per sign. It is assumed that: Bwpm = 504
GHz, p =0.05, 6f = 1.05 together with PM-QPSK transmission (bs=4)(23).
The generated spectral efficiency as well as total original bit rate has been
S =3.81 b/(s-Hz) and Ry 1ot = 1.92 Tb/s.

Like what has been described above, as a free parameter, there is
apparent limitation with R, which must dividle WDM bandwidth into

multiple channels provided by:

B WDM

- (1 + p)RS (5_3)

ch

It must be an integer. We should notice when the value R
=thirty-two GBaud has been selected, and function (5-3) accurately
generate N¢, = fifteen channels and, In this case, the system settings are
consistent with the system settings used in Landscape for gaining the data
point to the PM-QPSK within 33.6 GHz channel interval(22).

In the output of connection, NLI power Pnii was measured by us at

the WDM comb center channel (CUT). But only making comparison with
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Pnir in system which adopts various sign rates won’t provide data about
the relevant MR performance at once. Therefore, we get in Pnii an

appropriate amount of standardization we call Gnur:

P NLI
Rs Gc3h

éNL =
(5-4)(22)

Where G 1s the transmitted signal PSD averaged over the average
WDM signal on the flat top of all transmitted channels. Gnur can be
thought of to be Gnri(f) average impinging upon CUT, normalizing cubes
relative to Gen.

Gnur’s major features are as follows: In systems using different
symbol rates, the same Gnui value means they can reach the same
maximum range. This makes Gnir at different symbol rate performance is
very convenient. Figure 5.3 plots Gnur as a marker for the channel
number split for the set BWDM optical bandwidth up for an SMDS being
taken measurement in fifty spans (upper part) to NZDSF being taken
measurement in thirty spans (lower part). The outcomes obviously
suggest the Gnur isn’t a constant , but in fact gets an amino value of
approximately 2.4 GBaud as well as 6.4 GBaud, separately. To
approximate resolution for the best sign rates.

For GN model (consistent and inconsistent), none of them can catch
the Gnur declining as the symbol rate drops. On the SMF Figure 5.3

(upper part)), consistent GN models (dotted lines) operate very closely to
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the simulation in the 32 to 96 GBaud range. However, the Gnii level in
the best sign rate has been almost 2 dB. GN model even farther. In both
fibers, the EGN model is simulated very closely throughout the test
interval. It makes accurate prediction on the best sign rates as well as the
relevant values

Another curve has been increased by us, the EGN model curve
without FWM contributions, as the FWM will always be ignored within
the modeling files because it can be ignored with high sign rate. These
figures suggest ignoring FWM at high symbol rates yields sufficiently
accurate results, but this approximation is not plausible at low sign rate.
Especially, ignoring FWM won’t generate the smallest Gnui because
FWM-free curves steadily decay while decreasing and decreasing the
symbol rate.

More similar to Figure 5.3 can be found , along with actual MR
simulation tests validated for NLI mitigation, gained through the
optimization of sign rates.To sum up, EGN models seems to be
reasonably dependable at every sign rate, though the signal is essentially
un-distributed or even very low. So it is able to be applied to studying
multiple sub-carrier systems, especially to the SRO evaluation.

Let’s come to the final conclusion, it can be seen from Figure 5.3
that GN model accuracy again increases toward the typical super low sign

rate (no more than one GBaud) for OFDM system. It is because OFDM
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signal is likely to inherently present the joint Gaussian population since

they have been divided into many an independent sub-carrier.
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Chapter 6 Validation of the quality of

transmission

Today, the demand for data and the speed of traffic are increasing
rapidly. In the future, into the 5G era, virtual reality and cloud services
will also develop rapidly, and very large bandwidth will be needed on the
backbone optical network. In this paper, we present a physical simulation
environment for open optical transmission on telecommunications
infrastructure projects for the design and operation of transmission

quality assessments.

Section 1 Merit of the Raman amplification and Generalized

GN-model
Subsection 1 Raman merit

According to (37), we solve the transparent and re-configurable
optical network, and use EDFA to upgrade the capacity of the optical link.
The best method is the Raman pump of the opposite propagation, the
highest Raman gain can be Up to 60%. This scheme is also the best
power effectiveness as well as being steady for alterations in total input
power because of the increase/decrease on the channel. When Af = 30 dB,
the OSNR increases with the loss of fiber spans to approximately four

dB.
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Such as, we used three fiber types to test Raman performance, so as to
explore the RA percentages(can reach one hundred percent along with
various pumping plans. The fiber span loss between 20 and 30 dB was
studied by us. The answer is that based on full Raman gain pumping, all
fiber performance is similar, with no outstanding performance and best
performance, for example, with a 25% co-propagation pump and a 75%
back-propagation pump. This configuration increases the Raman

performance of the NZDSF to 5.9 dB(37) at a fiber span loss of 30 dB.

Subsection 2 The Optical Link Emulator

In the previous chapters, we consider NLI as Gaussian noise. By
(39), we consider NLI as generalized Gaussian noise, including the
spectral variation of SRS and its gain/loss. In (39), we built a GGN model
to test whether the QoT Estimator performance based on this model is
accurate, compared to a commercial device including a 100Gb/s
transponder. We have shown that the results of the two methods are
consistent within a signal-to-noise ratio error of 0.5 dB, indicating that
GGN models will be applied to many types of QoT estimators. In
addition, GGN models show their ability on prediction of spectrum tilt
because of SRS within SNR performance, allowing it to assess linear
pre-tilt effects on SRS per-making up as well as generation of NLI.

After these analysis and evaluation in (38), we created a QoT
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calculator within PSE frame, called the OLE API of OLE. OLE
construction has been stated within flow chart in Figure 6.1. OLE
demands 2 input data groups: one is a statement on physical layer, while
the other is the group of spectrum data. Statement on physical layer
represents the topology data for the route being tested, ie link description
including the description in detail about the network components divided
into 3 types: fiber span, amplifier as well as passive components. The
spectrum data demands detailed information on power spectrum density
in the WDM channels and/or super-channel comb circulating on
analyzing path, containing the changes that may be led through ROADM
traversing the path and the definition for WDM channel plan being
adopted, for channels The power allocation affects NLI numbers on each
channel. Once the input is set, the OLE engine will run the modules
associated with every one within 3 types of network elements and sort
and initialize them according to the link description. The module
considers the channel, ASE noise and NLI spectrum at its input, applies
frequency related gain or loss and generates an outputting spectrum. Fiber
optic modules operate GN models while extending signal, evaluating NLI
amount produced from fiber spans as well as upgrading NLI spectra.
Amplifier modules will amplify signals according to the given gain
together with noise numbers distribution map, calculates referring amount

of ASE noise generation, and updates the ASE noise spectrum

91



accordingly. Passive element has been the plain attenuator. If route being
analyzed is fully passed, a common SNR can be used for each channel.
With the aims of routing as well as designing, using the most terrible case

transferring assumption-scan run OLE (ie assuming full spectrum loading

of each fiber link).
PHYSICAL LAYER SPECTRAL
DESCRIPTION INFORMATION
INPUT
FIBER e
OPTICAL OLE
AMPLIFIER <+> ENGINE
PASSIVE
COMPONENT <+
QUTPUT

\d

ESTIMATION OF GENERALIZED SNR, SNRyy AND SNRy. ‘

Figure 6.1: Structure of the OLE (38)
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Section 2 Structure of the quality of transmission laboratory

system

In this section, I will introduce two laboratory according to (38)(39)
which in based on Microsoft Labs and Corning SSMF-28e+®

The first one is as shown in Figure 6.2. It is connected by the Open
Line System (OLS) that connects the hybrid fiber network path consisting
of commercial device with a circulation distance reaching 1,945
kilometers.

OLS has the oriented structure without color and fully supports SDN
support within exotic wavelength. Most of NZ-DSF fiber plants span
1,945 kilometers in both directions, consisting of approximately 85% of
Corning LEAF as well as fifteen percent of Corning SSMF-28e+®. Every
ROADM has been configured with the boost amplifier together with the
preamplifier. 8 various consistent modem vendors took part in studies -
Juniper, Arista, Ciena, Coriant, Acacia, Cisco, Infinera, as well as Nokia -
offering a consistent source across various optical processing
technologies along with specific DSP complements (32 total) ) (within
thirty-two sources, representing 5 specific DSP complements ). The

parameters can refer to the section in(38).
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Figure 6.2: Microsoft Lab's test platform

The second one is the Orange Lab test platform is used, as shown in
Figure 6.3. It consists of 20 eighty-kilometer Corning SMF-28e +® fibers.
It has been especially adopted to evaluate transponder performances

deployed within an Orange network.

3 commercial
channels

2}
=

o

=

=

o OSA

8 monitoring
3 point

T

Figure 6.3: Structure of the Orange network (39)
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Section 3 Validation and result

The method used in the(38) during the test bench measurement is as
follows. Light sources from eight vendors use back-to-back noise load
settings that capture the BER versus OSNR of every equipment upon the
best receiving power (the receiving power set-points are also reserved for
propagation measurements). Then, the measured bandwidth is normalized
by using the symbol rate of the coherent source, the OSNR value from the
measurement is converted to a linear SNR value, and then the relation of
BER performances together with SNR is obtained. Then, the ninety-four
channels circulated around fiber test bed as well as capturing the BER
when scanning the full 1945 km of light emission power. This process is

repeated with central distances in 410, 800, 1165 as well as 1540

kilometers.
13
12 T
11
410 km
10
)
D9 800 km
o
8 1165 km
7 1540 km
6 1945 km
5

4 3 -2 A 0 1 2 3 4 5
AP launch power relative to optimum [dB]

Figure 6.4: Performance of Q-factor (38)
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As shown in Figure 6.4, the curve shows the Q-factor average
performance of all commercial sources, although the DSP implementation
is different, but the best channel transmit power is found to be no more
than 0.5 dB from each other. The back-to-back BER of each source is
compared to the (linear) SNR characteristics. By adopting this method,
BER wvalue is reflected to the referring SNR value (including
linear-nonlinear noises) for comparison on software output. The reflection
will be effective, supposing no dispersion and non-linear losses in various

DSP complements.
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Figure 6.5: (a)to (e) presents SNR measurement ( diamonds mark curve in red) as
well as the estimated value +0.75 dB (dot mark curve in blue ) versus frequency of 27
center frequency values for commercial line card adopted in comparing. (f) presents a

box chart of relationship between the absolute values in estimated errors and the

space.(38)

Within Figure 6.5(a), low frequency point has been ignored because
they require too much B2B measurement inference for estimating the
generalized SNR value. Within Figure 6.5(e), since signal degradation is
too high, the state is deactivated at 193.55THz and 193.6THz, so the BER
before FEC cannot be used. In the Figure 6.5(f) Because it modifies the
attenuated fibers along fiber’s every channel based on PSD of input. The
influences describe the reason that OLE estimation on most channels is
not conservative with respect to SNR measurements, and the reasonable
assumption can be made on that the influence may be resulted from the
truth that in practical systems, large-capacity modulation sources are
independent and identical. The distributed source has a lager degree
with connection, while the ASE channel is more disturbing than the data
channel. Carry the signal. Finally, in terms of estimation accuracy, the

error distribution is consistent with the OOPT-PSE goal. This increase in
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the ASNR median and distance is due to the accumulation of errors.
These issues represent the direction of OLE development.

In the second experiment, we validated QoT-E for the first time
through making a comparison between the predictions with
measurements upon 6 channels produced on the test platform by
commercial lab-based business one hundred Gb/s transponders in Orange

Labs. Use of medium GGN model.
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Figure 6.6: back-to-back (B2B) Q-versus-OSNR (5)
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Figure 6.7: Power progress because of SRS as well as ripples of amplifier along

Orange test beds.(39)
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Fig. 6.8: Comparing nonlinear SNR in experiment as well as modeling(39)

Verification shows outstanding agreements of QoT-E prediction as
well as measurement, which can quantitatively provide the QoT-E
reliability scope in £0.5 dB to the measurement channels. This refers to
that within this setting, using Qot-E prediction on the basis of the GGN
model, the margin of the optical path can be restricted to 0.5 dB without
considering spectrum position in transferring bandwidths. So the
outcomes of verification in the experiments inspire using GGN models
within the QoT-E module required for network design for several vendors
as well as arrangement because it provides consistent QoT estimates
throughout the WDM spectrum. To do this, it is necessary to follow the
same method used in the acquisition (for obtaining an approximation of

the GN model) for deriving the approximate closed form to GGN models.
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Chapter 7 Conclusion

In this thesis we gather all the outcomes of GN model family as well
as introducing the application and knowledge. We are focusing on the key
point of the simulation result and give some disadvantages and error for
the GN model. In general, GN model in the UT transmission system is
perfect and can be used in many applications. There are some error which
we found in the result because of the Gaussian approximation, this will
let the accuracy is very low in the short range transmission or in the
beginning of the UT links, in the recently research, many paper want to
find a way to improve the performance without increase the complexity
in model. By the way, the EGN model usually have a better performance
than GN model which means have less error. This is very significant for
us to predict system performance and actual system configuration.

We also collect many simulation result about the close from of the
GN model in order to show the accuracy and the limitation. Finally we
describe many application used by GN model, and these model are used
the closed-form approximate settlements. Our analysis on the throughput
together with optimization, we can find which parameters can influence
the performance in order to derive the approximate "design rules". This
extensive result can approve that non linear interference model is usable

and widely influential. Finally we can make sure that GN models used for
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generating the entire optimization and controlling strategies upon
next-generation optical routing networks. Now about the model,
researching is continue to find a new and better model and optimized the
GN model. In this background, we think now the GN model is the easy
stable to have a good performance and accuracy. In general, we find now
The outcomes for the latest modeling efforts fundamentally improved
common knowledge of the performance of a UT optical system and the
method they are analyzed and designed. We will build better models in
the future to improve the overall optimization and control strategy of

optical routing networks.
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