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Summary

Cilem préace je studium moznosti soucasného provozu ruznych optickych systému na
spolecné fyzické vrstveé optickych prenosovych siti. Tato prace se primarné zabyva porovnanim
moznosti a omezeni vybranych paru optickych systému na spoleéné fyzické vrstveé, napt.
ruzné rychlosti systému (10 Gbit / s a 80 Gbit / s), spektra (CWDM versus DWDM)

a modulace (amplituda, fize nebo viceosé). Koexistence ruznych systému bude ukazéna

ve stejné fyzické vrstvé prezentované v simulaénim softwaru Optsim. Vysledky simulace
budou provedeny a porovnény pro nejvyssi usili o pomér BER(Bit Error Rate), Q- faktoru

a pomeéru SNR(Signal-to-Noise-Ratio).

Klicova slova WDM, CWDM, DWDM, Optsim, BER, Q-faktor, optické systémy, SNR,
koexistence optickych systému

The aim of the thesis is to study the possibilities of simultaneous operations of different
optical systems on a common physical layer of optical transmission networks. This thesis
primarily deals with comparing the possibilities and limitations of selected pairs of optical
systems on a common physical layer such as different speed systems (10 Gbit/s and 80
Gbit/s), spectral grid (CWDM versus DWDM) and modulations (amplitude, phase or
multilevel). Coexistence of different systems will be shown at the same physical layer pre-
sented in Optsim simulation software. Simulation results will be performed and compared
for the highest effort of Bit Error Ratio, Q-factor and Signal-to-noise-Ratio.

Keywords: WDM, CWDM, DWDM, Optsim, BER, Q-factor, optical systems, SNR,
coexistence of optical systems
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Chapter 1
Introduction

In the modern world of high technologies, it is impossible to imagine that a person does not
use information and communication networks. Serving the ordinary needs becomes faster
and better every decade. Now high data transfer rate is one of the general priorities for
the development of communication networks, which ultimately led to the emergence and
extensive development of optical systems. The ability to transfer hundreds and thousands
of gigabits of information per second over long distances is one of the most promising
areas of the latest technologies. This is the foundation of technological development in
the future. Nowadays, optical systems have firmly taken their place among the serving
mass technologies. It is impossible to imagine the modern world without it. Along with
the building of global communication networks, optical fiber is widely used in local area
networks. Currently, optical networks are the most promising medium for transmitting
information, as well as the most promising medium for transmitting large streams of
information over substantial distances. This statement follows from the following features
of optical systems

1. The transmission rates of fiber-optic systems are incredibly high.

2. Very low attenuation of the light signal in the optical fiber (compared to other
media)

3. Optical fibers are made of quartz, the base of which is silicon dioxide, which makes
this material much cheaper than, for example, copper.

4. Optical communication systems are resistant to electromagnetic interference, and

the transmitted information is protected from unauthorized access.

1.1 Problem statement

Primary goal of the thesis is the study of behavior of WDM systems with different use of

the optical spectrum. The aim of this thesis is also to compare the influence of systems
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on each other, which may affect the choice of one or several options for the use of optical
systems for different purposes. The advantages and limitations of the WDM systems
that will be shown in this work can help in the calculation and planning the real optical

communications.

1.2 Thesis arrangement

First chapters of this work focus on existing standards for the use of WDM systems and
nonlinearities, which show the advantages and disadvantages of each of the systems. In
general, this chapter covers such parameters as BER, Q-factor, OSNR, the advantages of
certain CWDM and DWDM parameters: possible optical spectrum, maximum distance,
maximum transmission rate etc.

the third chapter presents the three modulations that were chosen for further tests.
Each of the modulations is a special way of transmitting information via an optical trans-
mission line. To analyze the coexistence of the presented modulations in this chapter, the
optical system was simulated with each of the modulations separately. The fourth chap-
ter examines the CWDM and DWDM systems. The initial data taken from the previous
chapters are the basis for a broad study of the coexistence of two systems on one physical
layer.

The conclusions of the work include an attempt to find the best use of selected mod-

ulations in the use of coexisting optical systems of various types.



Chapter 2

WDM systems issues

2.1 Wavelength Division Multiplexing

At present, various optical networks are widely used, from G-PON and G-EPON ;| which
are already outdated, to new-generation optical networks [28], allowing data transmission
rates of hundreds of gigabits per second. Next generations of the PON systems increase
the network capacity mostly by increasing the bit rate transmission. Despite these evident
advantage, implementation of the next generation PON systems into practice should have
been primarily be cost-effective [5]. Due to high bit rates and cost-efficiency, Wavelength
Division Multiplexing technology has become increasingly popular. Coexistence types
WDM and PON began to appear. Many of them were soon replaced by WDM technologies
because of the already defined advantages. At the present time, the improvement of WDM
systems and their possible limits are an actual problem. [§]

Wavelength Division Multiplexing (WDM) allows different data streams to be sent
simultaneously over a single optical fiber network. WDM technology uses infrared light
between 1260nm and 1670nm wavelengths [1][2], which are beyond the visible light spec-
trum. Most fibers are optimized for the two regions 1310nm and 1550nm, which allow for
effective “windows” for optical networking. Wavelength Division Multiplexing (WDM)
is a technology that puts data from different sources together on an optical fiber chan-
nel and with each signal carried at the same time on its own separate light wavelength.
There are two main types of WDM technologies used today: Coarse Wavelength Divi-
sion Multiplexing (CWDM) and Dense Wavelength Division Multiplexing (DWDM). The
main difference between CWDM and DWDM technologies lies in how the transmission
channels are spaced along the electromagnetic spectrum. CWDM and DWDM increase
the amount of traffic that can be connected through an optic fiber. For longer distances
CWDM is restricted to 9 working channels due to a chemical property in the fiber called
the water peak, that is defined in ITU-T G.652[4].
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Figure 2.1: Conventional fiber attenuation versus wavelength. O- Original, E-Extended,
S- Short, C-Conventional, L-Long band. [4][5][6][7]

Signal loss is 1.0dB/km in water peak region as opposed to 0.25dB/km in the 1550.
DWDM channels lies mostly in the 1550nm region of the fiber because this area in the
fiber has the lowest loss. [4]

2.1.1 Coarse WDM (CWDM)

CWDM is a wavelength multiplexing technology defined ITU-T Rec. G.671.2 [1]. Trans-
mission is realized using max. 18 channels with central wavelengths between 1271 nm
and 1611 nm for spacing of 20nm is required because of the wavelength dependence of the
wavelength on the temperature (low-quality design and inexpensive radiation sources for
the access network), which may vary considerably depending on the ambient temperature.
For single-mode fiber 9/125 pm max.18 channels are defined in the following bands: O -
Original 1260 - 1360 nm (channels 1 to 5)

E - Extended 1360 - 1460 nm (channels 6 to 10) - usable for fibers with suppressed
maximum attenuation due to OH ions

S - Short 1460 - 1540 nm (channels 11 to 14)

C - Conventional 1540 - 1560 (Channel 15)

L - Long 1560 - 1620 nm (channels 16 to 18)

Usually, channels 2 to 5 are used, at higher distances and attenuations, channels 14 to
17 are used. The interface for CWDM specifies ITU-T Recommendation G.695[2]. The
interfaces are adapted to various network designs, topology and fiber type [6].

There are some advantages and disadvantages of CWDM system [27]:

Advantages

1. Improves the utilization of optical fiber resources compared to outdated PON
systems.

2. Less optical losses and high mechanical sensitivity.

3. Good ratio of bit rate and cost.

Disadvantages
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1. Used for short distances.
2. Big spacing compared to DWDM.

3. A small number of channels.

2.1.2 Dense WDM (DWDM)

The “dense” here means that the wavelength channels are very close to each other.
DWDM separate wavelengths or channels of data are multiplexed into a channel trans-
mitted on a single optical fiber. One DWDM system requires complex calculations of
balance of power per channel, which is complicated when channels are added or removed.
For channel spacing of 12.5 GHz on a fiber, the allowed channel frequencies (in THz)

are defined
193.1 +n x 0.0125 (2.1)

Where n is a integer including 0
For channel spacing of 25 GHz on a fiber, the allowed channel frequencies (in THz)

are defined
193.1 4+ n x 0.025 (2.2)

Where n is a integer including 0
For channel spacings of 50 GHz on a fiber, the allowed channel frequencies (in THz)

are defined

193.1 4+ n x 0.05 (2.3)

Where n is a integer including 0 For channel spacing of 100 GHz or more on a fiber,

the allowed channel frequencies (in THz) are defined

193.1 4 n x 0.1 (2.4)

Where n is a integer including 0.[3]

C-band: the wavelength range of 1530-1565 nm. If one channel is 100 GHz wide, then
up to 40 optical channels can be combined, if its 50 GHz width is up to 80 channels;

L-band: the wavelength range of 1570-1605 nm. With a channel width of 50 GHz, up
to 160 optical channels can be combined

DWDM system has its own advantages and disadvantages that should be taken into
account when using this technology[26]

Advantages:

1. Works great over long distances.

2. Continuous data regeneration is not required.
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3. High reliability and data transparency.

Disadvantages:

1. The use of power amplifiers leads to high prices.

2. Strong influence of dispersions

3. Attenuation loss due to impurities in core or cladding of fiber.

DWDM systems with close channel spacing are affected by many non-linear phenom-
ena that are studied in this paper. Also, to control the behavior of DWDM systems,
many factors need to be taken into account: the temperature of the laser diode, the ap-
pearance of non-linear and linear phenomena during close channel spacing, the use of a
suitable optical fiber, control of the optical filter bandwidth, the use of wavelegth bands
recommended for DWDM systems, etc.

2.1.3 Comparing two WDM systems

There are several differences between DWDM and CWDM systems. CWDM systems are
used as a "light” version of WDM system and cannot fit as many data streams. CWDM
systems, however, are also less expensive from the outset. The design, function and
purpose also differ in terms of transmission length and distance [29]. WDM systems can
fit more than 40 different data streams in the same amount of fiber used for two data
streams in a CWDM system. CWDM systems were invented prior to DWDM systems
mostly because the cost of cabling. Now that cabling and transmittal has become more
affordable, DWDM systems are often used in place of CWDM systems. From the following

table, you may get a clearer understanding:

Table 2.1: Comparing of CWDM and DWDM systems

Technology CWDM DWDM
Channels per optic fiber Up to 16 Up to 88
Capacity per wavelength | Up to 10 Gbit/s | >100 Gbit/s

Channel spacing 20 nm <10 nm
Distance over 120 km >1000 km
Cost Low High
Bands 0,E,S,.C.L C,L,S

The limits and advantages of possible ways to configure DWDM systems remain un-
explored. Many features that affect the stable operation of DWDM systems, as well as
the coexistence of CWDM and DWDM systems, have many possible ways to implement
and solve. The study of these issues is one of the promising subjects in the research and

improvement of optical systems.
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2.2 Nonlinear processes

2.2.1 Self-phase modulation

Self-phase modulation (SPM) is one of the nonlinear limitations causes a nonlinear phase
delay which has similar shape as the optical intensity in optical fibers.[15] SPM gives rise
to phase modulation of the optical signal [11]. Briefly, SPM can be defined as a nonlinear

change in the refractive index n:
An = 2nyl (2.5)

Where ny is the nonlinear index and [ is the optical intensity .

2.2.2 Cross-phase modulation (XPM)

Cross-phase modulation is the change in the optical phase of a light beam caused by the
interaction with another beam in a nonlinear medium. This can be described as a change

in the refractive index:
An® = 2n, 1M (2.6)

Where n(? is the nonlinear index,/() — the intensity of beam 1, which causes a refractive
index ny of beam 2 [30]

2.2.3 Four-Wave Mixing

Four wave mixing (FWM) produces additional optical frequency components in DWDM
systems, where its channels are spaced closely to each another. FWM occurs when two
or more waves of near frequencies are launched into a fiber, exciting a new wavelength,
known as an idler. It is one of the most significant non-linear effect because of the large
influence on transmitted signal.

As it excellently defined[11], Four-wave mixing (FWM) is a parametric process in which

some different frequencies interact and by mixing generate additional spectral components

Jada = J1+ fa— f3 (2.7)

Where f,qq — new spectral component, fi, fo, f3 — original frequency components

For “good” suppression of FWM is recommended to use channel spacing according to
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ITU-T recommendations. Too small channel spacing can excite FWM products. High
power of laser sources and amplifiers have farther influence to FWM appearance. For
suppression of FWM also is recommended to use non-zero dispersion shifted fibers. In

this work I try to avoid non-linear parametric processes, which could affect results.



Chapter 3

Monitors

3.1 Optsim

This work is based on estimating system parameters such as optical signal to noise ratio
(OSNR), Q-factor, bit error rate (BER) and uses the methods that are included in RSoft
Design Group OptSim software. This software allows you getting accurate results, which
includes the calculation of complex systems of differential equations, which include optical
and electrical noise, as well as linear and nonlinear effects. This software uses the Time
Domain Split Step (TDSS) method to simulate linear and nonlinear optical and electrical

behavior component. This method is used to model fiber propagation equations:

JA(t, z)
0z

= (L + N)A(t, 2) (3.1)

Where A(t, z) is the optical field, L — linear operator that stands for dispersion and
other linear effects, N — operator that is responsible for all nonlinear effects. The idea is to
calculate the equation over small spans 0z of fiber by including either linear or nonlinear
operator. [20]

OptSim library includes core optical components and prebuilt and predefined models:
optical transmitters with different modulation formats, optical receivers, optical ampli-
fiers, transmission fibers with preset parameters according to ITU-T recommendation,

etc. Also it is possible to build required model from basic optical blocks.

3.2 Bit Error Rate (BER)

Bit Error Rate, BER is used as an important parameter that characterized the perfor-
mance of data channels. When transmitting data from one point to another, either over

a radio/ wireless link or a wired telecommunications link, the key parameter is how many
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Figure 3.1: Eye diagram example with represented mean and standard deviations

errors will appear in the data that appears at the receiver. Bit Error Rate (BER) is
applicable to everything from fiber optic links, to ADSL, Wi-Fi, cellular communications,
[oT links and many more. Bit error rate is defined as the rate at which errors occur in a
transmission system. This can be directly translated into the number of errors that occur
in a string of a stated number of bits. The definition of bit error rate can be translated

into a simple formula: [10]

NErrors/NBits (32)

Where Ng,,ors 1s the number of bit errors. Np;s is the total number of transferred

bits

3.3 Q-factor

The Q-factor measurement for the performance evaluation of optical transmission systems
is defined by:

Q= b2 — pu (3.3)
09 — 01
where p1, p0 are the mean deviations of marks and zeros and o1, 00 are the standard
deviations of marks and zeros.[10] Visual example is shown in Fig.(4.1) below.
Also Q-factor is defined as a function of the optimum decision threshold (Ip ) and

expressed by:

Ip —
01

Q- (3.4)
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Figure 3.2: Relation between BER and Q-factor[10]

Where

O1f2 + O2fi1

In =
b O'1+0'2

(3.5)
The Q-factor evaluation enables a good BER estimation, but according to the inaccuracy
of Gaussian distribution the predicted BER rate are mostly larger then the minimum
expected BER.

According to Fig. 4.2, a Q-factor of 6 corresponds to a BER=10"?. For a correct
Q-factor calculation in next chapters, the minimum number of simulated bits will be
determined through multiple calculations of Q with increasing lengths of bit sequences or

with calculation neighboring channels in follow.

3.4 Optical signal-to-noise ratio (OSNR)

The Optical Signal-to-Noise Ratio (OSNR) is one of the most important criterion which
represents the characterization of system efficiency in optical transmission lines [11].The

OSNR is simply defined as rate of the signal to noise power in an optical channel:

OSNR = —= (3.6)

Where (Ps) is a signal power value, (Py) is a noise power value

The OSNR value is generally depends on amplifier infrastructure used on the receiver
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Figure 3.3: Signal to noise level ratio

side and it can be calculated by measuring the signal power as the difference between the
total power of the signal peak and the quantity of the background noise. The background
noise is measured by determining the noise contributions on either side of the signal peak.
It is hard to realize in practise, because the noise power in an optical channel is included
in the signal power. In a WDM systems the noise power calculating can be measured by

interpolating the noise power between the neighboring channels[14]

3.5 Eye diagram

The evaluation criteria such as BER, Q-factor, and OSNR do not directly identify ori-
gins of system impairments. An eye diagram is created by the superposition of de-
tected /received bits. It is a good way to reveal some of the negative influences of the
system.

The eye diagram is a useful tool for the characterization of the optical transmission.
characteristics of the signal eye are strongly depended on different limitations. For exam-
ple, high narrow-band filtering of the optical channel causes a broadening of the single
pulses and results in ISI-effects between the bits. The amplified spontaneous emission
(ASE)-noise value depends on the signal extinction ratio, stronger signal level fluctu-
ations in marks than in spaces. The accumulation of chromatic dispersion during the
transmission causes a pulse broadening resulting in variations of the signal levels, and as
a result the overlapping occurs between neighboring pulses. The interaction between lin-

ear group velocity dispersion (GVD) and nonlinear effects self-phase modulation (SPM)
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is reflected in the symmetrical fluctuations of the signal power at the rising and trailing
edges of the signal. The analysis of the eye diagrams makes able a selective characteri-
zation and selective tuning of different transmission limitations. There are some kinds of

different negative impacts [9]

I I I I I T I I T I
20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55

Time [ps] Time [ps] Tirme [ps]
(a) (b) (c)
1T 1 1 1 1 I 1 1 L 1 I 1 I 1 1 1 1 1
20 25 3 35 40 45 S0 55 20 25 30 35 40 45 50 55 20 25 30 35 40 45 S0 55
Time [ps] Time [ps] Time [ps]

(d)

(e)

U]

Figure 3.4: Eye distortions caused by different impacts in an optical transmission line:
a) back-to-back b) narrow-band filtering ¢) ASE-noise limitations d) GVD-limitation e)
single channel nonlinearities f) multi-channel nonlinearities [9]



Chapter 4

Modulations

4.1 Standard Single Mode Fiber

In this work all tests will be conducted over Standard Single Mode Fiber (SSMF).SSMF
fibers, which are described in ITU-T Recommendation G.652D [4], with a reduced water
peak for spectrum operation are optimized. It allows them to be used in the optical
system’s wavelength region between 1310 nm and 1550 nm. It is a suitable configuration
to support Coarse Wavelength Division Multiplexed (CWDM) and Dense Wavelength
Division Multiplexed (DWDM) transmission. The fiber construction in Optsim software
is presented as a composed block, which included the fiber, an inline Optical Amplifier
(OA) and a fiber grating.

b299 In_line_OA Fiber_grating ‘1
u_

Optin_1 — oEAL| Pt

. ! | E t
Il | [——m - .
-y L]

Figure 4.1: Optical link composed of the same span

Table 4.1: Standard Single Mode Fiber SSMF Parameters (SSMF)[19]

Attenuation [dB - km™1] 0.19

Fiber Dispersion [ps - nm~1 - km™1] 16
Polarization Mode Dispersion (PMD) coefficient [ps - km~/?] | 0.1
Slope of dispersion curve [ps - nm~2.km™ 1] 0.07

14
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4.2 Non-Return-to-Zero On-Off shift keying (NRZ-
OOK)

Non-Return-to Zero On-Off shift keying is a type of the intensity modulation belonging to
the amplitude shift keying (ASK) modulation format. Binary information is represented
by the presence or absence of an optical signal. The decision level compensates the
probability of the error log 0 and log 1 and is dependent on the received power and
noise. This modulation is most popular used in optic systems. NRZ-OOK is high resistant
to nonlinearity on the laser and the external modulator. That’s why this modulation used
as a base of plenty of systems defined in ITU-T Recommendation for DWDM systems
[16][17)

Datasource NRZ
]

01 1{11':}14>

CW_Lorentzian

TX_output

Figure 4.2: NRZ-OOK transmitter

An NRZ transmitter is based on a Continuous Wave (CW) laser and an external
Mach-Zehnder modulator.

This modulation will be used in this work for representation of typical CWDM system
and farther common DWDM systems. For example, infrastructure of DWDM system
based on NRZ-OOK:

This example shows transmission of 16 NRZ-OOK channels over 25 and 100 kilome-
ters, which is a very common information capacity and reach. On the receiver side three
channels of 16 are studied (1 channel, 7 channel and 16 channel for the best results). Each
channel capacity is 40 Gb/s, channel spacing is 0.1 THz that matchs ITU-T Recommen-
dations [3]. Due to the short distances of tests, I can assume that NRZ-OOK modulation

must present high Q-factor (small BER) results. Generally, the transmission must be
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Figure 4.3: 16 channel NRZ-OOK DWDM topology

caused by FWM nonlinear effect.
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Figure 4.4: Optical Spectrum of NRZ-OOK DWDM system. a)25 km b)100 km

Usually, NRZ-OOK modulation is not popular in use with DWDM systems. Using
NRZ-OOK with too close channel spacing and high bit rate defined for DWDM systems
are caused by nonlinear processes like FWM, which is detected on both sides of optical

spectrum. This processes causes output values, as it shown in fig. 4.5 — 4.7
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Figure 4.8: DPSK transmitter
Results are placed in following table:

Table 4.2: Comparison NRZ-OOK DWDM outputs over 25/100 km

Channel | Distance BER Q-factor
1 25 8.75 - 1073 | 11.7 (21.36 dB)
1 100 7.8 -107% | 5.24 (14.39 dB)
7 25 | 146102 | 7.1 (17.03 dB)
7 100 6.4 - 1071 | 6.74 (16.57 dB)
16 25 9.43 - 1071 | 7.39 (17.38 dB)
16 100 7.18 - 1071 | 6.88 (16.75 dB)

As it was previously noticed, DWDM systems can be affected by nonlinear processes
like FWM, which appears between all 16 channels and dramatically influences output
results. But the major processes causes presented example is cross-channel interference
(they will appear ref about cross-channel interference) As it shown in Table 4.1, BER
and Q-factor gradually goes down channel by channel and this decline stops precisely at
the middle of transmitted signals bandwidth. After that point output values start to rise
back. Attenuation depends on many factors: not ideal transmitter and receiver tuning,

influence of optical elements, such as optical amplifiers, optical fiber and its components.

4.3 Differential Phase-shift Keying (DPSK)

Differential Phase-shift Keying is a relatively simple phase key modulation. Each symbol
carries only one bit of information with either logical 1 at a determined phase or logical

0 at the opposite phase, resulting in very high symbol distance [5].
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Figure 4.9: 16 channel DPSK DWDM topology

Optical phase modulator is used to change the phase by 7 of a signal from Lorentzian
laser source based on electrically transmitted data. The DPSK modulation optical receiver
must be supplemented with balanced detector, consisting of two PIN diodes and a delayed
Mach-Zehnder Delay Interferometer.

The main advantages of DPSK modulation are better tolerance compared to NRZ-
OOK, high resistance to non-linear effects, resulting in the ability to overcome large
transmission distances compared to other modulations [19]. Supposed statements are

approved by the following simulations results.

ERS Y]

Figure 4.10: Optical spectrum of 16 channel DPSK DWDM system. 25 km distance
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Figure 4.11: Optical spectrum of 16 channel DPSK DWDM system. 100 km distance

Figure 4.13: Eye Diagrams DPSK over 100 km.a) Channel 1 b) Channel 7 ¢) Channel 16



CHAPTER 4. MODULATIONS

Results are shown in the following table 4.3

Channel | Distance BER Q-factor
1 25 5.13 - 1071¢ | 8.04 (18.10 dB)
1 100 | 1.63- 10" | 8.08 (18.15 dB)
7 25 1.97 - 107 | 7.60 (17.62 dB)
7 100 3.68 - 10712 | 6.83 (16.69 dB)
16 25 2.92 .10~ | 7.5 (17.50 dB)
16 100 5.84 - 107% | 5.74 (15.17 dB)

Table 4.3: Comparison DPSK DWDM outputs over 25/100 km

21

The Results of DPSK based DWDM systems are better than NRZ-OOK system due

to strict bandwidth filtering. Strong narrow-band filtering leads to warp phase relations

between the neighboring bits. These results do not recommend implementation of DPSK,

but transmission systems with a reduced spectral efficiency (less than 0.4 bit/s/Hz) would

profit from DPSK implementation because of suppression of intra-channel limitations.

4.4 Quadrature amplitude modulation (QAM)

Quadrature amplitude modulation (QAM) is a modulation method frequently used in

modern telecommunication systems. It carries two digital bit streams, by modulating

the amplitudes of two carrier waves. The waves of the same frequency are in orthogo-
nal phases with each other called quadrature. Quadrature Phase-Shift Keying (QPSK)

usually regarded as a similar to QAM, because its resembling constellation diagram.

0110101

Datasource10
1

QAM_modulator10

QAM
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Figure 4.14: QAM transmitter
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Figure 4.15: 16 QAM DWDM system topology

QAM tests in DWDM system show the high spectral efficiency achieved with incred-
ibly precise tuning of the constellation size, limited by the noise level and linearity of
the communications channel, transmitter and receiver sides parameters that depend on
transmission reach, central frequencies, bit rate, pre-amplifiers’ and amplifiers’ gains. As
it can be assumed, QAM tests should show the best output results both at a distance of
25 km and 100 km.

- Central frequency 193.415 THz

- 40 Gb/s per channel

- 16 channel with 100 GHz spacing
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Figure 4.16: 16 QAM DWDM system topology
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Results are shown in the following Table 4.4

Table 4.4: Comparison QAM DWDM outputs over 25/100 km

Channel | Distance BER Q-factor
1 25 1.40 - 1073¢ | 13.01 (22.29 dB)
1 100 | 1.24-10 ™| 7.70 (17.73 dB)
7 25 8.67 - 107" | 4.82 (13.67 dB)
7 100 1.03 - 107% | 4.80 (13.62 dB)
16 25 1.17 - 1077 | 5.19 (14.30 dB)
16 100 6.48 - 1077 | 4.85 (13.72 dB)

QAM results are extremely lower than the previous modulations results. It explained
by a number of shortcomings of the tests. First of all, QAM eye diagrams displays one
of four sub-carriers of each channel without upcoming demodulator. That’s why multi-
channel interference is clearly visible at shown outputs. The second notice is a influence of
selected type of fiber. Standard Single Mode Fiber causes decline of output results. After
some tests it can be confidently supposed that tested QAM modulation is very sensitive
to fiber dispersion. That problem can be solved by setting wavelengths recommended by
ITU-T. Third, it was noticed, that small increases of bit rate instantly causes BER by
thousands points. It can be explained by the strong influence of nonlinearities of channels,

first of all XPM and FWM, approved by eye diagrams results.

4.5 Consequences

Based on the test results, I can conclude, that DWDM systems interference are caused by
FWM, which appears among all 16 channels and dramatically influences output results.
NRZ-OOK modulation is strongly influenced by FWM and cross-channel interference due
to high bit rate.

The Results of DPSK based DWDM systems output errors are caused by narrow-band
filtering leads to warp phase relations between the neighboring bits.

QAM results are extremely lower than the previous modulations results. QAM mod-
ulation is very sensitive to fiber dispersion. Influence of dispersion can be supressed by
using Non-Zero Disperse-Shifted Fibers (NZDSF), shifted closer to 1550 nm band wave-
lengths. Small increases of bit rate instantly influence BER by thousands points. high
impact was captured by XPM and FWM, approved by eye diagrams results.
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Figure 4.19: Comparison of Q-factor over 25 and 100 km

According to the section 3.3, BER = 10~? corresponds to Q-factor of 6. Also, this value
of BER is recommended by ITU-T as a minimal for stable transmission. At a distance of
25 kilometers received outcomes of QAM channels do not match to minimal BER. DPSK

system outputs are among the most resistant to changes, which can be considered the

best indicator in this chapter.



Chapter 5

Results

This chapter is focused on testing and comparing the coexistence of the selected optical
systems on a common physical layer of optical transmission networks. This chapter deals
with comparing the potential pairs of optical system. Firstly, the coexistence of CWDM
and DWDM systems will be presented and compared by using some output criteria for
different modulations. Advantages and limitations of selected type of coexistence will
be compared and analyzed. Secondly, coexistence of two different DWDM systems on a
mutual physical layer will be studied. The chapter concludes with the best options for

using a pair of systems for different requirements of optical networks.

5.1 DWDM over CWDM

In this section, the systems implemented in the existing CWDM system are studied.
This system is realized using 8 NRZ-OOK modulation channels. The channel, which is
located on the C band (1550 nm), is replaced by 16 DWDM channels. This method of
implementation is widely used in the improvement of optical systems [7]. This increases
the capacity of the entire system. Also in this chapter are three modulations that have
already been used in the work. Changes in the output results are described and analyzed.
Before conducting the tests, I conducted investigation of the behavior of the modulations.
in the case of using only NRZ-OOK for both systems, the output should be extremely
satisfactory from the point of view of minimum errors. It depends on the short distance
chosen for the test (50 kilometers), it also depends on the simplicity of the modulation
design. FWM should have a big impact on the results. in the case of DPSK modulation,
system stability is expected to be at a good level. The modulation difference between
DWDM and CWDM systems can lead to unexpected changes in the output. DWDM
channel transmission using QAM modulation is expected to be low. However, CWDM

channels should not affect the increase in the number of errors.

26
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5.1.1 DPSK over NRZ-OOK

Sixteen DWDM channels each of 40 Gb/s and seven CWDM channels each of 10Gb/s,
are transmitted over 2 spans (25 km per span) of Standard Single Mode Fiber (SSMF).
The 16 DWDM channels are spaced at 100 GHz. The 7 CWDM channels are spaced at
2000 GHz. The signals are amplified by an EDFA booster and transmitted over on optical
amplified link. Fiber dispersion is compensated after each in-line EDFA using an ideal
fiber grating. At the receiver side all of the 7 channels CWDM and 3 of 16 channels of
DWDM are studied.

CWDM

- 8x10 Gb/s channels with 2000 GHz spacing - 1482.91 nm - 1606.045 nm.

DWDM

- Replacement of the 5th channel in CWDM (1550 nm).

- DWDM with 16x40 Gb/s channels with 100 GHz spacing.
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Figure 5.1: 16 channels DPSK over 7 channels NRZ-OOK topology
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Table 5.1: Performance of evaluation criteria of DPSK DWDM over NRZ-OOK CWDM
system

Channel BER Q-factor
Channel 1 DPSK 2.08 - 107 | 6.03 (15.61 dB)
Channel 7 DPSK | 1.59 - 10~ | 5.92 (15.46 dB)
Channel 16 DPSK | 3.31 - 10° | 5.91 (15.44 dB)

Channel 1 NRZ-OOK | 1-1070 | 44.74 (33.01 dB)
Channel 4 NRZ-OOK | 1-107 |99.09 (39.91 dB)
Channel 7 NRZ-OOK | 1-10~ | 27.31 (28.72 dB)

Due to ideal environment of software, the CWDM channels outputs create incredibly
qualitative transmission infrastructure, which exhibits no error over 50 kilometers dis-
tance, which theoretically can be reduced by decreasing the optical filter bandwidth. As
it could be explained, CWDM channels has less influences on each other than DWDM due
to bigger channel spacing. Practicable processes regardless of values are represented by
changes of Q-factor in Table 5.1 In this case previous results of DPSK channels assume
added new multi-channel nonlinearities, such as Self-phase modulation, which are ap-
peared due to adjacent DWDM and CWDM channels. In fact, existing CWDM channels

causes Bit Error Rate of DPSK channels, but not vice versa.

5.1.2 QAM over NRZ-OOK

16 QAM channels each of 40 Gb/s and seven CWDM channels each of 10Gb/s, are
transmitted over 2 spans (25 km per span) of SSMF. The 16 DWDM channels are spaced
at 100 GHz. The 7 CWDM channels are spaced at 2000 GHz. The signals are amplified
by an EDFA booster and transmitted over on optical amplified link. Fiber dispersion is
compensated after each in-line EDFA using an ideal fiber grating. At the receiver side all
NRZ-OOK channels CWDM and 3 of 16 QAM channels are studied.

CWDM

- 8x10 Gb/s channels with 2000 GHz spacing - 1497.5 nm -1595.065 nm

CWDM/DWDM

- Replacement of the 5th channel in CWDM (1550 nm).

- DWDM with 40x16 Gbps channels with 100 GHz spacing.
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Table 5.2: Performance of evaluation criteria of QAM DWDM over NRZ-OOK CWDM
system

Channel BER Q-factor
Channel 1 QAM 6.40 - 107 | 6.59 (16.39 dB)
Channel 7 QAM 2.11 - 1071 | 7.25 (17.20 dB)
Channel 16 QAM 2.37 - 107> | 4.24 (12.55 dB)

Channel 1 NRZ-OOK | 1-107* | 72.03 (37.15 dB)
Channel 4 NRZ-OOK | 1-10~% 99.1 (39.92 dB)
Channel 7 NRZ-OOK | 1-107% |23.79 (27.53 dB)

As it was previously noticed, CWDM channels have no errors due to ideal software
environment. Real results correlation of CWDM channels could be represented by changes
of Q-factor in Table 5.2. The worst output results of DWDM channels (channel 1 and
channel 16) could be explained as a narrow-band filtering impact in conjunction with
multi-channel nonlinearities. High BER is a result of setting attept of the highest bit
rate. For example, 10 Gbit/s per channel QAM settings shows 1072 BER on the average.

5.1.3 NRZ-OOK over NRZ-OOK

16 NRZ-OOK channels each of 40 Gb/s and seven CWDM channels each of 10Gb/s, are
transmitted over 50 km (2 span, 25 km per span) of SSMF. The 16 DWDM channels
are spaced at 100 GHz. The 7 CWDM channels are spaced at 2000 GHz. The signals
are amplified by an EDFA booster and transmitted over on optical amplified link. Fiber
dispersion is compensated after each in-line EDFA using an ideal fiber grating. At the
receiver side all NRZ-OOK channels CWDM and 3 of 16 NRZ-OOK DWDM channels are
studied.
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CWDM

- 8x10 Gbps channels with 2000 GHz spacing - 1485.96 nm -1609.624 nm
CWDM/DWDM

- Replacement of the 5th channel in CWDM (1553.33 nm).
- DWDM with 40x16 Gb/s channels with 100 GHz spacing.
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Figure 5.9: 16 NRZ-OOK DWDM over 7 NRZ-OOK CWDM optical spectrum
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a) Time tas b) Tine

Figure 5.10: Eye diagrams a) NRZ-OOK CWDM channel b) NRZ-OOK DWDM channel

Table 5.3: Performance of evaluation criteria of NRZ-OOK DWDM over NRZ-OOK
CWDM system

Channel BER Q-factor
Channel 1 DWDM | 5.40 - 1071 | 7.09 (17.02 dB)
Channel 7 DWDM | 2.93 - 1071 | 6.52 (16.28 dB)
Channel 16 DWDM | 4.11 - 1072% | 11.11 (20.91 dB)
Channel 1 CWDM 1-107% | 32.09 (30.12 dB)
Channel 4 CWDM 1-107% | 85.14 (38.60 dB)
Channel 7 CWDM 1-107% | 22.54 (27.06 dB)

The main factor influencing the DWDM is the Four Wave Mixing, the value of which
has almost no effect on channel 16. This nonlinearities could be suppressed by perfect
tuning of laser sources and using non-zero dispersion shifted fibers. Overall, results of
NRZ-OOK DWDM system over NRZ-OOK CWDM system are among the best in a

distance of 50 kilometers.

5.1.4 Consequences

The tests showed that the implementation of the channels of the DWDM system in the
CWDM system is one of the qualitative improvements in the optical network. Speaking
of CWDM channels, their results do not quite correspond to the real indicator of these
systems. As already noted, the CWDM channels have no errors due to ideal software
environment.

Comparison of DWDM systems is perfectly expressed in the figure. Indicators of
QAM modulation, as expected, were one of the problems that it turned out to be solved
by reducing the bit rate of the channels. channels with DPSK modulation as well as
in previous tests showed the same level of quality. This suggests that the channels in

DPSK modulation are weakly affected by the influence of neighboring CWDM channels.
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Figure 5.11: Comparison of Q-factor of DWDM systems

NRZ-OOK DWDM channel modulation in the tests showed the highest results.

Mainly, in order to reduce the number of data transmission errors of systems at a fairly
short distance, as was the case in these tests, we must use fiber with a shifted non-zero
dispersion. This may affect the quality of channels that are closer to the E band, but will
significantly suppress the effect of dispersions on DWDM channels.[21]

5.2 DWDM/DWDM implemented

This section is focused on testing and comparing of coexistence of implemented DWDM
systems on a common physical layer of optical transmission network. This section deals
with comparing the possibilities and limitations of pairs of optical system. In this section,
tests of DWDM systems implemented into each other in the Conventional and Short bands
were carried out. This method exists as one of the possible implementations of two WDM
systems.[22] Based on the theory, different modulations that are very close to each other
at a distance of 100 GHz will greatly influence the results. Multichannel nonlinearities
can lead to the complete destruction of signals on the receiving side. It also takes into
account the fact that both modulations have a bit rate of 40 Gb / s.[24]

Due to the certain peculiarities of the systems, it is possible to distinguish the fact
that to use DPSK modulation, a rather wide frequency band is required, which can lead
to the effect of this modulation on adjacent channels.

It is assumed that the channels with NRZ-OOK and QAM modulation due to the
basic method of transmitting information (Amplidute Shift Keying) will be affected both

by the strong influence of FWM and other non-linear phenomena, such as GVD and
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Multichannel nonlenearities

5.2.1 DPSK/NRZ-OOK

Sixteen NRZ-OOK channels each of 40 Gb/s and 16 DPSK channels each of 40 Gb/s, are
transmitted over 2 spans (25 km per span) of Standard Single Mode Fiber.All channels
are separated at 200 GHz on wavelength bands recommended by ITU-T. The signals
are amplified by an EDFA booster and transmitted over optical amplified link. Fiber
dispersion is compensated after each in-line EDFA using parts of ideal fiber grating. At
the receiver side three channels of each modulation are studied.

NRZ-OOK

- 16x40 Gb/s channels with 200 GHz spacing - 1533.858 nm -1557.768 nm

DPSK

- 16x40 Gb/s channels with 200 GHz spacing - 1534.643 nm -1558.578 nm

aaaaaaa

mmmmm

Figure 5.12: 16 channels NRZ-OOK and 16 channels DPSK hybrid topology of DWDM
system
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Table 5.4: Performance of evaluation criteria of NRZ-OOK and DPSK DWDM systems
Channel BER Q-factor
Channel 1 NRZ-OOK | 7.86 - 107° | 3.72 (11.42 dB)
Channel 7 NRZ-OOK | 7.15- 107" | 4.77 (13.58 dB)
Channel 16 NRZ-OOK | 2.57 - 107° | 4.02 (12.08 dB)
Channel 1 DPSK 7.35 - 10726 | 10.68 (20.57 dB)
Channel 7 DPSK | 1.66 - 10-2 | 10.03 (20.02 dB)
Channel 16 DPSK 3.64 - 10719 | 8.19 (18.26 dB)

As it was assumed, DPSK channels have the same nonlinearities, as it was detected
and analized in chapter 5.4. Q-factor and BER of DPSK channels have better results due
to wider bandwidth filtering. On the another hand, NRZ-OOK channels were disturb
by adjunct nonlinearities caused by neighboring DPSK channels. Another, but not less
important indicator that violates the signal transmission in NRZ-OOK channels is narrow-
band filtering. 1 called these disturbs of channel transmission ”bottle neck principle”. In
fig. 5.13 every even channel is subject to this ”principle”. This problem could be resolved
by increasing channel bandwidth, but it will affect neighbouring channels and will decrease

its output results.

5.2.2 DPSK/QAM

Sixteen QAM channels each of 40 Gb/s and 16 DPSK channels each of 40 Gb/s, are
transmitted over 2 spans (25 km per span) of SSMF fiber. All channels are separated at
200 GHz on wavelength bands recommended by I'TU-T for DWDM systems. The signals
are amplified by an EDFA booster and transmitted over optical amplified link. Fiber
dispersion is compensated after each in-line EDFA using parts of ideal fiber grating. At
the receiver side three channels of each modulation are studied.

QAM

- 16x40 Gb/s channels with 200 GHz spacing - 1538.072 nm -1561.866 nm

DPSK

- 16x40 Gb/s channels with 200 GHz spacing - 1538.861 nm -1562.929 nm
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Figure 5.19: Eye diagrams a)channel 1 QAM b)channel 7 QAM c)channel 16 QAM

Table 5.5: Performance of evaluation criteria of QAM and DPSK DWDM systems

Channel BER Q-factor
Channel 1 QAM | 1.54 - 107 | 4.17 (12.42 dB)
Channel 7 QAM | 3.43 - 107> | 4.03 (12.10 dB)
Channel 16 QAM | 5.45 - 107° | 4.39 (12.86 dB)
( )

Channel 1 DPSK | 4.66 - 107 | 9.01 (19.09 dB
Channel 7 DPSK | 1.32 - 1072 | 11.62 (21.31 dB)
Channel 16 DPSK | 5.41 - 107 | 9.10 (19.18 dB)

Results of this test confidently shows high influence of DPSK channels, which disturb
QAM channels. Hybrid coexistence of QAM and DPSK modulations have no chance to
be used in optical networks due to high values of errors. DPSK channels do not ”sense”
adjacent channels. Dominance of DPSK channels in this and previous tests could be

suppressed by tuning channel bandwidth and source laser power.

5.2.3 QAM/NRZ-OOK

Sixteen QAM channels each of 40 Gb/s and 16 NRZ-OOK channels each of 40 Gb/s,
are transmitted over 50 km (25 km per span, 2 spans) of SSMF fiber.All channels are
spaced at 200 GHz on wavelength bands recommended by ITU-T for DWDM systems.
The signals are amplified by an EDFA booster and transmitted over optical amplified
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link. Fiber dispersion is compensated after each in-line EDFA using parts of ideal fiber

grating. At the receiver side three channels of NRZ-OOK modulation and 3 channels
QAM are studied.

QAM

- 16x40 Gb/s channels with 200 GHz spacing - 1538.072 nm -1561.866 nm
NRZ-OOK

- 16x40 Gb/s channels with 200 GHz spacing - 1538.861 nm -1562.929 nm

RS seoper  Recehes_signslba
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Figure 5.20: 16 channels QAM and 16 channels NRZ-OOK hybrid topology of DWDM
system

Figure 5.21: 16 QAM and 16 NRZ-OOK hybrid systems optical spectrum
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Table 5.6: Performance of evaluation criteria of QAM and NRZ-OOK DWDM systems

Channel BER Q-factor
Channel 1 QAM 329 -107% | 2.72 (8.74 dB)
Channel 7 QAM 1.03 - 1072 | 2.31 (7.26 dB)
Channel 16 QAM 6.59 - 1072 | 2.66 (8.37 dB)

Channel 1 NRZ-OOK | 7.11 - 107 | 3.82 (11.65 dB)
Channel 7 NRZ-OOK | 6.87 - 107 | 10.06 (20.02 dB)
Channel 16 NRZ-OOK | 551 - 1073 | 2.55 (8.15 dB)

As can be seen from the test results, both modulations have a strong effect on each
other. From this we can conclude that the implementation of NRZ-OOK and QAM

channels with a separation of 100 GHz is a bad use case for optical systems. The impact

of nonlinearities such as FWM and SPM in this case are critical for the stable transmission

of information in the optical system. The impact on QAM channels destroys the channels

eye diagram, which can be seen in the output. Eye diagram of NRZ-OOK channels is
highly modified and looks more like DPSK. Furthermore NRZ-OOK channels closer to

the center reduce the number of errors and in the center reach a significant BER value.

This is a direct proof of the impact of FWM on channel quality.
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5.2.4 Consequences

1channel 7channel 16channel 1channel 7 channel 16 channel 1channel 7 channel 16 channe
NRZ-OOK ~ NRZ-O0K  NRZ-00K DP K DPSK DP 5K QAN QAM QAM

Q-factor

[X]

m NRZ-00K/QAM = NRZ-O0K /DPSK DPSE/OAM
Figure 5.24: Comparison of Q-factor of DWDM systems

The test results showed that the assumptions about the unsatisfactory nature of this
method of coexistence of systems turned out to be true. The Q-factor of DWDM channels
with DPSK modulation suppressed the rest of the signals. Reducing the bandwidth of
channels with this modulation has led to a sharp increase in noise in all channels. QAM
and NRZ-OOK channels, as expected, could not reach the minimum Q-factor criterion
of 6 units due to the strong influence of the channels on each other[23]. The influence of
SPM was also noted, along with the already anticipated multichannel nonlineratites and
FWM.

Based on this, I can confidently note that this method of coexistence of these systems

cannot be implemented within the specified parameters.

5.3 DWDM/DWDM with safety band

In this section, the last possible way of coexisting DWDM systems is studied. This co-
existence of DWDM systems on a safe distance from each other. This method is the best
use of the width of the wavelength band, although DWDM systems in this case take up
more space. DWDM channels with two different modulations located in the Conventional
and Short bands are separated from each other by the space that separates them. It
is assumed that this method will limit the effect of channels with different modulations
from each other. Therefore, the results on the receiving side should roughly coincide with

the results of the previous chapter.[25] The only thing that can affect the channels is
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the inaccurate distribution of channels in the optical spectrum described in the I'TU-T

recommendations, which leads to linear channel effects.

5.3.1 DPSK/NRZ-OOK

DPSK channels each of 40 Gb/s are separated for safety band from NRZ-OOK channels
each of 40 Gb/s. Distance of transmission used SSMF fiber is 50 kilometers. Signals
are compensated by in-line EDFA using parts of ideal fiber grating. Safe space is over 2
nm. All channels are spaced at 100 GHz on wavelength bands recommended by ITU-T
for DWDM systems. At the receiver side three channels of NRZ-OOK modulation and 3
channels DPSK are analyzed and compared.

DPSK

- 16x40 Gb/s channels with 200 GHz spacing - 1533.858 nm -1545.72 nm

NRZ-OOK

- 16x40 Gb/s channels with 200 GHz spacing - 1547.316 nm -1559.389 nm
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Figure 5.25: 16 channels DPSK and 16 channels NRZ-OOK topology of spaced DWDM
system
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Figure 5.28: Eye diagrams a)channel 1 DPSK b)channel 7 DPSK c¢)channel 16 DPSK

Table 5.7: Performance of evaluation criteria of DPSK and NRZ-OOK DWDM systems
with safety band

Channel BER Q-factor
Channel 1 DPSK 3.02- 1071 | 6.69 (16.51 dB)
Channel 7 DPSK 6.48 - 107 | 5.85 (15.34 dB)
Channel 16 DPSK 2.17 - 1071 | 6.43 (16.18 dB)

Channel 1 NRZ-OOK | 1.11 - 107 | 10.02 (20.02 dB)
Channel 7 NRZ-OOK | 1.62 - 107" | 7.61 (17.63 dB)
Channel 16 NRZ-OOK | 3.91 - 1071 | 6.09 (15.71 dB)

As a result of the tests, it turned out that the channels with both modulations show
results similar to the results on the receiving side separately for each of the modulations.
Small changes are associated with the distribution of channels in the optical spectrum. In
general, transmission quality, BER and Q-factor are sufficient for high-quality information

transfer.

5.3.2 DPSK/QAM

DPSK channels each of 40 Gb/s are separated for safety band from QAM channels each
of 40 Gb/s. Distance of transmission used SSMF fiber is 50 kilometers. Signals are
compensated by in-line EDFA using parts of ideal fiber grating. safety band is over 2 nm.
All channels are spaced at 100 GHz on wavelength bands recommended by ITU-T for
DWDM systems. At the receiver side three channels of QAM modulation and 3 channels
DPSK are analyzed and compared.

DPSK

- 16x40 Gb/s channels with 200 GHz spacing - 1547.2 nm -1559.271 nm

QAM

- 16x40 Gb/s channels with 200 GHz spacing - 1533.352 nm -1545.207 nm
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Figure 5.29: 16 channels DPSK and 16 channels QAM topology of spaced DWDM system
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Table 5.8: Performance of evaluation criteria of DPSK and NRZ-OOK DWDM systems
with safety band

Channel BER Q-factor
Channel 1 DPSK | 4.32 - 107'° | 8.27 (18.35 dB)
Channel 7 DPSK | 5.65 - 1071 | 6.12 (15.73 dB)
Channel 16 DPSK | 9.77 - 100 | 6.11 (15.71 dB)
Channel 1 QAM | 3.84 - 1073 | 12.95 (22.25 dB)
Channel 7 QAM | 3.84 - 107 | 10.43 (20.37 dB)
Channel 16 QAM | 3.59 - 1077 | 5.01 (14.01 dB)

The coexistence of systems with these modulations is an exceptional example of how
the mutual influence of channels on each other leads to an improvement in the performance
of both. safety band, which was used to eliminate possible interference, significantly
improved performance on the receiving side. This can be explained by the fact that
non-linear phenomena that affect QAM-modulated channels have been suppressed by the
DPSK channels in front of them. That is why the 16 channel QAM, less experiencing this

phenomenon, shows the worst property.
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5.3.3 QAM/NRZ-OOK

NRZ-OOK channels each of 40 Gb/s are separated for safety band from QAM channels
each of 40 Gb/s. Distance of transmission used SSMF fiber is 50 kilometers. Signals are
compensated by in-line EDFA using parts of ideal fiber grating. safety band is over 2
nm. All channels are spaced at 100 GHz on wavelength bands recommended by ITU-T
for DWDM systems. At the receiver side three channels of NRZ-OOK modulation and 3
channels QAM are analyzed and compared.

NRZ-OOK

- 16x40 Gb/s channels with 200 GHz spacing - 1533.858 nm -1545.72 nm

QAM

- 16x40 Gb/s channels with 200 GHz spacing - 1547.316 nm -1559.389 nm
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Figure 5.33: 16 channels NRZ-OOK and 16 channels QAM topology of spaced DWDM
system
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Table 5.9: Performance of evaluation criteria of QAM and NRZ-OOK DWDM systems

with safe space

Channel BER Q-factor
Channel 1 QAM 7.52-107° | 3.87 (11.76 dB)
Channel 7 QAM 6.14 - 1077 | 4.91 (13.80 dB)
Channel 16 QAM | 1.94 - 10" | 3.58 (11.08 dB)

Channel 1 NRZ-OOK | 2.66 - 107> | 4.03 (12.11 dB)
Channel 7 NRZ-OOK | 1.29 - 107" | 7.67 (17.69 dB)
Channel 16 NRZ-OOK | 1.46 - 107'* | 7.56 (17.57 dB)

In this case, NRZ-OOK and QAM, even with the safe space, influence each other. It
was also noticed that the choice of the position of the QAM channels in the optical band

strongly influenced the linear phenomena on the results on the receiving side. The results

of the NRZ-OOK channel transmission are comparable to the results from the previous
chapter. The first channel is strongly affected by the FWM caused by the QAM channels
in front of them, as well as by the NRZ-OOK channels themselves. This way of existence

of two modulations of DWDM systems is the worst one presented.

5.3.4 Consequences
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Figure 5.37: Comparison of Q-factor of DWDM systems
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The test results showed that the effectiveness of this method of existence of two DWDM
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systems on the same physical layer is better than the method of implementing systems into
each other. In the case of NRZ-OOK and DPSK modulation, the safety band has limited
the system exposure to each other. When using NRZ-OOK and QAM modulations, safety
band did not limit the impact on the nearest channels, which are strongly influenced by
nonlinearities, which should have been suppressed by this method. Also, the choice of
wavelength band is one of the criteria when planning DWDM systems. A remarkable
discovery is the coexistence of DPSK and QAM modulations, which leads to a dramatic
improvement in the output of QAM and DPSK.



Chapter 6
Conclusion

In this thesis, WDM systems were studied for use in different situations. The main thing
was to analyze possible scenarios of coexistence of systems with different modulations.
When working on the thesis, the theoretical limitations and advantages of WDM systems
were confirmed, namely, the coexistence of CWDM and DWDM systems, the implemen-
tation of channels with different modulations of DWDM systems, and the coexistence of
systems in DWDM with different modulations with safety band.

The parameters that were set for all tests limited the possible achievements of each
of the modulations. This was done intentionally to show the limits of these modulations
and systems. Thus, the bit rate of DWDM systems was chosen at 40 Gb / s and channel
spacing was chosen at 100 GHz, which significantly affects the output of channels of all
modulations. The CWDM system bit rate, which was selected as the maximum for this
system, did not affect the output results due to ideal software environment.

The main conclusions that can be drawn from each experiment:

Modultaions

- NRZ-OOK modulation is strongly influenced by FWM and cross-channel interference
due to high bit rate.

- DPSK output errors are caused by narrow-band filtering leads to warp phase relations
between the neighboring bits.

- QAM modulation is very sensitive to fiber parameters. Small increases of bit rate
instantly influence BER by thousands points.

- Influence of dispersion can be suppressed by using Non-Zero Disperse-Shifted Fibers
(NZDSF), shifted closer to 1550 nm band wavelengths

CWDM over DWDM

- S CWDM channels do not quite correspond to the real indicator of these systems.
As already noted, the CWDM channels have no errors due to ideal software environment.

- Indicators of QAM modulation are one of the problems that it turned out to be

23



CHAPTER 6. CONCLUSION 54

solved by reducing the bit rate of the channels.

- channels with DPSK modulation showed sufficient level of quality.

- NRZ-OOK DWDM channel modulation showed the highest results.

- In order to reduce the number of data transmission errors of systems, need to use
fiber with a shifted non-zero dispersion. This may affect the quality of channels that are
closer to the E band, but will significantly suppress the effect of dispersions on DWDM
channels.

DWDM/DWDM implemented

- The Q-factor of DWDM channels with DPSK modulation suppressed the rest of the
channels.

- Reducing the bandwidth of channels with this modulation has led to a sharp increase
in noise in all channels.

- QAM and NRZ-OOK channels could not reach the minimum Q-factor criterion of 6
units due to the strong influence of the channels on each other. The influence of SPM was
also noted, along with the already anticipated multichannel nonlineratites and FWM.

- Based on this, I can confidently note that this method of coexistence of these systems
cannot be implemented within the specified parameters.

DWDM/DWDM with safety band

- The test results showed the effectiveness of this method .

- The safety band has limited the system exposure to each other of NRZ-OOK and
DPSK modulation. - The choice of wavelength band is one of the important criteria for
planning DWDM systems. - Coexistence of DPSK and QAM modulations leads to a
dramatic improvement in the output results of QAM and DPSK channels

The main advantage of this thesis is a detailed study of the use of coexistence of
DWDM systems in an environment that is as close to real as possible. This work points
out the possible difficulties of implementing DWDM systems into existing ones, and can
also help in choosing optical technologies and systems for further use presented in this

work.
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