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ABSTRACT

The main aim of this thesis is to design and do performance analysis of 32, 64 and 128
channels DWDM system for three different amplifier configurations which are EDFA,
Raman and OA amplifiers where each channel having 10 Gbps data rate multiplexed with
frequency spacing of 100 GHz. Dispersion is an important factor to be considered while
designing a DWDM system. Dispersion affects the penalties due to various types of fiber
nonlinearities. Single mode fiber is preferred for long distance communication over
Multimode fiber. In this proposed work Optisystem 16.0 commercial optical simulator is
used to analyze the performance of 32, 64 and 128 channels DWDM system for three
different amplifier configurations which are EDFA, Raman and OA amplifiers. The system
performance is enhanced by using Dispersion compensation fiber to reimburse for the
dispersion formed by single mode fiber. The system performance is imperfect due to the
dispersion. In order to recompense this, we have used Dispersion Compensation Fiber
(DCF). Between amplifier spans standard single-mode fiber is used, but at each amplifier
position, dispersion compensating fiber having a negative chromatic dispersion is
presented. By using this we have effectively designed a DWDM system with 32/64/128
channels each having 10 Gbps data rate multiplexed with frequency spacing of 100 GHz.
It is apprehended that, in coming future, DWDM can appear as an auspicious technique to
escalate the capacity and meet the bandwidth constraint. This work can further be stretched

to more number of channels i.e. 256 channels or more with different frequency spacing.
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CHAPTER 1

Introduction

1.1 Motivation

Increasing demand for higher transmission bandwidth has directed to the astonishing
growth in internet traffic due to which we can notice increasing deployment of broadband
networks. In this era of real-time interactive multimedia communications massive data rate
is a necessity for which it is mandatory to improve channel capacity, improved diversity
and diverse functionality of communication networks. Nowadays people wants to
communicate in real-time without any kind of delays in the networks. Besides the network
must be secured, bandwidth efficient, reliable and fault tolerant.

A total communication system contains a transmitter, a channel and a receiver. It contains
various types of nodes through the backbone network by which it establishes
communication among various parties.

In the setup of complete communication system an engineer can use various types of
technologies for the overall communication network. To meet the rising demand of higher
and higher data rate optical communication is the most feasible option as it can provide an
incredible rate of transmission, to satisfy demand of faster and faster communication
networks. Optical networks can provide lowest signal alteration, reduced device cost as
compared to outcome, massive bandwidth, lesser power constraint, reduced signal
attenuation, and slighter operation expenses. Also by using coherent optical transmission
system (COTS) channel capacity can be increased by using multilevel modulation format

and thereby gaining better spectral efficiency [1].

1.2 Problem Statement

While dealing with long distance advanced optical communication networks two main
restraints that effects the performance of the system are nonlinearities due to dispersion
and Amplified Spontaneous Emission (ASE). To mitigate both restricting factors while
achieving higher date rates, DWDM system with different types of amplifiers can be useful

for different number of channel configurations [2]. Signals which are at different



frequencies are modulated at the receiver side and sent over the fiber and then at the
receiver side they are demodulated and brought back to their original frequencies. But in
case of long haul optical communication networks signal attenuation is a great detrimental
factors for which using of repeater comes as a recovery agent in the scenario. But these are
highly inclined to noise, nonlinearity and signal diminution. In every cases of system
design, it is obligatory to maintain the required level of satisfactory outcome from system

for a long haul optical communication network [3].

1.3 Aim and Contribution of the Thesis

By using different types of amplifiers which are specialized for optical fiber
communication only such as EDFA, Raman and OA amplifiers these factors can be
mitigated at different levels [4]. They do not rely on the conversion to electrical domain.
They directly enhance the signal power in the optical domain. Although these amplifiers
has also their distinctive merits and demerits. By using proper pump configuration setup
and by choosing appropriate wavelength the outcome from Raman amplifier can be
optimized. Here different signal wavelength and pump wavelengths are used for optimum
performance [5]. On the contrary, Raman amplifier works better with greater pump power
and greater pump laser. OA amplifier works better from 1310nm to 1550nm and the
maximum data rate with which it can work fine is 10 Gbps. For EDFA amplifier, greater
amplification is achieved at 1550nm. The benefits of EDFA amplifier is that it can
handover high pump power for the signal with high dynamic range and with low noise
figure. It is also suitable for long haul optical communication networks [5], [6]. In some
cases, Hybrid Optical Amplifiers (HOA) are used for increasing the capacity of the long
haul communication link with DWDM system. They have used various hybrid amplifier
configurations for examining the performance of the system [2], [7]. But here main aim of
this thesis is to design and do performance analysis of 32, 64 and 128 channels DWDM
system for three different amplifier configurations which are EDFA, Raman and OA
amplifiers where each channel having 10 Gbps data rate multiplexed with frequency
spacing of 100 GHz. The system performance is enhanced by using Dispersion

compensation fiber to reimburse for the dispersion formed by single mode fiber. The
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system performance is imperfect due to the dispersion. In order to recompense this, we
have used Dispersion compensation fiber. Between amplifier spans standard single-mode
fiber is used, but at each amplifier position, dispersion compensating fiber having a
negative chromatic dispersion is presented. By using this we have effectively designed a
DWDM system with 32/64/128 channels each having 10 Gbps data rate multiplexed with
frequency spacing of 100 GHz and performed it’s performance analysis for different

amplifiers (EDFA/Raman/OA).

1.4 Structure of the Thesis

The substantial part of this thesis is based on the research work conducted by the author on
the design of a DWDM system with 32/64/128 channels each having 10 Gbps data rate
multiplexed with frequency spacing of 100 GHz and performed its performance analysis
for different amplifiers (EDFA/Raman/OA). This research work comprises merely the
fundamental mathematical expressions to make the research work as comprehensible as

possible.
The thesis is structured in eight chapters as given below:

* Chapter 1 — Introduction: in this chapter, the fundamental research problems are stated
and then the goal and contribution of the thesis are listed.

* Chapter 2 — Literature Review is presented.
* Chapter 3 — System Description is presented in this chapter.
* Chapter 4 — Simulations, Results and Discussion are discussed here.

* Chapter 5 — Conclusion is presented in this chapter.
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CHAPTER 2

Literature Review

In [1], the authors examined the output for DP-32QAM (symbol rate 10 Gsymbol/s), DP-
64QAM (symbol rate 8.33 Gsymbol/s) and DP-128QAM (symbol rate 7.142 Gsymbol/s)
levels with different CW laser input power for Coherent Optical Transmission System
(COTYS) with 100Gbps data rate. In [2], a DWDM system with 128x10 channels with 100
GHz channel spacing was investigated and main target was to optimize the signal quality.
They used three distinct Hybrid Optical Amplifiers (HOA) to evaluate signal quality, min
log BER, highest eye opening factor. They have produced a trend line for predicting the
performance of the DWDM system for long distance optical network. They reported that
H3 (EDFA-Raman-OA setting can perform better with 128 channels where optimum
channel input power was -5 dBm for17.11 dB signal quality. In [3], optical amplifiers SOA,
EDFA, Raman and hybrid amplifiers (SOA-EDFA, EDFA-EDFA, Raman-EDFA) were
used where frequency spacing was 50 GHz and they used a DWDM system model of 8
channels and 10 Gbps data rate. They measured Q-factor, eye opening, output power and
BER for a changing distance of 20 to 200 km. At maximum output power was found at 100
km distance for SOA-EDFA with reasonable Q-factor, minimum BER and highest eye
opening. In [4], optical amplifiers of two distinct types were investigated for 16x10 Gbps
WDM system where the transmission length was 10 to 200 km and they have reported the
dispersion as 16.75 ps/nm/km. They have measured the factors such as total gain, QF and
BER. They reported that EDFA performed 64% better than Raman, 57.5% for
amplification gain and 26.7% for maximum quality factor. In [5], the authors worked with
a WDM PON system with 10 Gbps rate by using single and hybrid amplifiers (EDFA,
Raman, SOA, EDFA-Raman, EDFA-SOA, Raman-Raman and EDFA-EDFA). Output
Power, Q-factor and minimum bit error rate were considered for 40 to 200 km and it was
found that EDFA-EDFA gives better result at dispersion of 2ps/nm/km. In [6], the
researchers validated a WDM 40 Gbps system for L band and U band for a DSF. At 225
km distance for a WDM system with distributed Raman amplifiers (DRASs) and L-band
erbium-doped fiber amplifiers (EDFAS) in L band and U band they reported a speed of
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54x42.7 Gbps (2.2 Tbps). In [7], authors investigated a DWDM system for HOA (Raman-
EDFA, Raman-EDFA-Raman, Raman-SOA and Raman-SOA-Raman) in C+L band where
they reported that Raman-EDFA givers most usable output for signal quality (>21 dB),
high output power (10 dBm) and greater eye opening factor with channel spacing 0.15nm.
It was perceived that Hybrid and Conventional amplifier with NRZ performs at satisfactory
level. Optical amplifiers enhances signal power directly without any transformation from
optical to electrical domain. They amplify the signal as well as maintain the proper
bandwidth and system outcome at the same time. They are perfectly suitable for long haul
optical communication networks [8]. There are various types of optical amplifiers among
which EDFA, Raman and OA are significant. Stimulated Raman Scattering is the technique
used in Raman amplifier for amplification purpose. It can have variations by varying pump
power and also by varying pump wavelength as shown in [8]. It works with upper pump
power and upper level of pump laser. On the other hand, OA amplifier provides
amplification at 1310nm-1550nm frequency range with 10Gbps data rate which is
polarization reliant with larger noise figure and cross talk. EDFA which is suitable for long
haul optical communication network links shows better promise at 1550 nm by serving
high pump power with larger dynamic range and low noise figure. Some used hybrid
optical amplifiers for boosting the bandwidth and enhancing the length of the
communication link [9], [10]. For a link having a length of 50 km, amplifier (Raman-EDFA
hybrid configuration) gain flatness of 90.5 nm was achieved at 90.5nm in [11]. In article
[12], EDFA, Raman and OA amplifiers were used in parallelism or in sequence and then
signal can be de-multiplexed with help of a coupler after which it can be amplified and
then multiplexed by a coupler again. But the detrimental factor here is that because of the
guard band of the coupler there will be inoperative bandwidth in this structure and it also
reduces amplifier noise figure. Different configurations of hybrid optical amplifier (such
as post, pre and symmetric) were researched in [12]. The work in [13] discovered multiple
types of WDM structures and determined that SOA gives improved outcome at dispersion
D =2 ps/nm/km in fewer number of channels and fall in system outcome or performance
when the number of channels are increased. But EDFA works better than SOA when larger

number of channels are used with higher dispersion. Raman-EDFA amplifier configuration
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at dispersion D = 2 ps/nm/km at 160 km shows maximum output power which is 20.18
dBm by using various modulation techniques on HOA and attained acceptable Q factor
(13.88 dB) with fewer eye closure (2.609 dB) in [14]. A 64 x 10 Gbps DWDM system
were studied for various HOA and it was seen that EDFA-EDFA-EDFA contributes
maximum output power whereas better Q-value 26.22 dB at 50 km for NRZ was given by
EDFA-EDFA-Raman in [15]. In [16], multiple Terabit transmission rate was elucidated by
using HOA by a paper where main target was to make the most of the span length and
decrease the nonlinearities. It provided a flat gain of 20 dB and less than 7 dB noise figure
[16]. In [17], WDM systems with EDFA, SOA and Raman amplifier was examined and
from dispersion and distance point of view their performance was analyzed. For fewer
number of channels and lower dispersion SOA performed better. But for improved number
of channels and dispersion, EDFA outperformed SOA. As compared to other amplifiers,
Raman provided better results and low output power for L band range 17]. In the research
work of [18] a single wavelength pump was used in S+C band for amplification by
designing a hybrid optical amplifier. In case of L band amplification, Raman amplifier was
utilized and for C band amplification EDFA was utilized. This configuration was
applicable for 100km and that provided 5 dB noise figure and 1 dB of gain [18]. Optical
amplifiers for diverse dispersion and transmission distance were optimized in [19]. The
measuring parameters for evaluation were BER metric, eye diagram, eye opening factor
and Q factor. They have measured the outcome of EDFA and SOA from eye diagram and
power point of view [19]. In article [20], an OTDM system of data rate of 160 Gbps with
all channel modulation and all channel synchronized demultiplexing was simulated.
The Mach-Zehnder Interferometer (MZI) uphold the delay setting for adjacent channels
and deliver stability at higher temperature which is the prominent feature of an OTDM
system. A single in-line SOA and Raman amplifier system were used in [21]. Results
extended the distance to 112 km from 69km. Major effective factors were discussed in
proposed systems. EDFA in SOA jointly were used in [22] to form a distributed Raman
Amplifier which resulted in less distortions. In [23], Raman-EDFA, Raman-SOA, SOA-
EDFA, EDFA-Raman EDFA amplifier configurations were considered for 16 and 32
channels having 10Gbps data rate. BER, Signal Quality, eye opening factor and power at
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the system output were analyzed for varying number of channels. 16, 32, and 64 channels
based system with 10Gbps data rate and different hybrid amplifiers were studied in [24]
where BER, quality factor, eye opening factors and signal jitter were evaluated and they
documented that SOA-EDFA provides best quality factor for 64 channels at 260km
distance [24]. Authors in [25] analyzed optical network system performance for 64
channels based 10 Gbps data rate system where backward multi-pump Raman amplifier
were used for lessening difference in gain to avoid the usage of practical methods of gain
flattening by using four pumps only. They documented noise figure higher than 8 dB and
highest gain of 8.6 dB. In [26], the authors established a long- haul transmission system
where they have used cascaded Raman amplifier and linear optical amplifier with single
mode fiber of length of 1040km and 16 channels with 10Gbps data rate. It achieved a Q
factor which is higher after 1040km distance (12.7-14.5 dB). They demonstrated that
hybrid optical amplifiers can be a practical solution for long distance optical
communication network. In [27], the authors examined long distance WDM system link
with Raman-EDFA amplifier. It was found that for distances of 650km and 530km Raman-
EDFA as inline amplifier can be a reasonable solution. Satisfactory Q-factor, power, eye
opening factor and BER was achieved before 530 km and 650 km. In [28], performance
evaluation of a WDM system for 16x10Gbps, 32x10Gbps and 64x10Gbps was conducted
with EDFA, Raman and SOA amplifiers separately. They provided the performance
comparison from transmission range and dispersion (considering and not consider
nonlinearities) point of view. EDFA outperforms SOA for increased dispersion from output
power and BER point of view. But Raman shows better commitment for L band
intensification. In [29]-[31], the authors have shown that for WDM system the transmission
capacity can be significantly improved by expanding the optical bandwidth for inline
amplifiers. Besides, in [32], it was seen that with homogeneous dispersion values for
nonzero dispersion-shifted fibers (NZDSFs).And dispersion shifted fibers (DSFs) the
passband in optical domain is restricted to the L bands and C bands. This is due to the fact
that the transmission performance is worsen with the introduction of fiber nonlinearity (for
DSF case, in the C band and for NZDSF case, in the S band). Consequently, the usage of

elongated wavelengths (U band) becomes a necessity for commercial systems [32]. In [33],
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authors reported that U band provides better signal quality than L band also for the
stretched signal wavelength. They reported almost same noise figure for L-band DRAs and
U-band DRAs. Also, L-band DRAs have higher pump loss U-band DRAs. In [34], the
authors observed the working of RZ, NRZ and CSRZ. They found that in presence of
complete dispersion RZ face less nonlinearities than NRZ [34]. It was found that HOA
provides better performance than EDFA in [35]. In [36], HOA sowed low noise figure and
high output power and it was seen that in S+C+L bands with 105nm bandwidth for silica
fiber the transmission capacity was improved by HOA. While comparing NRZ and RZ in
[37] for long haul optical network with single channel dispersion model, the authors
described that signal waveform distortion and linear amplified spontaneous emission
(ASE) accumulation because of group velocity dispersion (GVD) and self-phase
modulation (SPM) governs the performance. In [38], authors reported that for WDM
system with 40Gbps data rate RZ is more prone to dispersion than NRZ. They reported that
high modulation bandwidth was the reason behind this behavior. In [39], at 40Gbps NRZ,
RZ and CSRZ were used for ultra-dense wavelength-division multiplexing (UDWDM)
system and they discovered that orthogonal polarization launch of adjacent channels helps
NRZ modulation to perform better. Although RZ and CSRZ performed better as compared
to NRZ. The researchers in [40] explored HOA system with Raman-EDFA for DWDM
system consisting of 60 channels with 200 GHz lodging a bandwidth of 98nm.
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CHAPTER 3

System Description

3.1 DWDM System

WDM system with 100 GHz spacing (0.8nm) among neighboring channels is called Dense
WDM (DWDM) system where the regular operation range is from 1530 nm-1565nm. This
range is also the area where EDFA performs better. There is another type of WDM which
is known as coarse WDM (or CWDM). In CWDM the channels situated at 1310 nm and
1550 nm with 20nm channel spacing. But in case of DWDM, huge number of channels can
be lodged together for a high capacity long haul optical communication network system by
which it can also evade water peak wavelength of the fiber which is responsible for the
vibration of the oxygen-hydrogen bond in the regular silica optical fiber. For this positive
characteristic DWDM is a dominant backbone system for long haul high capacity optical
fiber network system [41], [42].

The DWDM transmission system encompasses numerous crucial subsystems and
apparatus. The transmitter covers optical source, modulator and modulation circuitry to
enforce the high-speed data onto the laser beam. Characteristically the optical source is
distributed feedback (DFB) laser with continuous wave (CW) production, and LiNbO3
modulator is used to modulate the intensity or phase of the laser output with the data. Non-
return-to-zero on-off-keying (NRZ OOK) is applied in standard 10 Gbps transmission.
Although multilevel phase modulation schemes such as QPSK, OFDM and various
multiplexing techniques (such as polarization multiplexing) can be used for higher data
rate transmission which also results in complex system management for controlling noise
figure and maintaining proper gain. Optical multiplexer is used for combing multiple
channels (channel spacing 100 GHz) inside a single optical fiber which is classically an
arrayed waveguide grating (AWG)-based passive optical device which provides
multiplexing with standard ITU (International Telecom Union) formats. The Loop Control

permits multiple times signal propagation in the components that are connected between
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the Loop Control input and output ports. Loop Control is applied to calculate the system

performance based on the number of fibers and EDFA spans [41], [42].

Commercial EDFA/RAMAN/OA
Optical Fiber DCF
Cable
Optical BER

Receiver Analyzer

Loop Control
—_—

MULTIPLEXER
DEMULTIPLEXER

| Optical BER
Receiver Analyzer

Figure 3.1: Block diagram of the DWDM based advanced optical network system

3.2 Single Mode Fiber (SMF)

In single-mode optical fiber (SMF) a single mode of light is conveyed which known as the
transverse mode. Modes are attained by coalescing Maxwell's equations and the boundary
conditions which are solutions of Helmholtz equation for waves.

These modes describe the mechanism the wave trips through space, i.e. how the wave is
dispersed in space. Waves having the same mode can have diverse frequencies. Single-
mode fibers can have waves with diverse frequencies which are in same mode which
indicates that they are dispersed in space in the identical way and thereby produce a single
ray of light. As its electromagnetic fluctuations happen perpendicular (transverse) to the

length of the fiber so it is named as transverse mode.

The primarily used and the first commercially used single mode fiber type is NDSF or Non-
DSF (Non-Dispersion-Shifted Fiber). NDSF was enhanced for operation at 1310 nm, the
wavelength of choice at that time but after that 1550 nm systems were presented. NDSF at
1550 nm presents high dispersion, restrictive data rate and transmission range. DSF was

designed for better performance at 1550 nm. DSF functioned better with a single
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wavelength at 1550 nm, but revealed nonlinearities when manifold, closely-spaced
wavelengths (in 1550 nm band) were transmitted, as in DWDM systems. For solving this
issue, different types of DSF fiber were designed which are recognized as NZ-DSF (non-
zero dispersion-shifted fiber). Single mode fiber covers a superior distance than multimode
fiber even with the benefit of low attenuation and have better bandwidth efficiency. For
example, single mode fiber can cover a long distance such as 200 km where a multimode

fiber can reach a few hundred meters only.

3.3 Dispersion Compensation Fiber (DCF)
Dispersion Compensation Fiber (DCF) is to overcome the contribution from chromatic
dispersion which brings intersymbol interference (ISI) in the scenario. Pulse broadening is
dependent on distance as well as dispersion parameter D. The dispersion parameter is
specified in ps/nm/km and fluctuates depending on the fiber. It is also a function of
wavelength. D is typically about 17 ps/nm/km in the 1.55 um wavelength range for a
standard single mode fiber (SMF). It is at an extreme of 3.3 ps/nm/km in the similar
window for a dispersion-shifted fiber (DSF). Nonzero dispersion fiber (NDF) has a
chromatic dispersion in the middle of 1 and 6 ps/nm/km or -1 and -6 ps/nm/km [41], [42].
For outwardly modulated sources, transmission distance restricted by chromatic dispersion
is [41]

L< wa%
When D=16 ps/(km-nm) and at 2.5 Gbps, L = 500km, whereas it drops to 30 km at 10 Gbps
bit rate.

3.4 Raman amplifier-average power model

Raman amplifiers (Raman) have emerged as one of the most promising technologies for
the succeeding cluster of fiber amplifiers, typically because of their options in bandwidth
design [43]. Nonetheless, the simulation methods that are frequently applied for Raman
amplifiers, have necessitated extensive computational period, due to the use of direct

incorporation of the coupled differential equations that designate the Raman amplifier’s
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behavior [44], [45]. The coupled differential equations have the nature perceived in (1). A
comparable set of equations, unfolding the backward propagation, is resolved at the same
time we explain the forward equations inscribed down [46]-[48]. Further details on
equation (1) with the physical properties engaged into consideration for this amplifier can
be seen in [4], [47],

g, (v=¢)
“ KA =C——22[P(2,4) +

ROy %[Pf + Pb]{l+ exp [{@H } -

e, LD @0+ REo)-

P, )Y, % {1+ exp ([%H } ®

The impression behindhand this technique is primarily to divide the amplifier into a

=a(V)P (V) +y (VR (z,V) + P, (z,V) D

dp; (z,v)
dz

sequence of trivial sections, and then to apply the trivial signal wave result in each section
in (3). For excluding the dependency in a trivial section length, average powers in each
section are familiarized in (4). Actually we reorganized some terms of the original in (1)
and moderated the equations to a naivest form, appropriate for investigation, may be
inscribed as [4], [49]:

dp; (z,v)

= A(z,V)P; (z,v)+B(z,v) (2
dz

Here

Az =-a)+ Y, LR a0 +Re L.} Selve) Af)[P (2.0)+

(2a)

(v=2)
P (z,¢)- 2thvZ 9 1+ —
A equh(v—g))}_lj
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B(z,v) = 7(V)R (V) +hvavy %[a (z,0)+

1

S(E=n

Replacing P, (z,¢), R,(z,£)] in equation (2a) and in equation (2b) in to each lump by

(2b)

Rz 1+

average powers in the lump, factors A(z,v), B(z,V) are independent of z elucidation for

(2) can be inscribed as [4], [49]:

P (z,+H,v) =P, (z,,v) exp(A(V)H) + %[exp((A(V)H )-D] ©)

Here H is the size of the lumps.

Inside each lump, powersP, (z,¢), R.(z,4) necessarily to be substituted by average

powers [4], [49],

_on G-1 BW[G-1_
(P )= PPy InG A(V){ InG 1} )

Here P/", are input powers to the lump for backward and forward propagation, and the gain
is specified by: G =exp(A(v)H) . The system designer should be accountable to guarantee

that the term A(V) should not turn into zero.
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3.5 Erbium doped fiber amplifier (EDFA)
EDFA amplifier is engaged to strengthen the optical signals. Pump is the main difference
between EFDA and Raman amplifiers. The EDFA procedures are mathematically resolved

underneath stationary circumstances [4], [50], these are the following equations:

aNza(tz’t) } NZ(:’t) Atﬁ S {Tlor + 0N, (2.0 -1 Ry (2.0 +R, (z.1)] (5)
N,+N, =1 ©
aPn;(zz,t) =u,{poT,[(o; +07)N,(z,t) — o —al}P; (2,) + 2pAWN,T o )

The confinement factor I', is specified by [4], [50]:

b 2
_[0 |E(r,v)| rdr

V)= (8

- 2
IO |E(r,v)| rdr

Resolving (5-7) under stationary circumstances facilitate engineers to determine the

features of the amplifier performance. The optical fiber factors such as core of the fiber

and E, doping radius of the fiber, E, metastable state lifetime, the fiber’s numerical

aperture, E, ion density, forfeiture at 980 nm and 1550 nm, and the length of the optical

fiber are the prerequisite as input factors [4], [50].

3.6 OA amplifier

OA amplifiers applies second-order nonlinearity to handover energy from a static
frequency pump pulse to a inconstant frequency signal pulse, and signify an informal way
of tuning over a extensive range the frequency of an otherwise stable laser system. OAs
can also perform as broadband amplifiers, transmitting energy from a narrowband pump to

a broadband signal and hence substantially shortening the period of the pump pulse [51].
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Let us assume an optical field, comprising of the superposition of three homochromatic

waves, at frequencies w,, @,and @, [51]:
E(z,1) :%{Al(z)exp[i(a)lt—klz]+A2(z) exp[i(at —k,z]+ A, (z)exp[i(eat —kz]+cc.} (9)

satiating the circumstance @, +®, = @,, encroaching on a non-centrosymmetric medium
producing a second order nonlinear polarization:

RPu(zt)= 50/1'(2) E*(z,1) (10)
Such a condition is acknowledged as “nonlinear second-order parametric interaction” and

resembles to an interchange of energy amongst the three fields interceded by the second

order nonlinearity. The nonlinear polarization comprises three constituents at frequencies

o,, ,and w,, given by [51]

PlNL(z,t):%(z)A;As exp i@t - (k, —k,)z]} +cc (11a)
PZNL(z,t):%Z(Z)A;AS exp{i[ot - (k, —k)z]} +cc (11b)
F’sNL(z,t):%(Z)AIAZ exp{i[t - (k +k,)z]} +cc (11c)

Clearly there are other expressions on P, at diverse frequencies, such as, for instance,

2w, 20,, @, - w, ..... At this point we consider merely the terms at@,, @, and @, since we

adopt that simply the collaboration amongst these three fields is efficient, owing to the
phase-matching condition [51].

The nonlinear polarization at frequency «, can consequently be inscribed as:

1 .
P (z1) :EpNLj(z)exp{l[wjt—kpjz]}+c.c 12
Here we accentuate that the wave vector of the polarization k , is in general different from

that of the analogous field. The propagation equation for each field in the nonlinear medium

may be inscribed, in the monochromatic limit, as [51]:

oA L@.C
i _ 0T H
=i S, exp| —iAk;z | (13)

]
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where Ak; =k, —k; 1s the “wave-vector mismatch” amid the nonlinear polarization and
the field. By injecting Eq. (11) into Eq. (13), we can derive the following three equations
for the fields at@,, w,and @, [51], [52]:

aa—pzi =—ik A’ A, exp[—iAkz] (14a)

aAz ——ik,A' A exp[-iAkz] (14b)

aa% =—ik,A A, exp[iAkz] (14c)
o 7

where the nonlinear coupling coefficients: k; = and the “wave-vector mismatch” as:

4cn,
Ak =k, —k, =K, . Remind that the first two equations are properly matching, demonstrating
that the fields at @ and @, show the same role. Conferring to the boundary initial

environments A (0) (i=1, 2, 3), two main nonlinear processes can ascend: sum frequency
generation (SFG) and difference frequency generation (DFG). In SFG the input fields are
A()) and A,(0) at @ and®,; their interaction produces the field A, at frequency

w, = o, +w,. Second harmonic generation (SHG) is just a specific case of SFG in which
@, = m, . In DFG, the input fields are A;(0) at @, and A (0) at, ; the field A, drops energy

in favor of A and of the anew generated field A, atw, =, —®,. The OA is a technique
alike to DFG, excluding for the strength of the intermingling fields: DFG ascends when the

fields at @, and @, have analogous concentrations, while for an OA the field at @, is much
scrawnier. In the OA process, consequently, a strong beam at @, (the pump) handovers
energy to the beam at @, (the signal), thereby intensifying it, and produces light at @, (the
idler). Note that the DFG/OA processes also happen opening from the fields A;(0) at @,

and A,(0) atw,; in this scenario the anew generated field is at @,. This indicates that the

signal and idler play an transposable part in the OA process [51], [52].
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Eq. (14) can be resolved by building the supposition that the pump field is not
depleted during the dealings (A, = const.), and that there is no initial idler beam (A,, =0

). Subsequently proper manipulation, the signal development along the nonlinear medium

can be inscribed as [51]:

d’A . dA
=—iAk—2+T 15
dz? dz A (15)

2

2 204 0,0, 1 > . ) )
where [* =————=1,and I, =Zn.ce,|A|" isthe pump beam strength. I" is recognized
Co ENN,N, 2

)
as the small signal gain of the OAand d , = 12 is the part of the 7' tensor that retains

trace of the polarization of the beams and propagation directions inside the nonlinear
crystal lattice.

In the postulate of an initial signal field amplitude A (0) = A, (the “seed beam™) and no

early idler (A,(0)=0), the solutions of Eg. (15) are:

L(2) =1, {1+E senh(gz)} } (16a)

L@2) =1, &F senh(gz)} (16b)
| g

1

Ak Y’
here g= Fz—(7j . For the scenario of enormous gain (gz>1)Eq. (16) more

abridge to:

Il(z)=|ﬂ{£j exp(29z) a7a)
419

1,(2)=21,(2) (L7b)
2
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showing an exponential progress of both signal and idler strengths with crystal length,
typical feature of an optical amplifier. It ought to be illustrated, that, in the huge gain limit,
Eq. (17b) can be modified as:

which signifies that, in the great gain limit, signal and idler strengths are interrelated by
energy preservation, since for each annihilated pump photon a signal and an idler photon
are concurrently created [51].

The parametric gain for the signal beam, in the outsized gain limit, can be inscribed as:

ISO

G= L.(2) :E(EJ exp(29z) (19)
4\ 9

which, for seamless phase equivalence (Ak = 0) develops to:

G= %exp(ZFz) (20)

The exponential development of the gain with propagation distance is qualitatively
dissimilar from the quadratic development that arises in other second-order processes like

SFG and SHG and displays that the OA performs as a genuine amplifier [51].

3.7 The Pin Photodetector:

Photo detectors are devices applied to transform the optical signal into electrical signal.
They are produced from semiconductor material. When the light falls on the light detector
a current is formed in the external circuit proportional to the concentration of the incident
light. The Pin Photodetector comprises of p and n semiconductor regions disjointed by a
very lightly n-doped intrinsic (i) region. A reverse-bias voltage is applied across the
device. Incident photon which contains energy superior than or equal to the band gap
energy of the semiconductor material, releases its energy and excite an electron from the

valence band to the conduction band.
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3.8 Q-factor

Q-factor describes the quality of the signal with respect to SNR (Signal to Noise Ratio). It
contains all physical weakening factors demeaning the signal and instigating BER. A
superior value of Q-factor provides a inferior BER. Q-factor is defined by the following
[53]:

Q=1

0,0y

here |, characterizes the logical level “1,” | characterizes logical level “0,” o, signifies

standard variance of logical level “1,” and o signifies standard variance of logical level

540 2

3.9 Bit Error Rate

BER means Bit Error Rate. It is the ratio of imperfectly received bits bE to the complete
number of received bits p in time ¢:

BER = bE
vpt

BER is an important factor to determine the quality of the optical transmission. In practical
scenario the nonzero likelihood of error decision or sample value is characterized by the

value of logical “0” or logical “1”. For a physical application case, the BER ought to be

approximately10™ . The BER design taking into attention the Q- factor is well-defined as

[53]:
_Q2
BER = 1erfc(gj ~ M
2 \\2 Q27
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CHAPTER 4

Simulations, Results and Discussion

The aim of this work is to design and do performance analysis of 32, 64 and 128 channels
DWDM system for three different amplifier configurations which are EDFA, Raman and
OA amplifiers where each channel having 10 Gbps data rate multiplexed with frequency
spacing of 100 GHz. In this proposed work Optisystem 16.0 commercial optical simulator
is used to analyze the performance of 32, 64 and 128 channels DWDM system for three
different amplifier configurations which are EDFA, Raman and OA amplifiers. The system
performance is enhanced by using Dispersion compensation fiber to reimburse for the
dispersion formed by single mode fiber. The system performance is imperfect due to the
dispersion. In order to recompense this, we have used Dispersion compensation fiber.
Between amplifier spans standard single-mode fiber is used, but at each amplifier position,
dispersion compensating fiber having a negative chromatic dispersion is presented. By
using this we have effectively designed a DWDM system with 32/64/128 channels each
having 10 Gbps data rate multiplexed with frequency spacing of 100 GHz. The DWDM
system designs for various channels and amplifiers configurations and their results are

registered below in the following sections:
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Figure 4.1: Simulation testbed for 32 channels DWDM system using Raman amplifier (Also same
configuration is used for EDFA and OA amplifiers)
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The above figure depicts the simulation setup for the 32 channels DWDM system using

Raman amplifier. The same simulation setup is also used for simulating the system using

EDFA and OA amplifiers.
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Figure 4.2: Simulation testbed for 64 channels DWDM system using EDFA (Also same configuration is
used for Raman and OA amplifiers)

The above figure shows the simulation setup for the 64 channels DWDM system using

EDFA (Also same configuration is used for Raman and OA amplifiers).
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Figure 4.3: Simulation testbed for 128 channels DWDM system using OA amplifier (Also same
configuration is used for EDFA and Raman amplifiers)
The above figure shows the simulation setup for the 128 channels DWDM system using

EDFA (Also same configuration is used for Raman and OA amplifiers).

©Daffodil International University 21



4.1 Configurations in Optisystem for 32 channels DWDM system

Label: Lapout1

Simulation ISignaIs ISpatiaI effects anise lSignaI tracing I

Name Value Units Mode
Simulation window Set bit rate Normal
Reference bit rate Normal
Bit rate 10e+009 ; bit's Normal
Time window 0.1024e-006is Normal
Sample rate 320e+009:Hz Normal
Sequence length 1024 : bits Normal
Samples per bit 32 Normal
Guard Bits ] Normal
Symbol rate 10e+009 i symbols/s i Normal
Humber of samples 32768 Normal
Reference wavelength 1550 nm Normal
Export results to file [&] Normal
Results filename |l Normal
Cuda GPU i Normal

Figure 4.1.1: System layout settings

Label: Optical Fiber

ois.. Teup 0. [hu. Jor. [sm. [N. [Ran. |cus. |

Hame | Value Units Mode
| |user defined reference wal Normal
| |Reference wavelength 1350 : nm MNormal
¥| |Length 60 km Mormal
[ |Attenuation effect Normal
[7] |Attenuation data type Constant Mormal
| |Attenuation 0.2 dBfkm Normal
| |Attenuation vs. wavelengt |Atisnustion.dat [ MNormal

Figure 4.1.2: Settings for optical fiber
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Label: Optical Fiber

l M... \ Ran... \ Cus... ]

Hame Value Units Mode

Disp
[] |Group velocity dispersion MNormal
[] |Third-order dispersion Normal
| | |Dizspersion data type Constant Mormal
| |Frequency domain parame ] MNormal
[] |Dispersion 16.75 i psfnmkm £ Normal
: Dizspersion slope 0.075 i pe/nm"2% Normal
|| |Beta2 -20ips"2km iNormal
| |Betas3 Oips"3km iNormal
: Dispersion file format Dispersion vs. wavelength Normal
[] |Dispersion file name Dispersion. dat P Normal

Figure 4.1.3: Settings for optical fiber dispersion

Label Optical Fiber

[nu Ter. [sm. [n.|Ran. |cus. |

Disp Hame Value Units Mode
| |Self-phase modulation Normal
| |Effective area data type Constant MNormal
| |Effective area 80 ium*2 Normal
| |Effective area vs. wavelen |Efectivedrs dat = H Normal
| |n2 data type Constant MNormal
] |n2 26e-021 : m*20 Mormal
| |n2 vs. wavelength nZ2 dat = Normal
| |Self-steepening ] Normal
| |Full Raman Response ] Normal
| |Intrapulse Raman Scatt. ] Normal
| |Raman self-shift time1 14.2if= MNormal
| |Raman seli-shift time2 Jifs MNormal
| |Fract. Raman contribution 0.18 MNormal
| |Orthogonal Raman factor 0.75 Normal

Figure 4.1.4: Settings for noise in optical fiber
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Label, DCF

|ois. [PuD [no. [nu. |G |sim. [N |Ran. |cus. |

Disp

Hame | Value Units Mode
] |User defined reference wa| ] Normal
| | |Reference wavelength 1550 : nm MNormal
/| |Length 10 km Normal
| |Attenuation effect Normal
[ | |Attenuation data type Constant Normal
| |Attenuation 0.5 dBfkm Normal
[ | |Attenuation vs. wavelengt |Atfenuation. dat |f MNormal

Figure 4.1.5: Settings for Dispersion Compensation Fiber (DCF)

Label: DCF

Main iDis... |Pmo [no.. [nu Jer. [sim. [N [Ran. |cus. |
Disp Name Value Units Mode
[] |Group velocity dispersion Normal
[] |Third-order dispersion Normal
|:| Dispersion data type Constant Normal
[] |Frequency domain parame ] Normal
[7] |Dispersion -85 ip=/nm&m iNormal
|:| Dizpersion slope 0.3 psfnm™2% i Mormal
[] |Betaz2 -20ips"2%km  iNormal
[7] |Beta3 Oips"3%km iNormal
|:| Dizpersion file format Dispersion vs. wavelength MNormal
[7] |Dispersion file name Dispersion.dat | Normal

Figure 4.1.6: Settings for dispersion in Dispersion Compensation Fiber (DCF)
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Label: DCF

Main | Dis... Cnue Jer. [sim. [N [Ran. [ cus. |
Dizp Hame Value Units Mode
: Birefringence type Determiniztic Normal
: Differential group delay 0.2: p=fkm Normal
: PMD coefficient 0.5 p=fikm)0.% Normal
[ ] |Mean scattering section le 500:m MNormal
: Scattering section dizspers 100im Normal

Figure 4.1.7: Settings for Polarization Mode Dispersion (PMD) in Dispersion Compensation Fiber (DCF)

Label. DCF

Main | Dis.. |PMD No. inu. |Gr. [sim. [N [Ran. |cus. |

Disp Hame Value Units Mode
| |Self-phase modulation Mormal
| |Effective area data type Constant Normal
| |Effective area 22 um"2 Mormal
| |Effective area vs. wavelen |Effectivedra dat [ H Normal
| |n2 data type Constant Normal
] [n2 28e-021 : m"2W MNormal
| |n2vs.wavelength n2.dat sl Normal
] |Self-steepening [ MNormal
| |Full Raman Response ] Normal
] |Intrapulse Raman Scatt. [ MNormal
| |Raman self-shift time1 14.2if= MNormal
"] |Raman self-shift time2 3ifs Mormal
| |Fract. Raman contribution 0.18 MNormal
| |orthogonal Raman factor 0.75 Mormal

Figure 4.1.8: Settings for noise in Dispersion Compensation Fiber (DCF)
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Label: WO Demux ES

Main (Simulation anise }Custnmnrder I

Disp Name Value Units Mode
[] |Number of output ports 32 MNormal
Frequency 193.1i THz Normal
I Frequency spacing 100 GHz MNormal
/| |Bandwidth 100 GHz Mormal
[] |Insertion loss 0idB MNormal
[7] |pepth 100:dB MNormal
[T] |Filter type Bezzal MNormal
[T] |Filter order 4 Normal

Figure 4.1.9: Settings for WDM demultiplexer

Label Optical Receiver

3RReg.. | Downs.. | Noise | Rando.. | Custom.. |

Disp Name Value Units Mode
|| |Photodiode PN Mormal
] |Gain 3 Normal
[ ] |lonization ratio 0.9 Normal
[ | |Responsivity 1AW Normal
[ | |Dark current TH Normal
: Responsivity type APD Constant Normal
[ | |Responsivity type PIN Constant Normal
: Responsivity vs. waveleng | Rssponsivity. dat _| Normal

Figure 4.1.10: Settings for optical receiver
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Label Optical Receiver

Downs... ] Moise ] Rando... ] Custom... I
Disp Hame Value | Units Mode
[#] [Cutoff frequency 0.75 * Bit rate 5[H= Script
[7] |insertion loss 0idB Normal
[] |Depth 100:dB MNormal
[T] |order 4 Normal

Figure 4.1.11: Settings for optical receiver (Low Pass Filter)

Label Dk Tranzmitter

| Jco. |En. |si. [RN]c. [Po. |si. [N |Ra. |cu. |

Disp Name Value Units Mode
| |Humber of output ports 32 Normal
/| |Frequency 193.1iTHz Normal
E Frequency =pacing 100 GH=z Normal
[¥] |Power 10 | B dBm Sweep
] |Extinction ratio 10%dB Normal
| |Linewidth 10iMHz Normal
| [initial phase 0ideg Normal

Figure 4.1.12: Settings for WDM transmitter
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Label ‘wDb Transmitter

~|si. RN e [Po. [si [N [Ra. cu. |

Disp Value Units Mode
V| |Modulation type NRZ Normal
| |Duty cycle 0.5 hit Normal
| |Position 0} bit Normal
: Rize time 1/ (Bit rate ) =0.05 s5ls= Script
] |Fall time 1/ (Bit rate ) *0.05 s5ls= Script

Figure 4.1.13: Settings for WDM transmitter (Modulation type)

Label Db Mu= ES

Main |Simulation ]Nnise lDustnm order I

Disp Name Value Units Mode
[7] [Mumber of input ports 32 Normal
Frequency 193.1iTHz Normal
Frequency spacing 100:GH=z Normal
Bandwidth 100 GHz Normal
[] |Insertion loss 0idB Normal
] |Depth 100:dB Normal
[T] |Filter type Bessel Normal
[T] |Fitter order 4 Normal

Figure 4.1.14: Settings for WDM multiplexer
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Label WDM Mux ES

Main | Simulation NDISE Custom order ]

Disp Name Value Units Mode
| |Moise threshold -100:dB MNormal
| |Moise dynamic 3idB MNormal

Figure 4.1.15: Settings for noise in WDM multiplexer
4.1.1 Settings for EDFA amplifier
Label Erbium Doped Fiber
l Mo... I Mu... I Gr... I Sim... l M... l Ran... I Cus.. I
Value Units Mode

/| |Length 5im Normal
| |Radii values Fiber specification MNormal
: Saturation parameter 4 4e+015: 1/{s.m) Normal
| |Core radius 22ium Normal
| |Er doping radius 22ium Normal
| |Erion density 102+024 im™-3 Normal
| [Mumerical aperture 0.24 Normal
"] |Background loss data type | Constant Normal
| |Background loss 0 idBfkm Normal
| |Background loss file name|Loss dat I E Normal
| |[Temperature 20ic Normal
| |Pump reference 1200 inm Normal

Transition rates and times

| |Er metastable lifetime 10:ims Normal
] [Include ion-ion interaction [l Normal
| |lon-lon interaction effect |Homogeneous MNormal
| |Upconversion coefficient 100e-024 :m*3/= MNormal
| |lons per cluster 2 Normal
| |Relative nr of clusters 12:% Normal

Figure 4.1.1.1: Settings for Erbium Doped Fiber
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Label Erbium Doped Fiber

Main l Cra... Mo... l Mu... l Gr... l Sim... l M... l Ran... l Cus... I
Disp Hame Value Units Mode -
|| |Effective area data type |Constant Normal i
7] |Effective area 50} um"2 Normal

[ |Effective area file name |Efectivedres dat |=f Normal

Double cladding

| |Double-clad fiber ] Normal

: Double-clad data type Calculate Norma!

[7] |cladding area 3000 {um*2 Normal 2
| [Pump absorption file nam| FumpAbzorption. dat |l Normal 1

Rayleigh scattering

] |Include Rayleigh scatterin ] Normal

: Rayleigh constant 150 dB/Km Norma!

: Backscattering capture fr | Calculale Normal

| |Rayleigh capture file nam |Capture dat |=f Normal

Raman scattering o

[] |Include Raman scattering [l Normal

|:| Raman gain data type Raman gain Normal

[7] |Raman gain peak 100-015 Normal

|:| Raman gain reference pu 1000 i nm Norma!

[7] |Raman gain file name RamanGain.dat |=f Normal -

Figure 4.1.1.2: Settings for Erbium Doped Fiber
Label:  Erbium Doped Fiber

Main l Cro... l Enh... l Ma... l Mu... l Gr... l Sim... l Cus... I
Disp Hame Value Units Mode

: Noise center frequency 193.4:THz Normal

[] |Moise bandwidth 13iTHz Normal

[] |Moizse bins spacing 1251 GHz Mormal

[] |Woise threshold -100dB Normal

[] |Moise dynamic 3idB Normal

7] |Convert noise bins Convert noise bins 5] Script

Figure 4.1.1.3: Settings for noise in Erbium Doped Fiber
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4.1.2 Settings for Raman amplifier

Label: Faman Amplifier - Average Power Model

"“IEnha... lNum... lGraphs lSimuI... anise ]Rand... }Custo... I

Hame Value Units Mode
7] |Length 25ikm Normal
[] |Attenuation data type Constant Normal
[] |Attenuation 0.2 idB%km Normal
[] |Attenuation file FiberLoss.dat et Normal
[7] |Effective area data type Constant Normal
[T] |Effective interaction area 55 :um~2 Mormal
[T] |Effective interaction area fi| Efectivedres. dat et Normal
[7] |Raman gain type Raman gain Normal
[] |Raman gain peak 94 99999999999998=-015 Mormal
: Raman gain reference pu 1000 : nm Normal
[] |Gain profiles C:\Wsers\Head-ETEWDocy L Normal
[] |wavelengths for gain profil 1450 MNormal

Figure 4.1.2.1: Settings for Raman amplifier

Label: Raman amplifier - Average Power Model

Main Enha INum... lGraphs ISimuI... ]Nnise ]Rand... lCusto... I
Disp Hame Value Units Mode
|| |Temperature 300K Normal
|| |Polarization factor 2 Normal
: Rayleigh back scattering d | Constant Morma!
|| |Rayleigh back scattering 50.00000000000001e-006 : 1.km Mormal
|| |Rayleigh back scattering fil| ayi=igh dat [f MNormal
: Upper pump reference 1500 inm Morma!
|| |Enable dispersion [ Norma!
: Dispersion 16.75  psfnmkm : Mormal
: Dispersion slope 0.075;ps/nm"2% ;MNormal
|| |Reference wavelength 1550 inm MNormal

Figure 4.1.2.2: Settings for Raman amplifier (average power model)
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Label: Faman Amplifier - Average Power Model

Main l Enha... EIGrElr:rhs l Simul... l Moise l Rand... l Custo... I
Disp Name Value Units Mode
[] |Tolerance 0.004 Normal
[] |Humber of divisions 50 Normal
[] |Humber of iterations 100 Normal
|:| Check convergence using:| Al signals Normal

Figure 4.1.2.3: Settings for Raman amplifier

Label: Faman Amplifier - Average Power Model

Main } Enha... ] Mum... ] Graphs ] Simul... |MNoise :IRand... l Custo... ]
Disp Name Value Units Mode
| |Noise center frequency 1540 :nm MNormal
[] |Moise bandwidth 80inm MNormal
["] |Moisze bins spacing 4inm MNormal
| |Noise threshold -100 :dB Mormal
[] |Moise dynamic 3idB MNormal
[] |convert noise bins Convert noise bins 5] Script

Figure 4.1.2.4: Settings for noise in Raman amplifier
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4.1.3 Settings for OA amplifier

Label: Optical Ammplifier_1

Simulation | Moise | Randomnu.. | Customo.. |
Dizsp Hame Value Units Mode
[] |Operation mode Gain Control Normal
[¥] |Gain 20idB Normal
] |Power 10idBm Normal
| |5aturation power 10:dBm MNormal
: Saturation port Output Normal
] [Include noise Normal
/| |Moise figure 4idB Normal

Figure 4.1.3.1: Settings for OA amplifier

Label: Ophtcal Amplifier_1

Main | Polarization Simulation Custom o... I

Disp Name Units Mode
: Noise center frequency 193.4;THz Normal
| |Moise bandwidth 13:THz Normal
| |Noise bins spacing 125 GHz Normal
7] [Convert noise bins Convert noise bins 5] Script

Figure 4.1.3.2: Settings for noise in OA amplifier
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Wirapping up BER Analyzer 18
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Wirapping up BER Analyzer_19..
BER Analyzer_19... Completed successfully.
Wirapping up BER Analyzer_20..
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Figure 4.1.3.3: Simulation processing view for 32 channels in DWDM System
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4.2 Configurations in Optisystem for 64 channels DWDM system

Label Lapout1

Simulation ISignaIs }Spatial effects anise ‘Signaltracing

Hame Value Units Mode
Simulation window Set bit rate Mormal
Reference bit rate Normal
Bit rate 10e+009 ; bit's Mormal
Time window 0.1024e-006 5 MNormal
Sample rate 320e+009:Hz Normal
Sequence length 1024 ; bits Normal
Samples per bit 32 Mormal
Guard Bits ] Mormal
Symbol rate 10e+009 ; symbols/z  : Normal
Number of samples 32768 MNormal
Reference wavelength 1550 i nm Normal
Export results to file ] Norma!
Results filename ] hormal
Cuda GPU hormal

Label:

Figure 4.2.1: Settings for layout of 64 channels

Optical Fiber

in Jois.. | PuD [No. [nu. [Gr. [sm. [N [Ran. |cus. |

=1
o

p Name | Value Units Mode
| |user defined reference wal Normal
| |Reference wavelength 1330 nm Normal
¥ [Length 60 km Normal
| |Attenuation effect Normal
| |Attenuation data type Constant Norma!
| |Attenuation 0.2 dBkm Normal
] |Attenuation vs. wavelengt |Aftznuation dat [eaaff Normal

Figure 4.2.2: Settings for Optical fiber
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Label: Optical Fiber

| N [Ran. |cus. |

Dizsp Hame Value Units Mode
| |Group velocity dispersion [¥] Normal
] |Third-order dispersion ] Normal
| |Dispersion data type Constant Normal
| |Frequency domain parame [l Normal
| |Dispersion 16.75 ips/nm&km Normal
: Dispersion slope 0.075 painm”2% :Normal
| |Beta2 -20ips"2km  iNormal
] |Beta3 0ips"3km iNormal
| |Dispersion file format Dizpersion vs. wavelength Normal!
| |Dispersion file name Dispersion.dat [ H Normal

Figure 4.2.3: Settings for dispersion in optical fiber

Label Optical Fiber

v or. [ sim. [N |Ran. |cus. |

Dizp Name Value Units Mode
[] |self-phase modulation Mormal
[] |Effective area data type Constant MNormal
[7] |Effective area 80 ium*2 Normal
[7] |Effective area vs. wavelen |Efectivedra dat |eaf Norma!
[] |n2 data type Constant MNormal
[] |n2 26e-021 i m 2 Mormal
[] |n2vs. wavelength n2 dat P MNormal
[] |self-steepening [ Normal
[7] |Full Raman Response [] Norma!
[] |Imtrapulse Raman Scatt. [l MNormal
[] |Raman self-shift time1 14.2:fs Mormal
[[] |Raman self-shift time2 3ifs Mormal
[7] |Fract. Raman contribution 018 MNorma!
| |orthogonal Raman factor 0.75 MNorma!

Figure 4.2.4: Settings for noise in optical fiber
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Label DCF

|ois.. | PuD [ No.. Inu. er. [sim. [N. [Ran. |cus. |

Disp

Hame | Value Units Mode
| |user defined reference wa [T Normal
| |Reference wavelength 1550 : nm MNormal
¥] |Length 10 km Norma!
| |Attenuation effect Normal
| |Attenuation data type Constant Norma!
| |Attenuation 0.5 dB/km Normal
| |Attenuation vs. wavelengt | Attenustion dat [eaal Normal

Figure 4.2.5: Settings for Dispersion Compensation Fiber
Label: DCF

Main _EIF'I'I.I'ID Mo [nu. [er. [sim. [N [Ran. |cus. |
Disp Name Value Units Mode
[7] |Group velocity dispersion Normal
[T] |Third-order dispersion Normal
[T] |Dispersion data type Constant MNormal
[] |Frequency domain parame [ Normal
[] |pizpersion -85:ps/inmdkm Normal
[] |Dizpersion slope -0.3 ips/im*2% :Normal
[] |Betaz -20ip="2%m  iMNormal
[] |Beta3 Oip="3km iMNormal
|:| Dizpersion file format Dispersion vs. wavelength Normal
[] |Dizpersion file name Dispersion.dat [ H Normal

Figure 4.2.6: Settings for Dispersion Compensation Fiber (DCF)
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Labet DCF

Main | Dis.. {PMD ‘Ino.. [nNu. |Gr. [sim. [N. |Ran. |cus. |

Dizsp Hame Value Units Mode
: Birefringence type Determiniztic MNormal
|| |Differential group delay 0.2 ps/km Mormal
: PMD coefficient 0.5 pafkm)"0.E Normal
| |Mean scattering section le 500im Mormal
: Scattering section dispers 100 im Mormal

Figure 4.2.7: Settings for Polarization Mode Dispersion (PMD)
Label: DCF

Main | Dis.. | PMD | Cus... |
Disp Name Mode
[] |self-phase modulation Normal
[T] |Effective area data type Constant Normal
[T] |Effective area 225 um*? Normal
[] |Effective area vs. wavelen |Efectivedrs dat R Normal
[] |n2 data type Constant Normal
] |n2 26e-021 i m"2WW Normal
[] |n2 ve. wavelength n2.dat |l Normal
[] |self-steepening ] Normal
[] |Full Raman Response ] Normal
[T] |intrapulse Raman Scatt. [F] Normal
[7] |Raman self-shift time1 14.2:f= Norma!
[] |Raman self-shift time2 3ifs MNormal
[] |Fract. Raman contribution 0.18 Norma!
| |orthogonal Raman factor 0.75 Norma!

Figure 4.2.8: Settings for noise in DCF
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Label: ‘DM Demus ES

Main |Simulation \Noise lCustom order I

Disp Name Value Units Mode
| |Number of output ports 54 Mormal
V| |Frequency 193.1: THz Mormal
z Frequency spacing 100 GH=z Normal
[¥] |Bandwidth 100:GHz MNormal
| |Insertion loss 0idB Mormal
| |Depth 100id8 Mormal
] |Filter type Bezzel Morma!
"] |Filter order 4 Normai

Figure 4.2.9: Settings for WDM demultiplexer

Label: Optical Receiver

i fIanF‘a... 3R Reg... Downs... anise ]Randn... Custom... l

Disp

Name Value Units Mode
[] |Photodiode PN Mormal
[ |Gain 3 Normal
[] [tonization ratio 0.9 Normal
[7] |Responsivity 1140 MNormal
[7] |Dark current 10inA Normal
|:| Responsivity type APD Constant Mormal
[] |Responsivity type PIN Constant MNormal
|:| Responsivity vs. waveleng | Responsivity dat _| MNormal

Figure 4.2.10: Settings for optical receiver
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Label Optical Receiver

3RReg. |Downs. | Noise |Rando. | Custom.. |

Disp Hame Value Units Mode

Cutoff frequency .75 = Bit rate 5[EHz Script
[] |[Insertion loss 0ids Normal
[] |pepth 100 dB Normal
[] |Order 4 Normal

Figure 4.2.11: Settings for LPF of optical receiver

Label: ‘D Transmitter

| Jco. |En. |si. |RIN]c. |Po. |si. |N.|Ra. |cu. |

i
LN

Name Value Units Mode
[] |Number of output ports 64 Normal
Frequency 193.1iTHz MNormal
Frequency spacing 100 : GH=z Normal
Power 10 ) Bl dEm Sweep
[7] |Extinction ratio 10 idB Normal
[] |Linewidth 10i MHz Mormal
[T] [mnitial phase 0ideg MNormal

Figure 4.2.12: Settings for WDM transmitter
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Label ‘Db Tranzmitter

Jen. s [rRn]c. |Po. |si [N [Ra |cu |

Dizp Name Value Units Mode
¥] |Modulation type NRZ Normal
[] |Duty cycle 0.5% bit Normal
[ |Position 0% bit Normal
[] |Rise time 1/ (Bit rate ) =0.05 5= Script
[ |Fall time 1/ (Bit rate )} *0.05 5= Seript

Figure 4.2.13: Settings for modulation in WDM transmitter

Label: WhM Mu= ES

‘_!-_lﬂjﬂl__jISimulatinn \ MNoise l Custom order ]

Disp Hame Value Units Mode
] |Number of input ports 54 Normal
V| |Frequency 1931 i THz Normal
I Frequency spacing 100 GHz Normal
[¥] |Bandwidth 100 GHz Normal
[] [Insertion loss 0idB Normal
| |Depth 100id8 Normal
[T] [Filter type Besszel Normal
[T] [Filter order 4 Normal

Figure 4.2.14: Settings for WDM multiplexer
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Label: Db bux ES

Main | Simulation :MNoise I Custom order I
Disp Name Value Units Mode
| |Moise threshold -100:dB MNormal
| [Noise dynamic 3idB MNorma!
Figure 4.2.15: Settings for noise in WDM multiplexer
4.2.1 Settings for EDFA amplifier
Label  Erbium Doped Fiber
Main co. JEnn. [no nu. [er. [sim. [N [Ran. [cus. |
Disp Hame Value Units Mode
V] |Length 5 MNormal
] |Radii values Fiber specification Normal
: Saturation parameter 4 4e+015: 1/45.m) Normal
] |Core radius 22 MNormal
| |Er doping radius 22 Mormal
"] |Erion density 108+024 im™-3 Normal
| |Mumerical aperture 0.24 MNormal
| |Background loss data type Morma!
| |Background loss 0idBkm Mormal
| |Background loss file name [l Mormal
] |Temperature 20 Mormal
| |Pump reference 1200:nm Normal
Transition rates and times

| |Er metastable lifetime 10 Normal
| |Include ion-ion interaction [ Mormal
"] |lon-lon interaction effect |Homogensous MNormal
| |Upconversion coefficient 100e-024 : m"3/s Normal
] |lons per cluster 2 Mormal
| |Relative nr of clusters 12 Normal

Figure 4.2.1.1: Settings for Erbium Doped Fiber
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Label:  Erbium Doped Fiber

Main | Cro.. Enh .INU... INu... ]Gr... ISim... ]N lRan... ICus... I

Disp| Name Value Units Mode -
| | |Effective area data type | Constant Normal [
|| |Effective area 50 um"2 Normal
|| |Effective area file name |Effectivedres dat = Normal
Double cladding

|| |Double-clad fiber ] MNormal

: Double-clad data type Calculate Normal

| | |Cladding area 3000} um"2 Normal L

|| |Pump absorption file nam| FumpAbzorption dat [ H Normal 1

Rayleigh scatiering

|| |Include Rayleigh scatterin [l Normal

|| |Rayleigh constant 150 i dBMKm Normal

: Backscattering capture fr | Calculais Normal

|| |Rayleigh capture file nam |Capfurs dat el Normal
Raman scattering 9

|| |Include Raman scattering = Normal

: Raman gain data type Raman gain Normal

[ | [Raman gain peak 100e-015 Normal

: Raman gain reference pu 1000 : nm Normal

["] |Rraman gain file name RamanGain.dat el Normal -

Figure 4.2.1.2: Settings for Erbium Doped Fiber

Label: Ethium Doped Fiber

Main | Cro.. |Enh. [No.. [Nu. |[Gr. |sim.

Name Value

=
i
=

Noizse center frequency

Noise bandwidth

Noizge bins spacing

Noise threshold

HNoise dynamic

I

Convert noizse bing Convert noizse bins

Figure 4.2.1.3: Settings for noise in Erbium Doped Fiber
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4.2.2 Settings for Raman amplifier

Label Raman dmplifier - Average Power Model

|Enna.. | num.. | Grapns | simul. | noise | Rand.. | custo.. |

Hame Value Units Mode
E Length 25:km Normal
| | |Attenuation data type Constant Normal
| |Attenuation 0.2 {dB/&m Norma!
|| |Attenuation file FiberlLoss.dat = Normal
|| |Effective area data type Constant Normal
|| |Effective interaction area 55 :um*2 MNormal
|| |Effective interaction area fi| Effectivedrea dat [l Normal
|| |[Raman gain type Raman gain Normal
: Raman gain peak 94 9999999993999%-015 Normal
: Raman gain reference pu 1000 £ nm Normal
|| |Gain profiles C\Users\Head-ETEWD ooy bl Normal
[ | |wavelengths for gain profil| 1450 Normal

Figure 4.2.2.1: Settings for Raman amplifier

Label Faman Amplifier - Average Power Model

Disp Name Value Units Mode
|| |Temperature 300iK Normal
|| |Polarization factor 2 Normal
: Rayleigh back scattering d | Constant Normal
|| |Rayleigh back scattering 50.00000000000001e-006 : 1/km Normal
|| |Rayleigh back scattering fil| Faylsigh.dat |=f Normal
: Upper pump reference 1500 : nm Normal
|| |Enable dispersion [} Normal
: Dispersion 16.75 i ps/nm/km & Normal
: Dispersion slope 0.075: ps/nm”2% : Normal
|| |Reference wavelength 1530 i nm Normal

Figure 4.2.2.2: Settings for Raman amplifier (average power model)
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Label: Rarman Amplifier - &verage Power Model

Main | Enha... ;IGraphs l Simul... l Moise l Rand... l Custo... I
Dizp Value Units Mode
| |Tolerance 0.001 Normal
| [Humber of divisions 50 Normal
| [Mumber of iterations 100 Normal

: Check convergence using:| Al signals Normal

Figure 4.2.2.3: Settings for Raman amplifier

Label: Raman Amplifier - Average Power Model

Main lEnha... lNum... ]Graphs ]Simul... gNDiSE IRand... ]Dustn... I

Disp Name Value Units Mode
|:| Noise center frequency 1540 i nm MNormal
[] [Moise bandwidth 80inm Normal
[] [Moise bins spacing 4inm Normal
[] |Moise threshold -100:dB MNormal
[] [Moise dynamic 3idB Normal
[[] |convert noise bins Convert noise bins sl Script

Figure 4.2.2.4: Settings for Raman amplifier
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4.2.3 Settings for OA amplifier

Label Optical Amplifier_1

é“ﬂiﬂ___jIPnlarizatinn Simulation l Moise \ Random nu... Custom o... I

Disp Name Value Units Mode
| |Operation mode Gain Gontrol Normal
/| |Gain 20:dB Normal
] |Power 10 idBm Normal
|| |saturation power 10 :dBm Mormal
: Saturation port Output Normal
| [Include noise Normal
/| |Moise figure 4idB Normal

Figure 4.2.3.1: Settings for OA amplifier

Label Optical Amplifier_1

Main | Polarization | Simulation NDISEI Randomnu.. | Customo.. ]
Disp Name Value Units Mode
: HNoise center frequency 193.4:THz Mormal

| |Moise bandwidth 138 THz Mormal

] |Moise bins spacing 125iGHz Normal

[[] |convert noize bins Convert noise bins 5] Script

Figure 4.2.3.2: Settings for OA amplifier
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BER Analyzer_1E... Completed successiully,
‘wirapping up BER Analyzer_18...
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BER Analyzer_20... Completed succeszsfully.
‘wirapping up BER Analyzer_21...
BER Analyzer_21... Completed successhully,
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*

" B calc. ouput [ Opsmizason | Fp cale. sonemiers |

Figure 4.2.3.3: Simulation running view for 64 channels DWDM system
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4.3 Configurations in Optisystem for 128 channels DWDM system

Label Dptical Fiber

Main ‘|pis [PuD [No. [nu [er [sim. [N [Ran. [cus. |

Disp Name | Value Units Mode
[[] |user defined reference wal Normal
|:| Reference wavelength 1550 :nm Normal
Length 60%km Normal
[] |Attenuation effect Normal
[] |Attenuation data type Conztant Normal
[] |Attenuation 0.2 idBfkm Normal
[] |Attenuation vs. wavelengt |Attenustion dat el Normal

Figure 4.3.1: Settings for optical fiber
Label: Optical Fiber
Cus... I
Disp Name Value Units Mode
| | |Group velocity dispersion Fi Normal
|| |Third-order dispersion ] MNormal
|| |Dispersion data type Constant MNormal
|| |Frequency domain parame [l MNormal
|| |Dispersion 16.75 ips/nm/M&m i Normal
: Dispersion slope 0.075 : pe/nm*2/% : Normal
|| |Beta2 -20ips"2km  iMNormal
|| |Beta3 0ips"3%km Normal
: Dispersion file format Dispersion vs. wavelength Normal
| | |Dispersion file name Dizpersion. dat el MNormal

Figure 4.3.2: Settings for dispersion in optical fiber
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Label: Optical Fiber

Main | Dis... Nu. |Gr. [sim. [N. [Ran. |[cus. |
Disp Name Value Units Mode
| |self-phase modulation Normal
| |Effective area datatype  |Constant Normal
| |Effective area B0 um™2 Normal
| |Effective area vs.wavelen |Effectivedrs dat = Normal
] [n2datatype Constant Normal
] [n2 26e-021 im"2W Normal
| [n2vs.wavelength n2 dat =k Normal
] |self-steepening [ Normal
| |Full Raman Response [T Normal
| |Intrapulse Raman Scatt. [ Normal
| |Raman self-shift time1 14.28fs Normal
| |Raman self-shift time2 3ifs MNormal
| |Fract. Raman contribution 0.18 MNormal
| |orthogonal Raman factor 0.75 Normal

Figure 4.3.3: Settings for noise in optical fiber

Label: DCF

-EIDis_.. l PMD l MNo... l Mu... IGF--- l Sim... IN \ e l Cus.. I

HName | Value Units Mode
User defined reference wal [l MNormal
Reference wavelength 1350 :nm Normal
Lenagth 10 km MNormal
Attenuation effect Normal
Attenuation data type Constant Normal
Attenuation 0.5 :dB&m MNormal
Attenuation vs. wavelengt |Attenuation.dat et Mormal

Figure 4.3.4: Settings for Dispersion Compensation Fiber
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Label: DCF

Main | |Pup [ Mo [Nu [er. [sim. [N [Ran. |cus. |
Dizp Name Value Units Mode
[] |Group velocity dispersion MNormal
[] |Third-order dispersion Normal
[] |Dispersion data type Constant Morma!
[] |Frequency domain parame [ Normal
[] |Dispersion -85ips/im&m i Normal
[] |Dispersion slope -0.3 ips/nm™2X% iMNormal
[7] |Beta2 -20ips*2%&m  Normal
[] |Beta3 0ip="3km iNormal
: Dizpersion file format Dizpersion vs. wavelength MNormal
| |Dispersion file name Dispersion.dat R Normal

Figure 4.3.5: Settings for Dispersion in DCF
Label DCF

Main | Dis... SN Jer. [sim. [N [Ran. [ cus.. |
Disp Hame Value Units Mode

|:| Birefringence type Deterministic Normal

|:| Differential group delay 0.2 :ps&km Normal
|:| PMD coefficient 0.5 pfkm)™0. & Normal
|:| Mean scattering section le S00:m Normal
|:| Scattering section dispers 100:m Normal

Figure 4.3.6: Settings for PMD in DCF
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Label DCF
Main | Dis.. | PMD Cus.. |
Disp Name Mode
[] |self-phase modulation Normal
[] |Effective area data type Constant Mormal
| |Effective area 22:um*2 Norma!
| |Effective area vs. wavelen |Efectivedra dat e Normal
[] [n2 data type Constant Normal
[] [n2 262-021 i m2 Normal
| |n2ws. wavelength n2 dat |k Normal
| |self-steepening 7] Normal
[] [Full Raman Response [l Normal
[] [intrapulse Raman Scatt. [l Normal
[] [Raman self-shift time1 14.2:f= MNormal
| |Raman self-shift time2 3ifs MNormal
| |Fract. Raman contribution 0.18 Mormal
: Orthogonal Raman factor 075 Normal
Figure 4.3.7: Settings for DCF
Label: D Demux ES
ISimulatinn ] Moise ] Custom order I
Disp Name Value Units Mode
[] [Number of output ports 128 MNormal
Frequency 193.1iTH= MNormal
Frequency spacing 100 GHz Normal
Bandwidth 100} GHz Normal
[] [Inzertion loss 0idE Normal
[7] |Depth 100348 MNormal
[] [Filter type Bessel MNormal
[7] |Fiter order 4 Normal

Figure 4.3.8: Settings for WDM demultiplexer
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Label Optical Receiver

Ellain :IanPa... 3R Reg.. | Downs... lNUiSE lRandu... Custom... I

Name Value Units Mode
| |Photodiode PN Normal
] |Gain 3 Normal
] [lonization ratio 0.9 Normal
| |Responsivity 11AW Normal
| |park current 10inA Normal
: Responsivity type APD Constant Normal
| |Responsivity type PIN Constant Normal
: Responsivity vs. waveleng | Responsivity.dat _| Normal

Figure 4.3.9: Settings for optical receiver

Label: Optical Receiver

Downs.. ]Nnise ]Randn... ]Dustnm... I

Disp Hame Value | Units Mode
[#] |Cutoff frequency 0.75 * Bit rate §fiHz Script
[7] |Insertion loss 0idE Normal
] [Depth 10008 Normal
[] |order 4 Normal

Figure 4.3.10: Settings for LPF in optical receiver
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Label: wDM Tranzmitter

|.[co. [En. |si. [RN[c. [Po. [si. N, [Ra. |cu. |
Disp Name Value Units Mode
| [Number of output ports 128 Normal
[¥] |Frequency 193.1iTHz Norma!
Frequency spacing 100:GHz MNormal
[¥] |Power 10 | B[ dBm Sweep
| |Extinction ratio 10 idB Normal
[] |Linewidth 10 iMHz Normal
[] [mnitial phase 0ideg Normal
Figure 4.3.11: Settings for WDM transmitter
Label ‘Db Transmitier
] |En. (si. mn e [Po. s N. [Ra. [cu. |
Disp Name Value Units Mode
[¥] |Modulation type NRZ MNormal
[] |Duty cycle 0.5% bit Normal
[] |Position 0ibit Normal
[] |rise time 1./ (Bit rate ) *0.05 5= Script
[ [Fall time 1/ (Bit rate ) *0.05 sfs Script

Figure 4.3.12: Settings for WDM transmitter
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Label ‘WD Mux ES

Disp Name Value Units Mode
[] |Mumber of input ports 128 Normal
Frequency 193.1:THz Mormal
Frequency spacing 100:GH=z MNormal
Bandwidth 100:GHz MNormal
[7] |Insertion loss 0idB Normal
] |pepth 100:dB Aormal
[] [Filter type Besssl Normal
[7] |Filter order 4 Normal
Figure 4.3.13: Settings for WDM multiplexer

Label: ‘Db Mus ES

Main | Simulation NDISE ‘| custom order ]

Disp Name Value Units Mode

| |Hoise threshold -100 :dB Mormal

| |Moise dynamic 3idB Normal

Figure 4.3.14: Settings for noise in WDM multiplexer
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4.3.1 Settings for EDFA amplifier

Label:  Erbium Doped Fiber
ICrn... I Enh... ] No... ] Mu... ] Gr... I Sim... ] M. ] Ran... I Cus... I
Hame Value Units Mode
¥ |Length 3im Norma!
| |Radii values Fiber specification Normal
: Saturation parameter 4. 4e+015; 1/{5.m) Normal
"] |Core radius 22 um Normal
| |Er doping radius 22ium Norma!
| |Erion density 10e+024 i m"-3 Normal
| |Numerical aperture 0.24 Normal
|| |Background loss data type | Constant Norma!
| |Background loss 0 dBfkm Normal
| |Background loss file name|Loss dat i Normal
| |[Temperature nic Normal
| [Pump reference 1200:nm MNormal
Transition rates and times
| |Er metastable lifetime 10ims Norma!
| [Include ion-ion interaction [} Normal
| [ton-lon interaction effect |Homogensous Normal
| |Upconversion coefficient 100s-024 i m"3/s Normal
| [tons per cluster 2 Normal
| |Relative nr of clusters 12:% Normal

Figure 4.3.1.1: Settings for Erbium Doped Fiber

Label Erbium Doped Fiber

Main | Cro.. :ING... [nu. [er. [sim. [N [Ran. [cus. |
Disp)| Name Value Units Mode -
| | |Effective area datatype |Constant Normal i
|| |Effective area 50 wm*2 Norma!
| | |Effective area file name |Efectivedrea dat [l Normal
Double cladding
|| |Double-clad fiber [l Mormal
: Double-clad data type Calculate MNormal
|| [Cladding area 3000 j um"2 Normal a
|| [Pump absorption file nam| FumpAbzorption dat [ H MNormal 1
Rayleigh scattering
|| [Include Rayleigh scatterin [l Normal
: Rayleigh constant 150 ; dB/Kim Normal
: Backscattering capture fr | Calculate MNormal
|| |Rayleigh capture file nam | Capture dat [ H MNormal
Raman scattering L
|| [Include Raman scattering [F Normal
: Raman gain data type Raman gain Normal
|| |Raman gain peak 100e-015 Normal
: Raman gain reference pu 1000 : nm Normal
[] [Raman gain file name RamanGain.dat [ H Normal -

Figure 4.3.1.2: Settings for Erbium Doped Fiber
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Label Erbium Doped Fiber

Main ] Cro... ] Enh... ] Mo...

Mo [er. |sim.

Disp Name Value Units Mode
|:| Noige center frequency 1893.4:TH=z MNormal
[] |Moise bandwidth 13:TH=z MNormal
[] |Moize bins spacing 125iGH= Normal
[] |Moise threshold -100:dE MNormal
[] |Moise dynamic 3idB Normal
[[] |Convert noise bins Convert noise bins sl Script

Figure 4.3.1.3: Settings for Erbium Doped Fiber
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4.3.2 Settings for Raman amplifier

Label: Raman dmplifier - dverage Power tModel

Enha... ]Num... ]Graphs ]Simul... lNoise ]Rand... ]Custo... ]

Dizsp Name Value Units Mode
W] |Length 25ikm Norma!
|| |Attenuation data type Constant Normal
|| |Attenuation 0.2 dB/km Normal
|| |Attenuation file FiberLoss.dat & Normal
|| |Effective area data type Constant MNormal
| | |Effective interaction area Jaium2 Normal
|| |Effective interaction area fi| Effectivedrea dat = Normal
|| |Raman gain type Raman gain MNormal
|| |Raman gain peak 94.99939999999999:-015 Norma!
: Raman gain reference pu 1000 i nm Normal!
|| |Gain profiles CWsers\Head-ETE\Docy [ul; Normal
: Wavelengths for gain profil 1450 Morma!

Figure 4.3.2.1: Settings for Raman amplifier

Label Raman amplifier - Average Power bModel

Disp Name Value Units Mode
[] |[Temperature 300iK Normal
[T] |Polarization factor 2 Normal
|:| Rayleigh back scattering d | Constant MNormal
[] |Rayleigh back scattering 50.00000000000001e-006  1/km Normal
[7] |Rayleigh back scattering fil| Fayleigh dat el Normal
|:| Upper pump reference 1500 nm MNormal
[] |Enable dizspersion ] Normal
|:| Dispersion 16.75 ps/nm/km i Normal
|:| Dispersion slope 0.075 ps/nm™2% i Normal
[] |Reference wavelength 1330 nm MNormal

Figure 4.3.2.2: Settings for Raman amplifier
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Label: Raman Amplifier - dverage Power Model

Main | Enha... |Graphs | simul. | Noise |Rand.. | custo. |
Disp Value Units Mode
[] |Tolerance 0.001 Normal
[] [Mumber of divisions 50 Normal
[] [Mumber of iterations 100 Normal
|:| Check convergence using:| Al signals Normal

Figure 4.3.2.3: Settings for Raman amplifier

Label: Raman Amplifier - Average Power Model

Main | Enha.. | Num.. | Graphs | Simul..

Disp Hame Value Units Mode
: Noize center frequency 1540 :nm Morma!
[] |Moise bandwidth 80inm Normal
[] |Moise bins spacing 4inm Normal
[] |Moize threshold -100:idB MNormal
| |Moise dynamic 3idB Normal
[7] |Convert noise bins Convert noise bins 5l Script

Figure 4.3.2.4: Settings for noise in Raman amplifier
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4.3.3 Settings for OA amplifier

Label: Optical &mplifier_1

EIPGIarizatinn Simulation l Moise l Random nu... Custom o... I
Disp Name Value Units Mode
| |Operation mode Gain Control MNormal
/| |Gain 20:dB MNormal
| |Power 10 dBm Normal
| |Saturation power 10idBm MNormal
: Saturation port Output Normal
| |Include noise Normal
/| |Moise figure 4idB MNormal

Figure 4.3.3.1: Settings for OA amplifier

Label: Optical Amplifier_1

Main | Polarization | Simulation ;__HE??E____;IRandnm nu.. | Custom o... I

Disp Hame Value Units Mode
: Noise center frequency 193.4:THz Normal!
|| |Moise bandwidth 13:THz Normal
|| |Moise bins spacing 125 GHz Normal
[] |Convert noise bins Convert noise bins 5] Script

Figure 4.3.3.2: Settings for OA amplifier
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Figure 4.3.3.3: Simulation processing view for 128 channels DWDM system
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Figure 4.3.3.4: Simulation processing completed view for 128 channels DWDM system
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4.4 Outputs of 32 channels DWDM system

4.4.1 Outputs of 32 channels DWDM system for EDFA amplifier

= Optical Spectrum Analyzer
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Figure 4.4.1.1: 32 channels input signal in OSA before entering to the optical link for EDFA
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Figure 4.4.1.2: 32 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.4.1.3: 32 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), noise power
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Figure 4.4.1.4: 32 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power with side lobes (FWM)
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Figure 4.4.1.5: Output of eye diagram from BER analyzer for EDFA

4.4.2 Outputs of 32 channels DWDM system for Raman amplifier
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Figure 4.4.2.1: 32 channels input signal in OSA before entering to the optical link for Raman
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Figure 4.4.2.2: 32 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.4.2.3: 32 channels output signal in OSA after entering to the optical link for Raman (at loop
control), noise power
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Figure 4.4.2.4: 32 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power with side lobes (FWM)
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Figure 4.4.2.5: Output of eye diagram from BER analyzer for Raman amplifier
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4.4.3 Outputs of 32 channels DWDM system for OA amplifier
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Figure 4.4.3.1: 32 channels input signal in OSA before entering to the optical link for OA amplifier
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Figure 4.4.3.2: 32 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.4.3.3: 32 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), noise power
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Figure 4.4.3.4: 32 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), signal power with side lobes (FWM)
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Figure 4.4.3.5: Output eye diagram from BER analyzer for OA amplifier
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4.5 Outputs of 64 channels DWDM system

4.5.1 Outputs of 64 channels DWDM system for EDFA amplifier
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Figure 4.5.1.1: 64 channels input signal in OSA before entering to the optical link for EDFA
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Figure 4.5.1.2: 64 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.5.1.3: 64 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), noise power
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Figure 4.5.1.4: 64 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power with side lobes (FWM)
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Figure 4.5.1.5: Output of eye diagram from BER analyzer for EDFA amplifier

4.5.2 Outputs for 64 channels DWDM system for Raman amplifier
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Figure 4.5.2.1: 64 channels input signal in OSA before entering to the optical link for Raman
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Figure 4.5.2.2: 64 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power

=] Optical Spectrum Analyzer_3
. _____
E_
AEH 1
m
=
g
&7
UDP_-
=
188 T 191 T 164 T 197 T 2007

Frequency (Hz}

Figure 4.5.2.3: 64 channels output signal in OSA after entering to the optical link for Raman (at loop
control), noise power
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Figure 4.5.2.4: 64 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power with side lobes (FWM)
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Figure 4.5.2.5: Output eye diagram from BER analyzer for Raman amplifier
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4.5.3 Outputs for 64 channels DWDM system for OA amplifier
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Figure 4.5.3.1: 64 channels input signal in OSA before entering to the optical link for OA amplifier
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Figure 4.5.3.2: 64 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.5.3.3: 64 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), noise power
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Figure 4.5.3.4: 64 channels output signal in OSA after entering to the optical link for OA amplifier (at loop
control), signal power with side lobes (FWM)

©Daffodil International University 75



BER Analyzer_23
Time (bit period)

('me) spnychuy

05

Figure 4.5.3.5: Output eye diagram from BER analyzer for OA amplifier
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4.6 Outputs for 128 channels DWDM system

4.6.1 Outputs for 128 channels DWDM system for EDFA amplifier
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Figure 4.6.1.1: 128 channels input signal in OSA before entering to the optical link for EDFA
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Figure 4.6.1.2: 128 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.6.1.3: 128 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), noise power
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Figure 4.6.1.4: 128 channels output signal in OSA after entering to the optical link for EDFA (at loop
control), signal power with side lobes (FWM)
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Figure 4.6.1.5: Output eye diagram from BER analyzer EDFA amplifier

4.6.2 Outputs for 128 channels DWDM system for Raman amplifier
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Figure 4.6.2.1: 128 channels input signal in OSA before entering to the optical link for Raman amplifier
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Figure 4.6.2.2: 128 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.6.2.3: 128 channels output signal in OSA after entering to the optical link for Raman (at loop
control), noise power
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Figure 4.6.2.4: 128 channels output signal in OSA after entering to the optical link for Raman (at loop
control), signal power with side lobes (FWM)
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Figure 4.6.2.5: Output eye diagram from BER analyzer for Raman amplifier
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4.6.3 Outputs of 128 channels DWDM system for OA amplifier
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Figure 4.6.3.1: 128 channels input signal in OSA before entering to the optical link for OA amplifier
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Figure 4.6.3.2: 128 channels output signal in OSA after entering to the optical link for OA amplifier (at
loop control), signal power versus noise power where red color indicates the signal power and green color
represents the noise power
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Figure 4.6.3.3: 128 channels output signal in OSA after entering to the optical link for OA amplifier (at
loop control), noise power
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Figure 4.6.3.4: 128 channels output signal in OSA after entering to the optical link for OA amplifier (at
loop control), signal power with side lobes (FWM)
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Figure 4.7.2: Input Channel Power (dBm) versus Max. eye Opening Factor (%) for 32 channels DWDM
system
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Figure 4.7.3: Input Channel Power (dBm) versus Min log of BER for 32 channels DWDM system
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4.8 Combined outputs graphs for 64 channels DWDM system
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Figure 4.8.1: Input Channel Power (dBm) versus Signal Quality (dB) for 64 channels DWDM system
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Figure 4.8.2: Input Channel Power (dBm) versus Min log of BER for 64 channels DWDM system
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Figure 4.8.3: Input Channel Power (dBm) versus Max. eye Opening Factor (%) for 64 channels DWDM
system
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4.9 Combined outputs graphs for 128 channels DWDM system
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Figure 4.9.1: Channel Input Power (dBm) versus Min log of BER for 128 channels DWDM system
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Figure 4.9.2: Channel Input Power (dBm) versus Signal Quality (dB) for 128 channels DWDM system
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4.10 Comparison among all combinations of the simulation designs (EDFA, Raman
and OA amplifiers for 32, 64 and 128 channels)

TABLE 4.10.1: COMPARISON TABLE FOR ALL COMBINATIONS OF THE SIMULATION DESIGNS (EDFA, RAMAN
AND OA AMPLIFIERS FOR 32, 64 AND 128 CHANNELS)

Number of Amplifier | Maximum Q factor | Minimum [ Maximum Eye
Channels . . log of Opening Factor
Type (Signal Quiality) BER (%)
(dB)
32 EDFA 16.1 -60 94
Raman 16.2 -59.9 99.8
OA 19.7 -85 94.9
64 EDFA 16.8 -59.8 94
Raman 17.5 -68 94.3
OA 15.8 -54 93
128 EDFA 18.2 -74.3 94.8
Raman 11.9 -30 91
OA 18.1 -74 94.6

Table 4.10.1 shows the comparison table for all combinations of simulation designs. Here,
it is evident that in case of 32 channels configurations OA amplifier performs best as it
provides the maximum Q factor which is 19.7 dB with minimum log of BER of -85. On
the other hand, for 64 channels configurations, it is clear that Raman amplifier provides the
maximum Q factor of 17.5 dB and also gives minimum log of BER of -68. Moreover, for

128 channels configurations EDFA amplifier shows improved maximum Q factor than
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Raman amplifier and OA amplifier where EDFA amplifier gives the maximum Q factor of
18.2 dB and minimum log of BER of -74.3.

4.11 Validation and final comparison among related previous works

TABLE 4.11.1: COMPARISON TABLE OF CURRENT INVESTIGATION WITH RELATED PREVIOUS WORKS

Factors Ref[3] Ref[4] Ref[5] Ref[6] Ref[7] Current
Investigation
Multiplexing | WDM WDM WDM WDM DWDM DWDM
Type
Modulation NRZ NRZ NRZ NRZ NRZ NRZ
Format
Data Rate 10 10 10 42.7 25 10
Per Channel
(Gbps)
Channel 50 GHz | 100 GHz 20 GHz 100 GHz 25 GHz 100 GHz
Spacing
Number of 8 16 32,64 54 160 32, 64,128
Channels
Amplifier EDFA, EDFA, EDFA, EDFA, EDFA, EDFA,
Type Raman Raman
Raman Raman Raman Raman,
OA
Maximum Q | E=22(8), | E=18.8(16) | E=12(64) | E=15.4(54) | E=19.3(160) | E=18.2(128)
R=26(8) | R=15.2(16
(fs""i;tr?;l ® (18) | p-118(32) | R=11.5(54) | R=11.2(160) | R=17.5(62)
Quality) 0=19.7(32)
(dB)
Channel 10 -2, -4 -10 -10 to +10
Input Power
(dBm)
Span length | 20-200 10-200 40-200 75 15 70
(km)
Dispersion 2 16.75 2 20.65 2.15 16.75
(ps/nm/km)
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Figure 4.11.1: Comparison graph for Signal Quality (dB) of different amplifiers with existing works

Table 4.11.1 represents the comparison of current investigation with related previous
works. It shows the validation of this work by comparing it with related previous works.
Figure 4.11.1 shows the comparison graph for signal quality (dB) of different amplifiers
with existing works. Although it is evident that other related works performed better either
for lower number of channels or for lower data rates, but in current investigation this
DWDM system performs better even for a very high capacity optical link having higher
number of channels (128 channels for EDFA amplifier with a maximum signal quality of
18.2 dB) with a high data rate of 10 Gbps per channel. Same statement is also true for 64
channels Raman amplifier based DWDM system with 17.5 dB maximum signal quality
with a high data rate of 10 Gbps per channel. In addition to that, this design also included
OA amplifier based DWDM system with a high data rate of 10 Gbps per channel with the
maximum signal quality of 19.7 dB for 32 channels which is not present in previous works.
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CHAPTER 5

Conclusion

From the very beginning engineers and scientists concentrated on increasing the capacity
of the optical communication network links as well as they are working relentlessly for
supporting more and more users simultaneously over the existing optical network links.

In this thesis, design and performance analysis of 32, 64 and 128 channels DWDM system
for three different amplifier configurations, which are EDFA, Raman and OA amplifiers,
were conducted where each channel having 10 Gbps data rate multiplexed with frequency
spacing of 100 GHz. In this work, Optisystem 16.0 commercial optical simulator is used
to analyze the performance of 32, 64 and 128 channels DWDM system for EDFA, Raman
and OA amplifier configurations. Dispersion compensation fiber is used to reimburse for
the dispersion formed by single mode fiber. Between amplifier spans standard single-mode
fiber is used, but at each amplifier position, dispersion compensating fiber having a
negative chromatic dispersion is presented. By using this we have effectively designed a
DWDM system with 32/64/128 channels each having 10 Gbps data rate multiplexed with
frequency spacing of 100 GHz. From simulation results, it is evident that in case of 32
channels configurations OA amplifier performs best as it provides the maximum Q factor
which is 19.7 dB with minimum log of BER of -85. On the other hand, for 64 channels
configurations it is clear that Raman amplifier provides the maximum Q factor of 17.5 dB
and also gives minimum log of BER of -68. Moreover, for 128 channels configurations
EDFA amplifier shows improved maximum Q factor than Raman amplifier and OA
amplifier where EDFA amplifier gives the maximum Q factor of 18.2 dB and minimum
log of BER is -74.3. This work can further be stretched to more number of channels i.e.

256 channels or more with different frequency spacing.
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