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Abstract

We present a numerical simulation study on the effect of the linewidth enhancement factor
(o) of semiconductor laser and dispersion management methods of optical fibers on the
performance of 40-Gb/s directly-modulated fiber links and their application in WDM sys-
tems. The dispersion management methods include the use of non-zero dispersion-shifted
fiber (NZ-DSF), dispersion-compensating fiber (DCF), and fiber Bragg grating (FBG). The
optimal values of the a-parameter and the best dispersion management method are applied
to design and simulate a four-channel X 40-Gb/s WDM fiber system. The obtained results
show that the increase in the a-parameter and/or fiber length reduces the performance of
both the 40-Gb/s optical link and the WDM system. Regarding the 40-Gb/s optical link,
when a=1, using —-NZ-DSF or+ NZ-DSF, DCF with SSMF, and FBG with SSMF work
to increase the transmission length from 1.6 km of a standard single-mode fiber (SSMF) to
7.2, 26.5, and 40 km, respectively. Whereas at a=3.5, the maximum transmission length
reaches 1.2 km when using SSMF, —-NZ-DSF, or+ NZ-DSF, while it increases to 13 and
35 km when using DCF with SSMF, and FBG with SSMF, respectively. In the designed
WDM system, the use of FBG with SSMF is predicted as the most effective method for
dispersion management. The maximum transmission length reaches 25 km when a=1, but
reduces to 12 km when a=3.5.
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1 Introduction

Optical fiber links have become one of the cores of modern telecommunication networks
due to their rapid development, especially with the increasing demand for high transmis-
sion speeds in recent years. Therefore, high-speed transmission systems have attracted
great interest, even if they are short-range optical links (ITU-T draft recommendation
G.693 2001). Moreover, wavelength division multiplexing (WDM) systems are widely
used in existing communication structures to transmit several channels simultaneously over
a single fiber in order to reduce the cost (Ellinas and Roudas 2012). The direct modula-
tion of laser diodes (LDs) is preferred as a data transmission technique in WDM systems
to decrease power consumption and reduce the overall system cost when compared to the
external modulation technique (Agrawal 2012; Zhang et al. 2018). However, under direct
intensity modulation of high-speed LDs, the changes in the carrier density injected into the
active region cause simultaneous changes in the refractive index and optical gain, result-
ing in intensity-phase coupling (Agrawal and Dutta 1986; Agrawal 2012; Zhang et al.
2018). This adds to the broadening of the spectral lineshape by a factor of 1+ a?, where
o is the so-called “linewidth enhancement factor” (or transient chirp parameter) (Henry
1982; Osinski and Buus 1987; Agrawal and Bowden 1993). Therefore, intensive theoreti-
cal and experimental investigations have been performed on the effect of the a-parameter
on laser behavior (Westbrook and Adams 1988; Chow and Depatie 1988; Agrawal 1989;
Duan et al. 1990; Olofsson and Brown 1992; Yousuf 2019). The chirping effect becomes
more severe for high-speed LDs due to their large differential gain (Sato et al. 2005), which
is expected to limit the performance of high-speed WDM systems (Antoniades et al. 2004).

The dispersion effect of the optical fiber is another limiting factor for high-speed WDM
systems. The chromatic dispersion of SSMFs interacts with the frequency chirping of the
directly modulated laser signals, which adds to the pulse broadening when propagating
down the fiber (Cartledge and Burley 1989; Peral et al. 1998; Agrawal 2002; del Rio Cam-
pos et al. 2011). As the fiber length increases, the optical pulses overlap each other and
cannot be distinguished, a phenomenon known as inter-symbol interference (Krehlik 2006;
del Rio Campos and Horche 2012). This causes limitations on the fiber length and the
data transmission bit rate (Krehlik 2006, 2007; del Rio Campos and Horche 2012; Ahmed
2012). Therefore, it is important to reduce the accumulated dispersion along the fiber in
order to increase the BL-product of the fiber link. Various methods have been developed
for overcoming this dispersion limitation of SSMF, and are widely used in wide area net-
works to improve the fiber link performance (Tomkos et al. 2001a, b; Agrawal 2002; Pande
and Pal 2003; Krehlik 2007; Tan et al. 2009; Mohammadi et al. 2011; Priya et al. 2015;
Kaur et al. 2015; Chaoui et al. 2015; Chakkour et al. 2017; Meena and Meena 2020). One
such method is to replace SSMF with non-zero dispersion-shifted fiber (NZ-DSF), which
works to minimize the effects of chromatic dispersion (Tomkos et al. 2001a, b; Krehlik
2007; Priya et al. 2015). Another method that nearly cancels the dispersion of SSMF is the
use of dispersion-compensating fibers (DCFs), which are typically used after SSMF (Pande
and Pal 2003; Kaur et al. 2015). Fiber Bragg gratings (FBGs) are also used to reduce the
dispersion effect of SSMF. FBG is used after the SSMF and acts as an optical reflection
filter that reflects the desired wavelengths of the light signal while transmitting all others
(Kashyap 1999; Tan et al. 2009; Mohammadi et al. 2011; Chaoui et al. 2015; Chakkour
et al. 2017; Meena and Meena 2020). Previous studies have demonstrated that the use of
FBG outperforms the DCFs in reducing the SSMF dispersion effect over the long fibers
(Chaoui et al. 2015; Chakkour et al. 2017; Meena and Meena 2020). The previous studies
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on dispersion management were related to their effect on the performance of fiber links
especially under external modulation (Mohammadi et al. 2011; Priya et al. 2015; Kaur
et al. 2015; Chaoui et al. 2015; Chakkour et al. 2017; Meena and Meena 2020). However,
the extension of these reports to study the use of dispersion management techniques to
directly-modulated fiber networks, such as WDM systems, is lacking.

In this paper, we root to the physics of LDs and their application in fiber communication
systems by introducing numerical investigations on the effect of the a-parameter on the
performance of 40-Gb/s directly modulated optical fiber links subject to various dispersion
management methods (NZ-DSF, DCF, and FBG). The main target is to find out the optimal
values of the a-parameter and the best dispersion management method that corresponds
to the best performance of a high-speed fiber link. The simulated fiber link with optimum
parameters is then utilized to design and simulate a four 40-Gb/s-channel WDM system.
The performance of both the optical fiber link and the WDM system is evaluated in terms
of the eye diagram and Q-factor of the transmitted signal. The study is based on numeri-
cal integration of the laser rate equations and the nonlinear Schrodinger equation of signal
propagation down optical fibers applying a non-return to zero (NRZ) pseudorandom bit
stream in the platform of the "Optisystem" software.

The theoretical model and simulation method used in this study are given in Sect. 2. The
simulation results and discussions are presented in Sect. 3, and the conclusions are listed in
Sect. 4.

2 Theoretical model and simulation methodology

2.1 Dynamic behaviors of laser diode

Typically, the dynamic behavior and modulation properties of the laser diode under direct
modulation are simulated by the following rate equations, which describe the time evolu-

tions of injected carrier density N(z), emitted photon density S(z), and optical phase 6(1)
(Cartledge and Burley 1989).

dN@® 1) Vea,(N(0) = N,) N@)
d gV 1+eS® S0 - T, +Ev@ (1
ds@ _ Tvea,(N(t)=N,) S TBN(®)
i T+ e50) S(f)—z‘i' y + F(®) 2)
de(r) 1
— = 2rAV(t) = g[Fvgao(N(t) = Ny) = =1+ Fy(t) 3)

P

where (t) represents the time-varying current injected into the active region, V is the active
region volume, g is the electron charge, ¢ is the nonlinear gain compression coefficient,
which is added phenomenologically to describe the reduction in optical gain by a factor of
(1+¢ S)~! above the threshold and at high photon densities (Nagarajan et al. 1992; Wang
et al. 1993), v, is the group velocity, a, is the differential gain coefficient, N, is the carrier
density at transparency, 7, and 7, are the electron and photon lifetimes, respectively, " is
the optical confinement factor, f is the spontaneous emission factor, which describes the
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fraction of spontaneous emission coupled into the lasing mode, « is the linewidth enhance-
ment factor, and Av(t) is the time-dependent optical frequency variation (laser frequency
chirp) within the active region. F\(t), F¢(t) and F(t) are Langevin noise source terms that
are added to take into account the quantum noises on the photon and electron densities and
optical phase, respectively (Agrawal 2002). The rate Egs. (1)—(3) are solved numerically by
the fourth-order Runge—Kutta algorithm (Forsythe 1977).

In direct digital modulation of LDs, the injection current term /(t) of Eq. (1) represents
the stream of coded bits of the electrical signal as:

1(t) = I,+1,¥Y,,(?) 4)

where [, is the dc-bias current, [, is the modulation peak current and ¥,,(¢) is a time-

varying function with either a "0" or "1" level that describes the modulating current bit
format. The corresponding time variation of the modulated laser power P(¢) is given by the
relationship:

P(t) =

Vn,hv
S(z
o, ® (5)
where 7, is the differential quantum efficiency, v is the optical frequency, and 4 is Planck’s

constant. The frequency chirp can be expressed in terms of the modulated laser power as
(Koch and Bowers 1984; Tucker 1985; Tomkos et al. 2001a, b):

Av(p) = %{ %[ln PO)] + kP(t)} ©)

where k = 2I'e / Vn,hv, is the adiabatic chirp coefficient, which is determined by the laser
structure (Tucker 1985). The linewidth enhancement factor a simulates the variations of
the active region refractive index (n) and gain per unit length (g) with the carrier density N
inside the cavity. The impact of o on the dynamical properties of the laser is described by
the following equation (Henry 1982):

_ 4 Bn/ oON
R <ag/aN> @
where / is the emitted laser wavelength (=1.55 pm in this study). The first term of
Eq. (6) represents the transient chirp, which is related to the laser relaxation oscillation
overshoots; the high overshoots induce a high transient chirp (Yousuf and Najeeb-ud-din
2016). The second term in Eq. (6) represents the adiabatic chirp, which is caused by the
effects of spontaneous emission and gain compression and is associated with the frequency

offset between the "1" and "0" power levels during modulation (Yousuf and Najeeb-ud-din
2016).

2.2 Signal propagation down the fiber

When the electric field (E) of the modulated laser signals transmitted over SSMF is
assumed to maintain its polarization along the fiber, the pulse-envelope amplitude of the
filed E is expected to change slowly and delay for a time of L/v, to arrive at the far end of
the fiber, where L is the fiber length. This induces a reduced time z=¢— L /vg =t-p,L,
where f, is the first-order dispersion, and consequently the time evolution of E (L, 7) along
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the fiber can be represented by the following nonlinear Schrodinger equation as (Potasek
and Agrawal 1987; Agrawal 2001):

0E(L, 7) . 0’E(L,7)
oL + afE(L, T) + zﬂz(a)o)T =

0 (8)

where a;is the fiber attenuation coefficient, §, is the group velocity dispersion (GVD) that
is responsible for the pulse broadening inside the fiber, and w, is the reference frequency
of the signal. The above equation is commonly calculated by the split-step FFT method
(Potasek and Agrawal 1987; Agrawal 2001; Sinkin et al. 2003). In the current numerical
integration of the nonlinear Schrodinger Eq. (8) for the current scalar case of preserving
the polarization state, the step size is variable not fixed; it is adaptively changed depend-
ing on the value of the maximum (over time window) nonlinear phase shift induced by the
self-phase modulation effect per step (Sinkin et al. 2003). Typically, the frequency spread
(Aw) caused by GVD is represented by the range of wavelengths (AA) emitted by the opti-
cal source. Using w=2nc/A and Aw=/( 2rc/2?)A4, the dispersion parameter (D) is given

as:
g, d (1 2mc
D=—=—|—)|=-"=—"2
di d/1<vg> 2P ©)

where c is the speed of light in a vacuum. It is worth mentioning that optical pulses can
be affected even when D=0 (i.e., when 1 is zero-dispersion wavelength A,). This is due
to the higher-order dispersion effects that are defined by the so-called "dispersion slope"
S=dD/d)\. The third-order dispersion leads to pulse distortion and trailing. However, the
transmitted pulse in the communication is wide, so the influence of the third-order and
other higher-order dispersion on pulses is very small (Agrawal 2002; Albeladi 2013).

2.3 Dispersion management methods

The first method utilized in this paper for dispersion management is to replace the
SSMF with a non-zero dispersion-shifted fiber NZ-DSF (i.e. A, is shifted to be close to
1.55 pm). Such NZ-DSF is typically designed with a GVD parameter lower than that of
SSMF (Dggpr~ +16.75 ps/nm/km); Dy, pep =+4.5 ps/nm/km (known as+NZ-DSF) or
~ —7.5 ps/nm/km (known as -NZ-DSF). These values of the dispersion parameter of NZ-
DSF are specifically selected to avoid the effect of four-wave mixing (Kumano et al. 2002;
Krehlik 2007; Harboe et al. 2008; Recommendation ITU-T G.655 2009).

The second method is to compensate the positive chromatic dispersion accumulated
along the SSMF by using DCF, which is often placed after SSMF in the fiber link (Liu
et al. 1999). The idea behind this method is that the dispersion-length product of the DCF
is the additive inverse of that of SSMF, and thus the total equivalent dispersion of the opti-
cal link is reduced almost to zero (Chang et al. 1996). By assuming the modulating optical
pulse to travel through two fiber segments, one is SSMF with length Lg,,» and dispersion
Dy and the other is DCF with length Lj, and dispersion D, the condition for ideal
dispersion compensation is given as (Lu 2002; Mohammed et al. 2014),

DSSMFLSMF + DDCFLDCF =0 (10)

According to the standard telecommunication fibers at 1.55 pm, Dgg, iS a positive
value (i.e. SSMFs have anomalous GVD), and hence D must be a negative value (i.e.
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DCFs must have normal GVD) (Agrawal 2002). In addition, L, should be chosen to sat-
isfy the condition that

Ly =— L
DCF D SMF (11)

Practically, Lj - is designed as small as possible with a high negative value of D to
reduce the cost (Agrawal 2002). In this paper, D is set as large as —82 ps/nm/km with
a small Lj, to satisfy the condition of Eq. (11) (Liu et al. 1999; Hayee and Willner 1999;
Griiner-Nielsen et al. 2000; Agrawal 2002).

The third method to manage the dispersion effect of SSMF is the use of FBG. FBG is
a small segment of the fiber that has a periodic difference in refractive index (grating) and
acts as an optical reflection filter that reflects the exact wavelength of the light signal while
transmitting all others (Agrawal 2002). The optical signal propagated in FBG is reflected
in the reverse direction by the grating according to the Bragg condition Ay = 271A, where
Ap is the Bragg wavelength, 7i and A are the effective refractive index of the fiber core and
the grating period, respectively (Othonos et al. 2006; Ismail et al. 2013). In the case of
chirped gratings, A5 varies along the grating length depending on the variation of optical
period 7iA that can be varied by either 77 or A (Kashyap 1999), and hence different wave-
length components of the incident optical signal are reflected at different points depending
on where the Bragg condition is locally satisfied (Agrawal 2002). The physical principle
underlying the use of FBG to compensate for the SSMF dispersion is explained as follows.
The shorter wavelength components propagate faster than the longer-wavelength ones in
SSMF at 1.55 pm (that is, anomalous GVD). This can be compensated by designing FBG
that provides a normal GVD in which the shorter wavelength components are reflected
slower than the longer ones (Kashyap 1999). In other words, the shorter wavelengths of
SSMF are reflected from the shorter optical period 7iA taking a long time, while the longer
wavelengths of SSMF are reflected from the longer period taking a shorter time. Typically,
the round-trip time inside the grating, which represents the group-delay time inside FBG,
is given by,

2L,

c

12)

Te

where L, is the total grating length. Assuming that the optical period changes linearly
along its length, the FBG dispersion parameter (D,) can be calculated as (Kashyap 1999;
Agrawal 2002):

¢ LAky Al (13)

where Alg represents the difference in the Ay at the two ends of the grating (=4,
~A(short)s AB(short) S Ao < AB(iong) 4o DEING the center wavelength). In this paper, D, is set to be
the total dispersion of SSMF (~ Dy, Lgy,r), but with a negative value.

2.4 Signal detection and Q-factor estimation

A PIN photodetector is used to detect the received optical signal and convert it into an elec-
trical form. The detected current is calculated as (Agrawal 1997):
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i(t) = i,(D+ip () + iy + i) (14)

where i(1)=RP,(t) is the photodetector current, R is the receiver responsivity and P;,(?) is
the received optical power, i,(?) is a current fluctuation induced by thermal noise and cal-
culated from the power spectral density, i, is the dark current, and i () =q(i(t)+i,) is the
shot noise current whose noise distribution is assumed Gaussian.

The quality of the transmission system is characterized typically in terms of the eye
diagram and the associated Q-factor of the received electrical signal. The Q-factor is calcu-
lated as (Agrawal 1997):

|1 — wol

¢= o, + o0 (15
where y; and o; with i="1" or "0", are the average values and standard deviations of the
sampled values, respectively. The greater the vertical difference between the average signal
levels for "1" and "0", the more eye-opening and the higher the Q-factor, which indicates a
lower bit error rate (BER). Therefore, the Q-factor is used to quantify the degree of vertical
eye-opening (Agrawal 1997). According to ITU-T recommendations, BER is limited by
1072, which corresponds to Q = 7.

The commercial Optisystem software is used to simulate the above theoretical models
of a 40-Gb/s fiber link. The numerical values of all used parameters related to the laser
diode (quantum well InGaAsP-DFB), SSMF, NZ-DSF, DCF, FBG, and PIN photodetec-
tor of the proposed link and WDM system are given in Table 1 (Kashyap 1999; Hayee and
Willner 1999; Agrawal 2002; Sato et al. 2005).

3 Results and discussions

3.1 Effects of linewidth enhancement factor and dispersion management methods
on 40-Gb/s optical fiber link performance

The linewidth enhancement factor a is an important parameter that characterizes the fre-
quency chirp of directly modulated high-speed LDs and hence controls the transmission bit
rate and fiber length (Sato et al. 2005; Fouad et al. 2022). When chirped laser signals are
transmitted over a dispersive fiber, the system performance is degraded. To reduce the dis-
persion effect of the fiber, dispersion management methods are often used (Krehlik 2006,
2007; Ahmed 2012). In this section, we investigate the effect of the a-parameter in the
presence of dispersive SSMF and with the use of different dispersion management methods
(NZ-DSF, DCF, and FBG) on the performance of 40-Gb/s directly-modulated optical fiber
links at different transmission distances.

Figures la—d plot the variation of the Q-factor with the a-parameter when the modu-
lated laser signals travel over SSMF, -NZ-DSF, + NZ-DSF, DCF with SSMF, and FBG
with SSMF at different fiber lengths L of 5, 10, 25, 40 km, respectively. The figures illus-
trate that the increase in a from 1 to 10 causes a reduction in the modulated signal quality
(i.e., the Q-factor decreases) regardless of the dispersion management method. This deg-
radation in the quality is due to the increase of the transient chirp effect associated with
the increase of a. This result agrees with the findings reported by (Fouad et al. 2022). The
figures illustrate also that the increase in transmission length causes an additional degrada-
tion in the link performance. This indicates that the dispersion accumulated along the fiber
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Table 1 The components of the proposed simulation models and their parameter values

Component Parameter Value

Laser diode Wavelength, A 1.55 pm
Active layer volume, V 3x 107" em?
Group velocity, v, 8.33 x 109 cm/s
Quantum efficiency, 7, 0.255

Differential gain coefficient, a,

Carrier density at transparency, N,

9.9 x 10710 cm?
1.23 x 1018 cm™

Linewidth enhancement factor, o (1-10)
Mode confinement factor, I” 0.2
Photon lifetime, 7, 1.69 x 107125
Electron lifetime, 7, 776 x 107'%s
Spontaneous emission factor, f 3x 103
Gain compression coefficient, & 2.77 x 1077 cm?
Threshold current, 7, 9.8 mA
Bias current, 7, 98 mA
Modulation peak current, /,, 49 mA
SSMF Attenuation coefficient, ay 0.2 dB/km
Dispersion, D +16.75 ps/nm/km
Dispersion slope, S¢qr 0.075 ps/nm*km
NZ-DSF Attenuation coefficient, ay, pgr 0.185 dB/km
Dispersion, Dy, per +4.5 and —7.5 ps/nm/km
Dispersion slope, Sy,.psr 0.01 ps/nm*km
DCF Attenuation coefficient, ap 0.6 dB/km
Dispersion, Dpcp —82 ps/nm/km
Dispersion slope, Spcr 0.35 ps/nm?/km
FBG Center wavelength, 4, 1.55 pm
Core refractive index, 7 1.45
Grating length, L, 20 nm
Chirp function Linear
PIN Responsivity, R 1 A/W
Thermal noise, iy 10-22 W/Hz
Dark current, i, 10 A

(which increases with the increase of transmission distance) is the main contributor to the
increased effect of laser chirp as reported in (Krehlik 2007; Ahmed 2012). As a numerical
example, without dispersion management, when SSMF is as short as Lgg,-=5 km, the
Q-factor decreases from 4 to 0 when a increases from 1 to 6 (see Fig. 1a). When L,
increases to 10 km, the Q-factor decreases from 3.5 to O when o increases from 1 to 4 (see
Fig. 1b). The signals are completely degraded (Q-factor=0) when Lg,,»=25 and 40 km as
shown in Fig. 1c and d, respectively. In all cases, the Q-factor is smaller than the minimum
acceptable value (>7), which indicates low link performance.

The use of dispersion management methods often improves the link performance with
different levels. When SSMF is replaced by -NZ-DSF at L , ,¢»=5 km, the Q-factor
increases from 4 (unacceptable Q-factor) to 8.5 (acceptable Q-factor) when o= 1, respec-
tively, as shown in Fig. 1a. The use of -NZ-DSF at lengths of 10 and 25 km also improves
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Fig.1 Variation of Q-factor with linewidth enhancement factor @ when 40-Gb/s modulated laser signals
transmitted over SSMF, -NZ-DSF, + NZ-DSF, DCF with SSMF, and FBG with SSMF at different transmis-
sion lengths of a 5, b 10, ¢ 25, and d 40 km

the Q-factor better than SSMF but remains smaller than the minimum acceptable value.
When the transmission length reaches 40 km, the -NZ-DSF behaves like SSMF; the sig-
nals are completely deteriorated for the entire range of the o-factor, as shown in Fig. 1d.
Replacing SSMF with+NZ-DSF almost gives the same behavior as -NZ-DSF in improv-
ing the link performance, but with slightly higher efficiency (i.e., it has larger Q-factor
values than —-NZ-DSF) over the entire values of a. The use of DCF or FBG with SSMF
induces a significant improvement in the Q-factor values better than —-NZ-DSF and + NZ-
DSF, especially at smaller values of a and/or long fibers. Up to a=4, the use of FBG with
SSMF provides better performance of the fiber link (it becomes able to compensate for the
dispersion of SSMF more) than the use of DCF with SSMF as shown in Fig. 1a—d, which
agrees with the findings reported by (Meena and Gupta 2019). The use of FBG with SSMF
is characterized by a peak for O-the factor values at a=3.5 when the transmission lengths
L are 5, 10, and 25 km. Moreover, it maintains the link performance at long transmission
distances such as 40 km when a=1 (see Fig. 1d). Therefore, in such 40-Gb/s optical fiber
links, the use of FBG with SSMF is recommended for reducing the effect of SSMF chro-
matic dispersion at rather small values of the a-parameter, and it is also suitable for long
transmission distances.

Figure 2a and b plot variation of the Q-factor over a wide range of the transmission dis-
tance (0.5~40 km) under the effect of the SSMF dispersion and with the use of different
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12 T T T T T T T T T 12 T T T T T T
_ —— SSMF _ —a— SSMF
a=1 —s— .NZ.DSF a=35 —— NZ-DSF
10 —e— +NZ-DSF y 104 —e— +NZ-DSF
—r— DCF with SSMF —+— DCF with SSMF
s —— FBG with SSMF|| s —+— FBG with SSMF
5 : : S : 1.
2 61 : o 6 ; :
o i (] : i
uﬂ_! : L : :
4l : 44 : :
<] 4 ' c :
2] i P 2] ‘ ‘
of@ | S I
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Fiber length L (km) Fiber length L (km)

Fig.2 Variation of Q-factor with the transmission fiber length when the modulated laser signals transmitted
over SSMF, —-NZ-DSF, + NZ-DSF, DCF with SSMF, and FBG with SSMF whena a=1,and b a=3.5

dispersion management methods at the two key values of a=1 and 3.5, respectively. The
figures show that the Q-factor decreases with the increase of the SSMF length even when
the dispersion management methods are used. The transmission distance is limited by the
interaction of the laser chirp with the fiber dispersion as reported in (del Rio Campos and
Horche 2012; Fouad et al. 2022). The nonlinear interaction between overlapping pulses
degrades the signal quality to a point where GVD compensation alone is ineffective for
long-fiber links (Agrawal 2002). The ability of dispersion management to improve the
40-Gb/s link performance (or increases the transmission distance) is ordered as follows.
The use of -NZ-DSF is the least effective method for managing the dispersion effect, fol-
lowed by +NZ-DSF, then DCF with SSMF. The use of FBG with SSMF gives the best
performance over the entire used fiber length. The maximum transmission length that cor-
responds to transmission free from error (i.e. BER ~ 107'? or Q-factor ~ 7) for each disper-
sion management method is determined from the figures as follows. When a=1 (i.e., at
weak laser chirp effect), the use of SSMF limits the transmission length to 1.6 km, while it
is increased to 7.2, 26.5, and 40 km when using -NZ-DSF or + NZ-DSF, DCF with SSMF,
and FBG with SSMF, respectively, as illustrated in Fig. 2a. Whereas when a=3.5 (i.e., at
stronger laser chirp effect), the maximum transmission length reaches 1.2 km when using
SSMF, —-NZ-DSF, or+ NZ-DSF, while it is increased to 13 and 35 km when using DCF
with SSMF, and FBG with SSMF, respectively, as illustrated in Fig. 2b. The limitation
of the fiber length with the increase of « is consistent with the reports in (Krehlik 2007;
Ahmed 2012). From the above results, it is worth noting that the combination of FBG with
SSMF outperforms the combination of DCF and SSMF in transmission quality. This is due
to the extremely high negative dispersion of DCF induces some penalties such as nonlin-
ear effects and insertion loss, particularly in long-distance communication systems (Will-
ner et al. 2005; Gnanagurunathan and Rahman 2006). In contrast, FBG occupies smaller
dimensions and has low nonlinear effects as well as low insertion loss, which results in bet-
ter performance of the received signals and improves BER and Q-factor values. Therefore,
the use of FBG with SSMF is recommended as a good solution that meets the needs of
such high-speed links as reported by (Tan et al. 2009; Chaoui et al. 2015; Chakkour et al.
2017; Meena and Gupta 2019; Meena and Meena 2020).

The influence of dispersion management methods under different transmission lengths
is investigated using the eye diagram analysis. Figure 3a and b display the evolution of
the eye diagram of the received signals under the effect of SSMF dispersion and the four
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Fig.3 Eye diagram evolution of the received signals at «=1, when the modulated laser signals are trans-
mitted over SSMF, -NZ-DSF, + NZ-DSF, DCF with SSMF, and FBG with SSMF at different transmission
lengths of a L=10 and b L=40 km

different dispersion management methods (—NZ-DSF, +NZ-DSF, DCF with SSMF, and
FBG with SSMF) at a constant value of a=1 when the transmission length is L=10 and
40 km, respectively. Figure 3a shows that for SSMF with L=10 km, the eye pattern is
partially closed with a small value of Q-factor=3.5, indicating low link performance.
When SSMF is replaced by —NZ-DSF or+ NZ-DSF, the eye- is slightly improved, but it
remains within the unacceptable Q-factor range (=4.98 or 5.44, respectively). When DCF
or FBG is used with SSMF, the eye diagram is well-opened with acceptable values of
Q-factor="7.8 or 8.1, respectively (see Fig. 3a). When the transmission length is increased
to 40 km, the degree of eye-opening decreases for all diagrams, and the Q-factor values
reduce (see Fig. 3b). This indicates that the fiber dispersion has a significant effect on the
performance of long fiber links and confirms the concept of dispersion-induced limita-
tion on fiber length reported in (Ahmed 2012). Figure 3b reveals that the eye diagram is
completely closed (Q-factor=0) for SSMF and/or -NZ-DSF over the long transmission
distance of 40 km, whereas the use of + NZ-DSF and DCF with SSMF improves the eye-
opening but with unacceptable Q-factor values of 3.94 and 5.1, respectively. The accept-
able link performance at 40 km is achieved only when using FBG with SSMF with a=1
as shown in Fig. 3b. These eye diagram investigations are consistent with the results in
Fig. 2a.

To assess the contribution of a (or laser chirp) with the fiber dispersion in limiting
the transmission distance, Fig. 4a and b plot the eye diagrams under the same conditions
as Fig. 3a and b, but when « is increased to 3.5. The figures reveal that the increase in
o (which in turn induces an increase in the laser transient chirp) results in a significant
increase in eye closure and thus a drop in the Q-factor values when compared to those of
Fig. 3a and b, respectively. This is attributed to the increase in the transient chirping effect
associated with enhanced overshoots in the transient regime of the laser (Fouad et al. 2022)
in addition to the increased random fluctuations in the turn-on delay time (the time required
for the carrier density to reach the threshold value) (del Rio Campos et al. 2010). It is also
worth noting that the thick horizontal borders of both the "1" and "0" levels that appear in
the eye diagrams are due to laser and receiver noises. The shown bulges on the top of the
eye diagram are due to the pseudo-random bit pattern effect that causes different paths of
rising to level "1" or falling to level "0," depending on the history of the "0" bits preceding
each "1" bit. The bit pattern effect stems from the fact that the bit slot in high-speed links,
such as 40-Gb/s, is shorter than the settling time of the laser relaxation oscillations (the

@ Springer



158 Page120f17 A.Mahmoud et al.

[DCF with SSMF| [FBG with SSMF]
0.012

0.000{Q-factor = 4.93 0.000{ Q-factor = 8.6 0.000{Q-factor = 10.75
+NZ-DSF| [DCF with SSMF| [FBG with SSMF]

-NZ-DSF

Amplitude(a.u.)

0.003. 0.003

X —— = 0.000 0.000 0.000 X
Q-factor =0 Q-factor =0 Q-factor = 0 Q-factor = 4.3 Q-factor = 6.63

05 10 15 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20

Time (bit period)

Fig.4 Eye diagram evolution of the received signals at «=3.5, when the modulated laser signals are trans-
mitted over SSMF, -NZ-DSF, + NZ-DSF, DCF with SSMF, and FBG with SSMF at different transmission
lengths of a L=10 and b L=40 km

time at which oscillations die out) (Ahmed et al. 2012, 2014). It is worth noting that the
intrinsic laser parameters and the modulation parameters (such as bias current, modula-
tion current, and modulation bit rate) given in Table 1, which control the initial pulses, are
constant for all dispersion-management methods. However, the variation in pulse ampli-
tude appearing in each method is attributed to the different attenuation coefficients of each
method as listed in Table 1.

It can be concluded that the acceptable link performance for a transmission distance of
10 km when a=1 is achieved by using DCF with SSMF or FBG with SSMF (see Fig. 3a),
while for 40 km this is achieved only when using FBG with SSMF as shown in Fig. 3b.
When « is increased to 3.5, the acceptable link performance for 10 km is achieved also by
using DCF with SSMF or FBG with SSMF (see Fig. 4a), while the link performance is not
acceptable when 40 km as shown in Fig. 4b. This indicates that the acceptable performance
of 40-Gb/s optical fiber link decreases with the increase in o and/or transmission fiber
length. Moreover, using FBG with SSMF is proven as the best-proposed dispersion man-
agement method for high-speed long-haul WDM optical communication systems, which
agrees with the findings reported in (Meena and Gupta 2019; Meena and Meena 2020).

3.2 Performance of four-channel x 40-Gb/s WDM transmission system using FBG
with SSMF

In this section, we examine the effect of the linewidth enhancement factor o and trans-
mission length on a dispersion-managed four-channel WDM system. Each channel cor-
responds to a 40-Gb/s directly-modulated optical link using FBG with SSMF for each
channel as the recommended method to manage SSMF dispersion, as shown above. The
channels are arranged as follows, Chl, Ch2, Ch3, and Ch4 with laser wavelengths of 1531,
1551, 1571, and 1591 nm, respectively, as a coarse WDM system based on ITU-T Recom-
mendation G.694.2 (Sector 2002). Figure 5a and b plot the variation of the Q-factor of each
channel over a wide range of transmission lengths (L=2~40 km) at the two values of «
under investigation (=1 and 3.5, respectively). The figures show that the performance of
the WDM system reduces with the increase of the transmission length L. This reduction is
small when a=1, whereas it is large when a=3.5. As a numerical example, when a=1,
the increase of the transmission length from L=2 to 40 km drops the Q-factor values of
Ch4 from 8.3 to 5.2, respectively (see Fig. 5a), whereas the drop is from 10.7 to 2.8 when
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Fig.5 Q-factor versus fiber length for a 4-channel X 40-Gb/s—coarse WDM optical system using FBG with
SSMF as a dispersion management method whena a=1and b a=3.5

a=3.5 (see Fig. 5b). Moreover, when =1, the difference in the performance between the
channels is almost negligible along the transmission lengths (i.e. they have almost the same
QO-factor values) except for Chl. When a=3.5, the channels have a significant difference
in the Q-factor values (~1.5), especially at long fibers. This is due to the effect of laser
chirp, which increases when a increases. The maximum transmission length, which cor-
responds to error-free transmission, is determined by the minimum acceptable performance
(i.e. Q-factor > 7) for the worst channel. Therefore, the maximum transmission length when
a=1is 25 km, whereas it decreases to 12 km when a=3.5.

4 Conclusions

We presented a numerical simulation study on the effect of the laser linewidth enhance-
ment factor o and potential methods for dispersion management on the performance of
40-Gb/s directly-modulated optical fiber links and WDM system. The dispersion manage-
ment methods include the use of -NZ-DSF, + NZ-DSF, DCF, and FBG. The optimal a val-
ues and the best dispersion management method are predicted and applied to design and
simulate a four-channel WDM system with different transmission lengths; each channel is
a 40-Gb/s link. The performance of both the optical fiber link and the proposed WDM sys-
tem is evaluated in terms of the eye diagram and Q-factor. The study is based on numerical
integration of the rate equations of directly modulated LDs emitting 1.55 pm using NRZ
pseudorandom bit streams and the nonlinear Schrodinger equation of wave propagation
down the optical fiber. The obtained results can be summarized as follows:

1. The increase in the a-parameter and/or transmission length reduces the performance of
both the 40-Gb/s optical link and the WDM system regardless of the applied method of
dispersion management.

2. The use of -NZ-DSF is the least effective method for managing the dispersion effect,
followed by + NZ-DSF, then DCF with SSMF, and FBG with SSMF.

3. When a=1, the use of SSMF limits the transmission length to 1.6 km, while the length
increases to 7.2, 26.5, and 40 km when using —-NZ-DSF or + NZ-DSF, DCF with SSMF,
and FBG with SSMF, respectively. When o= 3.5, the maximum transmission length is
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reduced to 1.2 km when using SSMF, -NZ-DSF, or + NZ-DSF, while it increases to 13
and 35 km when using DCF with SSMF, and FBG with SSMF, respectively.

4. The eye diagram opening is partially closed (Q=3.5), indicating an unacceptable link
performance (i.e.Q <7) when the modulated laser signals at a=1 are transmitted over
SSMF with a length of L= 10 km, while it is completely closed (Q =0) when the laser
signals are modulated at a=3.5. When DCF or FBG is used with SSMF, the eye diagram
is well-opened with acceptable Q-factor values of 7.8 or 8.1, respectively when a=1
and 8.6 or 10.75, respectively when oo=3.5. When the transmission length is increased
to 40 km, the degree of eye-opening drops to unacceptable levels for all methods except
when FBG is used with SSMF at a=1, which gives a Q-factor ~ 7.1.

5. The use of FBG with SSMF provides the best performance, and hence it is a recom-
mended method for the proposed WDM system, particularly over long distances.

6. The performance of the WDM system is dropped with the increase of the transmission
length. This reduction is small when o= 1, but becomes large when a=3.5. The maxi-
mum transmission length for the proposed WDM system when =1 is 25 km, whereas
itis 12 km when a=3.5.
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