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�is paper investigates a novel compensation technique of dispersion e�ect mitigation using a combination of three- and four-
stage-apodized �ber Bragg gratings (FBG) and dispersion compensating �ber (DCF) designs. Two designs using three-stage and
four-stage FBG and DCF in combination have been proposed and compared for their performance in mitigating chromatic
dispersion e�ects at 100 km SMF.�e performance of each design has been evaluated using Q-factor results using linear Gaussian-
and tanh-apodized �ber Bragg gratings. Each pro�le manifested di�erent Q-factor results over a range of 5 dBm, 7.5 dBm, and
10 dBm of CW laser power over FBG grating lengths from 4mm to 8mm. �e results obtained using the three-stage and four-
stage FBG and DCF designs showed that an apodization pro�le using a tanh function can be used successfully with FBG lengths
from 4mm to 8mm, regardless of the CW launched power. In contrast, the results using a Gaussian apodization pro�le for three-
and four-stage FBG and DCF designs are applicable to FBG lengths from 5mm to 8mm. Designs using three-stage FBG and DCF
generated higher Q-factor results than designs using only four-stage FBG and DCF, regardless of the launched power.�e highest
Q-factor of 18.58 was obtained for three-stage tanh-apodized FBG and DCF used in combination for an FBG length of 6mm.�e
highest result obtained for a three-stage Gaussian-apodized FBG and DCF design was a Q factor of 17.13 using an FBG length of
8mm. �e proposed method was also compared to current similar works and can be successfully implemented in long-haul
optical communication.

1. Introduction

Fiber optic technology has become the de facto telecom-
munication system used to service the increasing demand
for Internet tra�c and high data rates. To achieve this
objective, single and multimode �bers are applied, with
conventional single-mode �ber (SMF) links being pre-
ferred for long-distance transmissions. However, signal
strength attenuates with distance. �e use of erbium-doped
�ber ampli�er (EDFA) has been reported to solve the
problem of attenuation, especially in the C and L bands [1].
Various kinds of signal distortion happen when the signal

strength is too high. �e e�ects of nonlinearity can be
e�ectively reduced by keeping the power level below certain
limits or by using lasers with a ¢exible wavelength and
broadband tuning range such as short-pulsed Raman �ber
lasers [2]. Regardless of how narrow the laser linewidth is,
any modulation scheme eventually widens due to inter-
symbol interference. Fiber dispersion e�ects have a range of
15–20 ps/nm/km and become more profound at long
distances and higher transmission rates [3]. Laser sources
are generally thin but not monochromatic. Chromatic
dispersion is the most predominant form of dispersion in
the �ber and occurs as the optical pulses inside the �ber
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propagate at different speeds, thus leading to relative delays
in arrival times [4].

+ere is extensive literature on practical and theoretical
approaches to mitigation of chromatic dispersion effects
[1, 5–8]. +e dispersion compensating fiber (DCF) and the
fiber Bragg grating (FBG) are most widely used in com-
pensating the dispersion. +e chirped FBG uses different
apodization profiles to vary the period of the fiber grating in
a linear, quadratic, or cubic manner. Linearly chirped Bragg
gratings have been recognized in fiber optics as an effective
dispersion-correcting and compensating approach [9].
Furthermore, chirped FBG has been reported to contribute
to the generation of efficient and optimized high-power
femtosecond pulses in mode-locked fiber lasers [10], and in
the study and experimental observation of optical rogue
waves (also known as “freak waves”) [11].

+e work in Reference [8] investigated the DCF tech-
nique to mitigate dispersion effects and obtained a Q-factor
of 10.08 over a distance of 100 km using an FBG index of 2.
However, overall cost and nonlinear effects were increased
using DCF in the optical link. In Reference [7], an FBG index
of 2 was used in simulations of an optical fiber link by
shifting DCF and SMF relative positions to achieve pre-
compensation, postcompensation, and symmetric com-
pensation of dispersion effects. +e postcompensation
approach yielded Q-factor results of 41.40 for a single
channel using a 10Gb/s rate.

+e work in Reference [12] investigated a double-stage
hybrid DCF and a tanh function-apodized chirped FBG
design to compensate for chromatic dispersion in a fiber
link. An effective index of 1.45 was used in the experiment,
and the Q factor and minimum BER results obtained were,
respectively, 7.11 and 5.47033×10−13.

Authors in Reference [13] investigated the time-domain
equalization (TDE), frequency-domain equalization (FDE),
the applied least mean square (LMS) adaptive equalization
for the electronic dispersion compensation, and the DCF
technique to mitigate optical dispersion. +e research in-
dicated that the choice of chromatic dispersion method
severely affects the equalization enhanced phase noise
(EEPN) as a result of the interaction between the electronic
dispersion compensation and the laser source noise.

+e paper in Reference [14] proposed a design and
simulation framework using a combination of EDFA and
FBG for uniform, Gaussian, and tanh apodization profiles
over a 50 km, 60 km, 70 km, and 80 km eight-channel
wavelength division multiplexed (WDM) link. A range of
FBG lengths from 5mm to 10mmwere investigated, and the
highest Q-factor result obtained was 29.70 dBm at 10mm.

In Reference [15], different chirps using linear, cubic, or
uniform profiles were applied to FBG in conjunction with
DCF to improve the efficiency in pulse width reduction
(PWR). However, a dispersion compensating module design
using a linear combination of double stage FBG and DCF
revealed a performance of 98% in terms of PWR efficiency.
In contrast, other modules using simply DCF or a combi-
nation of single FBG and DCF were less efficient.

+is work investigates the performance of multistage
FBG and DCF in combination using three and four elements

of FBG, respectively. An FBG grating index of 1.46 is less
prevalent in literature and was used throughout the inves-
tigation. +e aim is to improve the link’s transmission
quality by mitigating the effects of chromatic dispersion
further.

+e rest of this paper is organized as follows: Section 2
presents the mathematical analysis of DCF and chirped
fiber Bragg grating. Section 3 covers the experimental
setup of proposed designs and the important parameters
used in simulation. A discussion of the results and
comparison with similar works is covered in Section 4,
while Section 5 presents the conclusion of the research
investigation.

2. Mathematical Analysis

2.1. %eory and Principle of the Dispersion Compensating
Fiber. +e use of DCF significantly improves the behavior
of SMF transmissions. A fiber with a reversed dispersion
coefficient is known as a dispersion compensating fiber.
+e conventional DCF has dispersion values in the range of
−70 to −90 psi/(nm km). Despite being expensive, the DCF
is ideally one of the most efficient methods for chromatic
dispersion compensation in which an SMF is concatenated
with a DCF whose dispersion-length product is the additive
inverse of that of the SMF, hence reducing the overall
equivalent dispersion of the optical communication link
ideally to zero [12]. However, DCF also has limitations in
the form of nonlinearities, high-order dispersion, and
cannot be tuned. Fiber Bragg gratings offer an alternative
approach to the challenges of using DCF. Furthermore,
using the chirped FBG as a dispersion compensation
module reduces the cost substantially as compared to the
cost of DCF [16].

+e condition for obtaining zero dispersion slopes at the
operating wavelength of a link composed of SMF and DCF is
that the relative dispersion slope (RDS) of the DCF should be
equal to the RDS of the SMF at the operating wavelength
[17]. +e relationship between the positive dispersion of
SMF and the negative dispersion of DCF is given by equation
(1) as in Reference [8] or Reference [16] by equation (1).

DSMFLSMF + DDCFLDCF � 0, (1)

where LSMF and LDCF represent the lengths of SMF and DCF,
respectively.

+e dispersion of a concatenated SMF–DCF fiber link
can be characterized by an equivalent dispersionDeq(λ) as in
Reference [18] given by equation (2):

Deq(λ) �
RDSMF + DDCF(λ) 

(1 + R)
, (2)

where R is the length ratio of the SMF to the DCF, and DSMF
and DDCF are the respective dispersions of the SMF and DSF
segments.

From equation (2), given Deq as zero fulfills the ideal
dispersion compensation condition expressed by equation
(1). A dispersion compensation rate at a wide wavelength
range is given by equation (3) as in Reference [17]:
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compensation rate(%) �
SlopeDCF/SlopeSMF( 

DispersionDCF/DispersionSMF( 
,

(3)

where slope is defined as the difference of dispersion values
per a wavelength interval.

2.2. %eory and Principle of Chirped Fiber Bragg Grating.
Using a combination of FBG and DCF, it is possible to take
advantage of both the features of DCF and FBG. Fiber
gratings are tunable and can have uniform or nonuniform
periods. Furthermore, fiber gratings generally take many
forms where the period may vary linearly, randomly, or have
a quadratic or cubic shape.

A fiber Bragg grating (FBG) is a small uniform segment
of optical fiber having a periodic disparity in refractive index
besides an axis of fiber length, which is created through
exposing the photosensitive optical fiber to an ultraviolet
light ray [19]. Chirped gratings have a nonuniform period
along their length as illustrated in Figure 1.

Fiber Bragg gratings behave like a band-stopping filter in
the sense that they reflect any wavelength that satisfy Bragg’s
condition (equation (4)) and propagate remaining wave-
lengths [20]. A coupler is used to separate incident wave-
lengths from reflected pulses.

λBragg � 2 · neff · Λ, (4)

where λBragg is Bragg’s reflecting wavelength, neff the ef-
fective refractive index of the fiber core, and Λ is the grating
period of the fiber.

+e range of all reflected wavelengths Δλchirp due to the
introduction of chirped FBG is expressed by equation (5) as
shown in Reference [21].

Δλchirp � 2neff · Λlong − Λshort , (5)

where Λlong and Λshort are the longest and shortest wave-
length, respectively.

+e time delay τ(λ) for each wavelength along the
chirped FBG can be computed using equation (6) as shown
in [22].

τ(λ) � λBragg − λ 
2neff

Δλc
· Lg, (6)

where Lg is the length of the fiber grating and c is the speed
of light.

+e time delay can also be expressed generally by
equation (7) as shown in Reference [16].

τ(λ) �
λBroad − λBragg 

Λlong − Λshort 
·
2neffLg

c
, (7)

where (Λshort ≤ λ≤Λlong).
+e dispersion of the chirped FBG is calculated using

equation (8) as shown in Reference [19].

D(λ) �
dτ(λ)

d(λ)
�

1
Λlong − Λshort 

·
2neffLg

c
. (8)

For a laser source spectrum with a width ΔΛ, propagated
through a fiber of length L, the overall chromatic dispersion
is also related to the total delay Δτ in the fiber as shown in
Reference [23].

Δτ
L

� Dch(ΔΛ), (9)

where Dch is the total chromatic dispersion inside the fiber.
+e performance of the system is generally expressed in

terms of BER, but the Q-factor measurement based on the
assumption of normal noise distribution adopts the concept
of S/N ratio to evaluate the system performance [24]. +e
BER of the system can be determined using the Q factor
using equation (10) as shown in Reference [24].

BER �
1
2
erfc

Q
�
2

√ . (10)

For a resonant frequency f0 where Q � 2πf0, BER can
computed from the Gaussian approximation by equation
(11)

BER ≈
exp − Q

2/2  

Q
���
2π

√ . (11)

Several apodization functions have been proposed to
improve the performance of fiber transmissions using
Bragg’s gratings for chromatic dispersion compensation
[25]. Apodization reduces internal interference effects
due to group delay, and chirped gratings offer ideal
properties for the linear compensation of dispersion in
fibers [9]. +e Gaussian-apodized and tanh-apodized
FBG have been reported to have optimum performance in
terms of side lobe suppression and maximum reflectivity
[26].

When a frame of reference along the z-line is considered,
a linear variation from a period Λ0 to Λz is represented by
equation (12):

Λ(z) � Λ0 + xz. (12)

+e relationship between the apodization function g(z)

and the refractive index n(z) of the fiber is defined as shown
in Reference [27].

n(z) � neff + Δng(z)cos
2πz

Λ0
(1 + xz) , (13)

where Δn is the average change in the index modulation.
+e performance of the proposed designs will be eval-

uated using Gaussian and tanh apodization profiles as in
Reference [14] using equations (14) and (15) for Gaussian
and tanh functions, respectively.

T(z) � exp −G
z

Lg

 

2
⎡⎣ ⎤⎦, (14)

T(z) � 1 + tanh T 1 − 2
z

Lg

 

2
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, (15)
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where parameters G and T are used to control the apod-
ization sharpness parameter and Lg the grating length.

+e grating length Lg is calculated using the geometric
expression in equation (16):

Lg � Λ1
1 − M

N

1 − M
 , (16)

where Λ1, M, and N are the initial phase, linear change in
phase, and the number of grating period, respectively.

3. Proposed Design and Simulation Framework

+e Optisystem 18 [28] software is used to evaluate the
performance of the two design models using a hybrid DCF
and chirped linear three-stage and four-stage FBG in
combination. Simulations are used because practical
implementation of the proposed designs carries a huge fi-
nancial cost.

+is work investigates design models incorporating
three and four stages of linear chirped FBG in combination
with DCF, respectively, at 100 km of SMF. Assuming a
dispersion slope of 16 psi/(nm km), the total dispersion at
100 km becomes 1600 psi/(nm km), and a DCF length of
20 km is required to yield optimum performance according
to equation (1). However, the system in Reference [15]
obtained a pulse width reduction efficiency of approximately
98% using only 11.5 km of DCF length. +e proposed de-
signs employ a cascade of three and four FBG to determine
the improvement in Q-factor and BER.

Each link is generally composed of a transmitter with a
frequency of 193.1 THz, a receiver, and the dispersion
module under investigation. +e dispersion module consists
of three or four stages of linear chirped FBG.+e transmitter
is composed of a laser and data source, a nonreturn to zero
(NRZ) pulse generator, and a Mach–Zehnder modulator.
+emodulator has an extinction ratio of 30 dB and generates
a pulse width of 100 ps. +e launched power is varied from
5 dBm to 10 dBm power range to capture the variations of Q

factor and simultaneously limit nonlinear effects due to
launch power increase. +e optical receiver incorporates a
PIN detector, a 3R regenerator, and a Bessel filter. +e 3R
regenerator element is used to simplify the proposed sim-
ulation model and performs three main operations: re-
generation of the amplitude, the signal waveform, and
synchronization of the received signal. +e simulation de-
sign model using three-stage FBG and DCF is shown in
Figure 2 whereas Figure 3 corresponds to the proposed
simulation model for four-stage FBG and DCF used in
combination.

After amplification, the received optical pulse is detected
by the positive intrinsic negative (PIN) photo detector and
smoothed through a low-pass filter.+emeasured results are
shown on the BER analyzer in the form of a Q factor and a
BER diagram.

Parameters used to investigate the performance of the
proposed models are given in Table 1.

4. Results and Discussion

A model using a single apodized FBG and DCF was used in
Reference [12] for a length of 300 km. +e authors in
Reference [15] used a model consisting of a hybrid DCF
and two consecutive FBG modules to mitigate dispersion
effects on a 100 SMF km link. +e investigation in Ref-
erence [15] used an FBG length of 70mm, and the results
were obtained using a CW power of 0 dBm. Using the
design proposed in Reference [15], the Q-factor results
obtained using launched power ranging from 0 dBm to
10 dBm at an FBG length of 4mm are recorded in Table 2.
+e Q-factor results obtained using launched power be-
tween 5 dBm and 10 dBm satisfy the minimum theoretical
standard requirement of Q > 6.

In the remainder of this investigation, a CW laser power
of 5 dBm, 7.5 dBm, and 10 dBm has been chosen to conduct
the performance analysis of the link using an FBG grating
length varying from 4mm to 8mm. +e FBG grating length
range was chosen to maximize the output Q factor and in
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Grating Period Cladding
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Chirped Periodic Refractive
Index Variation
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Figure 1: Nonuniform fiber Bragg gratings [19].

4 International Journal of Optics



Figure 2: A cascade of three stage FBG and DCF simulation model at 100 km of SMF.

Figure 3: A cascade of four stage FBG and DCF simulation model at 100 km of SMF.
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conforming to the Q-factor standard requirement to achieve
optimum transmissions.

Two linear chirp profiles have been used to evaluate the
performance of a hybrid multistage FBG and DCF design in
mitigating dispersion effects using 100 km of SMF length,
and a DCF length of 11.5 km to preserve the pulse width
reduction ratio obtained in Reference [15]. Different
Q-factor results were obtained when using a cascade of three
FBG and DCF using a linear chirped Gaussian and tanh
function, respectively. Table 3 illustrates the results of a
linear Gaussian chirp for a design using three cascaded FBG
and DCF.

Results of the tanh linear chirp profile using a cascade of
three FBG and DCF are shown in Table 4.

Depending on the CW power and the chirp profile used,
the Q factor manifests differently. +e results obtained using
linear chirped Gaussian and tanh profiles differ for 5 dBm,
7.5 dBm, and 10 dBm power in the first design using three
FBG and DCF. +e Q-factor results were obtained for
different FBG lengths varying from 4mm to 8mm. Higher
Q-factor results are generally obtained using high launched
power and are slightly higher for a tanh apodization profile
than for a Gaussian apodization profile as illustrated in
Figure 4.

A comparison of the performance of the three FBG
cascade and DCF designs for linear chirp Gaussian and tanh
profiles are given in Figure 5, respectively, for 5 dBm,
7.5 dBm, and 10 dBm CW laser power. At 5 dBm, Q-factor

Table 1: Parameters used in simulation.

Transmission medium Parameters

CW laser power
Linewidth: 10MHz
Frequency: 193.1 THz

Launched power: 5 dBm, 7.5 dBm, 10 dBm

Optical fibre
Attenuation: 0.2 dB/km

Length: 100 km
Dispersion: 16 ps/nm/km

DCF fibre
Length: 11.5 km

Dispersion slope: −0.3 ps/nm2/km
Dispersion: −80 ps/nm/km

Chirped FBG Index: 1.46

Table 2: Q factor versus CW laser power for [15].

Power in dBm Q factor
5 5.95
7.5 6.82
10 8.94

Table 3: Q-factor results for 3 FBG+DCF linear Gaussian apodization simulation models.

FBG length in mm Q factor at 5 dBm Q factor at 7.5 dBm Q factor at 10 dBm
4 5.13 6.52 8.37
5 6.91 7.00 10.81
6 9.22 9.50 13.06
7 10.71 13.42 15.17
8 12.32 14.01 17.13

Table 4: Q-factor results for 3 FBG+DCF linear tanh apodization simulation models.

FBG length in mm Q factor at 5 dBm Q factor at 7.5 dBm Q factor at 10 dBm
4 10.22 11.05 13.06
5 11.63 11.99 14.94
6 13.16 14.24 18.58
7 13.04 15.61 17.29
8 13.40 15.80 17.81
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Figure 4: A comparison of Q-factor results for 5 dBm, 7.5 dBm, and 10 dBm for 3 FBG+DCF: (a) Gaussian profile and (b) tanh profile.
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Figure 5: Continued.
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results are higher when using linear tanh chirp than when
using a linear chirped Gaussian FBG regardless of its length
as shown in Figure 5(a). +e same is true for a CW launched
power of 7.5 dBm and 10 dBm as shown by Figure 5(b) and
Figure 5(c), respectively.

+e second design uses a cascade of four-stage FBG and
DCF for linear Gaussian and tanh apodization profiles.
Results for the tanh apodization profile obtained for this
design are recorded in Table 5.

+e Q-factor results obtained using launched power of
5 dBm, 7.5 dBm, and 10 dBm for the Gaussian profile are
recorded in Table 6, respectively.

+ese results agree with theoretical predictions and show
that a design of three- or four-stage Gaussian chirped FBG
and DCF can be used successfully for FBG grating lengths
between 5mm and 8mm to carry transmissions at 100 km.
A cascaded FBG design can be used successfully to reduce
the used spectral width of the transmitted optical signal and
consequently reduce the propagation delay and improve
system performance [27]. Furthermore, the tanh profile
yields slightly higher results than the Gaussian profile over
the same distance in the window that uses grating lengths
between 4mm and 8mm. Outside of that window, the Q
factor obtained is below the theoretical standard
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Q
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or
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Q-factor at 10 dBm
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Figure 5: Comparison of linear Gaussian versus linear tanh profile 3 FBG+DCF. (a) for 5 dBm, (b) for 7.5 dBm, and (c) for 10 dBm.

Table 5: Q-factor results for 4 FBG+DCF linear tanh apodization simulation models.

FBG length in mm Q factor in 5 dBm Q factor at 7.5 dBm Q factor at 10 dBm
4 8.13 9.52 10.95
5 9.06 10.81 11.34
6 8.56 8.69 12.52
7 6.76 7.96 9.08
8 5.23 6.83 6.69

Table 6: Q-factor results for 4 FBG+DCF linear Gaussian apodization simulation models.

FBG length in mm Q factor in 5 dBm Q factor at 7.5 dBm Q factor at 10 dBm
4 4.23 6.15 7.99
5 6.21 7.03 9.75
6 7.73 8.19 11.68
7 8.58 9.74 12.44
8 9.23 10.78 12.80

8 International Journal of Optics



requirement of Q≥ 6. +e dispersion compensation process
using chirped FBG enhances receiver performance, and the
reflectivity improves as the number of stages increases [27].
However, Gaussian apodization requires a low power level,
shows better performance in terms of the side lobes and
full-width–half-maximum (FWHM), and has better

reflectivity than tanh apodization [29]. A comparison of
Q-factor results for the four-stage FBG and DCF designs
using Gaussian- and tanh-apodized fibers for varying in-
jected power values of 5 dBm, 7 5 dBm, and 10 dBm is il-
lustrated in Figure 6, respectively. As the injected power
increases, the Q factor consistently increases for the
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Figure 6: Comparison of linear Gaussian versus linear tanh profile 4 FBG+DCF. (a) for 5 dBm, (b) for 7.5 dBm, (c) for 10 dBm.

International Journal of Optics 9



Figure 7: Eye-diagram graphs for single-stage Gaussian-apodized FBG+DCF design.

Figure 8: Eye-diagram graphs for double-stage Gaussian-apodized FBG+DCF design.
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Gaussian apodization and slightly decreases for the tanh
profile due to strain and self-phase modulation. From a
launch power of 7.5 dBm to 10 dBm, the Q factor consis-
tently increases.

(See Figures 7–10) give a comparison of obtained eye-
diagram graphs for single-, double-, three-, and four-
stage designs using apodized FBG, respectively. Eye
diagrams are obtained for a grating length of 8 mm using
a fiber index of n � 1.46 and a launch power of 5dBm.
Q-factor results obtained for single stage is small com-
pared to the Q-factor result obtained in Figure 9 for
three-stage designs. Similarly, the Q-factor result ob-
tained in Figure 8 for a double stage design is greater than
that obtained in Figure 7 using a single stage design
owing to the increased filtering capacity. Multistage

designs using FBG increase the cost due to the need for
more FBG modules. However, our proposed designs
require shorter apodized FBG than the designs available
in References [15, 30] and produce Q-factor results that
match the required Q-factor value for optimal optical
communications.

Obtained results can also be compared with other
available similar research using one or multiple stage designs
of FBG and DCF in combination. For a launch power of
5 dBm, the results obtained for the three-stage design of FBG
and DCF used in combination is compared with results
obtained in References [3, 15, 19, 30] on the basis of Q-factor
results, BER, and eye-diagrams. A comparison of the pro-
posed design using Q-factor results and corresponding BER
is provided in Table 7.

Figure 9: Eye-diagram graphs for three-stage Gaussian-apodized FBG+DCF design.
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5. Conclusion

+is paper proposed a combination of multistage apo-
dized FBG and DCF design for the mitigation of chro-
matic dispersion at 100-km SMF link. Two apodization
profiles using Gaussian and tanh functions were used and
compared over FBG lengths from 4mm to 8mm using
CW power of 5 dBm, 7.5 dBm, and 10 dBm, respectively.
+e minimum FBG length was generally found to be at
least 4 mm regardless of the apodization profile used.
However, Q-factor results obtained showed that the tanh
apodization profile is suitable for FBG lengths from 4mm
to 8mm, while the Gaussian apodization profile can be
successfully used in designs using FBG lengths from 5mm
to 8mm. +e proposed designs can be successfully used to

carry loads of data over long distances. +e Q-factor
results obtained using the multistage FBG and DCF in-
corporating three and four elements of FBG are twice
those obtained for a design using only two elements of
FBG and DCF in combination. +is presents an oppor-
tunity for mitigating chromatic dispersion effects and
must be investigated further to determine the effects of
reflection on the overall performance of the designs as
dispersion compensation modules are increased. In-
creasing the stages of chirped FBG coupled with an in-
crease in the injected power generally increases the overall
quality factor. However, as the stages increase, the use of
chirped FBG and DCF in combination suffers from
nonlinear effects. +is could be the subject of future
research.

Table 7: Comparison of different designs using the apodized chirped Gaussian profile.

References FBG refractive index SMF in km Gaussian-apodized CFBG length in mm Quality factor in dBm BER
[3] 1.45 210 87 23.14 7.04×10−11

[19] 1.47 150 45 12.74 1.63×10−37

[15] 2 100 70 5.95 9.51× 10−21

[30] 1.46 150 8 3.39 4.51× 10−35

+is work 1.46 100 8 12.48 3.15×10−45

Figure 10: Eye-diagram graph for four-stage Gaussian-apodized FBG+DCF design.
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