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Abstract Dispersion compensation using
linearly chirped apodized fiber Bragg grating
(AFBG) in transmission has been proposed.
Trapezoidal grating profile is assumed. The
effective medium method is used to model the
grating operation. Compared to uniform AFBG,
improved bandwidth and less eye closure penalty
are obtained at shorter gratings.
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1. INTRODUCTION
Fiber Bragg gratings (FBGs) became one of the
most important components for the design of
optical communication systems. Since they are
very attractive components for being passive,
linear and compact, they are the key components
for wavelength division multiplexing (WDM)
applications and dispersion compensation in both
reflection and transmission [1-3]. The use of
unchirped ramped gratings in transmission has
been investigated by K. Hinton [4].
For FBGs to operate in high performance
optoelectronic applications, proper apodization is
needed. Apodization helps in removing the
resonant cavity effects of uniform Bragg
gratings. Moreover, the transition between
reflection and transmission is very abrupt [4].
The use of apodized fiber Bragg gratings
(AFBGs) in transmission is preferred sometimes
over using them in reflection for several reasons:
i) When operating in reflection, it requires the
use of a circulator which produces losses into the
system and increases the complexity and cost of
the dispersion compensator, ii) the signal optical
field must interact strongly with the grating,
which means that any imperfection in
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fabrication will lead to a degradation of system
performance because it will affect its property as
a compensator. Oppositely, when operating in
transmission the device can be spliced into the
transmission link directly. Also, the interaction
between the signal optical field and the grating is
much weaker [4].
In this paper, we will show that by chirping the
AFBG, used as a dispersion compensator in
transmission, some of the limitations that
appeared in unchirped AFBGs are improved.

2. AFBG IN TRANSMISSION
In order to model the operation of an AFBG in
transmission, the ''effective medium method'' is
used [5]. The refractive index, at any distance z,
of the AFBG along its length L is

⎡
⎛ 2π
⎞⎤
n( z ) = no ⎢1 + σ ( z ) + 2h( z ) cos⎜
z + 2φ ( z ) ⎟⎥ ,(1)
⎝Λ
⎠⎦
⎣
where no is the background refractive index, Λ is
the nominal Bragg grating pitch, σ is the
variations in the average refractive index, h is the
modulation amplitude (>0) and φ is the grating
phase.
Using (1) in Maxwell's equations and applying
perturbation techniques, the grating can be
represented as an ''effective medium'' with a
refractive index neff, an effective dielectric
permittivityζ, an effective magnetic permeability
μ, and an effective local impedance Z. The local
detuning δ(z,Δ) is defined as [4]

δ ( z, Δ) = Δ +

π

Λ

σ ( z) −

d
φ ( z ),
dz

(2)

where Δ(k) = kno - (π/Λ) with k(=2π/λ) the free
space wave number of the incident light.
Defining κ(z) =h (z)π/Λ results in
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ε ( z , Δ) = δ ( z , Δ) + κ ( z ) ,

(3-a)

and

μ ( z, Δ) = δ ( z, Δ) − κ ( z ) .

⎛ 2π n ⎞ 3n
d ′(k ) = ⎜ 2 o ⎟ o
⎝ λ ⎠ c

∫

κ 2 (z )δ (z , Δ)dz

L

0

5/ 2

⎡δ 2 (z , Δ) − κ 2 (z )⎤
⎣
⎦

. (10)

(3-b)

3. CHIRPED AFBG DISPERSION
COMPENSATOR

Therefore

neff ( z , Δ ) = εμ = δ 2 ( z , Δ ) − κ 2 ( z ) (4-a)

Z 2 ( z, Δ) =

μ δ ( z, Δ) − κ ( z )
=
.
ε δ ( z, Δ) + κ ( z )

(4-b)

The dispersion d(k) and the dispersion slope
d'(k) of the grating is given, respectively, by

d (k ) = −

2πno2 d 2
arg{t (Δ)}ps/nm,
λ2 c dΔ2

(5-a)

2

⎛ 2πn ⎞ n d 3
d ′(k) = ⎜ 2 o ⎟ o 3 arg{t(Δ)}ps/nm2, (5-b)
⎝ λ ⎠ c dΔ
where t(Δ) is the transmission coefficient [4]

t ( Δ ) = 4 Z (0, Δ )

Z ( L, Δ )
Z (0, Δ )

1/ 2

.{1 /[e iϕ (Z (0, Δ ) + 1)

(Z ( L, Δ) + 1) - e −iϕ (Z (0, Δ) − 1)(Z ( L, Δ) − 1)]}.(6)
and ϕ(z) is its phase given by [4]
L

ϕ ( z ) = ∫ n eff ( z , Δ )dz .
0

(7)

Well away from the reflection band edges, the
argument of the transmission coefficient arg{t}
can be simplified to

arg{t (Δ )} = sgn( Δ)ϕ (Δ),

One of the most interesting Bragg grating
structures with immediate applications in
telecommunications is the chirped Bragg grating.
This grating has a monotonically varying period
[6].
For the rest of the paper, a chirped grating is
considered, with constant variations in the
average refractive index for the length of the
grating (σ(z) =0) and both the grating phase,
ϕ(z), and the nominal Bragg grating pitch, Λ,
change linearly with the grating length as

ϕ ( z ) = ϕ o + az,

(11)

Λ = Λ o + Λ1 z,

(12)

where ϕo is the starting phase, a is the linear
change in the grating phase, Λo is the starting
period, and Λ1 is the linear change along the
grating length. Hence, the local detuning can be
written as

δ (z , Δ) =

2π

λ

no −

π
Λo +Λ1z

− a, (nm-1) ,

(13)

Therefore

κ (z ) = h (z )

π
Λo + Λ1z

. (1/m) .

(14)

(8)

at its lowest order, because neff is real and sgn(Δ)
= +1 for Δ>0 and -1 for Δ<0. This result is
precise for apodized gratings (i.e. h (0) =h (L) =0
and is continuous for all z).
The effect of apodization on the grating leads to
express the dispersion and the dispersion slope
of the compensator, respectively, as
2π n 2 L
κ 2 (z )dz
(9)
d (k ) = − 2 o
,
λ c 0 ⎡δ 2 (z , Δ) − κ 2 (z )⎤3/ 2
⎣
⎦
and

∫
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A range of profiles h (z) studied for uniform
gratings and results have shown that the
trapezoidal profile provides a dispersion
compensation over the widest bandwidth [4].
As stated above, we must take into consideration
the changes of κ(z) and the local detuning δ(z,Δ)
on the dispersion and dispersion slope of the
compensator by substituting (13) and (14) in (9)
and (10).
As seen from (9) and (10), if d(k) is nonzero,
then so is d'(k). Therefore, we must also consider
the impact of the compensator between the
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dispersion and the dispersion slope of the grating
is very important.
The performance of the compensator can be
measured using its bandwidth. The bandwidth of
a dispersion compensator is given by [4]

Δλ =

d (k )
.
d ′(k )

(15)

This equation gives the maximum bandwidth of
a signal which can be compensated without the
AFBG dispersion slope affecting the signal [4].
That is, the wider the bandwidth, the better the
compensated system performance.
Another measure for the performance of the
compensator is its eye closure penalty. That is,
the less the penalty, the better the compensated
system performance [7] and [8]. The eye closure
penalty for chirp free signals is given by

⎛ 1 ⎞
⎟,
P (dB) = 10 log⎜⎜
2 ⎟
⎝ 1 − γ .l ⎠

(16)

where γ is directly proportional to the level of
intersymbol interference and l is the transmission
link length. γ is given by [7] and [8]
2

4
2 4
⎛π ⎞ λ D B
γ =⎜ ⎟
,
c2
⎝4⎠

(17)

where D is the fiber dispersion and B is the bit
rate [7]. For a dispersion compensator, the
dispersion d of the compensator is set to negate
the impact of fiber dispersion. That is,

d (k ) = − D.l.

4. NUMERICAL RESULTS AND

DISCUSSION
In this section, the chirping effect on the grating
performance (as a dispersion compensator) is
numerically introduced.
As stated in the previous section, results are
based on the assumption that the grating is
linearly chirped. The following table illustrates
the grating specifications used in this paper.

Name

Symbol

Value

Background
refractive index
Starting Grating
period
Linear change
along the grating
Linear change in
grating phase

no

1.5

Λo

516.6 nm

Λ1

100 nm/m

a

0.00012 nm-1

Grating length

L

50 cm

Variations in the
average refractive
index

σ(z)

0

Table.1 FBG specifications.

As shown in (9) and (10) respectively, the
dispersion and dispersion slope of the
compensator depend on both the local detuning
δ(z,Δ) and the grating profile h(z).
Figures 1 and 2 show the impact of the grating
length on the relationship between the local
detuning δ(z,Δ) and wavelength. It is clear that
the detuning value increases along the grating
and is not appreciably affected by the
wavelength change.

(18)

6

x 10

-4

z=0 m
z=0.25 m
z= 0.5 m

Using (18) together with (9) and (17) in (16), one
can get

⎞
⎛
⎟
⎜
1
⎟
⎜
P(dB) = 10. log⎜
⎟. (19)
2 4 4
π
λ
B
⎛
⎞
2
⎜1− ⎜ ⎟
d (k ) ⎟⎟
⎜
2
⎠
⎝ ⎝4⎠ c
This equation gives the eye closure penalty for a
chirped AFBG compensator to cancel the impact
of fiber dispersion.
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Fig. 1 Impact of grating length on the relationship
between local detuning and wavelength.

At the beginning of the grating, the detuning at
the beginning of the grating (at z=0) depends on
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the value of the linear change in the phase, a, of
the grating as shown in (13).
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Fig. 4 Dispersion compensator properties.
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Fig 2 Impact of wavelength on the relationship
between local detuning and grating length.

The trapezoidal profile has h(0) = h(L)= 0 with
h(z) all continuous and attaining a maximum of
1000 m-1 in a 50 cm grating. The key parameters
that determine the limitations of the profile as a
dispersion compensator, are the strength of the
grating {max of κ(z)}, the grating length, and
degree of apodization. The degree of apodization
can be represented as the fraction Frc of the
length of the grating used to increase κ(z) from
zero to its maximum value.
Figure 3 displays the trapezoidal profile used
before and after chirping the grating with. It is
obvious that κ(z) shown in (14) decreases along
the grating just after it reaches its maximum
when chirped gratings are used.
1200

unchirped
chirped

1000
800

Equation (10) is plotted in Fig. 5 showing the
dispersion slope of the compensator at different
wavelengths.
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Fig.3 Trapezoidal profile before and after chirping the
grating at Frc=0.1.

Figure 4 shows the dispersion properties of the
grating. It is clear that fiber dispersion can be
compensated along the spectrum using chirped
gratings. We can control the wavelengths at
which fiber dispersion is compensated by
changing the value of Λ1, (13).
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The relation between the dispersion and the
dispersion slope of the grating is illustrated in
Fig. 6. One can notice that to compensate a
larger amount of fiber dispersion, second order
dispersion terms may distort the signal. Although
the higher order dispersion terms for the fiber
can be negligible, Fig. 6 shows that this may not
be the case for the higher order AFBG terms.
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Fig. 5 Compensator dispersion slope properties.
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Fig. 6 Dispersion versus dispersion slope.

As mentioned before, the bandwidth given by
(15) is an important measure for the grating
performance; the greater the bandwidth the better
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is the grating. As shown in Fig. 7, certain grating
lengths give a very wide bandwidth. From Fig. 7,
it is clear that the bandwidth is maximum in the
range z=0.301 m to 0.2825 m. These values also
give a nearly zero eye closure penalty (at 10
Gbps) as seen in Fig. 8. This means that shorter
gratings than that of unchirped (uniform)
gratings with wider bandwidth and less eye
closure penalty can be obtained using chirped
AFBG in transmission.
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Fig.7 Dispersion compensator bandwidth against
grating length.
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Fig. 8 Eye closure penalty along the grating.

5. CONCLUSION
Dispersion compensation using linearly chirped
AFBG in transmission has been investigated
through a trapezoidal grating profile with
apodization degree of 0.1.
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Compared to uniform AFBG, improved
bandwidth and less eye closure penalty (about
zero dB) is obtained at shorter gratings (chirped
grating length ≈ 28 cm and corresponding length
of unchirped grating ≈ 50 cm [4]). This means
solves some of the technical problems
accompanied by long gratings.
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