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A novel and simple design technique for triangular spectrum response of fibre Bragg grating (FBG) is pre-
sented based on a linear chirped grating. It is shown that this method is fast and can give a straightfor-
ward solution to meet a design target. The numerical simulation examples verified the effectiveness of
the design method. A general approach to design for multichannel triangular spectral responses for

FBG filters is proposed, which provides a solution that achieves a minimum change of refractive index

for the fibre.
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1. Introduction

ibrg Bragg gratings (FBGs) has been widely used in optical com-
munications and optical sensing because of their many advantages
such as simplicity, low cost, high sensitivity, chemical resistance,
multiplexing capabilities and immunity from electrical and mag-
netic interference [1]. In sensing applications, it was widely used
in bridge [2], petroleum tube and coal mine safety monitoring, river
surveillance monitoring, civil structural monitoring, aerospace
health monitoring [3] etc. For all these applications, it is essential
to interrogate the FBG sensor. Due to the high cost of an optical
spectrum analyzer (OSA), it is necessary to develop a cost effective
method to extract the wavelength information and thus interrogate
the FBG sensor. Some FBG interrogation technologies have been
developed such as ratiometric approach [4], unbalanced /1\\/lach—
Zehnder interferometers [5] and scanning /F\abry—Perot filters [6]
etc. Among these technologies, ratiometric wavelength measure-
ment is a simple, high speed and cost effective scheme compared
to wavelength scanning based active schemes [4-8]. In a ratiomet-
ric system, the characteristics of the edge filter such as slope and
stability will significantly influence the resolution of the system.
An FBG has a high stability and a large slope and thus is an ideal de-
vice for use as an edge filter and recently has been proposed for
interrogation of a FBG sensor [9]. In [10] it was shown that a sin-
gle-multiple-single mode fibre edge filter used to interrogaf\e a
FBG could also be used to compensate temperature induced errors

* Corresponding author.
E-mail address: qiang.wu@dit.ie (Q. Wu).

0030-4018/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2009.11.038

for the FBG sensor. Since a FBG based edge filter has the same wave-
length shift vs. temperature characteristic as a FBG used for sensing,
then a FBG edge filter can also compensate for temperature induced
errors. Recently Littler [11] and Rochette [12] have developed an
adjustable bandwidth FBG optical filter, which shows that the slope
of a FBG edge filter could potentially be adjusted, to allow for an
appropriate working wavelength range, by altering the bandwidth
of the FBG edge filter.

As we know, the FBG normally has a flat top response for the
reflective spectrum [13] which is not suitable for use as an edge fil-
ter. There are several papers concentrating on the design of a trian-
gular reflective spectrum response of a FBG by using either a
covariance matrix adapted evolution strategy algorithm [14] or
an accelerated genetic algorithm [15]. These design methods are
based on optimisation methods such as simulated annealing and
a genetic algorithm which are complicated and time consuming.
An inverse scattering method is a precise and computationally effi-
cient method for FBG design [16]. However, this method still suf-
fers from significant complexity. Longhi et 9\1. proposed a simple
method using first-order Born approximation [17] for FBG spec-
trum design. It works in the weak-grating condition (Born approx-
imation), which assumes the reflective spectrum shape is
proportional to the spatial refractive index modulation profile of
the linear chirped FBG. When the refractive index modulation is
strong (>10;\4), this method fails. Recently Bandyopadhyay et al.
reported an empirical design technique of linear edge filter B\y
using an apodized linearly chirped fibre grating [18]. This tech-
nique is based on investigating the impact of different apodization
functions on the spectrum response of a FBG which y\vill not give a

Please cite this article in press as: Q. Wu et al., Opt. Commun. (2009), doi:10.1016/j.optcom.2009.11.038
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straightforward solution to the target. In this paper, a simple and
fast design technique for a triangular FBG filter is proposed. By
using this technique, a solution will be directly given by a pon-lin-
ear function once a target spectrum is given. This greatly simplifies
the design process and saves time and gives a straightforward solu-
tion to the desired spectrum. A general approach to design for mul-
tichannel triangular spectral responses for FBG filters is proposed,
which allows the refractive index modulation to be minimized
with a genetic algorithm.

2. Theoretical analysis

For a fibre Bragg grating, the effective refractive index modula-
tion can be modeled as [19]

. < 2n
OMNegr(2) = 6neff(2){1 + vcos {@z} } (1)
here onegr(2) is the “dc” index change spatially averaged over a
grating period, y is the fringe visibility of the index change and nor-
mally it is 1, A(z) is the grating period and can be expressed as

A(z) = 4o(1 +62) (2)

where Ao is the nominal grating period and c;, is the linear chirp
coefficient of the grating period. For a uniform grating, ¢, =0 and
its maximum reflectivity R,.x and wavelength are [19]

Runax = tanh?® (kL) 3)
j-max = <1 + (SnEff) )~B (4)
TNeff

/\(vhere L is the grating length, et is the fibre effective index,
2p,= 2NegeA 1S the designed Bragg wavelength, x is “AC” coupling
coefficient which can be expressed as [19]

K= §3neff (5)

A chirped grating of length L can be divided into N uniform grat-
ings of length L; as illustrated in Fig. 1.

L,

(STVleﬂ‘ (zv)
A; Ay

A A As Ay

Fig. 1. Structure of ehirped, fibre Bragg grating.

Index modulation

(a)

°
=}

z (mm)

T
0 5 10 15 20 25 30

The chirped grating consists of N uniform gratings. Each section
has its own “dc” index change one(z) and grating period A;. All the
sections have the same length L; and

Aij = Ao+ p(zi — L/2) 0<z<L (6)

Our design principle is to treat each section as a separate uni-
form grating with an individual centre wavelength and maximum
reflectivity. In order to get a triangular spectrum response, we as-
sume the maximum reflectivity of each section is a triangular func-
tion of wavelength, which can be defined either using a log scale

10lg{tanh’[k(2)Ls|} = ai+b o< i< h 7a)
10lg{tanh’[K(2)L]} = ci+d 21 < i< /o

Qr using a linear scale:
tanh’[K(z)L) =ai+b Ao < i< A (7b)
tanh’[k(Z)Ls] = ci+d i1 < i< s

where q, b, ¢ and d are constants, and

Ao = 2Nefr (Ao — CpL/2)
A1 = 2Negt(Ag 4 Cpz1 — CpL/2) (8)
Ao = 2neff(/10 + CpL/Z)

T

K(Z) = Eneff(Z)

Amax

T
N 2[neff + 5neff(z)](/lo + CPZ - CPL/Z)

Sneff(z). (9)

Once we set our desired triangle, the parameters ¢, b, c and d are gi-
ven, then the refractive index change dn.¢(z) can be directly given
by Eq. (7). By using the parameters of oneg(z) from (7), we can
achieve a designed triangular spectrum response for the FBG.

3. Numerical stimulations

To demonstrate the effectiveness of the triangular spectrum de-
sign method above, numerical simulations on FBG were provided.
The simulations were based on well-known transfer matrix meth-
od which was developed by Yamada et 9\1. [20].

As a first pass, we assumed the target spectrum has a log scale
with values z;=L/2, Jg=1550nm, m=ajig+b=cip+d=-25,

/\, N /N AY
n=aiyt b= Chyt d=-5, ¢,=157nm/cm, and L;=100 um,
/L; 30 mm. By solving /E\q. (7a) we can get the refractive index mod-
ulation coefficient distribution dnes(z) along the grating length as
shown in Fig. 2a. However, it was found that the value of oneg(2)
we get from QE\) is so large that the reflectivity of the grating is

-104 L

-204 L

-304 L

Reflectivity (dB)

-40 (b) L
1540 15I45 15I50 15I55 1560
Wavelength (nm)

Fig. 2. Calculated (a) index modulation and (b) spectral response of the FBG.
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close to 100% resulting in a flat reflective spectrum response of the
FBG which is shown in Fig. 2}.

To overcome this problem it is necessary to reduce the value of
the refractive index modulation coefficient ones(z) and keep its
shape unchanged. Hence a scaling factor W is applied to the calcu-
lated refractive index modulation coefficient dneg (z) /W to get a de-
sired triangular spectrum response. Fig. 3 shows the simulation
results for the influence of scaling factor W on the spectral re-
sponse of the FBG.

x 107

Index modulation

Fig. 3 shows that with a reduced index modulation, a triangular
reflective response for the FBG can be achieved when the peak
reflectivity of the FBG is less than 90% (corresponding to W/ > 5 in
this case). As the scaling factor increases, the peak reflectivity de-
creases but the shape of the triangular spectral response remains
unchanged.

In selecting a value for }, one approach is to assume a reason-
able value of reflectivity, such as 50%, a value of i/ = 10 is therefore
chosen for use in further simulations. Using a constant value of

L
o
L

-20

Reflectivity (dB)

15I50 15I55
Wavelength (nm)

Fig. 3. Calculated (a) index modulation and (b) spectral response of the FBG by introducing a constant factor W =5, 7, 10, 15 and 20.

X 10 ¢ 1 1 1 1 1
3.0 —— m=15n=-5 [
m=aA +b; n=al +b —— m=-25,n=-5
2.5 0 ’ _ L
m=-35,n=-5

m=-45,n=-5

Index modulation
[6)]
1

(a)

0 1 1 1
104 ‘ .
///
om N
o / \
:-;‘ 204 /\/ // \ b \ B
= / - = ‘
g m=ai 0+b, n=a + \
% -30- — m=-15,n=-5 L
N4 | —— m=-25,n=-5
[ m=-35,n=-5 \
40 /S measn=s L
\
. (b) \
— T T T T T T
1540 1545 1550 1555 1560

Wavelength (nm)

Fig. 4. Calculated (a) index modulation and (b) spectral response of the FBG with different shape.
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Grating length (mm)
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3.0 ]
m=-15,n=-5 non-a_lpod|zed
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=
8 1.5
g
x
3 1.0 |
£

0.5+ L

(a)
0.0 . . . . .
0 5 10 15 20 25 30

Grating length (mm)

2 1 . )

4 non-apodized

m=-15,n=-5 L
—— apodized N

-84

-10

Reflectivity (dB)

-12 4

(b) I
1550
Wavelength (nm)

14

Fig. 5. Calculated (a) index modulation and (b) spectral response of the FBG without and with apodized index modulation.
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V=10 for the index modulation, an investigation on the effect of
changes to m and n on the spectral response were carried out
and are shown in Fig. 4.

By setting different values of m and j, a triangular reflective re-
sponse of FBG with different discrimination can be achieved simply
by using the corresponding refractive index modulation shown in
Fig. 4a. However, Fig. 4 also shows that the fluctuation of the
reflectivity in the edge filter wavelength range is excessive espe-
cially for the FBG with ;n=-15 and p.=—5. This is due to the
non-apodized refractive index modulation at both sides of the grat-
ing. In order to eliminate the reflectivity fluctuation, an apodized

z, =L/3
—— m=-15,n=-5
— m=-25,n=-5

m=-35,n=-5 i

N
o
1

T

N
=}
!

-
(&)
1
T

Index modulation

N
o
!

e
3
1

o
o

o

5 10

x10™*

15
z (mm)

20 25

30

3.0

2.5+

2.0+

1.5

z, =2L/3
— m=-15,n=-5
— m=-25,n=-5

m=-35,n=-5,

Index modulation

1.0

0.5+

0.0

0 5 10 15 20 25

z (mm)

30

refractive index modulation with a sin function is applied to both
sides of the grating for a 2 mm length. Fig. 5 gives the simulated
results for both non-apodized and apodized refractive index mod-
ulated FBG.

Fig. 5} shows that with an apodized index modulation as shown
in Fig. 53, the reflective spectrum of the FBG becomes much
smoother. This indicates that apodization of the index modulation
on both sides will reduce the fluctuation of the reflective spectrum
of the designed FBG. All the simulations below are based on a sin
function apodization for a 2 mm length for both sides of the
grating.

0 1 1
SN
_. 10 el -
2 e
> S~
= 4 S -
s 201 [y z=L/3 Sy
© \
S / ——m=15n=-5 |
& 809 —— m=-25,n=5 !‘
| m=-35,n=-5 |
404 I‘I‘ ".‘ -
_50 i I‘ ¢ . ; 1
1545 1550 1555
(a) Wavelength (nm)
0 1 1 1
—7
/.//
—~ -10- - 3
S ///
-
g 209 | Vb
B x z=2L/3 \
g _— m:.15,n=_5 \
& -30+ —— m=-25,n=-5 \
| m=-35,n=-5 \
-404 .‘I‘ I"‘ I
/ ‘I‘.‘
-50 . ; ; ‘
1545 1550 1555
(b) Wavelength (nm)

Fig. 6. Calculated index modulation and reflective spectral response of the FBG with (a) z;=L/3 and (b) z;=L/1.5.
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-104 L
-15- L
-204 L
25 L
(b)
‘30 T T T T T
1535 1540 1545 1550 1555 1560 1565

Wavelength (nm)

Fig. 7. Calculated (a) index modulation and (b) reflective spectral response of the FBG with ¢, = 3.14, 1.57 and 0.31 nm/cm, respectively.
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If we want to design an asymmetrical triangular spectrum, the
only thing we need to do is to reset z; to a desired value and keep-
ing other parameters unchanged. Fig. 6 gives simulation results for
z1,= L3, 2L/3, respectively.

Fig. 6 shows that by using the refractive index modulation
provided, an asymmetrical triangular spectrum can be easily
obtained.

To investigate the influence of linear grating period’s chirp coef-
ficient ¢, on the reflective spectrum of the FBG, simulations were

)( 10 N 1 1 1 1
3.0 m=-25n=-5 |
cp=1.57 nm/cm
2.5 z1=L/2 =
c
2 L=10mm
% 2.0 — L=20mmy
=] L=30 mm
o
g 159 —— L=40mmr
] L=50 mm
E 1.0 o
0.5 \ -
(a)
0.0 t t T 1
0 10 20 30 40 50

Grating length (mm)

carried out by setting different c,. Fig. 7 gives the simulation re-
sults for ¢, = 3.14, 1.57 and 0.31 um/cm, respectively.

Fig. 7 shows that with different cp, in order to have similar peak
reflectivity, the FBG should have different refractive index modula-
tion (and hence different scaling factor ). The larger the c,, the
smaller the scaling factor . In all cases, the designed gratings
have triangular spectrum as shown in Fig. 7. Fig. 7h also shows
that the peak wavelength is slightly different for different c;. This
is because comparing to a lower refractive index modulation, a

0— : ' ' '
—— L=10mm m=-25,n=-5
. — L=20 mm ¢ =1.57 nm/cm
-9 L=30 mm szL/z I
—~  {——L=40mm !
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B 15 I
D
4
20 Vs \ I
!’ \‘
| | \ ‘0
25 ‘ ‘

T - T T T
1545 1550 1555 1560

Wavelength (nm)

T
1540

Fig. 8. Calculated (a) index modulation and (b) reflective spectrum response of the FBG with grating length L = 10, 20, 30, 40 and 50 mm, respectively.
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Fig. 9. Calculated (a) index modulation and (b) spectral response of the FBG with different reflectivity but a symmetrical triangular spectrum and (c) index modulation and

(d) spectral response with an asymmetrical triangular spectrum.
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higher index modulation will result in a longer Bragg wavelength
as described in Eq-£8);

The influence of grating length L on the triangular spectrum re-
sponse of designed FBG was also studied and the simulation results
were shown in Fig. 8.

From Fig. 8 one can see that as grating length increases, the
reflective spectrum response of the FBG becomes smoother at the
triangular response area. This indicates that the design method
in this paper is more suitable for a longer grating length.

Simulations for the target spectrum with a linear scale have
been also carried out and the simulation results are shown in
Fig. 9. In our simulation, the parameters used are: zycL/2,
2g=1550 nm, m=algdb=cirytd, n=al¢b=ciiFd
Cp=1.57 nm/cm, and Lg=100 um, J =30 mm, }¥/ = 14. By solving
Eq. (7b) we can get the refractive index modulation coefficient dis-
tribution ones(z) along the grating length. In order to eliminate
fluctuations in the reflectivity, an apodized refractive index modu-
lation using a sin function is also applied to both sides of the grat-
ing for a 2 mm length.

Fig. 9 shows that with above design method, a triangular spec-
tral response, using a linear scale, can be easily achieved.

The limitation in terms of the bandwidth is also investigated. To
study this, a reflective bandwidth of 1 nm for a triangular spectrum
was investigated but with two different sets of parameters: one
grating has a long length (120 mm) but with a small chirp coeffi-
cient (0.031 nm/cm); the other grating has a short length
(30 mm) but with a relatively large chirp coefficient (0.142 nm/
cm). Both gratings have a similar peak reflectivity of 90% and band-
width of 1 nm. The simulation results are shown in Fig. 10.

x10™*
25 1 1 1 1 1
—c,= 0.031 nm/cm, L=120 mm, W=100
20 c,= 0.142 nm/cm, L=30 mm, W=45
S m=0.01,n=0.9
©
S 1.5+ =
©
o
€
s 1.0 -
T
£
0.54 o
a
00 T T (I) T T
0 20 40 60 80 100 120
z (mm)

Fig. 104 shows that the shorter grating needs a higher refractive
index modulation compared to longer grating in order to have a
similar peak reflectivity. Fig. 10 shows that the longer length grat-
ing has smooth spectral response. This indicates that our method
could be used to design a triangular spectrum with a bandwidth
as low as 1 nm. Our further investigations show that even when
the bandwidth is as low as 0.5 nm, the reflective spectral response
is still smooth. However, as shown in Fig. 10f, the spectral re-
sponse is not smooth when the grating length is less 30 ynm. This
is a result of the trade-off between the filter bandwidth and grating
length.

4. Tolerance of the design method to fabrication errors

The fabrication of a triangular FBG requires complex refractive

index control and minor errors in fabrication will inevitably occur.
We investigated the effect of a perturbation of the amplitude of the
refractive index modulation on the designed FBG. To do this a per-
turbation factor o(z) is added to one(z) which can be expressed as
follows:
' Nefr (2) =40Nerr(2)[1 + 21(2)] (10)
where dnegr(2) is the required value obtained from Eq. (7). The typ-
ical distribution of fabrication errors follows a normal distribution.
Thus we assume «(z) has a normal distribution with a mean 0 and
standard deviation 1 (e.g. Jo| < 5% means that the value of « is gen-
erated randomly with a normal distribution with a mean 0 and
deviation 1 in the range +5%).
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1.04 — c,= 0.142 nm/cm, L=30 mm, W=45 -
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©
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% 0.4 L
o
0.2 1 o
0.0 (b) L
1549.0 15495 1550.0 1550.5 1551.0 15515

Wavelength (nm)

Fig. 10. Calculated (a) index modulation and (b) spectral response of the FBG with different grating length and chirp coefficient.
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Fig. 11. Calculated (a) refractive index modulation perturbations and (b) the corresponding spectral response of the FBG.
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Fig. 12. Designed four-channel triangular FBG spectrum (a) amplitude profile (b) fine detail of the amplitude profile (c) phase profile (d) expanded section of the phase profile

and (e) reflective spectrum.

Based on the method above, simulations were carried out using
as an example the parameters for the longer grating in Fig. 10. The
simulation results are shown in Fig. 11.

Fig. 11b shows a comparison of the reflective spectra when

ol =0, <5%or <10%. It can be seen that the corresponding variation

of the reflectivity is small although the variations of the refractive
index modulation are significant as shown in Fig. 11}1\. This indi-
cates that when the refractive index modulation perturbation is
in the range of || < 10%, the fabricated spectral response of a trian-
gular FBG is still acceptable.

5. Multichannel triangular spectra design

It is also possible to use the design approach above to achieve
multichannel triangular spectra by using the general multichannel
design method in 1\21,22]. The general expression of M-channel

FBG takes a form of a superposition of M individual constituent
gratings:

Q(2) exp{ilKoz + ¢(2)]} = Y _ om(2) expli(Koz — KoAimz/ 0
m=1

—KocpZ® + ¢p)] (11)

where Q(z) is the amplitude function of the composite grating and
Ko is its propagation constant and is related to the fundamental
grating period A, by I(O: 271 Ag. (p%})‘lis the phase factor of the com-
posite grating. oneg(z) and ¢, are the refractive index modulation
and phase functions of the mth constituent grating. A4, is the chan-
nel spacing of the mth grating from the fundamental grating wave-
length /.

The complex Eq. (11) can be solved for the phase function ¢(z)
and the amplitude function Q(z) to obtain ~
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0(2) = tan"" S Om(2) sin[Koz — KoAimz/ 0 — KoCpZ? + ] a2)
S 0m(2) cos[Koz — KoAimz/ 0 — KoCpZ? + by
_ 2 _ 2
Q@) = \/ (320 6n(2) cosloz — KoAnz/ o — KocyZ? + ¢l )+ (S, m(2) sinlKoz — Kodimz/ 20 — Ko,2* + b)) (13)

Egs. (12) and (13) are the design equations for multichannel tri-
angular FBG filters. The amplitude refractive index modulation for
a single FBG can be obtained from Eq. (7) and the complex phase
and amplitude modulation can be solved from Egs. (12) and (13).
The amplitude function Q(z) can be minimized by systematically
obtaining an optimal set of the phase ¢,, of the constituent gratings
as proposed by Kolossovski [23].

As an example, we simulated a four-channel triangular FBG
filter. In our simulations, the parameters used are: M=4,
Z0,=1550 nm, neg= 1485, z,=L/2, ¢, =0.4nm/cm, u=-35 nz
=5, k=30 mm and A4 =4 nm,

As a result, the optimal set of ¢y, is {2.074, 3.808, 1.117, 5.984}
and the maximum amplitude modulation is 4.17 x 10/\4, which is
only twice that of the single triangular FBG, that is 2.09 x 10/\4.
The calculated results were shown in Fig. 123-e.

Fig. 12a-d shows the amplitude and phase modulation of the
multichannel triangular FBG and Fig. 12¢ shows the reflective
spectrum of the designed FBG. It can be seen that by using both
amplitude and phase modulation with a grating length of only
30 mm, we can obtain four channels with a triangular spectral
response.

6. Conclusion

In this paper, we have presented a new and simple design
method for a triangular spectral response for an FBG based on a lin-
ear chirped grating. This method can give a straightforward solu-
tion to the design target by only solving a non-linear function.
Compared to the existed methods [14-16], this method is simple
and fast. Moreover a multichannel design for a triangular spectrum
is also provided based on our previous optimum design method -
and refractive index modulation can be minimized by using genet-
ic algorithm. The numerical simulation examples verified that the
proposed design method is effective.
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