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Abstract. Fiber Bragg Gratings (FBG) are widely used in different areas of the state-of-the -art fiber optics.
Every task imposes specified requirements to the FBG spectral characteristics, which are scheduled at the
gratings manufacturing stage. Manufacturing and using the Bragg fiber-optic gratings is impossible without
measuring their characteristics at every stage of manufacturing the gratings themselves and devices on their
basis. To select FBG’s optimal parameter we will compare the parameter SGW with several different the
most widely used apodization functions. Upon manufacturing the FBG there applied strict requirements to
their parameters. Recording or manufacturing the fiber Bragg gratings might be classified according to the
type of the laser being used, radiation wave length, recording techniques, irradiation material and grating
type. The article is dedicated to the techniques of computing and measuring the FBG’s principal parameters;
it is necessary to define optimal parameters of the characteristics for the grating quality operation.

1 Introduction

Let’s choose the apodized FBG as an example. Bragg’s
apodized gratings. Bragg’s homogeneous gratings
spectrum, being an addition to the base peak, also has
undesirable high indirect side lobes, which generate
cross-interference between neighboring channels.

FBG definite  applications impose  certain
requirements to the reflectance spectrum form, which is
specified by the grating refractive index profile, one of
the common requirements to them is absence of side
lobes. The phenomenon thereof is undesirable, because it
strives to the wave liquidation.

Appearance of side lobes is connected with the fact
that the Bragg grating structure, which has a finite
length, quickly starts and finishes. It is of paramount
importance to eliminate those side lobes reflective
factors and bring it to the minimum. The most widely
used method to eliminate the side lobes is the Bragg
fiber gratings apodization. It means, that the reflection
coefficient amplitude is modulated in such a manner,
that it increases and decreases gradually in compliance
with the applied function. Thus, the apodization is a
highly valued instrument for smoothing the Bragg
grating reflection spectrum, but it also influences at the
gratings dispersion characteristics. Apodization might be
reached by means of UV light action.

As it has been described above, an important
element, defining the Bragg gratings quality is the size of
the so-called side lobes, occurring in their spectral
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characteristics. In order to specify the gratings’ quality
let’s introduce a new parameter which is called SGW.

2 Bragg’s apodized gratings

To select FBG’s optimal parameter we will compare
the parameter Sgyw Wwith several different the most
widely used apodization functions. Upon
manufacturing the FBG there applied strict requirements
to their parameters. Paramount parameters of the fiber
gratings is distribution of An(x) reflection factor
modulation amplitude and the law of the grating change
period AA(x) along the fiber longitudinal axis. Those
parameters deviation from the demanded values brings
to worsening the FBG spectral characteristics.

Recording or manufacturing the Bragg fiber gratings
might be classified according to the type of the laser
being used, radiation wave length, recording techniques,
irradiation material and grating type [1].

Lasers, used for FBG recording might be both
uninterrupted and impulse with radiation wave length
from intra-red (IR) to ultraviolet (UV) spectrum range.
Difference data specifies spatial and time coherence of
optical radiation sources being used for recording, which
in its turn defines the selection of FBG recording
appropriate method. Among the base methods of FBG
recording there is pointed out the phase mask method
(PhM), interferometer method and step-by-step
approach.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Phase mask method is the simplest and most
effective as it allows excluding from the recording
scheme the expensive vibro-isolating tables, vibro-
isolated foundation and footings, necessary upon multi-
pulsed recording, and at that, receiving gratings with
required characteristics (Fig. 1). At the first stage the
phase mask is formed by means of flashing the quartz
plate covered with photoresist material. Flashing is
fulfilled either with an electronic beam, controlled by a
computer, or by forming interference image mask on the
photoresist material surface. Only after the flashed plate
etching there is formed the mask with necessary period
A

UV radiation

Phase mask
i
[ . ]

T
T

4 B fiber
.
" 1 ” -1

m = 0 (less than 5%)

a

Fig. 1. Scheme of FBG recording by means of phase mask
(direct recording).

At the second stage there is formed the diffraction
grating in the fiber [2], [3]. For that purpose the
ultraviolet beam from the irradiation source is directed
on the phase mask surface, light diffraction, on which
there applied a number of  light beams of different
orders.

In virtue of FBG short period they are manufactured,
as a rule, using interference methods (Fig. 2). As the
necessary grating structure recording process might last
a few tens of minutes, the quality grating manufacturing
is possible at interference picture high stability.Use a
two-column format, and set the spacing between the
columns at 8 mm. Do not add any page numbers.
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Fig. 2. Scheme of FBG recording in interferometer with beam
amplitude separation of UV radiation.

Such conditions might be secured only under appropriate
spatial and temporal coherence of photo-inducing
radiation, which anticipates strict requirements to
radiation sources for FBG recording.

One more recording method is the step-by-step
approach. This method’s attractiveness in that it
eliminates the necessity of using the phase mask and

allows recording the Bragg gratings with a resonance at
any wave length [4].

UV radiation
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Fig. 3. Scheme of FBG recording by means of step-by-step
approach.

Apart from that, the method thereof allows (Figure
3) forming any profiles of grating’s separate slit and
total distribution of the amplitude of directed Refraction
Index (RI) in whole, as well changing the period along
the grating length [5], i.e., creating the chip FBG
without using phase mask with the period variable along
the length.

Growing interest to the Bragg optic fiber gratings
results in occurrence of their multiple varieties.

The most important property of the Bragg fiber
gratings is the narrow-band optical radiation, the relative
spectral width of which might constitute 10° and less.
Fiber gratings advantages comparing to the alternative
technologies (for instance, interference mirrors and
volume gratings) are obvious: the wide variety of being
received spectral and dispersive characteristics, most of
which can be implemented only based on the fiber
gratings refraction factor; completely fiber fulfillment;
low optical losses; relative ease of fabrication and others.

The Bragg’s ideal fiber grating functioning is passing
the beam crosswise, excluding passing the wave’s one
length infinitely thin. Only the wave’s lengths, satisfying
Bragg’s condition will be reflected and spread out in
opposite direction. Sure enough, transmission and
characteristics of reflection are distorted by the so called
side lobes. This phenomenon, as it is shown in the Figure
4, is undesirable, as it strives to the wave liquidation.
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Fig. 4. Reflection spectrum of Bragg fiber grating
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It is very important to eliminate reflecting power of
the side lobes thereof and lead them to the minimum.
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The most widely used method for eliminating the side
lobes is Bragg fiber grating apodization [8]. It means,
that refraction index amplitude is modulated in such a
manner, that it grows and decreases in compliance with
the applied function [11]. Thus, apodization is a valuable
tool for smoothing the Bragg grating reflection spectrum
but, as well, influences at grating dispersive
characteristics. Apodization can be reached by means of
UV-radiation impact.

Fig. 5 shows the difference in sizes of the side lobes
of Bragg fiber gratings reflection spectrum with
apodization and without it.
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Fig. 5. Reflection spectrum of Bragg fiber grating
a) without apodization, b) apodized

In case of apodized Bragg gratings the amplitude
modulation increases and gradually decreases. Under
amplitude modulation method the ups and downs speed
occurs along the fiber axis and depends on the
apodization function.

The technology thereof has opened new possibilities
for creating and optimizing the fiber-optic elements, in
particular, the filters, dispersion compensation modules,
lasers with the distributed feedback and fiber-optic
sensors for different parameters measuring.

The most widely used method for eliminating the
side lobes is the Bragg fiber gratings apodization.

Side lobes suppression is reached at the expense of
securing the smooth modulation amplitude change and
leveling the average value of the directed refraction
index along the grating, the so called grating profile
apodization.

There exist a lot of refraction index profiles, which
allow receiving the FBG spectrum with suppressed side
lobes [9], at that, practical implementation of most of

them requires technologically complicated scanning
techniques.
Apodization primary functions or apodization

profiles and their formulae:

I\ 2
— Gauss function g(z) = exp [—a <2L—2> l;
— Raised sine function g(z) = sin? (%)

_ Y
- Sinc function g(z) = sinc* ( = LL/2)| );

— Tanh function g(z) = 1+ tanh [T (1 —2 (%) )]

9

— Blackman function

2 cos (Zﬂ)
25 al’

— Hamming function g(z) =

9(2) = 0,42+ 0,5c0s (=) +

2z

1+Hcos (T) .

1+H !

— Cosine function g(z) = cos* (Li z);
9

2
)
()

The most widely applied apodization functions are:
Gauss function, Sinc function, Blackman function and
Cosine function.

Let’s consider the widely used apodization functions
and their influence at spectral characteristics of Bragg
fiber gratings.

Gauss function is expressed by the formula [9]:

N 2
9(2) = exp [—a (T) l ()

2.1 Numerical solution

— Cauchy function T(z) =

Examples of Gauss profiles for various parameters
values a are represented in Fig. 6,7, 8, 9.
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Fig. 6. Gauss apodization profiles for different values of
parameter a.
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Fig. 7. Comparison of Bragg fiber gratings characteristics
without apodization — blue line and apodized Gauss function at
a=2-red line.
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Fig. 11. Comparison of Bragg fiber gratings spectral
10 characteristics without apodization — blue line and apodized
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Fig. 9. Comparison of Bragg fiber gratings spectral

characteristics without apodization — blue line and apodized 590
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Fig. 12. Comparison of Bragg fiber gratings spectral
characteristics without apodization — blue line and apodized
cosine function for wsp. A =3 —red line.
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Figures 7, 8 and 9 show differences in Bragg fiber
gratings spectral characteristics without apodization and
with apodization using Gauss function with different

values of the parameter a. From the schemes thereof it is 10
seen, that the number of side lobes decreases in apodized
Bragg fiber gratings. 9.0

Another widely used apodization function is cosine

=
=
one. The function is expressed by the formula [10]: = 10 1
& 200 ) A /V
9 = cos* (12) @ = N
g % -3%.0
| | : Y
where A is the function parameter. Examples of 490
profiles for different values of the parameter A are given | }
in the Figure 8. 903300 1534.00 1635.00 1536.00 1637.00

dlugos¢ fali [nm]

1.0 Fig. 13. Comparison of Bragg fiber gratings spectral
£ characteristics without apodization — blue line and apodized
£0.8 cosine function for wsp. A = 5-red line.
§0‘7 It is clearly seen from the charts that the side lobes
€05 are decreased in apodized gratings.
2 _ One more function is used for Bragg grating
E 0.3 —_— apodization, it is the so called Blackman function. The
§0.2 — function is described by the formula [12]:
E 00 nz 2 2nz

0.00 025 050 075 1.00 9(2) = 042 +05c0s (Z) + Zcos (22)  (3)

Pozycja siatki
Fig. 10. Cosine apodization function for different values of
the parameter A.
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where a is the function’s parameter. Figure 14 shows where X and Y are functional parameters.
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Fig. 18. Sine apodization function for different values of the
parameter Y at constant value X=3.
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Fig. 15. Comparison of Bragg fiber gratings spectral
characteristics without apodization — blue line and apodized
Blackman function wsp. a=2- red line.
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Fig. 19. Comparison of Bragg fiber gratings spectral
590,00 00 1534.00 1535, 00 1535.00 153700 characteristics without apodization — blue line and apodized
dlugosé fali [nm] sine function for wsp. X=1 and Y=1 - red line.
Fig. 16. Comparison of Bragg fiber gratings spectral 1.0
characteristics without apodization — blue line and apodized
Blackman function wsp. a =5 - red line. = 30
=
In the Figure 14 you can see, that Blackman function =10 V
does not bring to big changes comparing to Gauss B 200
function. An important factor in case of applying E ”
Blackman apodization function is occurrence of local £ 390
minimum, which breaks down the base peak into two £ ‘
parts. Charts 15 and 16 show, that the value rise as well 430 ‘
increases the importance of the minimum thereof.
One more is the sine function. This function differs 2053300 1534.00 1535.00 1536.00 1537.00
from others by the fact that it has two parameters. The . . diugos¢ fali [nm]
formula describes the function as follows [14]: Fig. 20. Comparison of Bragg fiber gratings spectral

characteristics without apodization — blue line and apodized
Blackman function for wsp. X=3 and Y=1 —red line.
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Fig. 21. Comparison of Bragg fiber gratings spectral
characteristics without apodization — blue line and apodized
sine function for wsp. X=5 and Y=1 - red line.
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Fig. 22. Comparison of Bragg fiber gratings spectral
characteristics without apodization — blue line and apodized
sine function for wsp. X =1 and Y = 3 —red line.

Figures 17 and 18 show, that in a proper way, in
virtue of X and Y parameters change, it is possible to get
several apodization profiles. At the same time from
spectral characteristics charts in the figures 20 - 22 it is
seen, that the side lobes exclude the parameter increase,
but they introduce noise characteristics. By contrast,
with raising the parameter Y the side lobes become a
part of the base peak, which sufficiently distorts the
grating characteristics.

It is said above, that the important element defining
the Bragg grating quality is the size of the so called side
lobes occurring in its spectral characteristics. In order to
define the grating quality let’s introduce a new parameter
which is called Sgw. This parameter is the ratio of the
base peak power to the peak power of the biggest side
lobe occurring in the grating characteristics. It is
expressed by the following formula:

Sew =& )

Py

where P;; is the base peak power; P,,— peak power of
the biggest side lobe. Definite Bragg grating
characteristics with different Bragg waves and different
values of reflection index and various grating lengths.
The research assumes apodization of several most
widely used functions and apodization functions factors
change. Designed half-width and fiber strand width is 20
dB. Figure 23 shows the means of Sgy parameter to
define capacity maximum peak of the first lobe density.

In contrast, Figure 24 shows the case when the higher
order nets have the higher peak capacity.
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Fig. 23. Technique of defining P; and Py, when the first-line
peak capacity is high.

Loss in dB
1.0 q'/—
-14.0
P
290 &
440
Py
59.0
-74.0
-89.0
1534.00 1534.50 1535.00 15356.50 1536.00

Wavelength [nm]

Fig. 24. Technique of defining P; and Py, when the first-line
peak capacity is less than the peak capacity of the higher order.

Side lobes analysis has been conducted using five
base apodization functions In any case you will alter
coefficient values of functions and data stored in the
table. Modeling has been carried out for the fixed length
value L=3mm of the grating and reflection index
R=69,8%. Bragg wave length has been set at 1535Nm.
Each apodization function is provided with the table and
chart of SGW index dependence on the apodization
function. Due to the big size of the tables it was decided
to show only functions charts in the work herein.

Figure 25 shows interrelation between Sgy parameter
and Gauss function parameter.

5,00
4,50 y =1,061x - 0,789
4,00
3 350
5]
@ 3,00
250 y=0,216x + 1,299
200 OS2 004
1,50
15 2 25 3 35 4 45 5 55
a

Fig. 25. Chart of the parameter Sgy and Gauss function
parameter.
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Figure 25 shows that the chart is broken down into
two parts. It is due to the fact, that the parameter a = 2,8
of the first-line side lobes becomes a part of the base
peak. The chart shows that the apodized grating peak
value is the ultimate of the signal backward reflection.
The linear function value is approximated with two
functions. First curve:

y=021x+1,3 (6)

Second curve:
y =1,06x — 0,79. ©)

Next function for research is the cosine function.

4,50
4,00
3,50
3,00
2,50
2,00
150 -
15 2 25 3 35 4 4,5 5

y =-0,261x% + 2,548x - 2,182

SGW

y=0,748x2 - 2,613x + 4,141

a

Fig. 26. Chart of Sg,y parameter and cosine function parameter.

Figure 26 shows that the scheme of dependences is
broken down into two parts as in case of Gauss function.
From the chart it is seen, that the first side lobes are
decreased quicker, than the other succeedent. At value
a=3, the side lobes of the second order become big.

In the chart it can also be seen, that at parameter
increasing the side lobes capacity is decreased slower. At
value a=4,5 the side lobes disappear completely. In
spite of side lobes disappearance there exists rising
noisiness, which distorts the spectrum characteristics.
Dots on the chart are approximated by quadratic
function.

First curve:

y =0,75x% — 2,61x + 4,14 (8)

Second curve:
y = —0,26x% + 2,55x — 2,18 9)
Next part of the work shows modeling, conducted for
apodized Bragg grating by means of Blackman function.

Figure 27 shows the chart of the parameter Sy and
Blackman function parameter.

2,00
*

1,90
280
o
A1,70
y=0,02x2 - 0,21x + 2,27

1,50

15 2 25 3 3é5 4 45 5 55

Fig. 26. Chart of Sg\y parameter and Blackman function
parameter.

Figure 27 shows the parameter value, indicating
decrease of Sgw along with increase of parameter a.

In case of applying the Blackman apodization
function the base peak consists of two parts with equal
values of peak power. With increasing the function
parameter the base peak is deepened. It gives the
possibility to use Bragg apodized gratings with
Blackman function for two different aims. Function
value is approximated with the function, being described
through the formula:

y =x?—0,21x + 2,27 (10)

Another feature, subjected to modeling, in order to
define the Bragg grating apodization quality is quadratic
function. Figure 28 shows the chart of Sg parameter
and quadratic function.

145 A
1,40 A
135 A
1,30 A
125 A
1,20 A
115 A
1,10 A
1,05 A
1,00

SGW

y =0,021x2 - 0,227x + 1,766

15 2 25 3 3é5 4 4,5 5 55

Fig. 28. Chart of Sg parameter a and quadratic function.

Figure 28 shows that Sgyw parameter value
sufficiently decreases with increase of the parameter a.
That is, in order to eliminate the side lobes, the
parameter ‘a’ shall be as small as possible comparing to
a quadratic function. Apart from that, you can see that
parameter Sgw has the highest value, which equals to
1,41. That is, quadratic function is not effective for
eliminating the side lobes, as it is described further in the
function section herein. Dots on the chart have been
approximated with quadratic function according the
preset formula:

y =0,02x? — 0,22x + 1,77  (11)

As the final apodization function the sinc-function
has been tested. This function has two parameters X and
Y. Figure 29 shows the chart 3D of Sgyw parameter
dependence on two functional parameters of sinc
function.
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Fig. 29. Chart of the parameter Sgy and parameters X and Y of
the sinc- apodization function.

The chart on the Figure 29 shows, that the parameter
change does not considerably affect the side lobes sizes.
Exclusion is the local minimum for values of the
parameter X = 2.4. The chart shows, that with the
parameter Y size growing the side lobes sufficiently
decrease and the value of the parameter Y = 2,8
disappears completely leaving noise bands in the
spectrum.

Conclusion

Proceeding from the above received outcomes of
testing the different apodization functions with the aim
of quality check and optimization of FBG spectral
characteristics there can be drawn the following
conclusions:

— the most proper functions for minimizing the side
lobes are: Gauss function, cosine and sine functions;

— Bragg grating length does not influence at the side
lobes size.

This work is supported by grant from the Ministry of
Education and Science of the Republic of Kazakhstan
within the framework of the Project Ne AP05132778
«Research and development of signals interrogation
system with fiber-optic refractometer in
telecommunication networks».
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