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Abstract

In this thesis we measure the structure-parameters, (ac index modulation profile and
variation of the grating period) of fiber:Bragggrating (FBG) devices by the direct side
diffraction interference method. We demonstrate the accuracy of 1*10° for the
measurement of ac index modulation and 0.01nm for the measurement of the grating

period variation with a spatial resolution of 80 # m. The measured ac index profile

and variation of the grating period are consistent with the intensity distribution of the
UV writing laser and the chirp rate of the phase mask used in the experiment. The
reflection and transmission spectra simulated by the transfer matrix method with the
measured ac index and grating period are consistent with those measured by the
optical spectrum analyzer. The ac index profile reconstructed from indirect “discrete
Layer-Peeling method” is also consistent with that measured by the side diffraction

interference method.
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Chapter 1 Introduction

1.1 The history of fiber Bragg gratings and their characterization

techniques

As the coming of the internet age, the demand for the bandwidth of the
telecommunication is getting larger and larger. Optical fibers have revolutionized
telecommunication. Much of the success of the optical fiber lies in its near-ideal
properties: low transmission loss, high optical damage threshold, and low optical
nonlinearity. The combination of these properties has enabled long distance
communication to become a reality. The refractive index profile of an optical fiber is

shown in Figl.1. The core region (d=10um) has a higher refractive index than the
surrounding cladding (d = 125um) material, which is usually made of silica. Light is

therefore trapped in the core by’ total“internal reflection at the core-cladding
boundaries and is able to travel tens-of Kilometers with little attenuation in the
1550-nm wavelength region [1]. An ultraviolet-induced optical-fiber phase grating
consists of a periodic modulation of the core refractive index in a single mode fiber
written by intense ultraviolet radiation [2]. Fiber gratings have a wide range of
attractive applications in modern fiber optic technology. For example, they serve as
narrow band reflection or transmission filters [3]-[5] or as laser components [6].
These gratings provide a basis for fiber compatible devices for all optical signal
processing applications, including sensors [7], channel selection in wavelength
division multiplexing networks, and compensation for chromatic dispersion [8][9].
The advantages of fiber gratings over competing technologies include their all fiber
geometry, low insertion loss, high return loss or extinction, flexibility for obtaining

desired spectral characteristics [10], and potential low cost. However, the increasing



complexity and more demanding specifications of fiber gratings for such diverse
applications require increasingly precise measurements of the grating structure
parameters for improvement of design and fabrication. The spatial quality of fiber
Bragg gratings determined the performance of the FBG-based optical communication
devices, such as filters and dispersion compensators. FBGs are typically characterized
spectroscopically, for example, by measuring the reflectivity and phase. The spatial
characteristics of gratings can be restored from the spectroscopic data only
approximately, especially for strong gratings. In addition, such methods are not
necessarily efficient in determining the precise nature and location of defects in the
written structure. Optical low-coherence reflectometry [11][12] is an interferometric
technique that has been developed to characterize the locations of weakly reflecting
defects in optical waveguides, and:it'is well suited for obtaining this missing spatial
information [13]. However in the case of strong and highly reflecting gratings the
method is severely limited. A heat scanning-technique [14] has been demonstrated, but
it is not efficient for weak gratings.

A fiber Bragg grating is an optical fiber for which the refractive index in the core
is perturbed forming a periodic or quasi-periodic index modulation profile as shown
in Figl.2. By modulating the quasi periodic index perturbation in amplitude or period
or phase, we may obtain different optical filter characteristics and different
applications, such as dispersion compensator, fiber sensor, fiber laser, modulator,
demodulator, wavelength selector. A narrow band of incident optical field within fiber
is reflected by successive, coherent scattering from the index variations, when the

following phase matching condition is achieved:

A B=2Nefr A (1.1



where A g is the Bragg wavelength, nes is the effective modal index and A is the

grating period. The mode coupling or the reflection is maximum at this wavelength.
The phenomenon of fiber photosensitivity was first discovered by Hill el al in 1978
[3]. Hill el al used the argon ion laser to form standing wave in the germania doped
silica fiber and then induced periodic variation of refractive index. This is the first
developed fiber grating, but the Bragg wavelength is fixed and the efficiency is rather
low. Photosensitivity means that the exposure of UV light leads to a rise in the
refractive index of certain doped glasses. Typical values for the index change are
ranging between 10° to 10, depending on the UV-exposure and the dopants in the
fiber. By using the techniques like hydrogen loading [15], an index change as high as
10 can be achieved. Fiber gratings aresnowadays:usually fabricated by a variant of
the transverse holographic methods first proposed by:Meltz et al [6]. By exposing the
fiber to the UV interference pattern from the:side, the pattern is printed into the fiber,
as shown in Figl.3. Only the core is usually*doped (for example with germanium),
and consequently the grating is only formed in the core and not in the cladding. This
scheme provides the much needed degree of freedom to shift the Bragg condition to
longer and more useful wavelengths, predominantly dependent on the angle between
the interfering beams. A major step toward easier inscription of fiber gratings was
made possible by the application of the phase mask as a tool for producing the
interference pattern. The advantages of using a phase mask include the easier
alignment and the low demand for the coherence of the optical source. The phase
mask method then becomes the dominant method for fabricating FBGs. In order to
write nonuniform gratings with advanced characteristics, one can use the scheme

suggested by Stubbe et al [16][17].



1.2 The motivations of research

In order to demonstrate a direct method to measure the structure parameters of a
fiber Bragg grating, we use the side diffraction interference method to measure the ac
index modulation profile and the variation of the grating period. This direct axial scan
technique can be use to real time monitor and control the grating growth during the
writing process and determine the precise nature and location of defects along the
fiber Bragg grating. In order to confirm the accuracies of the measured structure
parameters, we use the transfer matrix method to simulate the reflection and
transmission spectrum and compare them with those measured by the optical
spectrum analyzer. Further more, we also use an indirect method called the discrete
layer peeling to reconstruct the structure parameters from the reflection intensity and
phase spectra of the fiber Bragg grating. The direct.measured structure parameters are
in consistent with the indirect recanstructed structure parameters. There is negligible
danger of fiber damage when using the side diffraction interference method because

no physical contact is made with the bare fiber.



1.3 The structure of this thesis

This thesis is consisted of four chapters. Chapter 1 is an introduction of the fiber
Bragg gratings and their characterization techniques. Chapter 2 describes the theory
and analysis of the experiment, i.e. couple mode equation, transfer matrix method,
discrete layer peeling method, side diffraction interference, and phase measurement.
Chapter 3 presents the experimental setup and results. Analyses of the results are also
included. In chapter 4 we make a brief conclusion and discuss results that we have

obtained.
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Chapter 2 Analysis and experimental setup

2.1 Couple mode theory [22]

The relation between the spectral dependence of a fiber Bragg grating and the
corresponding grating structure is usually described by the coupled mode theory.
Coupled mode theory is described in a number of texts and the detailed analyses can
be found in [10, 18, 19, 20, 21]. The axial refractive index of the fiber Bragg grating

is represented by
_ 2
n-n= Anac(Z)COS(TZ +8(2)) + An . (2) (2.1)
as shown in Fig2.1. The coupled mode equation can be written as
d—“=+iaj+q(z)v,ﬂ=—i&/+q*(z)u (2.2)
dz dz

where u and v represent the forward and backward propagating modes respectively,

o=p- % is the wavenumber detuning, A is the grating period, and

a@)] =72/ argq(2) = 9(2) - 2nkiAndc<z'>dz' +2 (2.3)

Here An,(z) and An,(z) are the “ac” and “dc” index change respectively. The

modulus of q is proportional to the index modulation amplitude or the peak to peak

modulation of the index variation. The phase of q corresponds to the excess optical



phase or phase envelope of the grating. We can get q(z) from the structure parameter
of the fiber Bragg grating and then use q(z) to simulate the reflection and transmission

spectra by (2.2).



2.2 Transfer matrix method [22]

We divide the grating into a sufficient number of N sections so that each section can
be approximately treated as a uniform grating. Let the section length be A = L K By
applying the appropriate boundary conditions and solving the coupled mode equations
similar to the procedure above. We find the following transfer matrix relation between

the fields at z and at z+ A

O . q .
U(z+A) cosh(yA) + I;smh(;/A) ;smh(yA) u(2)
V(z+A) q—sinh(;/A) cosh(yA) —i—sinh(yA) v(2)
/4 I
Hence, we can connect the fields at the two ends of'the grating through
u(L u(o
(L) =T © =Ty *Ty, * T (2.5)

v(L) v(0)

where T is the overall transfer matrix. The matrix T; is the transfer matrix written in

(2.4) with g=q; =q(jA), the coupling coefficient of the jth section. As a result, T is

a 2*2 matrix with elements
T, T
T :{ ! 12] (2.6)

Once T is found, the reflection coefficient and the transmission coefficient are
calculated by the relations

10



((5) = —TZI/T2 RO %22 : 2.7)

which are obtained by the substitution of the appropriate boundary conditions into

(2.5)

11



2.3 Discrete layer peeling method [22]

One can replace the matrix T by the product of two transfer matrixes TAT,. One of
them (T,) describes a discrete reflector, and the other (T,) describes the pure

propagation of the fields,

PRRRENS AN -p _ | exp(ion) 0
T, =0=lep) Lp 1 }TA _[ 0 exp(—idA) |’ 2.8)

here the discrete, complex reflection coefficient is given by

q
al

p = —tanh(|g]A) . (2.9)

The discrete model of the entire grating is thus 'a series of N discrete, complex
reflectors with a distance A between all reflectors. We will define the forward and

backward propagating fields before the jth section as u;(0) and Vv;(J) ( see

Fig(2.2)). For numerical implementation, the spectral dependence must also be

discretized, and hence the calculation of p, by the inverse fourier transform of

(o) can be achieved by the discrete fourier transform
1 M
el =M2n(m), (2.10)
m=1

where r,(m) denotes a discrete version of the spectrum r,(J) in the range

|5| < % A’ and M >N is the number of wavelengths in the spectrum. Note that

12



Eq(2.10) is valid for all layers by substituting 1—j in the subscripts, because the

reference plane is transferred to the actual layer through

r,(S5) = exp(—i23A)

00)-p, o
1= p"i1(5) '

The discrete layer peeling algorithm can be summarized in the following simple

steps:

i)

Start with the target reflection intensity spectrum(R(6)) and reflection phase
spectrum(¢(1))

Compute p, from Eq(2.10)

Propagate the fields using Eq(2:11)

Repeat step i1) until the eéntire grating strueture is detemined.

Compute the coupling coefficient g by

_ 1-|p.
\w:im MJmmn}mmm (2.12)
1+‘pj

13



2.4 Experimental setup and analysis for side diffraction
interference [23][24][25]

2.4.1 Experimental setup

Figure 2.3 and 2.4 shows the two experimental setups demonstrated in the thesis for
the characterization of the fiber Bragg gratings. The difference between the two setups
is that the setupl has a higher spatial resolution than the setup2, but in contrast we can
detect the variation of the grating period only by using setup2. Although there is little
difference between these two setups, the principles of them are the same. The light

source is a cw laser (here a He-Ne laser operating at a wavelength of A = 632.8nm).

A polarization beam splitter is used to split the laser beam into a probe beam and a
reference beam. Two half-wave-plates produce nearly perfect s-polarized beams and
allow the ratio of the intensities of the two: beams to be adjusted when the first half
wave plate is rotated. In this way, substantially more’intensity can be provided to the
probe beam, which will generate the first order diffracted beam with quite low
efficiency, depending on the grating strength. In addition, an attenuator can be used to
achieve an even larger ratio of I/I; to yield a high fringe visibility. In the setupl the
probe beam is focused by a spherical lens of 20cm focal length onto the side of the
fiber Bragg grating, so the FWHM width of the probe beam measured along the fiber

axis is 80 ¢ m. In the setup2 the probe beam is focused by a cylindrical lens of 30cm

focal length onto the side of the fiber Bragg grating, so the FWHM width of the probe
beam measured along the fiber axis is 1.5mm which is identical to the beam width of
the He-Ne laser source. Because the probe beam width of setupl measured along the
fiber axis is much smaller than that of setup2. the spatial resolution of the setupl is
larger than the spatial resolution of the setup2. The angle of the incidence satisfies the

Bragg condition. We find the condition for Bragg reflection of the probe beam by

14



matching the grating vector K with the difference of the axial components of the

27

incident (i) and reflected (r) wave vectors, k;, -k, , =K = N As the transmitted

and the reflected beams leave the fiber at the opposite sides of the fiber at equal

angles +0,, we have

2 2 . 2 . 2 ) A
o —Kip =K ="2= (“osing) —(-==sinf) ==, 8, = 8, =sinf, == NB%B

(2.13)

Here Np is the effective index of the fiber at the retroreflected Bragg wavelength

Ag =2AN,. The calculated anglesof incidence is 0; = 36.2568(deg). The fiber

Bragg grating is held horizontally in a pair of clamps separated by 30 cm, which can
be translated along the fiber axis by a translation stage and PZT. The probe beam
produces first order diffracted beam after it passes through the grating. In the setupl
the diffracted beam is refocused by another spherical lens of 20cm focal length, but
not in the setup2. The purpose of using another spherical lens in the setupl is to
produce a plane wave in the horizontal plane and than the period of interference
pattern will be a constant. A monochrome CCD camera of 7.15-um pixel width is used
to record the fringe pattern. A computer data acquisition system controlled by the
Labview program is used to save the images of the interference pattern and to perform
the required analysis. By scanning the fiber Bragg grating we can measure the ac
index profile and the variation of the grating period. As described in 2.3.2, the ac

index modulation of the FBG in the probed area, An,, can be inferred from the total

radiation power detected by the CCD or from the amplitude of the interference pattern.

15



The change in the grating period, A A, can be measured from the change in the

period of the interference fringes.
2.4.2 Analysis [23][24][25]

We assume that the fiber Bragg grating to be measured is approximately uniform
across the fiber core of diameter 2a and has a sinusoidal index variation of amplitude

An, along the fiber axial direction z. The fringes of the grating are represented by a

spatial modulation of the core refractive n(z) as
2
n(z)=ng, +Andc(z)+Anac(z)COS(X ), (2.14)

where ngor 18 the refractive index«0f core, Ang.(2z).is the dc index profile, An,(z) is
the ac index profile, A is the grating period.”The intensity of the first order diffracted

beam (with intensity I,) is denoted 14, and-the intensity of the reference beam is

denoted I,. The diffraction efficiency 7" of ‘the grating for the first order diffracted

beam is
2
nzﬁz'_dzczmacz, (2.15)
B[ b

when Bragg condition is satisfied, where c is a constant of proportionality defined for

convenience. The power of the diffracted beam is denoted Py,

P, cl, cc AN, >, (2.16)

16



The interference of the diffracted beam and the reference beam is given by

Locer = g + 1, + 2411, cos(2afx) = > An, "1 + 1, +2,/c2An, 1 1, cos(27AX) :

(2.17)

where f is the spatial frequency of the interference fringe pattern and f = % .

nter

Here A ineer 1S the period of the interference fringe pattern. We perform the Fourier

transform of the interference fringe patterns, then use a filter to select the interference
term 2,/ czAnaczlpIr cos(27fx). The amplitude of this term is proportional to An,

and the angle a between the twg interference beams.is given by

(2.18)

With the phase matching condition along the axis of the FBG, the variation of the

grating period can be represented by

2—7Tsin6?+2—ﬂsin(6?+a) _2z = 2—7Tsin<§?+2—7zsin9+2—7rcos6?sin05 _2z =
A A A A A
2—”24—”sin0+2—ﬂcosesina:4—”sin¢9(l+ d )=>A=—-—(1- d )
A A A A 2tan @ 2sind 2tan @

(2.19)

17



The requirement that « <<1, which also corresponds to ﬂ‘% << 1, simply implies

that the two beams are nearly parallel and hence give rise to interference fringes that
are spaced by the distance much larger than the wavelength of the He-Ne laser. Using

Eq.(2.28), we can then write the local grating period with respect to the central period

Ay as

A
St (2.20)

A=A, —(A

Therefore the relative variation in the grating period, A A, is given by the expression

A

AA = f. (2.21)
2tan @

Equation (2.16) and (2.17) form the basis-for-evaluating the ac index modulation
An,, and equation (2.21) forms the basis for evaluating grating period variation

AA.

The whole analysis process is shown below

| Interference Fringe ‘ ‘diFFracLed bkeam power
| Fourier transform ‘ ‘ FAYE = W |

| Filter |

‘ Feak amplitude | |period of interference fringe

‘ FANE o T | | FATENAY |

18



2.5 Experimental setup and analysis for phase measurement[26]

For performing analyses for the whole optical properties of fiber Bragg gratings,
we not only have to obtain the reflection intensity spectrum, but also the phase
spectrum of the reflection light. To get the reflection intensity spectrum we just have
to use a broad band source and an optical spectrum analyzer. On the other hand, the
phase information can not be performed simply. Figure 2.5 shows the experiment
setup demonstrated in this thesis for the phase spectrum measurement of the fiber
Bragg grating. The setup is a typical Michelson interferometer. The broad-band light
from the Er-fiber ASE (Amplified Spontaneous Emission) source is split after passing
through a 50/50 coupler. The signal beam is reflected by a fiber Bragg grating and
carries the phase information of the grating. The reference is reflected by a reflection
mirror after emerging from a collimator. The two beams form the interference pattern
after passing through 50/50 coupler. We use-an optical spectrum analyzer to observe
the interference fringe. The optical path réflécted from the grating is denoted pathl.

The optical field of the pathl can be represented as

E (1) =E, ) e><p(i27”neff L, +iD(1)). (2.22)

Let 10 = <I§12> , @ is the phase delay induced by grating, which is also the phase

of the r= |r|exp(iCD) in Equation (2.7). L; is the length of the pathl. The optical

field of the path2 is represented by

(D) = Ex(2)expli 7 ny L), (2.23)
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~ 2 . . . . .
Let | erence :<E2 >, The reflection mirror is almost dispersionless near the

wavelength of 1550nm. L, is the length of the path2. The interference of the two

beams can be represented as

ler (B = (B2 (D) +(E) () + (B, (D) *E," () + (E, (D) *E[" (D)
: (2.24)
+2,/1

Sy — *

— " grating

2 |
reflect reflect grating COS( ﬂ, neff +(0)

where | =L, —L,, which is the difference of the lengths of the two paths. A typical

interference fringe pattern is shown in Fig2.6. We then make the fourier transform of
the Tiner and plot the absolute value of it, as shown«in Fig2.7. The phase information is

encoded in the ac signals. In otderto get ¢4 we use. a filter window to filter out the

positive frequency ac signal. The bandwidth of the window (filter) will affect the
measured group time delay. Generally: speaking, the group time delay will oscillate
when the bandwidth is large, whereas the result will be smooth when the bandwidth is
small. The reason is that the use of a large bandwidth filter will include in more high

frequency noises. We shift the ac signal to dc and perform the inverse Fourier

transform to get /| geor | graing €XP(i9) . By extracting the phase term we obtain the

phase spectrum of the fiber Bragg grating. The length of the pathl should be longer
than the length of the path2. If the length of the path2 is longer than the length of the

pathl1, Equation (3.3) would become

2
Iinter (i) = grating +1 reflect T 2)/1 reflect *1 grating COS(T Negt * (_I) + (_¢)) . (34)
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Then the phase we obtain is —¢. If the length of the pathl is equal to the length of

the path2, after we make the fourier transform of ILiner, lgrating, Irefiect and

2,/1 *1

reflect grating

*cos(zf*0+ @) would become mixed and we will not be able to

separate them apart. After getting the phase spectrum of the grating, we can evaluate

the group delay by the expression below.

_ X d(ed)
2zc  dA

The whole process of analysis is shown, below.

Iinter( A)

v

Inverse fourier transfornm

v

Filter

v

Fourier transfornm

v

Take the angle

v

® (A1)

v

tCA)

(3.5)
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Chapter 3 Experimental results

3.1 Experimental results of side diffraction interference

3.1.1 3dB Gaussian apodized grating

A 3dB Gaussian apodized grating made by a uniform phase mask is studied first.
The power of the first order diffracted beam along the fiber axis is measured by the
side diffraction method and the measurement results are shown in Figure 3.1. Because
the intensity distribution of the UV laser beam is a Gaussian profile. We can see that
the measured side diffraction ac index profile is also a Gaussian profile. The e width
of the UV beam is about 6.4~7.1cm and the e width of the measured profile is about
7cm. The total width of the UV beam is about 20cm and the total width of the
measured profile is about 10.5cm. By Fouriér transforming the interference pattern
and get the peak amplitude of the ac term:we ‘obtain‘the side interference ac index, as
shown in Figure 3.2. Fig 3.2 also shows the repetibility of the measurement. The e™
width of the side interference ac index profile is-about 8cm and the total width of that
is about 13cm. We can see that the side interference method can detect smaller index
amplitudes the than side diffraction method, as shown in Figure 3.3.

The period of the interference pattern( CCD pixel) measured along the fiber axis is

also measured. By AA = 2?/19 f, f= ! we can obtain the side interference
an

inter
grating period and the results are shown in Figure 3.4. The grating period distribution
along the grating is almost a constant, in consistence with the use of the uniform

phase mask. The resolution of the grating period measurement is about 0.01nm.
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3.1.2 5dB linear chirp Gaussian apodized grating

A 5dB linear chirp Gaussian apodized grating made by a uniform phase mask is
then characterized. The power of the first order diffracted beam along the fiber axis is
measured, and the results of side diffraction method are shown in Figure 3.5. Because
the intensity distribution of the UV laser beam is a Gaussian profile. We can see that
the measured side diffraction ac index profile is also a Gaussian profile. The e™ width
of the UV beam is about 6.4~7.1cm and the e width of the measured profile is about
6.5cm. The total width of the UV beam is about 20cm and the total width of the
measured profile is about 10.5cm. By performing Fourier transform of the
interference pattern and get the peak amplitude of the ac term we obtain the side
interference ac index, as shown in Figure 3.6. Fig 3.6 also shows the repetibility of the
measurement. The e™ width of the side interference ac index profile is about 7.5cm
and the total width of that is about 12cm. Again we can see that the side interference
method can detect smaller index variation thanthe side diffraction method as shown
in Figure 3.7.

The period of the interference pattern( CCD pixel) measured along the fiber axis is
measured, and the results are shown in Figure 3.8. The grating period distribution
along the grating is linearly increased, in consistence with the use of the linear phase
mask. The chirp rate of the measured grating period is 0.7049/1.22 = 0.5778(hm/cm)

and the linear chirp rate of the phase mask is 0.5(nm/cm).
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3.2 Simulation results of transfer matrix method

3.2.1 3dB Gaussian apodized grating

The ac index profile of the 3dB Gaussian apodized grating made by the uniform
phase mask is used to simulate the corresponding reflection and transmission spectra
by transfer matrix method. First we use the side diffraction ac index profile as shown

in Figure 3.1. Because the power of +1 and -1 order beam is 70% of the total power,

we represent the dc refractive index profile as ny,(z)=n

core

+ %Anac(z) . When

ANgemax = 0.00005925, the simulated transmission spectrum and the transmission

spectrum measured by the optical spectrum analyzer are shown in Figure 3.9. The
simulated reflection spectrum and the reflection spectrum measured by the optical
spectrum analyzer are shown in Figure 3.10. Thereflection and transmission spectra
simulated by the transfer matrix method and-the structure parameters obtained are in
good agreement with those measured by opticalspectrum analyzer. Then by fitting the
curve in Figure 3.1, we obtain the fitting side diffraction ac index as shown in Figure

3.11. With the same procedure above, whenAns,max = 0.000062, the simulated

transmission spectrum from the fitting result and the simulated transmission spectrum
in Figure 3.9 are compared as shown in Figure 3.12. The simulated reflection
spectrum from the fitting result and the simulated reflection spectrum in Figure 3.10
are compared as shown in Figure 3.13. We can observe that the difference of the two
spectra in Fig 3.12 and 3.13 is only the height of the side lobes in the longer
wavelength region. The similarity between them shows that the optical performance
of many fiber Bragg grating devices are only affected by errors that occur over a

relatively large (millimeter) length scale.
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Next we use the side interference ac index profile as shown in Figure 3.2. When

ANgemax = 0.000054, the simulated transmission spectrum and the transmission

spectrum measured by the optical spectrum analyzer are shown in Figure 3.14. The
simulated reflection spectrum and the reflection spectrum measured by the optical
spectrum analyzer are shown in Figure 3.15. The reflection and transmission spectra
simulated by the transfer matrix method and the structure parameters obtained are in
good agreement with those measured by optical spectrum analyzer. Then by fitting the
curve in Figure 3.2 we obtain the fitting side interference ac index as shown in Figure

3.16. With the same simulation model above, when A nacmax = 0.00005, the simulated

transmission spectrum from the fitting result and the simulated transmission spectrum
in Figure 3.14 are compared as shown in Figure 3.17. The simulated reflection
spectrum from the fitting result and the simulated reflection spectrum in Figure 3.15
are compared as shown in Figure 3.18. We can observe that the difference of the two
spectra in Fig 3.17 and 3.18 is only the-height .of the side lobes in the longer
wavelength region. The similarity between:them shows that the optical performance
of many fiber Bragg grating devices are only affected by errors that occur over a

relatively large (millimeter) length scale..

29



3.2.2 5dB linear chirp Gaussian apodized grating

The ac index profile of the 5dB linear chirp Gaussian apodized grating made by the
linear phase mask is also used to simulate the corresponding reflection and
transmission spectra by transfer matrix method. First we use the side diffraction ac
index profile as shown in Figure 3.5 and the side interference grating period as shown

in Figure 3.8. Again we represent the dc refractive index profile as

ndc(z):ncore+%Anac(z). When Angma = 0.000218, the simulated transmission

spectrum and the transmission spectrum measured by optical spectrum analyzer are
shown in Figure 3.19. The simulated reflection spectrum and the reflection spectrum
measured by optical spectrum analyzer are shown in Figure 3.20. The reflection and
transmission spectra simulated by: the transfer. matrix method and the structure
parameters obtained are againzin good agreement with those measured by optical
spectrum analyzer. Then by fitting the“curves-in Figure 3.5 and 3.8 we obtain the
fitting the side diffraction ac index.and the fitting side interference grating period as

shown in Figure 3.21. With the same procedure above, when A Ny max = 0.00022, the

simulated transmission spectrum from the fitting result and the simulated transmission
spectrum in Figure 3.19 are compared as shown in Figure 3.22. The simulated
reflection spectrum from the fitting result and the simulated reflection spectrum in
Figure 3.20 are compared as shown in Figure 3.23. Like 3.2.1 we can observe that the
difference of the two spectra in Fig 3.22 and 3.23 is only the height of side lobes in
the longer wavelength region. The similarity between them again shows that the
optical performance of many fiber Bragg grating devices are only affected by errors

that occur over a relatively large (millimeter) length scale.
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Next we use the side interference ac index profile as shown in Figure 3.6 and side

interference grating period as shown in Figure 3.8. When A Ny max = 0.0002325, the

simulated transmission spectrum and the transmission spectrum measured by the
optical spectrum analyzer are shown in Figure 3.24. The simulated reflection
spectrum and the reflection spectrum measured by the optical spectrum analyzer are
shown in Figure 3.25. The reflection and transmission spectra simulated by the
transfer matrix method and the structure parameters obtained are in good agreement
with those measured by optical spectrum analyzer. Then by fitting the curve in Figure
3.6 and 3.8 we obtain the fitting side interference ac index and the fitting side
interference grating period as shown in Figure 3.26. With the same simulation model

and procedure above, when Angmax = 0.0002225, the simulated transmission

spectrum from the fitting curve and thessimulated, transmission spectrum in Figure
3.24 are compared as shown in:Figure 3.27: The simulated reflection spectrum from
the fitting curve and the simulated reflection-spectrum in Figure 3.25 are compared as
shown in Figure 3.28. We can observe thatithe difference of the two spectra in Fig
3.27 and 3.28 is only the height of the side lobes in the longer wavelength region. The
similarity between them shows that the optical performance of many fiber Bragg
grating devices are only affected by errors that occur over a relatively large

(millimeter) length scale once again.
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3.3 Experiment results of phase measurement

3.3.1 3dB Gaussian apodized grating

The phase spectrum of the 3dB Gaussian apodized grating by the uniform phase

mask is shown in Fig 3.29. The group delay spectrum is shown in Fig 3.30.
3.3.2 5dB linear chirp Gaussian apodized grating

The phase spectrum of the 5dB linear chirp Gaussian apodized grating by the linear

phase mask is then shown in Fig 3.31. The group delay spectrum is shown in Fig 3.32.

3.4 Reconstruction results by discrete layer peeling

3.4.1 3dB Gaussian apodized grating

The ac index profile of the 3dBGaussian apodized grating by the uniform phase
mask is reconstructed by the discrete layer peeling method and is shown in Fig 3.33.
The target reflection spectrum-and the-reflection spectrum obtained by the discrete
layer peeling method are shown in_Fig 3.34. The target and the reconstructed phase
spectra are shown in Fig 3.35.

3.4.2 5dB linear chirp Gaussian apodized grating

The ac index profile of the 5dB linear chirp Gaussian apodized grating by the linear
phase mask is reconstructed by the discrete layer peeling method and the result is
shown in Fig 3.36. The target reflection spectrum and the reflection spectrum
obtained by the discrete layer peeling method are shown in Fig 3.37. The target and

the reconstructed phase spectra are shown in Fig 3.38.
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3.5 Comparison of the ac index profile from side diffraction
interference and discrete layer peeling

3.5.1 3dB Gaussian apodized grating

The ac index profile of the 3dB Gaussian apodized grating by the side diffraction
and the discrete layer peeling is shown in Fig 3.39. The ac index profile of the 3dB
Gaussian apodized grating by the side interference and the discrete layer peeling is

shown in Fig 3.40. We can observe that the values of A npyax in Fig 3.39 and 3.40 are

close. Both of them have a dip in the center of the profile. Unfortunately, because the
phase measurement is not accurate enough for a uniform grating, the reconstructed ac
index profile is longer than the ac index profile measured by the side diffraction

interference method.
3.5.2 5dB linear chirp Gaussian apodized.grating

The ac index profile of the 5dB linear-chirp-Gaussian apodized grating by the side
diffraction and the discrete layer peeling is shown‘in Fig 3.41. The ac index profile of
the 5dB linear chirp Gaussian apodized grating by the side interference and the

discrete layer peeling is shown in Fig 3.42. We can observe that the values of A Nmax

in Fig 3.41 and 3.42 are quite the same. The shapes of Fig 3.39 and 3.40 are also quite
close. The total lengths of the profiles from the side diffraction interference method

and the discrete layer peeling method are also about the same.
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Fig.3.33 The ac index profile reconstructed by discrete layer peeling method
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Fig.3.39 The ac index profile by sidediffraction and discrete layer peeling
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Fig.3.40 The ac index profile by side interference and discrete layer peeling
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Chapter 4 Conclusions

We have demonstrated a direct method to measure the axial variation of the
amplitude of the ac index modulation and the grating period of an optical fiber Bragg

grating with a spatial resolution of approximately 80 ¢ m. This technique relies on the

interference of a diffracted laser probe beam and a laser reference beam. Because the
measured index change in the tails of the index profile is about 1*10° the
demonstrated accuracy for measuring the ac index modulation is about 1*10°°, and the
demonstrated accuracy for measuring the variation in the grating period is about
0.01nm. The axial ac modulation amplitude profile measured for the grating under test
is in good agreement with the profile expected from the writing geometry, assuming
that the UV writing mechanism is a single photon process. The variation of the grating
period is also in agreement with the spec of the mask. The reflection and transmission
spectra simulated by the transfer matrix method and the structure parameters above
are in good agreement with those measured by the optical spectrum analyzer. In
addition to the direct measurement of the structure parameters, we also perform an
indirect method to reconstruct the axial variation of the amplitude of the ac index
modulation. We use a Michelson interferometer to measure the phase shift and the
group delay time of the fiber Bragg grating. Then by the use of the discrete layer
peeling with the measured reflection intensity spectrum and phase spectrum, we can
reconstruct the axial variation of the amplitude of the ac index modulation. The ac
index profiles obtained by two methods are in good agreement. The direct side
diffraction interference method lends itself to a real time monitoring techniques
during the writing process. This method is also sensitive and is applicable even in the
case of weak gratings with relatively low diffraction efficiency. Further more, there is

negligible danger of fiber damage when this technique is used. Because the reflection
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and transmission spectra simulated by raw ac profiles and fitting ac profiles are quite
the same, we also confirm that the optical properties of many fiber Bragg grating
devices are only affected by errors that occur over a relatively large (millimeter)

length scale.
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