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Spectral degradation of Type Il n-phase-
shifted fiber Bragg gratings due to
femtosecond laser induced loss

DAN GROBNIC,* CYRIL HNATOVSKY, AND STEPHEN J. MIHAILOV

National Research Council of Canada, Security and Disruptive Technologies, 100 Sussex Drive,
Ottawa, ON K14 OR6, Canada,
‘Dan.Grobnic@nrc-cnre.ge.ca

Abstract: Narrowband high-temperature stable fiber Bragg gratings (FBGs) can be made by
introducing a m-phase shift in the middle of a Type II periodic grating structure. This creates a
passband inside the wavelength rejection band. During the inscription of Type II Bragg
gratings broadband, optical loss is induced in the fiber core as a result of interaction between
the inscription beam and the silica host. The amount of broadband loss will determine the
passband’s spectral characteristics (bandwidth and loss).

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber optic sensors (FOS) have applications in power generation, aerospace, extraction
process control, healthcare and environment monitoring [1]. Obvious advantages, such as low
weight, small size, immunity to electromagnetic interference, multiplexing capability and
high sensitivity, make FOS a desirable alternative to traditional sensing technology. To a
large extent, FOS research has focused on low ambient temperature applications. However,
the growing demands from the industrial sector to monitor gas turbines, coal gasification
reactors, jet engines, nuclear reactors, thermal shields, unconventional oil extraction, high-
voltage transformers, etc., has resulted in intense research and development in the field of
sensing, including FOS, at high and very high (> 1000°C) ambient temperature [2]. The latter
regime is especially challenging due to the fast thermal degradation of sensors.

A fiber Bragg grating (FBG), formed by a periodic change in the refractive index of the
fiber core, is a compact FOS that can be easily multiplexed to produce a distributed sensor for
real-time monitoring. FOS are already commonly used in low ambient temperature
applications such as structural health monitoring of civil structures [3]. However, it is known
that Type II FBGs [4], which can be written in fibers with femtosecond (fs) pulse duration
laser radiation above a certain intensity threshold, have proven to be stable at temperatures
approaching 1000°C [5,6]. Type II FBGs usually have a spectral bandwidth in the range of a
few hundred picometers (pm) for a 5 - 10 mm grating length [7] and because of the relatively
broad spectrum can be used for only low resolution measurements. While narrowband laser-
based sensors for high ambient temperature have been proposed [8], an obvious solution to
the demand for sub-picometer measurement accuracy would be the use of n-phase-shifted (7-
PS) FBGs [9]. In theory, the characteristic passband in the transmission spectrum can be
made extremely small (sub-picometer) [10] by simply increasing the grating length and/or the
grating strength. Unfortunately, the inscription of Type II FBGs is associated with induced
insertion or scattering loss in the signal transmission along the fiber [11] and increasing the
grating length and/or strength results in an increase of the broadband loss of the signal that
propagates though the grating. While not identical, a n-PS grating behaves similarly to a FBG
Fabry-Pérot (F-P) cavity, where the loss in the cavity will result in attenuation of the signal
transmitted at the resonance wavelength and broadening of the passband bandwidth [12]. This
degradation of the passband derives from the decrease of the cavity finesse (the cavity loss
can be construed as having the effect of decreasing the reflectivity of the cavity mirrors).
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While these effects have been recently experimentally observed during the inscription of
high-temperature stable n-PS FBGs in SMF-28 fibers [13], the purpose of the paper is to
establish experimentally and theoretically the limits of the passband characteristics (loss and
bandwidth) that are to be expected when a Type II n-PS Bragg grating is inscribed. A further
objective of this paper is to establish the relationship between the laser exposure and the
passband parameters that will be needed for any specific application. The effects of fs-laser-
induced birefringence on the passband are discussed elsewhere [14].

2. Experiment

Type II n-PS-FBGs were inscribed in Corning SMF-28 fiber (effective refractive index of the
core at 1550 nm is n.y = 1.447) using an 80 fs regenerative amplifier operated at a 800 nm
wavelength. The laser beam was focused with an acylindrical lens having a 12 mm focal
length through a specialized phase mask into the fiber core, resulting in a ~2 um wide linear-
shaped laser focus with a ~20 pm Rayleigh range (Fig. 1(a)). The phase mask had a pitch A4,
of 3.21 um and a displacement in the center of the grating pattern of 803.25 nm, creating the
n-phase shift in the resultant FBG. When two-beam interference from the generated + 1
orders is used, a third-order resonant Bragg grating with the pitch given by Ag = A4,/2 is
created. In order to minimize thermal effects in the core, the laser repetition rate was reduced
to 1 Hz [15]. The fiber was placed roughly 150 pm away from the phase mask. The 7 mm
laser beam was expanded ~3 times along the fiber (i.e., perpendicular to the phase mask’s
grooves) and then apertured with a 7 mm slit centered with the phase shift on the phase mask.
To inscribe Type II FBGs in the above focusing configuration the fiber was exposed with 1 -
20 pulses. The pulse energy used for the inscription was ~3 times larger than the pulse energy
required to induce Type I modification [4] in SMF-28 fiber under otherwise the same writing
conditions. The pulse polarization was aligned along the fiber [13,14]. The transmission and
reflection spectra of the gratings were monitored using a tunable laser with a 1 pm resolution.
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Fig. 1. (a) Schematic of the set-up for fs-laser exposure through a phase-shifted (PS) phase
mask; (b) definitions of the spectral characteristics of a lossy n-PS-FBG.

The spectral parameters that are used further in the text to characterize lossy FBGs are
presented in Fig. 1(b). The broadband loss is defined as the difference between the signal
level before laser exposure and the signal level measured away from the Bragg resonance on
the long wavelength side of the transmission spectrum. The passband loss is defined as the
difference between the signal level before laser exposure and the signal level at the maximum
of the passband. The passband bandwidth is defined as the FWHM of the passband spectrum.
The grating strength is defined as the absolute value of the minimum transmission (in dB) of
an FBG measured from the signal level on the long wavelength side of the transmission
spectrum.
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3. Mathematical description of n-PS-FBG with broadband loss

The simplest phase-shifted fiber Bragg grating consists of two periodic structures that are in
close proximity and out of phase with each other. A n-phase-shifted FBG (n-PS-FBG) has the
phase shift between the two structures set at n-radians. This is created by making a gap in the
phase mask pattern that is ¥4 of the mask pitch (Fig. 1(a)). A relation between the broadband
loss and the passband parameters (i.e., loss and bandwidth) for such a n-PS-FBG is derived
below.

3.1 Coupled mode Eq. (-)Transfer matrix (CME-TM) description of n-PS-FBGs with
cavity loss

In order to determine the spectral characteristics of electromagnetic field propagating through
a low loss n-PS-FBG, the mathematical model is usually based either on an analytical (or
numerical) solution of the pertinent coupled mode equations [16] or a transfer matrix
approach with the transfer matrix elements calculated using standard coupled mode theory
[17]. When the signal propagation in a n-PS-FBG is affected by high loss, which is the case
for typical Type II gratings, the process of finding a direct analytical solution of the system of
coupled mode differential equation is rather cumbersome and we prefer to use the transfer
matrix method instead. The n-PS-FBG is assumed to consist of two identical gratings, with
each of them being defined by a transfer matrix T. The phase shift between the constituent
identical gratings (see Fig. 2) is represented by a diagonal matrix T¢, whose elements are
given by [17]:

Tg, = exp(+ij)andT'p,, = exp() M

where the total phase difference of the signal 2¢ is equal to 7 in our case.

For a uniform FBG characterized by the refractive index modulation (An), overlap integral
of the grating planes and the fiber core (), effective refractive index of the core (7.), Bragg
wavelength (Ag = 2n.gg), and grating loss coefficient (o), it is also convenient to define
some additional grating parameters, as in [18]:

Wavelength detuning:  d =2pn,; (1/1-1/1,) )
DC self —coupling coefficient: s =d +ia, 3)
AC coupling coefficientk : k= phDn/ [, @)

The loss coefficient a5 can be calculated from the broadband loss defined in Fig. 1(b).

If R(L), R(0) and S(L), S(0) are respectively the forward (R) and backward (S) field
amplitudes at the end and at the beginning of each of the two constituent gratings of length L
that form the n-PS-FBG, then according to [18]:

R(O R(L
{Sioz } ) T[SELH ©
If the following notations are introduced:
A=cosh(gL),B=sinh(gl),g =(k’—s*)"*,a=s/g,b=k/gi (6)
then the elements Tj; of the FBG transfer matrix T, as defined in [18], become:
T, =A+iaB,T, =ibB,T, =—ibB,T, = A—iaB (7)

The transfer matrix of the n-PS-FBG under consideration (see Fig. 2) is then given by Tps =
T Te T, with ¢ in definition (1) being set at 7/2.
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Fig. 2. Block diagram of the n-PS-FBG structure described in the text.

The boundary conditions for the field in this 7-PS-FBG will be:
R(0)=1,5(2L)=0 ®)

By incorporating these boundary conditions into the transfer matrix equation
R(O R(2L
O_y [RCL) o
S(0) S(2L)
and performing the multiplication of the transfer matrices, the transmission coefficient 7 =
R(2L)/R(0) can be expressed as:

1/7=T}-T,T, =1-20B* + 2iatAB (10)

Equation (10) fully relates the grating spectrum to the broadband loss and grating structure.
Using Eq. (10), the transmission spectrum (Tyan = Tiran(A) = |7) of a n-PS-FBG having a 7
mm length (i.e., L = 3.5 mm), 1.5 dB broadband loss and 14dB grating strength, is
=|z(8)]" (the detuning ¢ being related to 4 by Eq. (2)) and
presented together with the measured spectrum of a grating of similar physical and spectral
characteristics (see Fig. 3). The best fit between the experimental and simulated spectra was
achieved for k =4.56 x 107 pm’l and g, =22 x 107 um’l. It can be observed that while in
both cases the general spectral shape is the same, the measured side lobes are smaller than the
simulated ones, which indicates a certain degree of apodization occurring during grating
inscription. It can also be seen that the passband loss is slightly larger in the experiment
compared to the simulations.

numerically calculated as T,

ran
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Fig. 3. Measured spectrum of a n-PS-FBG (red) versus a spectrum of a n-PS-FBG simulated
using Eq. (10) (blue).

The purpose of the following derivations is to determine the passband loss and passband
bandwidth for the detuning & [Eq. (2)] within a narrow wavelength range around A from the
spectral shape of the passband Tpg - Tpp(d, Ooss, k) = |T(J, Gttosss k)\2 given by Eq. (10). The
passband loss is uniquely defined as PBy,s = 10g10(Tinax), Where Ty is the maximum value of
the passband transmission function Ti.x = Tpp(0, aess, k). The passband bandwidth, on the
other hand, can be defined as the FWHM of the spectrum Tpg = Tpp(0, i, k) €ither in terms
of wavelength AA(0s, &) or in terms of wavelength detuning Ad(oess, k).

3.1.1 Passband loss of the n-PS-FBG at the Bragg wavelength (5 = 0)

alOSS / k

JI+ (e, 1 k)

If we introduce ¢, = , then according to Egs. (3) and (6):

ial
o=—25 =iy, )
4

In this case, the coefficients y, 4 and B are real numbers and the derivation of the transmission
coefficient using Eq. (10) will allow the calculation of the n-PS-FBG passband maximum
transmission T, as a function of loss (ay,s) and the coupling coefficient k:

T.. =t =1/(1+20}B* -2a,4B)’ (12)
3.1.2 1-PS-FBG transmission spectrum for no broadband loss
When ¢, =0, all the coefficients defined in Eq. (6) have real values. Then, from Eq. (10):

T, (8,0,k) = | =1/ (1+40*(1+ ) BY), (13)

where =6 /Vk* - 6% .

This formula for the transmission spectrum also allows for the calculation of the
bandwidth of a lossless n-PS-FBG. If we define a dimensionless quantity ¢ = d/k, then
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a=¢/+1-¢£" and the solution &, of the equation Tpg(e, 0, k) = 1/2 is &) = B/2? (we are
mainly interested in the case of a narrow bandwidth and relatively high reflectivity, i.e. &
<<1). Since the reflectivity p of a uniform grating is related to the grating structure by the
well-known relation p = tanh*(kL) [18], then B*> = sinh®(kL) term can be expressed as a
function of p, which leads to:

26, =(1-7)/r (14)

Using &y = (doL)/(kL) and the relation between the reflectivity and kL one arrives at the
following expression for the detuning:

AS(0,k) =26, = %tan h! (\/Z)l_—p (15)
P

Equation (15) relates the detuning bandwidth to the grating length through L and to refractive
index modulation (4n) through p. Since AJ is directly related to the wavelength bandwidth
(A1), Eq. (15) also shows that for a fixed p in the absence of loss the passband bandwidth is
halved when the grating length is doubled. It will be shown later that this property it is not
true for gratings with loss. As can be seen in Fig. 4 for the case of a 7 mm n-PS-FBG, the
passband bandwidth calculated using Eq. (15) closely follows the correct result of the
OPTIVAVE simulator when the reflectivity p of the constituent gratings is larger than 40%.

At this point we would like to note that the main experimentally measured quantity that
defines the spectrum of lossy n-PS-FBGs in this text is the grating strength in transmission
(Fig. 1). On the other hand, the analytical expressions derived hereinafter to describe the
spectral characteristics of lossy n-PS-FBGs are expressed in terms of the product kL and,
therefore, the reflectivity p of the constituent lossless gratings of which the lossy n-PS-FBGs
are comprised of.

3.1.3 1-PS-FBG transmission for low broadband loss and high reflectivity

For a weak broadband loss, the loss coefficient (ay.ss) is @ complex number. In the case of a
relatively high grating reflectivity and for a wavelength range close to the Bragg resonance
(0/k <<1, ay,5s/k <<1, y = k), the loss can be expressed as:
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Fig. 4. Bandwidth calculated using the FBG simulator OPTIWAVE (black bullets) versus the
high reflectivity approximation (red squares) using Eq. (15).
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a=o,+io, withey,=6/y=d8/kande, =0, /Y=, / k (16)

Under these conditions, Eq. (10) can be used to calculate the transmission spectrum around
the Bragg wavelength (i.e., at the passband) as:

T, =T, +4cB*(1-20,, A/ B), (17)

where 1 + 2ay> =1 and a,*B* =0 approximations were used in the derivation of (17). Using Eq.
(17) and the notation ¢ = d/k, the solution ¢, of the equation Tpg = Tin.x/2 becomes:

251/2:[(l_p)/p]/(m\ll_zao/\/;)a (18)

where, as before, p = tanh’(kL). By combining Eqs. (18) and (15) and ignoring the term
20, /4/p in Eq. (18) for the case of low broadband loss and high reflectivity, the detuning
can be calculated from:

AS(e T, = A5, k) (19)

This formula relates the passband bandwidth of a lossy n-PS-FBG with the transmission loss
Tmax to the passband bandwidth of an ideal lossless n-PS-FBG when the grating strengths are
equal. Obviously, Eq. (19) is also valid for the wavelength bandwidth (i.e., AA(oy0ss, k)) Of the
passband.

3.1.4 Fabry-Perot (F-P) representation of the n-PS-FBG

The n-PS-FBG is a particular case of a F-P fiber interferometer comprised of two identical
separate Bragg gratings that are n-radians out of phase with each other.

The general expression for the transmission of a lossy F-P interferometer consisting of
two identical mirrors of reflectivity R separated by / is given in [19]:

-1

T(,RV)=(1-R) V-{(I—RV)Z-[H Fsin® (Kz)]} : (20)

where V = exp(-al) is the loss factor of the interferometer (a is the loss per unit length), F' =
4RV/(1-RV)* is the finesse of the interferometer, and K = 2zn// (1 is the wavelength and 7 is
the effective refractive index of the medium inside the interferometer) is the propagation
constant.

Equation (20) can also be applied to a lossy m-phase shifted F-P fiber interferometer with
FBG mirrors in order to find ts passband loss 7y,,x = max [T(4,R, V)] and the FWHM passband
bandwidth AZ. In this case, however, / = Ly + 2-L.s, where L, is the separation between the
Bragg gratings and L is the physical length of each Bragg grating, as defined earlier in the
text. Taking into account the fact that the effective penetration length L. of the signal into a
Bragg gratings is given by [20]:

L, =LJR/Q2tanh™ (VR) 1)

and L, = 0 for the n-PS-FBGs under consideration, the formulas for T,, and A4 can be
written as:

T =(1-R}V/(1-RVY (22)

max

A=A wn L, )arcsin(l/ N2+ F), (23)

with A4 being derived from the condition T(A4,R,V) = Tmax-Tmin/2, Where T, is the minimum
transmission given by Eq. (20).
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4. Results and discussion

The outcome of high-intensity fs-laser-glass interactions is dielectric breakdown that results
in refractive index changes that are permanent at temperatures approaching the glass
transition temperature. For certain exposure conditions (beam intensity, number of pulses and
pulse duration) the refractive index changes can be highly birefringent as they are the result of
the creation of self-organized nanogratings [21]. The presence of nanogratings in Type II
FBGs is likely responsible for their thermal stability at high temperatures, but also for the loss
induced in the fiber core during laser exposure [6,13]. In the case of m-PS-FBGs, the
broadband loss degrades the spectral shape of the transmission passband.

Spectra of n-PS-FBG structures created with up to 14 single pulses, some of which are
presented in Fig. 5, were processed to evaluate the spectral parameters of interest defined in
Fig. 1(b). By analyzing the spectra in Fig. 5 one can see that the evolution of the broadband
loss shows a rapid initial increase for the first few pulses until the grating reaches a 1 dB
strength, after which the loss increases at a slower pace (Fig. 5 inset). Conversely, the grating
strength in transmission and passband loss initially increase slowly, but then faster after a
larger number of pulses N has been accumulated. This may indicate a nonlinear causal
relation between the passband loss and broadband loss, the parameters that in the CME-TM
and F-P models determine the passband bandwidth. In the particular case of a lossy n-PS-
FBG, the broadband loss and the grating strength are also related since they both originate
from the same exposure process.
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Fig. 5. (Successive transmission spectra recorded after each irradiation pulse starting from N =
5 and ending with N = 9; Inset: Evolution of the broadband loss (black bullets), passband loss
(green bullets) and grating strength (orange bullets) with the number of pulses N.

The evolution of the broadband loss and passband loss as a function of the grating
strength is shown in Fig. 6(a). While the broadband loss eventually levels off as the grating
strength increases, the passband loss keeps on growing together with the grating strength. The
direct relationship between the passband loss and the broadband loss is highly nonlinear (Fig.

6(b)).
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grating strength; (b) Passband loss as a function of broadband loss for the data presented in
Fig. 6(a).

In order to compare the experimentally measured passband loss with that predicted by the
CME-TM model (i.e., Eq. (12)) and the F-P model (i.e., Eq. (21)), the pertinent data are
plotted in Fig. 7. It needs to be mentioned that although the simulated data in Fig. 7 are
presented as a univariate relationship (i.e., passband loss vs. grating strength), they are
actually bivariate as each point is calculated using the measured grating strength and the
broadband loss in Egs. (12) and (21). Even though both the CME-TM model and the F-P
model (respectively, blue triangles and red squares in Fig. 7) reasonably agree with the
experiment (black bullets in Fig. 7), the rigorous CME-TM model produces results that are
more consistent with the measured data. Both models show that for a grating strength larger
than 10 dB the passband loss exceeds 3 dB.
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Fig. 7. (a) Comparison of CME-TM and F-P simulations of passband loss (blue triangles and
red squares, respectively) with measured values (black bullets) as a function of grating
strength; (b) comparison of CME-TM simulations of passband bandwidth with and without

loss (blue triangles and red squares, respectively) and the experimental data (black bullets) as a
function of grating strength.

The measured FWHM bandwidth of the passband spectra of the recorded n-PS-FBG are
plotted in Fig. 7 (black bullets). After a quasi-linear decrease in bandwidth with increasing
grating strength, the bandwidth stabilizes at ~40 pm after the grating strength reaches 15 dB.
The CME-TM simulations for gratings with zero loss (red squares in Fig. 7(b)) show a much
steeper decrease of the passband bandwidth resulting in less than half of the measured grating
bandwidth at a 15 dB grating strength and a further decrease to almost a pm-level when the
grating strength exceeds 20 dB. Incorporating loss into the full numerical calculation (Eq.

(10)) gives values (blue triangles in Fig. 7(b)) that are closer to the measured passband
bandwidth values.
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Interestingly, in the case of the F-P model, the passband bandwidth (not presented here)
calculated using Eq. (22) gives almost the same results as the CME-TM model for a grating
strength larger than 3 dB. In this model the influence of the broadband loss on the passband
loss (Eq. (21)) is implicit through the defined quantities of the penetration length and the
finesse factor. For a grating strength smaller than 7 dB the CME-TM simulations that
incorporate loss are very consistent with the measured results, while the F-P model tends to
overestimate the passband bandwidth for a grating strength less than 3dB. While both the
CME and F-P models give similar results (~21 pm) for a grating strength larger than 20dB,
they underestimate the measured passband bandwidth, which levels off at ~37 pm (Fig. 7(b)).

Since the result presented above is just one example, it is interesting to see whether the
statistical distribution of the experimental data is generally broad enough to cover the
theoretical case. For this purpose, 35 Type Il n-PS-FBGs with a grating strength from 14 to
16 dB were written in SMF-28 fiber following the procedure described above. Such gratings
correspond to the start of the “plateau” in both the experimental and theoretical results
presented in Fig. 7. As can be seen in Fig. 8, the 35 passband bandwidth results presented in
the form of a histogram follow a quasi-Gaussian distribution with a ~40 pm average and 3.8
pm standard deviation. If we assume that both the grating inscription and measurement are
affected by random errors, then the lower limit of the expected distribution will be 28 pm,
which is close to the predicted value. This result seems to indicate that the physical models
used above, i.e. a lossy n-PS-FBG and a lossy n-shifted F-P structure, are incomplete.

12
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Fig. 8. Histogram of 35 Type II z-PS-FBG passband bandwidth measurements having grating
strength in the range of 14 to 16 dB in transmission.

While the above comparison of the experimental and simulated data suggests that our
theoretical analysis has some limitations, both the models can still be used to estimate the
minimum passband bandwidth that can be achieved with a lossy Type Il n-PS-FBG. Both the
experiment and the two models also seem to indicate that above a certain level increasing
reflectivity does not result in a lower bandwidth. However, it is known — at least in the case of
lossless gratings — that the bandwidth is very sensitive to the grating length (see Eq. (15), and
it is thus worth evaluating the effect of the grating length on the passband bandwidth. In the
CME-TM model the Eq. (19) relates the passband bandwidth directly to the passband loss
Tmaxs and Ty by means of Eq. (12) directly to the broadband loss. By concentrating on
sensing applications, for which the grating strength is generally larger than 3 dB, and
neglecting the quadratic loss term in Eq. (12), which represents less than 20% of the linear
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term, Tpax can be writtenas 7. = (1— (:(OAB)'2 . The relative change of the passband FWHM

max

given by (19) will then be:

2 0’/1055 L \/; (24)

Ao(e, k)/ AS(0,k)=1+2|ct,| AB =1+ ,
( loss ) ( ) | 0| kL l_p

where the definition (16) of the absorption coefficient a, was used together with the Eq. (6)
between A4, B and kL. The above formula can thus be re-arranged using Eq. (15) as:

2|aloss
Jp
Equation (25), which also provides — up to a multiplication constant — a relation for the
wavelength bandwidth (AL), seems to indicate that in the approximation of high reflectivity
(> 50%) and low loss, the contribution of the loss coefficient to the passband broadening is
linear. However, the loss coefficient o, and the reflectivity p are not independent variables.
The perturbation term in (25) will not go to zero for high reflectivity gratings since when p
grows so does a,0s. Both the loss coefficient o5 and coupling coefficient k£ depend on the
laser exposure and can be calculated from the broadband loss and the grating strength,
respectively. For the grating presented above, it can be empirically shown, with the data used
to make the plot in Fig. 6(a), that the material relation between |0{loss and & is

|0{1055 =0.74(In(k / k,)107 for koL = 0.05 (the correlation coefficient  of the linear relation
between |ay,ss| and In(k) is 0.99). Then, Eq. (25) becomes:

Ad (e, k) =Ad(0,k)+ 25)

In(kL / k,L)
Jp

As p and kL are connected through p = tanh?(kL) and the refractive index modulation (derived
from k) is proportional to the laser-material exposure, Eq. (26) can be seen as a causal relation
between the laser exposure and the broadening of the passband. Based on Eq. (26), the
passband bandwidth of n-PS-FBGs with length from 5 mm to 10 mm is presented in Fig. 9 for
different reflectivities of the constituent gratings. It can be seen that when the reflectivity of
the constituent gratings is larger than 98%, increasing the grating length does not bring a
significant narrowing of the bandwidth. Strictly speaking, the dependencies presented in Fig.
9 are only valid when the loss is induced by the above inscription method. Lower or higher
losses will result in different numerical values although the general trend will probably stay
the same.

Aex, ., k) = AA(0,k)+ const (26)
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Fig. 9. Passband bandwidth for 40% (red), 60% (black), 80% (orange) and 98% (blue)
reflectivity of the constituent gratings vs the n-PS-FBG’s length.

5. Conclusions

Type II n-phase shifted FBGs, which are thermally stable at 1000°C, were inscribed in SMF-
28 optical fiber using femtosecond radiation and a phase-shifted phase mask. All the gratings
inscribed demonstrated a certain amount of broadband loss that was dependent on the amount
of laser exposure. The passband loss and bandwidth of phase shifted Bragg gratings suffering
from broadband loss showed a large increase in the passband loss and bandwidth compared to
Type-I n-phase-shifted FBGs, which can be considered lossless. This effect has to be taken
into account when designing devices based on phase shifted structures. For instance, for the
gratings evaluated in these experiments (i.e., 7 mm-long gratings with a 16-20 dB strength
(i.e., 95 - 99% reflectivity) and the phase shift in the center), passband losses up to 8 dB were
observed, which resulted in a fivefold broadening of the passband bandwidth compared to
ideal lossless gratings with the same characteristics. In order to answer the question if the
experimental data are the result of a non-ideal test conditions or a consequence of a physical
limitation due to the grating structure, two models were used to simulate the spectral behavior
of n-phase shifted FBGs affected by broadband loss, namely: 1) the Fabry—Pérot (F-P) model
of the n-phase-shifted FBG that considers two adjacent identical Bragg reflectors and 2) the
coupled mode equation transfer matrix (CME-TM) model of a uniform grating with a n-phase
shift in the center. A general equation describing the spectral shape of a Type II n-phase
shifted FBG was demonstrated (Eq. (10)) for the particular case of a symmetrical/uniform
device. An analytical expression for the passband loss was derived (Eq. (12)) and passband
bandwidth was analyzed in the case of high reflectivity gratings having low passband loss
(<1.2 dB) (Egs. (19) and (25)). A causal/material empirical relation between the passband
bandwidth and the exposure parameter (kL) was also derived (Eq. (26)). While the CME-TM
simulation of the passband loss overlaps with the experimental results, the F-P model
underestimates the passband loss, especially for high reflectivity gratings. Both models
showed a broadening of ~150% of the passband bandwidth (from 8 to 20 pm) compared to
the measured ~300% broadening of the passband. It is not clear whether this discrepancy
between the simulation and the measurement is the result of a simplified physical model or
systematic experimental errors. A statistical experiment indicated that the natural spread of
the measured bandwidth does not overlap with the result of the simulations. It is however
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clear that optical loss in the structure of a T-phase shifted grating imposes severe limitation on
its spectral characteristics.
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