
Chapter 9

Measurement and
Characterization of
Gratings

The transfer characteristics of a grating are of primary importance for a
number of applications. For example, in high-bit-rate applications, it is
necessary to know if the grating will impart additional dispersion and, if
so, how much. Gratings can be used in a vast number of demanding
applications, such as sensing in harsh environments, or in undersea opti-
cal fiber transmission that requires components to survive the 25-year
design lifespan of the system. For long-term use, it is essential to know
whether or not the grating will maintain its designed characteristics over
the lifetime. It is also important to know, as it is for optical fibers, the
integrity of its mechanical strength for the same reasons. Thus, reliability
is a big issue. The transmission characteristics of certain gratings may
be affected by the out-gassing and annealing processes more than others;
the resonance wavelengths of all gratings drift because of the out-diffusion
of molecular hydrogen in high-pressure sensitized fibers. Stress relaxation
can complicate matters, by altering the induced refractive index modula-
tion. Sensitivity of the Bragg wavelength with temperature and strain
has to be taken into account for such applications as in band-pass filters.
Gratings have to be annealed to stabilize their properties for long-term
use. The bandwidth, reflection profile, and phase response of gratings
require special measurement techniques for proper characterization. In
this chapter we shall consider some of the parameters that are of impor-
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410 Chapter 9 Measurement and Characterization of Gratings

tance and techniques that have been developed for characterization. These
include reflectivity and transmission spectrum, bandwidth, average re-
fractive index change and refractive index modulation coefficient, grating
uniformity and quality of apodization, insertion loss, radiation loss, and
group delay of chirped gratings, drift due to out-diffusion of hydrogen,
temperature effects during measurements, PMD, and stress changes.
Methods that have been reported for the measurement of thermal decay
of gratings will be covered in the final section. The aim of this chapter is
to provide an overview of the properties of optical fibers used for grating
fabrication, including thermal annealing and characterization of fiber
gratings and mechanical strength.

9.1 Measurement of reflection and
transmission spectra of Bragg gratings

The nice thing about gratings is that their growth can be monitored during
the inscription process. Since the fabrication is noninvasive, apart from
stripping part of the coating, the input and output ends of the fiber are
often accessible. Usually the source at the wavelength of interest is an
edge-emitting diode, which provides sufficient output power for a variety
of measurements. Alternatively, white light may be coupled into the fiber,
although the dynamic range is limited. The amplified spontaneous emis-
sion from a fiber amplifier is a very good broadband source, and the choice
is available to cover the 900-1700 nm wavelength band. It is normal to
have either a circulator or a 50:50 fiber splitter between the source and
the grating to be measured. The most sensitive method for detecting
gratings is in reflection, and for this reason it is best to measure gratings
in reflection for diagnostic purposes and display the signal on an optical
spectrum analyzer. The basic apparatus for measuring Bragg grating
reflection and transmission is shown in Fig. 9.1. The inset shows an
alternative arrangement using the coupler.

Reflections just above the noise floor of the spectrum analyzer are
easily displayed. When a grating is written into the fiber, a reflection
peak appears which may be checked for the wavelength. At the same
time, the transmission spectrum shows no change until the grating re-
flectivity is a few percent. A useful guide is the 3.5% reflection from the
cleaved far end of the fiber to calibrate the actual reflection from the
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Figure 9.1: Apparatus to measure the transmission and reflection spectrum
of Bragg gratings.

grating (see Fig. 9.2). For a uniform grating with a reflectivity R, we can
calculate the coupling coefficient, KacL, as

With this information and the measured bandwidth, 2AA, between the
first zeroes (FWFZ), the grating length L is uniquely defined as per Eq.
(4.6.14),

From the length, we may calculate the refractive index modulation vkn
as in Eqs. (4.6.3) and (4.3.6), with a fringe visibility v,

Eqs. (9.1.1) and (9.1.2) are plotted in Fig. 9.3 for three different values
of grating length, 1, 2, and 8 mm, as a function of the coupling constant
Kac. The data has been plotted for a Bragg wavelength of 1550 nm. The
wavelength shift <5A as the grating grows can be calculated from Eq. (4.6.4),
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Figure 9.2: The reflection spectrum of a 4-mm-long grating with a refractive
index modulation amplitude of only 10~7. At this stage it is undetected in transmis-
sion. Also shown is the —3.5% reflection from the cleaved end of the fiber, assuming
that there are no losses in the reflected light. The very weak Bragg reflected
signal is easily detected. The noise floor for a spectrum analyzer resolution of 0.1
mm is shown only as an example.

Figure 9.3: The reflectivity and bandwidth of three Bragg gratings as a func-
tion of the coupling constant KOC at a wavelength of 1550 nm. The numbers refer
to the lengths in millimeters. Note that for large values of the coupling constant,
the grating bandwidth grows linearly. As a guide, the maximum refractive index
modulation amplitude, An, for v - 1, and overlap, 77 = 0.8, is ~3 X 10"3 (at KOC

= 5000 m"1).
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where we remind ourselves that An is the ac index change and A is the
Bragg wavelength at the start of the growth of the grating.

As the grating grows, it shifts to longer wavelengths and this is shown
in the transmission spectra in Fig. 9.4. Along with the shift is shown the
effect of a nonuniform UV beam profile. This has been assumed to have
a Gaussian profile, as with many laser beams, and causes a chirp in the
grating [1], since the Bragg wavelength is proportional to the effective
mode index. There are two effects of the nonuniform UV beam profile:
The grating acquires additional structure on the short-wavelength side
(Fig. 9.4) as it grows, and the peak reflectivity drops for the same refractive
index modulation amplitude, as is seen for the uniform profile grating in
Fig. 9.5.

Comparing the uniform and the Gaussian intensity profile grating,
the effect on the bandwidth is only slight. The long-wavelength edge of
the Gaussian profile grating is apodized.

We now compare the Gaussian intensity profile with the Gaussian
apodized grating, i.e., one in which the refractive index modulation
changes with the length of the grating, but not the mode effective index
(see Chapter 5), and find that the short-wavelength structure disappears
and the peak reflectivity increases with apodization. The reason for this
is that the Bragg wavelength of the apodized grating is constant and the

Figure 9.4: The shift in the Bragg wavelength and the appearance of the
Fabry-Perot structure on the short-wavelength side of a Gaussian intensity profile
grating as the UV-induced refractive index modulation amplitude increases.
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Figure 9.5: A uniform amplitude profile grating compared with a Gaussian
amplitude profile grating.

reflection is not spread over a larger bandwidth, and so the effective
length is longer. (See Fig. 9.6.)

The maximum reflectivity can be calculated by measuring the trans-
mission dip Td in dBs. The translation from the measured dip to the
reflectivity is

Figure 9.6: Comparison of chirp induced in a strong grating due to the ampli-
tude profile of the writing beam and a Gaussian profile apodized grating with
the same parameters. The FWFZ bandwidth is approximately the same, but the
slope on the long wavelength side is different, as well as the structure on the
short wavelength side.
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or from the peak of the reflected signal Rp below the transmitted signal
it is (as shown in Fig. 9.2)

The data is shown in Fig. 9.7. For example, in Fig. 9.2, the reflected
signal is shown to be ~70 dB below the transmission level. This translates
to a reflectivity of 10~5%.

Alternatively, a 10-dB transmission dip is equivalent to a reflectivity
of 90%, 20 dB is 99%, and so on. It is assumed that there is no additional
loss in the reflected signal as compared with the transmitted signal. If
the loss is known, the transmitted level or the reflection peak must be
adjusted accordingly.

Special care needs to be taken when measuring transmission dips in
excess of —30 dB because of the limited resolution of the spectrum ana-
lyzer. The slit width of the spectrum analyzer is not a delta function, and
there is substantial leakage from the spectral region outside of the slit
bandwidth. Integrated, it amounts to more signal being transmitted and
affects the spectrum mostly at the dip in the grating transmission. There
are several solutions to this problem. Obviously, a better spectrum ana-
lyzer is one, or a tunable laser source may be used in conjunction with a
conventional spectrum analyzer, ensuring that the scanning of the laser
and the spectrum analyzers are synchronized [2] with an appropriate slit
width. The combined side-mode suppression and the slit width reduces

Figure 9.7: Reflectivity as a function of the dip in the transmission spectrum
of a grating or as the reflection peak below transmitted signal.
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the captured noise. Such a measurement is shown in Fig. 9.8, in which
the spectrum of a strong 4-mm-long grating spectrum with a transmission
dip of >60 dB has been resolved. In addition to the very steep long-
wavelength edge, it has structure on the short wavelength that is due to
cladding mode coupling and Gaussian chirp.

Clearly, chirp is not a feature that is desirable for simple transmission
filters. We now consider the spectra of uniform period gratings and the
effect of apodization. Figure 9.9 shows the reflection spectrum of unapod-

Figure 9.8: The measured grating is ~4 nm long with an estimated index
modulation of 4 X 10~3. The beam intensity profile had a Gaussian shape. The
inset shows the change in the Bragg wavelength across the length of the grating.

Figure 9.9: Reflection spectra of 4-mm-long unapodized and cos2 apodized
gratings with a refractive index modulation amplitude of 4 x 10~4.
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ized and apodized (cos2 profile) gratings. The unapodized grating is nomi-
nally a 100% reflection grating, and the apodized one has identical length
and refractive index modulation. The effect of apodization is to reduce the
effective length to approximately L/2. As a result, the FWFZ bandwidth
approximately matches the second zeroes of the unapodized grating. Note
that the reflectivity is also reduced (~halved). To generate an apodized
grating with the same bandwidth, the length has to be approximately
doubled, and the coupling constant has to be adjusted, so that an 8-
mm-long raised cosine apodized grating will have the same approximate
bandwidth and reflectivity.

In order to resolve the reduced side lobes for the apodized grating,
the spectrum analyzer linewidth should be selected to remove artifacts
and a false noise floor.

9.2 Perfect Bragg gratings

It is possible to make very high-quality uniform-period Bragg gratings.
This is because optical fiber has very uniform properties. The theoretically
calculated reflection, along with the measured spectrum, of a 30-mm-long
grating is shown in Fig. 9.10. The grating was fabricated by scanning a
phase mask with a UV beam [31.

Figure 9.10: Measured and computed reflection spectrum of a 29.5-mm-long
fiber Bragg grating, produced by the scanned phase-mask technique [4]. The
uniformity of the grating is indicated by the close agreement between the zeroes
of the theoretical and measured response.
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The agreement between measurement and theory is very good, with
the zeroes matching across almost the entire spectrum shown. Notice the
slight deviations, especially at the first side-lobe zero (RHS), and the third
side-lobe zero (LHS). These features are indicative of slight chirp and
nonuniformity in the writing process. Nevertheless, this grating has
~28,000 grating periods and shows a near-ideal response. One way to
measure such a narrow bandwidth is to use a high-quality tunable laser
source and a spectrum analyzer for reasons of resolution. It is difficult to
measure such gratings accurately in transmission with a broadband
source, since the bandwidth is almost the same as that of commercially
available optical spectrum analyzers (0.07 nm FWHZ). Although this
grating has a transmission dip of ~14 dB, the spectrum remains unre-
solved in transmission with a spectrum analyzer.

Gratings with such performance are particularly useful where the
phase response is required along with the reflection characteristics in
filtering applications, such as in pulse shaping and dark soliton generation
[4].

9.3 Phase and temporal response of Bragg
gratings

Figure 9.11 shows the computed reflection and accumulated phase-spec-
trum of a uniform-period unapodized Bragg grating. The measurement
of phase of a grating can only be made by the measurement of the grating's
complex amplitude reflectivity. A technique has been proposed for the
reconstruction of the phase of the grating using arguments based on
causality and minimum phase performed on the measured reflection spec-
trum of a grating, with reasonable success [5]. This may be done by
using interferometric techniques to characterize weak gratings (<20%
reflectivity) [6-9]. These measurements have at best limited spatial reso-
lution, or are difficult to implement, being interferometric. Other more
direct methods include the use of a network analyzer for the measurement
of dispersion [10,11]. The use of the network analyzer relies on the disper-
sion being constant over the frequency region of interest, and strictly it
is better suited to measuring apodized chirped gratings. This technique
has been applied to gratings to measure their dispersion [12,13]. Another
method for testing of a grating or phase mask uses a probe transverse to
the grating [14].
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Figure 9.11: The reflectivity and phase of a 4-mm-long unapodized grating
with a refractive index modulation amplitude of 4 X 10~4.

Typically, the accumulated phase for a 4-mm-long grating is a few
tens of radians, as shown in Fig. 9.11.

The group delays of the two gratings used for Fig. 9.9 are shown in
Fig. 9.12. The strong dispersion at the edges of the band stop limits the
useful bandwidth of a band-pass filter, especially in high-speed applica-
tions [15,16]. In Ref. [16] asymptotic expressions may be found for the

Figure 9.12: Dispersion of 4-mm-long unapodized (U) and apodized (A) grat-
ings.
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dispersion on the long-wavelength side of the band stop of apodized grat-
ings, useful for dense DWM systems. Note that the dispersion at the band
edge of the grating reaches several tens of picoseconds for the unapodized
grating and is much reduced in the apodized grating. Despite the apodiza-
tion, there is a curvature in the center of the band stop, which may be
useful to compensate for the chirp of a source [15].

The group delay shown in Fig. 9.12 is for gratings with uniform
characteristics. Often there is a chirp involved, which has a significant
effect on the dispersion. We note that the group delay characteristics of
the uniform gratings remain symmetric about the center of the bandgap.
With chirp in a grating, the group delay changes sign on one side of the
band stop, and this is shown in the calculated response in Fig. 9.13. The
unapodized grating acquires less pronounced zeroes and the group delay,
a point of inflection.

To characterize the group delay of gratings, a measurement setup
based on the vector-voltmeter [17] is shown in Fig. 9.14. In this method,
light from a tunable single-frequency source is modulated at a frequency
/"and is launched into a grating under test. The reflected (or transmitted)
signal is compared via a circulator with the modulated input signal in a
vector voltmeter. As the wavelength of the source is tuned, the delay in
the reflected light from the grating changes. The vector-voltmeter com-
pares the phase of the modulated light and translates it into a phase
difference. Thus, the phase at the modulated frequency / is measured.

Figure 9.13: Simulated response of a 29.5-mm-long grating with a 0.03-nm
chirp and refractive index modulation of 7.6 x 1CT5 (peak-to-peak).
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Figure 9.14: A schematic of the apparatus for the measurement of group
delay, reflectivity, and transmission of gratings (after Ref. [17]).

With a judicious choice of the modulation frequency, e.g., 277.77778 MHz,
one degree of phase change is equivalent to a delay r of 10 psec, as [18]

Under computer control, this data may be acquired quickly with a
minimum of processing. The resolution of the measurement may be in-
creased by increasing the modulation frequency, but it is nominally ~1
psec or better. With such a resolution, care needs to be taken, since temper-
ature variations during the course of the measurements can cause errors.
Changes in the path lengths of the fiber used in the setup and also in
the polarization affect the measurement. It is for these reasons that the
paths are kept to a minimum and a reference frequency is generated
optically after the modulator. Any amplitude and phase changes are then
common to both the reference and the signal, minimizing errors.

The reflection and group delay of a 30-mm-long grating of the type
shown in the simulation of Fig. 9.13 are shown in Fig. 9.15. We note
that the similarity is striking between the two grating spectra, in both
reflectivity and group delay. It is therefore possible to characterize the
measured spectra using simple simulation, since fiber-grating spectra can
be so good. Note that the reflectivity spectra is in dB (electrical) = 2 X
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Figure 9.15: The spectra of a 30-mm-long grating measured using the vector
voltmeter.

dB (optical). The grating reflectivity can be measured in transmission, to
normalize the peak of the reflectivity spectra. The results for an identical
but apodized grating are equally good.

We now move on to the spectrum of a longer grating, of the type
used in dispersion compensation. There are a few points that need to be
remembered. In Chapter 7 the delay response of long gratings is consid-
ered in detail, and it is found that long gratings need to be characterized
with high wavelength resolution if the GDR (group delay ripple) spectrum
is to be resolved. In making measurements, a wavelength resolution of 1
pm is generally sufficient. The measured reflectivity and group delay of
a raised cosine apodized, 100-mm-long grating is shown in Fig. 9.16. The

Figure 9.16: The reflectivity and delay of a 100-mm-long chirped grating
with a chirped bandwidth of 0.75 nm [19], measured with a resolution of 1 pm.
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data has been measured with 1 pm resolution, and the GDR is adequately
resolved. We can measure the 3-dB optical (6-dBe) reflectivity bandwidth
by comparing the transmitted signal level with Rp, remembering that the
measurements are in dBe.

This grating is designed to compensate the dispersion for ~80 km of
standard optical fiber, as has been presented in Chapter 7. With unapod-
ized gratings the low resolution masks the detail and a comparison is
shown in Fig. 9.17. Here two measurements of the same grating made
with 10 pm and 1 pm are compared. The GDR is apparent with the higher
resolution. With longer gratings this factor becomes even more critical.

As we have seen in Chapter 7, for 1-meter-long unapodized gratings,
the GDR frequency has a period of —1.5 pm. To resolve the GDR, other
means have to be adopted, such as the use of a multisection DFB laser
[17], which can be electrically tuned. This is a very time-consuming task,
since other factors such as the ambient temperature need to be controlled
very accurately. The drift of the wavelength with temperature of a chirped
grating is an issue. The grating should be temperature controlled in order
to get an accurate measurement. With a change in the local Bragg wave-
length of several pm/°C, a stable environment is essential for the measure-
ment.

Figure 9.17: Resolution dependence of the group delay of an unapodized
chirped grating (after Ref. [17]).
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Finally, we consider the drift of the Bragg wavelength with the out-
diffusion of hydrogen for a fiber after the grating has been written. With
a typical period of measurement of tens of minutes to an hour, the out-
diffusion of hydrogen (or deuterium) must be taken into consideration,
as has been shown in Chapter 2 [20,21], In Fig. 9.18 we see the drift in
the Bragg wavelength of a chirped grating monitored over a period of 45
days from the inscription of the grating, immediately after removal from
the cold storage. The fiber is deuterium soaked at 200 bar at the start.
By the end of 45 days, the total drift in the wavelength is approximately
— 1.65 nm, and it continues to shift very slowly.

With technological improvements, it will be necessary to measure
even longer gratings, perhaps longer than 10 meters. The measurement
of one of these gratings (reflection spectrum of a 2-meter-long WDM chan-
nelized grating is shown in Fig. 9.19) can take several hours at picometer
resolution. Here it becomes important that the grating be collectively
maintained at the same temperature for the duration of the measurement.

A fast technique has been reported by Ouellette et al. [221, which relies
on the intrinsic birefringence B of the fiber. By alternately measuring the
orthogonal polarization reflected, S2, and launched, SI, signals from the
spectrum analyzer, the group delay is shown to be

This method requires the calibration of the fiber birefringence. This
technique may prove to be valuable, since it is simple, although there is
no information available on the resolution.

Figure 9.18: The drift in the Bragg wavelength of a chirped grating with
time due to deuterium out-diffusion [17].
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Figure 9.19: The reflection spectrum of a 2-meter-long grating fabricated at
BT Laboratories. Both radiation and loss due to deuteration reduce the reflected
signal from the shorter wavelength gratings. The combined loss of deuteration
and radiation is 2 dB/m [26].

We remind ourselves that for the dispersive properties of gratings
with a reflectivity of between 10 and 15 dB, the time delay T may be
calculated as

where Lg is the length of the grating and c is the speed of light. For a signal
pulse with a transform-limited bandwidth, AA equal to the bandwidth of
the grating chirp, the dispersion can be simply described as

where L is the physical length of the grating, and vg is the group velocity
of the pulse. The effects of dispersion can be considerable even in a short
grating since the group delay in a fiber is 5 nsec m"1, and in reflection
it is doubled.

We have seen in Chapter 7 how PMD can affect the GD of gratings.
The measurement of PMD, or rather birefringence, can be made simply
by launching light along the two orthogonal birefringent axes of the fiber
grating and observing the wavelength shift. Meltz and Morey [23] reported
a birefringence-induced Bragg wavelength shift of ~0.1 nm, equivalent
to an induced birefringence at 1550 nm of —2.3 X 10~5. This value is high
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and the Bragg wavelengths are therefore easily separated in a spectrum
analyzer. By rotating the polarization of the UV writing beam so that it
is along the fiber axis, the UV-induced birefringence can be reduced from
~5% of the UV-induced refractive index change to around 0.5% [24]. This
area has received more attention recently, with the application of setup
similar to that shown in Fig. 9.14 to measure the group delay difference
of two polarization states. Also applied is the Jones matrix approach to
map out all the polarization states in the fiber. The comparison between
the two methods is good. Measured polarization-induced delay is reported
to be —28 and 7 psec for two chirped gratings written in different fiber
[25].

Clearly this is an area that will receive attention as the deployment
of fiber gratings for dispersion compensation becomes widespread.

9.3.1 Measurement of the grating profile

The use of simulation is an excellent method for characterizing the mea-
sured spectrum of a grating. By knowledge of the physical length, the
reflectivity and the shape of a grating, it is possible to identify a couple
of parameters to choose in order to allow the simulation. This has been
demonstrated for the spectra shown in Figs. 9.13 and 9.15. More complex
structure can be analyzed theoretically, as has been amply demonstrated
by Ouellette et al. [27] for stitching errors produced by phase masks. For
example, random errors in the stitching cause the bandwidth of a uniform-
period grating to broaden and acquire noise. The errors can be calculated
from the simulation. Alternative techniques exist for assessing the refrac-
tive index profile of a grating. These include optical low-coherence reflec-
tometry (OLCR), originally used to detect small flaws in optical
waveguides [28,29], applied to fiber gratings by Lamblet et al. [30], and
the method of side scatter from a grating, demonstrated by Krug et al.
[31]. An interesting and very simple technique is the application of "heat
scan" to probe the chirp in a grating [32,33]. The grating is probed with
a fine hot wire while the reflection characteristics are being monitored.
A detuning of the Bragg wavelength as a function of probe position mea-
sures the chirp. These are in addition to other methods already mentioned
as being appropriate for assessing phase masks [9,14]. It is important to
know the sources of "noise" on a grating, or correct for a flaw [34-36],
since the out-of-band spectra may deteriorate. It should be mentioned
that optical time-domain reflectometry (OTDR, or back-scatter) has also
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been used to locate gratings. In the next section we will consider the
OLCR method and side-scatter as two techniques to assess Bragg gratings.

Optical low-coherence reflectometry

The scheme is based on a fast scanning Michelson interferometer, with
the grating as the mirror in one arm, and a scanning broadband mirror
(BBM) in the reference arm. Reflected light from the grating and the
mirror interferes at a photodiode. The source has a large bandwidth so
that the coherence length is short, and therefore interference is only
visible over a short region of the grating when the path lengths are within
the coherence length. The path difference between the arms is adjusted
by moving the reference mirror so that different points within the grating
are sampled. A schematic of the apparatus is shown in Fig. 9.20 [37]. The
moving reference mirror is mounted on a motorized stage with a long
scan length to allow easy adjustment of the paths. The phase modulator
is provided to derive a lock-in signal. With reference to a 100% reflection,
a cleaved end with approximately 4% end reflection registers a signal at
— 14 dB. The measurement has range with a noise floor at —140 dB with
a bandwidth of 1 Hz.

The source should have low spectral ripple to avoid artifacts. The
coherence length, and therefore the resolution of the measurement in the
fiber is

Figure 9.20: A schematic of the OLCR apparatus (after Ref. [37]).
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where AA^w/fM is the source linewidth and A is the center wavelength,
and the resolution R = IJ^n where ng is the group index. For &AFWHM =
55 nm at A = 1300 nm, we get lc = 18.3 /mi and hence R = 9.1 /mi.

The grating spectra are recorded by scanning the reference mirror.
In a modified version of the setup, a rotating corner cube is used for
increasing the speed of data acquisition. A typical OLCR spectrum is
shown in Fig. 9.21. Here the front end reflection is followed by a decay
in the signal with penetration depth; this is followed by another increase
in the signal as the light exits the far end of the grating at a distance z
= 1.222 mm, equivalent to a physical length of z/neff = 0.84 mm.

The exponential decrease in the signal is proportional to the strength
of the grating, while the initial fast rise at the entrance and soon after
the first exponential decay is due to the abrupt starting and ending of
the grating — a top-hat function. The further oscillations observed are
due to the Fabry-Perot modes as the light rattles around within the
grating. The measured spectra are the Fourier transform of the product
of the amplitude reflectivity of the grating and the spectral distribution of

Figure 9.21: The OLCR spectrum of a O.84-mm-long grating (courtesy Hans
Limberger from: Lambelet P, Fonjallaz P Y, Limberger H G, Salathe R P, Zimmer
C and Gilgen H H, "Bragg Grating Characterization by Optical Low-Coherence
Reflectometry", IEEE Phot. Technol. Lett., 5, 565-567, 1993. © 1993 IEEE.[30]).
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the source. The free parameter is the refractive index modulation of the
sinusoidal period, since the Bragg wavelength is known, and the length of
the grating is found from the length of the scan between the start of the
spectrum and the reflection at the end of the grating. The zeroes of the OLCR
spectrum are a very sensitive function of the refractive index modulation
amplitude, and therefore provide an accurate value. The inverse Fourier
transform of the OLCR data and deconvolution of the source spectrum give
the grating spectrum. This is shown with the measured grating reflection
spectrum in Fig. 9.22. The agreement is altogether excellent.

This technique has been applied by Malo et al. [38] to measure the pro-
file of an apodized grating. It is claimed that the relative precision with
which the refractive index modulation may be measured is around 1% [30].

Side-scatter measurements

Bragg gratings scatter radiation out of the fiber both within and outside
of the bandgap. This is due to a number of reasons, not least radiation

Figure 9.22: Measured and calculated reflection spectra (from the data ob-
tained by OLCR measurement; see Fig. 9.21) as a function of wavelength for an
in-fiber grating with a period of 0.443 /am, a length of 0.84 mm, and a modulation
depth of An = 1.16 X 10~3 (courtesy Hans Limberger from: Lambelet P, Fonjallaz
P Y, Limberger H G, Salathe R P, Zimmer C and Gilgen H H, "Bragg Grating
Characterization by Optical Low-Coherence Reflectometry", IEEE Phot. Technol.
Lett., 5, 565-567, 1993. © 1993 IEEE. [30]).
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mode coupling of light into the cladding, which can be detected easily
[39]. The writing process causes an asymmetry, which assists a directional
coupling to the cladding modes (see Chapter 4). Apart from the coherent
scattering mechanism, there is also in coherent scatter due to damage in
the core as in a Type II grating [40]. This type of grating scatters light
because of large surface irregularities at the core-cladding boundary.
A third type of scattering mechanism is incoherent and is due to the
inhomogeneity in refractive index modulation through the length of the
grating. The latter has been investigated by Janos et al. [41]. There ap-
pears to be a pronounced scatter out of the fiber perpendicular to the
direction of the writing beam. The observed anisotropy is consistent with
the production of "scattering elements" within a few microns of the core.
The scattering loss ranges from 0.2 dB/cm in highly doped Yb/Er phospho-
silicate fiber with gratings inscribed with a pulsed laser 193-nm source,
to 5 X 10~5 dB/cm for a boron-codoped fiber with a CW 244-nm source.

A technique that measures the sideways diffraction from a fiber Bragg
grating is used to characterize the grating refractive index profile. A
schematic of this method is shown in Fig. 9.23. In this arrangement, light
from a He-Ne laser is focused form the side of the fiber, incident at an
angle <% to the normal. The schematic of the side-scatter measurement is

Figure 9.23: The side-diffraction scheme for characterizing Bragg gratings
(from: Krug P, Stolte R and Ulrich R, "Measurement of index modulation along
an optical fiber Bragg grating", Opt. Lett., 20(17), 1767-1769,1 September 1995.
[31]).



9.3 Phase and temporal response of Bragg gratings 431

shown in Fig. 9.23. As has been seen in Chapter 3 on fabrication of gratings
with a phase mask, the incident light must have a wavelength less than
the period of the grating in the fiber in order to have a first-order diffrac-
tion. Referring to Fig. 9.23, which defines the angles, and from phase
matching conditions, we find [31]

where neff is the effective index of the fiber at the probe wavelength, so
that the probe wavelength must be greater than the Bragg wavelength
of the grating by a factor of the effective index of the fiber. The input light
is reflected at the incident angle, 6t. In the weak scattering limit, the
cross-section a-t (as fraction of the incident peak-power density) is given by
the following expression, assuming that the grating has a pure sinusoidal
period [31], and the focused spot size wt in the core is much greater than
the core radius a:

Here Arc is the local refractive index modulation amplitude, k is the
wave vector at the incident wavelength Aprobe, and ycore is the angle be-
tween the reflected and incident beams and ignores reflection losses.
Owing to the geometry of the scattering region, ycore is polarization sensitive
and s-polarized light; the reflected power is maximum at ycore = 77/2.

Typical parameters used for the experiment are a beam waist of 5
/mm, using a 10-mm focal length focused ~37 /mi in front of the surface
of the fiber to give a spot size of approximately 10 /um at the core (after
focusing from the core-cladding surface) with an incident angle of 45.3°.
The equivalent internal angle 6core = 29.4°. The input power needs to be
high for a good signal-to-noise ratio, and was reported in the experiments
to be 5 mW. The resolution in this arrangement is limited to the spot size
of 10 /tni.

The fiber grating is scanned in front of the fixed laser beam, so that
the data may be recorded as a function of position along the grating. Good
correlation between the measurement and the simulated transmission
spectrum of the grating has been reported [31,35]. The side-diffraction
profile of a Gaussian apodized grating is shown in Fig. 9.24. From this
profile, it is simple to simulate the grating transfer function to establish
a correlation.
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Figure 9.24: The profile of the light diffracted from a Bragg grating using
the side-diffraction scheme (from: Krug P, Stolte R and Ulrich R, "Measurement
of index modulation along an optical fiber Bragg grating", Opt. Lett., 20(17),
1767-1769, 1 September 1995. [31]).

The assumption of Eq. (9.3.7) restricts the application of this tech-
nique to gratings with slowly varying chirp by a variation of the grating
period and to average refractive index (8MA < 1~3), with no saturation
in An. The chirp is limited by the numerical aperture of the focused beam.

Figure 9.25 shows the refractive index modulation profiles of four
gratings commonly encountered in Bragg grating technology.

9.3.2 Measurement of internal stress

The refractive index changes induced by UV irradiation appear to affect
the internal stress in the core [42]. There are conflicting observations,
both of which are supported by experimental evidence [43]. In this section
we consider the measurement of internal stress by optical means [44,45].
The technique is simple and requires the measurement of the state of the
polarization of a focused spot of light (typically 3 /urn diameter) trans-
versely incident on the fiber, as it is scanned through the core region,
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Figure 9.25: Four commonly encountered grating refractive index modula-
tion profiles.

implemented by Fonjallaz et al. [46]. It therefore is a polarimetric mea-
surement, which requires the polarization of the incident beam to be at
45° to the orthogonal birefringent axes of the fiber. The fiber is immersed
in index-matching fluid to minimize beam deviations. The transmitted
light is analyzed as a function of the translation distance of the incident
beam. The retardation S at the output provides the information on the
stress distribution o-z(z) from an Abel integral equation [44],

where the prime indicates differentiation with respect to the transverse
coordinate^, R is the radius of the fiber, and C is the stress-optic coefficient
of silica. A change in the axial stress changes the refractive index by
the stress-optic coefficient. The three components of the refractive index
change, nn ne, and nz, are related to the axial, circumferential, cr£r}, and
radial, crp(r) components of the stress-optic coefficients as [47]

In Eq. (9.3.9) the refractive index components are for light waves that
have their electric field components in each of the three directions. The



434 Chapter 9 Measurement and Characterization of Gratings

refractive index of the fiber is n0 without stress, and the stress-optic
coefficients B± and B2 are both positive, with B1 = 4.12 X 10~5 mm2 kg"1

and B2 = 0.64 X 10~5 mm2 kg"1 [48]. The radial component of the stress
may be calculated from the axial component as [49]

The sign of the axial stress is found by measurements on silica fibers
with and without strain, and through symmetry properties, crr(r) = a^r)
= (T2(r)/2. The axial stress cr^r) indicates positive axial tension for a
positive sign and compressive strain with a negative sign.

By measuring the stress profile, the changes in the refractive index
can be calculated as a function of the UV irradiation. Experiments per-
formed by Fonjallaz et al. [46,50] have found that the axial stress increased
with UV inscription of gratings, contrary to the stress-relief model [42].
The fibers are found to be either under slight axial compression or under
tensile stress before UV irradiation (between —5 and +1.6 kg mm""2).
The stress changes before and after UV irradiation of a fiber with a Ge
concentration of 12% are shown in Fig. 9.26. The maximum stress on the
axis of the fiber is found to be 14.2 kg mm""2. An increase in the tension

Figure 9.26: The measured radial stress profile of a fiber before and after
the inscription of the grating (courtesy Hans Limberger [46]). (from: Fonjallaz P
Y, Limberger H G, Salathe, Cochet F and Leuenberger B, "Tension increase corel-
lated to refractive index change in fibers containing UV written Bragg gratings",
Opt. Lett., 20(11), 1346-1348, 1 June 1995.)
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is equivalent to a reduction in the refractive index; the implication is that
the stress changes counter the overall change in the UV-induced refractive
index, since this is positive (the Bragg wavelength moves to longer wave-
lengths with increase in refractive index of the core).

The net result of tension increase is that approximately 30% of the UV-
induced refractive index change is negative and other factors, presumably
compaction and changes in the UV absorption spectrum, increase the
overall refractive index [51].

9.4 Strength, annealing, and lifetime of
gratings

Reliability of fiber Bragg gratings is essential for long-term usage in
telecommunications. There are two aspects that need to be taken into
account: the mechanical strength and longevity of the grating. Mechanical
strength of optical fiber is degraded through intense UV exposure, while
the strength of the refractive index modulation of the grating begins to
decay from the time of fabrication. The decay is slow but of concern unless
treated. Careful handling and packaging of the UV-exposed grating may
preserve the mechanical strength component.

The issue of mechanical strength is common with the deployment of
optical fibers; they need to be tested to assure 25-year survivability. The
process of grating inscription generally requires the removal of the protec-
tive primary coating of the fiber prior to exposure. While a special polymer
may be used for through coating inscription [52], this is not generally the
case. The mechanical removal damages the surface unless chemical means
are used [53]. UV exposure can further reduce the strength [54]. Some
form of protective coating must be applied to conserve the strength, if the
fiber is to be handled mechanically [55].

9.4.1 Mechanical strength

The issue of mechanical reliability of in-fiber Bragg gratings has been
extensively studied [56-58]. The degradation in the strength of a fiber is
due to the growth of cracks on the surface at tiny flaws. Stress concentra-
tion at these flaws propagates and causes the fiber to fail. The failure
strength can be dramatically lowered over that of pristine fiber. A conve-
nient method of comparing the strength of different fibers is by the mea-
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surement of dynamic fatigue. From the dynamic fatigue tests it is possible
to predict the lifetime to failure by determining the distribution of flaws.
The strength of optical fiber exposed to pulsed KrF radiation is dramati-
cally reduced from a mean breaking strength of ~4.8 GPa for pristine
fiber to 1.2 GPa. Recoating the fiber immediately after exposure restores
the breaking strength. With CW 244-nm radiation, the strength is almost
unchanged [59], but the long-term survivability is compromised, while
hydrogen loading has little influence on the breaking strength. For a
failure probability of 1 X 10~3, the operational stress must be less than
~1 GPa for a 20-year lifetime [59], using a test length of 100 mm and a
grating of ~8 mm.

9.4.2 Bragg grating lifetime and thermal annealing

The thermal stability of Bragg gratings is of prime importance if fabricated
components are to function properly over their required life. For example,
the a reduction in the reflectivity of a fiber Bragg grating used in an
add-drop multiplexer from 40 to 30 dB could cause a degradation in cross-
talk between channels. It is therefore essential to be able not only to
predict the decay of the grating strength, but also to find ways to stabilize
it.

Experimental observations of the decay in the reflectivity of gratings
have resulted in a model that predicts the lifetime of gratings. It is gener-
ally agreed that observations on all fibers other than hydrogen-loaded
follow a power-law dependence, originally proposed by Erdogan et al.
[60,61]. The essential differences are the exact values of the coefficients
that are used in the model.

The model proposes that the coupling constant of a grating KacL
decays according to the following power law:

Here the denominator on the LHS is the initial value of the coupling
constant at the time of writing of the grating. The constants A and a are
temperature dependent and are found by plotting the normalized coupling
constant 77 as a function of time. For convenience, the time parameter t
may be normalized by unit time, e.g., 1 min to make Eq. (9.4.1) dimen-
sionless. By measuring the decay of several gratings at different tempera-
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tures as a function of time, and fitting the data with Eq. (9.4.1), the values
of A and 77 can be evaluated for a particular fiber.

According to the model, the exponent a — T/T0 and A = A0e
aT, so

that T0 is the fitted parameter when a is evaluated. Based on a theoretical
approach, the model assumes that there is a distribution of trapped states
after UV exposure (distribution of induced defects, DID). The thermal
depopulation of these states into the conduction band has a release rate
that is dependent on temperature and the energy E as

where kB is the Boltzmann constant. States below the demarcation energy
Ed may be easily depopulated at a given temperature T. The time taken
to decay is related to the demarcation energy as

In Fig. 9.27 is shown the decay of the normalized coupling constant
of gratings elevated to three different temperatures, Equation (9.4.1) can
be expressed in terms of the release rate as

Figure 9.27: The thermal decay of boron-germanium codoped fibers, com-
puted from the fitted data [62].
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Using Eqs. (9.4.2)-(9.4.4), a Fermi-Dirac function describes the decay in
the normalized coefficient,

where E0 is the peak of the distribution. We note that A = v(E)a and is
dependent on the release rate at energy E and on a. The distribution of
the defects (DID) is calculated from Eqs. (9.4.2) and (9.4.5) and is

In Figure 9.27 is plotted the decay of the normalized coupling constant
as a function of time for three different values of temperature [621. The
trend in the decay of the strength of gratings is typical. However, the
magnitudes vary greatly. The computed A values from the fitted data to
curves such as in Fig. 9.27 give the result shown in Fig. 9.28 in which a
linear relationship may be seen when A is plotted on a logarithmic scale.
This also ensures the validity of the data.

Alpha is similarly plotted in Fig. 9.29. Again, the linearity of the data
should be such that it should pass through zero.

It turns out that the dependence of the decay of hydrogen-loaded
boron-germanium fibers is much faster than that of unloaded fibers
[62,63]. It has been speculated by the use of a more complex model that
the DID in hydrogen-loaded fibers is not a single Gaussian distribution
but a flat top [64,65]. It has also been suggested that the distribution

Figure 9.28: Relationship between A and the annealing temperature [62].
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Figure 9.29: The fitted a to data on boron-germanium codoped fiber [62].

may be expressed as a stretched exponential [66]. However, there is no
consensus as to a valid model. Riant et al. have pointed out the existence
of at least two DIDs, and these are shown in Fig. 9.30. The contribution
of each DID changes with temperature. It seems sensible that there may
be several such DIDs, which play a role in determining the exact nature
of the thermal decay of gratings.

Figure 9.30: The distribution of the energy states of two DIDs in hydrogen-
loaded fibers [67]. One defect is centered at 1.35 eV and has a narrow distribution,
whereas the second, at 2.67 eV, has a much broader distribution.
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9.4.3 Accelerated aging of gratings

Annealing a grating at an elevated temperature for a short time removes
the fast decay, so that at lower temperatures, the decay rate slows down.
This is the principle of accelerated aging [60,68]. The relationship between
the annealing temperature T2 and the lifetime of a grating operated at
temperature 7\ is given by the simple relationship

where the annealing time is t2 and the time over which the grating is to
be used is t^ The parameter a has been defined in section 9.4.2.

The data for boron-germanium codoped fiber [62] with a = 1.31 X
10~2 K"1 and T0 = 2941 K is shown in Fig. 9.31, for an expected grating
lifetime of 25 years at 300 K. The relationship between the time of anneal-
ing and the anneal temperature shows that annealing at 480 K for 1 min
is equivalent to 25 years at 300 K. In order to ensure that the grating
meets the specification for the application, this initial "burning-in" phase
must be taken into account, since there is a reduction in the refractive
index modulation.

Figure 9.31: Accelerated aging characteristics of boron-germanium co-doped
fiber [62], for a predicted lifetime of 25 years.
Accelerated aging characteristics of boron-germanium co-doped fiber [62], for a
predicted lifetime of 25 years.
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