
Journal of Physics D: Applied Physics

TOPICAL REVIEW

Slow light in fiber Bragg gratings and its
applications
To cite this article: George Skolianos et al 2016 J. Phys. D: Appl. Phys. 49 463001

 

View the article online for updates and enhancements.

You may also like
Non-contact biopotential sensor for remote
human detection
A E Mahdi and L Faggion

-

A source of illumination for low-noise
‘Violin-Mode’ shadow sensors, intended
for use in interferometric gravitational
wave detectors
N A Lockerbie, K V Tokmakov and K A
Strain

-

Effective spectral dispersion of refractive
index modulation
Petr Vojtíšek, Milan Kvto and Ivan Richter

-

Recent citations
Slow and stopped light in dynamic Moiré
gratings
Thomas E. Maybour et al

-

Enhanced avionic sensing based on
Wigner’s cusp anomalies
Rodion Kononchuk et al

-

Matus Vanko et al-

This content was downloaded from IP address 221.6.40.183 on 06/12/2021 at 03:45

https://doi.org/10.1088/0022-3727/49/46/463001
/article/10.1088/1742-6596/307/1/012056
/article/10.1088/1742-6596/307/1/012056
/article/10.1088/0957-0233/25/12/125111
/article/10.1088/0957-0233/25/12/125111
/article/10.1088/0957-0233/25/12/125111
/article/10.1088/0957-0233/25/12/125111
/article/10.1088/2040-8986/aa6092
/article/10.1088/2040-8986/aa6092
https://doi.org/10.1103/PhysRevA.104.013503
https://doi.org/10.1103/PhysRevA.104.013503
https://doi.org/10.1126/sciadv.abg8118
https://doi.org/10.1126/sciadv.abg8118
https://doi.org/10.1109/COMITE52242.2021.9419877
https://doi.org/10.1109/COMITE52242.2021.9419877
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstNHxtynwI6l8y9gsZWbsdwmuM9_SBTxW4Ci2FsDC27Nct42GYBZf8yOamDzJglzeaKdNy9VPFl1n0gNj2m0PQokmrGjqL1DkhzM8rETy0wYz8M7vUUsU35aXaELsdvW8wSk1NmjZm8wsQf3gqqm5PtQYBk202-ZT4a9C864a4lLgOtkqb3ZKUof4IJ0kZEsOb5E1fpP_lnoqkCi5pohAl-REPyXoyHZeDsE-HM3dNswZb2R49NPgiGvPqzrC-HZs-ujcNM-9kpLui_kV9lxIHPwFsgGvSAlqY&sig=Cg0ArKJSzPilvemHldBk&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/241/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DDLAds%26utm_campaign%3D241AbstractSubmit


1 © 2016 IOP Publishing Ltd  Printed in the UK

Journal of Physics D: Applied Physics

G Skolianos et al

Printed in the UK

463001

JPAPBE

© 2016 IOP Publishing Ltd

2016

49

J. Phys. D: Appl. Phys.

JPD

0022-3727

10.1088/0022-3727/49/46/463001

46

Journal of Physics D: Applied Physics

1.  Introduction

A fiber Bragg grating (FBG) is a short length (a few mm 
to a few cm) of optical fiber along which the refractive 
index of the core region is periodically modulated on a sub-
wavelength scale. Light launched into a grating is subject 
to a small Fresnel reflection each time it encounters a local 
region where the index either increases or decreases. In 
the vicinity of a particular wavelength known as the Bragg 
wavelength, these multiple incremental reflected fields add 
coherently in phase, leading to a strong reflection peak, and 
a corresponding dip in the grating’s transmission spectrum. 
An FBG therefore acts primarily as a narrowband reflector 
that transmits nearly perfectly well outside of its reflection 
window. The width of the reflection peak is controlled by 

the length, index modulation amplitude, and period of the 
FBG. It typically ranges from under 0.1 nm in weak gratings 
[1] (peak-to-peak modulations of 5  ×  10−5 or less [1]) to a 
few hundred nm in chirped gratings [2]. The peak reflectivity 
typically ranges from less than 10% in weak gratings [3] to 
close to 100% in strong gratings [4] (large index modula-
tions, up to ~10−2 [5]).

Since their invention in 1978 [6], FBGs have been widely 
used in many applications ranging from filters in optical com-
munication systems [7] to cavity mirrors in fiber lasers [8] 
and semiconductor lasers [9]. Because the Bragg wavelength 
depends on the index and period of the grating, both of which 
are influenced by a large number of external parameters, 
FBGs are also widely used as sensors for a host of parameters, 
in particular strain and temperature [10, 11].
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When used as a notch filter in optical communication sys-
tems [6], an FBG must strongly reflect the band of frequencies 
lying within the bandwidth of its reflection peak, and transmit 
all frequencies outside the peak. One way to achieve a strong 
reflection peak is to increase the index modulation [12]. In 
uniform FBGs (index modulation constant along the length) 
this leads to the formation of pronounced narrow side-lobes 
resonances on both sides of the peak [12–14]. In the vicin-
ity of one of these resonances, light travels multiple times 
through the grating before exiting at either port, and therefore 
it experiences a longer group delay than light away from a res-
onance. The FBG then supports structural slow light, and the 
resonances are referred to as slow-light resonances. The larger 
the index modulation is, the more pronounced these lobes 
are, and the larger the group delay, or the slower the light. 
These lobes, whose physical origin will be described further 
on, are undesirable in communication applications because 
they result in cross-coupling between adjacent channels [15, 
16]. They are typically suppressed by properly apodizing the 
index-modulation profile of the FBG [12, 13, 17].

Conversely, these same narrow resonances can be quite use-
ful in other areas of photonics, in particular for developing high-
sensitivity sensors or high-Q optical cavities. These resonances 
act as quasi-delta functions that also spectrally shift when the 
grating is subjected to certain external perturbations (strain, 
temperature, pressure etc). Thus by interrogating the spectral 
position of a resonance with a probe laser at a frequency tuned 
to the steepest slope of such a narrow resonance, even minute 
perturbations can be sensed, leading to ultra-sensitive sensors 
[18]. Furthermore, structural slow light can be used to enhance 
certain optical nonlinear effects present in the fiber, which can 
lead to interesting applications such as optical switching [19, 
20]. Similarly, these slow-light resonances also offer the oppor-
tunity to confine light in time and space and provide cavities 
with high Purcell factors. As such, they offer an interesting 
potential for producing low-threshold lasers [21] and optical 
frequency combs [22, 23] for example, and new test beds for 
cavity quantum electrodynamics (CQED) experiments [24].

As a result of these interesting new applications, there 
has been recently an increased interest in understanding how 
to generate very sharp resonances in fiber Bragg gratings. 
Significant breakthroughs have been reported in specially 
designed FBGs of cm length scale, including resonances with 
a group delay as long as 42 ns and a Q as high as ~3  ×  107 
[25], and strain sensors with record-breaking sub-picos-
train/√  Hz resolutions [18]. The primary objective of this 
article is to present a basic introduction to the techniques that 
have been developed to achieve exceptionally sharp slow-light 
resonances, to review and explain the principle of operation of 
some of these applications.

2.  Background

2.1.  Modeling FBGs

The modulated index profile of an FBG is illustrated in figure 1 
in the common case of a uniform grating. It can be described 
mathematically for a more general index profile as [12]

π
ϕ= +∆ +∆

Λ
+( ) ( ) ( ) ( )⎜ ⎟

⎛
⎝

⎞
⎠n z n n z n z

z
zcos

2
.eff dc ac� (1)

As defined in figure  1, neff is the initial effective refractive 
index of the fiber mode, Δndc is the mean change in refrac-
tive index, Δnac is half the peak-to-peak amplitude of the ac 
index modulation, Λ is the period of the grating, z is the posi-
tion along the fiber, and ϕ(z) is the additional phase modula-
tion resulting from a possible chirp in the grating period. In a 
uniform grating, Δndc and Δnac have top-hat profiles that are 
independent of z within the grating and have abrupt edges at 
the ends of the grating (figure 1). In contrast, in an apodized 
grating the index profiles smoothly fall to zero at the edges of 
the grating.

When light is launched into an FBG, it is partially reflected 
each time it encounters a change of index, which occurs at 
every point along the rising and the falling edges of each 
period in the index modulation (see figure 1). These multiple 
delocalized reflections, of the order of thousands per mm, are 
coupled primarily to the backward fundamental mode of the 
fiber. The phase difference between reflections from any two 
adjacent peaks in the index modulation is n2 2 /φ π λ∆ = Λ , 
where λ is the wavelength of the light and n is the average 
index seen by the light as it traverses the FBG. At the Bragg 
wavelength λB  =  2nΛ, Δφ  =  2π, i.e. all these reflections add 
constructively, which results in a strong reflection peak. For 
a uniform grating, n n neff dc= +∆  (see equation (1)), which 
gives the conventional expression λB  =  2(neff  +  Δndc)Λ.

The forward (incident) and backward (reflected) propa-
gating modes being coupled together, coupled-mode theory 
can be used to model the spectral characteristics of a grat-
ing, in particular the shape and magnitude of its reflection and 
transmission spectra [12]. For a uniform grating of length L, 
these coupled-mode equations  can be solved analytically to 
obtain the power reflectivity spectrum r (modulus squared 
of the electric-field reflection coefficient spectrum ρ) of the  
grating [12, 26]:

r
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where the conventional ac coupling coefficient κ and the dc 
coupling coefficient σ are defined as

Figure 1.  Periodically varying refractive index in a uniform FBG.
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nac/κ π λ= ∆� (3)

n2 dc/σ π λ= ∆� (4)
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.effσ

π
λ

π
σ= −

Λ
+�� (5)

The maximum reflectivity (at λB) is given by

r Ltanhmax
2( )κ=� (6)

Far away from the Bragg wavelength, the FBG acts as a 
normal fiber, i.e. it is essentially transparent. Figure 2(a) illus-
trates the reflection spectrum of a particular uniform grating, 
simulated using equation (2).

For a uniform grating, the bandwidth of the transmis-
sion (and reflection) peak, defined as the wavelength spacing 
between the first zeros on either side of the reflection peak 
maximum (see figure 2), depends on the ac index modulation 
Δnac and grating length L according to [12]

⎛
⎝
⎜

⎞
⎠
⎟n

n

n

n L
1

2
.B B

ac

eff

eff

ac

2

λ λ∆ =
∆

+
Λ

∆
� (7)

Being a multiple-wave interferometer, an FBG introduces dis-
persion in the reflected and transmitted light signals. If θρ is 
the phase of the field reflection coefficient ρ, ω is the optical 
frequency, the group delay τg and group-delay dispersion dρ 
of the reflected light [12] are defined as
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where ng is the group index and c is the speed of light in free 
space. Figure 2(b) illustrates the group delay spectrum calcu-
lated for the uniform grating whose reflectivity spectrum is 
shown in figure 2(a). The group delay is an important metric 
in the performance of optical delay lines as well as slow-light 
FBG devices with sharp resonances; in particular it contrib-
utes to the sensitivity and noise of strain sensors. It is propor-
tional to the slope of the phase spectrum, which means that a 
high group delay is obtained by achieving a steep change in 
the phase of the transmission/reflection spectrum. The group-
delay dispersion of FBGs can be quite large, especially in non-
uniform FBGs. For example, an ~11 cm FBG designed with a 
gradually increasing coupling coefficient along its length had 
a measured dispersion dp in transmission of ~2000 ps nm−1 
over a ~0.1 nm bandwidth [27]. It was used to successfully 
compensate for group velocity dispersion acquired over ~100 
km in a 10 Gb s−1 optical link. Chirped gratings are more 
effective dispersion compensators because they have larger 
stop bands and can thus be used at higher bit rates [28]. Two 
40 cm chirped FBGs with large stop bands (~4 nm) were used 
in conjunction to demonstrate dispersion compensation for 
~100 km of a 40 Gb s−1 optical link [29].

For non-uniform FBGs, the coupled-mode equations  do 
not generally have a closed-form solution and must be 
solved numerically. In order to model non-uniform FBGs, a 
MATLAB® program was written to numerically calculate the 
transmission and group delay spectra based on the piecewise 
method described in [12]. The Δnac(z), Δndc(z) and the power 
loss coefficient γ(z) that characterizes propagation in the grat-
ing are used as inputs in the program. The general shape of 
these functions is modeled after the beam profile used dur-
ing fabrication of the grating. After the three desired profiles 
are obtained, the FBG is divided along its length into a small 
number N of uniform FBGs of equal length δL, approximately 
100 [12]. The number of the uniform FBGs must be chosen 
so as to fulfill two requirements: (1) each uniform FBG must 
include several periods of the grating (L � Λ) in order for the 
analytical solution for the uniform FBG to be valid, and (2) 
the Δnac, Δndc and loss of the original FBG must not change 
significantly between the beginning and the end of any of the 
N uniform FBGs, otherwise this piecewise approximation 
breaks down.

For each uniform FBG, the transfer matrix that connects 
the forward (denoted with ‘+’ superscript) and backward 
(denoted with ‘−’ superscript) electric fields at its output and 
input at one particular wavelength λ is calculated. The output 

Figure 2.  (a) Simulated reflection and (b) group delay spectra 
for a uniform FBG of length L  =  2 mm, index modulation 
Δnac  =  4.4  ×  10−4 and period Λ  =  538.1 nm.

J. Phys. D: Appl. Phys. 49 (2016) 463001
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of the ith uniform FBG is the input of the (i  +  1)th uniform 
FBG. Thus we can calculate the input electric field of the ith 

uniform FBG from the input of the (i  +  1)th uniform FBG 
[12]:
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where κι and σι are the ac and dc coupling coefficients, respec-
tively, for the ith uniform FBG given by:
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Afterwards, by multiplying the transfer matrices for all the N 
segments, a single matrix C is obtained that relates the input 
and output electric fields of the whole FBG [12]:
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From equation  (12) assuming no backward propagating 
(Eout
−   =  0) field is injected into the FBG (as is the case in 

sensing and other applications) the field transmission and 
reflection coefficient can be easily calculated by evaluating 
C numerically. Then it is trivial to calculate the reflection and 
group delay spectra.

2.2.  Generating slow-light resonances in FBGs

As mentioned in the introduction, for a broad range of appli-
cations there has been a growing interest in FBGs that exhibit 
one or more narrow resonances. Over the years, several 
approaches have been developed to produce such gratings, 
namely weak periodic and aperiodic gratings, superstructure, 
π-shifted, tilted or strong uniform gratings, and more recently 
strong apodized gratings [14, 30–34].

A narrow reflection peak can be created in a nominally 
uniform grating if its ac index modulation is small (Δnac � 
2neffΛ/L, see equation (7)). The linewidth of the reflection peak 
then decreases in inverse proportion to the FBG length. While 
this method requires a weak grating and can therefore be con-
veniently implemented with any FBG-writing techniques, the 
narrow peaks that it produces have a low reflectivity because 
of the low modulation. As a result, the index modulation can 
only be so low, and the linewidth so narrow, before the peak 
disappears. This method therefore cannot produce a reflection 
that is both strong (high reflectivity) and narrow in a short 
grating. For example, in [3] an FBG with a narrow reflection 

peak bandwidth of 0.05 nm was demonstrated, but its peak 
reflectivity was only ~10%. Gagné et al [35] demonstrated the 
fabrication of a 2.5 pm bandwidth grating with a peak reflec-
tivity of 99.9%, but it was very long (1 m).

A π-shifted grating is a good method to generate a reso-
nance that is both strong and narrow [7]. It consists of an FBG 
in which a π phase shift has been introduced during fabrica-
tion at or near the middle of it, as illustrated in the inset of fig-
ure 3. This type of grating can be more easily conceptualized 
as two nominally identical FBGs separated by a gap of length 
λ/4, which means that light traveling in the gap accumulates a 
phase of π per round trip. Each grating acts as a reflector, and 
the two gratings together form a Fabry–Perot (FP) interferom-
eter. This FP is so short that it supports a single transmission 
resonance, located around the middle of the grating’s usual 
reflection peak (see figure 3(a)) [7]. This resonance is narrow 
if the grating is long and/or strong enough, so that its reflec-
tivity is large and the finesse of the FP high (see figure 3(b)). 
The resonance can also be strong provided, as in any FP, that 
the residual transmission of the ‘output’ reflector is matched 
to the internal loss of the grating.

A third method is the generation of narrow slow-light reso-
nances on the edges of the bandgap of strong uniform grat-
ings, as demonstrated through simulations in [12, 13] and 
experimentally in [36]. In an FBG, light in the vicinity of λB 
is strongly reflected, while light strongly detuned from λB is 
essentially fully transmitted. Light at intermediate wavelengths, 
i.e. near an edge of the reflection peak, is strongly but not fully 
reflected, which means that some of it is transmitted, as illus-
trated by the top green path in figure 4. As it traverses the FBG 
back toward the input end, by virtue of reciprocity the reflected 
light is again strongly reflected and partially transmitted at the 
input port (second green path in figure 4). The second reflected 
signal travels to the output end of the grating, where it is again 
partially transmitted (third green path), and so on and so forth. 
This device again behaves analogously to an FP interferometer 
[13, 37], in which light is reflected back and forth between two 
mirrors, creating a comb of resonances. At certain wavelengths 
the multiple transmissions add constructively at the output end 
of the grating, leading to the formation of a series of narrow 
reflection peaks outside the bandgap [13, 37]. Figures 5(a) and 
(b) illustrates this principle with the reflection and group delay 
spectra calculated for a strong uniform grating.

J. Phys. D: Appl. Phys. 49 (2016) 463001
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The spectrum now exhibits a series of narrow resonances on 
both sides of the bandgap. For the resonances to be narrow, the 
grating must have a strong enough index modulation to have a 
high reflectivity, and a low internal loss [38]. In addition, the 
resonances are strongest when the residual transmission of the 
FBG is matched to the internal loss, as in any FP [39]. These 
resonances are referred to as slow-light resonances because in 
their vicinity light travels back and forth along the FBG multi-
ple times, and it consequently experiences an increased group 
delay, and a reduced apparent group velocity.

Such resonances exist in conventional FBGs, i.e. FBGs with 
a weak (uniform or apodized) index modulation. However, they 
are very weak, with a group index barely larger than the phase 
index neff of the mode, and they offer none of the benefits of slow 
light discussed here. To clearly differentiate the two classes of 
gratings, in this manuscript ‘slow-light FBG’ refers strictly to a 
grating with at least one resonance that exhibits a group index 
many times (⩾~10) larger than neff. As discussed further on, 
for many applications these slow-light resonances offer signifi-
cant benefits over the weak resonances present in conventional 
FBGs, in general in proportion to their group index. This defini-
tion also applies to the next category of slow-light FBGs.

A fourth technique to create sharp resonances is a refined 
version of the third technique, namely a strong FBG with an 
apodized index profile. As illustrated in figure 6(a), the index 
profiles Δnac and Δndc are then functions of position, and so 
is the Bragg wavelength, according to

z n n z2 .B eff dcλ = +∆ Λ( ) ( ( ))� (13)

As a result of this spatial dependence, there are an infinite 
number of pairs of points along the FBG such that both points 
in the pair have the same Bragg wavelength. If the index pro-
file is single-humped, as is often the case and as represented 

Figure 3.  (a) Simulated transmission and (b) group delay 
spectra of a π-shifted FBG of length L  =  2 mm with a uniform 
index modulation (shown in the inset) and an index modulation 
Δnac  =  2  ×  10−3, and a period Λ  =  538.1 nm.

Figure 4.  For wavelengths near the band-edge, multiple reflections 
from both ends of the FBG cause recirculation of light inside a 
strong FBG.

Figure 5.  (a) Simulated reflection and (b) group delay spectra of 
a strong uniform grating showing strong slow-light resonances 
at both edges of the bandgap (L  =  2 mm, Δnac  =  2  ×  10−3, and 
Λ  =  538.1 nm).

J. Phys. D: Appl. Phys. 49 (2016) 463001
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in figure 6(a), no two pairs have the same Bragg wavelength. 
A subset of four such pairs is shown in figure 6(b), located at 
(z1, z1′), (z2, z2′ ), (z3, z3′), and (z4, z4′ ) and with respective Bragg 
wavelengths λB1, λB2, λB3, and λB4. Each pair acts as a pair 
of mirrors spaced by a distance zi  −  zi′ that reflect only in the 
vicinity of λBi, and therefore form a Fabry–Perot interferom-
eter around λBi. Among this infinite set of FPs (zi, zi′), only a 
few have a spacing zi  −  zi′ such that light at λBi is in phase with 
itself after a round-trip basis and the FP supports a resonance. 
The FBG then behaves like the superposition of these few res-
onant FPs (four are represented in the example of figure 6(c)). 
The mirror pair closest to the center of the FBG (z1 and z1′ in 
figure 6(c)) has the largest Δnac of all mirrors, and therefore 
the highest reflectivity of all phase-matched pairs, and hence 
this FP supports the resonance with the highest Q factor. This 
mirror pair having also the shortest spacing, it supports the 
fundamental mode (the electric field distribution exhibits a 
single lobe along the FBG) [40, 41]. The other phase-matched 
pairs have a reflectivity that decreases with increasing dis-
tance from the center of the FBG [41, 42], and they support a 
broader resonance (figure 6(d)). Since they have a longer mir-
ror spacing, they support a higher order mode (i.e. their elec-
tric field distributions have multiple lobes). A strong apodized 
FBG therefore exhibits a series of resonances narrower and 
generally stronger toward the center of the grating. An exam-
ple of these slow-light resonances is provided in section 3.1.1.

A strong apodized FBG presents two key differences and 
advantages over a strong uniform FBG. From figure  6(b), 
it is clear that all points on the fiber lying between zi and zi′ 
have Bragg wavelengths longer than λBi; therefore the fiber 

between these two mirrors is transparent around λBi. In con-
trast, in a uniform FBG the medium between the two mirrors 
is reflective at the Bragg wavelength, which leads to higher 
apparent internal loss. In addition, in an apodized FBG the 
resonances are formed just inside the bandgap instead of on 
the edge of the bandgap in a uniform FBG, and as a result the 
reflectivity of each mirror is higher. Thus, the resonances have 
a much higher Q factor than in a uniform FBG with similar 
characteristics [43].

Compared to π-shifted FBGs, apodized FBGs offer mul-
tiple resonances, each with different characteristics. These 
resonances can be useful individually (for sensing applica-
tions) or in combination with each other (for nonlinear appli-
cations where light at two or more wavelengths can interact 
resonantly in the same FBG).

2.3.  Fabrication

An FBG is fabricated by modulating the refractive index of 
an optical fiber along its length at some period Λ, related 
to the target Bragg wavelength λB via equation (13). In that 
equation, the index modulation Δndc(z) is generally weak 
compared to the unperturbed fiber index neff, and the period 
is approximately equal to λB/(2neff), or about a third of the 
Bragg wavelength for a silica fiber (neff  ≈  1.44). A periodic 
index modulation is typically achieved by exposing the fiber 
to a writing laser beam that is modulated in amplitude either 
spatially or temporally. In the regions of the fiber exposed to 
light of suitable wavelength and intensity, the index of glass is 
increased, a phenomenon known as photosensitivity.

Figure 6.  Apodized FBGs and slow light resonances through FPs. (a) The refractive index profile of an apodized FBG along its length (b) 
The distribution of Bragg wavelengths along FBG length (c) The Fabry-Perot resonances around each Bragg wavelength lead to (d) the 
emergence of slow light resonances in FBG transmission.
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Two main mechanisms have been identified to explain the 
photosensitivity of germanosilicate fibers [44]. The first one 
is formation of color centers induced by photo-excitation of 
precursors existing in the fiber. The most common precursors 
are oxygen deficiency defects Ge–Si and Ge–Ge, so-called 
wrong bonds (wrong in the sense that a Ge or Si atom is nor-
mally bonded to four oxygen atoms). When exposed to light 
of suitable wavelength and/or intensity, these wrong bonds 
strongly absorb and are broken, resulting in the formations of 
new species such as GeE’, Ge(1) and Ge(2) [45]. These color 
centers exhibit strong absorption peaks in the UV and VUV 
[46]. The resulting change in the absorption spectrum of the 
fiber causes an increase in the index of the fiber according to 
the Kramers–Kronig relations [45].

The second mechanism is densification: the photon 
flux induces a local compaction of the glass matrix, which 
increases the refractive index proportionally to the increase in 
glass density [47]. The compaction also increases the tension 
in the fiber core, which slightly decreases the index due to the 
photoelastic effect [48]. In most fibers the measured net index 
change is positive. For a non-H2-loaded fiber it was shown to 
be proportional to the induced stress [49].

The fiber can be loaded with hydrogen prior to exposure 
to enhance the photosensitivity. When exposed to the writing 
laser beam the presence of H2 leads to the formation of GeH 
centers and to an increased efficiency in the formation of GeE’ 
color centers [50]. Record index modulations in excess of 
10−2 have been observed in H2-loaded fibers [5]. However, it 
also increases the loss due to the introduction of broad absorp-
tion near 1.4 µm arising from OH− radicals [51]. This can be 
mitigated by using deuterium instead of hydrogen, which also 
increases the photosensitivity but induces much lower loss 
around 1.5 µm since the absorption peak of OD− radicals is 
around 1.9 µm [52].

The magnitudes of these two contributions (color centers 
and densification) are still the subject of much debate and 
interesting studies. They depend, sometime greatly, on the 
fabrication parameters, in particular the laser wavelength, 
laser intensity, and laser pulse width, as well as the fiber com-
position (glass type and possible presence of H2/D2) and its 
processing history.

Near-IR femtosecond lasers with ultra-high peak intensi-
ties (1012–1013 W cm−2) were recently reported to create grat-
ings in H2-loaded standard telecom fibers (Corning’s SMF-28 
fiber) through color-center formation with very large index 

modulations (>5  ×  10−3) [2] and high thermal stability up to 
350 °C [53]. The same technique was also reported to create 
gratings in non-H2-loaded SMF-28 fibers via densification, 
with large index changes (>2  ×  10−3) [54] and good thermal 
stability up to ~600–700 °C. This type of laser can also pro-
duce type-II damage gratings with tailored spectral responses 
sustaining temperatures above 1000 °C [55].

Femtosecond 800 nm Ti:sapphire amplifier systems have 
been used to fabricate gratings in all-silica, germanosilicate, 
and deuterium doped fibers using both phase-mask [54] and 
point-by-point [56] techniques [25, 54].

An apodized index profile [57] can be obtained using one 
of several techniques, including double exposure [58] and var-
iable-diffraction-efficiency phase masks [17]. Longer FBGs 
can be inscribed through the scanning phase mask technique 
[59, 60], in which the laser beam (and the interference pat-
tern) is slowly translated relative to the fiber, as illustrated in 
figure 7. These and other beneficial features of this apparatus 
have been reported in greater detail in [61, 62].

As in any resonator, it is important to minimize the inter-
nal loss of an FBG in order to obtain the strongest (narrow-
est) possible resonances [37, 38]. The internal loss of an FBG 
typically increases as the index modulation is increased [63]. 
For a given index modulation, FBGs written using near-IR 
femtosecond lasers have been shown to exhibit losses that are 
significantly lower than conventional UV-written FBGs [18, 
40, 43, 62], by as much as a factor of approximately 4–5 [43]. 
For example, an FBG written in a conventional SMF-28 fiber 
had a measured Δnac of 0.99  ×  10−3 and an inferred loss of 
only 0.1 m−1 [62]. Femtosecond lasers have consequently 
produced the slow-light FBGs with the highest group-delay 
and intensity enhancement performance so far.

The loss of an FBG can be reduced by thermal anneal-
ing, which involves heating the grating up to some maximum 
temperature, then letting it cool down to room temperature. 
The loss reduction results from a decay of defects and a re-
arrangement of the glass structure [64, 65]. For the same 
reasons, annealing also reduces the index modulation of the 
grating [64]. In slow-light femtosecond gratings, the first 
effect (loss reduction) increases the strength of the slow-light 
resonances (larger transmission, higher group index), while 
the second effect (index modulation reduction) does the 
opposite. The quantitative laws governing these effects are 
not known. In general, the temperature profile of the anneal-
ing process required to achieve a certain goal, for example to 

Figure 7.  FBG fabrication setup using a movable femtosecond laser and a phase mask assembly.

J. Phys. D: Appl. Phys. 49 (2016) 463001



Topical Review

8

maximize the group delay of any of the slow-light resonances, 
must therefore be determined empirically.

For example, consider a femtosecond grating [42] that 
exhibits four slow-light resonances prior to annealing, num-
bered in increasing number away from the bandgap as in 
figure  6(d). The measured peak transmission for these four 
resonances range monotonically from ~  −  35 dB to ~  −24 dB 
(see 25 °C data points in figure  8(a)). The measured group 
delays varied non-monotonically between ~3.5 and 11.5 ns 
(see figure 8(b)) (the group delay of peak #1 could not be 
measured because its power was too low). The grating was 
then annealed at a particular temperature in a fiber oven for 
30 min. After the oven is switched off and the FBG has rap-
idly cooled down to room temperature, the transmission and 
group delay were re-measured. Their evolution with anneal-
ing temperature are shown in figures  8(a) and (b). Three 
important features have generally been observed [42]. First, 
for each peak the transmission increases monotonically with 
temperature, probably due to loss reduction. Second, new 
peaks appear inside the bandgap (labeled #1′, #2′, and #3′), 
because before annealing the loss was too high for them to 
have a measurable transmission. The transmissions of these 

new peaks also grow monotonically upon further annealing. 
Third, the group delay of a given resonance reaches a maxi-
mum at an optimum annealing temperature. This suggests that 
the effect of loss reduction dominates over the effect of the 
index modulation reduction up to an optimum temperature, 
and that at higher temperatures the trend is reversed. Figure 8 
also shows that the deeper a resonance is into the bandgap, 
the higher its optimum temperature. Annealing is therefore a 
useful practical method to obtain high-transmission and high-
group-delay resonances. To prevent having to strip the coat-
ing off the fiber before annealing, gratings can be made in 
fibers with polyimide jackets [61], a polymer that can with-
stand higher temperatures (~400 °C for short periods) than 
conventional fiber-jacket materials. This ensures the mechani-
cal strength of the grating is not compromised because of 
annealing.

3.  Applications

3.1.  Communications

Slow-light FBGs can be used in optical communications as 
optical delay lines [25, 43] and as ultra-narrowband filters. 
They can also be useful components in all-optical signal pro-
cessing [66] and for pulse shaping [67]. The presence of slow 
light by itself is a delay line, since the group delay is the time 
delay that a pulse experiences when it passes through a peak.

3.1.1.  Delay lines.  This section  illustrates the substantial 
group delays that can be accomplished using slow-light 
FBGs. The full potential of these gratings for the generation 
of slow light was not exploited until relatively recently. The 
first significant breakthrough was a group index of ~5 in 2006, 
measured in a long (10 cm) apodized grating with a modest 
Δnac of 1.53  ×  10−4 [68], corresponding to a group delay of 
~1.7 ns. A much larger group index was made possible, as pre-
dicted in [12], by using a substantially stronger index modula-
tion (~1.1  ×  10−3) in a slightly apodized grating with a nearly 
optimized length (1.2 cm) and probably a lower loss as well  
(1 m−1). The slowest peak on the band edge of this grating 
had a measured group index of 130 [37], or a group delay of 
5.2 ns. This result was confirmed in [40] with the publication 
of a comparable value in a strong, Gaussian-apodized grating.

Significantly greater group delays and concomitantly lower 
group velocities were achieved by making use of femtosecond 
FBGs because of their even stronger index modulations and 
lower internal loss. These strong apodized gratings were fab-
ricated in an SMF-28 fiber with an 806 nm femtosecond laser 
using the scanning phase-mask technique. One such grating 
had a length of 2 cm, a Δnac of 1.69  ×  10−3, and a loss of 0.12 
m−1, and it delayed light by 20 ns [43].

This value has been recently doubled by bringing in two 
significant improvements, namely writing the grating in a 
deuterium-loaded fiber to increase the index modulation, and 
annealing the grating to reduce its loss [25]. The 12.5 mm 
FBG was annealed at 100 °C, 150 °C, 200 °C and then in 
steps of 10 °C and the group delay was monitored after each 
annealing step. At 370 °C, the peak third closest to the center 

Figure 8.  (a) Transmission evolution and (b) group delay evolution 
with annealing temperature measured in a femtosecond slow-light 
FBG.
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of the bandgap reached a maximum group delay of 42 ns, 
the current world record. The transmission and group-delay 
spectra of the grating measured at the end of this processing 
are plotted in figure 9 [25]. As predicted from physical prin-
ciples (see figure 6(d)), the FBG exhibits several slow-light 
peaks on the short-wavelength edge of these two spectra, each 
corresponding to the resonance of an equivalent FP. The trans-
mission peaks decrease in magnitude toward the center of the 
bandgap (see figure 9(a)), because light travels back and forth 
through the FBG more times and therefore suffers more loss. 
These peaks also become increasingly narrower as a result 
of greater reflectivity. The group-delay resonances (see fig-
ure  9(b)) grow correspondingly taller (larger group delays) 
toward the center of the bandgap, then decrease as a result of 
excessive loss. The slowest resonance (at ~1549.72 nm) had 
a group delay of 42 ns and a linewidth under 50 fm. It corre-
sponds to a group velocity of only 300 km s−1, a group index 
of 1010, the best values reported to date in an FBG.

It is clear that these very low group velocities are achieved 
at the cost of a limited bandwidth (50 fm in this case), which 
means in particular that as a group delay line such a device 
would function only with signals modulated at relatively low 
frequency. For devices such as these with a Lorentzian or 
Lorentzian-like lineshape, a steep slope implies a larger group 
index, but also a narrower bandwidth. In slow-light FBGs as 
in many other physical systems, the slow-light bandwidth is 
typically inversely proportional to the maximum group delay. 
Although it is possible to increase the bandwidth–group index 
product (for example by coupling optical resonators together), 
in general these approaches do not improve this product by 
orders of magnitude. There is almost always a relatively strict 
tradeoff between group delay and bandwidth.

3.1.2.  Pulse shaping.  Large group delays and high disper-
sions allow slow-light gratings to be used for pulse shaping 
[67]. The Fourier transform of the temporal impulse response is 
the reflectivity spectrum. For a weak grating the Fourier trans-
form of the index profile is also proportional to the reflectiv-
ity spectrum. Thus, the index profile of a weak grating and the 
reflected pulse have the same shape. In [67], a π-shifted FBG 
was designed to shape an incident train of Gaussian pulses into 
a train of antisymmetric Hermite–Gaussian pulses. The π phase 
shift allowed the grating’s index profile to be shaped as a Her-
mite–Gaussian (see figure  10). An inverse scattering method 
was used to design the peak-to-peak amplitude and length of 
the profile so that the FBG had the desired spectral response. 
The large apodization and combined with the π-shift gives the 
required spectral response to perform the transformation.

The FBG was written with a CW argon–ion laser using a 
scanning phase mask technique in which the fiber and phase 
mask were translated relative to the laser. A computer pro-
gram dithered the translation stage to implement the desired 
apodization in the profile. The measured intensity profile of 
an individual Gaussian pulse launched in the FBG is shown 
in figure 11. The pulse train was reflected and filtered by the 
FBG, then collected using an circulator. The measured inten-
sity of reflected pulse (see figure 11) shows that indeed the 
Gaussian pulse was shaped into an Hermite–Gaussian pulse. 

When propagated through an 82 km length of single-mode 
fiber, the antisymmetric Hermite–Gauss pulses were broad-
ened due to dispersion but they maintained their shape (see 
figure 11), which confirmed the antisymmetry of the pulses (π 
phase shift between the pulses’ two peaks).

3.1.3.  Signal processing.  The steep slope in the phase 
change introduced in the light transmitted by a π-shifted 
grating can also be used to perform interesting all-optical 
information processing, such as calculating the temporal 
derivative of an optical signal [66]. The operating principle 
is the same as before: the slow-light FBG acts as a filter with 

Figure 9.  (a) Measured and simulated transmission spectra of 
the FBG. (b) Magnified portion of slow-light peak region of the 
transmission spectra shown in (a). (c) Measured and simulated  
group-delay spectra in the same wavelength range as in (b) 
(reproduced with permission from [25] The Optical Society, 
Copyright 2015).
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a specific spectral response. In [66], a π-shifted FBG was 
fabricated in a hydrogen-loaded fiber using the phase-mask 
technique. The measured amplitude and phase of the FBG 
reflection spectrum are reproduced in the insets of figure 12 
(only the aforementioned transmission resonance within the 
reflection peak is shown; the reflection peak itself is much 
broader than the range of wavelengths displayed in the 
insets). In the vicinity of this narrow slow-light transmission 
peak (see upper inset), the phase dependence on wavelength 
is almost linear and has a π jump (lower inset). When a sig-
nal at or near the resonance frequency travels through such 
a grating, its complex electric field is multiplied by jω, a 
transform that is equivalent to taking the derivative of the 
pulse temporal train. The measured input and output signals 
along with simulated results are plotted in figure  12. The 
output signal (figure 12(b)) resembles the derivative of the 
input signal (figure 12(a)), as expected. A π-shifted FBG can 
be used as a filter to perform other mathematical operations, 
such as the Hilbert transform [69].

Slow-light FBGs can also be used to create a single- 
sideband with carrier suppression for optical signals in  
radio-over-fiber applications. In [70], a simulated optical dual-
sideband signal was transmitted through a π-shifted FBG. The 
laser signal wavelength was centered at 1547.8 nm with 0 dBm 
power. Initially, the optical power was amplitude modulated 
using an RF signal at 60 GHz at a bit rate of 500 Mbps. The 
two sidebands and the carrier are shown in figure 13(a). The 
initial power ratio between the carrier and the sidebands was 
33.95 dB. This modulated signal was then filtered by passing 
it through a π-shifted FBG. The spectrum of the filtered signal 
transmitted by the FBG is shown in figure 13(b). The carrier 
has been greatly reduced, down to the level of the left side-
band. The level of the right sideband was also reduced to ~21 
dB below the left sideband. Thus, this signal can now prop
agate through the fiber with a much lower average power than 
the initial signal, which reduces undesirable nonlinear effects 
such as stimulated Brillouin scattering. Then, by using a fast 
photodetector the RF wave can be reproduced.

3.2.  Nonlinear/QED applications

In section 3.1 we have shown that high group delays can be 
achieved in a properly designed FBG. A large group delay 
enhances certain nonlinear effects such as cross-phase modu-
lation (XPM) and self-phase modulation (SPM), which can be 
used for interesting applications such as optical switching [19, 
20]. Additionally, because FBGs exhibit a low group velocity 
in a short length (as short as a few mm), they can also offer 
high Purcell factors. Optical cavities with a high Purcell fac-
tor couple light efficiently to quantum emitters, and as such 
they also have interesting applications in low-threshold lasers 
[21], in cavity quantum electrodynamics (CQED) experi-
ments [24], and to produce enhanced nonlinear interactions 
[71]. Examples of slow-light FBGs developed towards some 
of these applications are reviewed in this section.

Figure 10.  Simulated index profile for the π-shifted FBG used for 
pulse shaping (period of the grating is not to scale); reproduced 
with permission from [67] SPIE, Copyright 2001.

Figure 11.  Experimental results of pulse shaping reproduced with 
permission from [67] SPIE, Copyright 2001. A custom π-shifted 
FBG of adequate dispersion is used to convert (shape) an input 
Gaussian pulse into a Hermite–Gaussian pulse. Also shown is the 
same pulse after propagating through an 82 km fiber.

Figure 12.  A π-shifted FBG was used to calculate the temporal 
derivative (trace (b)) of an input signal (trace (a)) © [2006] IEEE. 
Reprinted, with permission, from [66]. Solid lines: simulated 
results; dotted lines: experimental results. Insets: the measured 
amplitude and phase of the FBG’s reflection spectrum.
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3.2.1.  Nonlinear all-optical switches.  Both XPM and SPM 
have their origins in the Kerr effect, a third-order nonlinear 
process by which the refractive index of the fiber material 
depends on the intensity of light. The change in refractive 
index due to intensity is given by equation (14) [72]:

n z t n I z t, ,SPM,XPM 2( ) ( )∆ =� (14)

where n2 is the third-order nonlinear index of the fiber and 
I(z,t) is the light intensity. As a result, the phase of a signal 
traveling in a Kerr medium depends on its own intensity 
(SPM), and on the intensity of other signals (XPM).

Slow-light gratings utilizing the XPM effect can be used 
to make optical switches. A high intensity pump and a low 
power probe laser tuned to the peak of a slow-light resonance 
are launched into the grating. In the absence of the pump, the 
power of the probe signal detected at the output of the FBG is 
high and the switch is in its ‘on’ state. When a pump pulse is 
launched, a nonlinear index change is induced in the FBG due 
to XPM and the slow-light resonance shifts in the wavelength 
space. The probe signal is thus detuned from the slow-light 
peak, which causes a decrease in its output power. The switch 
is now in its ‘off’ state.

This effect is particularly attractive when implemented 
in a slow-light grating because the probe being tuned near a 
resonance, it recirculates many times in the grating, and the 
XPM that it experiences is enhanced in proportion to the num-
ber of recirculations. As a result, the pump power required 
to switch is reduced. An all-optical switch that uses this 
enhanced XPM effect was demonstrated in a π-shifted FBG 
operating at 1.55 µm [20]. The FBG was 20 mm long with a 
Gaussian-apodized index profile. The resonance had a meas-
ured FWHM bandwidth of 450 MHz and a measured peak 
transmission of 89%. The probe laser interrogated the FBG 
resonance at 1549.94 nm and a 1064 nm laser provided pump 
pulses to actuate the switching. After fitting the FBG spectrum 
to a model, the group index of the resonance was found to be 
~5, which is approximately equal to the number of passes the 
probe made through the grating. The recirculation was there-
fore expected to lower the XPM pump-power requirement 
by a factor of ~5, as was indeed observed [20]. The resulting 
switch exhibited an extinction ratio of ~6 dB for a 1 kW pulse 
power. In this kind of a switch, there is a trade-off between 
speed and switching power. For the switch to operate at low 
power, a high group index is required (to have a large XPM 
enhancement), which means that the probe spends more time 
traveling back and forth through the device, and hence has a 
slower response time.

Slow-light gratings have also been used as optical switches 
by utilizing SPM instead of XPM. SPM can be observed if the 
intensity of the probe propagating in the FBG is large enough 
to cause a discernible nonlinear index change. This can be 
accomplished in two ways: (1) the input probe intensity is 
high, or (2) the input probe intensity is low but recirculation 
inside the FBG increases the internal intensity enough that 
SPM can be observed.

In [19], the intensity enhancement in a 2 mm π-shifted FBG 
was exploited to create such a switch. The input probe power 
controlled the position of the resonance and subsequently the 
transmission of the FBG at the probe wavelength. A numerical 
fit of the grating’s measured transmission spectrum was used 
to calculate the ac coupling coefficient of the grating (from 
equation (3)), from which an expected intensity enhancement 
of 45 and an expected spectral shift of resonance of ~15 pm 
at an input power of 1 kW were calculated. In figure 14(a), 
the measured transmission spectrum of that FBG is shown for 
two different input powers. When the probe power was high  
(1 kW) the peak shifted toward longer wavelengths from its 
position at the lower power (~0.2 kW). This shift was measured 
to be 12 pm (see figure 14(b)), in general agreement with the 
expected value. The transmission of this FBG versus the input 
power is plotted in figure 15. Below a certain threshold power 
the probe wavelength is off resonance and the transmission is  
low (‘off’ state). When the input power was increased above 
this threshold, the resonance shifts to the probe wavelength 
and the transmission becomes large (‘on’ state). At threshold, 
the switch can be either in the ‘on’ or ‘off’ state depending 
on the previous state of the switch. The extinction ratio of the 
switch was used to experimentally verify the predicted inten-
sity enhancement of 45. This enhanced Kerr effect was also 
used for shaping pulses propagating through an FBG [19]. 

Figure 13.  (a) Simulated spectrum of an RF-modulated optical signal. 
(b) Simulated spectrum after the signal has passed through a π-shifted 
FBG. Reprinted with permission from [70] SPIE, copyright 2013.
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When a high-power pulse (1 kW) was injected in the FBG, 
the leading edge of the output pulse became sharper (the rise 
time shortened) and the trailing edge extended further than 
the input pulse (the fall time increased). This happens because 
the nonlinear response of the grating is quite fast, making the 
leading edge steeper. On the other hand, when the switch is 
turned off the energy trapped inside the cavity escapes rela-
tively slowly, leading to the observed extension of the trailing 
edge.

3.2.2.  High intensity enhancement.  Upham et al reported a 
much higher intensity enhancement in an apodized slow-light 
FBG [40]. The 1.2 cm Gaussian-apodized FBG, written with 
a femtosecond laser, exhibited several slow-light peaks in the 
transmission spectrum, from the short-wavelength edge of 
the grating to near the middle of the bandgap. The index pro-
file of this grating, estimated by fitting its experimental trans-
mission and reflection spectra via the transfer-matrix model, 
had a peak ac index modulation of 10−3. The power loss coef-
ficient, estimated in the same manner, was 0.057 dB cm−1 
[40]. Using these parameters, the intensity enhancement as a 
function of position along the FBG was calculated for the six 
slow-light resonances closest to the bandgap (see figure 16). 
The black curves show the simulations for the actual FBG, 
taking into account its measured loss, while the red curves 
show the simulations for the same FBG assumed lossless. 
The intensity enhancement was maximum and equal to 800 
for the third peak closest to the Bragg wavelength, and ~18 

times larger than reported in the π-shifted FBG of [19]. For 
the same FBG with zero loss the predicted intensity enhance-
ment is ~1.3 million. As demonstrated in earlier work on 
slow-light resonances [37], these results reaffirm the strong 
detrimental influence of FBG loss on the intensity enhance-
ment. In addition, when sweeping a low-power (~0.3 mW) 
tunable laser across a slow-light peak, the intensity enhance-
ment led to a shift in the peak’s resonance wavelength and 
demonstrated peak broadening and bistability. Unlike in the 
π-shifted FBG of [19], however, this wavelength shift was 
not due to Kerr nonlinearity but due to heating of the FBG. 
Because of the high intensity circulating inside the FBG, 
optical power was converted to heat at a higher rate than in a 
normal fiber. This increased the FBG length (thermal expan-
sion) and refractive index (thermo-optic effect) and shifted 
the resonance to higher wavelengths. A ~5 pm shift in the 
resonance was observed by applying an input power of less 
than 1 mW [40].

In [41], an intensity enhancement twice as large (1525) was 
reported in an apodized slow-light FBG. This enhancement 
was made possible by implementing three improvements to 
the grating design. The first two improvements were fabrica-
tion in a deuterium-loaded fiber and optimized annealing of 
the FBG in steps of 100 °C up to 300 °C for 30 min each. 
The general effects of these on the index modulation and loss, 
detailed in sections 2.3 and 3.1, facilitated the large intensity 
enhancement in the FBG.

The third improvement was the optimization of the FBG 
length for maximum intensity enhancement (see the calcu-
lated solid curves in figure 17(a)). To plot these curves, first, 
the experimental transmission and group delay spectra from a 
strong representative FBG were fitted to obtain the index pro-
file shape and loss. The transfer matrix model was then used to 
compute the group delay and transmission of the fundamental 
mode of a grating with this profile shape and loss but with a 
length that was gradually increased from 1 mm to ~9 mm. For 
each length the mode volume and intensity enhancement were 

Figure 14.  (a) Measured transmission of a π-shifted FBG versus 
wavelength for two different input powers. Adapted with permission 
from [19], The Optical Society, Copyright 2010. (b) Magnified 
version of (a) around the peaks showing a shift of 12 pm towards 
the longer wavelengths in the high power case (red) relative to the 
low power case (blue) and the non-Lorentzian shape of the peak.

Figure 15.  Normalized transmission of a π-shifted FBG versus 
input power for probe wavelength λp. Adapted with permission 
from [19], The Optical Society, Copyright 2010. The FBG is in the 
‘off’ state for input powers lower than the threshold, and in the ‘on’ 
state for input powers higher than the threshold.
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computed by calculating the electric-field distribution along 
the FBG, as done for a stack of thin films [73]. These numer
ical calculations show (solid red curve in figure 17(a)) that as 
the FBG length is increased, the intensity enhancement first 
increases, because the reflectivity of the FBG increases and 
hence the group delay increases rapidly (for the same reason 
that the finesse of an FP increases when the reflectivity of 
the mirrors is increased), while the round-trip loss increases 
more slowly. When the length exceeds some value (~4 mm), 
the effect of the increasing propagation loss dominates and 
the intensity enhancement decreases. There is therefore 
an optimum FBG length for obtaining maximum intensity 
enhancement.

To verify these predictions, a ~4 mm FBG (close to optimum 
length) was fabricated, and its measured transmission spectrum 
was fitted to a model to infer the FBG’s index profile and loss 
[41]. The narrowest resonance in the transmission spectrum had 
a measured Q factor of 7.3  ×  106 after annealing and was exper
imentally verified to be the fundamental mode, the first such 
observation. Using these parameters the intensity enhancement 
dependence on length was then recalculated for these FBG 
parameters (dashed curve in figure  17(a)). As expected, the 
optimized length of the FBG maximized its intensity enhance-
ment to 1525, the current record in an all-fiber device.

3.2.3.  Large Purcell factors.  The Purcell factor is a measure 
of the temporal and spatial confinement of light in a device. It 
is defined as [74]
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where Q is the resonance quality factor and Vm is the mode 
volume. Achieving a high Purcell factor therefore requires a 
resonance with a high Q factor (equivalently, a large group 
delay) and a small mode volume. FBGs that combine short 
lengths with large group delays are therefore expected to 
exhibit high Purcell factors.

In [41], a slow-light FBG with a Purcell factor of 38.7 was 
reported. To achieve this result, a length optimization similar 
to the one used to maximize the intensity enhancement (see 
section 3.2.2) was carried out to design an FBG with a maxi-
mum Purcell factor. Assuming an FBG with the known index-
modulation profile shape and loss of a representative strong 
grating, the transfer matrix method was used to plot the trans-
mission and group delay spectra of this FBG for increasing 
grating lengths. For each length, the Q factor of the fundamen-
tal mode was then calculated from the group delay, and the 
mode volume from the electric-field distribution, as described 
previously. Inserting these values in equation  (15) gave the 
Purcell factor. The Purcell factor showed a similar theoretical 
dependence on length (solid black curve in figure 17(a)) as 
the intensity enhancement for the same physical reasons. The 
Purcell factor reached its maximum value (~41) for an opti-
mum length of ~5.5 mm. The transmission at the peak of the 
slowest resonance, however, monotonically decreased with 
increase in FBG length (see figure 17(b)). As a compromise 
between high Purcell factor and high transmission, an FBG 
with a length of 4.5 mm was fabricated, slightly shorter than 
the optimum length. The FBG was annealed up to 250 °C to 
maximize the group delay and the Purcell factor. After anneal-
ing, the slowest resonance in the transmission spectra had a 
measured Q factor of 1.33  ×  107 (group delay of 22 ns) and 
was experimentally verified to be the fundamental mode. 
The FBG’s measured transmission and group delay spectra 
were fitted to obtain its index profile and loss. Using these 

Figure 16.  Calculated intensity enhancement for six peaks/modes 
(labeled (A)–(F) in increasing order of center wavelength) of a 
lossy (black) and a lossless (red) apodized FBG. Reprinted with 
permission from [40] The Optical Society, Copyright 2014.

Figure 17.  Simulated dependence on the laser beam width of  
(a) the intensity enhancement (red) for two FBGs (solid and 
dashed) and the Purcell factor (black) for an FBG (b) transmission 
at peak of slowest resonance versus grating length. Reprinted with 
permission from [41], The Optical Society, Copyright 2015.
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parameters, the mode volume was calculated to be 3.28  ×  104 
µm3. These values gave a Purcell factor of 38.7 (filled circle 
in figure 17(a)), which is the largest Purcell factor reported in 
an all-fiber device.

Furthermore, the Q factor of the slow-light FBG with a 
group delay of 42 ns [26] (see section 3.1.1) was calculated 
to be ~3  ×  107, one of the highest for a single-FBG device 
[25]. This Q factor is about twice as large as for the grating 
with the largest Purcell factor due to its lower loss (~0.2 m−1 
versus ~0.44 m−1).

The Purcell factor of 38.7 in [41] compares favorably to the 
Purcell factor of ~30 observed in a bitapered fiber FP placed 
between two FBGs [75]. This value resulted mostly from the 
very strong confinement afforded by the taper’s 500 nm waist 
diameter. A high Purcell factor was also reported in a very 
short free-space FP resonator consisting of two high reflec-
tors deposited on the curved tips of two single-mode fibers 
[76]. Placing the mirrors face to face close together formed a 
cavity with a mode waist radius of only ~1 µm, a high finesse 
of ~4  ×  104, and a small mode volume of ~3 µm3. The tech-
nology and care used during mirror machining and dielectric 
coating allowed the cavity finesse to be one order of mag-
nitude greater [76] than reported before [77]. This cavity 
achieved a Purcell factor of 206 [76], which is of interest for 
applications in CQED, high-resolution optical filters, and gas 
spectroscopy, among others. In comparison, however, FBGs 
are smaller, significantly more robust, much easier to fabri-
cate, and they require no alignment.

3.3.  Sensors

3.3.1.  Principle.  Most FBG sensors are based on the same 
broad principle. When an external perturbation such as a 
longitudinal strain or a temperature change is applied to the 
grating, it modifies the period of the grating and the effective 
index of the fiber mode [78]. As a consequence, the Bragg 
wavelength (equation (13)) changes, causing the Bragg wave-
length and the entire transmission (and reflection) spectrum 
of the grating to shift in the wavelength space [78]. This spec-
tral shift is measured using one of many techniques, and the 
applied perturbation inferred from this measurement [79].

The method that has produced the highest resolution so far 
for strain sensing consists of measuring the shift with a laser. 
Light is launched into the FBG at a wavelength tuned to the 
steepest portion of the transmission (or reflection) spectrum 
of the grating (λprobe in figure 18). The induced shift in the 
spectrum then results in the largest possible change in the 
power transmitted (or reflected) by the grating. The spectral 
shift can then be inferred from a simple measurement of this 
power change, and the applied perturbation recovered from 
the knowledge of the spectral shift.

The sensitivity of this class of sensor is defined as the 
change in the sensor output power dPout divided by the small 
applied perturbation dx, normalized to the input power Pin:
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where T  =  Pout/Pin is by definition the transmission of the 
FBG. The perturbation x can be the length, temperature, or 
acoustic pressure, among the most common examples. The 
second factor dλB/dx describes the rate at which the Bragg 
wavelength (and the whole spectrum) shifts as a result of the 
application of a specific perturbation dx. For a given type of 
perturbation, this factor is a constant that depends in general 
only on the fiber material. For example, for strain sensing 
using an FBG fabricated in a silica fiber, dλB/dε  =  0.78λB, 
where ε is the applied strain [10]; for temperature sensing in 
the same type of fiber, dλB/dT0  =  8.08  ×  10−6 λB [10].

The first term in equation  (16) is the slope of the peak 
at λprobe. Equation  (16) establishes the important result that 
the sensitivity is proportional to this slope, as expected: for 
a given spectral shift, a steeper slope yields a larger power 
change, and hence a larger sensitivity. A steep slope requires 
a narrow linewidth for the transmission peak, or equivalently 
a high quality factor or a large group delay. The strong slow-
light resonances available either in the transmission resonance 
of a π-shifted grating (see figure 3), or on the edges of the 
bandgap in a strong FBG (see figure 5) are particularly benefi-
cial for this general sensing scheme, because they can be sig-
nificantly steeper than the band edges of a conventional FBG, 
and therefore they can provide significantly greater sensitivity. 
The connection between sensitivity and group delay can be 
easily derived analytically by considering the particular case 
of a resonance with a Lorentzian lineshape. It can then be 
shown easily that the maximum slope for a Lorentzian reso-
nance is given by [63]:
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where T0 is the peak transmission and τg the peak group delay 
of the resonance. Inserting this expression in equation  (16) 
gives the maximum sensitivity for a Lorentzian slow-light 
resonance:

Figure 18.  Sensing using a resonance. A small change in the FBG’s 
environment causes the unperturbed slow-light peak (solid curve) to 
shift to a new position (dashed curve), and the transmission of the 
peak at the probe wavelength to change.
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Importantly, the sensitivity is proportional to the group delay 
of the resonance (or the product of the group index by the 
length), and to its transmission. A higher group delay—slower 
light—leads to a steeper resonance slope, and therefore a 
higher sensitivity.

3.3.2.  Noise sources and resolution.  Mathematically, 
the minimum detectable perturbation xmin is the value of 
measurand x that gives a detected signal dPout equal to the 
output noise Pnoise, or, using the first right hand side of  
equation (16) [63]:
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The minimum detectable signal (MDS) can then be inter-
preted as the noise expressed in units of measurand per root 
bandwidth, or equivalently the resolution of the sensor.

In slow-light FBG sensors, noise sources can be categorized 
in two general categories: sources that are independent of the 
sensor’s sensitivity, and sources that depend on sensitivity. The 
first category includes the laser relative intensity noise (RIN), 
the photodetector noise, and shot noise (electrical and optical). 
The second category consists of the intrinsic thermodynamic 
phase noise of the fiber, the laser frequency noise, and environ
mental noise such as vibrations, acoustic noise, etc. Reference 
to equation  (19) shows that the contribution to the MDS of 
any sensitivity-independent noise independent of sensitivity S 
can be reduced by increasing the sensitivity. When the sensi-
tivity is high, the contribution from noise sources in the first 
category is negligible. On the other hand, noise sources in the 
second category being proportional to S, their contributions to 
the MDS (ratio of noise power to sensitivity, see equation (19)) 
are independent of sensitivity, and they cannot be reduced by 
increasing the sensitivity. Thus the limiting factor is noise 
sources of the second category. When this limit is reached, by 
increasing the sensitivity to render the first category negligible, 
further reduction in MDS can only be achieved by reducing the 
sensitivity-dependent noise contributions themselves.

3.3.3.  Dynamic range.  It is clear that sensitivity is only one 
of several important metrics in the characteristics of a sensor. 
The dynamic range, among others, is also a parameter that can 
be critical, although in general it does not vary from sensor 
to sensor by nearly as much as sensitivity. With reference to 
figure 18, the maximum detectable measurand is the measur-
and that needs to be applied to the FBG to shift its resonance 
peak to the probe wavelength. As the slope of the resonance 
is increased while maintaining the same peak transmission, 
the maximum detectable measurand obviously decreases, in 
proportion to the slope: the steeper the slope, the smaller the 
maximum detectable measurand. Both the minimum and the 
maximum detectable measurand are proportional to the slope. 
The dynamic range, which is the ratio of the two, is inde-
pendent of the slope, or of the group delay of the resonance. 
This points to a tradeoff between minimum and maximum 

detectable measurand, an issue common to almost all optical 
sensors.

3.3.4.  Strain sensors.  One of the first uses of a sharp FBG 
resonance to demonstrate a strain sensor with a then-record 
resolution was reported in 2008 by Gatti et al [80], although at 
the time this type of resonance was not connected to slow light 
(which of course does not change the physics of the scheme). 
The resonance was the sharp transmission peak of a 3 cm π-
shifted FBG. The sensor was interrogated as described in fig-
ure 19 with a laser with a broad linewidth (2 MHz), so that 
the noise was dominated by the laser frequency noise [80]. To 
cancel out environmental noise and drift (due to temperature 
fluctuations in particular), the Pound–Drevel–Hall (PDH) 
technique, which involves modulating the laser frequency 
and locking it to the maximum slope of the peak. Specifically, 
when the FBG’s transmission peak shifted an error signal was 
applied to the laser frequency so that it tracked the peak. The 
error signal was proportional to the shift of the peak and there-
fore proportional to the applied strain too. Thus, the applied 
strain was measured by monitoring the error signal. This sen-
sor had a measured MDS as low as 5 pε (√Hz)−1 at frequen-
cies above 100 kHz.

In 2012, this record was pushed back by more than one order 
of magnitude by using much slower light to increase the sen-
sitivity, and by probing the FBG with a laser with much lower 
frequency noise [18]. The slow-light resonances were gener-
ated on the short-wavelength edge of a strong (Δnac  ≈  10−3), 
slightly apodized grating 2 cm in length fabricated with a fem-
tosecond laser at 403 nm. The slow-light peak used for sensing 
had a high transmission of 89%, corresponding to an internal 
grating loss of only 0.1 m−1, one of the lowest reported for a 
grating this strong. The strain sensor was tested in the setup 
shown in figure 19. The light probe was an Agilent tunable 
laser with a narrow linewidth (8 kHz), which resulted in a very 
low laser frequency noise. A feedback system utilizing a sim-
ple PID controller was implemented to stabilize the sensor’s 
sensitivity against low-frequency temperature fluctuations of 
the grating. Since the purpose of the feedback loop was to 
cancel only the drift, unlike in the PDH technique the laser 
frequency did not have to be modulated, which makes this 
scheme much simpler.

This sensor had a measured MDS of 280 fε (√Hz)−1 at 
23 kHz, limited also by laser frequency noise, the lowest strain 
resolution in a single FBG at the time of the publication [18]. 

Figure 19.  Experimental setup used to characterize the sensitivity 
and noise of the slow-light FBG strain sensor, and to stabilize 
its sensitivity against temperature variations (© [2013] IEEE. 
Reprinted, with permission, from [18]).
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The feedback circuit stabilized the sensitivity so well that the 
sensor output exhibited no sign of drift after continuous oper-
ation for 2 d. The absolute strain resolved by this sensor after 
integrating its output signal for ~6000 s was 200 fε.

This MDS record was improved by another order of magni-
tude in 2016 [81]. This ultra-low resolution was made possible 
mostly by reducing the laser frequency noise that was limiting 
the MDS in the previous sensor. This was accomplished by 
probing the sensor with a fiber laser from Orbits Lightwave 
that had a much narrower linewidth, namely under 200 Hz. 
Compared to the laser used for the previous sensor (linewidth 
of ~8 kHz), this new laser was expected to reduce the MDS by 
a factor of ~6 (assuming that the laser frequency noise scales 
as the square root of the linewidth, as it does in a semiconduc-
tor laser). The Orbits Lightwave laser was only slightly tun-
able. To maximize the number of FBGs that could be tested 
with this laser, we fabricated a large number of FBGs, and 
ordered a laser at the wavelengths that covered the largest num-
ber of FBGs. These gratings, including the one reported here, 
were fabricated with a longer-wavelength femtosecond laser 
(806 nm). They were also strongly apodized and thermally 
annealed. The 2 cm FBG reported here, after annealing up to 
140 °C, had a slowest resonance with a group delay of ~11 ns 
and a peak transmission of ~55%. Based on these values, the 
expected sensitivity, proportional to the product TngL [18], was 
~1.8 times higher than the previous sensor. The MDS of this 
sensor probed on this slowest resonance was measured to be 
120 fε (√Hz)−1 at 1 kHz and 30 fε (√Hz)−1 at 30 kHz. This 
last figure is the lowest reported for a fiber strain sensor.

To assess its long-term stability, this sensor was placed in 
an anechoic chamber (to reduce environmental noise), and its 
output was recorded for four continuous days, with no strain 
applied to it. The Allan variance calculated from this output 
trace is plotted in figure 20. Up to the maximum integration 
time shown in the figure (~8 h, or about 10% of the measure-
ment duration), the sensor output exhibits no drift (variance 
slope of  −1/2). The absolute strain resolved at the end of this 
8 h integration (ordinate near the end point in the curve) is 
~250 attostrains (2.5  ×  10−16), the lowest absolute strain ever 
reported for a fiber sensor.

3.3.5.  Acoustic sensors.  The exact same principle has also 
been used to measure weak acoustic pressures at sonic and 
ultrasonic frequencies. When an acoustic wave is incident on 
an FBG, two mechanisms take place [82]. First, the pressure 
strains the fiber radially at the acoustic frequency, which mod-
ulates the fiber refractive index. Second, due to the first prin-
ciple of thermodynamics the surrounding temperature is also 
modulated, which modulates the temperature of the fiber, and 
thus its dimensions and refractive index. These two effects 
cause the Bragg wavelength and thus the whole reflection/
transmission spectrum of the FBG to shift. Modeling shows 
that for a 125 µm diameter silica fiber, the thermal effect  
dominates below ~2 kHz, and the strain effect dominates 
above [82].

This principle was implemented in a π-shifted grating to 
demonstrate an ultrasonic sensor [83]. The grating was 2.38 mm 
long with a weak index modulation (Δnac  =  1.5  ×  10−5, 

calculated from the coupling coefficient cited in [83]). The 
sensor’s acoustic response was characterized by immersing 
the FBG in water 4.5 mm away from an underwater ultrasonic 
emitter. A calibrated needle microphone placed next to the 
FBG measured the pressure of the ultrasonic wave incident 
on the FBG. The laser frequency was tuned to the steepest 
slope of the FBG’s transmission peak for maximum sensitiv-
ity. The lowest pressure that this sensor was able to detect at 
10 MHz, inferred from a calibrated noise measurement, was 
450 Pa. This high MDP was limited mainly by the relatively 
weak sensitivity of silica fibers to acoustic waves, and to a 
lower extent by the modest group index of the FBG resonance 
(its linewidth was 8 pm [83], corresponding to a group index 
of 40, calculated assuming a Lorentzian lineshape [63]).

To achieve a lower MDP, a mechanical transducer was used 
to convert the acoustic wave into a strain [84]. The transducer 
was a membrane attached normally to the fiber, as illustrated 
in figure  21. An acoustic wave incident on the membrane 
causes the latter to vibrate, and this vibration is transmitted 
to the fiber as a longitudinal strain at the acoustic frequency. 
The applied strain was measured using a π-shifted FBG. The 
measured minimum detectable pressure was 500 µPa (√Hz)−1 
at 5 kHz.

A significantly better performance [81] was obtained by 
the authors of this article with a simpler design by using the 
strong slow-light FBG with an MDS of 30 fε (√Hz)−1 (see 
section 3.3.4). After annealing, the slow-light resonance with 
the steepest slope had a group delay of ~11 ns and a peak 
power transmission of ~55%. The MDP spectrum of this very 
simple sensor, measured in air in an anechoic chamber, had a 
flat band between roughly 500 Hz and 2 kHz, with an average 
value of 600 µPa (√Hz)−1 over this range. Between 3 kHz 
and 6 kHz the average MDP was as low as ~50 µPa (√Hz)−1. 
This value, which is about one order of magnitude lower than 
in [84], and which was achieved without resorting to a frag-
ile membrane, further illustrates the exceptional performance 
attainable with slow-light gratings.

Figure 20.  Measured Allan variance of the 30 fε (√Hz)−1 strain 
sensor showing an absolute strain resolution of ~250 attostrains 
after an integration time of ~8 h.
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4.  Potential future applications and conclusion

Narrow slow-light resonances with high transmission can 
be formed in a low-loss FBG either with a strong apodized 
index-modulation profile or by introducing a phase shift in 
the middle of FBG. These resonances can exhibit very high 
group delays (up to 42 ns) and group indices (above 1000) in 
short gratings (1–2 cm). They have found demonstrated util-
ity in communications (as filters to compute certain functions 
optically), as ultra-sensitive sensors (to detect in particular 
sub-picostrains and acoustic pressure), and in nonlinear optics 
(XPM, SPM, and optical switching). The recent demonstra-
tion in these devices of high Purcell factors also suggests 
interesting applications in quantum optics. Although a lim-
ited number of measurands have been investigated so far, it 
is clear that these sharp resonances can be applied to detect 
many other, in particular humidity, temperature, mechanical 
vibrations, and chemicals.

Further improvements in performance and in the already 
wide breadth of applications are expected in upcoming gener-
ations of FBGs by further reducing the internal loss, increas-
ing the index modulation, optimizing the grating length and 
apodization profile, and better control of fluctuations in the 
index-modulation period, phase, and amplitude during fab-
rication. Similar advancements are anticipated to benefit π-
shifted fiber Bragg gratings as well.
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