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Abstract—On the edge of the bandgap in a fiber Bragg grating
(FBG) narrow peaks of high transmission exist at frequencies
where light interferes constructively in the forward direction. In
the vicinity of these transmission peaks, light reflects back and
forth numerous times across the periodic structure and experi-
ences a large group delay. Since the sensitivity of a phase sensor
to most external perturbations is proportional to the reciprocal
of group velocity, in these slow-light regions the sensitivity of an
FBG is expected to be significantly enhanced over traditional FBG
sensors operated around the Bragg wavelength. In this paper, we
describe means of producing and operating FBGs that support
structural slow light with a group index that can be in principle as
high as several thousand. We present simulations elucidating how
to select the FBG parameters, in particular index modulation,
length, and apodization, to generate such low group velocities, and
quantify the very large improvement in strain and temperature
sensitivities resulting from these new slow-light configurations. As
a proof of concept, we report an FBG with a group index of 127, or
a group velocity of � ��� �� �. This is by far the lowest group
velocity reported to date in an FBG. Used as a strain sensor, this
slow-light FBG is shown to be able to detect a strain as small as
880 � 	
, the lowest value reported for a passive FBG sensor.

Index Terms—Bragg gratings, fiber gratings, optical fiber sen-
sors, slow light.

I. INTRODUCTION

F IBER Bragg gratings (FBGs) are used extensively in re-
search and in industry for many photonics applications,

in particular, in communication systems, in fiber lasers, and in
fiber sensors. In the field of fiber sensors, they are widely used to
sense a number of perturbations, especially strain and temper-
ature. When a strain change is applied to an FBG, three of the
FBG parameters change, namely, its length (through stress on
the fiber) and therefore the grating period , the material index,
and the mode effective index (through the change in the fiber
core dimensions). These three changes result in a shift in the
Bragg wavelength . This shift can be detected with an op-
tical spectrum analyzer (OSA), but the sensitivity is limited by
the resolution of the OSA, which is typically 0.05 nm. It can also
be detected using a Mach–Zehnder interferometer (MZI) to con-
vert the wavelength shift to an amplitude shift. The sensitivity
is then proportional to the path difference between the two arms
of interferometer. However, this path difference can only be in-
creased so much, as discussed further on. In spite of this limita-
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tion, we believe this MZI scheme holds the record for the lowest
minimum detectable dynamic strain in a passive, non-slow-light
FBG sensor (600 ) [17].

In this work, we report a novel sensing scheme that uses struc-
tural slow light in an FBG and improves this resolution record
substantially. The basic premise is that the phase shift induced
by a perturbation applied to a device, for example, a fiber or an
FBG, is proportional to the reciprocal of the group velocity
[1]. When the group velocity is reduced, this phase shift is there-
fore increased [2]. The ability to generate slow light in a fiber,
therefore, offers the compelling prospect of a new generation
of sensors with greatly enhanced sensitivity over conventional
FBG-based sensors.

Three physical mechanisms have been investigated to date
to obtain slow light in a fiber, namely, electromagnetically in-
duced transparency (EIT) [3], stimulated Brillouin scattering
(SBS) [4], and fiber Bragg gratings (FBGs) [5]. EIT is the most
promising method for generating extremely slow light [3], but
it is currently impeded by undesirable reaction between Rb and
the silica host. SBS is more practical, but it produces modest
velocity reductions limited by the SBS gain. For example, in an
SBS fiber amplifier a group velocity of (or
a group index ) has been demonstrated [4]. A group
velocity of 30 000 km/s ( ) was reported using SBS in a
2-m bismuth-oxide optical fiber [6]. Both EIT and SBS require
supplying power to the fiber, and long lengths of fiber in the case
of SBS.

In contrast, an FBG offers a much simpler and more prac-
tical alternative because it relies on a passive resonant effect
and thus does not need an optical pump. It is also a very short
and inexpensive component. As we will see, an FBG can pro-
duce large group-velocity reductions and reasonable group de-
lays, although unfortunately the latter are not tunable. Applica-
tions requiring large group indices, such as sensing, will there-
fore greatly benefit from using slow light in an FBG. The pres-
ence of a periodic structure in an FBG induces a band of finite
bandwidth in the frequency space, where light is not allowed to
propagate. Stated differently, when light in the vicinity of is
injected into an FBG, it is substantially reflected, while light suf-
ficiently detuned from is transmitted. It is well-known that
on the edges of a photonic bandgap there are frequencies where
the group velocity is decreased. This is true also of an FBG,
which is a one-dimensional photonic crystal. A simple analogy
is a Fabry–Perot interferometer, in which at well-defined evenly
spaced frequencies light travels back and forth between two re-
flectors and experiences a decrease in net group velocity. In an
FBG, the situation is analogous, except that because of the dis-
tributed nature of the reflector (a periodic structure) the reflec-
tivity is a strong function of frequency and of the structure pe-
riod. These differences result, as we will see, in a completely
different, non-periodic slow-light spectrum.
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Surprisingly, investigations of slow light in FBGs have been
very limited. Simulations showed that in a uniform FBG, the
group index is maximum in the vicinity of the first transmission
peak on either side of the Bragg-wavelength reflection peak
[7]. For an FBG with a length of 2.67 cm and an index con-
trast , a group index of 3.3 was predicted around
1550 nm. This effect had been used previously in a 10-cm
apodized silica FBG with a of 1.53 to produce soli-
tons with a group index of [5]. Gap solitons with a pulse
delay equal to 20 times the pulse width have also been predicted
through simulations in a 10-cm FBG with a of [8],
which corresponds to an inferred group index of .

The purpose of this work was threefold. First, we wanted to
develop a model that predicts how much further the group ve-
locity of light can be reduced in an FBG, and how to design an
FBG for slowest light. Second, we wanted to verify experimen-
tally the predictions of this model and demonstrate by the same
token a much slower group velocity than ever before. Finally,
we wanted to demonstrate a slow-light FBG strain sensor with
a much higher sensitivity than comparable FBG strain sensors.

Our modeling efforts show that to maximize the group index
attainable at certain band-edge frequencies in an FBG, the index
modulation should be as large as possible, and the loss as low as
possible. For a given loss, there is also a grating length that maxi-
mizes the group index. In addition, apodization can significantly
increase the group index. Based on these findings, it appears that
a main reason why slower light has not been observed in the past
in FBGs is that most FBGs have either a weak index modulation,
or that their length was too short or not optimized. Using a com-
mercial FBG with suitable apodization and a large index modu-
lation of , we measured a group index as large as 127,
the highest value reported in FBG to date. The same FBG used
in a new, slow-light dynamic strain sensing scheme gave a sen-
sitivity of 3.14 and a minimum detectable strain
(MDS) of 880 . To the best of our knowledge, this is

lower than the previous minimum detectable strain
record reported in a passive FBG strain sensor [19].

II. THEORY

A. Modeling Slow-Light in an FBG

Coupled-mode theory was used to calculate the complex am-
plitude spectrum of the signal transmitted by the FBG (see, e.g.,
[9]). The real part of the transmitted amplitude spectrum pro-
vided the power spectrum of the signal transmitted by the FBG;
the imaginary part provided the transmitted phase spectrum. The
group index spectrum for the transmitted signal was then
calculated as the derivative of the phase spectrum using

(1)

In the special case of a uniform grating (constant ), the
coupled-mode equations have an analytical solution for the
fields [10]. For nonuniform gratings, such as apodized, chirped,

-shifted, they can be solved by either numerical integration or
a piecewise uniform approach. The approach we followed is
the latter. It consists in dividing the grating into many sections
short enough that the index modulation in each section can

Fig. 1. Simulated transmission, phase, and group index spectra of a lossless
uniform FBG.

be assumed uniform [9]. Our analysis focused on the impact
on the group index spectrum of the index profile (uniform or
apodized), index modulation , grating length , and power
loss coefficient of the FBG , with a view towards tailoring
these parameters to minimize the group velocity.

Fig. 1(a) and (b) show the calculated power and phase spectra
of the signal transmitted by a lossless uniform silica-fiber Bragg
grating with a period (Bragg wavelength

), , and . This grating is much
stronger than a standard communication grating (

). As a result, its transmission exhibits sizable side-lobes on
either side of its Bragg reflection peak. The phase varies com-
paratively slowly at all frequencies, except in the vicinity of the
side-lobes, where slow light exists. The magnitude of this effect
can be better seen in Fig. 1(c), which plots the group index spec-
trum, calculated from the derivative of the phase spectrum using
(1). In the vicinity of the wavelengths and where the trans-
mission approaches unity [see Fig. 1(a)], the group index peaks
at , which is significantly larger than the group index of

that prevails for large detunings from . Because light
is slowest in the vicinity of transmission maxima, an FBG can
be used in these slow-light bands with little power attenuation.

Simulations show that for a fixed length ( ), the
group index increases rapidly with , approximately as

[see Fig. 2(a)]. For a fixed index contrast ,
the group index increases approximately as [see Fig. 2(b)].
These superlinear dependences show that a tremendous increase
in group index can be achieved even with modest increase in
length and/or index contrast. For example, a 10-cm lossless
uniform grating with an index contrast of 1.5 (which is
readily attainable in a hydrogen-loaded fiber) [11] is predicted
to support light with an as large as , or a group velocity
of only . The conclusion is that significantly slower
light can be induced in an FBG provided the index modulation
and/or the length are increased substantially beyond the ranges
of values probed until now.
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Fig. 2. Calculated dependence of the group index of a lossless uniform FBG
on: (a) index contrast and (b) length.

In practice, loss does not only reduce the transmission of an
FBG; it also limits the maximum achievable group index. Re-
ported power loss coefficients range from greater than 5.8
for an -loaded grating [13] to 1 for a conventional
UV-written Ge-doped silica FBG [12] and less than 0.4
for strong FBG fabricated with ultrashort pulses in Corning’s
SMF-28 fiber [14]. These values depend on a number of pa-
rameters, including the index modulation. Because of this loss,
the group index no longer increases indefinitely with length,
but there is an optimum length for which the group index is
maximum. This behavior is illustrated in Fig. 3, where the
group index and transmission at the first slow-light peak for a
uniform grating with . Loss clearly induces
a sharp reduction in the group index. However, a real grating
can still support remarkably low velocities because its loss is
inherently so low. For example, for the lowest loss coefficient
(0.4 ) the predicted maximum is equal to 154.4. It
occurs for a length of only 3.1 cm, and the transmission is then
10.73%. The same grating of same length without loss would
support an of 465.6 for a transmission.

Light can be slowed down even further with suitable apodiza-
tion to provide the proper phase matching between the input

Fig. 3. The dependence of group index and transmission on length for gratings
with different loss coefficients.

Fig. 4. Calculated (a) transmission and (b) group index spectrum of an
apodized FBG.

light and the grating. Consider as an example the apodized pro-
file in the inset of Fig. 4, which has a Gaussian envelope with
a full width at half maximum . Fig. 4(a) plots the transmis-
sion spectrum and Fig. 4(b) the group index spectrum of this
type of grating with , ,

, and . The transmission spectrum is asym-
metric with respect to [see Fig. 4(a)]. The side-lobes on the
long-wavelength side are greatly reduced, while the side-lobes
on the short-wavelength side support much lower group veloc-
ities [see Fig. 4(b)] than a uniform grating of same length and
peak index modulation.

When , the effective length of the grating decreases
and the group index drops. When , the FBG behaves
asymptotically like a uniform grating. Between these two ex-
tremes there is an optimum width that minimizes the group
index. As an example, the optimized length for an -loaded
grating with , , and is
3.3 mm [15]. At this length, the group index is as high as ,
which is much larger than if the apodization was removed and
everything else kept the same (which would give an of only
70.2).
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Fig. 5. Diagram of slow-light FBG sensor operated in transmission using a
nominally balanced Mach–Zehnder interferometer.

B. Modeling the Sensitivity of a Slow-Light FBG Sensor

A general approach to generating a slow-light FBG sensor
is to place the FBG in the arm of an interferometer and probe
this interferometer at a slow-light wavelength. The role of the
interferometer is to convert the enhanced phase modulation re-
sulting from a perturbation applied to the FBG into an enhanced
amplitude modulation, which is measured directly at the inter-
ferometer output. One of several possible implementations of
this principle is to use an MZI, as illustrated in Fig. 5. Light
from a narrowband laser at a wavelength in the vicinity of one
of the FBG’s slow-light peaks is launched into the MZI. Be-
cause the phase modulation is generated inside the interferom-
eter, the latter does not need to be imbalanced. Using a nomi-
nally balanced MZI has two benefits. First, the laser phase noise
is not converted into amplitude noise by the MZI, and the noise
in the detected signal is reduced. Second, the MZI can be very
short and therefore comparatively stable against external pertur-
bations such as temperature changes.

Because the transmission at a slow-light wavelength is less,
and often significantly less, than 100%, it is necessary to take
it into account when calculating the sensitivity of the sensor of
Fig. 5. The MZI output field is the coherent sum of the field
transmitted by the upper (sensing) arm, which contains the FBG,
and the field transmitted by the lower (or reference) arm. It is
easy to show that the MZI output power resulting from this co-
herent sum is given by

(2)

where is the power incident on the leftmost coupler, is
the coupler’s coupling coefficient, is the propagation phase
difference between the two arms, and and are the power
transmission of the upper and lower arm, respectively. is the
sum of a constant term, which is the built-in phase difference (or
phase bias) between the two arms, and the phase perturbation
applied to the FBG. The MZI sensitivity to a small is max-
imum when the phase bias is (modulo ). For a dynamic
perturbation, the term that is detected at the output of the sensor
is the third term in (2). Thus (2) becomes

(3)

The strain sensitivity is by definition

(4)

Fig. 6. Calculated sensitivity spectrum of the FBG of Fig. 4.

The derivative is obtained simply from (3). The rate
of change of the optical phase with wavelength is given
in general terms by [1]

(5)

Finally, the last derivative in (4) relates the rate of wavelength
shift of the FBG’s reflection spectrum to a small applied strain

. This shift arises from three effects, as mentioned earlier.
When ignoring the smaller third effect (the change in mode ef-
fective index due to the strain-induced change in the fiber core
size), this term is equal to [16]

(6)

where and are the elasto-optic coefficients of the fiber,
is Poisson’s ratio, and is the mode effective index. For a silica
fiber, . Combining these three derivatives (4)
yields the strain sensitivity

(7)

Equation (7) states that the output power is proportional to
. The sensitivity is maximum when

(50% coupling at both MZI couplers), as expected, but also
when and are maximum. It is straightforward to make the
reference arm essentially lossless, so we will assume .
The bottom line is that to maximize the sensitivity one must
maximize not alone, but the product , the relevant
figure of merit that maximizes the sensitivity.

Since the relevant figure of merit is , it is not neces-
sarily the first slow-light peak (closest to the band edge) that
produces the highest sensitivity, because its transmission is too
weak. For example, consider the example of the FBG of Fig. 4.
Its sensitivity is proportional to the product of the spectrum
[Fig. 4(b)] and the square root of the transmission spectrum
[Fig. 4(a)]. This product is shown in Fig. 6. It is clear from this
figure that for this particular FBG, the sensitivity is maximum
not at the first but at the second slow-light peak. This derivation
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Fig. 7. Conventional strain-sensing scheme using an FBG in reflection.

Fig. 8. Calculated strain sensitivity dependence on index modulation for the
proposed slow-light FBG sensor and the conventional FBG reflection sensor
using an imbalance MZI for signal processing.

provides a quick method to compute the sensitivity spectrum of
a given FBG, and to assess the wavelength of maximum sensi-
tivity, as well as the maximum sensitivity.

Long ago scientists at NRL demonstrated a clever signal-pro-
cessing scheme to enhance the sensitivity of FBG sensors oper-
ated in reflection (Fig. 7) [17]. The reflected signal returning
from the FBG, which is shifted from its original wavelength by
a quantity proportional to the perturbation applied to the
FBG (e.g., a strain), is sent through a path-imbalanced MZI.
The latter converts the wavelength shift into a shift in intensity
proportional to and to the MZI path mismatch . The sen-
sitivity of this scheme can therefore be increased by increasing
the path mismatch, but only up to a point. First, as the path mis-
match is increased the MZI’s thermal stability worsens. Second,
and more fundamentally, for interference to occur at the MZI’s
output the path mismatch must not exceed the coherence length
of the signal in the fiber. This coherence length is ultimately lim-
ited by the index modulation of the grating: the lower
the longer the coherence length, which means that to increase
the sensitivity one must use a very weak, and therefore very
long, grating (in order to achieve sufficient reflectivity), which
is more difficult to make and less thermally stable. This scheme
encourages the use of weaker FBGs, which do not support slow
light. It has nevertheless produced the lowest MDS reported in
a passive FBG that does not rely on slow light. As such, it is a
worthy metric against which to compare our slow-light scheme.

Fig. 8 plots the strain sensitivity of our slow-light FBG sensor
as a function of index modulation, and compares it to the sen-
sitivity of the scheme of Fig. 7. Both FBGs have a length of

Fig. 9. Diagram of the group delay measurement setup.

2 cm. The FBG in the conventional scheme is assumed loss-
less, for simplicity. For the conventional sensor, the sensitivity
is maximum when the grating is very weak, and it drops as the
index modulation increases, as explained in the preceding para-
graph. In contrast, the sensitivity of the slow-light sensor in-
creases steadily (and quickly for larger ) as is increased.
In the lossless limit, it can be as much as five orders of magni-
tude more sensitive. In practice, for a loss of 1 it is pre-
dicted to be more sensitive. This improvement
is achieved again concomitantly with the use of a more stable
signal processing scheme (a balanced MZI). This figure illus-
trates the tremendous potential for increased sensitivity afforded
by the use of slow light.

III. EXPERIMENTAL STUDIES

Several commercial FBGs with different index modulations,
modulation profiles, and lengths were evaluated to confirm the
various predictions of the above theoretical section. The first
goal was to achieve group indices as high as possible, i.e., to
acquire FBGs with index modulations as high as possible and
losses as low as possible. The second goal was to measure the
sensitivity of slow-light FBGs to dynamic strains and confirm
that this new kind of sensor is more sensitive than existing pas-
sive FBG strain sensors that do not rely on slow light.

A. Measurements of Slow-Light Velocity

To evaluate the slow-light properties of strong FBGs, we mea-
sured the transmission and group index spectra of FBGs using
the experimental setup of Fig. 9. Light from a tunable laser with
a narrow linewidth (100 kHz) and fine wavelength resolution
(0.1 pm) was modulated sinusoidally at using
an external intensity modulator. The modulated light was cou-
pled into the FBG under test. The signal exiting the FBG was
split using a 50/50 fiber coupler. One output signal was sent to
a power meter to measure (by varying the laser wavelength) the
power transmission spectrum of the FBG. The other output was
sent to a photodetector followed by a lock-in amplifier, which
measured its phase. The first measurement was conducted at
1548 nm, i.e., far enough from the band edge (2 nm) that the
group velocity is normal. The measured phase at this wavelength
was thus used as a reference value that corresponded to a known
group index equal to the index of silica . The wave-
length was then tuned close to the band edge and the phase mea-
surement was repeated. The difference in group delay between
the two wavelengths was calculated from the phase change
measured between these two wavelengths using

(8)
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Fig. 10. Measured spectrum of the signal transmitted by a strong FBG:
(a) transmission and (b) group index.

The group index at the second wavelength was then calcu-
lated from using

(9)

Fig. 10(a) shows the measured transmission spectrum and
Fig. 10(b) the group index spectrum of the signal transmitted
by the FBG that yielded the lowest group velocity we have
been able to observe so far. Both measured spectra exhibit
multiple slow-light peaks on the short-wavelength side of the
bandgap, and virtually no peaks on the long-wavelength side,
as expected theoretically for an apodized FBG (see Fig. 4). We
were able to observe five peaks. The maximum measured group
index occurs in the vicinity of the second transmission peak
( ) and is equal to 127. The transmission
at this wavelength is 0.8%. This is the slowest group velocity
( ) reported in an FBG. The peak closest to the
band edge ( ) should have an even higher
group index ( ), but it could not be measured because
the transmitted power at this peak was too small to detect,
even with optical amplification of the signal incident on the
MZI. The corresponding solid curves in Fig. 10 are theoretical
predictions calculated with our model after adjusting , ,
and to best fit them to the experimental spectra. The fitted
values are , , ,

Fig. 11. The experimentally measured bandwidth and group index for various
FBGs.

Fig. 12. Diagram of the slow-light FBG strain sensor.

and . The former two values agree well with
the manufacturer’s estimated values ( and 1.2 cm). Both
measured spectra agree well with theory. This breakthrough
result confirms that much slower light can be achieved in a
device as simple as an FBG as was believed before. Even larger
group indices can be achieved in lower loss FBGs.

In our study, five FBGs with various lengths, index modu-
lations, index profiles, and loss coefficients were characterized.
Fig. 11 shows the relationship between the measured 3-dB band-
width of the first slow-light peak and the group index for these
FBGs. The bandwidths range from 11 pm in a weak FBG with

to 0.62 pm in a strong FBG with . Although
these FBGs have different parameters, the slope fitted to these
data points is about , i.e., the bandwidth is inversely
proportional to the group index. The group delay in the FBG that
produced the slowest light is , and the delay-bandwidth
product is 0.39. This is lower than products achieved with SBS
( delay with a 40 MHz bandwidth [4], or a product of

). As shown in Section II, FBGs can support much larger
group indices, and thus delays, comparable to what is achiev-
able with SBS.

B. Measurements of Strain Sensitivity

The strain sensitivity of this FBG was measured by placing it
in an MZI according to the configuration of Fig. 5. A diagram
of the experimental sensor is shown in Fig. 12. To apply a con-
trolled and calibrated strain to the FBG, it was mounted on a
piezoelectric (PZT) ring, and an AC voltage was applied to the
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Fig. 13. Measured strain sensitivity of the FBG sensor and theoretical sen-
sitivity spectrum predicted from its measured group index and transmission
spectra.

ring at a frequency . The FBG was then placed
in the fiber MZI, which was made with two 3-dB fiber cou-
plers, short lengths of fiber, and optical connectors. Care was
taken to make sure that the two arms of the MZ interferometer
had the same length within 1–3 mm to minimize conversion
of laser phase noise into intensity noise. The MZI output was
measured with a low-noise photodetector. This output contains
a slowly varying component due to slow thermally induced vari-
ations in the phase difference between the two arms of the MZI.
This variable signal was sent to a proportional-integral-deriva-
tive (PID) controller, which provided feedback to a second PZT
ring placed in the reference arm to cancel out this slow drift. The
purpose of this closed loop was first to stabilize the interferom-
eter against the aforementioned thermally induced phase varia-
tions, and second to maintain its phase bias at for maximum
sensitivity. Another portion of the detector output was sent to
a lock-in amplifier, which extracted from it the component
of the output. The sensitivity of the sensor was measured by
varying the wavelength of the tunable laser, and measuring for
each wavelength the response to the same known applied strain.
The PZT on which the FBG was attached was calibrated before-
hand by wrapping a known length of fiber around it, placing the
fiber inside a separate MZI, and measuring the phase shift in this
fiber, from which the strain could be calculated, as a function of
the PZT voltage.

The result of the strain-sensing experiment is plotted in
Fig. 13 in the form of the sensitivity measured at four of
the observed slow-light peaks. The maximum measured
value occurs at the second slow-light peak. It is equal to

. The theoretical sensitivity spectrum
of this sensor is also shown in Fig. 13. It was calculated from
this FBG’s measured group index and transmission spectra
(Fig. 10) and the dependence in (7). Importantly,
no fit was performed to obtain this sensitivity spectrum. There
is excellent between the measured and the predicted sensitivity
spectrum in Fig. 13, which confirms a sound understanding of
the mechanism that is taking place in this sensor, and the key
role of slow light in its ultrahigh sensitivity.

To compare the sensitivity performance of this sensor to that
of other strain sensors of its class, namely passive FBG-based
strain sensors, we calculated its MDS, the metric most often
used in the literature. At the mean detected power in our mea-
surements ( for a power input into the MZI of

), the measured noise at the output of the un-
strained sensor was . This noise was
composed approximately equally of laser relative intensity noise
(RIN) and photodetector noise. Laser phase noise was negligible
because the MZI was very nearly balanced. From the definition
of the sensitivity, the MDS (the strain that produces a variation
in output power equal to the noise) can be written as

(10)

At the highest measured sensitivity (3.14 ), the
MDS of our sensor is 880 . The measured sensitivity
is lower than the lowest value reported to date
using the conventional passive scheme of Fig. 7 (600 ),
which did not rely on slow light. [17] A detailed comparison
between these two sensors would be needed to produce a cal-
ibrated comparison, yet it is meaningful that the improvement
brought about by the use of slow light is of the order of mag-
nitude predicted in Fig. 8 (a factor of ). We reiterate that
[17] achieved its sensitivity without using slow light, and also
that it utilizes an MZI configuration, therefore it is quite relevant
for our comparison purposes. On the other hand, it is interesting
to note that two other published approaches have led to an even
better MDS than the conventional result of [17]. One is an FBG
that was probed in reflection not at as is customary but at a
wavelength on the falling edge of the bandgap [18]. This scheme
achieved an MDS of 45 . Our model shows, as expected
on physical grounds, that in the vicinity of this wavelength the
group velocity of light is also reduced, although not as much as
at the wavelengths reported in this paper. Although the concept
of slow light was not mentioned in [18], it is our opinion that
this reference did utilize slow light, and that the low MDS they
report is likely due mostly to slow light. Also, in [19], strain de-
tection was effected by probing a -shifted FBG in the vicinity
of the narrow high-transmission peak that exists in the middle of
its bandgap. An MDS of 5 was demonstrated. Again,
although no mention of slow light is made in [19], we believe
that this very low detectable strain was made possible by the use
of the low group velocity that prevails in a -shifted grating in
the vicinity of the narrow central transmission.

In the light of this prior art, we conclude that with an MDS of
880 our sensor is the most sensitive passive FBG strain
sensor reported to date. This is a factor of more sensitive
than the next best value for a passive FBG strain sensor that we
believe utilized slow light [19], and 700 times more sensitive
than the next best FBG sensor that did not rely on slow light [17].

As expected, this increased sensitivity arising from the use of
slow light comes at the price of a reduced bandwidth because
slow light exists over a limited range of frequencies, and this
range generally decreases as the group delay increases. How-
ever, the bandwidth still remains sizeable. For example, in the
strain sensor of Fig. 13, the measured bandwidth for 90% of the
highest detectable elongation is 0.2 pm, which corresponds to a
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maximum strain of 0.16 . The dynamic range is ,
which is comparable to that of typical interferometric fiber sen-
sors ( ).

IV. CONCLUSION

In conclusion, we have shown theoretically for the first time
that an FBG with a large index modulation and an optimized
length and apodization can support light with a much lower
group velocity than previously anticipated. We have verified
this principle by demonstrating a group velocity of 2360 km/s
(a group index of 127) in a 1.2-cm apodized FBG with a
of 1.035 and a loss of . This is the slowest
light reported to date in an FBG. Using the strongest detectable
slow-light peak in this FBG, we demonstrated a strain sensor
with a sensitivity of 3.14 and a minimum de-
tectable strain of 880 , the world record for a passive
FBG strain sensor. This is the first demonstration that slow light
can significantly enhance the sensitivity to a perturbation in an
optical fiber grating. These results point to a novel class of fiber
devices and sensors with unprecedented properties and valuable
potential applications in many branches of photonics.
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