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We  propose  and  experimentally  demonstrate  a sensor  of  refractive  index  (RI)  of  aqueous  analytes  based
on a  hollow-core  low-refractive-index-contrast  Bragg  fiber.  Variations  in  refractive  index  of  liquid  ana-
lytes filling  the  hollow  core  of Bragg  fiber  could  modify  the  resonant  condition  of  the  modal  confinement,
thus  leading  to  both  spectral  shifts  and  intensity  changes  in the  fiber  transmission.  As  a  proof-of-principle
demonstration,  we characterize  sensor  performance  using  a set  of NaCl  solutions  with  different  concen-
trations. The  experimental  sensitivity  of the  Bragg  fiber  sensor  is found  to  be ∼1400  nm/RIU  (refractive
hotonic crystal fiber
ragg fiber sensor
iber-optic sensor

index  unit),  which  is  comparable  to those  of  surface  plasmon  resonance  sensors.  Moreover,  we  demon-
strate  the integration  of a  Bragg  fiber  bundle  spectrometer  in  the  liquid-core  Bragg  fiber  sensing  system
to  replace  the  grating-based  monochromator,  which  could  potentially  lead  to  significant  cost-saving  and
increased  sensing  speed.  In  summary,  we  demonstrate  an  all-photonic-bandgap-fiber  RI  sensing  system
that uses  a hollow  core  Bragg  fiber  to  hold  and  probe  the  analyte,  and a solid-core  Bragg  fiber  bundle  for

 the  t
spectral interpretation  of

. Introduction

Recently, liquid-core waveguides have drawn much attention
or chemical and biological sensing applications. A typical liquid-
ore waveguide sensor operates on the principle of total internal
eflection (TIR) where liquid core is surrounded by the lower refrac-
ive index (RI) cladding [1]. Unfortunately, the difficulty in finding
uitable cladding material with the refractive index lower than
hose of aqueous solutions (n ∼ 1.33) limits TIR liquid-core sen-
or development. One way to circumvent this problem is to use
he “leaky modes” guided in the low-RI core surrounded by the
igh-RI cladding. This is an approach used by the liquid- and air-
ore capillary sensors reported in [2,3]. These capillary sensors,
owever, have limited sensing length due to large propagation

oss, and are mainly used to detect imaginary parts of analyte
Is.

Using sensors based on hollow-core (HC) photonic crystal fibers
PCFs) constitutes an alternative to capillary sensors. Most of HC-
CF sensors guide by bandgap effect according to which the light
ithin a certain frequency (reflector bandgap) is confined in the
ber core. The propagation loss is determined by the core material

bsorption and fiber radiation losses. Compared to capillary sen-
ors, HC-PCF sensor enables longer sensing length, while having
irtually complete light-analyte overlap throughout the entire fiber

∗ Corresponding author.
E-mail address: maksim.skorobogatiy@polymtl.ca (M.  Skorobogatiy).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.10.025
ransmitted  light.
© 2011 Elsevier B.V. All rights reserved.

length, which makes HC-PCF sensors potentially more advanta-
geous in detecting imaginary part of the analyte RI. Besides, HC-PCF
sensors could be also used to detect real part of the analyte RI, as
well as other measurands that could affect resonant conditions of
the HC-PCFs. Up to date, HC-PCF based sensors have already been
used for sensing of real and imaginary parts of RIs of liquid or gas
analytes [4–20],  as well as sensing of temperature, strain, pres-
sure [21–23],  etc. These HC-PCF based sensors are summarized in
Table 1.

Particularly, as to sensing of liquid analytes, most of the pre-
viously reported HC-PCF sensors operate on the following three
configurations.

Firstly, as to detection of real parts of analyte RIs, most of
liquid-core PCF sensors use a resonant sensing mechanism accord-
ing to which the transmission spectrum of the liquid-core PCF
shifts in response to variations in RI of the liquid analyte filling
the fiber core. For example, in [4,5] the liquid RI sensor based on
a commercial glass PCF is reported with the sensitivity found to
be on order of ∼5 × 103 nm/RIU. A relative long time is needed
to fill a liquid analyte into the micron-sized holes of the PCF
(∼10 min/20 cm reported in [4]). Another example of the sensor
uses the HC high-RI-contrast Bragg fiber [6] which shows a tun-
able bandgap when changing RI of the liquid analyte filling the
fiber core. However, the high-RI-contrast Bragg fiber sensor is

mainly used to detect high-RI analytes (nanalyte > 1.40 in [6]), while it
becomes somewhat problematic when measuring low-RI analytes
including aqueous solutions (nanalyte ∼ 1.33) as we will explain in
Section 2.

dx.doi.org/10.1016/j.snb.2011.10.025
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:maksim.skorobogatiy@polymtl.ca
dx.doi.org/10.1016/j.snb.2011.10.025
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Table 1
HC-PCF based sensors.

HC-PCF based sensor Sensing mechanism Wavelength Sensitivity Ref.

Liquid analyte sensing
•Liquid RI sensing Resonant sensing (Re(na) sensing) 600–1700 nm ∼5000 nm/RIU [4,5]

400–900 nm ∼300 nm/RIU [6]
•Bio-sensing Evanescent field sensing (Im(na) sensing) 500–600 nm - [7]

500–760 nm - [8]
•Chemical sensing Raman scattering sensing 500–4000 cm−1 1.7×10−7M (molarity) [9]

600–2000 cms−1 10−4−10−5M [10]
500–2000 cm−1 ∼10−3M [11]
600–1800 cm−1 10−10M [12]

Gaseous analyte sensing Gas specific absorption sensing (Im(na) sensing) 7–14 �m 30 ppb (parts per billion) [13]
1000–7000 cm−1 - [14]
1000–1700 nm - [15]
1550–1640 nm 647 ppm (parts per million) [16]
1630–1680 nm 10 ppm [17]
1200–1600 nm 49 ppm [18]

Raman scattering sensing 500–600 nm - [19]
865–900 nm - [20]

Temperature sensing Resonant sensing: bandgap shift detection 1500–1750 nm 29 nm/◦C [21]
1200–1600 nm 3.97 pm/◦C [22]
1500–1660 nm 0.86 pm/◦C [23]

Strain/pressure sensing Resonant sensing: bandgap shift detection 1500–1750 nm −0.7 pm/|�� [21]
1200–1600 nm −0.81 pm/�� [22]
1500–1660 nm 0.6 pm/�� [23]
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Secondly, the liquid-core PCFs can be used as “multi-core”
aveguide sensors operating on the evanescent-field sensing prin-

iple [7,8]. While each node of the struts in the microstructured
ladding forms a “core”, the PCF is used as a “multi-core” waveguide
ather than a photonic bandgap (PBG) fiber. Fluorophore-labeled
nalytes are then probed by the evanescent field penetrating from
he “cores” into the liquid-filled holes. The sensitivity of the sensor
s limited by the small overlap between analytes and the evanes-
ent field in the micron-sized holes. Reported response time is also
ong (several minutes) due to the slow process of filling analytes
nto the micron-sized holes.

Thirdly, another implementation of the liquid-core PCF sensor
nvolves using normal or surface-enhanced Raman scattering in the
artially filled HC-PCFs [9–12]. In such a sensor, a selective infiltra-
ion technique is used to fill liquid analytes only in the center hole of

 PCF, which will enhance the light confinement of the fiber due to
he increased RI-contrast between the center liquid-filled core and
he air-filled microstructured cladding. The selectively filled PCF,
herefore, guides by a modified index-guiding mechanism, and the
aman signal from liquid analytes in the fiber core is detected. The
etection limit of the PCF based Raman sensor could be on order
f 10−10 M [12]. Main challenge of this technique is in the selective
lling step which considerably complicates fabrication of the PCF
ensor.

The goal of this paper is to demonstrate a liquid-core low-RI-
ontrast Bragg fiber sensor (Fig. 1) which is used for detection of
eal part of liquid RIs. The sensor operates on a resonant sens-
ng principle in which variations in real part of the analyte RI
lling the Bragg fiber core lead to both intensity changes and spec-
ral shifts in the fiber transmission [24]. Experimental sensitivity
f sensor is found to be ∼1400 nm/RIU. We  also show that the
ensitivity of the liquid-core Bragg fiber sensor is virtually indepen-
ent on the length of the fiber. The response time of the sensor using
n 80 cm long fiber is ∼1 s, which represents an advantage com-
ared to the previously reported liquid-core PCF sensors (response

ime ∼10 min). Besides, we note that low-RI-contrast Bragg fibers
how good guidance when filled with aqueous solutions. However,
igh-RI-contrast Bragg fibers have the TM (transverse magnetic)
andgaps that tend to collapse in the vicinity of the light line of
ers, the fiber used for sensing is the HC photonic bandgap fiber featuring a center
art and imaginary part of the analyte RI, respectively.

water because of the Brewster angle phenomenon. Thus, high-RI-
contrast Bragg fibers have relatively poor guidance of the hybrid
modes propagating in an aqueous core, which cause the difficulty
of sensing aqueous analytes.

In this paper, we also demonstrate the integration of a Bragg
fiber bundle spectrometer in the liquid-core Bragg fiber sensing
system. The Bragg fiber bundle spectrometer, reported in [25] has
shown high accuracy in detecting the center peak position of a test
spectrum, which can be used to analyze transmission peak shifts of
a liquid-core Bragg fiber. Using the Bragg fiber bundle spectrometer
potentially allows forgoing traditional grating-based spectrome-
ters, thus leading to significant cost-saving and increased sensing
speed. Besides, unlike the grating-based spectrometer with the
resolution dependent on spatial line density of the grating and
length of the optical path inside the spectrometer, the fiber bun-
dle spectrometer has a resolution independent on the fiber bundle
length. Therefore, a highly compact all-PBG-fiber based liquid RI
sensor could be constructed by using a several-centimeter-long
fiber bundle connected to a coiled HC Bragg fiber. To the best of
our knowledge, this is the first time when a complete liquid-core RI
fiber-optic sensor has been demonstrated where both the sensing
cell and the spectrometer are realized using hollow- and solid-core
PBG fibers.

2. Operation principle of liquid-core Bragg fiber sensor

The all-polymer HC low-RI-contrast Bragg fiber used in the sen-
sor is fabricated in our group [26]. This Bragg fiber features a large
air core (diameter: ∼0.8 mm)  surrounded by an alternating poly-
methyl methacrylate (PMMA)/polystyrene (PS) Bragg reflector (RI:
1.487/1.581 @ 589 nm)  and a PMMA  cladding (Fig. 1(b)). The large
core of the Bragg fiber facilitates filling it with aqueous solutions
which might even contain some large objects. Such a large core
also leads to a short response time of the sensor, since the flow
resistance in the core decreases polynomially as the core radius

increases. Experimentally, response time of a sensor using an 80 cm
long fiber is found to be ∼1 s.

The guiding and sensing properties of the low-RI-contrast Bragg
fiber can be elucidated from the Bragg reflector band diagram
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Fig. 1. (a) Setup of the Bragg fiber sensing system. An 80 cm long liquid-core Bragg fiber, coiled into a ∼15 cm diameter circle, is integrated in the setup by using two
opto-fluidic coupling blocks. The beam from a supercontinuum source is coupled into the liquid-core Bragg fiber, and the transmission spectrum of the liquid-core Bragg
fiber  is then analyzed by a traditional grating monochromator. (b) Cross section of a HC Bragg fiber; the inset is the graph of the Bragg reflector taken by a scanning electron
microscope (SEM). (c) Inner structure of the opto-fluidic block. A tip of a liquid-core Bragg fiber is sealed in the horizontal channel of the block filled with the liquid analyte.
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he  extremity of the horizontal channel is sealed by a glass window through which t
hannel that connects to the horizontal channel to constitute the fluidic path for fl
eflection of ambient lights from the Bragg reflector. (For interpretation of the refere

frequency versus propagation constant). In Fig. 2, we  show the
and diagram of the TE (transverse electric) and TM polarized
odes propagating in an infinite planar Bragg reflector made from

MMA/PS multilayer. To make the band diagram, we  measure the
efractive indices of PMMA  and PS with a VASE Ellipsometer (J.A.

oollam Co., Inc.). The average thicknesses of the individual PMMA
nd PS layers are 0.37 �m and 0.13 �m,  respectively, estimated
rom the SEM graphs. Grey regions in Fig. 2 indicate states delo-
alized over the whole Bragg reflector. Such states are efficiently
rradiated out of the fiber due to scattering on the imperfections
n the multilayer. Clear regions (bandgaps) define the parts of the
hase space where light is forbidden to propagate inside of the
ragg reflector. The black thick curves represent the light line of the

iquid analyte, i.e. distilled water. Modes guided in the hollow core
ill have effective RIs close to, while somewhat smaller than that
f water (black thick curves in Fig. 2). Therefore, a mode confined
n the liquid core will exist in the regions of a band diagram where
ight lines of water intersect the reflector bandgap (horizontal green
egions in Fig. 2)

ig. 2. Band diagram of (a) TE and (b) TM polarized modes of a PMMA/PS Bragg reflecto
ragg  reflector. The clear regions correspond to the parts of phase space where light is fo

ine  of distilled water. Transmission bands (green) of the Bragg fiber can be estimated f
nterpretation of the references to color in this figure legend, the reader is referred to the
ht is coupled into (or out of) the sensing system. In each block there is also a vertical
oupling of the Bragg fiber. The colorful appearance of the Bragg fiber is due to the
o color in this figure legend, the reader is referred to the web version of this article.)

From the basic theory [27] of low-RI-contrast Bragg fibers, the
center wavelength, �c, of the fundament reflector bandgap can be
approximately calculated by:

�c

2
= dh(n2

h − n2
c )

1/2 + dl(n
2
l − n2

c )
1/2

(1)

where dl, dh are thicknesses of the low- and high-index layer,
respectively; nl, nh are real parts of RIs of the corresponding lay-
ers; nc is real part of RI of the core material. Variations in real part
of the analyte RI filling the core could modify the resonant condi-
tion (1) of the Bragg fiber, thus resulting in spectral shifts of the
resonant wavelength in the fiber transmission, which constitutes
the main sensing principle of the Bragg fiber sensor.

We note that low-RI-contrast Bragg fibers have certain advan-
tages for liquid analyte sensing compared to their high-RI-contrast

counterparts. Previously, high-RI-contrast Bragg fibers have been
used for sensing of gas analytes (nanalyte ∼ 1) [13], as well as liquid
analytes with high refractive indices (nanalyte > 1.40) [6].  However,
for the high-RI-contrast Bragg fibers used in these works, the TM

r. The grey regions corresponds to (ˇ, ω) for which light can propagate within the
rbidden to propagate in the Bragg reflector. Thick black curves represent the light

rom the intersection of light line of water with the Bragg reflector bandgaps. (For
 web  version of this article.)
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HE11 mode. Due to large diameter of the Bragg fiber core used in
the experiments, many higher-order modes are excited. As these
high-order modes are less sensitive than the HE11 mode, the exper-
imental spectral shifts are, therefore, smaller than those of the HE11
ig. 3. (a) Simulated loss of the fundamental mode (HE11 mode) of the Bragg fiber 

ong  Bragg fiber filled with NaCl solutions (solid curves). The dotted curves indicate a
f  the measurement. The weight concentrations (wt.%) and the RIs of the NaCl solu

andgaps of the Bragg reflector tend to collapse near the light line of
he aqueous material (nanalyte ∼ 1.33) due to the Brewster angle phe-
omenon, thus leading to high loss for the hybrid (HE/EH) modes
ropagating in the liquid cores. In contrast, low-RI-contrast Bragg
bers show large TM bandgaps in the vicinity of the light line of
ater, thus resulting in good guidance of HE/EH modes (Fig. 2).
oreover, we note that low-RI-contrast Bragg fibers are more sen-

itive to changes in RI of liquid analytes filling the fiber core, as
ompared to high-RI-contrast Bragg fibers. Particularly, from Eq.
1), we derive the sensitivity of the sensor, S, as:

 = d�c

dnc
= 2

[
dh

(
n2

h

n2
c

− 1

)−1/2

+ dl

(
n2

l

n2
c

− 1

)−1/2
]

(2)

According to Eq. (2),  the closer is the value of the core RI to those
f the individual layers of the Bragg reflector; the more sensitive
he Bragg fiber sensor will be to variations in RI of the analyte-filled
ore, which is exactly the case for our low-RI-contrast Bragg fiber
ensor.

. Simulation and experiments

To verify the resonant sensing mechanism theoretically, we sim-
late the loss spectra of the fundamental mode (HE11 mode) of the

iquid-core Bragg fiber based on the Transfer Matrix Method (TMM)
28]. The structural parameters of the HC Bragg fiber are same as
hose used in Section 2. As liquid analytes, we choose a set of NaCl
olutions with the weight concentration ranging from 0 to 25% with

 5% increment step. The corresponding RIs of NaCl solutions are
hown in Fig. 3 [29]. The bulk absorption of NaCl solutions in the
pectral range of interest was shown to be virtually identical with
hat of pure water [30]. In our simulations, we, therefore, compute

 propagation loss of an HE11 mode taking into account absorption
oss of water, as well as dispersion of water and plastics in the Bragg
eflector. The simulated loss spectra suggest that the transmission
and of the liquid-core Bragg fiber shows a blue-shift as the RI of
he liquid analyte increases (Fig. 3(a)).

In our experiments, we employ two opto-fluidic blocks designed
o simultaneously enable optical and fluidic coupling of the HC fiber
Fig. 1). A ∼40 cm long Bragg fiber, coiled into a 10 cm diameter
ircle, is integrated into the sensing system. On each side, the HC
ragg fiber tip is inserted hermetically into the analyte-filled hor-

zontal channel that has a thin glass window attached at the one
f its extremities for optical coupling of the Bragg fiber (Fig. 1(c)).
n each block there is also a vertical channel which connects to

he horizontal channel to constitute the fluidic path for fluidic cou-
ling of the Bragg fiber. This design avoids formation of air bubbles

n the sensing system which would strongly suppress fiber trans-
ission. After pumping a liquid analyte into the fiber, we  couple
ith different NaCl solutions. (b) Experimental transmission spectra of the ∼40 cm
t of the first experiment after several hours, which demonstrate a good repeatability
re listed in both figures as insets.

the beam from a supercontinuum source into the fiber using a 10×
objective, and the transmission spectrum of the liquid-core Bragg
fiber is then analyzed by the Newport grating monochromator. To
verify the repeatability of the sensor, we have repeated the same
experiment after 3 h by first purging the setup with distilled water.
Fig. 3(b) shows the result of two consecutive experiments. The solid
curve represents transmission spectrum of the first measurement,
and it compares well with the second measurement shown as the
dotted curve. We  observe up to no more than 2.51% fluctuation in
the detected intensity, while the center position of the transmission
peak stays at the same position up to the resolution limit (∼1 nm)
of our spectrometer. As seen in Fig. 3(b), the experimental trans-
mission spectrum also features a blue-shift as the RI of the NaCl
solution filling the core increases. Moreover, the spectral shifts of
the transmission peak show a linear dependence on the increasing
refractive index of the analyte filling the core (Fig. 4).

We note that the experimental spectral shifts of a fiber trans-
mission peak are somewhat smaller than the simulated ones. This
is likely due to the fact that in our simulation we only calculate
the spectral shifts of the fundamental (HE11) mode with effective
RI identical to that of the liquid analyte filling the core. Virtually,
most higher-order core modes have effective RIs (neff) lower than
that of the HE11 mode. Therefore, by substitution of nc by neff in
Eq. (2), we arrive to the conclusion that spectral shifts of the trans-
mission peaks of higher-order modes are smaller than those of the
Fig. 4. Spectral shifts of the fiber transmission peak obtained from the TMM  sim-
ulation (black solid line) and the experimental measurements (red dash line). (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)
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ode. Finally, from Fig. 4, we conclude that the experimental sen-
itivity of the liquid-core Bragg fiber sensor is ∼1400 nm/RIU. Such

 sensitivity is comparable to those of previous MOF  based sen-
ors [4,5,31,32],  but is an order smaller than that of the dual-core
OF  sensor with a sensitivity of ∼30,000 nm/RIU [33]. However,
e note that the dual-core MOF  sensor is limited to be used for

ensing liquid analytes with nanalyte > nsilica. In addition, compared
o other MOF  based sensors, our Bragg fiber sensor is advantageous
n its short response time (∼1 s) due to the large core of the Bragg
ber.

. Discussion of factors influencing sensor performance

.1. Dynamic range of the sensor

The choice of the operation frequency range is mainly deter-
ined by the position of the Bragg reflector bandgap. Currently,
e routinely produce Bragg fibers with primary bandgaps located

n 500–800 nm spectral range; therefore, all our experiments are
onducted in this range. Sensitivity of the sensor is so high that with
arying the liquid-core RI from 1.333 to 1.378, the fiber bandgap
lready spans this whole operational window (see Fig. 3). From
and diagram of Fig. 2, it follows that the largest wavelength of
peration is � ∼ 1300 nm.  That is the region where sensing of low-
I analytes with neff ∼ 0 can be achieved. In application to aqueous
nalytes, the bulk absorption is generally larger than 50 dB/m at
he wavelength above 1 �m,  thus limiting the operation range of
he sensor in the near-infrared range. Finally, for the high RI ana-
ytes the fiber bandgap will shift into blue spectral region; however,
here is no fundamental limit for the use of these sensors for high-RI
nalytes.

.2. Insertion and coupling loss

Due to the large diameter of the Bragg fiber core (over 0.5 mm),
oupling efficiency of the fiber is superb (above 90%), which is one
f the well known advantages of such fibers. Main coupling loss of
he sensor comes from the reflection between the air and the glass
indow covering the fluidic channel (Fig. 1(c)). The total coupling

nd out-coupling loss is estimated to be ∼10%.

.3. Dependence of sensitivity on fiber length

To study the dependency of the sensitivity on the length of Bragg
ber, we first measure the transmission spectral shifts of a 50 cm

ong Bragg fiber filled with NaCl solutions of different concentra-
ions. Then, we cut the fiber into 30 cm and 20 cm,  and for each
ength we repeat the experiment to measure the spectral shifts
n response to variations in the liquid-core RI. In Fig. 5, we  plot
ber transmission spectra of liquid-core Bragg fiber with different

engths.
The transmission spectra of the 50 cm long Bragg fiber show

lear spectral shifts caused by variations in the core RI (Fig. 5(a)).
he sensitivity of the 50 cm long fiber sensor is ∼1300 nm/RIU
hich is estimated from the spectral shifts of the specific trans-
ission peak marked by white arrows. In the transmission spectra

f the 30 cm long Bragg fiber, we still observe spectral shifts of the
ransmission peak (Fig. 5(b)); however, the transmission spectra
ecome broader due to reduced fiber attenuation at the bandgap
dges because of shorter fiber length. The experimental sensitivity
f the 30 cm long Bragg fiber sensor is ∼1270 nm/RIU (Fig. 5(d)).
urther reduction of the Bragg fiber length to 20 cm leads to even

maller propagation losses at all frequencies. However, the reduced
ber loss causes the difficulty in differentiating specific resonant

eatures in the fiber transmission spectra, and as a result it becomes
ifficult to detect spectral shifts.
rs B 161 (2012) 235– 243 239

Therefore, we  conclude that the liquid-core Bragg fiber should
have a minimal (threshold) length to ensure sufficient attenuation
at the wavelengths in the vicinity of bandgap edges in order to allow
formation of spectral features (such as transmission peaks) in the
fiber transmission. We  experimentally find the threshold length to
be ∼10 cm for most Bragg fibers used in our experiments. Once the
fiber length is longer than the threshold value, the sensitivity of a
Bragg fiber sensor does not strongly depends on the fiber length,
which is consistent with the prediction in [24]. Longer fiber also
leads to a stronger attenuation of the higher-order modes, thus act-
ing as a high-order mode striper, which is also beneficial for sensing.
At the same time, signal strength in longer fibers decreases due
to increased material absorption and radiation losses, eventually
leading to signal-to-noise degradation, which is disadvantageous
for sensing. It is the trade-off between the two above-mentioned
factors that determine the optimal fiber length. Note that the opti-
mization of the sensing length is not strictly required for sensing
applications. Experimentally, we  found the maximal sensing length
of Bragg fiber to be ∼1 m. With the sensing length smaller than
∼1 m,  one can always measure the transmission spectrum of Bragg
fiber without much signal-to-noise degradation. Therefore, when
sensing a specific liquid analyte, one, in practice, could choose the
Bragg fiber with any length between the threshold value (∼10 cm)
and the maximal length (∼1 m).

5. Liquid-core Bragg fiber sensor integrated with Bragg
fiber bundle spectrometer

5.1. Bragg fiber bundle spectrometer

Recently, we  demonstrated that the function of a spectrometer
can be implemented in a solid-core Bragg fiber bundle [25]. The
solid-core Bragg fiber bundle spectrometer breaks the paradigm
of a traditional spectrometer in which the resolution is directly
related to the length of the light path inside the spectrometer and
the line density of the Bragg grating used. Instead, the Bragg fiber
bundle spectrometer relies on the ability of Bragg fibers to filter
a particular spectral window of the incoming light. The test spec-
trum can be reconstructed by interrogating transmitted intensities
in the individual Bragg fibers in the bundle and then by applying a
deconvolution algorithm to these intensities with a “transmission
matrix” method. We  have experimentally demonstrated that the
Bragg fiber bundle spectrometer can reconstruct the center peak
position of a test spectrum within several percent of its true value
for a large range of the peak widths and positions. In this context, it
is interesting to investigate the possibility of designing an all-PBG
fiber based spectroscopic system where the function of sensing cell
and spectrometer are implemented in the all fiber configuration.
Ideally, one would splice the hollow core Bragg fiber with a spec-
trometric fiber to implement an integrated system with minimal
requirements on the processing and acquisition equipment, thus
reducing system cost and simplifying its maintenance.

Schematic of the Bragg fiber bundle spectrometer is shown in
Fig. 6. The Bragg fiber bundle is fabricated using 100 solid-core
Bragg fibers. Individual Bragg fibers have a large 300–800 �m diam-
eter core made of PMMA.  The core is surrounded by a Bragg reflector
featuring a submicrometer-thick PMMA/PS multilayer. Note that
guidance principles of the liquid-core Bragg fiber described above
are also identical to those of the solid-core Bragg fiber, except
that the core’s RI of the latter is fixed. According to Eq. (1),  thick-

nesses of the individual layers in the Bragg reflector determine
center position of the transmission of a Bragg fiber. By choosing
solid-core Bragg fibers with different transmission bands, we pro-
duce the Bragg fiber bundle which at the output has a mosaic
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Fig. 5. Transmission spectra of the liquid-core Bragg fiber with different lengths: (a) 50 cm;  (b) 30 cm;  (c) 20 cm.  The RIs of the analytes filling the fiber core are also listed
in  the inset of (c). The white arrows in (a) and (b) mark the resonant peak positions which we  use to measure spectral shifts. A linear dependence of the spectral shifts on
changes in RI of the fiber core is shown in (d). Black solid line represents the spectral shifts of a 50 cm long Bragg fiber and red dashed line represents the spectral shifts of a
30  cm long Bragg fiber. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Fiber bundle spectrometer [25]. Top, schematic of the spectrometer. The test spectrum is launched into the fiber bundle; output image of the fiber bundle is taken by
a  monochrome CCD camera. Bottom, when the broadband light is launched into the fiber bundle, the output is a mosaic of colors selected by the individual Bragg fibers. A
beam  compressor is used to ensure that the CCD camera accommodates the whole image of the output of Bragg fiber bundle. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web  version of this article.)



H. Qu et al. / Sensors and Actuators B 161 (2012) 235– 243 241

Fig. 7. Transmission spectra of the 40 cm long liquid-core Bragg fiber measured by (a) the Bragg fiber bundle spectrometer and (b) a conventional grating monochromator.
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f colors (bottom part of Fig. 6), when illuminated by white
ight.

An important factor that influences the performance of a Bragg
ber spectrometer is the intensity throughput which relates to the
ropagation losses of individual Bragg fibers in the fiber bundle.

n practice, the typical propagation loss of an individual fiber in
he 30 cm long bundle is ∼3 dB of the light inside the bandgap and
s 20 dB of the light outside the bandgap. Besides, transmission
ands of the individual Bragg fibers in the bundle are relatively
ide (60–180 nm FWHM)  and partially overlapping. Because of

hese factors, the intensity throughput of an individual Bragg fiber
s typically as much as 20% of the in-coupled light.

The operation principle of a Bragg fiber bundle spectrometer is
escribed as follows. If transmission bands of the individual Bragg
bers are spectrally narrow and non-overlapping, the transmitted

ntensity of each fiber would be directly related to the correspond-
ng spectral component of an incoming light. As a matter of fact,
n our spectrometer the individual fiber bandgaps are strongly
verlapping; we, therefore, use a deconvolution algorithm to recon-
truct the test spectrum from the transmitted intensities of the
ragg fibers in the fiber bundle. Particularly, for a fixed exposure
ime of a CCD array, intensity Cn registered by the assigned region
f a CCD camera corresponding to the output of the nth fiber can be
resented as:

n =
∫ �max

�min

I(�)AnFn(�)S(�)On(�)d� (3)

here I(�) is the incoming spectral flux density at the fiber bundle
nput end; An is the area of the nth fiber input cross section; Fn(�) is
he transmission function of the nth fiber, S(�) is the spectral sen-
itivity of a CCD sensor; and On(�) is a fiber-position-dependent
ransmission function of various optics (diffuser, beam compres-
or). In Eq. (3),  we can define a Tn(�) = AnFn(�)S(�)On(�) to represent

he transmission efficiency of the nth fiber to transmit the in-
oupled light to the CCD camera. In addition, we  experimentally
efine the incoming spectrum in terms of small spectral intervals
bins) with equivalent width. We,  then, use a matrix formalism to
 the inset. (c) Spectral shifts of the transmission peaks measured by the grating
 line). (For interpretation of the references to color in this figure legend, the reader

interpret the integral in (3) for all the Bragg fibers of the fiber bundle
as⎡
⎣ C1

...
C100

⎤
⎦ =

⎡
⎣ T1,1 · · · T1,N

...
. . .

...
T100,1 · · · T100,N

⎤
⎦

⎡
⎣ I1

...
IN

⎤
⎦ (4)

where vector (C)100 × 1 represents the intensities of light coming out
the individual Bragg fibers as measured by the CCD camera; (I)n  × 1
represents the discretized spectrum of the illuminant; T(100 × n) is a
“transmission matrix” which denotes a linear conversion from the
test spectrum (I vector) to the fiber transmitted intensities (C vec-
tor) measured by the CCD sensor. We  calculate the matrix T through
a calibration measurement demonstrated in the following section.
From Eq. (4) the test spectrum can be reconstructed from the corre-
sponding CCD image by inverting the “transmission matrix” of the
Bragg fiber spectrometer. Note that due to strong overlap of the
transmission spectra of the individual Bragg fibers in the bundle,
the matrix T is ill-conditioned (even if made square). We,  therefore,
employ a standard singular value decomposition (SVD) method
to calculate the pseudoinverse of the response matrix T to enable
spectral reconstruction.

5.2. Calibration of the sensor integrated with the Bragg fiber
bundle spectrometer

To calculate the response matrix T in Eq. (4),  we carry out a
calibration measurement for the Bragg fiber bundle spectrometer.
We couple the beam of a supercontinuum source into a tunable
monochromator (2 nm FWHM). Using a 10× objective, the output
of the monochromator is then coupled into a 40 cm long Bragg
fiber (from the same perform of the fiber used in Fig. 3) filled
with distilled water. Since the output from the monochromator
is relative weak, the water-filled Bragg fiber is kept straight dur-
ing calibration measurement in order to reduce the propagation
loss, thus increasing the signal-to-noise ratio of the measure-

ment. Therefore, a supercontinuum-monochromator-Bragg-fiber
(SMBF) source which has a tunable and quasi-monochromatic
output is constructed. The SMBF source is then coupled to the
Bragg fiber bundle spectrometer using another 10× objective. We
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Fig. 8. Cross sections of fiber bundles drawn by the two-stage drawing technique. The bundle is illuminated with a broadband halogen lamp. At the output of fiber bundle, a
mosaic of colors is visible as the white light is filtered by each fiber inside the bundle. (For interpretation of the references to color in this figure legend, the reader is referred
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ary the SMBF source center wavelength in 2 nm increments, thus
ffectively subdividing 560–750 nm spectral interval under con-
ideration into m = 96 equivalent 2 nm wide bins. The SMBF source
ntensity, Ii, at each wavelength is also measured by the calibrated
owermeter. For every position of the source center wavelength,
e also acquire a C vector using the CCD array and consider it as a

olumn of the response matrix of the Bragg fiber bundle spectrom-
ter. By dividing every C vector by the corresponding Ii value, the
ransmission matrix T is constructed. After we calculate the matrix
, we can reconstruct a test spectrum by inverting T according to
q. (4).  We  then remove the monochromator from the calibration
etup and directly couple the supercontinuum beam to the liquid-
ore Bragg fiber with a 10× objective. The transmission spectra
f the liquid-core Bragg fiber can be then analyzed by the Bragg
ber bundle spectrometer. Note that in the calibration, the illumi-
ation condition on the input-end facet of the fiber bundle should
e identical to that in the following spectral characterization, which

s critical to minimize the error in the spectral characterization
rocess [25].

.3. Liquid-core Bragg fiber transmission measured by Bragg fiber
undle spectrometer

The NaCl solutions of the same concentrations as discussed in
ection 3 are used to characterize the sensing system that includes

 fiber bundle spectrometer. The transmission spectra of the liquid-
ore Bragg fiber measured by the Bragg fiber bundle spectrometer
s shown in Fig. 7(a). As a reference, we also measure the liquid-core
ragg fiber transmission by directly coupling it to a conventional
rating monochromator (Fig. 7(b)). For the ease of comparison, the
pectra measured both by the Bragg fiber bundle spectrometer and
y the grating monochromator are normalized to 1. Since the spec-
ra reconstructed by the fiber bundle spectrometer and measured
y the grating monochromator are relatively wide, we,  therefore,
alculate the center position of a transmission peak by averaging
he corresponding wavelengths where the normalized intensities
re above 0.95.

In Fig. 7(c), we compare the shifts of transmission peaks mea-
ured by both the Bragg fiber bundle spectrometer and the grating
onochromator. The transmission peak shifts also feature linear

ependence with respect to the variations in the core RI of the
ragg fiber. Experimental sensitivity of the liquid Bragg fiber sen-

or is ∼1100 nm/RIU measured by the grating monochromator
nd is ∼1050 nm/RIU measured by the Bragg fiber spectrometer.
ote that in both measurements presented in Fig. 7, the spec-

ra shifts (see Fig. 7(c)) are marginally smaller than those shown
in Fig. 4. This is likely due to the fact that during the measure-
ments (including the calibration measurements) for Fig. 7, the
Bragg fiber is kept straight in order to reduce the propagation loss
of the liquid-core fiber and then increase the signal-to-noise ratio
of the measurements. Therefore, many high-order modes, which
are less sensitive to variations in RI of the fiber core, can prop-
agate through the fiber, thus resulting in smaller spectral shifts.
However, in the measurements for Figs. 3 and 4, signal-to-noise
degradation is not a critical issue, since we use a more sensitive
single-pixel detector for spectral interrogation as compared to the
CCD detector used in the Bragg fiber spectrometer. Consequently,
we coil the Bragg fiber piece as a 10 cm diameter circle in order
to strip out high-order modes, thus leading to stronger spectral
shifts.

6. Drawing of PBG fiber bundles

Finally, we  demonstrate a two-stage drawing technique suit-
able for industrial-strength production of the Bragg fiber bundles.
Briefly, this technique comprises two  steps. Firstly, we fabricate
a Bragg fiber perform by the “co-rolling” method [34] and draw
it into the canes of different diameters ranging between 1 and
2 mm.  Secondly, we bundle these canes inside a supercladding tube,
and draw the structure into the final Bragg fiber bundle. The two-
stage drawing technique, in principle, enables fabrication of smaller
fiber bundles that include a large number of Bragg fibers featur-
ing complimentary spectral transmission windows (Fig. 8). We  are
currently working on the perfection of the two-stage drawing tech-
nique in order to draw Bragg fiber bundles with reduced outer
diameters, which eventually enables a fiber bundle to be directly
spliced with a single HC Bragg fiber.

7. Conclusions

We  report a liquid-core low-RI-contrast Bragg fiber sensor for
liquid RI detection. The sensor operates on a resonant sensing
mechanism in which the transmission spectrum of a Bragg fiber
shifts in response to changes in RIs of liquid analytes filling in the
fiber core. Both theoretical simulations and experimental measure-
ments are carried out to verify the resonant sensing mechanism.
The experimental sensitivity of the sensor is ∼1400 nm/RIU, which

is comparable to those of surface plasmon resonance sensors [35]
and other MOF-based sensors. Besides, we  also conclude that the
sensitivity of a liquid-core Bragg fiber sensor is generally indepen-
dent on the fiber length.
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Moreover, we demonstrate the integration of a Bragg fiber bun-
le spectrometer in the liquid-core Bragg fiber sensor system for
pectral acquisition, which could potentially lead to significant
ost-savings and increased sensing speed by forgoing a traditional
rating-based spectrometer. To the best of our knowledge, it is the
rst time that a fiber-optic sensor is proposed that simultaneously
se all hollow- and solid-core PBG fibers to physically hold and
pectrally probe liquid analytes. Finally, we propose a two-stage
rawing technique for the fabrication of solid-core Bragg fiber bun-
le spectrometers. This technique results in integrated Bragg fiber
undles with smaller diameters, which could also allow their direct
plicing with a HC Bragg fiber in order to enable a highly compact,
ensitive, low-cost, all-fiber solution of liquid RI sensing.
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