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a  b  s  t  r  a  c  t

In this  work  a fiber  optic  interferometric  system  for  differential  refractive  index  measurement  is
described.  The  system  is based  on  a white light  Mach–Zehnder  configuration,  with  serrodyne  phase
modulation,  used  to interrogate  two similar  non-adiabatic  tapered  optical  fiber  sensors  in  a  differential
scheme.  In this  situation  the  system  is  able  to measure  the  refractive  index  independent  of  tempera-
ture.  Signal  processing  with  low  cost  digital  instrumentation  developed  in  Labview  environment  allows
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a  detectable  change  in  refractive  index  of  �n  ≈  1.46  ×  10 , which  is, from  the  best  of  our  knowledge
the highest  resolution  achieved  using  a bare  fiber taper  device  for  a range  of  refractive  index  close  to  the
water  index.  The  results  demonstrate  the  potential  of  the  proposed  scheme  to  operate  as  a self-referenced
chemical  and biological  sensing  platform.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The measurement of chemical and biological parameters in
iversified environments is currently recognized as an important

ssue for a diversity of complex systems ranging from indus-
rial processes, medicine and environmental applications. In this
ontext, label free optical sensing based on the measurement
f refractive index (RI) represents an interesting solution. Such
pproaches do not interfere with the analyte properties and
equire, instead, the design of sensitive layers that experience a
efractive index change in its presence. This can be achieved by
sing biomolecules with a natural affinity to the target, or chemi-
al species having analyte specific ligands. The combination of such

embranes with refractive index sensors can therefore provide

ttractive solutions for biochemical sensing [1].
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Fiber optic sensors, in particular, are an interesting solution
due to their high sensitivity, small size, and capability for in situ,
real-time, remote, and distributed sensing. Several schemes for
refractive index sensing using optical fibers have already been pro-
posed. Surface plasmon resonance (SPR) is one of the most common
[2–4], other solutions include the use of non-adiabatic fiber tapers
[5], core exposed fiber Bragg grating (FBG) [6], long period grat-
ings (LPG) [7] or LPG based interferometers [8]. In these reported
works most devices present a high sensitivity to the surrounding
refractive index. However, all of these configurations are also sen-
sitive to temperature. Furthermore, some of these sensors are more
sensitive to temperature than to refractive index.

Temperature cross-sensitivity is a characteristic which affect in
greater or lesser degree all the optical fiber sensors, this arises from
intrinsic sensitivity of the silica matrix to temperature, through the
thermo-optic and photo-elastic coefficients, which induce changes
in the effective refractive index and the effective length of the
fiber, respectively, thus, varying the optical signal as a function
of the thermal conditions. These changes may  be higher or lower,
depending on the type of optical device used and on the evalu-

ated optical parameter. Typically, the thermo-optical coefficient of
silica is 8.0 × 10−6 K−1 and its thermal expansion coefficient has
the value of 0.55 × 10−6 K−1, these figures may change according
with the composition of the material [9]. Therefore, the influence
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f temperature must be accounted for when high resolution RI mea-
urements are carried out for high sensitivity detection of biological
r chemical parameters. Though, in most cases authors deal with
emperature dependence working with temperature stabilized sys-
ems. Nevertheless, even when temperature is stabilized to ±0.1 ◦C,
uch fluctuations can still be significant in face of the need to mea-
ure variation of refractive index in the order of 10−5 or less.

Therefore, the desirable situation is to have a system that
an either compensate or simultaneously measure temperature.
uring the last few years several fiber optic refractometric con-
gurations for simultaneous measurement of temperature and RI
ere presented. Most of the solutions rely on the use of a pair of

ratings: cascaded LPGs with different RI and temperature sensitiv-
ties and thereby capable of measuring the surrounding refractive
ndex (SRI) without ambiguity [10] or two FBGs where one of them

as side polished to become RI sensitive and the other serves as
emperature reference [11]. A Hybrid configuration using a pair of
BGs and one LPG was also presented [12]. Recently, a different
pproach was demonstrated employing a fiber loop mirror (FLM)
ith two section of polarizing maintaining fiber, one etched to be
I sensitive and the other one used as a thermal reference [13];
sing a similar strategy a combination of a multimode interferom-
ter (MMI)  refractometer device into a FLM was also used for this
urpose [14].

In the vast majority of these works the sensors were interro-
ated in the spectral domain using devices such as optical spectrum
nalyzers. However, the use of interferometric methods can further
ncrease the measurement resolution. White Light Interferometry
WLI) is one of the most attractive interferometric interrogation

ethods used and it has been applied for remote measurement
f diverse parameters such as strain, temperature, pressure and
efractive index [15–18]. This technique uses low coherence opti-
al sources providing absolute measurement at high resolution
nd the ability of multiplexing sensors onto a single optical fiber
sing coherence multiplexing [19–21]. An issue associated with
his readout technique, however, is the sensitivity of the readout
nterferometer to external and internal perturbations such as vibra-
ions, temperature, among others. These perturbations can induce
ignificant phase drifts limiting the resolution of the measure-
ents. It is possible to decrease those phase deviations by properly

solating the readout interferometer. However, due to its high sen-
itivity, this solution is not entirely effective. In this context, using

 Mach–Zhender configuration it is possible to set up a differen-
ial measurement scheme through the comparison of the phase of
wo output signals of the interferometer. In such case the environ-

entally induced phase drifts will be canceled out (common phase
oise rejection) allowing a very stable and accurate phase measure-
ent. Such system is then a powerful tool to track the wavelength

hanges of external interferometric sensors. In particular, it can
e used to interrogate two similar sensor interferometers simul-
aneously, one as the measurement sensor and a second one as a
eference sensor. Using appropriate setting of the path imbalances
f each of the interferometers the phase difference between the two
ignals depends only on the modulation imposed by the parame-
er of interest, thereby reducing also the effects of cross-sensitivity,
ndissociable of these systems. Differential WLI  system have been
mployed to measure temperature [22,23], liquid refractive index
24,25], air refractive index [26] and for fuel conformity analysis
27].

In this work an interferometric readout system, controlled with
irtual instrumentation, is described where a Mach–Zehnder white
ight system is used to interrogate two similar non-adiabatic fiber

apers in a differential arrangement. In this configuration it is pos-
ible to measure the refractive index with high resolution and
ndependent of temperature. The results demonstrate the potential
f the proposed scheme to operate as a high-resolution label-free
rs B 188 (2013) 1212– 1217 1213

bio-chemical sensing platform avoiding the need for temperature
control.

2. Principle and experimental procedure

Fig. 1 shows the setup of the readout interferometer which is
in a standard fiber optic Mach–Zehnder configuration where the
sensing and reference interferometers are connected to each of the
output arms. For proper operation the path imbalance of the read-
ing interferometer should match that of the sensor interferometers
so that the overall path is nearly zero. For this purpose, in one of
the arms of the Mach–Zehnder, an open air path is implemented
through a circulator using a graded-index (GRIN) lens and a mirror
mounted in a translation stage. With this arrangement the reading
interferometer path imbalance can be tuned to match the optical
path difference of the sensing interferometers. On the other arm, an
electro-optical phase modulator (APE from JSDU) was  inserted for
carrier generation, where a sawtooth modulation with its ampli-
tude adjusted to obtain a 2� phase excursion was used yielding a
sinusoidal carrier generation at the interferometer output. The cou-
pling ratio of the first coupler was  chosen in order to maximize the
fringe visibility of the interferometer. Due to high insertion loses
of the phase modulator (4 dB) compared with the open air path
(2 dB), a coupling ratio of 70:30 is used. In order to keep the readout
device isolated from external environmental perturbation such as
temperature and vibration a proper packaging was  carefully done
using insulating materials.

The two output ports of the readout interferometer are used
to interrogate two similar interferometric sensors, which are sub-
sequently connected to two  photodetectors. In this arrangement,
the readout interferometer acts as a modulator for the two  sensing
interferometers conditioning the signal received by the photode-
tectors. When the optical path difference (OPD) of the sensors is
matched to the readout interferometer within the coherence length
of the source, it is possible to get the phase information of the
sensing probes at the frequency of the carrier. Using one of the
interferometers as reference and the other as sensor, and since
the Mach–Zehnder outputs are in phase opposition, most environ-
mentally induce phase drifts can be canceled out, and the phase
difference between both signals depends only on the modulation
inferred by the parameter of interest allowing a very stable and
accurate phase measurement retrieved using phase comparison
software.

In this experiment the interferometers used as sensing devices
were non-adiabatic tapered optical fibers (NATOF). The non adi-
abatic fiber tapers can be fabricated in such a way that coupling
occurs primarily between the fundamental mode of the un-pulled
fiber and higher order modes of the taper waveguide, where due
to the large difference of the refractive indexes of air and fiber
cladding, the taper normally supports more than one mode. The
light propagates at the air—cladding interface of the tapers waist
region in which case the single-mode fiber (SMF) is converted into
a multimode waveguide. The result of back and forth coupling
between the single mode of the fiber and the two (or more) modes
of the taper is an oscillatory spectral response. The efficiency of
this last coupling is dependent on the relative phase of the par-
ticipating modes. Therefore, a NATOF behaves as a Mach–Zehnder
modal interferometer [28]. Fig. 2 shows a conceptual scheme of the
sensing probe (A) and its behavior as a two waves interferometer
(B). When there are only two  modes, the relative phase at the out-
put is given by �ϕ = (neff,co − neff,cl

m)L, where neff,co and neff,cl
m are
the effective indices of the core and mth cladding mode respectively
and L is interaction length along the taper. Therefore, the spectral
response of the taper will shift correspondingly by changing the
above terms. For instance, if the RI of the surrounding environment
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Fig. 1. White light interferome
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filter introduces a fixed bias on the phase of both signals. There-
ig. 2. (a) Schematic representation of non-adiabatic taper. (b) Conceptual repre-
entation as a modal Mach–Zehnder interferometer.

f the taper changes, the difference in effective index of the cladding
ode and the relative phase would be modified leading to a shift of

he spectral response. NAFOF based fiber refractometers have been
sed recently as refractometers in the biochemical field due to its
igh sensitivity and compact size [5,29,30].

Fig. 3 shows the experimental setup for differential measure-
ent of refractive index. The readout interferometer was illumi-

ated by a superluminescent diode (SLD) source (��FWHM ≈ 50 nm
nd Lcoherence ≈ 15 �m).  A sawtooth modulation signal (1 kHz) with
mplitude 7.2 V generated by a signal acquisition board (DAQ NI
259 USB) was applied. Two similar NATOFs connected to its out-

ut ports were used. The sensing devices were fabricated with heat
ulling method using a CO2 laser. The experiment was performed
sing NATOFs with a taper length around 20 mm,  with a transition

Fig. 3. Setup for differential measurement of refractive index usi
try based readout device.

region of about 2 mm and a uniform waist length approximately
of 16 mm with an average taper waist diameter in the range of
6–8 �m.  The optical power loss of the tapers were 9%. Before char-
acterization, the spectra of both tapers were obtained by using a
simple setup, which consists in a SLD light source (the same used in
the experiment) to illuminate the sensors, meanwhile the sensing
devices output were plugged to an Advantest Q8384 optical spec-
trum analyzer (OSA) with 10 pm maximum resolution, where the
spectra were recorded. Fig. 4 shows the spectra of the two sensing
probes. A very smooth fringe pattern is observed in both cases,
modulated by the envelope of the optical source. Similar fringe
periods and fringe visibility are observed in both cases, indicating
that the sensors are almost identical interferometers making this
set suitable to use as a sensor/reference pair.

The sensing elements were placed into a test chamber with
both fiber ends properly fixed to avoid strain/curvature cross-
sensitivity. The reference element was  inside of a 260 �m diameter
metallic capillary tube, thereby sensitive to temperature changes
in the solution but insensitive to the refractive index variations in
the solution. The transmitted signal was guided toward two pho-
todetectors plugged into an acquisition board. Then, at the signal
processing stage, the output of the detectors is filtered through
a band-pass filter centered at modulation frequency, thereby
eliminating the remaining higher harmonic components (created
by discontinuities induced by sawtooth modulation signal). The
fore, the differential phase measurement is not affected by the
constant phase deviation introduced by the filtering. In this situa-
tion, after filtering, the changes in the surrounding refractive index

ng a readout interferometer and two similar taper devices.
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Fig. 4. Transmitted spectra of the two interferometric devices used in the experi-
ment.
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ig. 5. Stability of the differential phase between the two output ports of the readout
evice.

utput arise as a phase shift on the sinusoidal carrier signal, which
s retrieved using the relative phase comparison software. The dif-
erential phase signal is therefore sensitive only to the refractive
ndex of the solution.

. Results and discussion

Prior to the refractive index characterization, the intrinsic sta-
ility of the readout interferometer was investigated by measuring
he differential phase (� ) between the two output ports, with no
ensor plugged in. The two arms relative phase was  monitored for a
eriod of time of approximately thousand seconds. Fig. 5 shows the
ecorded phase response during the tested time interval. From the
tatistics of the recorded values the standard deviation was  calcu-
ated. This data shows the residual random drift of the interrogation

ystem, which is very small (� ∼ 0.0045) proving the effectiveness
f common noise rejection of the differential scheme. This result
hows that the system is able to resolve a minimum phase change
f ±0.009◦ (considering the resolution is given by 2�).
Fig. 6. Time response of the sensing system to external refractive index changes.
The inset shows with more detail the phase difference fluctuation for a change in
SRI from 1.3305 and 1.3312.

Following this initial test, the NATOF sensors were plugged into
the Mach–Zhender outputs and tested for refractive index mea-
surements. The response of the sensor to the surrounding RI was
studied by exposing the sensing head to different solutions of dis-
tilled water mixed with different concentrations of ethylene glycol
to provide the RI standards in a range between 1.3216 and 1.3312.
The refractive index was changed by successively adding different
ratios of ethylene glycol/deionized water. In order to homogenize
the mixture, the solution was stirred through a magnetic stirrer.
After mixing, the stirring was stopped and the data was recorded,
the process was  repeated continuously for each of step .The liq-
uid samples were characterized by an Abbe refractometer using
the sodium D line (589 nm). The necessary adjustments, consider-
ing the sensing head operation at 1550 nm,  were made using the
Cauchy equation with the respective coefficients [31,32]. The real
time response of the differential sensing platform to surrounding
refractive index (SRI) step changes is shown in Fig. 6. When acquir-
ing this data, the recording was paused during the changing of the
solutions, being resumed after 100 s. This way all the mechani-
cal perturbation introduced by the changing of the solutions was
avoided. In a real application the sensors are bound to be inserted
in flow system were this is not a problem. The results show, as
expected, an increment in the phase difference with the increase
of the SRI. From this data a calibration curve can be obtained
that is showed in Fig. 7. A sensitivity of 80,084 ± 190 RIU−1 can be
estimated from the slope of the acquired this data. The inset in
Fig. 6 shows with more detail the phase difference fluctuation for
a change in SRI from 1.3312 and 1.3305. From the statistics of the
measured values the standard deviation was calculated for each
step. It was  then considered a minimum detectable signal of two
times the average calculated standard deviation (�) divided by the
sensitivity in the measurement interval. From this procedure an
average refractive index resolution of ±1.46 × 10−6 RIU was  calcu-
lated. This value is, from the best of our knowledge the highest
resolution achieved using a bare fiber taper device for a range of
refractive index close to the water index. In addition, in the best
measurement obtained a resolution of ±6 × 10−7 RIU was  achieved
indicating the potential of this configuration to attain the highest
resolution. In a practical application more stringent statistics can
be applied. In such case, for instance a 3� standard would yield

an average resolution of ±2.16 × 10 RIU. Although a resolution
of ±7 × 10−7 RIU was reported by Monzon-Hernandez et al. [4] in
this case the authors used an additional metal coating to obtain an
SPR sensor over a fiber taper. In addition the measurements were
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Fig. 7. Calibration curve of the system for refractive index variations.

erformed for a range of RI close to the cladding index where sen-
itivity is higher. Also, the resolution was estimated considering
he resolution of the OSA and the accurate measurement of the SPR
eak, that in our modest opinion, neglects several factors namely;
he resonance bandwidth and signal fluctuations inherent to the

easure itself due to temperature variation, low optical power,
mong others all concurring to decrease the final system resolution.

The small variations observed in the resolution calculated in
ifferent intervals of refractive index are probably due to actual
efractive index fluctuations arising from heterogeneity in the dis-
olution of ethylene glycol in water. This is partially confirmed
y the fact that highest resolution values were obtained for the
olutions were the concentration of ethylene glycol was  smaller.
lso further improvements are possible by enhancing the inter-
ogation interferometer stability. Having a birrefringent element
nside the interferometer (the phase modulator) introduces some
olarization dependent noise. Therefore, active polarization con-
rol, or alternative way of modulate the interferometer phase, can
otentially improve the results obtained.

Regarding the temperature insensitivity is important to clar-
fy that, in the present arrangement the differential measurement
nly cancels out the effect of temperature on the fiber sensor itself.
his sensor arrangement is still sensitive to the changes induce in
he refractive index of the solution by the temperature, i.e. varia-
ions of refractive index derived from the thermo-optic coefficient
f the solution will be measured while the effects of the silica
hermo-optic coefficient in the fiber sensor are canceled out. This
appens because the reference sensor is inside the capillary with
o contact with the solution. This is an important feature as many
hemical reactions show exothermal behavior which could be, this
ay, accurately tracked by measuring the corresponding refractive

ndex changes.
It is important to emphasize that in the present configuration

nd for the achieved resolution, there is a limitation for the tem-
erature independent measurement, which arises from the fact
hat the reference sensor was in air. Assuming that the intrinsic
ensitivity characteristics of both taper are very close each other
till the fact that they are in different media limits the extent of
ompensation. The reference element is sensitive to variations in
he thermo-optic coefficient of the air, which is around 10−6 [33].

n the other hand it is well known that the sensitivity to the SRI
f the evanescent field based sensors, shows a nonlinear mono-
onic behavior with increasing sensitivity as the SRI approaches
he cladding RI. It means that the sensitivity of the taper for a
rs B 188 (2013) 1212– 1217

refractive index around 1 will be lower than for a RI close to 1.32.
Some simple calculations performed to evaluate this difference
revealed that, the sensitivity of the device for a SRI near to 1 is
6.6 times lower, than for SRI close to 1.32. Thus, it is possible to
assert that, in the current configuration, it is possible to have an
independent temperature measurement within the estimated res-
olution, for the variation lower than 10 ◦C. For higher temperature
changes, and since all the coefficients involved are known it is pos-
sible to extend the compensation range by appropriate calibration
and software correction.

In the cases where the thermo-optic coefficient needs to be
compensated, the reference sensor has to be in contact with the
solution. In the present configuration, this can be easily done by
filling the capillary tube with deionized water. In such a case the
sensing platform will be able to measure the refractive index vari-
ations in the sample. Such platform will enable to implement
self-referenced biosensors where the measurement can be made
independent of temperature, bulk refractive index changes and
non-specific binding events at the surface.

Considering all the described features, the proposed sensing
system demonstrates to be suitable for very high sensitivity refrac-
tometric measurement without temperature ambiguity, for both
chemical and biological sensing applications. For instance, direct
measurements of refractive index were shown to provide valuable
information on drug/DNA interaction, or cell growth [5,29]. On the
other hand, a variety of silica surface functionalization is described
in the literature that will render a refractometer a powerful biosen-
sor [1]. In such case, both sensing devices may  be in contact with the
solution, the reference can be functionalized with a passive layer
enabling, therefore, to compensate for temperature, bulk refrac-
tive index and even non-specific binding events enabling a truly
self-referenced biosensor.

4. Conclusions

In this work a differential interferometric scheme for inter-
rogation of fiber optic interferometric refractometers was  imple-
mented. Differential measurements of refractive index were carried
out using two similar NATOFs. One of the tapers was used as sensor
and was exposed to variations of SRI and temperature and a sec-
ond taper was  used as a reference and exposed only to the thermal
variations in the sample chamber. In this arrangement the system
is able to measure the refractive index independent of tempera-
ture. The sensing system was  characterized in the range between
1.3216 and 1.3312 RIU. A sensitivity of 84,084 ± 190 RIU−1 was esti-
mated and an average resolution of ±1.46 × 10−6 RIU was  achieved
(±6 × 10−7 RIU in the best case). It was  demonstrated, by the sensi-
tivity and resolutions obtained that the proposed configuration is a
sensing system with very high performance for label-free sensing
applications. In biosensing applications, the reference can be func-
tionalized with a passive layer enabling, therefore, to compensate
for temperature, bulk refractive index and even non-specific bind-
ing events enabling a truly self-referenced biosensor.
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