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Abstract. In this paper, we overview some configurations of photonic devices for measuring me-
chanical strain and wavelength shift without use of spectrometer, which have been developed
recently and demonstrated large potential application in sensing technique with low cost. There
are three kinds of photonic sensor configurations to be presented: i) first of them is a fiber Bragg
grating (FBG) for the measurement of mechanical dynamic strain of very small value using signal
modulation on laser diode by composition of two wavelengths in the laser cavity; ii) second con-
figuration is a FBG combined with a DFB laser diode whose emission wavelength controlled by
laser temperature, and iii) last one uses a fiber ring laser from Erbium doped fiber and two FBG
operated as reference and sensing probe. For the environment control, the etched-fiber Bragg
grating (e-FBG) as sensing probe is very suitable for bio- and/or chemical sensors. The photonic
sensors can increase sensitivity and measuring accuracy by narrow line-width of reflection laser
spectra and, therefore, the sensors can determine a refractive index variation of 2 x 10™4, which
is similarly as use of a high resolution spectrometer. The experimental results show that this sens-
ing method could determine different mixing ratios of organic solvents in liquid environment with
good repeatability, high accuracy and rapid response.
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I. INTRODUCTION

Optical fiber sensors offer very attractive solutions over conventional technologies due to
some unique characteristics such as multiplexing capabilities, high sensitivity, fast response, im-
munity to electromagnetic interference, and enable for the remote in-situ sensing of species in
difficult or hazardous environments [1,2]. Fiber Bragg gratings (FBGs) have been demonstrated
as optical sensors for various applications [3], especially for chemical and biochemical sensing [4].
In various chemical and biochemical applications, refractive index sensing method is important,
since several substances can be detected by the measurement of refractive indices. The FBG sens-
ing operation principle involves detecting the central wavelength variation. However, conventional
spectrum interrogation methods utilizing an optical spectrum analyzer (OSA) with high-resolution
is expensive. Therefore, it is of significance to find FBG interrogation methods with high reso-
Iution and without use of optical spectrum analyzer. The general requirements for an ideal in-
terrogation method are as follows: high resolution with large measurement range, cost effective
and compatible with multiplexing. The demodulation techniques are divided into two categories
based on the light source, which is either broadband (e.g., amplified spontaneous emission) or nar-
rowband (e.g., semi-conductor tunable laser source) [5]. The narrowband light source usually has
higher sensitivity, which could be improved further with other techniques such as phase-shifted
FBG and balanced detection [6].

In this paper, we overview some configurations of FBG- devices for measuring wavelength
shift without use of spectrometer, which have potential applications in mechanical displacement
measurement and environment sensing technique with low cost. There are three configurations
of photonic sensors to be presented: first of them is FBG sensor for measurement of mechanical
dynamic strain of very small value using signal modulation on a laser diode by composition of two
wavelengths in the laser cavity; second one is a determination of FBG wavelength shift by tuning
the lasing wavelength of a DFB single-mode laser due to the change of laser substrate temperature,
and the last configuration is a sensing system based on dual FBGs integrated in a fiber ring laser
from Erbium-doped fiber and two FBG operated as reference and sensing probe. The etched-fiber
Bragg grating (e-FBG) as sensing probe is suitable for bio- and/or chemical sensors. The e-FBG
sensor can be used to investigate different types of the organic compounds, gasoline and RON92
added ethanol and/or methanol with concentration range of 0%-14%.The distinguishing advan-
tage of this scheme is due to the use of a fiber laser and the signal-noise-ratio (SNR) can be im-
proved. The line-width spectrum of fiber laser emission is much narrower than that of the reflected
FBG spectra, thus detecting accuracy and capability of the sensing system can be enhanced for
remote sensing.

II. PRINCIPLE OF FBG-SENSOR SYSTEMS

I1.1. Principle of dynamic strain sensor using FBG

The Bragg grating wavelength (Ap) is the center wavelength of the light reflected from a
Bragg grating, that depends upon the effective index of the fiber core (n.sf) and the periodicity
of the Bragg grating (A) through the relation Az = 2 n.¢sA. The operating principle of the longi-
tudinal dynamic strain FBG sensor system using optical feedback interferometry is applied from
one of basic applications of self-mixing effect that is the measured displacement of the target.
The longitudinal dynamic strain is provided when the cantilever-beam is excited by a mechanical
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Fig. 1. Experimental scheme of optical feedback-based FBG strain sensor.

wave vibrator and the FBG was fixed onto the free part of the cantilever beam. The strain effects
modified the FBG characteristics (the fluctuation elongation of the Bragg grating) are then trans-
lated into modification of the output characteristics of a single-mode DFB laser. This phenomenon
occurs when the light emitted by the diode laser propagates through the fiber Bragg grating with
a wavelength Ag, a fraction of this light is reflected back into the active region of the laser (laser
cavity) after reflection from the fiber Bragg grating, with condition that laser light wavelengths
lie in the range of FBG spectrum (Ag = AAp with AAg is the FBG bandwidth). It consequently
induces the interaction between re-injected electric field and stationary field inside the laser cavity.
This interaction results in the effect of altering the power and frequency of laser emission. The lon-
gitudinal dynamic strain information has been directly detected from the obtained saw tooth-type
optical self-mixing interference signals. The induced dynamic strain is calculated from single-
mode FBG sensor by the detected fringe number of the obtained self-mixing signals recorded on
the oscilloscope, given by [7]:
AL Ap

E = — :Ni
¢ LG 2neffLG
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where Ag is FBG central wavelength, n.ss is the effective refractive index of silica fiber core
(nerr = 1.468 for calculation in our work), Lg is the length of the fiber comprising the FBG
adhered to the plate (the gauge length) in experiment, and N is fringe number of obtained self-
mixing signals. The fringe number of signal can be obtained via oscilloscope. Schematic diagram
of dynamic strain sensor using a DFB-FBG combination is shown in Fig. 1.

I1.2. Principle of temperature sensor using FBG

The fractional FBG wavelength shifts for a temperature change AT and pressure AP caused

by the changes in grating spacing and effective index may be written as follows [8]:

AL

- = [0+ E]AT +

Ag
where: « = (1/A)(dA/dT) is thermal expansion coefficient (0.55 x 10~°K~! for silica), and
& = (1/n)(dn/aT) is the thermo-optic coefficient, which is of 8.6 x 107K ™!, v is Poisson’s ratio,
p11 and pip are components of strain-optic tensor, E is modulus of elasticity for a germanium-
doped silica fiber. The schematic diagram of wavelength shift measurement using photodiode is
shown in Fig. 2.
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Fig. 2. Schematic diagram of wavelength shift measurement using photodiode.

We intend to compare the change of reflection Bragg wavelength, which shifts due to phys-
ical parameters such as temperature and/or pressure, and adjustment of emission wavelength of
single-mode laser by controlling temperature of laser substrate. Fig. 2 shows emission wavelength
of single-mode laser connect to circulator device and laser beam propagates to fiber Bragg grating,
which has the FBG reflection wavelength equaled to laser wavelength at room temperature. The
reflection light from FBG is collected by photodiode [9]. The opto-electrical intensity of photo-
diode current strongly depends on the ratio of the incident intensity and reflected intensity from
FBG. The intensity of reflection light from FBG expressed by a modified Gaussian function as
follows [10]:

Iref = Rrpclin eXp(—A)Lz/A)LOZ),
where Rppg is reflectivity of FBG; I;, is incoming light intensity; AAy is bandwidth of signal
spectrum and AA is spacing between Bragg wavelength center Az and signal wavelength A. The
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reflection intensity is maximal when the wavelength spacing between incoming and reflection is
zero. In principle, we can control the emitted wavelength from laser by changing the temperature
of laser substrate. If the wavelength shifts of lasing emission by temperature A2, are equal to FGB
wavelength shift (AAg), so the photo-electrical intensity of photodiode becomes maximal again.
That means we can measure the physical impact of environment by the adjustment of temperature
of laser substrate without use of spectrometer.

III. Principle of the e-FBG and fiber ring laser combined configuration

Normal FBGs are intrinsically insensitive to the ambient refractive index. However, if the
fiber cladding diameter is reduced along the grating region such that core mode interacts with the
surrounding environment, the value of effective refractive index of the waveguide mode is directly
affected by the external medium refractive index, leading to a shift in the reflected wavelength
(Ag). For FBG bio-chemical sensor, the change of Bragg wavelength is due to change in refractive
index induced by change in the chemical composition around the sensor. It is important for the
optical mode to penetrate evanescently into the surrounding solution. When the optical fiber is
etched to a point where the fundamental waveguide mode is affected, the modified propagation
constant of the mode can be written as [11]:

ﬁ = ﬁO +kr’p (next - ncl) s

where By = (27 /A)n.yy is propagation constant of core mode under normal conditions, next is
refractive index of external medium, n.; is refractive index of cladding, k is wave vector, 1), is
the fraction of the total power of unperturbed fundamental mode that flows in the etched region
and therefore lost to the external medium. The FBG etching process is associated with variation
of Bragg wavelength of FBG and when etching process is stopped, 1, becomes constant value,
given by [12]: dAg = 2AN,(Mex — ner). In FBG bio-chemical sensor, the variation of the Bragg
wavelength of FBG depends only on the variation of the refractive index of the external medium
while the gratings pitch is practically unchanged.

For low-cost bio-chemical sensor, the configuration using dual fiber Bragg gratings (etched-
FBG and reference-FBG) integrated in fiber ring laser structure is shown high sensitivity and
effectively for determination of bio-chemical agents in liquid environment [13,14]. The sensing
signal is demodulated the central wavelength shift of the e-FBG on the basis of the lasing power
when lasing signal of the re-FBG is swept over the spectrum of the e-FBG by using the Peltier
cooler that applies temperature on the re-FBG. The schematic of bio-chemical sensor system using
dual FBGs is shown in Fig. 3.

In this configuration, the optical gain medium was an erbium-doped silica fiber with erbium
concentration from 1500 ppm to 4000 ppm and with length of some meters (from 3 m to 15
m). The optical pump was a 980 nm-laser diode with adjusted output optical power up to 170
mW in single-mode emission (SDLO-2564-170). The pumped light was through a 980/1550 nm
wavelength division multiplexer (WDM) to erbium-doped silica fiber for excitation of the erbium
ions. The other end of the erbium-doped fiber was connected to a fiber-optic isolator in order
to ensure that the lasing only occurs at one direction around the loop. Both FBGs, e-FBG and
re-FBG function as a sensing element and filter, respectively, after connected to the ring cavity
via two fiber-optic circulators. A light emitted from broadband amplified spontaneous emission
of erbium ions enters the re-FBG through a circulator 1, and the reflection spectrum of re-FBG
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then propagates back through the circulator 1 again to the circulator 2, where the reflected signal is
entered the e-FBG then filtered and reflected again into loop-cavity. The laser emission is directed
out by a fiber-optic coupler 10/90 in order to extract 10% of the light from the cavity to be detected
by a photo-detector, and 90% of the light comes back to the laser cavity loop [14].
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Fig. 3. Schematic diagram of the low-cost bio-chemical sensor using dual fiber Bragg
gratings (e-FBG and re-FBG) integrated in fiber ring laser configuration [13, 14].

IV. EXPERIMENT AND RESULTS

IV.1. Results of dynamic strain sensor

As shown in Fig. 1, the strain sensor configuration consists of a fiber pigtailed DFB-type
laser diode package incorporating a photodiode without optical isolation emitting at 1310 nm,
coupled to a fiber Bragg grating. The FBG is mounted and glued with the length LG of 45 mm
onto the cantilever-beam using epoxy (a thin aluminum plate with elastic modulus E = 70 GPa).
This plate is then subjected to sinusoidal vibration inducing longitudinal dynamic strain on the
Bragg grating. The vibrator is made by the SF-9324 Variable Frequency Mechanical Wave Drive
(PASCO Scientific), it is a strong and long-throw speaker vibrated with any frequency of waveform
generator from 0.1 Hz to 5 kHz and amplitudes up to 7 mm p-p at the low end of the frequency
range, which is applied to the below side free end of the cantilever beam and driven by a sinusoidal
function generator with frequency 20 Hz. On cantilever-beam, the reference Gauge sensor formed
by four the electrical strain gauges (interrogated by a full Wheatstone bridge configuration) is
mounted as close as possible to the FBG with glued two into the upper surface and the other two
on the underside of the thin aluminum plate, and to measure the dynamic strain directly by two
techniques such as the reference Gauge sensor and the single-mode FBG dynamic strain sensor
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in the same experimental conditions. For measurement of longitudinal dynamic strain we carry
out at room temperature TR=20°C. The emitting wavelength, operating current and temperature
of the DFB- laser (LD1310) are 1310.02 nm, 34.5 mA and 20°C, respectively. The FBG central
wavelength is 1310.04 nm with FWHM spectrum width of AA = 0.14 nm, and the FBG reflec-
tivity RFBG is 19% from incoming laser power. When lasing wavelength lies on FBG spectrum
range, the emission light is reflected back into the active cavity of laser diode. If cantilever-beam
is vibrated by a mechanical wave vibrator excited by a sinusoidal function generator with dif-
ferent excitation amplitudes at a frequency of 20 Hz corresponding to the different longitudinal
dynamic strain, and applied to the FBG inducing elongation or compression of the Bragg grating.
Therefore, the modulation of external cavity length is produced, laser operation is altered, causing
self-mixing interferometry phenomenon and to be detected by the photo-detector (PD) in the laser
diode package. The fluctuations emitted power of optical output laser as a function of time is
then amplified by an external electronic circuit and transferred to a digital oscilloscope for display
[15]. The induced dynamic strain according to the excited cantilever-beam by a mechanical wave
vibrator driven a sinusoidal function generator with different excitation amplitudes (corresponding
to the various output voltage of the Wheatstone bridge from 0.24 V to 1.15 V with change step
of 0.02 V) at a frequency 20 Hz is applied to the Bragg grating and the induced dynamic strains
are measured by the reference Gauges sensor. The obtained self-mixing signals from FBG strain
sensor subject to dynamic strain are displayed on the oscilloscope.

Table 1. The measured dynamic strain of reference Gauges sensor and single-mode FBG
sensor by fringe counting method for the applied dynamic strain by a mechanical wave
vibrator driven a sinusoidal function generator with various excitation amplitudes at fre-
quency 20 Hz.

VBridge (V) Gauges sensor | Fringes | Single-mode FBG | €rpg — €6
strain (Lg) | number N | sensor strain ({L€)

0 0 0 0 0
0.24 25.0836 3 26.5545 1.4708
0.38 39.7157 5 44.2574 4.5417
0.52 54.3478 6 53.1089 1.2389
0.64 66.8896 8 70.8119 3.9223
0.76 79.4314 9 79.6634 0.2319
0.86 89.8829 11 97.3664 7.4834
0.98 102.4247 12 106.2178 3.7931
1.07 111.8311 13 115.0693 3.2382
1.15 120.1923 14 123.9208 3.7285

Table 1 summarizes the values of induced dynamic strain obtained from the reference strain
gauge sensor and single-mode FBG strain sensor based on the output voltage of the Wheatstone
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bridge and counting the fringes number of the obtained self-mixing signals. The error of single-
mode FBG sensor with Gauges sensor is less than 8%. The induced dynamic strain results mea-
sured by the single-mode FBG strain sensor and reference Gauges strain sensor are plotted in
Fig. 4, in order to confirming the feasibility of the demodulated technique of the FBG sensor by
the principle of optical feedback interferometry.
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Fig. 4. Comparison the measured dynamic strain results of single-mode FBG sensor
(cross points) and reference Gauges sensor (cycle points).

The resolution obtained from this FBG strain sensor was about 8{1€ which corresponded to
a half-fringe Zni;?LG’ and this could be further be improved by adopting a better signal processing
scheme instead of the current fringe counting technique used in experiment.

IV.2. Results of temperature sensors

For testing the characteristics of FBG depended on the ambient temperature in the
DFB-laser diode and FBG combined configuration, we use thermal box which can control the
temperature from 278K to 373K. The FBG can be recoated by different thermal-sensitive mate-
rials such as Teflon, polymer and metals [3] and embedded on the Copper (Cu) substrate. We
should choice the embedded FBG with polymer (silicone) which has a reflection wavelength at
room temperature matching with the emission wavelength of DFB-laser diode. In this experiment,
we used laser driver with feedback control for keeping the constant value of output laser power
at changed temperature that is different with previous work in [16]. This technique is shown
high accuracy of signal intensity measurement using photodiode. The dependence of the silicone-
embedded FBG wavelength shift upon the ambient temperature, which is shown in Fig. 5a, is
linear in the range of 278K-373K. The silicone-embedded Bragg wavelength shift is approxi-
mately 3.0 nm and the average temperature sensitivity of the FBG corresponds to 27.2 pm. K.
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We use single-mode DFB-laser (2A0469) made by Photonics company with the spectral
line-width and maximal output power of emission are 0.2 nm and 5 mW, respectively.
For testing tunable of lasing wavelength depended on the laser substrate temperature we use
Peltier cooler which can adjust exactly the temperature (0.1 K) in the range of 283 K — 333 K.
The dependence of lasing wavelength shift and lasing intensity of laser diode upon substrate
temperature have been shown in Fig. 5b. The dependence of emitted wavelength shift upon
the altering temperature is linear and the temperature sensitivity of laser emitted wavelength is
77.5 pm.K~ 1.

The wavelength shift of FBG sensor could be determined without using spectrometer,
which is the way combination of FBG wavelength shift in the temperature range of 278 K —
373 K and the temperature of laser substrate in the range of 283K-333K with the photoelectrical
maximal intensity of photodiode. The accuracy of measured photoelectrical signal is +0.02 V.
The photoelectrical maximal intensity of photodiode is 2.05 £0.02 V, when the laser wavelength
and FBG reflection wavelength are coincided. It is remarkable that the FBG wavelength shift due
to physical impacts of ambient can be measured by the change of laser substrate temperature with-
out use of spectrometer, if we have a data base of the FBG wavelength shift due to the physical
parameters and lasing wavelength shift due to the temperature change.

IV.3. Results of bio-chemical sensors using e-FBG combined in the ring cavity fiber laser

In experiment of the ring-cavity fiber laser combined with two FBGs, we used the re-FBG
as the same characteristics as used in [14] (the Bragg wavelength at room temperature was in the
range of 1530+ 1550 nm and a reflectivity was 75 — 90%; the full-width-half-maximum (FWHM)
bandwidth of 0.15--0.30 nm and FBG length of 15 mm). But the e-FBG fabricated by wet chem-
ical etching only half part of fiber cladding of the FBG region in hydrofluoric acid (HF) solution
for creating D-form of FBG-fiber to increase the interaction of the propagating optical field in the
FBG with the surrounding medium, which is different form in comparison with e-FBG presented
in previous works [14,17]. In the e-FBG and fiber ring laser combined configuration, the reflected
light from e-FBG can be used to analyze the interaction between the evanescent wave and the
surrounding medium by measuring wavelength shift of lasing emission. Fig. 6a shows the spectra
of reflection light from e-FBG and of lasing emission from ring fiber laser used the same e-FBG
as reflector in solvent solution (Acetone of 99.9%v/v). The optical signal-to-noise ratio (OSNR)
and spectral line-width of reflection light from e-FBG are 13.5dB and 0.24 nm, but OSNR and
spectral line-width of lasing light from ring fiber laser is of 39.4dB and 0.02 nm, respectively.
The OSNR of the sensor depends on how accurately and precisely the sensor can detect the res-
onant wavelength shift of the sensing element [18]. Therefore, the fiber laser configuration using
e-FBG sensing element sensor system has strongly enhanced detection accuracy of the wavelength
peak measurement. This measuring configuration is demodulated the central wavelength shift of
the e-FBG on the basis of the lasing power when lasing signal of the re-FBG is swept over the
spectrum of the e-FBG by using the Peltier element that applies temperature on the re-FBG. At
first, we should choice the re-FBG with reflection wavelength at room temperature equaled to the
reflection wavelength of e-FBG in order to easy scanning the re-FBG signal over the spectrum of
the e-FBG. The data base of wavelength shift of re-FBG in the temperature range of 283K-343K
is shown in Fig. 6b.
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It is observed that the dependence of the re-FBG wavelength shift on temperature is linear
and the temperature sensitivity of the re-FBG corresponds to 12.6 pm.K~! in temperature range of
278K-343K. This measurement demodulates the central wavelength shift of the sensing e-FBG on
the basis of monitoring the power change of laser signal, which is caused by the overlap between

the reflection spectrum of the reference-FBG and the e-FBG (Fig. 7a).
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Due to the effect of the index refractive of analytic environment, the central wavelength of
the e-FBG shifts and to be determined by scanning the reflected signal of re-FBG over the spectrum
of the e-FBG through using the Peltier element applied temperature. When the reflected signal of
re-FBG is coincided exactly with the spectrum of the e-FBG (A,._p = A,_p), the measured optical
power lasing signal is maximum (Fig. 7b).
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Fig. 8a shows the determined e-Bragg resonant wavelength shift as a function of the re-
fractive index of the surrounding medium at room temperature. The Bragg resonant wavelength
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increases with the increment of the refractive index. In order to demonstrate the determination of
ethanol concentration in bio-gasoline, we have studied the e-FBG sensor response for commercial
gasoline RON92 blended with ethanol and/or methanol in the concentration range of 0%-14 %v/v.
The experimental results are depicted in Fig. 8b.

From Fig. 8b, the calculated slope of linearly fitted data can be used as the effective sen-
sitivity of the FBG sensor. It can be deduced that the sensitivity of the achieved e-FBG sensor
is about 45 nm/RIU in the refractive index range of 1.41-1.43, which is corresponding to blend
ethanol concentration from 0% to 14%v/v in commercial gasoline RON92. Therefore, assuming
that the detectable spectral resolution is 10 pm, the optical sensor can measure solvent concen-
tration blended into gasoline with accuracy of 0.2%v/v and 0.15%v/v for ethanol and methanol,
respectively. The minimum detectable refractive index resolution of sensing measurement is of
2 x107*. In addition, the slopes of wavelength shift curves from ethanol and methanol mixtures
are different, that we can distinguish the organic solvent additive in gasoline by the data-base of a
concrete mixture.

V. CONCLUSION

We overview three configurations of FBG sensors for measurement of dynamic strain, sur-
round temperature and organic compounds in the liquid environment without use of spectrometer.
In the single-mode FBG strain sensor, the dynamic strain can be determinated by fringe number
of self-mixing modulation of lasing emission. The resolution of FBG strain sensor is about 8u¢,
which is suitable for dynamic strain sensor for hazardous environment. The second kind of FBG
sensor can detect wavelength shift by change of the laser substrate temperature for the matching
the wavelength of single-mode laser emission and silicone-embedded FBG reflection wavelength,
when the FBG influenced by physical parameters such as temperature and/or pressure from en-
vironment. This sensor has low cost and can be applied to different measurements in the real
environment. The last type of FBG sensor using etched-FBG as reflector in the ring-cavity fiber
laser is suitable for detection of different types of organic solvents in liquid environment. More-
over, the FBG sensor system shows many advantages including a high resolution for wavelength
shift identification, high OSNR and narrow band-width that enhances accuracy and precision of
wavelength peak measurement and improves capability for remote sensing application. In order
to confirming the feasibility of determination of mixture gasoline, the e-FBG sensor has distin-
guished different types of gasoline with different octane numbers (RON 92 and RON95), and
ethanol or methanol concentration in gasoline blended specifically in the low concentration range
of 0% - 14%v/v with mixture concentration accuracy of 0.2%v/v and 0.15%v/v for ethanol and
methanol, respectively. These results point to the prospect of using the low-cost optical sensor for
application in the civil engineering, agriculture, industrial fluids, and the food industry.
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