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Abstract

A m-phase-shifted fiber Bragg grating (7-FBG) shows high sensitivity to the ultrasonic (US) wave as
compared to the conventional FBG due to the strong slow-light phenomenon at the resonance peak. However,
its sensitivity is limited by the interrogation schemes. A combination of 7-FBG and unbalanced fiber Mach—
Zehnder interferometer (F-MZI) are theoretically analyzed and optimized for the highly sensitive acoustic
sensor. The coupled-mode theory (CMT) and transfer matrix method (TMM) are used to establish the
numerical modelling of 7-FBG. For the optimized grating parameters of 7-FBG, the proposed sensing
system shows the high strain sensitivity of 1.2 x 108 /¢, the highest dynamic strain resolution of 4.1fe/y/Hz,
and the highest wavelength shift resolution of 4.9 x 10~ pm. Further, the proposed sensing system strongly
supports both time and wavelength division multiplexing techniques. Therefore, the proposed sensing system
shows extreme importance in single as well as quasi-distributed US acoustic wave sensing networks.
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1. Introduction

Over the last few years, fiber-optic ultrasonic sensors have attracted massive attention in var-
ious real field applications including — but not limited to — structural health monitoring (SHM)
of civil infrastructures and aerospace structures, medical diagnostics, efc., due to their numer-
ous advantages over lead-zirconate-titanate ultrasonic sensors such as capability of multiplexing,
immunity to electromagnetic and radio frequency interference, ability to work in harsh environ-
ments, remote sensing, efc. [1, 2]. Among the various fiber-optic ultrasonic sensors reported in the
literature, fiber Bragg grating (FBG) based are the ones most frequently used for SHM and non-
destructive testing [1, 2]. It is because FBG exhibits inherent properties of wavelength encoding
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nature, which provides excellent multiplexing techniques, being small in size and easily embedded
into the structural material without degradation of material integrity for real-time sensing [3—11].
The working principle of most FBG acoustic sensors is based on wavelength modulation in which
the dynamic ultrasonic strain wave shifts the Bragg wavelength. The theoretical and experimental
studies show that FBG is hardly sensitive to the ultrasonic (US) wave whose wavelength is smaller
than the grating length [12, 13]. The typical ratio between the grating length and the ultrasonic
wavelength obtained is 1/7 for the high sensitivity acoustic sensor [14]. Therefore, for the high
frequencies of acoustic ultrasonic wave detection, a short length FBG is needed. However, the
short length gratings suffer from low detection sensitivity due to their reduced peak reflectivity
and very moderate reflectivity slope. Recently, Liang et al. have proposed the novel side-lobe
modulation for high frequencies of ultrasonic waves [15]. However, the proposed sensor shows
a weak optical signal and offers low sensitivity. A sensor having high sensitivity along with
a broad bandwidth inspection would be of extreme importance for ultrasonic detection.

A rt-phase-shifted FBG (7-FBG) is a special kind of FBG whose reflected spectra have a strong
transmission resonance at the Bragg wavelength due to a m-phase shift in the center of refractive
index change. It shows better sensitivity and is capable of detecting the megahertz frequency range
of ultrasonic signals [16, 17]. Due to strong resonance, a slow-light phenomenon is observed in -
FBG at Bragg wavelength which increases the optical path length and, thus, enhanced sensitivity
is achieved [18, 19]. Further, light is confined in the phase-shifted area, which reduces the
effective length of the grating and enables the 7-FBG to detect megahertz frequencies. Therefore,
in recent years, several ultrasonic sensors based on 7-FBG have been proposed for the real-time
SHM measurements [20-23]. Various approaches have been proposed for interrogating the Bragg
wavelength shift of a 7-FBG caused by ultrasonic waves. The transmitted/reflected light of the
n-FBG is detected with a single photodetector [17]. However, the sensitivity of the system is
limited by the laser source’s (intensity and frequency) noise level. To minimize the laser intensity
noise, the Pound—Drever—Hall technique can be used [20]. Still, this technique has significant
disadvantages i.e. it is expensive, bulky, and very complicated in practical realization. Moreover,
such a sensing system shows very weak multiplexing techniques. Hence, a balanced photodetector
technique was proposed to eliminate the laser intensity noise [21]. The proposed sensing system
is straightforward, low cost and offers multiplexing techniques. Yet, its sensitivity is limited by
the laser frequency noise and photodetector noise. Hu et al. presented an imbalanced fiber-optic
Michelson interferometer as a reference channel to reduce the laser intensity noise as well as laser
frequency noise of a 7-FBG based acoustic emission sensor system [22]. The proposed sensing
system offers multiplexing techniques but the sensitivity is restricted by the photo-detectors’
noise. An ultrasonic sensor based on two cascaded m-FBGs that provide multiplexing capabilities
is demonstrated in [23]. This sensing scheme is based on the broadband light source (BLS);
therefore, the cost of the system is relatively low as compared to the laser-based sensing approach.
However, it suffers from low sensitivity due to the high-intensity noise of the BLS.

Interrogation with an unbalanced fiber Mach—Zehnder interferometer (F-MZI) is known
for high resolution, high sensitivity as well as broad bandwidth detecting scheme for the Bragg
wavelength shifts caused by the dynamic wave [24-27]. Moreover, it allows both the time division
as well as wavelength division multiplexing techniques [24, 25, 27]. An F-MZI converts the shift
in the Bragg wavelength, Adp, of FBG into the intensity change. The change in intensity is
proportional to Ad g, and path-length mismatch d of the F-MZI. Therefore, the sensitivity of the
F-MZI can be increased by increasing the d. However, the maximum path-length mismatch cannot
exceed the coherent length of the signal in the fiber. The coherent length is inversely proportional
to the bandwidth of the reflected signal from the FBG, which is ultimately dependent on the index
change. An F-MZI shows limited sensitivity with the conventional FBGs due to their broader
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bandwidth (> 80 pm). In this paper, we theoretically analyze and optimize an ultrasonic acoustic
sensor based on the 7-FBG and F-MZI interrogation scheme for single and quasi-distributed
sensing networks. To do so, first, we optimize the 7-FBG for grating parameters, i.e. grating
length (L) and index change (An). In most of the practical applications, the grating length of
5 mm is used [15, 16, 21, 23]. To optimize the index change of the 7-FBG sensor, the optical path
difference (OPD) of the F-MZI, which is a product of the refractive index of fiber and path-length
mismatch, should be considered. The OPD is also inversely proportional to the spectral bandwidth
of the signal fed into the F-MZI. The maximum OPD of 96 m is reported in [25] for the fiber laser
sensor, to the best of authors’ knowledge. The optimum index change is taken as 1.2 x 1073, For
the optimum grating parameters (L = 5 mm and An = 1.2 x 1073), the 7-FBG is characterized
by the peak transmissivity of 0.985 and full width at half maximum (FWHM) of 0.012 pm. The
OPD of the F-MZI is calculated at 76.01 m for the given FWHM. A high strain sensitivity of
1.2 x 108/e and a high strain resolution of 4.1 fe/+/Hz are achieved from the proposed sensing
system. The achieved strain resolution of the proposed sensing system is much better than 7.3
fe/+/Hz of [25] and provides a wavelength shift resolution of 4.9 x 10~ pm. A wavelength shift
resolution of 3.7 x 1073 pm is reported in [22] for an acoustic-emission sensor based on the
n-FBG and a Michelson interferometer. Our sensing scheme shows a much better wavelength
resolution than reported in [22]. Furthermore, the intensity noise of BLS in the proposed sensing
system can be easily eliminated by using a dual-channel F-MZI configuration [28].

2. Theoretical Modelling

2.1. Acoustic-Ultrasonic Wave Modelling

Acoustic emission is a transient ultrasonic wave with typical frequency varying from 100 kHz
to 1 MHz and generated by damage-related structural changes, such as surface degradation,
defect initiation, crack growth, efc. [1]. A longitudinal US acoustic wave can be considered as
a sinusoidal strain wave which can be given as [12]

e(t) = &, cos (2_712 - wst), (D
As

where &, is the US acoustic strain field amplitude normalized to the US acoustic wavenumber
2n/As, s, and wg are wavelength and angular frequency of US acoustic wave, respectively, z is
the direction of US wave, and ¢ is instant time.

An FBG is a permanent periodic induced refractive index change along the finite length of the
fiber. The variation of the effective refractive index of fiber along the grating length L is given as

neﬂ(z)zneﬁ+§(l+vcos[2xﬂz+¢(z)]), 0<z<L, 2)

where n,zis the effective refractive index of fiber in the absence of grating; &n denotes the averaged
index change for a single grating period; v stands for fringe visibility of index change; A is period
of grating and ¢(z) is grating chirp. Due to this periodic perturbation, a portion of input light is
reflected by the FBG and the remaining light is passed through it. The reflected/transmitted light
has a central wavelength known as the Bragg wavelength which is a multiplication of effective
refractive index and grating period and can be given as

/lB = ZneﬁA. (3)

291



K.M. Dwivedi, G. Trivedi, S.K. Khijwania, T Ostch: %E@% NUMERICAL ANALYSIS OF A HIGHLY SENSITIVE ...

FBGs are inherently sensitive to strain and temperature. FBG measures all other possible
physical parameters which can be mapped into strain or temperature domains. The shift in the
Bragg wavelength of the FBG due to the change in strain and temperature is given as [30]

dA = (KsAe + KpAT) A3, €]

where K, ~ 0.78 x 107%¢7!, and K7 ~ 8.6 x 1070 °C~! are strain and thermal sensitivity coeffi-
cients, respectively. Terms Ae and AT denote changes in strain and in temperature, respectively.

When longitudinal US acoustic wave, as described in (1), propagates through the FBG, it
changes the effective refractive index and the period of grating. The period of grating is changed
due to the geometric effect. The change in the z-axis is translated to the z’-axis according to the
following formula [12]:

7=flz)=z+ smﬁ [sin (z—ﬂz - wst) + sin (wst)] . (5)
2n A

The change in the refractive index is due to the elasto-optic effect and can be expressed as [12]:

3

7 7 n 2” !
An’ (2',1) = —(%‘#) [Pi1 — (P11 + P12)] - &mcos (/l—z —wst), (6)

where Py and Pj; are stress-optics coeflicients, and yu is the Poisson’s ratio. From (2), (5), and
(6), the new effective refractive index under US wave is given as

ngg (2',1) = neﬁ+5_n(1 + v cos [%f‘l (z’,t)])
(7

3
n 2r
— ﬁ . [Pll — ,u(Pll + Plz)] - Em COS _Z, - wst .
2 As

2.2. Analysis of n-FBG under US wave using the Transfer Matrix Method

In this paper, the transfer matrix method (TMM) [29] is used to simulate the 7-FBG for US
wave. In this approach, grating length L is divided into N uniform sections of length 6/ (6 > A),
and constant values of « and o are assigned to each uniform section. The transfer matrix of i-th
section is described as

Tii T cosh (Q;61;) — i— sinh (Q;61;) —i XL sinh (Q;61))
Ti:[TlT ]z o Y - ®
2l A2 i— sinh (Q;61;) cosh (€;61;) + i— sinh (€;61;)
Q,’ Qi
where Q; = K? - E?, and o is general DC self-coupling coefficient is defined as
1 1 2 —
2 ——— |+ —on.
7rneﬁr(/l /13) + 7 on
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The overall response of 7-FBG is given as

R R
[ fN]=[TN][TN_1]~-[T,,S]~-[Tz][T1][Rf°]
b0

(1) [ e

i=1

€))

where Ryo and Ry, are the input forward, and backward field amplitudes, respectively, and Ry
and R,y correspond to output field amplitudes. 7, is the phase-shift matrix and can be given
as [29]
eio/2 0
Tps = [ 0 oi9/2 :| s (10)
where ¢ is the shift in the phase of grating and defined as ¢/2 = 27n.yAz/A, Az stands for the

separation between two grating sections. Applying the appropriate boundary conditions (Ryo = 1
and R,y = 0) in (9), the reflection and transmission coefficients of the grating are calculated as

Ty
=, (11)
P Ty,
1
f=—. (12)
Ty,

2.3. System Modelling

The proposed sensing system is shown in Fig. 1. The transmitted spectrum of n-FBG is
very complicated and contains many peaks, as shown in Fig. 1, and as such cannot be directly
interrogated by the F-MZI. Therefore, an optimized apodized FBG (AFBG) is used to filter
out the narrow peaks of 7-FBG spectra at the Bragg wavelength under the US acoustic wave.
A chirped FBG can be also used for this purpose because it also has a top-hat reflection spectrum.
However, the (relatively small) chirp rate and an appropriate grating length should be chosen to
ensure a high reflection coefficient and desired spectral width. The filtered peak holds the entire

1
AFBG filter
0.5 D
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1549 1549.5 1550 1550.5 1551

Phase drift compensation feedback

RAFEG
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Fiber stretcher
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Circulator Detector
1 ; ()
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o o
405 305 OPD = nd
& 9
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0 0
1549 1549.5 1550 1550.5 1551 1549 1549.5 1550 1550.5 1551
Wavelength (nm) Wavelength (nm)

Fig. 1. Schematic of 7-FBG ultrasonic acoustic sensor using interferometric interrogation technique.

293



K.M. Dwivedi, G. Trivedi, S.K. Khijwania, T Ostch: %E@% NUMERICAL ANALYSIS OF A HIGHLY SENSITIVE ...

characteristics of 7-FBG and acts as source input to the interferometer. A circulator is used to
direct the light from port 1 to port 2 and from port 2 to port 3 in clockwise direction.
The output filter power at port 3 of the circulator is given as

Pﬁlter—out = fPO(A)Tﬂ-sensor(/l)RAFBG(/l)d/la (13)

where Py is the broadband light source (BLS) output optical power, Ty_sens0r denotes the trans-
missivity of the 7-FBG sensor and Rappg is the reflectivity of AFBG filter. The F-MZI output
power is the coherent sum of fields traveling in both lower and upper arms. For the ideal 50%
coupling at both F-MZI couplers, the output power is given as

P = Pliter-our (1 +0.5c0s (y(1) + ¢)), (14)

where (1) = 2nnd/ A is the phase difference due to the path-length imbalance of the F-MZI,
d is the path-length mismatch between the fiber arms, #n is the effective index of the fiber core,
and ¢ is a bias phase offset of the F-MZI. The F-MZI sensitivity is maximum for the phase bias
of /2. For the US strain perturbation, the term detected at the output of the sensor is the second
term of the (14). Thus, (14) becomes

pP= O~5Pﬁlter-0ut lﬁ(/l) (15)

The US strain wave modulates the Bragg wavelength of 7-FBG; therefore, the phase of the
F-MZI is also changed. The change in the phase is given as

2nnd
/12

Ay () = Adg, (16)
where AAp is the change in the Bragg wavelength due to US acoustic waves. The product nd, in
the above equation, is known as the optical path difference (OPD). For the maximum sensitivity,
the optimum OPD satisfies the condition OPD x ok = 2.355 [24], where dk presents the spectral
bandwidth of optical signal (express in wavenumber/unit) fed to the F-MZI.

The strain sensitivity, Sg, of the system is given as

1 dpP 1 dPdydAd and
Se = —_— = ——— = —AAlp. 17
¢ Pﬁlter-()ut de Pﬁlter—()ut dl// da de 2 ? ( )

3. Numerical results and discussion

In this section, we first optimize the 7-FBG for the optimum OPD of the F-MZI. We also
assume that the grating is lossless. The lossy grating has a low transmissivity peak and wide
FWHM at the Bragg wavelength [18, 19]. The wider FWHM, the lower the OPD value, and thus
the sensitivity of the sensing system is reduced as stated in (17). The typical length of grating
is taken as 5 mm. Figure 2 shows the change in the resonance peak transmissivity of 7-FBG
with index change. For better detection or signal to noise ratio, the resonance peak transmissivity
must be as high as possible [22]. As the index change increases, the transmissivity decreases. It
is due to the increase in the diffraction efficiency of the grating. Therefore, a light start reflected
out at the initial length of the grating as the index change increased. The full width at half
maximum of the transmission resonance peak decreases linearly on the logarithmic scale with
the index change increasing, as shown in Fig. 3. The importance of bandwidth of resonance peak
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is that it determines the OPD of the F-MZI. As discussed in the previous section, the OPD is
inversely proportional to the spectral bandwidth of the signal. The OPD is linearly increased on
the logarithmic scale as the index change is increased as shown in Fig. 4. In the literature, an
F-MZI having maximum OPD of 96 m was used to interrogate the fiber laser-based sensor [25],
to the best of authors’ knowledge. Considering the maximum limit of this OPD, we choose the
index change of 1.2 x 1073, For the optimum grating parameters, the 7-FBG is characterized by
the peak transmissivity of 0.985 and FWHM of 0.012 pm. The OPD of the F-MZI is calculated

as 76.01 m for the given FWHM.
1
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Transmissivity
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e ©
©0 ©
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L 1 1 1

2 4 6 8 10 12 14 16
Index change ( x 10'4)

Fig. 2. Transmissivity vs. index change for fixed L = 5 mm (inset figure shows the peak transmissivity
of 7-FBG at Bragg wavelength).
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Fig. 3. FWHM of resonance peak of 7-FBG vs. index change for fixed L = 5 mm
(inset figure shows the FWHM of 7-FBG at Bragg wavelength).

As stated in (17), the strain sensitivity of the F-MZI is proportional to the Bragg wavelength
shift of 7-FBG. The shift in the Bragg wavelength not only depends upon US strain amplitude,
but it is also highly dependent on the US acoustic wavelength, Ag [12]. Figure 5 shows the
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Fig. 4. OPD of the F-MZI vs. index change.

temporal wavelength shift sensitivity S, (i.e., instant time, ¢, is varying from O to US period
2n/As), which is defined as the ratio of magnitude of change in Bragg wavelength under US
acoustic wave to the Bragg wavelength shift under the static strain and can be expressed as
Sy (As/L, €n) = Adus (As/L, €m) [(ApoEm), of the optimized 7-FBG as a function of Ag/L for
the strain amplitude of 100 ue. The optimized 7-FBG achieves a constant sensitivity for the ratio
As/L > 2, which is five times lower than the result achieved by Minardo e al. [12] and 3.5 times
lower than in [14].

o
)

&
(=2}
T
L

Wavelength-shift sensitivity, S o
=] =}
V] £

0 1 1 L 1 L
1072 107! 10° 10' 102
US wavelength/Bragg length ratio, ASIL

Fig. 5. Bragg wavelength shift sensitivity of 7-FBG, S, vs. the US wavelength for the strain amplitude of 100 pe.

The strain sensitivity of the F-MZI for the optimized OPD of 76.1 m is shown in Fig. 6.
The maximum strain sensitivity of 1.2 x 108 /¢ is obtained for the ratio Ag/L > 2. The maximum
phase sensitivity (Ay/Ag) which corresponds to the maximum strain sensitivity is calculated at
240 rad/ue. Currently, the F-MZI can detect a high-resolution dynamic phase shift of 1 purad/+/Hz
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[24], which gives a high dynamic strain resolution of 4.1 fe/+/Hz for the given phase shift
sensitivity. The strain resolution of the proposed sensing system is nearly half as compared to the
strain resolution of 7.3fe/+/Hz of the fiber laser sensor reported in [25]. Further, for the achieved
strain resolution of 4.1 fe, a wavelength shift resolution of 4.92 x 10~ pm is easily obtained.
A wavelength shift resolution of 3.7 x 10> pm is given in [22] for the acoustic-emission sensor
based on the 7-FBG and a Michelson interferometer. The proposed sensor shows a much better
wavelength resolution than that presented in [22].

7
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Strain Sensitivity (e'1

2+ 4
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102 107 10° 10° 102
US wavelength/Bragg length ratio, ,\SIL

Fig. 6. Strain sensitivity of 7-FBG, S vs. the US wavelength for the strain amplitude of 100 pe.

Figure 7 shows the shift in Bragg wavelength and wavelength-shift sensitivity of optimized
n-FBG for the US acoustic strain amplitudes. The ratio of the US wavelength to the grat-
ing length (ds/L) is taken as 3. A linear shift in the Bragg wavelength having a slope of
1.2 pm/pe and constant wavelength-shift sensitivity of 0.774 are achieved. The result shows that
for the ratio Ag/L > 2, the proposed 7-FBG experiences uniform distribution of strain along
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Fig. 7. The Bragg wavelength-shift and sensitivity of optimized 7-FBG vs. strain.
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the grating length. As previously discussed, to filter out the resonance peak of m-FBG, a suit-
able apodized FBG filter is required. Recently, we have proposed a new apodization profile
f(z) = Jo(cos (3z/L))8 (cos 2z/L — 1))4, where Jj is the ordinary Bessel function of the 1%
kind of order O, for the filter and quasi-distributed sensing network [31]. The same apodized
grating is applied here for filtering the resonance peak of 7-FBG for the illustration. However,
other apodized FBG such as Gaussian, raised cosine, Tanh4z, efc. may also be used as the filter.
The grating parameters are taken as L = 10 mm, and An = 7 x 10~ The flat-topped bandwidth
of the filter is 0.51 nm, which can filter the resonance peak for the £200 pe US strain amplitudes.
The transmitted spectrum of optimized 7-FBG, reflectivity spectrum of apodized FBG, and filter
output spectrum are shown in Fig. 1. The n-FBG sensor used in [22] is characterized by 1 pm
FWHM and peak reflectivity bigger than 99%.

4. Conclusion

The presented numerical investigations show thata 7-FBG US sensor exhibits better sensitivity
at high frequency as compared to the conventional FBG US sensors. It is because a slow-light
effect is observed at the sharp transmission resonance peak, which increases the effective optical
path length of light, and, therefore, increased sensitivity is achieved. However, the sensitivity of
the system is limited by the interrogating techniques. In this paper, we theoretically analyzed and
optimized the US acoustic sensor based on 7-FBG and a path imbalance F-MZI interrogation
scheme. The optimized proposed sensing system shows the theoretical highest strain sensitivity
of 1.2 x 108/ and a theoretical dynamic strain resolution of 4.1 fe//Hz. The achieved strain
resolution provides a theoretical wavelength shift resolution of 4.9x 10~° pm. The strain resolution
of the proposed sensing system is much better than 7.3 fe/4/Hz of [25]. A wavelength shift
resolution of 3.7x 1073 pm s reported in [22] for the acoustic-emission sensor based on the 7-FBG
and Michelson interferometer. The proposed sensor shows a much better wavelength resolution
than the one reported in [22]. The strain sensitivity, resolution, and wavelength-shift sensitivity
of the proposed sensing system can further be enhanced by increasing the path mismatch of
the F-MZI to the coherent length A2 /negod, where 04 is spectral bandwidth of transmission
resonance peak of 7-FBG. Moreover, the proposed sensing system strongly supports both time
and wavelength division multiplexing techniques. Therefore, the proposed sensing system shows
extreme importance in single as well as quasi-distributed US acoustic wave sensing networks.
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