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a b s t r a c t
A novel thermometric measurement based on chirped ﬁber Bragg grating (CFBG) and Michelson Interferometer is proposed. The interrogation technique is based on the linear relation between the temperature
and the phase derivative function of the grating, which is determined through Fourier transformation of
the output spectrum. The Michelson interferometer conﬁguration offers the ﬂexibility in adjusting the
position of coupling coefﬁcient curve in the spatiogram, enabling the interrogation to be done at a shorter
optical spectrum record length which can reduce the interrogation time and computation load.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Fiber Bragg grating (FBG) is a mature ﬁber optic sensor widely
used for numerous applications. In particular, the use of FBGs
for distributed measurement has been reported for various applications [1,2]. In general, interferometric system and fast Fourier
transform (FFT) are widely used for the characterization of the
complex reﬂection coefﬁcient, complex coupling coefﬁcient and
phase response of the grating [3–5]. It is commonly known that
the free spectral range (FSR) of the fringes formed should be minimally two times larger than the spectral sampling resolution of
the interrogator / optical spectrum analyzer so that they can be
spectrally resolved [3]. This limits the suitable range of the arm
lengths for the interferometer. Large sampling size may increase
the accuracy of the measurement but at the expense of higher computation load and longer processing time. Hence, cost-efﬁcient and
fast interrogation technique is desired.
Inspired by the Froggatt’s works [4,5], we have devised an
interrogation technique for linear chirped grating in a Michelson
Interferometric system to achieve distributed temperature measurement in this work. By using Fourier transform, a describing
function for the coupling coefﬁcient amplitude and phase response
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of the grating in the spatial domain is generated. From which a
phase derivative function is formulated to describe the temperature distribution within the grating. Based on the technique, we
can achieve fast optical spectral interrogation at a minimal record
length without compromising the quality of the output spectrum.
Furthermore, it is applicable for spectral interrogation device with
medium resolution.

2. Simulation and experiment
The relation between reﬂection function, r() and coupling coefﬁcient q*(z) of a grating is given by

∞
r() = −

⎛

z

q∗ (z) exp ⎝j2

0

⎞
dz  ⎠ dz

(1)

0

where z is the local position along the grating.
The detuning coefﬁcient,  can be expressed as

=


2n0
−



(2)
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Fig. 1. Michelson interferometry setup for distributed FBG sensor. OSA: optical spectrum analyzer; Attn: ﬁber attenuator; PC: polarization controller. LG : grating length, LS :
ﬁber length of the sensing arm (inclusive of the attenuator), LR : ﬁber length of the reference arm (inclusive of the ﬁber collimator), LA : air cavity length.

Analogous to (4), the Fourier transform pair of (9) is given by
where n0 is the effective index of the unperturbed ﬁber core,  is
the grating period and  is the operating wavelength. In a uniform
grating,  is independent of z, Eq. (1) can be rewritten as:

⎡

−q∗ (z) exp ⎣j2

∞
q (z) exp (j2z) dz

(3)

0

Based on the ﬁrst Born approximation [6], the Fourier transform
pair of (3) is given by:
1
−q (z) =
2

∞

∗

r() exp (−j2z) d

(4)

−∞

q∗ (z)

is the conjugate of coupling coefﬁcient, q(z).
where
In the context of CFBG, the detuning coefﬁcient  c (z) is a varying
function of z along the grating:
c (z) =  + ϕ(z) =


2n(z)
−

(z)

(5)

The information of temperature distribution over the grating
region is embedded in the effective index, n(z) and grating period,
(z):
n(z) = n0 [1 + ␣T (z)]

(6.a)

(z) = (0 + rz)[1 + ␥T (z)]

(6.b)

where T(z) is the proﬁle of temperature change over the grating
region, ˛ is the thermo-optic coefﬁcient, is the thermal expansion
coefﬁcient and r is the chirped rate. Based on Binomial approximation, ϕ(z) can be expressed as
ϕ(z) ≈

rz
2n0 ˛ T (z)

T (z)
+ 2 +

0
0
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Since  is independent of z, (8) can be simpliﬁed as

0

ϕ(z  )dz  ⎦ =

The phase information of the CFBG can be accessed by incorporate it in a Michelson Interferometer in which the reﬂected beam
from the CFBG (sensing arm) interferes with the reference beam
from a broadband reﬂective mirror (reference arm) as illustrated
in Fig. 1. The CFBG used here has a wide reﬂection band starting
from 1537 nm to 1553 nm and a grating length, LG of ∼11 mm (chirp
rate of 1 nm/mm). The free end of the CFBG was angled cleaved to
ensure that the reﬂected beam from CFBG is unaffected by the Fresnel reﬂection from the ﬁber end. The reﬂectivity of the CFBG used in
the setup is approximately 40% which is well within the acceptable
range for the ﬁrst Born approximation (10–50%) [7]. The other arm
of the interferometer is a reference arm which comprises of polarization controller, a collimator and adjustable reﬂective mirror. To
achieve the maximum extinction ratio in the output spectrum, a
ﬁber attenuator based on a coiled ﬁber is used for lowering the high
reﬂected intensity from the sensing arm and to match the reﬂected
intensity from the other arm. The bending loss of the coiled ﬁber can
be controlled by manipulating the length of the coiled ﬁber and the
diameter of the coil. The polarization controller is used for manipulating and matching the polarization states of the beams from both
arms of the interferometer. The ﬁber length for the sensing arm is
deliberately made to be slightly longer than that of the reference
arm. The optical path length difference between two arms can be
compensated by the air cavity length, LA in the reference arm which
can be controlled by the moveable reﬂective mirror mounted on
linear translation stage.
The reﬂection function of the Michelson interferometer can be
written as

The reﬂection function rc () of a chirped grating is given by

rc () = −

⎤

0
∗

r() = −

z

(9)

where a is a reﬂection coefﬁcient of the mirror, ˇ (ˇ = 2n/) is
propagation constant of ﬁber, n is the effective refractive index of
the ﬁber and d is the path difference (d = LS − LR − LA /n). The output
spectral power of the interferometer is given by R()R*():

∞
∗

⎡

z

q (z) exp ⎣j2
∗

2

R()R () = a +
0
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0

∞
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Fig. 2. Spatiogram of | (z)| for different air cavity length, LA . Inset shows the output
spectrum at LA = 14 mm (d = ∼2 mm). [Ls = 104.2 cm, LR = 103.0 cm, n = 1.448, d
∼25 nm and N = 2501].
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where 0 is the sum of phases of all non z-dependent terms in (14).
Differentiation of (15) with respect to z yields:
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Spatial variables s and s’ are introduced to distinguish the two
independent integrals in the second term of (12). The Fourier transformation of (12) produces a describing function K(z)
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The second term of (13) is an autocorrelation of the coupling
coefﬁcient with its conjugate. The integral equals to zero for z in
the range of LG < z < S – LG , where S is the length of the produced
spatiogram. Since the third and fourth terms of (13) are mirror
pairs and they share the same phase information, the fourth term
is chosen for the ensuing analysis:

⎡



d+z

2d ∗
(z) = −a exp(−j
)q (d + z) exp ⎣j2
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ϕ(z  )dz  ⎦

(14)

d

3. Result and discussion
Fig. 2 shows the curves of describing function | (z)| for different
air cavity lengths, LA . The rectangular curve represents the magni-
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The spatial resolution of the spatiogram is given by [8]:
dz =

2d ∗
)q (d + z) exp


(16)
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Let Ref (z) and Ref (z) be the reference coupling coefﬁcient
and phase function in which T(z) = 0. The term r(d + z)/0 2 can
be eliminated by subtracting (z) with Ref (z) and the following
expression is formulated.
˚(z) =

⎤

z+s

⎣−j2 ϕ(z )dz ⎦ exp ⎣j2
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tude of coupling coefﬁcient of the CFBG in the spatiogram and its
position can be shifted by controlling LA . The mirror pair of this coupling coefﬁcient can be found at the other side of the spatiogram
(not shown in the graph). Inset shows the output spectrum of the
interferometer at LA = 14 mm (d = ∼2 mm). The extinction ratio of
the fringes was optimized by matching the polarization states (with
PC) and intensities (with attenuator) of the beams from both arms
of the interferometer. This enhances the accuracy of the produced
describing function | (z)|. The varying FSR of the fringes from one
edge to the other one of the grating reﬂection band (refer inset) can
be attributed to the linearly varying path length difference between
the local grating (with varying grating period along the chirped
grating structure) and the mirror. The overall FSR will be larger
when |d| is approaching zero. The interference spectrum with large
FSR is a preferred choice because they can be spectrally resolved
and the measurement is more reliable.
The phase function (z) of (z) is given by:

∞

2d
)
ϕ(s )ds ⎦ exp (−j2s) ds − a exp(j



45

2c
2nd

(18)

where c represents central wavelength and d the wavelength
span of the recorded spectrum. The length of the spatiogram is
deﬁned as S = Ndz; where N is the sample size of the recorded spectrum. Given that d ∼25 nm and N = 2501, the calculated spatial
resolution for the spatiogram in Fig. 2 is ∼0.033 mm.
By adjusting the position of the reﬂective mirror (manipulating
LA ) in the experimental setup, the coupling coefﬁcient function can
be shifted to the leftmost position of the spatiogram, a minimum
sample size N of 1480 is sufﬁcient to accommodate the curve of
coupling coefﬁcient function and its mirror pair in the spatiogram.
This can enhance the processing speed of the interrogation. However, it is worth noting that the element of ı(z) is located at z = 0 in
the spatiogram and it is important to keep a small distance between
the curve of the coupling coefﬁcient function and ı(z) to ensure the
phase information of the coupling coefﬁcient function is intact.
Fig. 3 shows the output phase shift derivative ˚(z) in response
to a heat source located at different positions along the grating. The
heat source is a hot wire (60 m diameter tungsten wire) in which
the induced temperature can be varied by controlling the electric
current through the wire. As described in Eq. (17), the output phase
shift derivative ˚(z) is linearly proportional to the local temperature change T(d + z) on the grating structure. The contact point
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Fig. 3. Plots of phase shift derivative ˚(z) correspond to hot wire at different positions (uniform distance of ∼1.2 mm) within the grating region. The secondary y-axis
shows the corresponding temperature. (LA = 14 mm, d ∼25 nm, N = 2501).

of the grating with the hot wire experiences the highest change in
local temperature and the peak of the ˚(z) curve marks the position of the hot wire. A total of 5 output spectra were recorded at
interval of 40 s to produce the 5 ˚(z) curves in Fig. 3. The y-axis represents corresponding local temperature, T on the grating. It can be
observed that the peak changes its position at a uniform displacement of ∼1.2 mm. This is in agreement with the hot wire moving
speed of 0.03 mm/s.
Fig. 4(a) shows the temporal response of the measured temperature distribution of a moving hot wire (constant temperature

∼70 ◦ C) along the grating. The output spectrum was periodically
recorded by the OSA at an interval of 10 s into a computer via a
GPIB card using LabVIEW. After that, the temperature distribution
proﬁles generated from the spectra were combined to formulate
this temporal-spatiogram. During the measurement, the hot wire
was mounted on a linear translation stage traveling at a constant
speed of 30 m/s from one end to the other end of the CFBG and
returned. The motion and temperature distribution of the hot wire
are as depicted in this temporal-spatiogram. The measured position
(position of peak temperature in the spatiogram) has a good linearity of R2 ∼ 0.991 (standard deviation ∼0.25 mm) with the actual
position of the hot wire (Refer Fig. 4(b)). Fig. 5(a) shows the output
response of the CFBG on a stationary hot wire with varying temperature. The applied current through hot wire was increased from 0 A
at t = 100 s until 2.0 A at t = 500 s at a rate of 0.1 A every 20 s. The red
dotted line in the graph indicates the temperature variation of the
hot wire (calibrated using thermocouple). It is observed that the
measured temperature (by the proposed system) is linearly proportional to the squared of the applied current, I2 and a maximum
temperature of 240 ◦ C was recorded. We believe that maximum
detected temperature can be further enhanced if the CFBG is preannealed at higher temperature or a regenerated CFBG is used [9].
The measured temperature plummets down to room temperature
when the current is terminated (at t = 500 s). Fig. 5(b) shows the
linear relationship between phase shift derivative, measured tem-

Fig. 4. (a) Measured temperature proﬁle of a moving hot wire along the CFBG. (b) The linear correlation between measured position (by proposed sensor) with the actual
position of the moving hot wire. (LA = 14 mm, d ∼25 nm, N = 2501).

Fig. 5. (a) Temperature proﬁle of a stationary hot wire with increasing current. Red dotted line shows the temperature variation of the hot wire (calibrated using a thermocouple). (b) The relationship between phase shift derivative, ˚(z), measured temperature and applied temperature of the hot wire. (LA = 14 mm, d ∼25 nm, N = 2501) (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
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perature and applied temperature of the hot wire. The temperature
sensitivity of the sensor is estimated to be 7.67 × 10−4 rad/◦ C. The
measured temperature and applied temperature have a good linear
correlation of R2 ∼ 0.999 and a standard deviation of ∼1.4 ◦ C. This
measurement error can be attributed to the ﬂuctuating temperature of hot wire due to the ambient air perturbation and noise in
the recorded optical spectrum.
4. Conclusion
In overall, we have experimental demonstrated a thermospatiogram based on CFBG-Michelson Interferometer system.
Through Fourier transform, the temperature proﬁle within the grating can be determined from the phase derivative function. Our
ﬁndings indicate that the proposed system has good linearity in
both temperature and spatial measurements. Taking the example
of the graph in Fig. 4(a), since the translation velocity / stage position is known, the time axis of the graph can be converted into a
spatial axis, hence two-dimensional temperature mapping for any
heat source is possible using this approach. The use of a moveable
reﬂective mirror in this interferometer offers the ﬂexibility of variable fringe FSR and position shifting of coupling coefﬁcient curve in
the spatiogram, to facilitate fast optical spectral interrogation and
processing speed for the acquired spectra.
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