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Non-uniform strain measurement along a fiber Bragg

grating using optical frequency domain reflectometry
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A novel method of measuring non-uniform strain along a fiber Bragg grating (FBG) using optical frequency
domain reflectometry (OFDR) is proposed and experimentally demonstrated. This method can overcome
the problems of traditional non-uniform strain measurement methods for FBGs, i.e., the likelihood of
chirping and multiple peaking in the spectrum when FBG is subjected to inhomogeneous strain fields.
Wavelength interrogation is realized by OFDR with a narrow-line-width tunable laser as the optical source.
When non-uniform strain distributions along areas adjacent to structural damage are measured by this
method, good agreement is obtained between measurements and theoretical simulation results.
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Stress distributions along certain mechanical components
can become extraordinarily complicated because of the
sophisticated structures of modern mechanical equip-
ment and the severe environments in which these com-
ponents are used. Meanwhile, the structural characteris-
tics and processing technologies of mechanical equipment
are likely to generate stress concentrations and residual
stresses, which result in complex non-uniform stress dis-
tributions along mechanical structures. Therefore, struc-
tural health monitoring of mechanical equipment must be
shifted from uniform strain measurement to non-uniform
strain measurement[1,2]. A fiber Bragg grating (FBG) is
widely used in structural health monitoring because it is
a highly rated new type of sensor with many advantages,
including small size, light weight, immunity to electro-
magnetic interference, and capacity to form sensing net-
works using multiplexing technology[3−5]. When a FBG
is subjected to homogeneous strain or temperature fields,
the intensity response in the frequency domain exhibits
a main peak at the Bragg wavelength. In this case, the
sensing method is based on the tracking of the Bragg res-
onance peak shift[6,7]. However, the FBG itself occupies a
certain length of 2–25 mm within which strain or temper-
ature may not be homogeneously distributed. Moreover,
the Bragg wavelength condition becomes a function of the
position along the grating and causes chirp and multiple
peaking on the FBG spectrum. Consequently, measure-
ment errors occur because one FBG is mistakenly taken
as several FBGs by tracking the Bragg wavelength. To
avoid this problem, a novel method with extremely high
spatial resolution is proposed and demonstrated in this
letter for measuring non-uniform strain along a FBG us-
ing the optical frequency domain reflectometry (OFDR)
technique[8−10].

The simplified model of the measurement system with
a FBG using OFDR is shown in Fig. 1. In this setup,
light from the tunable laser is split by a 3-dB coupler

into two beams, which then reach the reflector and FBG.
Reflected light from the reflector and FBG then interfere
with each other at the 3-dB coupler, and the resulting
interference signal is converted into an electrical signal
by the photodetector.

We divide the grating with gauge length l into n uni-
form sections of length ∆z, as shown in Fig. 1. Given
that ∆z is sufficiently small, we assume that strain dis-
tribution along each section of the FBG is uniform when
subjected to external stress. Therefore, the interference
between reflected lights of the entire FBG and reflector
can be regarded as the interference superposition gener-
ated by n FBG sections interfering with the light beam
reflected from the reflector.

According to the transfer matrix method based on cou-
pled mode theory[11−13], light reflected from the entire
FBG at a coupler can be expressed as

[
R0

S0

]
= T

[
Rn

Sn

]
; T = PG ·F1 ·F2 · · ·Fi · · ·Fn,

(1)

where R0 and Rn are the amplitudes of the forward prop-
agating mode at the detector side end and at the other
end, respectively; S0 and Sn are the amplitudes of the
backward propagating mode at the detector side end and

Fig. 1. Simplified model of measurement system using OFDR.
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at the other end, respectively; Fi is the propagating ma-
trix of FBG; PG is the phase deviation matrix. Fi and
PG are given by

Fi =

[
cosh(γB∆z)−i σ̂

γB

sinh(γB∆z)−i κ
γB

sinh(γB∆z)

i κ
γB

sinh(γB∆z) cosh(γB∆z)+i σ̂
γB

sinh(γB∆z)

]
,

(2)

PG =

[
exp(−inkL1) 0

0 exp(inkL1)

]
, (3)

where n is the effective refractive index; σ̂ and κ are the
direct current (DC) and alternating current self-coupling

coefficients, respectively; γB =
√

κ2 − σ̂2. When the
boundary conditions of the coupled equation for FBG
(R0 = 1 and Sn = 0) are applied to Eq. (1), we obtain

RLFBG = S0 =
T21

T11
. (4)

Light reflected from the reflector at the coupler is given
by

RLm = exp[i(2nLmk + π)], (5)

where k = 2π/λ is the light wavenumber, and Lm is the
distance between the reflector and coupler.

The lights reflected from both FBG and reflector in-
terfere with each other at the coupler, and the resultant
interference signal is expressed as

RLm + RLFBG. (6)

Therefore, the interference signal intensity detected by
the photodetector is given as

PD = (RLm + RLFBG)(RLm + RLFBG)∗

= {exp[i(2nLmk + π)] +
∑

n

Ri exp(i2nLik)}

{exp[i(2nLmk + π)] +
∑

n

Ri exp(i2nLik)}∗

= (1 +
∑

n

R2
i ) + 2

∑

n

|Ri| cos[2nk(Li − Lm)]

+ 2

i∑

n

j∑

n

|RiRj | cos[2nk(Li − Lj)](i 6= j), (7)

where Ri is the reflective index of FBG section number i,
and Li is the distance between FBG section number i and
the coupler. In Eq. (7), the first item of the polynomial
is the DC signal, and the second is the superposition of
the interference generated by light reflected from n sec-
tions of the FBG interfering with light from the reflector.
In this case, we observe that the interference signal be-
tween each section of the FBG and the reflector is mod-
ulated by a specific frequency proportional to Li − Lm.
Therefore, the position of each section of the FBG can be
determined from the frequency of the signal observed by
the photodetector. The third item is the interference be-
tween sections of the FBG and is low-frequency interfer-
ence. The application of a high-pass filter can eliminate
the measurement errors generated by the first and third

items. The light intensity signal can be converted into
the position domain from the light wavenumber domain
by applying a fast Fourier transform (FFT) expressed as

Fer(l) =

∫ k2

k1

(RLm + RLFBG)(RLm + RLFBG)∗e−ikldk

=

∫ k2

k1

(1 +
∑

n

R2
i )e

−ikldk + 2π
∑

n

{Fi[l − 2n(Li − Lm)]

+ Fi[l + 2n(Li − Lm)]} + 2π

i∑

n

j∑

n

{Pij [l − 2n(Li − Lj)]

+ Pij [l + 2n(Li − Lj)]}(i 6= j), (8)

where Fi(l) =

∫ k2

k1

|Ri|e−ikldk is the intensity of the re-

flected spectrum for FBG section number i by applying

the FFT, and Pij(l) =

∫ k2

k1

|RiRj |e−ikldk gives the inter-

ference intensity spectrum for FBG section number i and
FBG section number j by applying the FFT; k1 and k2

are the initial and final light wavenumbers, respectively,
as the laser scans[14].

The position domain information of FBG section num-
ber i is acquired using a narrow-band filter, rect (l),
which has a band-pass area that includes only the po-
sition domain of FBG section number i, as

Fer(l)recti(l) = 2π{Fi[l − 2n(Li − Lm)]

+ Fi[l + 2n(Li − Lm)]}. (9)

Next, the wavenumber domain information of FBG sec-
tion number i is exploited by applying an inverse FFT
(IFFT) to position domain signal.

feri =
1

2π

∫ D

0

Fer(l)recti(l)e
ikldl

= 2|Ri(k)| cos[2nk(Li − Lm)], (10)

where D is the theoretical maximum distance that can
be measured by this method.

Usually, an envelope curve of a narrow band signal is
obtained by the Hilbert transform in digital signal pro-
cessing. The Hilbert transform of a real function s(t) is
the convolution of s(t) and 1/πt, which is demonstrated
as

Ŝ(t) = HT[s(t)] = p(t) ∗ s(t) =
1

π

∫
∞

−∞

s(τ)

t − τ
dτ. (11)

As a phase delay π/2 is applied to the signal Ŝ(t), an

analytical function of Ŝ(t) is expressed as

g(t) = s(t) + jŜ(t). (12)

In this case, the amplitude of g(t) is the external contour
line of s(t) and given as

A(t) =

√
s2(t) + Ŝ2(t). (13)
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Thus, the reflected spectrum intensity of FBG section
number i is expressed as

Ai(k) =
√
|2Ri(k)|2cos2[2nk(Li−Lm)]+|2Ri(k)|2sin2[2nk(Li−Lm)]

= 2 |Ri(k)| . (14)

According to the characteristics of Bragg grating, the
wavelength corresponding to the maximum intensity on
the reflected spectrum is the Bragg wavelength. When
k = k0, the maximum intensity of the reflected spectrum
is obtained as

Ai(k)max = (2|Ri(k)|)|k=k0
. (15)

Consequently, the Bragg wavelength of FBG section
number i is given by

λB =
2π

k0
. (16)

Strain measurement along FBG section number i can
be realized by tracking the Bragg wavelength shift. In
this method, the entire FBG is divided into n sections,
and the size of n is determined by the wavelength tuning
range of laser. Therefore, strain measurement within a
tiny area that cannot be realized by traditional demodu-
lation method can be achieved by the proposed method.

An arrangement for measuring strain distribution along
the FBG using OFDR is shown in Fig. 2. In this testing
system, light from the laser is split into two beams by
the 3-dB coupler C1. One beam is then sub-split into
another two beams by coupler C3, the other reaches the
FBG through the optical isolator (OIS) and coupler C4,
and the light reflected by FBG interferes with the other
beam at coupler C6. The interference signal is then con-
verted into an electric signal by the photodetector (PD2),
and then this electrical signal is acquired by the data ac-
quisition card.

The other beam split by coupler C2 reaches the Mach–
Zehnder interferometer composed of C2 and C5, as well
as a fiber delay line (FD) for realizing nonlinear correc-
tion of the light frequency output from the laser[15]. We
assume that the arm with the fiber delay line is Lm1 long
and referred to as the delay channel, whereas the other
arm is Lm2 long and referred to as the reference channel.

The optical signal within the delay channel is expressed
as

RLm1 = exp(i2nLm1k). (17)

The optical signal within the reference channel is given
as

RLm2 = exp(i2nLm2k). (18)

The resulting interference signal between the two chan-
nels detected by PD1 is given as

D = (RLm1 + RLm2)(RLm1 + RLm2)
∗. (19)

When Eqs. (17) and (18) are applied to Eq. (19), we
obtain

D(k) = {exp[i(2nLm1k)] + exp[i(2nLm2k)]}
{exp[i(2nLm1k)] + exp[i(2nLm2k)]}∗

= 2[1 + cos(2nLMk)], (20)

where LM is the path length difference between the two
channels of interferometer and LM = Lm1−Lm2. As the
laser is tuned, Eq. (20) implies that the light intensity
cyclically varies depending on the wavenumber change
∆k given by

∆k =
π

nLM

. (21)

Equition (21) shows that ∆k is a constant, which indi-
cates that the interferometer linearly cycles as a function
of wavenumber. The positive-approaching-zero crossing
of the signal at PD1 is used to trigger the sampling of
the signal at PD2. This phenomenon guarantees that
the signal at PD2 is sampled at a constant wavenumber
interval to realize nonlinear correction of light frequency
output from the laser.

In this experiment, the wavelength tuning range of the
laser is from 1 551.72 to 1 555.34 nm, the output power is
5 mW, the line width is 350 kHz, the wavelength stability
is ±1 pm, and the data acquisition card uses NI-USB6251
with a maximum sampling rate of 1.25 M/s and 16-bit
resolution.

The configuration of the aluminum tensile specimen
used in this experiment is shown in Fig. 3. Fixed holes
with a diameter of 11 mm exist on both ends of the test
specimen, and a via hole with a diameter of 8 mm is de-
signed on the tensile specimen, thereby generating a het-
erogeneous mechanical structure for the test specimen.
Strain distribution along the areas adjacent to the hole
becomes inhomogeneous when tension is applied to the
test specimen. Force analysis of the specimen shown in
Fig. 4 is implemented by finite element simulation using
ANSYS. As a tension of 3 kN is applied to the free end
of the test specimen while the other end of the test spec-
imen is fixed, strain distribution along the test specimen
is observed, as shown in Fig. 4. The color intensity,
which indicates strain magnitude, shows that the strain
distribution along the area adjacent to the via hole is in-
homogeneous and that a relatively larger strain gradient
occurs around the position where the via hole boundary
is tangential to the loading direction.

 

 

Fig. 2. Arrangement of measurement system along the FBG
using OFDR.

Fig. 3. Configuration of test specimen.
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Fig. 4. Force analysis of test specimen.

Fig. 5. Specimen with adhered FBG.

Fig. 6. Photograph of tensile experiment.

Figure 5 shows that a FBG with a length of 8 mm
(Bragg wavelength of 1 553.47 nm) is stuck on the via
hole boundary for 1 mm. Figure 6 shows that to eliminate
any residual stress, prestretching of the test specimen is
implemented. In other words, tensile loading is changed
from 0 to 5 kN in steps of 1 kN, remaining at each step
for at least 5 s, and then slowly decreasing to 0 kN. This
process is repeated three times.

When prestretching is complete, non-uniform strain
distribution along the hole boundary is measured with
the FBG using OFDR. Based on this method, a tension
of 3 kN is applied to one end of the test specimen with
the other end of the test specimen fixed, and then the
tunable laser starts to scan in the 1 551.72–1 555.34 nm
range while the signal at PD1 is continuously acquired by
the data acquisition card with a 400-kHz sampling rate.
The positive-approaching-zero crossing of the signal at
PD1 is determined by the LabView program and then
used to trigger the sampling of the signal at PD2. The
data acquisition process does not stop until the tunable
laser finishes scanning.

Data processing is carried out to validate this method
as follows. Firstly, a high-pass filtering process is applied
to the data obtained at PD2 to eliminate the DC signal
and low-frequency interference noise, and the resulting
filtered signal is shown in Fig. 7. Secondly, the inter-
ference signal between the entire FBG and reflector is
converted from the light wave domain to the position
domain by applying the FFT to the filtered signal, as in-
dicated in Fig. 8. Thirdly, as shown in Fig. 9, the domain
position information of a certain section of the FBG is
extracted from that of the entire FBG by applying a rect-
angular band-pass filter. Fourthly, the domain position
information of a certain section of the FBG is converted
to the light wave domain by applying IFFT, thereby ob-
taining the interference signal between this section of the
FBG and the reflector, as shown in Fig. 10. Fifthly, the
interference signal is processed by a Hilbert transform
to obtain the envelope curve of the interference signal,
which is the reflected spectrum of a certain section of

Fig. 7. Resulting filtered signal at PD2.

Fig. 8. Filtered signal applied by FFT.

Fig. 9. Extracted domain position of FBG section i by
narrow-band filtering.
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Fig. 10. Wavenumber domain of FBG section i by applying
IFFT.

Fig. 11. Reflected spectrum of FBG section i.

Fig. 12. Spectra of the FBG under different tensions.

the FBG, as indicated in Fig. 11. Sixthly and lastly, the
Bragg wavelength is obtained from the light wavenumber
corresponding to the maximum intensity of the reflected
spectrum. Based on this processing method, the entire
FBG can be divided into n FBG sections so that the
spatial resolution is greatly improved.

Reflected spectra of FBG are exploited as tension 0,
1, 2, and 3 kN are applied, and the results are shown
in Fig. 12. The horizontal axis indicates the wavelength
and the vertical axis indicates the reflectivity. The FBG
wavelength shifts in the long wavelength direction as the
tension increases. When the tension is 0 kN, neither non-
uniform strain along the FBG nor chirp or multiple peaks
on the reflected spectrum are encountered, whereas more
multiple peaks are encountered on the reflected spectrum
as the tension increases. In particular, when a tension of
3 kN is applied, the reflected spectrum shape is broad-
ened and splits into multiple peaks, which are mistakenly

regarded as several gratings by the traditional measure-
ment method, thereby causing the measurement errors.

Strain distributions along various positions of the FBG
vary under different tensions, as shown in Fig. 13. The
horizontal axis indicates the FBG position, and the ver-
tical axis indicates the strain. The maximum strain is
found at around the 4-mm point on the horizontal axis
(the position where the FBG is tangential to the hole).
Good agreement is observed between the actual measure-
ment results and those of the finite element simulation.

Figure 14 compares the finite element simulation re-
sults with the strain distribution along the hole boundary
measured by the FBG under a tension of 3 kN. The ac-
tual measurement results and the theoretical simulation
results have the same strain distribution trend, whereas
the theoretical simulation result is larger than the actual
measurement result at the 4-mm point on the horizontal
axis. One reason is that the grating is stuck onto the test
specimen with adhesive, thus causing the strain transfer
coefficient to be < 1. Another reason is that the posi-
tioning of the grating on the fiber cannot be accurately
determined, thus making it impossible to stick the grat-
ing to the required position, and leading to measurement
errors. Figure 14 shows that the position at which the
Bragg grating is stuck offsets in the direction of one end
of the test specimen by approximately 0.5 mm.

In conclusion, a novel method of measuring non-
uniform strain along a FBG using OFDR is proposed.
The overall feasibility of non-uniform strain measure-
ment with this method is demonstrated for formula
derivation and tension experiment. A non-uniform strain
distribution along areas adjacent to structural damage
is obtained, and good agreement with finite element

Fig. 13. Strain distribution along various FBG positions.

Fig. 14. Comparison between experiment and simulation re-
sults.
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simulation is observed. This method can overcome the
problems of traditional non-uniform strain measurement
methods for FBGs, i.e., chirping and multiple peaking on
the spectrum when the FBG is subjected to inhomoge-
neous strain fields. Therefore, this method clearly has
great potential for future applications where local strain
gradients can often arise.

This work was supported by the National High Tech-
nology Research and Development Program of China
under Grant No. 2012AA041203.
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