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A Brillouin dynamic grating (BDG) can be used for distributed birefringence measurement in optical fibers,
offering high sensitivity and spatial resolution for sensing applications. However, it is quite a challenge to
simultaneously achieve dynamic measurements with both high accuracy and high spatial resolution. In this work,
we propose a sensing mechanism to achieve distributed phase-matching measurement using a chirped pulse as a
probe signal. In BDG reflection, the peak reflection corresponds to the highest four-wave mixing (FWM) con-
version efficiency, and it requires the Brillouin frequency in the fast and slow axes to be equal, which is called the
phase-matching condition. This condition changes at different fiber positions, which requires a range of frequency
injection for the probe wave. The proposed method uses a chirped pulse as a probe wave to cover this frequency
range associated with distributed birefringence inhomogeneity. This allows us to detect distributed phase match-
ing for birefringence changes that are introduced by temperature and strain variations. Thanks to the single shot
and direct time delay measurement capability, the acquisition rate in our system is only limited by the fiber
length. Notably, unlike conventional BDG spectrum recovery-based systems, the spatial resolution here is de-
termined by both the frequency chirping rate of the probe pulse and the birefringence profile of the fiber. In the
experiments, an acquisition rate of 1 kHz (up to fiber length limits) and a spatial resolution of 10 cm using a 20 ns
probe pulse width are achieved. The minimum detectable temperature and strain variation are 5.6 mK and
0.37 με along a 2 km long polarization-maintaining fiber (PMF). © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.497955

1. INTRODUCTION

The process of four-wave mixing (FWM) involving acoustically
coupled optical waves from stimulated Brillouin scattering (SBS)
was first studied in the 1980s, showing extremely large reflectiv-
ities under the right conditions (phase/frequency matching)
[1,2]. In this process, the interaction between two optical waves
with a frequency difference matching the Brillouin frequency
generates an acoustic wave, which modulates the medium’s re-
fractive index scattering light from a third optical wave (probe),
resulting in the generation of a conjugated wave (idler). This
fourth wave can be generated with high efficiency if the phase
matching between the optical and acoustic waves is satisfied,
which can be interpreted as a strong reflection from the third
optical wave. This phenomenon is known as Brillouin-enhanced
four-wavemixing (BEFWM), and it has been observed in differ-
ent media. The fiber waveguide version of this physics process is
often realized in polarization-maintaining fibers (PMFs) [3,4],

which has gained significant attention as it translates into a
method to measure the Brillouin dynamic grating (BDG) in-
duced by the acoustic wave.

Since the initial proof-of-concept experiment on all-optical
dynamic gratings using stimulated Brillouin scattering (SBS),
which achieved a reflectance of 4% in a 30 m Panda-type PMF
[3], BDGs have been extensively studied. This includes theo-
retical model analysis [5,6] and demonstrations of BDG
operation in various media such as single-mode fibers [7,8],
elliptical core two-mode fibers [9], few-mode fibers [10],
and dispersion-shifted fibers [11]. Furthermore, BDG-based
distributed sensing has garnered considerable attention as
the sensitivity of the BDG spectrum to temperature and strain
is significantly higher compared to the Brillouin gain spectrum,
owing to the highly sensitive birefringence change of the fast
axis and the slow axis of PMFs [12]. Therefore, by scanning
the probe wave frequency to measure the BDG intensity
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spectrum through detection of the idler wave, the birefringence
of PMFs is readily obtained [13,14]. The first measurement of
strain/temperature-induced birefringence variations based on
BDG spectrum recovery was demonstrated in Ref. [15]. The
idler intensity reflects the efficiency of phase matching of
BEFWM, which is directly related to the refractive index differ-
ence between the fast axis and the slow axis. The BEFWM-
based technique can achieve a high spatial resolution in the cen-
timeters range by obtaining the Brillouin gain spectrum with-
out a broadening effect for distributed sensing [4,16,17].
Besides, there are some works focused on extending BDG-
based sensing to achieve dynamic measurements. For instance,
one method described in Refs. [18,19] uses a slope-assisted
technique to convert the BDG spectrum shift to optical power
measurement, enabling dynamic strain measurement with vi-
bration frequencies up to kHz. However, the sensing accuracy
in this approach is mainly limited by the measurand depend-
ence on the local optical power, which impairs the performance.
In addition, the probe coding technique [20] can improve the
signal-to-noise ratio and measurement speed in BDG-based
distributed sensing, but it requires coherent detection. In ad-
dition, the Brillouin frequency shift and the birefringence
change exhibit the same signs for strain dependence, but op-
posite signs for temperature dependence, which can be used
to discriminate the temperature and strain variations with
higher accuracy [15,21,22].

For optimal efficiency, the pump signal, Stokes wave, probe
wave, and idler wave must satisfy the phase-matching condition
Δk � �kp � kS� − �kpro � ki� � 0, which depends on the ef-
fective refractive index difference between the two polarization
axes. Thus, instead of recovering the gain spectrum by sweeping
the probe frequency to obtain the birefringence variations, the
distributed phase-matching conditions are measured along the
fiber length without an intensity fading problem. In this paper,
we propose a BDG-based sensing technique. The principle re-
lies on the delay time spectrum correlation shift between two
subsequent measurements, providing for the first time, to the
best of our knowledge, a single-shot measurement for birefrin-
gence variations. In contrast to the conventional method of

precisely tuning the frequency difference between pump and
probe in the orthogonal axis, our method is based on the dis-
tributed phase-matching condition measurement in the two
axes of the PMF, thus avoiding the laser frequency scanning
required for interrogation and hence significantly improving
the acquisition rate. Furthermore, our proposed technique also
enables higher spatial resolution by using pulses with fast chirp-
ing rates. The higher resolution comes from the fact that phase
matching is only achieved at a narrow interval of the chirped
pulse, so that phase matching is satisfied in a scale much smaller
than the pulse width, allowing precise measurements with an
enhanced spatial resolution. As a result, an acquisition rate of
1 kHz is used to measure an applied dynamic strain of 1 Hz
with a peak-to-peak amplitude of 2 με. It is noted that the high-
est measurable vibration frequency is only limited by the fiber
length. Another limiting factor could be the averaging number
of multiple traces, which may be required to improve the sig-
nal-to-noise ratio, but is not a physical limitation. A high spatial
resolution of 10 cm is achieved by sending 20 ns pulses with a
frequency chirping rate of 93.5 MHz/ns. The measurement
spatial resolution is defined by small time windows that are
used to calculate the cross-correlation between subsequent
traces to extract the peak shifts of the BDG spectrum in PMF.
The minimum detectable temperature and strain variations are
up to 5.6 mK and 0.37 με.

2. METHOD

A. Principle of BDG Generation and Detection
in PMFs
The principle of BDG generation and detection in PMFs in-
volves four light waves interacting through material density var-
iations (acoustic wave) among the two polarization axes, as
shown in Fig. 1(a). The BDG is generated by injecting two
continuous optical waves (pump νp and Stokes νS) into the
same axis (e.g., the slow axis) of a PMF from opposite ends.
Once the frequency difference between the pump and Stokes
waves is tuned to match the Brillouin frequency shift of that
axis, an acoustic wave will be excited through electrostriction,

(a)

(b) (c)

Fig. 1. (a) Working principle of Brillouin-enhanced four-wave mixing (BEFWM) in PMF. (b) Optical frequency relationship between the four
optical waves in the PMF. (c) Energy diagram of BEFWM. νp: pump wave; νS : Stokes wave; νpro: probe wave; νi : idler wave; νB : Brillouin frequency
shift; and νBire�t , z�: birefringence-induced frequency separation for position z at time t.
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thereupon producing a BDG. The propagation direction of the
BDG is the same as that of the pump wave. To detect the
BDG, a probe wave (νpro) is sent to the PMF from the same
end as the pump wave but in the orthogonal axis (the fast axis).
Due to the strict phase-matching condition requirements, the
frequency separation between the probe and pump waves must
be carefully set to generate the idler wave (νi), which propagates
along the same direction as the Stoke wave but in the orthogo-
nal axis. The frequency distribution of the four optical waves
and their propagation axis are shown in Fig. 1(b). The dif-
fracted idler wave has a lower frequency compared to the probe
wave, their difference being equal to the local BFS at given time
t , νB�t , z� � νp − νs � νpro − νi, as shown in Fig. 1(c). In case
the pump and probe waves are launched in the form of optical
pulses, the information of the fiber’s distributed birefringence
will be carried by the intensity of the idler wave, which depends
on the local frequency offset between the pump and probe
waves, νBire � νpro − νp. It is crucial to mention that although
the pump and probe pulses propagate in the same direction,
their group velocity is different due to the different refractive
indexes in the fast axis and slow axis of the PMF, which leads to
a severe walk-off over a long PMF. For example, the time delay
between two pulses launched into the orthogonal axis of a
10 km long PMF with birefringence of 6 × 10−4 is about
20 ns [14]. To avoid this problem, the pump wave is CW
in our experiments.

The interaction between the four waves in the PMF can be
regarded as a four-wave mixing process. When the frequency
difference between the pump and Stokes waves matches the
Brillouin frequency of the slow axis exciting an acoustic wave,
the longitudinal acoustic mode couples the optical waves in the
orthogonal polarization axis, so that the four optical waves are
coupled through [6]

∂Ap

∂z
� −η�ApjAS j2 � ASAproA�

i exp�iΔk�z�z��, (1)

∂AS

∂z
� −η�AS jApj2 � ApAiA�

pro exp�−iΔk�z�z��, (2)

∂Apro

∂z
� −η�AprojAij2 � ApAiA�

S exp�−iΔk�z�z��, (3)

∂Ai

∂z
� −η�AijAproj2 � ASAproA�

p exp�iΔk�z�z��, (4)

where the system is assumed to be under steady state, and Ap,
AS , Apro, and Ai are the slowly varying optical fields. Δk�z� is
the phase mismatch related to the frequency difference between
the pump and probe waves, which is proportional to the local
birefringence of the fiber. The coupling constant η is given by

η � 8π3γ2e
ρ0cλ3pΩBΓBAao

eff

, (5)

with the acousto-optic effective area of

Aao
eff �

� hF 2�x, y�i
hF 2�x, y�FA�x, y�i

�
hF 2

A�x, y�i, (6)

where F �x, y� is the dimensionless fundamental mode profile
for the four optical waves, FA�x, y� is the dimensionless mode
profile of the acoustic wave, and angular brackets denote

averaging over the transverse cross-section of the fiber. γe is
the electrostrictive constant, ρ0 is the average material density,
c is the velocity of light in vacuum, λp is the operation wave-
length of the pump wave, and ΓB is the Brillouin linewidth. By
solving Eqs. (1)–(4), since Ai is the only optical wave generated
in the process (not pre-launched in the fiber), its intensity is
strongly dependent on the phase-matching term, and thus pro-
portional to the fiber’s birefringence. Therefore, by detecting
the power of the idler wave, the birefringence of the fiber is
readily obtained. However, as the phase-matching term de-
pends on the frequency separation between pump and probe
waves, a complete characterization of the birefringence requires
the scanning of νpro, which is time-consuming and prevents
dynamic birefringence measurement. Next, we will discuss
the principle of dynamic birefringence measurement by using
chirped pulses as the probe wave.

B. Birefringence Variations to Time Delay Mapping
The principle of birefringence change measurement in a PMF
via BEFWMwith chirped pulses for temperature/strain sensing
is illustrated in Fig. 2. Assume that the probe signal for BDG
detection in the fast axis has a linearly chirped frequency profile
with an instantaneous frequency of

νpro�t� � ν0 � R · t, (7)

R � Δνc∕W , (8)

where ν0 is the initial optical frequency, R is the frequency
chirping rate, W is the pulse width, and Δνc is the frequency
chirping range. In Fig. 2, we compare the phase-matching con-
dition for a given fiber section (transparent blue) under differ-
ent strain and temperature conditions T 0, ε0 and T 0 � ΔT ,
ε0 � Δε. In the top figure, the fiber section under test is at
temperature T 0 and strained by ε0, while in the bottom figure
it is at temperature T 0 � ΔT and strained by ε0 � Δε. At
given time t0 in the top figure, the chirped pulse propagates
along the fiber and covers the fiber section, in which the fre-
quency components of a narrow spectral band (green band)
align with the local birefringence-induced frequency offset be-
tween the pump and probe waves, and fall within the BDG
gain spectrum, thus satisfying the phase-matching condition.
As a result, only the photons from this narrow energy band
are reflected by the BDG, leading to an intensity peak at
the idler wave that arises from the interaction of each frequency
component with the BDG. For comparison, at given time
t0 � Δt in the bottom figure, which represents a subsequent
measurement shot, the temperature and strain variations
(ΔT and Δε) applied to the fiber section will affect the bire-
fringence, and thus the phase-matching condition will be sat-
isfied at a different frequency band (yellow band) for the same
fiber section. Since the narrow frequency band satisfying the
phase-matching condition at t0 � Δt occurs at a delayed time
compared to the case at time t0 (i.e., the yellow band is delayed
from the green band), then the same intensity profile observed
at the idler power will be time delayed.

Assuming a linear chirp according to Eq. (8), the birefrin-
gence-induced time delays observed in the backscattered idler
trace will be proportional to the birefringence variations.
Therefore, if the chirping range is large enough to compensate

Research Article Vol. 12, No. 1 / January 2024 / Photonics Research 143



for the variations of νBire induced by birefringence changes due
to temperature/strain variations, then by mapping the local
time delays into birefringence changes one can readily perform
birefringence change sensing. For a distributed measurement,
the backscattered idler trace is divided into narrow time win-
dows. By correlating the idler traces from two subsequent mea-
surements at the same time window (corresponding to the same
location z), the local time delay is obtained. Note that since the
narrow bands satisfying the phase-matching condition corre-
spond to a small fraction of the pulse duration, the measure-
ment spatial resolution can be much shorter than the pulse
width, and it is actually defined by the duration of the time
windows chosen for the correlation calculation. The mapping
from time delay (Δt) to temperature/strain variation-induced
birefringence change (ΔB) is given by

ΔBz�ΔT ,Δε� � Δνc · ngy
W · νp

· Δtz�ΔT ,Δε�, (9)

where ΔBz�ΔT ,Δε� is the birefringence change at position z
between two subsequent measurements at temperature/strain
variations of ΔT and Δε, and ngy is the group refractive index
in y axis. The derivation of Eq. (9) is found in Appendix A.

3. RESULTS AND DISCUSSIONS

A. Frequency and Time Domain Responses of the
Brillouin Dynamic Grating
The comprehensive experimental setup employed in this study,
encompassing chirped pulse generation, BDG generation, and
idler signal detection, is detailed in Appendix B. As described
above, three lightwaves were launched into the fiber: the pump
wave (slow axis), the Stokes wave (slow axis), and the chirped
pulse as a probe wave (fast axis). We first measured the back-
scattered power spectrum in the fast axis in an optical spectrum
analyzer (OSA) to verify the BDG reflection signal in frequency
domain. As depicted in Fig. 3(a), when the pump and Stokes
waves are not launched into the fiber, only the Rayleigh back-
scattered light from chirped pulses is observed. The power of
the probe wave is set to a low level to prevent the generation of

spontaneous Brillouin scattering, thereby avoiding the genera-
tion of Stokes light at the same frequency as the idler signal.
When the pump and Stokes waves are included in the system,
the measured signal in the fast axis is the nonpolarized endface
reflection from the connection between the PBS and PMF, giv-
ing a distinct peak in the fast axis at pump frequency. Even
though the pump is launched into the slow axis, the generated
spontaneous Brillouin scattering with random polarization al-
lows Stokes light to be detected in the orthogonal axis, as ob-
served in Fig. 3(a).

The intense generation of BDG results in a reflection signal
(idler) exhibiting a frequency separation of νB from the probe
signal in the fast axis. Figure 3(b) shows the detection of the
idler signal in time domain under two different conditions:
launching unchirped pulses (external modulation of CW laser
light), and launching chirped pulses. Both traces exhibit a
notable decrease in intensity due to pump depletion. The idler
signal generated from unchirped pulses exhibits multiple inten-
sity fading sections, wherein the detected power is reduced to
nearly zero, as depicted in the zoomed-in inset in the positions
ranging from 240 to 250 m. The intensity fading section in the
idler signal from unchirped pulses is attributed to the position-
dependent birefringence along the PMF. Small birefringence var-
iations caused by the inherent inhomogeneity of the PMF result
in the breaking of the phase-matching condition; therefore, the
unchirped pump pulses centered at fixed probe laser central fre-
quency cannot achieve phase matching at all positions.

To address this issue, a common approach is to sweep the
central frequency of the unchirped pulses to obtain the fre-
quency response at each position, and the spatially resolved bi-
refringence profile can be determined by selecting the peak of
the local BDG reflection spectrum. However, this solution usu-
ally takes a long time to reconstruct the birefringence profile,
which reduces the sensing speed (system’s sampling rate) of the
distributed dynamic sensing. The intensity fading problem is
here solved by launching chirped pulses with a chirping range
that covers the birefringence variation range along the fiber.
This aspect is verified in the time domain trace shown by the
orange curve in the inset of Fig. 3(b). Compared to the

Fig. 2. Principle of distributed birefringence variation-induced time delay measurement in a Brillouin dynamic grating.
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unchirped pulse with the same pulse width, the optical fre-
quency components in the chirped pulse occupy a smaller time
duration within the entire pulse width. This enables precise
spectrum scanning within a time window that is narrower than
the pulse width. The linearly chirped pulse can match the bi-
refringence change (associated with the phase-matching condi-
tion of FWM) accurately in the spatial domain. This is the key
to achieving a higher spatial resolution than the optical pulse
width. Furthermore, even though the intensity fading problem
is avoided with chirped pulses, the idler intensity still exhibits a
jagged profile, which can be attributed to the rapid birefrin-
gence fluctuations along the fiber arising from its inherent in-
homogeneity. As the chirped pulse propagates along the fiber,
at different time instances (corresponding to different pulse
locations), each frequency component interacts with the corre-
sponding section of the fiber based on the local birefringence
conditions. However, only a subset of these frequency compo-
nents that satisfies the phase-matching condition will be re-
flected by BDG, resulting in a jagged time domain pattern due
to the changing reflected frequency components caused by local
birefringence variations.

B. Distributed Temperature Sensing
Prior to conducting the distributed temperature/strain mea-
surement, experiments were performed to verify the linear cor-
respondence between time delays and pump–probe frequency
offset changes (δνBire), and also to accurately characterize the
frequency chirping rate of the probe pulses. The experimental
details and results are detailed in Appendix C, where the linear
correspondence was validated for two different chirped pulses
with chirping rates of 44.8 and 30.2 MHz/ns, which were em-
ployed in the experiments detailed below.

In the distributed temperature sensing experiment, the DFB
laser frequency is initially tuned to achieve a suitable pump-
probe frequency offset (νBire) around 92.8 GHz, which corre-
sponds to the average birefringence along a 20 m PMF. A
10 m long fiber section is put under a water bath where the
temperature was increased from 27°C to 27.9°C, while the re-
maining of the fiber is kept under room temperature. Figure 4
(a) shows the amplitude variations of the idler signal along the
fiber at different temperatures. It is observed that the amplitude
oscillations remain constant for the fiber sections kept at room
temperature, while the oscillation pattern changes for the sec-
tion where the temperature was increased. This aspect is clear
when analyzing the detected idler traces at four different tem-
peratures for the section under the water bath [Fig. 4(b)], and
under a stable room temperature [Fig. 4(c)].

The temperature distribution is reconstructed as follows. The
time delays are obtained by selecting a time window with a du-
ration of 5 ns (corresponding to a fiber section of 0.5 m), fol-
lowed by the calculation of cross-correlation at the same window
between a reference trace and subsequent traces taken at different
temperatures. The selected time window must cover at least one
peak and it is limited by the birefringence-related intensity pro-
file variation. The time window is moved from the beginning to
the end; thus, the temperature distribution is reconstructed. This
process is depicted in Fig. 5(a). The local time delays (frequency
offset changes) are then used to directly resolve the temperature
variation. Additionally, an error band is incorporated to illustrate
the measured temperature uncertainty at each location. The
main source of uncertainty and coefficient nonlinearity is attrib-
uted to the distortion of local time traces under temperature
change due to stress rods with different thermal coefficients in-
duced local birefringence change. This issue could be released by

Fig. 3. Backscattering signal of a probe wave from the BDG in the (a) spectral and (b) time domains. In (b), there also is a comparison of the time
domain signal with and without frequency chirping.
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reducing the variation step between two single-shot measure-
ments as shown in strain measurement results in next section,
in which a finer variation step is applied. Increasing the time
window size is another option. The larger time window of many
different beat lengths in phase-matching conditions is equivalent
to smoothing out the temperature-induced spatial dependence
on birefringence, resulting in better accuracy at the cost of the
spatial resolution, as shown in Fig. 5(b). Based on the frequency
chirping rate of 44.8 MHz/ns in Fig. 11(c) of Appendix C,
the theoretical coefficient between local time delay (Δtz) and
temperature variations (ΔT ) can be calculated according to
Eq. (D1) in Appendix D and Eq. (A6) in Appendix A, which
is given by

Δtz
ΔT

� −B0 ·W · νp
Δνc · ngy · �T fic − 25�

� −2.65 ns∕°C, (10)

where B0 is the birefringence of the PMF sample at room tem-
perature, ngy is the group refractive index in the y axis,W is the
pulse width of the probe signal, νp is the optical frequency of the
pump signal, Δνc is the frequency chirping range of the probe
pulse, and T fic denotes the fictive temperature (e.g., 850°C of
silica glass). To demonstrate the linear relationship between the
local time delays and the temperature variations, a time window
of 5 ns is chosen at the 2 m location for each trace under varying
temperatures, giving a coefficient of −2.46 ns∕°C, as shown
in Fig. 5(c), which is close to the theoretical value. The sensing
accuracy is evaluated by the standard deviation of the time
delay, which is assessed by comparing the idler trace of the

undisturbed section at different times, resulting in a minimum
detectable temperature variation of 5.6 mK, as shown in
Fig. 5(d).

C. Distributed Strain Sensing
The distributed strain sensing capability is further demon-
strated by subjecting a 1 m section of the PMF to stretching.
One end of the stretched section is affixed to a fixed translation
stage, while the other end is secured to a highly precise piezo-
electric transducer (PZT) that can apply static or dynamic
strain to the fiber section. First, static strain measurements were
conducted, and Fig. 6(a) shows the 2D intensity map of idler
traces with varying static strain applied. The figure clearly in-
dicates longitudinal time shifts occurring around the section of
5–6 m in response to different static strain variations. The same
post-processing procedure performed to reconstruct the tem-
perature profile with cross-correlation between the time win-
dows of subsequent traces is done here for strain recovery.
As shown in Fig. 6(c), only the fiber sections from 5 to
6 m show significant strain variations, while other locations
show small strain fluctuations from the system and environ-
mental noises. The spatial resolution here is about 0.5 m,
limited by the width of the selected time windows. The
strain-induced time delay coefficient is also explored, as shown
in Fig. 6(b), giving a sensitivity of 28.2 ps/με. Based on the
frequency chirping rate characterization in Fig. 11(d) in
Appendix C, the theoretical coefficient between the local time
delay (Δtz) and the strain variations (Δε) can be calculated ac-
cording to Eq. (D3) in Appendix D and Eq. (A6) in
Appendix A, which is given by

Fig. 4. (a) 2D amplitude map (with interpolation algorithm) of the time domain idler traces with temperature changes applied from 1 to 11 m.
Idler traces (b) under different temperatures applied and (c) without temperature changes.
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Δtz
Δε

� B0 · �γ3 − γ2� ·W · νp
Δνc · ngy · �α3 − α2� · �T fic − 25�

� 37.4 ps∕με,

(11)

where α3 �α2� is the thermal coefficient of the stress-applying
parts (pure silica cladding), and γ3 �γ2� is Poisson’s ratio of
stress-applying parts (pure silica cladding). It is noted that
the frequency chirping rate is decreased to 30.2 MHz/ns
(1.2 GHz frequency chirping range and 40 ns pulse width)
to obtain a larger strain variations-induced time delay coeffi-
cient. The difference between the experimental and theoretical
coefficient values comes from the indetermination of the ther-
mal contraction coefficient α and Poisson’s ratio γ.

Finally, the strain measurement accuracy is evaluated from
the nondisturbed region [Fig. 6(d)], which gives a standard
deviation of strain variations of 0.37 με. The dynamic range
of the proposed method is limited by the frequency chirping
range of the pulse, but the measurable peak-to-peak amplitude
can be relatively large with a higher sampling rate, depending
on the variation frequency.

In the dynamic strain measurement, three sinusoidal strain
variations with peak-to-peak amplitudes of 10, 20, and 40 με,
and a frequency of 1 Hz, are applied to a 1 m section of the
PMF. The resulting changes in the intensity of the idler traces
with respect to time and position are collected with an acquis-
ition rate of 1 kHz (pulse repetition rate 1 kHz), and the results
are depicted in Fig. 7(a). The choice of a 1 kHz repetition rate is
constrained by the memory capacity of the oscilloscope, but it
can be raised to the limits imposed by the fiber length. It clearly
shows the peak of the idler traces around the 5 m section ex-
periences sinusoidal time shifts, while the intensity of the traces
in other sections remains unchanged. The strain variations near

the 5 m location with different amplitudes applied are shown in
Fig. 7(b), which is calculated from the local time delays be-
tween two consecutive traces through the cross-correlation cal-
culation within the time window of 5 ns. The demodulated
peak-to-peak strain amplitude agrees with the applied value
with a relatively small uncertainty. To verify the minimum de-
tectable strain variations, a 1 Hz sinusoidal strain variation with
a peak-to-peak amplitude of 2 με is applied on the fiber, and the
reconstructed signal with an interpolation algorithm in the idler
traces is shown in Fig. 7(c). The use of an interpolation algo-
rithm results in a higher density of data points for each idler
trace, leading to an improved time delay measurement resolu-
tion. This, in turn, enhances the accuracy of the strain measure-
ment and frequency resolution. The improvement with
interpolation becomes evident when analyzing the frequency
spectrum of the post-processed signal through a fast Fourier
transform (FFT), as shown in Fig. 7(d). The demodulated sig-
nal obtained with the interpolation algorithm exhibits a higher
signal-to-noise ratio (SNR), with significant suppression of
noise peaks around 0.6 and 1.7 Hz. The highest measurable
frequency in this proposed set is only limited by the sampling
rate of the system, ultimately restricted by the light traveling
time in the fiber length.

D. High Spatial Resolution Analysis
In conventional Brillouin scattering-based sensing techniques,
the spatial resolution is typically limited by the phonon life-
time, which is approximately 10 ns, resulting in a spatial res-
olution of around 1 m. However, in the proposed technique
presented here, the spatial resolution is significantly improved
to 0.5 m by using a chirped pulse as the probe signal based on
results above. This is achieved due to the absence of an SBS

Fig. 5. (a) Recovered time-delay along the fiber. (b) Temperature measurement linearity with the same temperature variations but different time
window lengths. (c) Time-delay relationship with the applied temperature at the 2 m location. (d) Time-delay statistics obtained from an undis-
turbed fiber section, indicating a noise equivalent temperature variation of 5.6 mK.
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spectrum recovery process. Any technique used to recover the
SBS spectrum carries the phonon lifetime information, which
manifests as a spectral broadening and thus prevents the mea-
surement of small spectral shifts. The chirped pulse allows for
the measurement of the phase-matching condition of BEFWM
instead of the SBS gain spectrum, resulting in an enhanced spa-
tial resolution. In our proposed technique, the spatial resolution
is determined by the birefringence variation and the frequency

chirping rate. The effective pulse width, which accounts for
these two parameters, ultimately determines the achievable spa-
tial resolution. This is because the reflection probe signal in our
proposed technique is dependent on the pump-probe fre-
quency offset. In contrast to Rayleigh scattering, which exhibits
responses for any incident frequency within the chirped pulse
[23,24], the detection of BDG reflection requires phase-match-
ing between four optical waves coupled by the acoustic wave.

Fig. 6. (a) 2D intensity map of the idler traces in the time domain with a strain change from 0 to 20 με. (b) Relationship between applied strain
variations and time delays. (c) Strain distribution along the PMF. (d) Noise equivalent strain variations.

Fig. 7. (a) 2D intensity map of the idler traces with dynamic strain variations applied. (b) Demodulated dynamic strain variations profile in the
5–6 m section. (c) Dynamic strain variations measurement with a peak-to-peak amplitude of 2 με and (d) its FFT analysis.
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As a result, only certain frequency components within the
chirped pulse satisfy this condition and are reflected by the
BDG, so the phase-matching condition is satisfied at specific
locations within the pulse width. For a given birefringence
variation, the effective pulse width that covers these frequency
components could be much smaller than the pulse width. The
range of the frequency band within the chirped pulse that sat-
isfies the phase-matching condition is determined by the fre-
quency chirping rate.

To investigate the impact of the frequency chirping rate on
spatial resolution, we generated chirped pulses with varying
chirping rates as the probe signals for the birefringence variation
measurement. As shown in Fig. 8(a), all time-domain idler
traces exhibit a time-varied profile, but with a different number
of peaks and contrast. With the increased chirping rate, the
same BDG gain bandwidth occupies a narrower time duration,
giving a high spatial resolution. Thus, a faster time-varied pro-
file with more peaks will be obtained. The peak number is
counted within the 3 dB band for each trace, and the result
is shown in Fig. 8(b). It is important to note that the BDG
gain bandwidth is also length-dependent [25], meaning that
a shorter interaction duration will result in a broader gain band-
width. Hence, the chirping rate increases from 93.5 to
188 MHz/ns, giving a short occupation time duration with
broadened BDG gain spectrum, and resulting in the same
number of peaks. Besides, a shorter interaction time duration
may also lower the contrast of the idler traces, as the probe sig-
nal’s optical power within the effective pulse width decreases
with an increasing chirping rate. This relationship between
the chirping rate and contrast is shown by the brown line in
Fig. 8(b). Even if the detection end has enough SNR and

contrast, the idler signal is finally getting flat, since the inter-
action section will be very small and the local phase-matching
conditions are always satisfied. Finally, the spatial resolution
was verified using the relatively optimized chirping rate of
93.5 MHz/ns, in which the fast varied intensity profile allows
a short time window (∼1 ns) for time delay calculation and it
has an acceptable contrast. In the experimental results, a spatial
resolution of 10 cm (rising and falling edges) is achieved, as
shown in Fig. 8(c). The spatial sample rate here is limited
by the time window length. To further improve the spatial sam-
pling rate (reduce the time window), an advanced data process-
ing method can be developed to improve the measurement
accuracy. This 10 cm spatial resolution with a 20 ns probe pulse
width indicates that the phase-matching condition associated
with BEFWM occurs at a much faster speed than the phonon
lifetime-imposed limitation on spatial resolution, which is the
reason why a higher spatial resolution than pulse width is
achieved in our proposed system. The choice of the chirping
rate is contingent upon the specific requirements of the prac-
tical application. A higher chirping rate yields greater spatial
resolution, albeit at the expense of overall accuracy.

4. CONCLUSION

The paper presents what we believe, to the best of our knowl-
edge, is a novel sensing system based on BEFWM with chirped
pulse interrogation. The technique is able to measure distrib-
uted birefringence variations along PMFs, which were shown to
be proportional to local time delays in the signal reflected by
BDGs. As the birefringence is affected by temperature/strain,
the technique allows for distributed temperature and strain

Fig. 8. (a) BDG reflection signal with different chirping rates. (b) Relationship between the number of peaks/signal contrast and the chirping rate.
(c) Static strain distribution along with the fiber.
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sensing. The paper starts with an experimental characterization,
where the frequency offset between the probe and pump signals
is varied, showing a linear relationship due to the use of linearly
chirped pulses. This validates the effectiveness of the proposed
sensing system in measuring birefringence variations. Next, the
distributed temperature and dynamic strain measurements are
demonstrated on a section of PMF. The results show good lin-
earity of temperature/strain-related time delay coefficients, in-
dicating the capability of the proposed system for accurate and
reliable temperature and strain measurements. Dynamic strain
measurement is further validated by applying a sinusoidal varia-
tion profile with a frequency of 1 Hz, and the reconstructed
peak-to-peak amplitude of 2 με from 1 kHz sampling rate
shows the system’s ability to capture small dynamic strain var-
iations. The spatial resolution of the system is analyzed by using
different chirping rate pulses, and it is shown that a high spatial
resolution of 10 cm is achieved using a frequency chirping rate
of 93.5 MHz/ns, indicating the system’s capability for high-
resolution measurements. Overall, the paper demonstrates
the feasibility of using the proposed distributed phase-matching
measurement with a fast sampling rate, high accuracy, and high
spatial resolution.

APPENDIX A: THEORETICAL ANALYSIS OF
BIREFRINGENCE VARIATIONS TO TIME DELAY
MAPPING

Birefringence, as a crucial property of polarization-maintaining
fiber (PMF), is introduced by the difference in the thermal con-
traction between B2O3 doped silica and pure silica, as shown in
Fig. 9. The two-dimensional stress is raised and stored in the
core during the drawing process in fiber fabrication. The
residual stress makes the refractive index of two axes different:
x axis (nx) > y axis (ny). The birefringence value is defined by
the refractive index difference between two axes (i.e., birefrin-
gence B � Δn � nx − ny). This value in the PMF is very small,
about B � 7.4 × 10−4, but large enough to ensure less coupling
between two orthogonal modes so that the linearly polarized
lightwaves along either the x axis or the y axis could maintain
their polarization states.

The stimulated acoustic wave generated in the slow axis
gives a spatially varied refractive index, which is common to
both polarizations in the two axes. However, the birefringence
converts this common spatial frequency to a different optical
frequency for the two axes (νp and νpro). The SBS effect in
the slow axis between the pump (νp) and Stokes wave (νS) will
reach the maximum efficiency when the conservations of the
energy and momentum are satisfied [12] by

νB � νp − νS , (A1)

νB
V a

� nx�νp� · νp
c

� nx�νS� · νs
c

, (A2)

where nx�νp� is the effective refractive index in the x axis at νp
frequency and the phase-matching condition for the maximum
reflectance from the BDG is obtained by the simultaneous con-
servation of the momentum for both the slow (x) axis and the
fast (y) axis waves, which is described as

νB
V a

� nx�νp� · νp
c

� nx�νp − νB� · �νp − νB�
c

� ny�νp � νBire� · �νp � νBire�
c

� ny�νp � νBire − νB� · �νp � νBire − νB�
c

, (A3)

by applying the Taylor expansion to nx and ny around νp and
simplification, we could obtain

2�nx�νp� − ny�νp�� · νp − �ngx − ngy� · νB � 2ngyνBire, (A4)

where ngx and ngy are the group refractive index in the two axes,
and νBire is the birefringence-induced frequency offset between
the pump and the probe. Since νp is much larger than the
Brillouin frequency, the term with νB could be ignored,
leading to

νBire �
Δn · νp
ngy

: (A5)

The strain/temperature-induced frequency offset νBire
changes can be directly measured by the local time delays by

ΔνBire �
Δνc · Δtz�ΔT ,Δε�

W
: (A6)

Thus, the relationship between the birefringence variations
(ΔB) and the time delays (Δt) is given by

ΔBz�ΔT ,Δε� � Δνc · ngy
W · νp

· Δtz�ΔT ,Δε�, (A7)

where ΔBz�ΔT ,Δε� represents the strain/temperature-
induced birefringence changes at location z.

APPENDIX B: EXPERIMENTAL SETUP

The experimental setup based on Brillouin dynamic gratings-
assisted distributed birefringence variations measurement for
temperature and strain sensing is shown in Fig. 10. The chirped
pulse generation section is the same as that used in previous
experiments, in which the distributed feedback (DFB) laser
source is directly modulated by an electrical modulation
(EM) signal that is generated by the pulse generator (PG).
Before being amplified by the erbium-doped optical fiber am-
plifier (EDFA), the modulated signal from the DFB laser pulse-
modulated served as the probe signal. Note that only the blue
or red frequency shift section will be selected by carefully ad-
justing the time delays between the EM signals and the trigger
signal so that the optical frequency is linearly varied within the
pulse duration. After that, a polarization controller (PC), which
is connected after an optical circulator, aligns the polarization to

Stress-applying parts (B2O3 doped)

Doped silica core (GeO2 )

Pure silica cladding

x-axis

y-axis

Fig. 9. Illustration of the birefringence property in the PMF.
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the fast axis before sending the probe pulses to the PMF under
test through a polarization beam splitter (PBS).

In another branch of the PBS, CW light from a narrow line-
width laser (NLL) source is divided into two beams aligned to
the slow-axis polarization and then are sent to the two ends of
PMF, acting as the pump signal and Stokes signal to excite the

BDG. For the idler signal (probe signal reflection from the
BDG) detection, an optical bandpass filter is used to filter
out the other three waves in a fast-polarized backscattered sig-
nal, such that only the idler wave is detected at a photodetector
(PD). Finally, the time domain could be collected by the
oscilloscope (OSC), and the drive current of DFB laser is

NLL

PCPC PBS

Probe Pulse

CW Pump

CW Stokes 50%
coupler

EDFA

EOM1 2

3

50%

x

y Com

PMF ~10.3GHz

t
P

t

DFB SOA
EM signals

EDFA

PG
Trigger

Synchronized

Current
Source

Computer OSC PD OBPF
Fig. 10. Experimental setup for distributed temperature and strain sensing based on BDG detection in the PMF. DFB laser: distributed feedback
laser; SOA: semiconductor optical amplifier; EDFA: erbium-doped optical fiber amplifier; PC: polarization controller; PBS: polarization beam
splitter; NLL: narrow linewidth laser; PG: pulse generator; OBPF: optical bandpass filter; PD: photodetector; and OSC: oscilloscope.

Fig. 11. Simulation results of changing the pump-probe frequency offset (νBire) without temperature/strain variations applied. (a) 2D intensity
map of the idler signal with frequency offset variations of 0–192 MHz. (b) Idler signal in a window of 1.5–3 m with different frequency offset
variations. The relationship between frequency offset changes and time delays when different chirping rates are used: (c) 44.8 MHz/ns and
(d) 30.2 MHz/ns.
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controlled by the computer to change the initial optical fre-
quency for simulation purposes.

APPENDIX C: SIMULATION RESULTS OF
OFFSET FREQUENCY VARIATIONS TO TIME
DELAY MAPPING

As shown in Fig. 11(a), the idler traces within a 5 m window are
collected when the νBire (frequency offset) is changed around
92.8 GHz with a range of 0–192 MHz by adjusting the fre-
quency of the DFB laser. It clearly shows that the idler traces
experience a longitudinal time shift from right to left with the
increase in the frequency offset, as shown in Fig. 11(b), and the
shifting direction depends on the sign of both νBire and the fre-
quency chirping rate. To obtain the linear relationship between
the time delays and the νBire changes, a time window of 5 ns is
selected around the intensity peaks from two adjacent idler
traces for cross-correlation calculation. The result is shown
in Fig. 11(c), and the sensitivity of the frequency offset
change-induced time delays is about 44.8 MHz/ns. In our ex-
periments, the pulse width and frequency chirping range are set
to 40 ns and 1.8 GHz, leading to a sensitivity of 45 MHz/ns,
consistent with the simulation results. In addition, we also set
another combination with a pulse width of 40 ns and a fre-
quency chirping range of about 1.2 GHz, resulting in a chirp-
ing rate of 30.2 MHz/ns, as shown in Fig. 11(d).

APPENDIX D: BIREFRINGENCE SENSITIVITIES
TO TEMPERATURE/STRAIN

In a high-birefringence fiber, such as a Panda-type PMF, the
birefringence scale is determined by the residual tensile stress
(σxy) with the ambient temperature (T a) [26], calculated by

B ∝ σxy � k · �α3 − α2� · �T fic − T i�, (D1)

where T fic denotes the fictive temperature (e.g., 850°C of silica
glass), α3 �α2� is the thermal coefficient of stress-applying parts
(pure silica cladding), and k is a constant determined by the
geometrical location of stress-applying parts in the fiber.
When the temperature increases (ΔT > 0), the residual stress
is released and the birefringence decreases. Thus, the temper-
ature changes will introduce a birefringence change (ΔBT ),
given by

ΔBT � −B0 ·
ΔT

T fic − 25
, (D2)

where B0 is the birefringence value of the PMF at 25°C.
Therefore, the birefringence sensitivity to temperature could
be expressed by

CT
B � ΔBT

ΔT
� −B0

T fic − 25
� −8.97 × 10−7∕°C, (D3)

where B0 � 7.4 × 10−4. According to Eq. A6, the frequency
offset sensitivities to temperature is about −118.6 MHz∕°C
when ngy � 1.46 and νp is around 193 THz (λ � 1550 nm).

In contrast, when an axial strain variation Δε is applied to
the fiber, additional stress is generated because the stress apply-
ing parts and the cladding contract in the lateral direction
differently due to their different Poisson’s ratios (γ3 > γ2).

The strain variation induced birefringence change could be
expressed by

ΔBε � �B0 ·
�γ3 − γ2� · Δε

�α3 − α2��T fic − 25�
; (D4)

thus, the birefringence sensitivity to strain is given by

C ε
B � ΔBε

Δε
� �B0 ·

γ3 − γ2
�α3 − α2��T fic − 25�

� 8.99 × 10−9∕με,

(D5)

where γ3−γ2
�α3−α2��T fic−25� � 12.2 × 10−6∕με. In addition, the fre-

quency offset sensitivity to the strain is about 1.13 MHz/με
when the νBire � 92.8 GHz in our PMF.
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