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Abstract: Forward Brillouin scattering (FBS) has been regarded as a key tool for 

distributed sensing of strain, temperature, acoustic impedance, etc. To date, 

FBS-based distributed sensing has been experimentally reported only by 

time-domain techniques. In this paper, we demonstrate correlation-domain 

distributed temperature sensing using cascaded FBS seeded by backward stimulated 

Brillouin scattering (SBS). By localizing the backward SBS using synthesized optical 

coherence function, cascaded FBS can also be localized. In the proof-of-concept 

experiment, we detect a 104-m-long heated section in a 397-m-long highly nonlinear 

fiber.  

    

Backward Brillouin scattering, including spontaneous Brillouin scattering and 

stimulated Brillouin scattering (SBS), has been extensively exploited to develop distributed 

strain and temperature sensors.1) A lot of configurations have been reported thus far, such 

as time-domain,2–6) frequency-domain,7,8) and correlation-domain techniques.9–15) However, 

it is difficult for these sensors to measure the ambient parameters that do not modify the 

fiber core. For example, the Brillouin frequency shift (BFS) of backward Brillouin 

scattering is not influenced by the change in ambient acoustic impedance.  

To achieve distributed acoustic impedance sensing, forward Brillouin scattering (FBS) 

has recently attracted significant attention.16–34) FBS, which is also one of the nonlinear 

optical phenomena in optical fibers, is caused by the interaction between the incident light 

and the acoustic waves propagating not in the longitudinal direction but in the 

cross-sectional area of the fiber. Unlike spontaneous Brillouin scattering and SBS, 
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FBS-scattered light propagates in the same direction as the incident light (therefore, it is 

called “forward”). FBS has been observed not only in silica single-mode fibers (SMFs) but 

also in some specialty optical fibers such as polarization-maintaining fibers (PMFs),18) 

few-mode fibers,19) multi-core fibers,20) and highly nonlinear fibers (HNLFs).21) 

It has been a big challenge to measure FBS in a distributed manner because of its 

forward-propagating nature. Stated differently, conventional distributed Brillouin sensing 

techniques are based on the backward-propagating nature of the scattered light, and it has 

been not easy to use such techniques to FBS sensing directly. In 2018, two groups 

demonstrated distributed FBS sensing using time-domain techniques.31,32) They employed a 

co-propagated pump-probe technique, where optical pump pulse and continuous probe 

were used. Although the spatial resolutions achieved in their first demonstrations were 

approximately 100 m, considerable efforts have been given to enhance the resolution.33,34) 

However, these techniques inherently suffer from the drawbacks of time-domain 

techniques, such as a relatively low sampling rate and non-feasibility of random access to 

sensing points. Recently, we have succeeded in backward observation of FBS by seeding it 

with backward SBS.30) This indicates that conventional distributed Brillouin sensing 

techniques might be directly employed to perform distributed FBS sensing.  

In this work, we present a proof-of-concept demonstration of distributed FBS sensing 

based on correlation-domain technique (more specifically, Brillouin optical 

correlation-domain analysis (BOCDA)). We experimentally show that a 104-m-long heated 

section in a 397-m-long highly nonlinear fiber is detected. Although the spatial resolution 

and signal-to-noise ratio are not sufficient at present, our configuration will potentially 

allow higher-speed operation and random accessibility to sensing points. Note that this 

work complements our preliminary results presented in a conference.35) The additional 

value of this extended paper lies in supplementing detailed information relevant to this 

work (motivation, experimental conditions, etc) and providing further analysis of the 

experimental results. 

Unlike backward Brillouin scattering caused by the longitudinal acoustic modes, 

forward Brillouin scattering, also known as guided-acoustic-wave Brillouin scattering 

(GAWBS), is caused by the radial acoustic modes. The basic principle has been well 

documented in other literatures.16,27,30) Stimulated FBS can be induced by a pump-probe 

technique, where incident pump light (frequency: ν0) and probe light (frequency: ν0 – νFBS; 

where νFBG is the amount of the acoustic resonance frequency of FBS) is co-propagated in 

an optical fiber. Then the energy of the pump can be transferred to the probe. Note that this 
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process occurs in a cascading manner; i.e., the pump power of stimulated FBS is further 

transferred to a higher-order acoustic resonance mode. The resultant FBS-scattered optical 

spectrum includes tens of peaks in the frequency range of < 1 GHz.  

We have developed a new method for observing the cascaded FBS backwardly by 

seeding it with backward SBS.30) When we inject pump light (frequency: ν0) into one end 

of a fiber under test (FUT) and probe light (frequency: ν0 – BFS + νFBS) into the other end, 

the energy of the probe light is, via SBS, transferred to the FBS seed, and consequently, 

cascaded FBS can be induced backwardly. Refer to Ref. 30 for the detailed principle. We 

have already confirmed that the spectral peaks of the cascaded FBG induced in this method 

show clear temperature dependence. Then, on the basis of BOCDA technique,9,10) by 

frequency-modulating the pump and the probe, a correlation peak (sensing position) can be 

generated in the FUT, and by sweeping its location, distributed sensing of FBS 

(corresponding to temperature in this work) can be performed.  

In the experiment, an ultraviolet curable coated 397-m-long silica HNLF (HNDS1614C 

A-4-3-3, Sumitomo) with a core diameter of 3.5 μm, a cladding diameter of 117.0 μm, a 

core refractive index of ~1.46, and a propagation loss of ~0.76 dB/km (at 1.55 μm) was 

used as an FUT. Its BFS at room temperature was 9.092 GHz at 1.55 μm, and the Brillouin 

threshold power with a pump-probe configuration was approximately 13 dBm.  

The experimental setup for FBS-based distributed correlation-domain temperature 

sensing is depicted in Fig. 1. The basic implementation is analogous to that of standard 

BOCDA,9,10) but our setup did not involve a lock-in amplifier or a microwave frequency 

sweeper and simply measured the FBS spectra using an electrical spectrum analyzer (ESA). 

All the optical paths except the FUT were standard silica SMFs. The light source was a 

distributed-feedback laser diode at 1.55 μm with a 1.2-kHz linewidth, and its output 

frequency was sinusoidally modulated by direct modulation of the driving current with a 

modulation frequency fm and a modulation amplitude ∆f. The laser output was divided into 

two, pump and probe, using a 3-dB optical coupler. The pump light was 

polarization-scrambled, amplified to 17.0 dBm using an erbium-doped fiber amplifier 

(EDFA), and injected into one end of the FUT through an optical circulator. The probe 

light was frequency-downshifted by 9.072 GHz (the difference of 20 MHz from the BFS 

corresponds to the first-order acoustic resonance frequency), amplified to 0.0 dBm using 

another EDFA, and was injected into the other end of the FUT. The optical beat signal of 

the pump and probe lights was, after filtered using an optical band-pass filter (BVF-300CL, 

Alnair; bandwidth: 10 GHz) to suppress the amplified spontaneous emission, converted 
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into an electrical signal using a photodetector (PD; 11982A, Keysight), and then observed 

using an ESA with a 100-kHz frequency resolution. The room temperature was 25ºC.  

To demonstrate distributed temperature sensing, a 104-m-long section in the FUT was 

heated to 60ºC, as shown in Fig. 2. The modulation frequency fm was swept from 230.0 

kHz to 270.0 kHz, yielding a measurement range of 447 m according to Eq. (2) in Ref. 10. 

The modulation amplitude ∆ f was 100 MHz, resulting in a spatial resolution of 

approximately 42.5 m. The second-order correlation peak was utilized. We measured the 

FBS spectrum at ~942 MHz, which corresponds to the 20th-order acoustic resonance mode 

(note that lower-order peaks exhibit higher peak powers but less significant temperature 

dependencies). Averaging was performed 8000 times, and the sampling rate was 3.3 Hz. 

The measured distribution of the FBS spectra is shown in Fig. 3(a). The vertical axis 

was normalized so that the peak power became 1. The relative position of 0 m corresponds 

to the probe-side end of the FUT (point “A” in Figs. 1 and 2). Although the signal-to-noise 

ratio was not high, the FBS spectrum clearly shifted to higher frequency around the heated 

section. The top view only around the peak is shown in Fig. 3(b). The shift of the 

frequency was approximately 3.5 MHz, which moderately agreed with the temperature 

sensitivity of this resonance peak.21) Note that the frequency-shifted section was ~50 m 

shifted to the pump-side end of the FUT, which is probably because ~50-m-long 

propagation was required for the SBS-backscattered light to seed the cascaded FBS.30) This 

calls for compensation of the positional shift; on this point, further study is required. 

In conclusion, correlation-domain distributed temperature sensing was demonstrated 

using cascaded FBS seeded by backward SBS. BOCDA-based spatially resolved backward 

SBS enabled distributed measurement of cascaded FBS spectra. In the proof-of-concept 

experiment, a 104-m-long heated section in a 397-m-long HNLF was detected. It is true 

that, at present, the spatial resolution and the signal-to-noise ratio are not sufficient, and 

that the positional calibration is required. But we believe that this work is a significant 

technological step toward a new class of distributed FBS sensing, which will enable 

higher-speed operation and random access to sensing points. 
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Figure Captions 

 

Figure 1 Experimental setup of correlation-domain FBS-based distributed sensing. EDFA: 

erbium-doped fiber amplifier, ESA: electrical spectrum analyzer, FG: function generator, 

HNLF: highly nonlinear fiber, OF: optical filter, PD: photodetector, PSCR: polarization 

scrambler, SSBM: single-sideband modulator.  

 

Figure 2 Structure of the FUT.  

 

Figure 3 (a) Measured distributions of the normalized FBS spectra along the FUT. (b) Its 

top view around the peak. 
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