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Abstract: We propose and experimentally demonstrate a vector Brillouin optical time 
domain analyzer (BOTDA) system, which enables both distributed Brillouin gain spectrum 
(BGS) and Brillouin phase-shift spectrum (BPS) measurements without trace averaging. The 
proposed scheme generates and launches a reference light into the fiber under test (FUT), 
together with the Stokes probe light to indicate the phase noise and distortion in the probe. 
The commercial integrated coherent receiver at the detection end, using a local oscillator 
(LO) generated with single sideband (SSB) modulation, on the one hand, improves the signal-
to-noise ratio (SNR) to avoid the need of trace averaging for the signal acquisition. On the 
other hand, by processing and analyzing the receiver outputs at specific intermediate 
frequencies (IF), the amplitude and phase signals carried by the Stokes probe and the 
reference light can be resolved at once. In this way, both Brillouin gain and Brillouin phase-
shift signals can be obtained simultaneously. By scanning the the Stokes probe light 
frequency and recording the Brillouin response at each scanning frequency, both distributions 
of Brillouin gain spectrum and phase-shift spectrum have been acquired. The configuration is 
approved by experiments carried out over an 18.2 km FUT with the spatial resolution of 2 m. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Brillouin Optical Time Domain Analyzer (BOTDA) is one of the most popular distributed 
optical fiber sensing techniques. A lot of research effort has been made to enhance its 
performance since it was first proposed [1]. BOTDA systems are used to measure the 
distribution of Brillouin frequency shift (BFS) of a span of fiber under test (FUT), and thus to 
obtain the distributed temperature and/or strain information. The sensing performance, in 
terms of spatial resolution, sensing range, and measurand accuracy, is mainly limited by the 
signal-to-noise ratio (SNR) of the sensor response [2], which is restricted by fiber 
nonlinearities [3,4], and the non-local effects [5]. In the past few years, coherent detection has 
been applied to BOTDA systems for SNR enhancement, fast measurement, and as well as 
Brillouin phase shift detection [6–19]. Brillouin phase shift detection enables dynamic 
measurement [8,16], and also increases the tolerance to non-local effect [9]. Moreover, 
Brillouin phase shift detection has shown similar BFS estimation performance [20,21]. As a 
result of this, the Brillouin gain and phase shift can be combined together to reduce the BFS 
uncertainty by using support vector machine (SVM) method [17] or complex Brillouin 
spectrum (CBS) fitting [18]. 

Recently, we reported a coherent BOTDA system without trace averaging [19]. In most 
other coherent detection schemes, a local oscillator (LO) lightwave is often generated 
together with the probe and injected into the fiber under test (FUT) at the same time, where 
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the power of LO is limited due to the fiber nonlinearities. The local oscillator (LO) in the 
reported scheme is generated by single sideband (SSB) modulation, and then injected into the 
coherent receiver directly without propagating in the FUT. By using this scheme, it increases 
the SNR of the Brillouin response significantly and avoids the need of trace averaging. In 
order to reduce the polarization dependent fluctuation, a pair of pump pulses in orthogonal 
polarization states are employed to stimulate two orthogonal Brillouin responses in a row. 
However, as the probe and the LO are generated and transmitted separately, the Brillouin 
response is affected by laser phase noise and interferometry phase distortion, making the 
detection of the Brillouin phase shift impossible. 

In this paper, we propose an improved scheme to realize an averaging-free vector BOTDA 
system, which enables both distributed Brillouin gain spectrum (BGS) and Brillouin phase-
shift spectrum (BPS) measurements. A reference light is generated and launched into the FUT 
together with the Stokes probe light to ensure that they are phase matched to each other. The 
system employs the same setup as the one used in [19] for the generation of LO and the 
heterodyne coherent detection, enhancing the SNR intensive enough to acquire the signal in 
real-time without any trace averaging. In addition, it allows to resolve the amplitude and 
phase signals carried by the Stokes probe and the reference light from the corresponding 
intermediate frequencies (IF). The Brillouin gain signals can be resolved from the amplitude 
of the Stokes probe, while the distorted Brillouin phase signals can be recovered by 
processing and analyzing the phase of the Stokes probe and reference light. Because the 
chromatic dispersion (CD) induced by the fiber transmission is a constant value, the phase 
signal shall not contain the CD component after normalization for Stokes probe light at a 
given scanning frequency, which makes the scheme not affected by the CD of the FUT. By 
scanning the frequency of the Stokes probe light and recording the Brillouin response at each 
scanning frequency, distributions of BGS and BPS are obtained simultaneously in the 
experimental demonstrations over an 18.3 km FUT with the spatial resolution of 2 m. The 
BFS uncertainties obtained from the BGS and BPS are 1.5604 and 1.7721 MHz, respectively. 

2. Principle 

A BOTDA system injects a pulsed pump lightwave and a counter-propagating continuous-
wave (CW) probe lightwave into the FUT. The frequency offset between the two lightwaves 
Δv is set close to the BFS value vB of the FUT, so that stimulated Brillouin scattering (SBS) 
effect is induced. When the pulse width of the pump lightwave Δτ is longer than the phonon 
lifetime, the interaction can be analyzed under steady state assumption. And the SBS effect on 
the probe light can be described by a complex transfer function written as 
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where PP0 is the original peak power of the pulsed pump, gB0 is the local Brillouin gain 
coefficient, α is the fiber attenuation coefficient, vg is group velocity of light in the fiber, Aeff 
is the fiber effective area, vB is the local BFS of the fiber, and ΔvB denotes the Brillouin 
linewidth. The equation indicates that the effect modifies both amplitude and phase of the 
probe light, originating from the real and imaginary parts respectively. The normalized 
Brillouin gain and phase shift spectrum profile at each location point shall expressed as 
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Conventional BOTDA systems usually generate the Stokes probe lightwave by tuning the 
optical carrier frequency down-shifted by Δv via a clock synthesizer, and then record the 
intensity of the probe. By scanning the clock synthesizer frequency output fS and recording 
the Stokes probe intensity evolution at each scanning frequency, the distribution of Brillouin 
gain spectrum (BGS) can be reconstructed. Because the BFS value at each location is affected 
by the ambient temperature or the applied strain, distributed sensing can be realized by 
extracting the center frequency of the reconstructed BGS distribution. 

In order to detect both Brillouin gain and phase shift signals, a vector BOTDA without 
trace averaging is proposed by introducing a reference probe lightwave and utilizing the 
heterodyne coherent detection. As shown in Fig. 1(a), the LO is generated by the SSB 
modulation from the same laser source of the BOTDA system with frequency downshifted by 
fLO. The probe light consists of the Stokes and reference light, generated by double sideband 
(DSB) modulation simultaneously, which are upshifted and downshifted by respectively fS 
and fR from the laser source as the Stokes and reference probe lightwaves. If only the lower 
sideband is considered, the received probe wave optical field for Stokes frequency of fs is 
given by 
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where PS0, PR0 are the original powers of the Stokes and reference probe, L is the fiber length, 
v0 is the optical frequency of the laser source, φS and φR are respectively the phase shifts of 
the lower sideband of the Stokes and reference probe lightwaves caused by fiber link 
transmission. As the laser phase noise and the interferometry phase distortion affect the 
Stokes probe and the reference probe by the same amount at any specific point in time, φN in 
Eq. (3) represents the optical phase noise between the LO and the Stokes probe or the 
reference probe. 
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Fig. 1. (a) The frequency alignment of the pulsed pump, the Stokes probe, reference probe and 
LO in the proposed vector BOTDA; (b) the frequency components at the output of coherent 
receiver before electrical filtering. 

At the detection end, the probe and the LO lightwaves in Fig. 1(a) beat with each other, 
and the coherent receiver generates the electrical output signals with frequency components 
as shown in Fig. 1(b). By using electrical low-pass filtering and subsequent digital filtering, 
the frequency components at fIF1 = fS - fLO and fIF2 = fR - fLO, which are the beating signals 
between the lower sideband of the probe and the LO lightwaves, can be accurately and well 
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collected. The detected signal after electrical filtering at each scanning frequency can be 
expressed as 
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where R is the responsivity of the receiver, PLO is the power of the LO light. As a commercial 
phase- and polarization-diversity coherent receiver is used for coherent detection, the in-phase 
and quadrature-phase components of the signals in Eq. (1) in both X, Y polarizations are 
received simultaneously via the four outputs of the receiver, represented as IXI, IXQ, IYI, and 
IYQ. Two complex signals are constructed as 

 X XI XQ Y YI YQ, ,S I jI S I jI= + = +  (5) 

and then processed using the designed digital signal processing (DSP) algorithms. They are 
filtered by two respective digital bandpass filters designed with a center frequency at fIF1 and 
fIF2 to obtain four sets of complex signals SSX, SSY, SRX, and SRY, namely the Stokes and 
reference signals of X and Y polarizations. 

The amplitude and phase signals of the Stokes probe lightwave can be obtained as 
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The Brillouin gain signal can then be obtained by removing the direct-current (DC) part of the 
amplitude signal 

 B S B S S0 LO( , ) ( , ) exp( ) / 2 .G t f g t f R P P Lα= −  (7) 

But the Brillouin phase shift signal carried by the Stokes probe lightwave is impossible to be 
resolved only from analyzing its phase signal, as it is distorted by the phase noise φN. 
However, the phase information of the reference probe could be easily acquired as 
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By making use of this, the Brillouin phase shift signal can be resolved by calculating the 
phase difference between the two probe lightwaves as shown as 

 [ ]B s S S R R S S R R( , ) ( , ) ( , ) ( ) ( ) ,t f t f t f f fϕ ϕ ϕ= Φ − Φ − −  (9) 
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which is unaffected by the laser phase noise and interferometry phase distortion during the 
transmission. The only unknown values of φS and φR in Eq. (9) vary with the Stokes and 
reference probe frequency respectively due to the CD effects. However, the amount of phase 
shift induced by them remains constant with or without Brillouin interaction for given fS and 
fR. As a result, after removing the DC component from the calculated result of Eq. (9) for 
each Stokes frequency, only the estimated Brillouin phase shift signal is maintained. 

In order to suppress the polarization dependent noise in the proposed coherent scheme and 
to maintain the real-time signal acquisition, we adopt the polarization diversity structure with 
the use of a polarization switch [22]. Adjacent pump pulses are made orthogonal in 
polarization to each other by using a polarization switch driven by level signals that are 
synchronized with the pump pulse generation at the same repetition rate, as shown in Fig. 2. 
As a result of this, the polarization orthogonal Brillouin responses can be combined to 
suppress the polarization dependent fluctuations in the recovered Brillouin gain and Brillouin 
phase shift traces. 

Pumpx

y

Probe

>L/2vg

 

Fig. 2. The configuration of orthogonal pump pulse sequence at each scanning frequency to 
suppress polarization dependent fluctuation. 

3. Experiment setup 

Figure 3 shows the experiment setup of the proposed averaging-free vector BOTDA system. 
The output light of a 1550 nm laser is split into three branches by 20/80 and 50/50 couplers, 
respectively. 
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Fig. 3. Experiment setup of the coherent-detection-assisted BOTDA without trace averaging. 
PC, polarization controller; EDFA, Erbium-doped fiber amplifier; BPF, band pass filter; 
MZM, Mach-Zehnder Modulator; PPG, pulse pattern generator; PSW, polarization switch; 
VOA, variable optical attenuator; ISO, isolator; OSC, Oscilloscope; FUT, fiber under test. 

In the upper branch, a high-extinction-ratio Mach-Zehnder modulator (MZM1, 40 dB 
extinction ratio) and a pulse pattern generator (PPG) are employed to generate pump pulses 
with pulse width of 20 ns, corresponding to spatial resolution of 2 m. The erbium-doped fiber 
amplifier (EDFA) in the branch boosts the peak power of the pulses to about 21 dBm, and a 
bandpass filter with the bandwidth of 1 nm is used to reduce the amplified spontaneous 
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emission (ASE) noise from the EDFA. A polarization switch (PSW), driven by a function 
generator synchronized with the pump pulses, enables two sequential Brillouin responses 
orthogonal to each other to suppress the polarization dependent fluctuations of Brillouin 
signals. Then the pump pulses are delivered to the FUT through a circulator. Operated in 
single-sideband (SSB) modulation mode, the IQ modulator in the middle branch together with 
a radio frequency (RF) synthesizer with fixed output frequency of 10 GHz are used to 
generate a lightwave as the local oscillator (LO) for coherent detection. During the generation 
of the LO lightwave, the carrier and the upper sideband are successfully suppressed by up to 
30 dB and 40 dB respectively. An EDFA is used to boost the LO power to around 10 dBm, 
and a BPF is used to suppress ASE noise. 

On the other hand, the lower branch produces dual double-sideband probe lightwaves by 
MZM2 and two synchronized radio frequency (RF) synthesizers. The tunable RF synthesizer 
provides the scanning frequencies fS for the Stokes probe from 10.75 to 10.93 GHz with a 
scanning step of 1 MHz to reconstruct the distributed BGS and BPS, and the other fixed at 9 
GHz is employed as fR for the generation of the reference light. The power of the lower 
sideband of the Stokes probe and reference light are about −8 dBm and −17 dBm. Thus, the 
IF signals carrying Brillouin gain and phase shift vary from 750 to 930 MHz, while the ones 
carrying the reference phase is a constant frequency of 1 GHz. A variable optical attenuator 
(VOA) is inserted to control the power of each sideband, and an isolator is followed to block 
the counter-propagating pump lightwave. 

The probe lightwaves after propagating in the fiber under test (FUT) and the LO are then 
injected into the commercial integrated coherent receiver (ICR, Fujitsu FIM24704). The in-
phase and quadrature-phase signals of the two orthogonal polarizations are collected at a 
sampling rate of 5 GSample/s in real-time manner by the four channels of an oscilloscope 
(OSC) with a low pass filter (DC-1.3GHz) at each channel employed to block the unwanted 
high-frequency components. During the DSP progress, the bandwidth of each digital 
bandpass filter is related to the signal bandwidths carried by the IF. In our condition, as the IF 
at fIF1 carries the Brillouin response signals, the filter bandwidth shall be limited by the spatial 
resolution of the system. While the one at fIF2 only carries the phase reference, the filter 
bandwidth can be set much narrower compared to the former one. Therefore, a digital 
bandpass filter with bandwidth of 120 MHz is employed to extract the signal at fIF1 in the 
frequency domain. While another one with bandwidth of 2 MHz is employed to obtain the 
signal at fIF2. 

4. Experimental results 

In this experimental demonstration, the FUT is composed with an 18 km single-mode fiber 
(FUT I) and a 226 m single-mode fiber (FUT II). By taking use of conventional BOTDA 
setup, the average BFS of FUT I and II are calibrated as ~10.83 and 10.86 GHz, respectively, 
placed in an oven and kept under 25 °C. 

Based on the proposed principle and experiment setup given in last two sections, the 
Brillouin phase shift signal can be successfully resolved with the assistance of the reference 
probe lightwave. For instance, at the scanning frequency of 10.857 GHz, the resolved phase 
signals of the Stokes and reference probe lightwaves are totally distorted by the phase noise 
between the probe and the LO lightwaves as illustrated in Fig. 4(a). The initial values of the 
two signal traces are also different due to the CD effects on the two probe lightwaves. 
However, by simply subtracting the two signals and removing its DC part, the Brillouin phase 
shift signal at this scanning frequency is obtained as shown in Fig. 4(b). 
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Fig. 4. (a) Resolved phase of the Stokes and reference probe lightwave, (b) resolved Brillouin 
phase shift distribution at scanning frequency of 10.857 GHz. 

In Fig. 5(a) and 5(b), the reconstructed BGS and BPS distributions along the whole FUT 
are illustrated. Figure 5(c) and 5(d) show the top view of the two distributions along the last 
~300 m fiber, respectively, where in each figure the distribution of FUT II is clearly 
distinguished from the previous FUT I. 

 

Fig. 5. Reconstructed (a) BGS and (b) BPS distribution along the whole FUT; (c) BGS and (d) 
BPS distribution along the last ~300 m (top view). 

With the help of least square curve fitting based on the measured noisy BGS and BPS 
curves with the ideal normalized Brillouin gain and phase shift profiles given in Eq. (2), the 
restored BGS and BPS curves shall give the resolved local BFS values. As shown in Fig. 6, 
the local BGS and BPS profiles at the point of 18.05 km located in FUT II section are 
restored from the measured noisy curves. According to the definitions of SNR given in [21], 
the average SNR values of Brillouin gain and phase-shift spectra in Fig. 6 are calculated to be 
6.04 dB and 4.63 dB, respectively. 
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The BFS uncertainties obtained from the BGS and BPS are 1.5604 and 1.7721 MHz, 
respectively. 
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