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To obtain high spatial resolution over a long sensing distance in Brillouin optical correlation domain reflectometry (BOCDR), a broad laser spectrum and high pump power are used to improve the signal-to-noise ratio
(SNR). In this Letter, we use a noise-modulated laser to study the variation of the Brillouin spectrum bandwidth
and its impact on the coherent length of BOCDR quantitatively. The result shows that the best spatial resolution (lowest coherent length) is achieved by the lowest pump power with the highest noise-modulation spectrum. Temperature-induced changes in the Brillouin frequency shift along a 253.1 m fiber are demonstrated with
a 19 cm spatial resolution.
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Distributed optical fiber sensors have been widely used to
monitor temperature[1,2], strain[3], vibration[4], and so on.
Specifically, the sensors based on Brillouin scattering have
been studied extensively to measure the strain or temperature along an optical fiber[5–7]. Brillouin optical timedomain reflectometry (BOTDR) based on spontaneous
Brillouin scattering[8–10] and Brillouin optical time-domain
analysis (BOTDA) based on stimulated Brillouin
scattering[11–14] both require optical pulses to realize the
distributed measurement. Based on a continuous wave
(CW) in reflection mode, Brillouin optical correlation
domain reflectometry (BOCDR)[15–18] and, in counterpropagating mode, Brillouin optical correlation domain
analysis (BOCDA)[19] are proposed in which spatial information is obtained by changing the modulation frequency
via Fourier analysis, and a Brillouin frequency shift (BFS)
is achieved by sweeping a Brillouin spectrum. A BOCDR
or BOCDA system is based on the sine wave modulating
the pump light, probe light, or reference light, and the limited frequency range over a finite time limits the sensing
length and spatial resolution[15,19]. Recently, in order to
circumvent the limitation in the BOCDA[20–22], the probe
light and reference light were phase modulated by a
common binary pseudo-random bit sequence (PRBS)
and a distance of 200 m was measured with a 1 cm resolution[20]. Moreover, a broadband laser source based on the
amplified spontaneous emission (ASE) of an erbiumdoped optical fiber amplifier (EDFA) was used in the
BOCDA system, and a spatial resolution of 4 mm was obtained over a 5 cm optical fiber[21]. Combining temporal
gating of the pump with time-domain acquisition in a
1671-7694/2017/080603(5)

phase-modulation BOCDA system, a spatial resolution
of 8.3 mm was demonstrated over a 17.5 km sensing
fiber[22]. Although the BOCDA system can realize a high
spatial resolution, the system cannot work completely
once the sensing fiber breaks due to two-end access[23].
Thus, the BOCDR with one-end access is more available
in some practical applications. In previous work, we used a
BOCDR system based on a PRBS-modulated laser source
as the probe and reference light to obtain the distribution
of temperature along a 250 m optical fiber with a 54 cm
spatial resolution[24]. In addition, a slope-assisted BOCDR
system was utilized to achieve temperature and strain
measurements in the respective 20 cm long section simultaneously, along a length of 5 m[18], and demonstrated that
a shift in the power change can still be detected when a
strained section is even shorter than the nominal resolution[25]. In addition, by designing the lock-in detection
scheme and amplifying a small spontaneous Brillouin signal with a lock-in amplifier in the BOCDR, the signal-to
noise ratio (SNR) of the system was enhanced and a 20 cm
section with a 7000 strain was clearly measured over a
100 m fiber[26].
In this Letter, we propose and demonstrate a novel
partially coherent BOCDR scheme based on a noisemodulated laser diode (LD). The impact of high pump
power on the coherence length due to Brillouin amplification is studied quantitatively. Partial coherence is introduced by stimulated Brillouin scattering amplification
from high pump power, and such a process leads to lower
spatial resolution due to longer coherence length, even
though the temperature resolution and sensing length
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can be increased. The limited measurement range in the
BOCDR can be resolved by adjusting the length of the
optical delay line. This technique allows fast measurements to be carried out with a single source without
frequency locking or a synthesizer. The proposed new
scheme is much simpler than conventional BOCDR
systems. Because of the low coherent state of a noisemodulated distributed feedback (DFB) LD and the introduction of an optical delay line, the proposed BOCDR
system makes a significant improvement in terms of sensing range and spatial resolution compared with previous
work[15,24]. In experiments, a spatial resolution of 19 cm
is demonstrated along a 253.1 m optical fiber.
Conventional BOCDR systems based on sinusoidal frequency modulation[15] or PRBS phase modulation[20] can
produce periodic correlation peaks along the fiber under
test (FUT), which limits the sensing length[24,27]. However,
due to nonperiodicity of the noise signal, when we use a
noise signal to modulate the LD, only one correlation peak
is synthesized at one point along the FUT. In principle, the
measurement range can be arbitrary as long as the ensemble states are sufficiently large with no repeated states.
Figure 1 shows the principle diagram of the correlation
process between the Brillouin Stokes light and the reference light. Only the same coherence state between the
Brillouin Stokes light and the reference light contributes
to generation of the correlation peak, and then a high
heterodyne signal output can be obtained. The peak
frequency will give the BFS, which is proportional to
the change of the temperature or strain in the optical
fiber. The single correlation peak between the pump light
and reference light can be scanned along the FUT
using a variable optical delay line. By measuring the distribution of the BFS along the FUT, the distributed
temperature or strain change along the optical fiber can
be achieved.

Fig. 1. Principle diagram of the correlation between the
Brillouin Stokes light and the reference light.
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The spatial resolution of this system is mainly determined by the coherence lengths of Brillouin Stokes light
and pump light, which can be very short by controlling
the current-modulation parameters of the DFB-LD. As
a result, the spatial resolution can be affected by the
modulation intensity, namely the power of the noise signal
used to modulate the DFB-LD. The spatial resolution of
our scheme can be estimated by
Z

T

Δz ∝

½f 1 ðtÞ·f 2 ðt þ τÞdt;

(1)

0

where Δz is the spatial resolution, T is the lifetime of the
acoustical phonon, f 1 and f 2 are the wave functions of
the reference light and Brillouin Stokes light, respectively,
and τ is the delay time between the reference light and
Brillouin Stokes light. The changes of the coherence
lengths of the reference light and Brillouin Stokes light
lead to the variation of the spatial resolution.
The experimental setup of proposed BOCDR based on a
noise-modulated laser is depicted in Fig. 2. A DFB-LD
with a 1550.28 nm central wavelength was used as the
laser source, which was modulated by a noise signal generated by a noise signal generator (NSG). The modulated
laser was divided into two branches (pump light and reference light) by a 50∶50 fiber-optic coupler. The pump light
was amplified by a high-power erbium-doped fiber amplifier (EDFA1) and later launched into the FUT via an
optical circulator (OC). The injection of the pump light
beam into the sensing fiber generated the backscattered
Brillouin signal (Stokes light) at every point of the FUT.
Then a high-sensitive EDFA3 was used to amplify the
Stokes light. To eliminate the noise of ASE, Rayleigh scattering and anti-Stokes light, a narrow bandwidth optical
filter was introduced. For another branch, the reference
light was transported through a polarization controller
(PC) and a programmable optical delay generator
(General Photonics, ODG-101), which was used as the
variable optical delay line wherein the optical delay range
was 20 km, the minimum delay step size was 30 cm, and
the delay change speed was 10 ms. Then another EDFA2
was introduced to amplify the reference light in order to
enhance the heterodyne beat signal. The variable optical
delay line was used to locate the measured position along

Fig. 2. Experimental setup of the partially coherent BOCDR
using a noise-modulated LD.
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the 253.1 m FUT, where the temperature was around
23.6°C, and a 9 m section of the sensing fiber was placed
in an incubator. The length of the reference light path was
adjusted to have the same length as the pump light path so
that the backscattered Brillouin Stokes light and the
reference light were in the same coherent state when they
correlated through a fiber-optic coupler. Thus, we could
obtain maximum contrast for the correlation beat signal.
The optical beat signal was converted to an electrical signal through a photodiode (PD) and monitored by an electrical spectrum analyzer (ESA). The optical spectra are
measured by a high-resolution optical spectrum analyzer
with a 0.04 pm resolution. Compared to our previous
works[20], a noise-modulated laser source was used as pump
light and reference light instead of the PRBS-modulated
laser source, which avoids the generation of multiple
correlation peaks within the range of FUT.
Figure 3 indicates the characteristics of the noisemodulated DFB-LD. The power and bandwidth of the
noise signal have some influences on the linewidth of
the DFB-LD. Due to the limitation of the signal generator,
we only demonstrate the effect of the power of the noise
signal, namely the modulation intensity of the LD. The
time sequence of the DFB-LD with the −10 dBm noise
modulation power is shown in Fig. 3(a). Figure 3(b) indicates the power spectrum of the DFB-LD with and without noise modulation with the power of −10 dBm. The
optical spectra of the DFB-LD under free operation
and with different noise modulation powers are shown
in Fig. 3(c). Figure 3(d) shows the linewidths and the coherence lengths of the noise-modulated laser with different
modulation powers. The linewidth of the noise-modulated
DFB-LD impacts the coherence lengths of the pump light
and the measurement accuracy of the BFS. With the
increase of the modulation intensity of the DFB-LD,
the measured Brillouin gain spectrum is broadened and
the distortion appears.

Fig. 3. (Color online) Characteristics of a laser source with the
noise-modulation intensity. (a) The time sequence, (b) the power
spectra, (c) the optical spectra, and (d) the linewidth and the
coherence length versus modulation power.
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In the experiment, we first adjusted the optical path of
the reference light to make it correlate with the Brillouin
Stokes light generated from the heated section in the incubator. By changing the temperature of the incubator,
we obtained the BFS versus temperature, and the
measured temperature coefficient is 1.05 MHz/°C. Then,
keeping the incubator’s temperature at 50°C, we adjusted
the length of the variable optical delay line to obtain the
distribution of the Brillouin spectrum and BFS along the
FUT. The distribution of the Brillouin spectrum is illustrated in Fig. 4(a). The Brillouin spectra of the 9 m long
heated section are clearly distinguished from other sections of the FUT. Figure 4(b) shows the distribution of
the BFS with respect to the fiber length. A frequency shift
of about 26 MHz in the BFS is clearly indicated, which
agrees well with the applied 26.4°C temperature variation.
The accuracy of the measurement at this location is
1.2 MHz, corresponding to the temperature accuracy
of 1.14°C.
Furthermore, we investigated the spatial resolution of
the proposed BOCDR system. The achieved spatial resolution is calculated by averaging the rise and fall time
equivalent length in meters for the temperature-changed
fiber section[8]. As shown in Fig. 5(a), a spatial resolution
of 0.636 m is achieved with a 9 m heated section from 150
to 159 m using noise with an power of −10 dBm to modulate the LD. Figure 5(b) demonstrates that the spatial
resolution with −3 dBm noise modulation power can
reach 0.19 m along the 253.1 m FUT when a 5 m long section is heated from 189 to 194 m.

Fig. 4. (Color online) (a) The distribution of the Brillouin spectrum, and (b) the distribution of the BFS along the FUT with a
9 m long heated section.
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Fig. 5. (Color online) Evaluation of the spatial resolution based
on the noise-signal modulation using ðrise time þ fall timeÞ∕2
equivalent length, with (a) a −10 dBm modulation power and
(b) a −3 dBm modulation power.

To study the influence of high pump power on the spatial resolution in a BOCDR system, we measured the
backscattering light spectra under different pump powers,
as shown in Fig. 6, with a −10 dBm noise modulation
power for different optical powers from 0.4666 to
1.8870 W. As shown in the illustration of Fig. 6, the
−3 dB linewidth of the Brillouin Stokes light decreases
from 322.10 to 98.35 MHz when the optical power increases from 0.4666 to 1.8870 W. Even at 466 mW, the
Stokes spectrum is narrower than that of the pump light
at 389.8 MHz [shown in Fig. 3(d)]. If we look at the intensity of the Stokes light closely, it is much higher than the
anti-Stokes peak, which indicates the existence of the Brillouin amplification process. Only under the process of
spontaneous Brillouin scattering, i.e., can the intensity
of the Stokes and anti-Stokes peaks be equal and the

Fig. 6. (Color online) Backscattering light spectra of the pump
light with a −10 dBm noise modulation power.
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coherence length of the pump light spectrum be equivalent
to the spatial resolution.
In addition, the coherence lengths of the Brillouin
Stokes light with different Brillouin backscattering states
also are analyzed and the results are shown in Fig. 7.
The coherent length of Brillouin Stokes light is measured
when the peak power of Brillouin Stokes light is around
−60, −50, −40, −30, and −25 dBm, respectively. The
experimental result indicates that, for the same noise
modulation power, the coherence length of the
Brillouin Stokes light rises slowly with the increase of
the peak power of the Brillouin Stokes light. With the increase of the modulation power, the differences of the coherence lengths of the different Brillouin backscattering
states becomes smaller. The coherence length of Brillouin
Stokes light tends to be close to that of pump light when
the modulation power increases.
Finally, we made a comparison between the measured
spatial resolution and the calculated coherence lengths of
Brillouin Stokes light and pump light with different modulation powers, and obtained the relevant errors by multiple measurements. The results are shown in Fig. 8. The
spatial resolution, coherence length of Brillouin Stokes
light, and the relevant errors are measured when the peak
power of the Brillouin Stokes light is about −50 dBm,
which is about 10 dB weaker than that of
Rayleigh scattering light. As shown in Fig. 8, for different
modulation powers, the measured spatial resolution is always larger than the coherence length of the pump light
and the Brillouin Stokes light, which is different with the
results in Refs. [11,17].
Figure 8 indicates that the spatial resolution of the partially coherent BOCDR is not equal to the coherence
length of the pump light or Brillouin Stokes light. We consider that the spatial resolution of the partially coherent
BOCDR scheme is proportional to the convolution between the coherence length of the pump light and that
of the Brillouin Stokes light, as given by Eq. (1). Since
the coherence length of the Brillouin Stokes light is

Fig. 7. (Color online) Coherence length of the Brillouin Stokes
light as a function of the noise modulation power with different
Brillouin backscattering states.
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Fig. 8. (Color online) Measured spatial resolution, the coherence
lengths of the pump light and Brillouin backscattering Stokes
light, and the measured errors under different modulation powers.

dependent on the power and linewidth of the pump light,
the spatial resolution will be influenced. As can be seen
from Fig. 8, with the increase in the modulation power,
the measured spatial resolution and the coherence lengths
of the Brillouin Stokes light and the pump light become
closer, thus we believe that the spatial resolution and
the coherence length of the Brillouin Stokes light will
be equal to the coherence length of the pump light if
the modulation power is large enough, namely the
−3 dB linewidth of pump light is broad enough, which will
be the same as the results of Refs. [17,20] in which an incoherent light source is used as the pump light. Furthermore, the spatial resolution of the mm scale will be
achieved in the proposed method if a broadband noise signal is adopted to modulate the DFB-LD. However, the
mm-scale resolution means that the weak Brillouin scattering signal, hence the low SNR of the system, will limit
the sensing range.
In conclusion, a new type of partially coherent BOCDR
sensing technique is proposed and demonstrated to study
the relationship between the spatial resolution and the coherence lengths of the pump light and the Brillouin Stokes
light based on a noise-modulated DFB-LD. The new
method ensures a single correlation peak in the entire sensing range due to the nonperiodic states of the reference
light and the Brillouin Stokes light, which simultaneously
avoids the range limitation of the periodic correlation
peaks and maintains the high spatial resolution. A
19 cm spatial resolution and a 253.1 m measurement range
are successfully demonstrated. Simpler than conventional
Brillouin sensing systems, the proposed scheme makes a
cost-effective distributed Brillouin sensing system for a
high-accuracy distributed temperature measurement
with a high spatial resolution without the need of high
speed and a broadband sampling scope for mm or cm
spatial resolution.
One of the authors, Mingjiang Zhang, thanks Dr. Liang
Zhang and Dr. Dapeng Zhou, University of Ottawa,
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