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Abstract. A new pump-seeded, short-cavity Brillouin ring laser source layout intended for Brillouin sensing
applications is showcased, showing increased high maximum output (1.5 mW), a strong linewidth narrowing
effect (producing light with a linewidth of 10 kHz) and limited RIN (~-145 dB/Hz), providing an ultranarrow,
highly stable BRL source that can also be employed as a pump-probe source for BOTDA applications.

1 Introduction
Brillouin Ring Lasers (BRLs) are a fiber-based light
source in which a light (defined as seed pump) is injected
and circulates inside a closed fiber loop, where it produces
a coherent, downshifted and counterpropagating light
(defined as Stokes light) through a process known as
Stimulated Brillouin Scattering (SBS). Due to their
capability to provide a light signal which is coherent and
with a stable frequency shift from the light it originated
from with limited intensity and phase noise, BRLs have
been studied for applications such as fiber-optics
gyroscopes [1], microwave phase-modulated generators
[2] and LIDAR detection. Another potentially interesting
field of application is distributed optical fiber sensing,
which has gathered significant attention in recent years
due to the interesting properties of optical fibers, such as
resistance and flexibility [3]. A particularly interesting
distributed optical fiber sensing method is Brillouin
optical time-domain analysis (BOTDA) [4-6]. In this
sensing scheme, which is also based on SBS, an optical
pump amplifies a downshifted, counter-propagating
probe along a sensing fiber. The extent of this
amplification is related to the pump-probe frequency shift
with a relation known as the Brillouin Gain Spectrum
(BGS), and the shift at which this amplification is most
efficient is known as the Brillouin Frequency Shift (BFS)
which is dependent on the temperature and strain of every
point in the fiber [7]. The pump and probe lights are
usually provided by sources such as Phase locked loop
(PLL) schemes or optical sideband generation (OSB)
techniques [8], which tend to have strict requirements in
terms of laser source quality and hardware components.
In this context, the natural frequency shift of BRLs and
the simplicity of their structure makes them an interesting
alternative for low-complexity BOTDA setups. In [9], an
implementation of a BRL source based on a long cavity
(2 km) hybrid BRL source was developed and
successfully employed in a BOTDA sensing scheme,
*

where it allowed for measurements over up to 10 km of
range with a spatial resolution of 4 m and a frequency
resolution of 0.5 MHz. While these results were already
viable for some BOTDA applications, the BRL cavity was
affected by three issues which limited its performance:
low maximum output power, high output linewidth (2
MHz) and a high relative intensity noise (RIN) for
frequencies below 1 GHz, which was caused by mode
hopping effects. In this work, a new BRL design is
presented to overcome these limitations. Unlike the other
design, this one is based on a short cavity ( ~4 m) Brillouin
ring laser (SC-BRL) in order to suppress mode hopping
and improve linewidth narrowing of the Stokes output.
Through accurate tuning of the length of the cavity and
self-injection locking techniques, the BRL was made
resonant for both the seed pump and the Stokes output. As
a result, the new source displayed significantly reduced
RIN, greatly reduced linewidth of the Stokes light and
higher maximum output power.

2 Short cavity BRL
The BRL cavity that is studied in this work is shown in
Fig. 1. Through the exits 1 and 2 of an optical circulator
(OC1), the seed pump light from a distributed feedback
laser (=1555 nm, 350 kHz linewidth) is injected inside
the ring cavity which, at its core, is composed of a loop of
standard single mode optical fiber for telecommunication
(SMF-28) with a length below 5m. The loop is closed by
a Directional Coupler (DC1) with a 90/10 coupling ratio.
While recirculating inside this cavity, the seed pump is
scattered through SBS, producing a counter propagating
downshifted Stokes light, a portion of which is extracted
through DC1 and employed as output after going through
exits 2 and 3 of OC1 to be employed in the sensing
system. It is to note SBS is a process that is polarization
dependant and is most efficient when the polarizations of
Stokes and the seed pump are aligned. To ensure this is
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the case, two polarization controllers (PC1 and PC2) are
placed before and inside the ring.
Compared to [9], the length of the ring cavity was reduced
from 2 km to 5 m. As was mentioned above, one of the
sources for the high relative intensity noise of the previous
cavity were mode hopping effects. These effects are
caused by the fact that the frequency at which a BRL emits
light (the dominant frequency) is the cavity resonant mode
which is closest to the BFS, and the positions of both these
elements can shift due to thermal and vibrational noises.
When this happens, a different resonant mode might
become the one closest to the BFS, and thus the dominant
mode might change. As a result, both frequency and
intensity noise are increased as the BRL source “hops”
from one mode to another [10]. This effect is more
prevalent the lower the spacing between resonant
frequencies is and conversely can be suppressed by
increasing the spacing of the resonant modes enough that
only one mode lies inside the BGS at any point, hence the
greatly reduced cavity length presented in this work. The
simplest way to achieve this is by reducing the cavity
length, which is inversely proportional to the resonant
mode spacing, from 2 km down to a length below 5 m,
like the one we present in this work.

using a tunable laser in place of the DFB, providing a
measurement such as the example for a cavity of 5 m
shown in Fig. 2. The goal of this measurement is to locate
two consecutive peaks corresponding to wavelengths for
which double resonance is satisfied, 𝜆

Fig. 2. Double resonance peaks for a cavity length of 5 m.

and 𝜆 . With these wavelength values, it is possible to
estimate the length ΔL to be cut from the cavity to move
one of those peaks to the desired wavelength 𝜆 by using
the following formula, where n is the refraction index and
Va is the fiber’s acoustic velocity:

𝛥𝐿 =

𝑐𝜆
2𝑛 𝑉 𝜆

1
−𝜆

𝜆

−𝜆

(1)

After the tuning, the cavity was 3.4 meters long.

3 Performance evaluation
In order to see how this new design affected the issues
noted from the source developed in [6], the Stokes output
for this source was evaluated in terms of maximum power,
linewidth and intensity noise.
The maximum Stokes output power was found to be
1.5 mW for a pump power of 25 mW, while the design
showcased in [9] was found to provide an output with a
maximum power of 0.5 mW for a 17 mW pump. The
lasing threshold power (the minimum pump power
required to obtain Brillouin lasing from the BRL), on the
other hand, was 10 mW, up from the 2 mW found in [9].
These results show that the double resonance effect allows
to counteract the greatly reduced amount of gain medium,
providing comparable lasing threshold power compared
to a long cavity, while providing higher output power,
which is a crucial parameter for improved measurement
range.
Afterwards, the linewidth of the Stokes output was
measured by acquiring the spectrum through the use of the
self-heterodyne technique [12], performed with a MachZender interferometer as the one shown in Fig. 3
employing a 150 MHz acousto-optic modulator and a
delay line with a length of 12 km which, when sent into
an Electrical Spectrul Analyzer, allows to measure signal
spectra with minimum linewidths of 6 kHz [13].
As a result, the output spectrum, shown in Fig. 4, was
found to have a full width half-maximum of 10 kHz,
showing a significant narrowing compared to the output
of the long cavity BRL (2.5 MHz), and also significantly
narrower than the linewidth of the DFB signal used as

Fig. 1. Scheme of the SC-BRL with self-injection locking.

To counteract the steep reduction in gain medium
compared to cavities like the one shown in [9], the cavity
is made resonant with both the seed pump and the Stokes
output. When this condition, known as double resonance,
is satisfied, both lightwaves interfere constructively with
newly injected seed pump and newly generated Stokes
light at every roundtrip, thus greatly increasing the
effective interaction length and overall conversion
efficiency.
The resonance of the seed pump is guaranteed through the
implementation of a self-injection locking technique in
the BRL scheme, which is included in Fig. 1. An optical
coupler with a 99/1 coupling ratio (DC2) extracts part of
the seed pump inside the ring (which is at the resonant
frequency) and sends it back into the DFB laser through
exits 1 and 2 of a second optical circulator (OC2). As a
result, the DFB is forced to emit at the frequency of the
injected light, making the pump resonant with the cavity.
In order to make the Stokes light resonant with the cavity,
its length is accurately tuned through the use of a single
cut technique developed in [11] so that the BFS of the
fiber is equal to an integer multiple of the resonant mode
spacing. This technique involves measuring the intensity
of the Stokes output at different seed pump wavelengths
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seed pump (350 kHz), showing the beneficial effect of a
short cavity BRL’s filtering capabilities.

15 MHz frequency range, and becomes similar to the DFB
seed pump only beyond 500MHz, where it remains
approximately constant with an average value of about
- 145 dB/Hz. From these results it can be easily seen how
the reduction of cavity length, mixed with the contribution
of self-injection locking suppress noise sources and
instability usually associated with fiber cavities that
increase the RIN profile of the output compared to the
source pump seed [15].

Fig. 3. Self-heterodyne method.

As a further evaluation on self injection locking’s
capability of suppressing noise effects in BRL, the
duration of Stokes lasing intervals with and without selfinjection locking were measured with a photodetector and
an oscilloscope. The results are shown in Fig. 2. Without
self-injection locking, the duration of Brillouin lasing was
found to be between 2 and 10 ms, while with self-injection
locking the duration was significantly increased with
values ranging from 30 to 90 ms, which is already
sufficient for BOTDA measurements. The reason for this
difference is of course linked to the seed pump light
remaining resonant with the cavity for a much longer time
despite thermal and vibrational noise.

Fig. 5. Stokes output trace without self-injection (a) and with
self-injection (b). Timescale: 50 ms per division.

Fig. 4. Short cavity BRL output spectrum.

Finally, in order to evaluate how the employment of a
short cavity suppresses noise effects such as mode
hopping, RIN measurements were performed in a way
similar to [9], as shown in Fig. 6. These measurements
were performed by acquiring the BRL Stokes output light
with a fast p-i-n photodetector (InGaAs-based, 10 GHz
bandwidth) to convert a light signal into a voltage signal,
whose power spectrum 𝜎 (𝜔) in the 1-800 MHz range
was analysed through an ESA (working up to 15 GHz)
after subtracting thermal and shot noise terms due to the
photodetector [14]. As is evident from the image, the RIN
profile of the SC-BRL ranges between -140 dB/Hz and
- 150 dB/Hz across the whole 0-800 MHz range, adding a
limited amount of intensity noise to the profile of the
source DFB. The long-cavity BRL ( > 2 km length)
developed in [9], on the other hand, introduces significant
intensity noise, increasing the RIN profile at frequencies
below 400 MHz, with values up to -90 dB/Hz in the 10-

Fig. 6. Comparison of the RIN profiles of the sources.

It can be shown that the reduction in intensity noise
provided by the stabilization from self-injection locking
and the mode hopping suppression from the employment
of the short cavity directly impact BOTDA resolution. To
show this, the intensity noise limited signal-to-noise ratio
(SNR) for both the SC-BRL source and the long-cavity
one was calculated by integrating their RIN spectra over
a frequency range equal to the bandwidth of a typical
photodiode used in BOTDA (125 MHz). The resulting
values were 38.7 dB for the long cavity BRL and 61.0 dB
for the short cavity one, which implies a SNR
improvement of 22 dB. When Lorentzian Curve fitting is
used to estract the BFS in BOTDA measurements, source
SNR can be translated to frequency resolution δνB with
the following relation [16]:
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RIN measurements performed on previous long cavity
designs, which reached significantly higher values, up to
-90 dB/Hz. Compared to the long cavity, the RIN
improvements are shown to translate to a BOTDA strain
and temperature resolution improvement by up to a factor
of 3.5.
From these results it can be seen how the stabilized doubly
resonant BRL design can provide substantial
improvements in a variety of applications. For what
concerns BOTDA, it has the potential to be successfully
employed as a pump-probe source in accurate Brillouin
optical time-domain sensor systems.

(2)

1

2  SNR  4

Where ΔνB is the linewidth of the Brillouin gain spectrum.
Due to the linear dependency between the BFS and
temperature and strain, their resolutions are also directly
proportional to the frequency resolution, and they can be
calculated as:

𝛿𝜀 =

( )

and

𝛿𝑇 =

( )

(3)

where 𝜈 (0) and 𝜈 (𝑡 ) are the Brillouin frequency
shifts of unstrained sensing fiber and of sensing fiber at
reference temperature, respectively, while 𝐶 and 𝐶 are
the linear temperature and strain coefficients.
From the relations above is immediate to see that, for
sources whose SNR is limited by intensity noise, such as
BRLs, a 22 dB improvement is equivalent to a resolution
improvement of 5.5 dB which, converted in linear scale,
is equal to an improvement in frequency, strain and
temperature resolutions by a factor of ∼3.5.
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