
Study of injection-locked stabilized, short cavity Brillouin ring laser
source design for fiber sensing applications
Leonardo Rossi1, Filippo Bastianini2, and Gabriele Bolognini3,*

1 Consiglio Nazionale delle Ricerche, IMM Institute, Bologna 40129, Italy
2 Sestosensor srl, R&D Department, Zola Predosa 40069, Italy
3 Consiglio Nazionale delle Ricerche, IMM Institute, Bologna 40129, Italy

Received 1 February 2022 / Accepted 22 July 2022

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 relative intensity noise (RIN ~ �145 dB/Hz),
providing an ultranarrow, highly stable BRL source that can also be employed as a pump-probe source for
Brillouin optical time-domain analysis (BOTDA) applications.
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1 Introduction

Brillouin Ring Lasers (BRLs) are a fiber-based light source
in which a light (defined as seed pump) is injected and cir-
culates inside a closed fiber loop, where it produces a coher-
ent, downshifted and counterpropagating light (defined as
Stokes light) through a process known as stimulated Bril-
louin scattering (SBS) [1]. 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 [2], microwave phase-modu-
lated generators [3] and LIDAR detection. Another poten-
tially 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 [4]. A particularly
interesting distributed optical fiber sensing method is Bril-
louin optical time-domain analysis (BOTDA) [5–7]. 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 [8]. The
pump and probe lights are usually provided by sources such
as phase locked loop (PLL) schemes or optical sideband

generation (OSB) techniques [9], 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 [10], an implementation of a BRL source based on a long
cavity (2 km) hybrid BRL source was developed and suc-
cessfully 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. Among
the various possible noise effects, the most relevant one was
found to be the mode hopping effect, which is schematically
illustrated in Figure 1: the frequency of the output of a BRL
cavity will be the resonant mode which is closest to the BFS
of the fiber, which is known as the dominant mode. Ther-
mal and acoustic vibrations in the ring continuously gener-
ate shifts either in the BFS or in the position of the resonant
modes. When the dominant mode changes, the output fre-
quency of the BRL rapidly changes alongside its intensity,
significantly increasing noise. It was also hypothesized that
this effect was more severe with longer BRLs, since the res-
onant mode spacing is inversely proportional with the cav-
ity length.

In this work, a new BRL design is presented to over-
come these limitations. Unlike the other design, this one
is based on a short cavity (~4 m) Brillouin ring laser
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(SC-BRL) in order to suppress mode hopping and improve
linewidth narrowing of the Stokes output. Through accu-
rate 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. Since the tunability
can no longer be provided by a piezo actuator because the
shift in the BFS would break double resonance, a wave-
length-locking system was implemented to tune and further
stabilize the frequency shift between seed pump and Stokes
output through the use of a low bandwidth (<1 GHz)
modulator.

As a result, the new source displayed significantly
reduced RIN, greatly reduced linewidth of the Stokes light,
higher maximum output power and a highly stable pump-
probe frequency shift. While compared to the LC-BRL
design this source system requires tuning of the cavity
length alongside the addition of more electro-optical compo-
nents, their requirements are still less strict than OSB. In
addition, the narrowing qualities of the short cavity mean
that the linewidth requirements for the seed pump DFB
source can be reduced.

2 Short-cavity Brillouin ring laser

The BRL cavity that is studied in this work is shown in
Figure 2. Through the exits 1 and 2 of an optical circulator
(OC1), the seed pump light from a distributed feedback
laser (k = 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 re-circulating 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 dependent on the seed
pump and Stokes light relative states of polarization (SOP).
In particular, SBS gain is maximum when the SOPs are
parallel, and minimum when they are orthogonal [11].

Generally speaking, the SOPs of light signals traveling
along single-mode fibers are not preserved because of the
effect of random birefringence. One way to solve this is to
employ a polarization scrambler, but this has the side effect
of limiting the maximum achievable SBS gain [12]. In our
set-up, birefringence effects were less relevant due to the
short length of the fiber inside the BRL. As a result, it
was sufficient to employ two polarization controllers
(PC1-2 in Fig. 1) and set them to maximize the intensity
of the Stokes output.

Compared to [10], 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 pre-
vious 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 inten-
sity noise are increased as the BRL source “hops” from one
mode to another [13]. This effect is more prevalent the lower
the spacing between resonant frequencies is and conversely

Fig. 1. Schematic representation of the mode hopping effect.

Fig. 2. Scheme of the short-cavity BRL with self-injection
locking.
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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 pre-
sented in this work. The simplest way to achieve this is
by reducing the cavity length, which is inversely propor-
tional to the resonant mode spacing, from 2 km down to
a length below 5 m, like the one we present in this work.

To counteract the steep reduction in gain medium com-
pared to cavities like the one shown in [10], the cavity is
made resonant with both the seed pump and the Stokes out-
put.When this condition, known as double resonance, is sat-
isfied, both lightwaves interfere constructively with newly
injected seed pump and newly generated Stokes light at
every roundtrip, thus greatly increasing the effective interac-
tion length and overall conversion efficiency. The resonance
of the seed pump is guaranteed through the implementation
of a self-injection locking technique [14] in the BRL scheme,
which is included in Figure 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. While in principle one of the out-
puts of DC1 could be used for the same purpose, the low
intensity required for self-injection locking made the addi-
tion of a coupler with a smaller ratio more desirable, while
also allowing for simultaneous monitoring of both the Stokes
light and the recirculating pump (through the free exits of
DC2 and DC1, respectively). 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 [15] to
calculate the length DL so that the BFS of the fiber is equal
to an integer multiple of the resonant modes free spectral
range, mFSR, which is defined as:

mFSR ¼ c
n
� 1
L
; ð1Þ

where L is the cavity length, n is the fiber refractive index
and c is the speed of light. Since the Brillouin frequency
shift mSBS can be calculated as:

mSBS ¼ 2 n V s

ksp
; ð2Þ

where Vs is the speed of sound inside the BRL cavity and
ksp is the seed pump wavelength. The double resonance
condition can thus be restated, for a given integer d:

mSBS ¼ d � mFSR; ð3Þ
which, given equations (1) and (2), becomes:

c
n
� 1
L
¼ d � 2 n V s

ksp
; ð4Þ

which, solved for ksp, leads to the wavelength kd;Lsp that sat-
isfies the double resonant conditions for a given integer d
and length L:

kd;Lsp ¼ 2 n2 V s L
d � c : ð5Þ

The single cut technique involves measuring the intensity of
the Stokes output at different seed pump wavelengths using
a tunable laser in place of the DFB, providing a measure-
ment such as the example for a cavity of 5 m shown in
Figure 3. The goal of this measurement is to locate two
consecutive peaks corresponding to wavelengths for which

double resonance is satisfied, kd;Lsp and kd�1;L
sp . With these

wavelength values and with (5), it is possible to determine
d as:

d ¼ kd;Lsp ¼ kd�1;L
sp

kd�1;L
sp � kd;Lsp

: ð6Þ

Once the index is known, it is possible to obtain L from (5)
(which, due to the way BRLs are constructed, cannot be
reliably determined a priori) as a function of kd;Lsp :

L ¼ d � c
2 n2 Vs

kd;Lsp : ð7Þ

Using (7), it is possible to calculate the length DL that has
to be cut from the cavity to make sure that the double
resonance peak of order d falls on the desired wavelength
kd;Msp by applying (7) to one of the known peaks kd;Lsp and
kk;Msp and subtracting the two results:

�L ¼ ckd;Lsp

2n2Vs

1

kd�1;L
sp � kd;Lsp

kd;Msp � kd;Lsp

� �
: ð8Þ

Given the speed of sound inside the fiber used to construct
the BRL cavity, the measured peaks and the desired wave-
length, after the process, the cavity was found to be around
3.4 m long.

3 Wavelength-locking stabilization system

To employ the SC-BRL design as a pump-probe source in
BOTDA, it must be possible to change its frequency shift
compared to the pump. In [10], this was achieved through
the use of a piezoactuator which increased the BFS of the
ring cavity by applying strain to it, thus changing the wave-
length of the Stokes output. In this new design, doing so

Fig. 3. Double resonance peaks for a cavity length of 5 m.
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would break double resonance. To provide pump-probe fre-
quency shift tuning for the SC-BRL design, a wavelength
locking method such as the one shown in Figure 4 was
implemented. A small fraction of the seed pump and the
Stokes output from the doubly resonant BRL (DRC-
BRL) are extracted through two optical couplers (S1 and
S2) and mixed together into a third one (S3). Their result-
ing beating signal is fed into a fast photo-detector (PD),
outputting an RF signal with frequency DfBRL equal to
the frequency difference between the pump and the Stokes
output fpump – fBRL. The RF signal is then mixed with a
local oscillator at frequency fLO, resulting in two sidebands
at frequency (fLO ± DfBRL). Applying a low pass filter, the
higher sideband is removed, and the remaining signal at
fLO – DfBRL is amplified and is used to drive an electro-opti-
cal modulator (EOM) modulating the Stokes output.

The BRL output at frequency fBRL is split into two side-
bands, the upper one at frequency fUSB = fBRL + fLO +
DfBRL and the lower one at frequency fLSB = fBRL +
fLO – DfBRL = fPUMP – fLO, which is downshifted from the
pump by a frequency equal to the one of the tunable local
oscillator.

It can be also seen that outside of tunability, this
system provides active compensation of the pump-probe fre-
quency shift: if the Stokes output frequency drifts from fBRL
to fBRL + df, the detuning with the pump becomesDfBRL – df
and the lower sideband of the modulated light becomes
fLSB = fBRL + df� fLO + DfBRL – df= fPUMP� fLO, compen-
sating the original frequency drift.

One thing that must be taken into consideration is that,
in order for the system to work, fLO � DfBRL must be
greater than 0, and thus the seed pump-Stokes output fre-
quency shift must always be lower than the pump-probe fre-
quency shifts that will be used in BOTDA. As a
consequence, the fiber composing the SC-BRL must have
a BFS that is lower than the one of the sensing fiber can
reach. In addition, it must be ensured that the upper side-
band exiting the EOM with frequency fUSB = fBRL +
fLO – DfBRL is always outside the BGS of the sensing
fiber and does not interfere with the sensing process.

The frequency difference between the two sidebands can
be written as:

fUSB � fLSB ¼ fBRL þ fLO ��fBRL � fPUMP þ fLO

¼ 2 fLO ��fBRLð Þ: ð9Þ
It is immediate to see that in order to obtain a separation of
at least 2 GHz, DfBRL must be 1 GHz lower than the min-
imum value fLO will take. Assuming a standard telecom
fiber is employed for sensing, the minumum fLO will be
10 GHz, thus the SC-BRL should be constructed using a
fiber with a BFS equal to around 9 GHz.

This has been done by changing the Germanium doping
level of the fiber inside the BRL. It is a well known fact that
higher Germanium concentrations lower the acoustic veloc-
ity of the core which is linked to the BFS by a relation of
direct proportionality [16]. In this work, the BRL was com-
posed by a fiber with Ge concentrations of 20%weight, up
from 3%weight of standard optical fibers. As a result of this
choice, the BFS of the fiber inside the BRL reached a value
of 9 GHz, down from the ~10.86 GHz of standard fibers,
ensuring that the upper sideband exiting from the modula-
tor does not interact with the pump light.

While this system requires the use of an EOM, the fre-
quency that drives it (equal to fLO � DfBRL) can be small
enough to be compatible with EOMs with a bandwidth of
1–2 GHz, while traditional BOTDA interrogating schemes
such as the optical sideband method require EOMs with
bandwidth of more than 10 GHz.

4 Performance evaluations

In order to see how this new design affected the issues noted
from the source developed in [10], the Stokes output for this
source was evaluated in terms of maximum power, line-
width 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

Fig. 4. Wavelength-locking stabilization scheme.
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showcased in [10] 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 [10]. 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 cav-
ity, while providing higher output power, which is a crucial
parameter for improved measurement range.

Afterwards, the linewidth of the Stokes output was mea-
sured by acquiring the spectrum through the use of the self-
heterodyne technique [17], performed with a Mach–Zehnder
interferometer as the one shown in Figure 5 employing a
150 MHz acousto-optic modulator and a delay line with a
length of 12 km which, when sent into an electrical spec-
trum analyzer (ESA), allows to measure signal spectra with
minimum linewidths of 6 kHz [18].

As a result, the output spectrum, shown in Figure 6,
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 seed
pump (350 kHz), showing the beneficial effect of a short
cavity BRL’s filtering capabilities.

It is a well-known fact that self-injection locking also
reduces the linewidth of the DFB laser it is used on. To test
the effect self-injection locking, alongside the resonant
behavior of the BRL, the same measurement was performed
on the recirculating pump being injected into the DFB. The
result showed a similar narrowing effect, with a linewidth of
10 kHz, showing how self-injection locking allows for signif-
icant improvement of the signal quality despite the relative
wide bandwidth of the original source, further easing up the
hardware requirements of the system.

To evaluate how self injection locking improves lasing
stability in BRL, the durations of Stokes lasing intervals
with and without self-injection locking were measured with
a photo-detector and an oscilloscope. The results are shown
in Figure 7. 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.

As a further test on the effect of self-injection locking on
overall sensing performance, two laser sources with two dif-
ferent linewidths, an external cavity laser (ECL) (Emcore
1792, 37 kHz linewidth) and a DFB (FLD5F6CX-J,
310 kHz linewidth) were used as seed pump on a DR-SC
BRL cavity with a length of 19 m, and their lasing stability
was compared. Both sources were fed with a current of
40 mA, resulting in Stokes output powers of �1.1 dBm
for the ECL and �0.9 dBm for the DFB. The results are
shown in Figure 8: with the narrow linewidth ECL as seed
pump (Fig. 8a), lasing period of a length between 1 and
100 ms were recorded, while with the wide linewidth DFB
(Fig. 8b) lasing periods between 5 and 500 ms were

achieved. Generally speaking, without self injection locking
the lasing stability of a high-finesse ring cavity is expected
to benefit from a narrow seed pump linewidth of the pump
laser. However, with self-injection locking stabilization the
pump laser already experiences a narrowing effect, and a
wider linewidth might actually improve lasing stability by
allowing the source to track greater shifts in the recirculat-
ing pump frequency.

To evaluate the combined effect of the wavelength-lock-
ing system, self-injection locking and mode hopping sup-
pression on the pump-probe frequency shift stability, the
output of the DFB pump and the Stokes output were cou-
pled into the same fiber tract and sent into a 12 GHz pho-
todetector, which acquired their beating signal, which in
turn was analyzed with an ESA. The spectrum obtained
was a peak centered at the frequency shift between the
two lightwaves, and a linewidth that is linked with the fre-
quency drift over the averaging time chosen for the mea-
surement. For the wavelength-locking system to work
properly, the peak should be at a frequency equal or at least
as close as possible to the chosen local oscillator frequency
fLO, and a linewidth as narrow as possible. Results of
this evaluation are shown for a fLO value of 10.86 GHz in
Figure 9, for averaging times of 10 ms (Fig. 9a), which cor-
responds to the timescale of a single BOTDA measurement,
and an extended period of 120 s (Fig. 9b). In both cases the
peak is within 1 kHz of fLO (which is chosen as the center of
the quadrants), indicative of a high accuracy of the tunabil-
ity. In addition, the linewidth of the two peaks was 200 Hz
for 10 ms and 400 Hz for 120 s averaging time, showing very
high stability for BOTDA application, considering that
measuring steps are of the order of MHz. Similar measure-
ments wre performed with fLO values ranging from 10.7 to
11.5 GHz (the range allowed by the local oscillators), prov-
ing that the SC-BRL alongside the wavelength-locking sys-
tem are capable of providing pump and probe lights with
frequency shifts that are accurately tunable and extremely
stable for timescales well above the ones required by single
measurements.

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 [10],
as shown in Figure 10. These measurements were performed

Fig. 5. Self-heterodyne detection method.
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by acquiring the BRL Stokes output light with a fast p-i-n
photodetector (InGaAs-based, 10 GHz bandwidth) to con-
vert a light signal into a voltage signal, whose power spec-
trum r2 (x) 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 [19]. 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 inten-
sity noise to the profile of the source DFB. The long-cavity
BRL (> 2 km length) developed in [10], 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 10–15 MHz frequency range, and be-
comes similar to the DFB seed pump only beyond
500 MHz, 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 sup-
press noise sources and instability usually associated with
fiber cavities that increase the RIN profile of the output
compared to the source pump seed [20].

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 pho-
todiode 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 dmB with the following
relation [21]:

dmB ¼ �mBffiffiffi
2

p
SNRð Þ14

ð10Þ

where DmB 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

Fig. 6. Short cavity BRL output spectrum.

Fig. 7. Stokes output trace without self-injection (a) and with
self-injection (b). Timescale: 50 ms per division.

Fig. 8. Stokes output trace with self-injection and the 37 kHz
ECL source as seed pump (200 ms/div timescale) (a) and the
310 kHz dBm source as seed pump (500 ms/div) (b).

J. Eur. Opt. Society-Rapid Publ. 18, 5 (2022)6



proportional to the frequency resolution, and they can be
calculated as:

de ¼ dmB
CSmBð0Þ and dT ¼ dmT

CTmBðtrÞ ð11Þ

where mB(0) and mB (tr) are the Brillouin frequency shifts
of unstrained sensing fiber and of sensing fiber at reference
temperature, respectively, while CS and CT 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 tempera-
ture resolutions by a factor of ~3.5.

5 Summary and conclusions

In this work, the development and characterization of a
Brillouin Ring Laser based on a doubly resonant short cav-
ity to be employed as a source for Brillouin optical time

domain analysis were showcased and discussed, alongside
a wavelength-locking system to accurately tune and stabi-
lize the pump-probe frequency shift. Compared to previ-
ously developed designs, which used long (>2 km)
cavities, the employment of a short cavity was expected
to provide substantial improvements in terms of output
linewidth and intensity noise, due to the positive correlation
between mode hopping effects and cavity length. Double
resonance, which was achieved through the combined effect
of a self-injection locking approach and the use of a single
cut technique, was expected to allow for the cavity length
to be reduced down to a few meters without significant
losses in threshold seed pump power and maximum output.
Experimental evaluation showed that the new cavity had a
threshold seed pump power of 10 mW, up from the 2 mW
found in previous design, while having a maximum output
power of 1.5 mW, up from 0.5 mW, showing how the single
cut technique allowed for a threshold power of the same
order of magnitude despite the great reduction of gain med-
ium, while providing an even greater maximum output
power. In terms of output linewidth, the short cavity and
self-injection locking were found to allow for a Stokes out-
put with an extremely narrow linewidth of 10 kHz from
an original source of 350 kHz, down from the 2 MHz line-
width found for long cavity Brillouin Ring Lasers. These
combined narrowing effects were found to provide similar
benefits to the pump light as well, whose linewidth was
found to be narrowed to 10 kHz as well.

In addition to linewidth narrowing, self-injection locking
was found to significantly improve lasing stability, allowing
for lasing intervals of up to 90 ms, compared to the 10 ms
ones obtainable without it. Testing seed pump sources with
different linewidths in a 19 m long cavity, it was also found
that a narrow linewidth source did not provide any substan-
tial improvement to lasing stability, with a 37 kHz ECL
source, achieving lasing intervals which were similar if not
shorter than the ones obtained with a 310 kHz DFB source.
These results indicate that self-injection locking and short
cavities might be crucial factors in easing the hardware
requirements for BOTDA pump sources, thus potentially
contributing to increasing its field of applicability.

Fig. 9. Electrical spectrum of the pump-probe beating for wavelength locked DRC-BRL for averaging times of 10 ms (a) and 120 s
(b). The frequency range is centered at the local oscillator frequencies fLO 10.8602 GHz and 10.8608 respectively. The y axis scale is
1 dB/division (a) and 10 dB/division (b), while the x axis scale is 1 kHz/division (a) and 2 kHz/division (b).

Fig. 10. Comparison of the RIN profiles of the sources.
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The wavelength-locking system, in addition, was found
to provide a frequency shift between the Stokes output and
the seed pump which was tunable with sub-kHz accuracy
over a range of more than 800 MHz and with high temper-
ature stability, with shifts of the order of 200 Hz over 10 ms
timeframes and 400 Hz over 120 s timeframes.

Finally, the intensity noise improvements provided by a
short cavity, were evaluated through RIN measurements,
obtaining values of ~�145 dB/Hz across the whole 0–
800 MHz range, which were compared to RIN measure-
ments performed on previous long cavity designs, which
reached significantly higher values, up to�90 dB/Hz. Com-
pared 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 dou-
bly resonant BRL design can provide substantial improve-
ments 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.
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