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Abstract: A multiwavelength single-longitudinal-mode (SLM) Brillouin—erbium fiber laser
sensor with ultrahigh resolution is proposed and investigated experimentally. The one
short common cavity with 50 m of single mode fiber (SMF) as the fiber under test and
100 m of SMF as the reference can effectively reduce the external perturbations and the
cost. With the configuration that uses a fiber Fabry—Pérot (FFP) filter, every Stokes
wavelength maintains SLM status, which can lead to the higher temperature resolution.
In the experiment, 3.104 MHz/°C sensitivity of the third-order Stokes wavelength is dem-
onstrated, which is three times that of the first-order Stokes wavelength. A less-than
0.2 °C temperature error is obtained for every Stokes wavelength. In contrast, with a
beat frequency linewidth of a different order Stokes wavelength, approximately 10 —6°C
ultrahigh resolution in the short term is acquired at the third-order Stokes wavelength.
This proposal can provide a feasible temperature sensing scheme with high sensitivity,
high precision, and low-frequency detection.

Index Terms: High-order Stokes wavelength, multiwavelength fiber laser, temperature
sensor.

1. Introduction

Over the past few decades, fiber laser sensors have demonstrated high signal-to-noise ratios
(SNRs) and narrow linewidths; such characteristics indicate that these sensors have an inherent
high resolution [1], [2]. Such sensors have been applied in accelerometers [3], acoustic micro-
phones [4], strain sensors [5] and temperature sensors [6]-[12]. In particular, more attention has
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been given to the measurement of temperature, which is one of the seven fundamental physical
quantities. Currently, there are three main types of fiber laser temperature sensors, including a
single-longitudinal mode fiber laser (SLM-FL) sensor [6]-[8], a multilongitudinal mode fiber laser
(MLM-FL) sensor [9], [10] and a multiwavelength fiber laser (MW-FL) sensor [11], [12]. On the
one hand, for the SLM-FL and MW-FL sensors, wavelength matched fiber Bragg gratings (FBGs)
are used as wavelength selectors and sensor elements. In this case, the temperature information
is achieved by measuring the wavelength shift under different temperatures in the optical domain
or the power variation at a specific wavelength on the grating's slope. In addition, this type of fi-
ber laser sensor is limited by the tuning speed of the filter, the sensitivity of the detector, and the
complexity of the optical interferometer, and the signal is detected by mixing with an additional
tunable laser source. On the other hand, for the MLM-FL sensor, the temperature difference can
be easily detected by measuring the beat frequency generated by any two longitudinal modes.
Because the disturbance can be reduced, the beat frequency can be dynamically stable. Thus,
the higher the detected beat frequency is, the better the sensitivity is. However, although the
74th-order mode (1581.7 MHz) [9] is detected, only sensitivity at the scale of 1 kHz/°C is
obtained.

Recently, based on the Brillouin scattering (BS) effect in optical fibers, Yang et al. [13] pro-
posed a novel dual-frequency Brillouin fiber laser (DF-BFL) for microwave generation; tempera-
ture sensing was realized based on this configuration, which has two cavities with different
types of fiber. According to the linear relationship between the Brillouin frequency shift and
temperature, the sensing information can be obtained by measuring the beat frequency shift
as the temperature of the DF-BFL. This method may provide a stable fiber laser sensor with
1.015 MHz/°C sensitivity. Compared to the DF-BFL, the use of the multiwavelength Brillouin—
erbium fiber laser (MW-BEFL) [14]-[19] based on the cascade BS effect and the linear gain
from EDF could be an advanced method. lezzi [20] and Zhang [21] realized temperature mea-
surements with sensitivities of ~7 MHz/°C and 13.08 MHz/°C by using the 6th-order and
the 12th-order Stokes shifts with BS of two MW-BEFLs, respectively. However, due to the
kilometer-scale laser cavity length (10 km and 27 km), the external perturbations became the
main effect factor for the temperature error, and the MLM operation status limited the improve-
ment of the system resolution.

In this paper, a SLM MW-BEFL with a short cavity used as the temperature sensor is pro-
posed and investigated experimentally. As the configuration of the DF-BFL, a 50 m long SMF is
used as the fiber under test (FUT), and a 100 m long SMF is used as the reference fiber (REF).
This one short common cavity setup can effectively reduce the external perturbations and cost.
With the configuration that uses a fiber Fabry—Pérot (FFP) filter, every Stokes wavelength of the
MW-BEFL maintains SLM status. In contrast, with beat frequency linewidths of different order
Stokes wavelengths, approximately 10~ °C ultra-high resolution in the short-term (linewidth) is
acquired at the third-order Stokes wavelength. To our knowledge, these results represent the
best temperature resolution to date.

2. Experimental Setup and Principle

The experimental setup of the MW-BEFL is shown in Fig. 1. The pump light from a Dense Light
laser (DLL) with a 10 kHz linewidth and a maximum output power of 10 dBm travels through a
50/50 optical coupler (OC1). Next, the light is first amplified by the EDFA. To achieve maximum
Brillouin gain, the polarization of the pump is kept parallel to the Stokes polarization by a polari-
zation controller (PC). The pump is injected into the ring cavity (RC) clockwise by an optical cir-
culator (Cir) and then passes through the cavity with only one roundtrip. The RC is constructed
with one 50-m FUT, another 100-m REF, an OC3 and a FFP filter. This 50 m and 100 m configu-
ration guarantees a sufficient amount of BS pump power for the FUT and the REF [19] when a
different temperature is configured. The FFP filter is composed of a 50/50 polarization insensitive
OC2 and a 10 m unpumped erbium-doped fiber (UP-EDF), which acts as a saturable absorber
(SA). The fiber type of the FUT and REF is standard G.652 SMF, and the FFP filter is used to
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Fig. 1. Experimental Setup. DLL: Dense Light laser; OC: optical coupler; PC: polarization controller;
Cir: circulator; FUT: fiber under test; REF: reference fiber; FFP: fiber Fabry—Pérot; UP-EDF: un-
pumped erbium-doped fiber; PD: photodetector; OSA: optical spectrum analyzer; ESA: electric
spectrum analyzer.
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Fig. 2. Principle of the high-order Stokes wavelength for temperature sensing with a AT tempera-
ture difference.

keep every Stokes wavelength in SLM status. When the EDFA power is higher than the thresh-
old of BS, 10% (OC3) of the Stokes returns back to OC1 and is amplified likewise by the EDFA
clockwise. Next, the light is injected into the RC to excite the next order Stokes, and the rest cir-
culates (90%) in the RC with multiple roundtrips anticlockwise. The output of the laser was moni-
tored by an electric spectrum analyzer (ESA) with a 1 Hz frequency resolution and a
photodetector (PD) with a 26.5 GHz bandwidth. For the convenience of temperature measure-
ment, the FUT and REF are enclosed in two similar temperature controller systems with the fol-
lowing characteristics: 0.2 °C resolution, a 5 ~ 60 °C range, and no strain. In this experiment, the
temperature of the REF is fixed at 20 °C, and that of the FUT is adjusted from 20 °C to 50 °C.

2.1. Temperature Sensing by Detecting the High-Order Stokes Wavelength

Fig. 2 shows the high-order Stokes wavelength sensing principle based on the cascade BS
effect for temperature measurement. The frequency shift vg with respect to the pump is given
by vg = (2Va/c)Ap [14]-[19], where V, is the acoustic velocity in the medium, ¢ is the vacuum-
light velocity, and \p is the pump wavelength. vg is approximately 10 GHz at a 1550 nm
wavelength.

We can obtain the relationship between v,y at room temperature and vy for the AT tem-
perature difference of the mth-order Stokes wave [13], [20]-[23]

Umt =V(m-1)1 +VB =" =Vp+ Mvpg (1)
Um(m+1) = V(m—1)ym + VB + AvaT = - -+

=vp+ Mvg + Avpat (2)

AVmAT = CBmAT == ch1AT (3)
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where vp is the optical frequency of the pump beam, m is the order number of the Stokes wave
(m=1,2,3...), and Avpmat and cgn, are the Brillouin frequency difference and the temperature
coefficient of the mth-order Stokes wave, respectively; i.e., the frequency shift with temperature
and the temperature coefficient of the mth-order Stokes are m-times greater than those of the
first-order Stokes.

2.2. SLM Principle

The inset of Fig. 2 shows the principle of SLM operation using the FFP filter. According to the
Vernier effect [24], [25], the effective free spectral range (FSRef) of the MW-BEFL with the FFP
filter is FSReff =W FSRRC = ygFSRFFP, where FSRRC and FSRFFP are the FSR values of the RC
filter and the FFP filter, respectively, and y; (j = 1,2) is an integer. The FSR values of the FUT,
REF and FFP are 2 MHz, 4 MHz, and 20 MHz, respectively, while FSRet = 20 MHz. Thus,
when FSR.; exceeds the Brillouin gain bandwidth (Avg =20 MHz) and gain is greater than
loss, the laser mode (range from vy t0 vpmmy1)) OScillates only at a frequency that satisfies the
resonant conditions of the RC and FFP simultaneously. Thus, higher temperature resolution can
be obtained in comparison to the previously reported structure [20], [21].

2.3. Temperature Resolution by Detecting the High-Order Stokes Wavelength

The temperature resolution depends on the short-term (linewidth) and the long-term stability
of the high-order Stokes wavelength. On the one hand, the relation connecting the mth-order
Stokes linewidth Avy, of the MW-BEFL and the pump laser linewidth is given by [26]

AVn_q Avy Avp
72 = ... = 2m—1 == om (4)
(1+7a/Tc) (1+74/Tc) (1+7a/Tc)

where v4 = TAvg is the damping rate of the acoustic wave, I'c = —c In R/nL; is the cavity loss
rate, and L; is the total cavity length. In this case, the relationship between the temperature
resolution Tg, of the m-order Stokes wavelength and the temperature resolution T of the
first-order Stokes wavelength can be written as

T . AVm . 1 AV1 . Tm
- (21 - — (5)
Cem  m(1+~4/T¢) CB1 m(1 +~4/T¢)

Thus, the higher the order of the Stokes wavelength is, the better the temperature resolution is.

In other words, the temperature measurement resolution can be enhanced by m(1 + ’YA/FC)ZHH
times. On the other hand, among the three main effects determining the frequency stability of
MW-BEFL [22], [23], the temperature effect mainly influences the Brillouin gain spectrum. The
temperature range AT with two consecutive mode hops for the MW-BEFL is expressed by

A 0vg  10n 4 10L
[VB <VB aT Tnor T L ar)}

where (1/L;)(dL;/dT) =107 °C is length fluctuation coefficient with SMF temperature, and
Ovg/0T = 1.2 MHz °C is the Brillouin frequency shift with temperature at 1550 nm.

Vm =

AT = (6)

3. Experimental Results and Discussions

3.1. Threshold Measurement of the MW-BEFL Sensor

First, the threshold of every Stokes wavelength is measured using an optical spectrum ana-
lyzer (OSA) with a spectral resolution of 0.02 nm. Fig. 3(a) shows the multiwavelength genera-
tion of the MW-BEFL, and Fig. 3(b) shows the output power of every Stokes wavelength and
the total output power versus the EDFA power. We can observe three output power states
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Fig. 3. (a) Multiwavelength generation of the MW-BEFL and (b) relationship between EDFA power
and output power of every Stokes wavelength and total output power.

measured every 50 mW from 50 mW to 600 mW. First, the DLL is fixed at a 1548.95 nm wave-
length and a 0 dBm power, and the EDFA power is fixed at 50 mW. In this case, there is no
Stokes wavelength; i.e., the EDFA power did not exceed the threshold of the first Stokes line.
When the EDFA power reaches 100 mW, which is the threshold of the first-order Stokes wave-
length, the total power begins to linearly increase rapidly. For an EDFA power of 250 mW, the
first-order Stokes wavelength with —6.05 dBm reaches saturation. Although the second-order
Stokes wavelength is generated, the total power increases slowly because of the 8 dB power
difference between the former and the latter. When the EDFA power is increased to 500 mW,
the first-order and the second-order Stokes wavelengths are observed. By increasing the EDFA
power further to 600 mW, four Stokes wavelengths are generated because of the cascaded BS
effect. At the same time, due to the generation of the third-order Stokes wavelength, the total
power begins to increase again.

3.2. Temperature Measurement Using Different Order Stokes Waves

According to the threshold measurement results of the MW-BEFL sensor, the relationships
between the temperature difference and the different Stokes wavelengths are also measured
for different EDFA power levels (see Fig. 4). The circular and square dots represent real
frequency values, including vi2 — vp, Vo2 — vp, o3 —vp, and vsq — 31, measured at a FUT
temperature from 20 °C to 50 °C every 5 °C and at a REF temperature of 20 °C under 250 mW,
500 mW, and 600 mW. The x-axis is AT = Teyt — Trer, and the black solid lines are the results
of linear fits using a least squares fitting method. The fitting lines show the temperature depen-
dences of the frequency shift of the FUT and the REF. As seen from the solid line, all the beat
frequencies are linear with respect to temperature, while the frequency of vos — vp is used for
comparison.

The temperature elevation coefficient of the first-order Stokes wavelength is 1.036 MHz/°C
[see Fig. 4(a)], which is reasonably close to the previously reported value of 1.2 MHz/°C [27].
The temperature elevation coefficient of the second-order Stokes wavelength is 2.006 MHz/°C
[shown in Fig. 4(b)], which is twice as much as that of the first-order Stokes wavelength. The co-
efficient of the comparison frequency 12 — vp is equal to that of 112 — vp. Similarly, the temperature
elevation coefficient of the third-order Stokes wavelength is 3.104 MHz/°C [shown in Fig. 4(c)],
which is three-times greater than that of the first-order Stokes wavelength. The measurement
values are almost exactly the same as the theoretical value described by (3) and are very close to
the reported values of 2.18 MHz/°C, 2.27 MHz/°C, and 3.29 MHz/°C [20], [21].

Meanwhile, the SLM operation of every Stokes wavelength is observed for a FUT temperature
of 50 °C and a REF temperature of 20 °C. Fig. 5(a) shows the beat frequency spectra of
v11 — vp and vy — vp with 250 mW of EDFA power. Fig. 5(b) shows the beat frequency spectra
of vo1 —vp, Voo —vp, and ez —vp with 500 mW of EDFA power. Fig. 5(c) shows the beat
frequency spectra of V34 — V31, f> (WhICh is the sum of Vo3 — V241, V33 — /31, and 1/34—1/32),
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Fig. 4. Temperature difference AT = Teyt — Trer and beat frequency shift relationship for (a) v12 — vp,
(b) voo — vp, Vo3 — vp, @nd (C) vas — v31.

and f1 (WhICh is the sum of V12 — V11, V22 — V21, V23 — V22, V32 — /31, /33 — /32, and V34 — 1/33)
with 600 mW of EDFA power. Every Stokes wavelength remains in SLM operation and
maintains a reasonable frequency spacing with 30.41 MHz, 29.71 MHz, 31.85 MHz, 31.23 MHz,
36.75 MHz, and 33.52 MHz. From a comparison of the results, the noise power of Fig. 5(a) is
the lowest, approximately —90 dBm, which is less than the —85 dBm of Fig. 5(b) and —80 dBm
of Fig. 5(c). The reason for this result is the existence of some invalid beat frequencies resulting
from the idler frequency, such as v, v32, and vz, which reduce the power conversion efficiency
and generate the idler beat frequency, such as v»s — vp, the sum of v33 — v31 and vs4 — v32, and
the sum of oo — 151, Vo3 — Voo, 30 — 31, /33 — /30, @nd 134 — 33. Furthermore, because each
idler beat frequency has a different polarization, the frequencies of f; and % are not completely
in the SLM status.

3.3. Temperature Error and Resolution of the MW-BEFL Sensor

Fig. 6 show the beat frequency and peak power stability of the frequencies v11 — vp, o1 — vp
and vs4 — v31 measured every 3 min in 1 h at a REF temperature of 20 °C and a FUT tempera-
ture of 50 °C (in the long-term). It is shown that the frequency and the power are stabilized with
a +0.2 MHz frequency fluctuation and a +0.1 dB power fluctuation. The frequency shift corre-
sponds to a temperature error of 0.2 °C. According to (6), a 0.2 °C (< AT = 1.89 °C) resolution
of the temperature controller system cannot lead to mode hopping, where FSRpi, = 2 MHz for
the 100 m cavity length is taken. In addition, the 0.2 °C temperature error is consistent with the
resolution of the temperature controller system; i.e., the temperature error of every Stokes wave-
length is less than 0.2 °C.

To exactly measure the temperature resolution, we must take the linewidth of the pump into
consideration. Next, the beat frequency linewidths of f;, f, and v34 — 31 are measured using
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Fig. 6. Stability of the beat frequencies of (a) v11 — vp, (b) v21 — vp, and (C) vs4 — v31 at an REF tem-
perature of 20 °C and an FUT temperature of 50 °C, with the data measured every 3 minin 1 h.

the ESA with a 1 Hz frequency resolution for a REF temperature of 20 °C and an FUT tempera-
ture of 50 °C (shown in Fig. 7). According to (4) and the configuration of the MW-BEFL, the line-
width of the first-order Stokes wavelength is approximately two orders-of-magnitude narrower
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Fig. 7. Beat frequency linewidth measurement of (a) f; = 31.23 MHz, (b) £ = 67.98 MHz, and
(C) V34 — V31 = 101.5 MHz.

than that of the pump. The linewidth is observed at the —20 dB points, which is related to the la-
ser real linewidth by 21/99 times [28]. The —20 dB linewidth points of the frequencies f, f, and
v34 — 31, shown in Fig. 7(a)—(c), are 12 kHz, 0.7 kHz, and 0.08 kHz, respectively. Thus, 0.6
kHz, 0.035 kHz, and 0.004 kHz real linewidths are obtained for f;, f,, and v34 — 134, respectively.
The results are in good agreement with our analysis. Therefore, according to (5), the tempera-
ture resolution corresponds to approximately 6 x 10+ °C, 1.8 x 1075 °C, and 1.3 x 1076 °C for
fi, f>, and vs4 — 31, respectively, depending on the temperature sensitivity of the different or-
der Stokes wavelength.

4. Conclusion

In conclusion, a MW-BEFL sensor with a FUT of 50 m of SMF and a REF of 100 m of SMF for
temperature measurement was proposed and demonstrated. The sensitivities of the first-order,
second-order and third-order Stokes wavelengths are obtained with different EDFA powers
of 250 mW, 500 mW, and 600 mW, respectively, measured for different FUT temperatures
from 20 °C to 50 °C at a step of 5 °C. The temperature elevation sensitivity is approxi-
mately 1.036 MHz/°C for the first-order Stokes wavelength, 2.006 MHz/°C for the second-order
Stokes wavelength and 3.104 MHz/°C for the third-order Stokes wavelength. The experimental
results are in good agreement with theory. In addition, with the configuration that uses the FFP
filter, the SLM status of every Stokes wavelength is guaranteed. Thus, a less than 0.2 °C tem-
perature error, which corresponds to the resolution of the temperature controller, is obtained in
the long-term. Moreover, an approximately 10~ °C temperature resolution at the third-order
Stokes wavelength is acquired in the short-term, according to the linewidth of the beat fre-
quency. Furthermore, if we consider that, in this scheme, the HNLF (high nonlinear optical
fiber), which can obtain more Stokes wavelengths with a uniform intensity distribution, and a
temperature chamber with better resolution are adopted, higher temperature sensitivity and
resolution can be obtained by detecting a higher order Stokes wavelength.
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