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A Michelson interferometer (MI) composite cavity fiber laser sensing system based on radio frequency (RF) interrogation is
proposed and experimentally demonstrated. The system down-converts the traditional MI light frequency detection to RF
detection, which improves the stability of the system. The optic fiber MI is placed in the laser resonator to form a composite
cavity structure, which greatly improves the sensitivity of beat frequency signal demodulation.
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1. Introduction

Fiber optic interferometers based on the Michelson structure
have been widely studied and applied to temperature[1], stress[2],
liquid level[3], vibration[4], and other sensing. Compared with
conventional sensors, interference-type sensors have the advan-
tages of high sensitivity and simple structure[5]. The traditional
method of demodulating the MI system is to obtain sensing
information by detecting the phase change of light[6–8] and then
converting the phase change into light intensity change[9], which
is generally carried out in the optical domain. Although this
method has high sensitivity, it has poor immunity from interfer-
ence ability.
In 1996, Kringlebotn et al. proposed using the laser beat tech-

nique to interrogate the wavelength variation of two orthogonal
polarizationmodes in the laser[10]. The fiber laser beat frequency
interrogation technology is commonly used to convert the wave-
length shift into an electrical signal for easy reading and real-
time monitoring due to its cheap and stable characteristics.
The distributed feedback (DFB) fiber lasers and distributed
Bragg reflector (DBR) fiber lasers are used to detect the sensing
parameters by measuring the beat frequency signal (BFS), which
is generated by two polarization modes[11,12]. However, it is dif-
ficult to control the polarization of fiber lasers. Thus, the appro-
priate BFS between the two polarization modes is not easy to
obtain. In recent years, the multi-longitudinal mode (MLM)
fiber laser sensing system based on laser beat frequency
demodulation is proposed due toMLMs being easier to establish
in a laser cavity. By monitoring the BFS between two different
longitudinal modes, measurement of temperature, stress, etc.
is achieved. In 2010, Liu et al. constructed an MLM fiber laser
sensor with a resonant laser cavity consisting of two fiber

gratings and an erbium-doped fiber (EDF) and tested it for stress
sensing[13]. TheMLMBFS demodulation technology can reduce
the influence of fiber laser mode hopping. When one longi-
tudinal mode jumps, the other modes can still generate the
BFS in two phases, so the BFS is relatively stable. This demodu-
lation method realizes sensing by detecting the BFS, which is
carried out in the electrical domain and has high stability[14–17].
In this paper, we propose a Michelson interferometer (MI)

composite cavity fiber laser sensing systemwith radio-frequency
(RF) detection. Unlike other composite cavity sensing sys-
tems[18,19], the MI is used as a cavity mirror of the laser cavity,
and the fiber Bragg grating (FBG) is used as another cavity mir-
ror. The system converts the change of MI arm length difference
into the shift of interference wavelength, which is demodulated
by tracking the shift of the BFS envelope. This system down-
converts the light frequency detection to RF detection, simplifies
the experimental structure, and improves the stability of the sys-
tem. At the same time, the MI is used to form a composite cavity
structure to improve the sensitivity of optical fiber sensing.

2. Experimental Structure and Principle

Figure 1 illustrates the schematic diagram of the compound laser
system. The composite cavity fiber laser consists of a linear cav-
ity, which is made of a piece of EDF pumped by a 980 nm pump
source through a wavelength-division multiplexer (WDM) to
provide stable enough gain for multiple mode lasing, and two
reflectors. One of the reflectors is an FBG that can be used as
a filter of the system. Another reflector is an MI, which includes
an optical coupler (OC), two pieces of single mode fiber (SMF),
and two Faraday rotating mirrors (FRMs) to form a composite
cavity structure. Using the FRM as a reflector can control the
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polarization states of the two reflected beams so as to obtain a
better interference effect. SMF#1 and SMF#2 are used as the
sensing arm and the reference arm, respectively, and the length
difference is ΔL.
The light entering the resonant cavity is split into two paths

through the 50/50 OC. One beam propagating along SMF#1 is
reflected by FRM#1; the other beam propagating along SMF#2 is
reflected by FRM#2. Then, the two reflected lights interfere in
the OC, and the output light spectrum after the interference
is related to the optical path difference. The interference spec-
trum and the longitudinal mode of the fiber laser are superim-
posed on the PD to form a laser BFS with envelope modulation.
The MI converts the variation of arm length difference into the
change of interference wavelength. The BFS envelope varies with
the interference wavelength changing.
The cavity mode of the laser cavity is shown in Fig. 2(a), and

the longitudinal mode in the cavity is expressed as[13]

Vm =m ·
c

2neffL
, m = 1, 2, : : : , �1�

where L = L0 + L1 is the cavity length of the composite cavity
fiber laser, which consists of two segments, one of which is L0
from the gate area of the FBG to the OC, and the other is the
short arm length L1 of theMI, neff is the effective refractive index
of the fiber, c is the light velocity in vacuum, and m is the laser
mode number.
As shown in Fig. 2(b), the interference spectrum of the MI

causes the envelopemodulation of longitudinal mode frequency.
By the selection of the interference spectrum of the MI, only
those longitudinal modes that exceed the threshold value can
generate laser output, and the selected longitudinal modes are
shown in Fig. 2(c).
The BFS envelope generated by the composite cavity is

obtained from the mutual beat between the longitudinal modes
that exceed the threshold in Fig. 2(c), as shown in Fig. 3.

The BFS envelope peak is expressed as

Vq = q ·
c

2neffΔL
, q = 1, 2, : : : : �2�

When theMI arm length differenceΔL changes, the change of
BFS envelope interval Δf can be described as the following for-
mula:

Δf
f

=
δ�neffΔL�
neffΔL

, �3�

Δf = f ·
δ�neffΔL�
neffL

·
L
ΔL

: �4�

In Eq. (4), δ�neffΔL�=neffL is the relative change in the length
of the laser cavity, and Δf is the BFS envelope interval.
Compared with literature[20], there is more L=ΔL in the
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Fig. 1. Schematic diagram of the system. FBG, fiber Bragg grating; WDM,
wavelength division multiplexer; EDF, erbium-doped fiber; OC, optical coupler;
SMF, single-mode fiber; FRM, Faraday rotating mirror; ISO, fiber optical isolator;
PD, photo-detector; RFSA, radio-frequency spectrum analyzer.
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Fig. 2. Schematic view of the laser modes: (a) the cavity modes of the laser
cavity; (b) interference spectrum of the MI and overlap with the laser cavity
modes; (c) modes of the composite cavity.
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Fig. 3. BFS envelope generated by the composite cavity.
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equation because the system is a composite cavity structure. The
MI arm length difference changes, and, correspondingly, the
system resonant cavity will also change. In this way, the sensi-
tivity is increased by L=ΔL times. At the same time, it can be seen
in the following comparative experiments that under the same
conditions reducing the arm length difference of theMI will cor-
respondingly improve the sensitivity of the system.

3. Experimental Results and Analysis

The structure of this system is shown in Fig. 1. In the experi-
ments, the FBG has the reflectivity of 90%, Bragg wavelength
of 1549.83 nm, and 3 dB bandwidth of 0.077 nm. The end of
the FBG is knotted to reduce the influence of external light
on the system. The total cavity length of the laser resonator is
86 m, and the EDF is 6 m. The 980 nm pump source is launched
into the resonant cavity through theWDM. In addition, an opti-
cal isolator is connected after the output port of the OC to ensure
one-way transmission of the laser. The BFS, which is generated
by the MLM, is detected by a photo-detector (PD) and observed
by an RF spectrum analyzer.
As a comparison, the arm length difference ΔL of the MI was

set to 0.38 m and 0.28 m, respectively. The BFS envelope spec-
trum of this system in room condition is shown in Fig. 4, in the
spectral width range of 0–1.5 GHz. Among them, Fig. 4(a) shows
the BFS envelope spectrum when the arm length difference is
0.38 m, and the BFS envelope interval Δvq is about 272 MHz.
According to Eq. (2), the ΔL is 0.38 m, which is in good agree-
ment with the set arm length difference ΔL. Figure 4(b) shows
the BFS envelope spectrum when the arm length difference is
0.28 m, and the BFS envelope interval Δvq is about 367.5 MHz.
According to Eq. (2), theΔL is 0.28 m, which also coincides with
the set arm length difference ΔL.
The BFS envelope with the frequency of 1092MHz in Fig. 4(a)

and the BFS envelope with the frequency of 1106 MHz in
Fig. 4(b) are chosen as the observation objects. When the spec-
tral width is set to 60MHz, the composition of the BFS envelope
details corresponding to each is shown in Fig. 5.
As can be seen from Figs. 5(a) and 5(b), the longitudinal mode

spacings of the BFS envelope details are both 1.2 MHz. The dif-
ference is that Fig. 5(b) has a higher number of longitudinal

modes compared to Fig. 5(a). This is because the laser cavity
length of the system is unchanged, and only the arm length dif-
ference of MI is changed, so the shorter the arm length differ-
ence, the larger the number of longitudinal modes. In
addition, according to Eq. (1), the longitudinal mode spacing
corresponding resonator cavity length L is 86.2 m, which is basi-
cally consistent with the set system cavity length of 86 m.
As a sensing arm, SMF#1 was fixed in a thermostat, and the

sensing arm was the same for both sets of experiments, as shown
in Fig. 1. Except for the part exposed to the outside of the instru-
ment, about 69 m was heated in the experiment. The inner tem-
perature of the thermostat can be detected by a thermo-couple
with an accuracy of ±0.1°C. The thermal expansion of the fiber
leads to the lengthening of L1, resulting in a decrease in ΔL.
According to Eq. (4), the decrease in ΔL results in a large Δf ,
leading to the MLM resonance at a higher frequency. In other
words, as the temperature increases, the BFS envelope can be
observed to move to the right on the RF spectrum analyzer.
The shifts of the selected BFS envelope with temperature are

shown in Fig. 6. In particular, Fig. 6(a) displays the shift of the
BFS envelope detail near 1092MHz as the temperature increases
with 25°C intervals. It can be seen that the BFS envelope
increased from 1092.00 MHz to 1305.85 MHz as the tempera-
ture increased from 25°C to 150°C. Since there are a large num-
ber of longitudinal modes in the BFS envelope near 1106 MHz,
which are not easy to observe, the BFS envelope with a spectral
width of 300 MHz is selected for observation, as shown in
Fig. 6(b). The figure records the shift of the BFS envelope as
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Fig. 4. BFS envelope spectrum under different arm length differences: (a) the
BFS envelope when the ΔL is 0.38 m; (b) the BFS envelope when the ΔL is
0.28 m.
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Fig. 5. Details of the selected observation BFS envelope: (a) the BFS envelope
with center frequency of 1092 MHz; (b) the BFS envelope with center fre-
quency of 1106 MHz.
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Fig. 6. Shift of BFS envelope with increasing temperature: (a) the shift of the
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the temperature increases with 20°C intervals. It can be seen that
the BFS envelope increased from 1106.00 MHz to 1310.25 MHz
as the temperature increased from 30°C to 130°C.
The responses of the measured BFS envelope to the temper-

ature are shown in Fig. 7. In particular, Fig. 7(a) shows that the
frequency varies linearly with temperature from 25°C to 150°C.
The slope of the linear fitting is 1.68 MHz/°C at 1092 MHz, and
the fitting degree is 99.491%. Figure 7(b) shows that the fre-
quency varies linearly with temperature from 30°C to 130°C.
The slope of the linear fitting is 2.04 MHz/°C at 1106 MHz,
and the fitting degree is 99.369%.
In the experiment of the fiber ring laser sensor for tempera-

ture measurement by Yin et al.[21], the sensitivity of the BFS is
3.02 kHz/°C at 525.8 MHz and 8.48 kHz/°C at 1480.5 MHz after
heating about 16 m of SMF. The literature[9] proposed a
composite cavity structure that improves the sensitivity through
the Vernier effect, heating about 18m of SMF, and the sensitivity
of the BFS envelope is 176.67 kHz/°C at 436 MHz and
299.17 kHz/°C at 510 MHz. In our experiment, the MI structure
is used to form a composite cavity system. When the 69 m SMF
is heated, the sensitivity can reach 2.04MHz/°C at 1106MHz. As
a comparison, the sensitivity of this work has been greatly
improved.
In the experiment, the BFS envelope sensor signals are stable,

although they may be disturbed by the environmental perturba-
tions. Figure 8 shows a change in the BFS envelope of 1142MHz
over time. The BFS envelope is measured every 10 min for
50min at 50°C. The center frequency of the BFS envelope is basi-
cally stable and hardly changes.
Figure 9(a) shows that the sensor fiber is tested for temper-

ature drop, and the temperature is gradually decreased from
130°C to 30°C. The BFS envelope near 1106 MHz is recorded
every 20°C. It can be seen that the BFS decreases from
1309.50 MHz to 1106.25 MHz as the temperature decreases
100°C. Figure 9(b) shows the comparison of fitting curves of
temperature rises and drops, and their fitting degrees are
99.369% and 99.525%, respectively. Their sensitivities are
2.04 MHz/°C at 1106 MHz and 2.03 MHz/°C at 1106 MHz,
respectively. The two fitting curves are basically identical, which
further shows that the system has good stability and high
sensitivity.

4. Conclusions

In summary, an MI compound cavity fiber laser sensor with RF
detection has been proposed and demonstrated. In the system,
the BFS is generated byMLM in the laser cavity. Heating SMF#1
leads to a decrease in the arm length differenceΔL of MI and an
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Fig. 8. Stability of the BFS envelope under 50°C measured every 10 min for
50 min.
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increase in the BFS envelope spacing Δf . By measuring the shift
of the BFS envelope, the change in temperature can be readout.
The experiment results show that the sensitivity of the system
can reach 2.04 MHz/°C at 1106 MHz. This system uses a fiber
optical MI to form a laser composite cavity structure, which
greatly improves the sensitivity of fiber-optic sensing. RF detec-
tion is used to demodulate the MI sensor system. Compared
with traditional optical domain detection, this method does
not require expensive optical components and complex
demodulation techniques, which reduces the cost of the system
and improves the stability.
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