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Abstract: A multi-longitudinal-mode fiber ring laser sensor is firstly proposed and experimentally 
demonstrated. Beat frequencies between any two longitudinal modes are used as sensing signal. The core 
component of the system is a multi-longitudinal-mode fiber ring cavity laser sensor based on beat frequency 
demodulation method. The theory of beat signal generation and strain measurement are discussed in detail. The 
beat frequency shift caused by the strain applied on the cavity is demodulated using spectrum analyze. 
Experimental results shown the strain accuracy of the laser sensor is 1.3 με and the resolution of the strain is 
1.6 kHz/με at measuring frequency of 2019 MHz. The noise effect of self-heating in the cavity is 
0.149 kHz/mW. The SNR of the sensor system is higher than 61 dB. The simple laser sensor has ultra-stable 
signal. The usage of only one fiber laser and one demodulation system makes the system simple, cost-effective 
and portable. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

In recent years, fiber laser sensors have been 
attracted more and more attention in high resolution 
sensing applications due to high signal-to-noise ratio 
(SNR) and narrow linewidth. The interferometric 
demodulation technology is a common method for 
monitoring measurand change. However, it needs 
complex demodulation devices for extracting the 
phase information [1] and decreasing the phase-
induced noise in an interferometer [2]. Someone used 
the beat frequency of two orthogonal modes of a 

short cavity fiber laser to monitor various measuring, 
including hydrostatic pressure [3], strain and 
temperature [4, 5], and load [6], etc. This technology 
has less noise source than traditional interferometric 
technology because the frequency of the laser is 
immune to disturbances such as the pump power, the 
polarization and the perturbation of environment. 
However, the high pump power is required for stable 
operation of two orthogonal polarization modes in the 
short line-cavity laser. In addition, although this kind 
of laser sensor exhibits low noise, the low conversion 
efficiency of the laser limits further improvement of 
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the SNR. Fortunately, a ring laser can offer higher 
conversion efficiency and higher SNR than short 
linear-cavity laser. 

In this letter, we report a multi-longitudinal mode 
fiber ring laser (MLMFRL) sensor for strain 
measurements which demodulates entirely in the 
radio frequency domain. The proposed simple laser 
sensor is constituted by erbium fiber ring cavity and a 
fiber Bragg grating reflector. The beat frequency 
sensing signal between any two modes can be 
measured directly by frequency spectrum analyzer 
(FSA). The MLMFRL has higher conversion and 
thus offer higher output. Therefore the laser sensor 
reduces the complexity and improves SNR of the 
sensor system. 
 
 
2. Principle and Experiment 
 

Fig. 1 shows the schematic configuration of the 
proposed MLMFRL sensor system. The ring 
resonator of MLMFRL was formed by a fiber sagnac 
ring, a fiber coupler and a fiber Bragg grating. A 
section of erbium fiber is inserted into the sagnac ring 
to offer enough gain. A 980 nm laser diode is 
launched into the FBG as pump source through the 
coupler. The laser light propagates in the cavity. 
When the reflectivity of the FBG is greater than 
90 %, the 90 % of the light is fed back in resonant 
cavity, where laser is generated. The rest laser is 
coupled out from the FBG. The other actions of FBG 
are mode selection and compress the bandwidth of 
laser. By the joint action of the FBG and ring cavity, 
the mode in the band of FBG can be oscillated; the 
other mode without the band of the FBG cannot be 
established due to excessive loss. The light 
containing sensing information is split into two 
beams by a 3 dB coupler, one of which is used to 
monitor wavelength and bandwidth of the laser by an 
optical spectrum analyzer (OSA) and the other 
detects the beat frequency of the laser sensor by FSA.  
 
 

 
 

WDM: wavelength division multiplexer; FBG: fiber Bragg grating. 
ISO: isolator, PIN, PIN diode detector. 

 
Fig. 1. Schematic diagram of the multi-longitudinal ring 

fiber laser. 
 
 

The operation wavelength of the MLMFRL 
sensor is a continuous discredited spectrum in 
bandwidth of fiber Bragg gratings. The resonant 

frequency ν is c/2nL, where c is the light velocity in 
vacuum, L is the total cavity length, and n is the 
effective refractive index of the fiber. When the 
bandwidth Δλ of the FBG is far greater than resonant 
frequency ν, many longitudinal modes with 
frequency spacing of ν can be established in the laser 
cavity. Provided that the central wavelength of the 
laser is fc, discredited wavelength should be fc+iν 
(i=1, 2, …, m), m is the max mode number of the 
laser. As shown in Fig. 2, The beat frequency 
between any two longitudinal modes of nν (n<m) can 
be generated by coherently mixing multi-mode light 
on the PIN detector. The same beat frequencies can 
be obtained between any two laser modes with the 
same frequency interval. 
 
 

 
 

Fig. 2. Beat frequency between any two modes. 
 
 

Beat frequency shift is a linear function of the 
strain applied on the cavity length, which can be 
expressed as  
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where Pe is the photoelastic constant, ε is the applied 
strain. n is difference of two modes. Eq. (1) shows 
that strain can be monitored by measuring the beat 
frequency of the any two wavelength laser.  
 
 
3. Experiment and Discussion 
 

The experiment setup of the proposed MLMFRL 
sensor system is shown in Fig. 3. The ring cavity was 
rolled between the two copper columns that were 
fixed on the stationary stage and a translation stage, 
respectively. When translation stage is moved, the 
longitudinal strain generated by uniformly stretching 
the ring laser cavity will cause the change of beat 
frequency. The bandwidth, reflectivity and the central 
wavelength of the FBG is about 0.23 nm, 95 %, and 
1549.623 nm, separately. A 10 Gb/s PIN detector is 
used to generate the electrical beat signal. The erbium 
fiber length with absorption 10 dB/m @1530 nm is 
1.02 m. The total cavity length of the laser is 3.94 m, 
corresponding to the resonance frequency of 
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26.24 MHz. The multi-mode laser can be established 
under pump power of 6 mW. When pump power is 
robust enough, a large number of beat sensing signals 
can be observed form 26.24 MHz to about 3.4 GHz. 
Under a pump power of 30 mW at 980 nm, part of 
beat frequency signals are shown in Fig. 4, from 
which we can see the SNR is higher than 61 dB. 
 
 

 
 

Fig. 3. Experiment setup of the MLMFRL sensor system. 
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Fig. 4. Part of the beat frequency of the laser sensor. 
 
 

In this experiment, the beat frequency of 
2019 MHz is used as measurement signal. Fig. 5 
shows experimental result that the beat frequency 
varies with the strain applied on the sensor. The 
experimental strain sensitivity is 1.6 kHz/με, which is 
in good agreement with the theoretical prediction of – 
1.58 kHz/με. A slight error may come form manual 
error.  

Self-heating of the erbium fiber cavity under the 
980 nm pump is a potential noise source. The beat 
frequency depends on the actual thermal properties of 
the fiber ring laser. Fig. 6 shows the relation between 
beat frequency and pump power. Linear fitting to the 
data obtains the beat frequency increased by 
0.149 kHz/mW. This value is less than a short line-
cavity laser sensor of Ref. [7]. In this experiment, the 
fluctuation of the pump power is less than 50 μW by 
using auto power control circuit (APC). Thus the 
impact of noise of Self-heating can be reduced to be 
negligible. The varying of the beat frequency is about 
±1.9 kHz within 180 minutes. The frequency noises 
may come from the self-oscillation of the laser. The 
achieved accuracy of strain was higher than 1.3 με. 
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Fig. 5. Response of the beat frequencies to the strains  
of the sensor. 
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Fig. 6. Relation between the beat frequencies  
and the pump power. 

 
 

4. Conclusion 
 

We propose a MLMFRL sensor system with 
ultra-high stability and low threshold. A fiber ring 
cavity is formed by a FBG reflector, optical coupler 
and a sagnac ring with a section of erbium fiber. 
Strain applied on MLMFRL sensor can be 
determined by directly measuring the beat frequency 
between any two longitudinal modes. The 
experimental result demonstrates a good linear 
response between beat frequency and strain. The 
strain accuracy of the laser sensor is 1.3 με and the 
resolution of the strain is 1.6 kHz/με at measuring 
frequency of 2019 MHz. The noise effect of self-
heating in the cavity is 0.149 kHz/mW. The SNR of 
the sensor system is higher than 61 dB. This 
approach could potentially meet applications required 
a high SNR, low-cost and simply sensor.  
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