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 

Abstract—In this paper, the influences of the relative intensity 

noise (RIN), in particular the relaxation oscillation noise, of an 

erbium distributed feedback (DFB) fibre laser has been 

investigated theoretically and experimentally for use a 

polarimetric ultrasonic sensor. We show that the relaxation 

oscillation noise and the ultrasonic signal both induce modulation 

sidebands on the polarization beat frequency of the DFB laser 

ultrasonic sensor. We present a novel demodulation algorithm for 

the polarimetric DFB fibre laser ultrasonic sensor, which can 

effectively eliminate the influences of the intensity noise and 

slowly varying drift of the polarization beat frequency. 

 
Index Terms — ultrasonic sensor; fibre laser; intensity noise 

 

I. INTRODUCTION 

PTICAL fibre lasers based on fibre Bragg grating structures 

have been investigated for high-performance optical 

sensing applications due to their narrow frequency linewidth 

and noise properties [1], [2]. To achieve high-sensitivity 

sensors, small changes in the laser frequency are measured, 

typically using path imbalanced interferometers. Polarimetric 

optical fibre Bragg grating (FBG) laser sensors obviate the need 

for large path imbalanced interferometers by heterodyning two 

orthogonal polarization lasing modes, with slightly different 

lasing frequencies, to produce a lower frequency polarization 

beat frequency [3], [4]. This work utilized distributed feedback 

(DFB) structures which contain a -phase-shifted FBG; 

however single-longitudinal mode and single-polarization 

mode distributed Bragg reflector (DBR) structure were also 

demonstrated [5]. Recently heterodyning DBR fibre grating 

laser sensors, with outstanding characteristics of high 

sensitivity, compact size and broad bandwidth, have been 

investigated for a range of measurands and applications [6]. In 
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particular, acoustic and ultrasonic fibre laser sensors have 

attracted considerable interest due to promising applications in 

biomedical photoacoustic imaging [7]–[13]. The laser’s 

polarization beat frequency changes when the laser cavity is 

subjected to an ultrasonic acoustic field, owing to the variation 

of the fiber birefringence. The response of the polarimetric 

heterodyning ultrasonic laser sensor does not depend on 

whether the laser has a DBR or a DFB structure, but the 

frequency response depends on the composition and geometry 

of the optical fibre and coating [14]. The key requirement for 

the laser sensor is controlled fabrication of grating structures 

allowing dual-polarization stable single-longitudinal mode 

lasing output. 

Fundamental characteristics of the polarimetric heterodyning 

fibre grating laser ultrasonic sensor, such as sensitivity, linear 

responses, bandwidth and so on, have been studied previously 

[7] – [13]. Intensity and frequency noise in fibre laser structures 

has been extensively investigated [2], [15]–[19]. The relaxation 

oscillation contributes to a noise peak in both the relative 

intensity noise (RIN) and the frequency noise of the fibre 

grating laser. Depending on the amplitude and frequency of this 

noise peak, the performance of the laser sensor can be adversely 

affected. The influence of the relaxation oscillation noise on 

polarimetric fibre laser sensors has not been investigated 

previously. Prior work has demonstrated the polarization beat 

frequency spectrum for both DFB [20] and DBR fibre lasers [6] 

[7], [21]–[23]; however, this does not show any influence of 

noise on the polarization beat frequency from the relaxation 

oscillation.  

In this paper, the influences of the RIN on the performance of 

a polarimetric fibre laser ultrasonic sensor based on a DFB 

grating structure have been investigated theoretically and 

experimentally. We observe modulation sidebands on the 

polarization beat frequency and a novel demodulation 

algorithm of the DFB fibre ultrasonic sensor that eliminates the 

influence of the noise is presented. The result could also be 

applied in the DBR fiber laser based polarimetric heterodyning 

ultrasonic sensor. 

II. THEORY 

A. Sensing principle 

Figure. 1 shows the configuration of the DFB fibre laser. It 

consists of a periodic refractive index grating (written directly 
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into a rare earth doped fibre) with a -phase-shift in the center. 

The DFB fibre laser can offer stable single longitudinal lasing 

mode operation without mode hopping in principle. Typically, 

two orthogonal polarization modes lase within a DFB fibre 

laser due to the intrinsic and UV induced birefringence of the 

fibre. The wavelengths of the two orthogonal polarization 

modes of a DFB fibre laser can be expressed by 

 

2
x y x y

n
, ,

    (1) 

 

where x,y are the wavelengths of the two orthogonal 

polarization modes, nx,y are the effective refractive indices of 

the fibre, and 𝛬  is the grating pitch. Consequently, a 

polarization beat signal can be observed when the two 

orthogonal polarization modes are optically mixed. For a low 

birefringent fibre with nx≈ny≈n the beat frequency is given by 

 

 2ν B 2c n    (2) 

 

where 𝐵 = |𝑛𝑥 − 𝑛𝑦| is the birefringence and c is the 

velocity of light in vacuum. 

 
Fig. 1. Schematic of the DFB fibre Laser Structure. 

 

The general sensing principle has been reported previously 

[7]. When the DFB fibre laser is subjected into an ultrasonic 

acoustic field, the ultrasonic acoustic pressure modulates the 

fibre birefringence due to the different refractive index changes 

along and perpendicular to the propagation direction of the 

ultrasonic wave, and consequently the beat frequency of the 

two orthogonal polarization modes changes. The induced 

change in birefringence of the fibre can be expressed by [24] 

 

   2B kpcos t cos    (3) 

 

where k is a coefficient depending on the ultrasonic frequency, 

the photo-elastic coefficient and refractive index of the fibre. p 

and  are the amplitude and angular frequency of the acoustic 

pressure, respectively.  is the angle between the polarization 

axis of the fibre and the propagation direction of the ultrasonic 

wave.  

The DFB fibre laser has a typical length of 3-5 cm [10]. 

However, the DFB fibre laser mode profile is Lorentzian 

centered about the -phase-shift; thus the effective sensitive 

region is about 5-10 mm [11]. Therefore, we must consider a 

position coefficient I(x) in Eq. (3), which depends on the laser 

mode intensity distribution along the laser. Furthermore, the 

ultrasonic pressure p along the laser is also not uniform. 

Assuming the DFB fibre laser is parallel to the acoustic wave 

front, the induced beat frequency change is given by 

 
0δ ν ν 2

L

k I x pdx
tcos

BL
cos   

  (4) 

 

Where L is the length of the DFB fibre laser. Therefore, the 

output of the DFB sensor is the line integral of the laser 

intensity as well as the ultrasonic pressure amplitude along the 

laser. 

 

B. Beat signal 

The two orthogonal polarization modes of the DFB fibre 

laser can be expressed by 

 

 cos
x y x y x y x y

E A t
, , , ,

    (5) 

 

where Ax,y x,y and x,y are the amplitude, angular frequency 

and phase of the two orthogonal polarization modes, 

respectively. Then the intensity I of the corresponding beat 

frequency received by the high speed photodetector can be 

expressed as 

 

    
2

2 1 cos
x y

I E E A t         (6) 

 

where A=Ax≈Ay, ∆ and ∆ are respectively the beat 

angular frequency and the phase difference of the two 

orthogonal polarization modes, and the latter of which (∆ ) 

can be treated as constant. Through the analysis above, we 

understand that the ultrasound induces a frequency modulation 

(FM) of the beat frequency. Therefore, the output intensity of 

the DFB fibre laser ultrasonic sensor, which is subjected to an 

acoustic field, can be given as 

 

   2 1 cos
F

I A t K m t dt        (7) 

 

where m(t) is the ultrasonic modulation signal, 

 
 

0ν 2

L

F

k I x dx
K cos

BL
 

  is defined as the frequency 

modulation sensitivity. It should be noted that, KF can also be 

treated as the total sensitivity, although the sensitivity of DFB 

fibre laser sensor varies along the laser cavity. 

Assuming the input ultrasonic signal is of a simple sinusoidal 

form, 

 

  s
m t Ccos t  (8) 

 

where C and s are the amplitude and angular frequency of 

the ultrasonic signal applied to the sensor. As a note, the 

acoustic pressure along the fibre laser is not uniform in most 

practical situations. We treat it as a constant here in order to 
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simplify the analysis. Substituting Eq. (8) into Eq. (7), the 

output of the DFB laser can be written as 

 

   2 2 f s
jm sin tj t

f s
I A t m sin t Re A e ecos

  
     (9) 

f F s
m CK   (10) 

 

where mf is defined as the FM index. For simplicity, we 

ignore the DC term A2 and the phase term △ in Eq. (9). 

Expending f sjm sin t
e


 using Bessel functions, the Eq. (9) can be 

rewritten as 

 

𝐼 = Re (𝐴2𝑒𝑗∆𝜔𝑡 ∑ 𝐽𝑛(𝑚𝑓)𝑒𝑗𝑛𝜔𝑠𝑡

∞

𝑛=−∞

) 

= 𝐴2 ∑ 𝐽𝑛(𝑚𝑓) cos(∆𝜔 + 𝑛𝜔𝑠)𝑡

∞

𝑛=−∞

 

= 𝐴2{𝐽0(𝑚𝑓) cos ∆𝜔𝑡 + 𝐽1(𝑚𝑓) cos(∆𝜔 + 𝜔𝑠)𝑡 −

 𝐽1(𝑚𝑓) cos(∆𝜔 − 𝜔𝑠)𝑡 +  𝐽2(𝑚𝑓) cos(∆𝜔 + 2𝜔𝑠)𝑡 −

 𝐽2(𝑚𝑓) cos(∆𝜔 − 2𝜔𝑠)𝑡 +  ⋯}  

 

(11) 

where Jn(mf) is a Bessel function of the first kind with 

argument, n is an integer. 

Eq. (11) indicates that the output of the DFB fibre laser 

contains beat frequency and infinite pairs of sidebands. The 

frequency spacing of each adjacent frequency component is s, 

which is the angular frequency of the ultrasonic signal. 

Therefore, the frequency of the ultrasonic signal could be 

determined by measuring the frequency shift of the upper or 

lower sidebands of the beat signal with a high speed 

photodetector and RF spectrum analyzer. The amplitudes of the 

beat frequency and sidebands are determined by the 

corresponding value of Bessel function, which varies with the 

change of mf . 

 
Fig. 2 Bessel functions of the first order versus mf . 

 

Figure. 2 shows the curves of the n-order Bessel functions of 

the first kind as a function of mf . In consideration of mf , it is 

reasonable to consider mf  as only determined by the amplitude 

of the applied ultrasonic signal C, because the sensitivity of the 

DFB fibre laser and the frequency of ultrasonic signal are fixed 

in practical applications. Through a comparative analysis 

between Eq. (10) and Fig. 2, it is evident that, more and more 

high order sidebands appeared as the amplitude of the 

ultrasonic signal increase, as evident in previous work [7]. 

We should also notice that, the amplitude of the ultrasonic 

signal cannot be determined simply by measuring the 

amplitude of the first-order sidebands of the beat signal, as the 

amplitudes of the sidebands do not show a linear dependence 

with the ultrasonic signal amplitude. Fortunately, when the 

value of mf is small, the curve of the first-order Bessel function 

can be approximated as linear. Figure. 3 shows the first-order 

Bessel function and a linear fit (mf <0.1). The numerical 

deviation of the two curves is larger than 5% when the value of 

mf exceeds 0.6. Therefore, the amplitude of first-order 

sidebands can be used to determine the amplitude of the 

ultrasonic signal only when the value of mf  is smaller than 0.6. 

Assuming the sensitivity of the DFB fibre laser ultrasonic 

sensor is 1 kHz/Pa. If the frequency of signal is 10 MHz, the 

amplitude of first-order sidebands changes linearly only when 

the amplitude of signal is smaller than 6000 Pa. If the frequency 

of signal is 100 kHz, the amplitude of first-order sidebands 

changes linearly only when the amplitude of signal is smaller 

than 60 Pa. 

 
Fig. 3 The primal first-order Bessel function and a linear fit  mf <0.1.  

 

C. Effects of the fibre laser intensity noise 

The influences of RIN, in particular the relaxation oscillation 

noise, on the DFB fibre laser ultrasonic sensor must be 

considered in some practical applications. 

The relaxation oscillation noise can potentially affect the 

polarization beat frequency through two mechanisms. The 

relaxation oscillation gives rise to an in-phase intensity 

modulation on each orthogonal polarization mode. This 

intensity modulation gives rise to a sum and difference 

frequency shift of the polarization beat frequency through 

heterodyning the two modes and has been observed in a 

Nd:YAG microchip laser [25]. A second mechanism is through 

direct frequency modulation of the laser modes due to small 

perturbations of the mode’s effective refractive indices. The 

relaxation oscillation leads to intensity variation due to changes 

in gain and pump absorption, which comes from changes in the 

energy level populations of the gain medium [15]. This results 

in small perturbations of the optical fibre’s temperature due to 

self-heating and a corresponding change in refractive index 

through the thermo-optic effect. In addition, changes in 
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absorption modify the refractive index through the 

Kramers-Kronig relations. However, in our consideration the 

magnitude of this is negligible compared to the other effects.  

Based on the analysis of the Nd:YAG microchip laser [25], 

we treated the intensity noise of the DFB fibre laser as a single 

frequency signal. The total intensity noise can be treated as the 

superposition of multiple single noise signals. The two 

orthogonal polarization modes of the DFB fibre laser can by 

expressed by 

 

   1 cos cos
x y n n x y x y

E A k t t
, , ,

      (12) 

 

where kn (kn << 1) and s are amplitude and angular 

frequency of the intensity noise signal. Inserting Eq. (12) into 

Eq. (6), the intensity of the beat signal received by 

photodetector can be rewritten as 

 

 

 

  

2
1 2 cosω

n n

n n

n n

I A k t

k cos t

k cos t

cos  

  

  

     

   

    

   

  

 (13) 

 

where we have ignored the high frequency parts of 2x, 2y  

andx+y, and the higher order terms of kn are also neglected. 

Equation. (13) indicates that, the beat signal of the two 

orthogonal polarization modes includes four frequency 

components: intensity noise frequency (n), beat frequency 

(∆) and a pair of sidebands of the beat frequency (∆n, 

∆n). It should be noted that the pair of sidebands is caused 

by intensity noise rather than ultrasonic signals. 

The output of the DFB laser including the ultrasonic signal 

and the laser intensity noise can be obtained by inserting Eq. 

(12) into Eq. (9). 

1 2
I I I   (14) 

   

     

   

   

   
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1

0 1

12

2

2

 

A
2

2
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n
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f s

f s

f s

I A J m n t

J m cos t J m t

J m t

J m t

J m t

cos

cos

cos

cos

cos

 

  

 

 

 





  

    
 
    
 
   
 
 

    



(15) 

 

The expression of Eq. (15) as well as the physical 

explanation of I1 is the same with Eq. (11). It indicates that the 

DFB fibre laser output contains beat frequency and infinite 

pairs of sidebands. The frequency spacing of each adjacent 

frequency component is s. The amplitudes of the beat 

frequency and sidebands are determined by the corresponding 

value of Bessel function, which varies with the change of mf . 

   

   

   

   

   

   

   

2

2

0

0

12

1

1

1

2

  A

n n f n s

n

f n

f n

f s n

n

f s n

f s n

f s n

I k A J m cos t n t

J m cos t

J m cos t

J m t
k

J m t

J m t

J m t

cos

cos

cos

cos

cos
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 

 
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  
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



   
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 
  
 
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 

  
    

 
   

 
      



 (16) 

 

Equation. (16), the expression of I2 indicates that the 

intensity noise signal will induce sidebands of each frequency 

component of I1. And the amplitudes of these sidebands are 

determined by the products of kn, A2 and the corresponding 

value of Bessel function Jn(mf). In most cases, these sidebands 

cannot be observed because kn<<1 and the value of the 

corresponding Bessel functions is also small. However, it 

cannot be ignored with the increasing of Jn(mf). 

III. DEMODULATION ALGORITHM 

The above analysis concludes that the ultrasonic signal 

cannot be simply determined by measuring the frequency shift 

and the amplitude of the sidebands to the beat signal. The 

intensity noise of the DFB fibre laser will also induce sidebands 

of the beat signal. In some practical applications, we wish to 

record the in situ time domain waveforms of the ultrasonic 

signals. Therefore, it is necessary to investigate demodulation 

methods for the ultrasonic sensor based on the DFB fibre laser. 

The arc-tangent algorithm, which is also called the I/Q 

quadrature algorithm, has been used to demodulate ultrasonic 

signals in DBR fibre laser sensor systems [11], [12]. The flow 

diagram of the arc-tangent demodulation algorithm is shown in 

Fig. 4. The frequency modulated signal is mixed with two low 

noise quadrature local carriers.  

The two local carriers have an identical frequency very close 

to that of the beat frequency and have a 90-degree phase offset. 

After this quadrature down conversion, two baseband signals 

I(t) (In-phase) and Q(t) (quadrature) are used to depict the 

modulated signal. The phase information can be extracted via 

ϕ(t) = arctan(Q(t))⁄(I(t)). The frequency variation of the beat 

signal can be subsequently recovered by taking the derivative 

of the phase data.  

Theoretically, in order to get the modulated signal without 

distortion, the frequency of the local carrier and the beat 

frequency must be strictly equal. However, a stable beat 

frequency of the fibre laser is difficult to achieve in practical 

applications. Small environmental perturbations, especially 

from temperature, will cause the laser beat frequency to drift. 

Therefore, the arc-tangent algorithm is unsuitable for practical 

fibre laser sensor systems unless we can implement real-time 

feedback of the beat signal frequency to the demodulation 

system. For a high frequency beat signal (several hundred MHz 

to GHz), it is unrealistic to instantaneously measure the 
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frequency with high accuracy. 

Therefore, we propose a novel demodulation algorithm, 

which can effectively eliminate the influences of the beat 

frequency shift and the unwanted influence of the relaxation 

oscillation noise. 

A. Improved I/Q Quadrature Demodulation Algorithm 

Through the theoretical analysis, we understand that the 

sensing principle of the DFB fibre laser ultrasonic sensor is 

based on the ultrasound induced FM of the fibre laser beat 

frequency. Considering the intensity noise of the DFB fibre 

laser, Eq. (7) can be expressed as 

 

       1 cos
F

S t a t t K m t dt        (17) 

 

where a(t) is the amplitude of the sensor output by 

considering the intensity noise of the DFB fibre laser. 

Multiplying Eq. (17) with two low noise quadrature local 

carriers cos(∆t) and sin(∆t). 

 

         

   
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1
2

2

I

F

F

S t S t t a t t

a t t K m t dt

cos K m t dt

cos cos

cos

 

 



    

    

 

 
 

 
 





 (18) 

 

         

   
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1
2

2

Q

F

F

S t S t t a t t

a t t K m t dt

sin K m t dt

sin sin

sin

 

 



    

   

  

 
 

 
 





 (19) 

 

Where the two local carriers have an identical frequency with 

the beating signal of DFB fibre laser sensor and have a 

90-degree phase offset. Passing SI(t) and SQ(t) through low-pass 

filters, we get the following equations 

 

     
1

2
F

I t a t cos K m t dt    
   (20) 

     
1

sin
2

F
Q t a t K m t dt    

   (21) 

 

By taking the derivative of I(t) and Q(t), we have the 

following expressions 

 

     

      

1

2
F

F F

I t a t cos K m t dt

a t K m t sin K m t dt

' ' 


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 

 
 

 
 





 (22) 

     

      

1
sin

2
F

F F

Q t a t K m t dt

a t K m t cos K m t dt

' ' 



   

 

 
 

 
 





 (23) 

 

 

 

Then we can get the ultrasonic signal which is detected by 

DFB fibre laser sensor by using the following formula. 

 

   
       

   2 2F

I t Q t I t Q t
M t K m t

I t Q t

' '


 


 (24) 

 

Where M(t) is the final signal detected by DFB fibre laser 

sensor, m(t) is the applied ultrasonic signal, KF is the sensitivity 

of the DFB fibre laser ultrasonic sensor.  

It can be seen from the analysis above; the I/Q demodulation 

algorithm can eliminate the influence of the laser intensity 

noise completely in the time domain. Figure. 5 shows the flow 

diagram of the I/Q quadrature demodulation algorithm. 

 

 
Fig. 4 Flow diagram of the arc-tangent demodulation algorithm 
 

 
Fig. 5 Flow diagram of the improved I/Q quadrature demodulation algorithm 

 

B. Local carrier 

The kernel of the improved I/Q demodulation algorithm is 

mixing the frequency-modulated signal with two local carriers. 

The two local carriers have the same frequency with the beating 

signal. In practical applications, environmental perturbations, 

such as temperature, can cause drift of the polarization beat 

frequency. Therefore, it is impossible for us to keep the 

frequency of two local carriers strictly equal to the beat 

frequency. Assuming the frequency deviation of the local 

carrier with the beat frequency is . Then Eqs. (20) to (23) can 

be rewritten as 

 

     
1

2
F

I t a t cos K m t dt t     
   (25) 

     
1

sin
2

F
Q t a t K m t dt t     

   (26) 

     

      

1

2
F

F F

I t a t cos K m t dt t

a t K m t sin K m t dt t

' '

 

 

  

    

   

 
 

     





(27) 
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     

      

1
sin

2
F

F F

Q t a t K m t dt t

a t K m t cos K m t dt t

' '

 

 

  

    

   

 
 

     





(28) 

Then we can get 

 

       
   

   

2 2

F

I t Q t I t Q t

I t Q t

K m t M t

' '

 





   

 (29) 

 

Therefore, we can get M(t) by filtering the DC component 

. The improved I/Q demodulation algorithm can overcome 

the effect of the frequency drift of the local carrier. 

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 

The experimental setup is shown in Fig. 6. The DFB fibre 

laser is 45 mm long and inscribed in Corning LVMX-1 erbium 

doped fibre using a 244 nm argon-ion laser. It was pumped by a 

980 nm laser diode through a 980/1550 nm wavelength division 

multiplexer (WDM). An optical isolator was placed at the laser 

output to eliminate unwanted reflections. A polarizer and a 

polarization controller were used to maximize the beat signal. 

The laser output was injected into a high speed (3 GHz) 

photodetector (LBR-10M3G-10-15-10) and the beat signal was 

detected by an electrical spectrum analyzer or a demodulation 

system, which consists of a high-speed acquisition card and a 

PC. 

 
Fig. 6 Schematic diagram of the experimental setup. 

 

In the experiments, the DFB fibre laser ultrasonic sensor was 

positioned in the far field of the ultrasonic transducer in a water 

tank. The periodic voltage waveform, which is supplied by an 

arbitrary signal generator and amplified by a power amplifier, 

was used to drive different plane ultrasonic transducers to 

generate ultrasound in the water. A mass was clamped at the 

end of the DFB fibre laser to keep the fibre straight. 

A. Beat signal 

In the first step, the high-speed photodetector was connected 

to a high-speed acquisition card. Figure. 7 shows the beat signal 

spectra of the DFB fibre laser, with no ultrasonic excitation, at 

different driving currents of the 980 nm pump laser. The 

frequency of the beat signal is about 182 MHz, and drift in the 

beat frequency due to environmental perturbations was 

observed. Unlike previous reports using DBR fibre lasers in 

Refs [7], [21]-[23], a pair of sidebands can be observed near the 

beat frequency.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Beat signal spectra of the DFB fibre laser at different driving currents of 

the 980nm pump laser. (a) 50 mA. (b) 100 mA. (c) 150 mA. 

 

To confirm the modulation sidebands are due to the 

relaxation oscillation intensity noise [25], the laser pump power 

was increased and the frequency difference of the sidebands to 

the beat frequency showed a direct correlation with the 

relaxation oscillation RIN peak. The RIN of the DFB fibre laser 

with different driving currents was measured and shown in Fig. 

8. The relaxation oscillation frequencies of the DFB fibre laser 

were 103 kHz, 169 kHz and 218 kHz under driving currents of 

50 mA, 100 mA and 150 mA (corresponding to pump powers 

of 16 mW, 40 mW and 64 mW, respectively). The 

measurement results agree well with those in Fig. 7. It is 

interesting to note that the relaxation oscillation induced 

sidebands have not been reported in polarimetric sensors based 

on DBR lasers to the best of our knowledge. Whereas this is a 

potential limitation of the DFB laser structure; however, the 
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RIN relaxation oscillation noise peak can be reduced by 

increasing the grating coupling coefficient [2] or by applying 

electronic feedback to the pump laser [17]. 

 

 
 

Fig. 8 The relative intensity noise of the DFB fibre laser at different driving 

currents of the 980 nm pump laser. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 9 Beat signal spectra of the DFB fibre laser as the acoustic transducer was 

driven with 2.25 MHz continuous signal at different voltages. (a) No driving 
voltage. (b) 2.3 V driving voltage. (c) 18.4 V driving voltage. 

B. Continuous ultrasonic signal 

A plane ultrasonic transducer with center frequency of 

2.25 MHz was driven in continuous mode. The high-speed 

photodetector was connected to an electrical spectrum analyzer. 

Figure. 9 shows the beat signal spectrum recorded by the 

spectrum analyzer when the ultrasonic transducer was driven at 

2.25 MHz with different driving voltages. As expected, the beat 

signal was frequency modulated by the ultrasonic signal and 

sidebands appeared when the DFB fibre laser was subjected to 

the ultrasound signal; the sideband signal increased with the 

amplitude of the ultrasound. From Fig. 9, one can also find that 

the sidebands induced by the intensity noise (relaxation 

oscillation noise) of the DFB fibre laser always existed near the 

beat frequency, and also appeared near the ultrasonic sideband 

signal with increasing driving voltage. This phenomenon can 

be explained by Eqs. (13), (15) and (16). 

C. Ultrasonic Signals Demodulation 

To get the real-time waveforms of the ultrasonic signals, the 

beat signal was injected into a high-speed photodetector and 

recorded by using a high-speed acquisition card. Then, the 

ultrasonic signal was demodulated in software. The frequency 

and amplitude of the local carrier was 182 MHz and 1, 

respectively. Two 8th order low-pass digital Butterworth filter 

with cut-off frequency of 50 MHz were used to filter out the 

second-order beat frequency. The low frequency signal below 

10 kHz of the demodulated signal was filtered by using a 5th 

order high pass digital filter.  

 
(a) 

 
(b) 

Fig. 10 Six-cycle burst signal detected by DFB fibre laser ultrasonic sensor 
comparing with original waveform generated by signal generator at different 

frequencies. (a) 2.25 MHz. (b) 10 MHz. 
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Six-cycle burst signals at frequencies of 2.25 MHz and 10 

MHz, and a continuous harmonic signal at frequency of 2.25 

MHz were used to drive different transducers to generate 

ultrasound in the water. 

 

 
(a) 

 
(b) 

Fig. 11 Continuous harmonic signal detected by DFB fibre laser ultrasonic 

sensor. (a) Time domain. (b) Frequency domain.  

 

Figure. 10 shows the output signals of the DFB fibre laser 

ultrasonic sensor (red line - pump current laser of 100 mA, blue 

dash line - pump laser current of 150 mA) at 2.25 MHz and 10 

MHz. The original waveforms (black dash line) of the signal 

generator output, which are monitored by an oscilloscope, are 

superimposed for comparison. It should be noted that, the time 

axis of original waveforms in Fig. 10 has been shifted in order 

to get a better comparison with the output waveforms detected 

by the DFB fibre laser sensor. The exact starting time of the 

original waveforms is zero. The magnitudes of the measured 

responses at 2.25 MHz and 10 MHz vary due to the optical 

fibre’s frequency response to ultrasound [14]. The detected 

ultrasonic waveform is in good agreement with the original 

input waveform, but shows some oscillations in tail position 

possibly due to the effect of the fibre coating. It is clear that, the 

DFB fibre laser sensor provides ideal waveform of ultrasound 

with high signal quality, and the improved I/Q quadrature 

demodulation method can demodulate the ultrasonic signal 

with high fidelity. Figure. 10(a) also shows the demodulated 

signals when the fibre laser was under different pump driving 

currents. This measurement result shows that the improved I/Q 

demodulation algorithm is robust against changes of pump 

power and corresponding changes of laser intensity. 

Figure. 11 shows the continuous harmonic signal and the 

corresponding spectrum detected by DFB fibre laser ultrasonic 

sensor. From the experimental results, one can find that the 

improved I/Q demodulation algorithm can effectively eliminate 

the intensity noise of the fibre laser. 

V. CONCLUSION 

In this paper, the influences of the DFB fibre laser intensity 

noise on the polarimetric DFB fibre laser ultrasonic sensor have 

been studied systematically. The theoretical analysis predicts 

that the intensity noise of the DFB fibre laser and the ultrasonic 

signal will both induce sidebands in the beat signal of the DFB 

ultrasonic sensor. In comparison to previously reported work 

using DBR lasers, we show that with increasing amplitude of 

the ultrasonic signal, sidebands induced by the relaxation 

oscillation intensity noise also appear centered around the 

ultrasonic signal sidebands. The experimental results are in 

good accordance with theoretical analysis. In most cases, the 

beat signal of the DFB fibre laser can be treated as a small FM 

modulated signal, and the first order sidebands follow an 

approximate linear relationship with the applied ultrasonic 

signal in amplitude. In addition, a novel demodulation 

algorithm of the DFB fibre ultrasonic sensor is also 

investigated. The improved demodulation approach eliminates 

the effect of intensity noise on the DFB fibre laser and is robust 

against frequency drift of the local carrier. 
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