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Abstract—In this paper, low-frequency (<5 kHz) acoustic wave direction detection method based on Mach-Zehnder 
interferometer (MZI)is demonstrated. The sensor for direction detection is implemented with two fiber-coiled acoustic 
sensors including a sound absorption medium between them. The measured amplitude difference depending on the wave 
direction showed more than 20 dB over 3.5 to 4.5 kHz. 
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I. INTRODUCTION 
 
Recently, acoustic optics sensing has attracted much 
interest because such devices have good 
characteristics that are small, sensitive and accurate. 
Furthermore, acoustic sensing means have been 
recognized as very informative tools to analyze the 
movement of targets and changes of conditions of 
materials. In this sense, acoustic sensing, especially, 
using optical technology, has been expanding its 
application to various fields requiring sensitivity and 
accuracy, like bio medical and military [1]. Optical 
sensing has recently been known to be very powerful 
mean in enhancing sensing speed and durability of 
acoustic sensing.Especially, fiber-based optical 
sensing has strong advantagesin terms that it is 
inherently lightweight, compact, high sensitivity, large 
bandwidth, and ease in signal light transmission 
[2].Also, it is easy to construct sensor network 
covering a broad area.Fiber based optical sensing is 
mainly based on optical interferometers such as 
Fabry-Perot [3], Mach-Zehnder [4], Michelson [5] and 
Sagnac [6].Recently, the application of acousto-optic 
sensing has been expanded to the direction detection 
as well as positioning of acoustic wave. In this paper, 
we introduce a direction detection method implying an 
acoustic sensor inside Mach-Zehnder 
configuration.[7-8]. 
 
II. BACKGROUND 
 
The basic MZI structure is shown in Fig. 
1.Theintensity of the interfered signal of MZ 
interferometer 퐼 can be expressed as 
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Fig. 1. Schematic of the basic MZI structure. 

 
where 퐼  isthe light intensity of laser diode and 
∆∅(푡) is the phase difference between sensing arm 
and reference arm caused by pressure of acoustic 
wave. The phase of light wave ∅ can be calculated by 

 
where β  is the propagation constant and L  is the 
propagation length of light wave. As followed by the 
definition of propagation constant, amount of change 
in the propagation constant ∆β  which is caused by 
acoustic pressure is able to be defined as  

 
where 휆is the wavelength of light, 푤  is the angular 
frequency of acoustic wave, and ∆푛 is the refractive 
indexchange, which is able to be written as 

 
where푛 is the refractive index of material, 푝 is the 
photoelastictensor, and 휀  is the strain induced by the 
P  r  e  s  s  u  r  e  o  f 

 
Fig. 2. Conceptual diagram of relation between induced 

pressure and refractive index. 
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acoustic wave. Fig. 2 shows that the relation between 
pressure and refractive index. By using (3), the 
propagation constant of the sensing arm β(x, t) can be 
determined as 

 
 

 
 
As shown in Fig. 1, the acoustic wave is induced on 
just a part of sensing arm which has the length of 
퐿 .Let 퐿  is the rest part of the sensing armand the 
light wave propagates along the x-axis, the phase of 
the light wave can be calculated as 

 
 
By applying (7) to sensing and reference arm, ∆∅(푡) 
is given by 

 
 

 
 
where 퐿  is the length of sensing arm excluding the 
length of sensing part, c isthe speed of light, and ∅  is 
the initial phase difference of MZI. By substituting (8) 
to (1), 퐼  can be obtainedas 

 
 
 
In the general audible frequency range (< 20000 Hz), 

 converges to zero. So, ∆훾  converges to 
∆훽 퐿 . Therefore, (10) can be approximately 
rewritten as 
 

 
 
 
From the above, thefrequency component of acoustic 
wave can be determined by analyzing the interfered 
signal of MZI because the signal is modulated 
with 푤 . In the proposed structure, two MZ 
interferometers which share the same reference arm is 
used but the additional MZI just changes the 
amplitude coefficient of퐼 .Therefore, the frequency 
component of acoustic wave is able to be obtained by 
the same process with sufficient light wave intensity. 
 
III. EXPERIMENTAL SETUP 
 
The proposed structure is shown in Fig. 3. The 
structure is based on MZI which has two identical 
sensing parts and common Reference Arm. The 
optical signal generated from the laser diode (LD) 
split into two by a Coupler 1. The signals are 
differently used as sensing and reference signal. 

 
Fig. 3. Schematic diagram of the experimental setup. 

Fig. 4.  

 
Fig. 5. (a) Schematic and (b) picture of sensor structure with 

an acoustic absorber andtwo sensing parts consisting of coiled-
fiber and aluminium mandrel. 

 
The signal planned to propagate through the sensor is 
divided into two by Coupler 2 to drive the sensor 
consisting of two identical sensing parts. The 
reference signal propagating through Reference Arm 
is also split into two by Coupler 3 for interference. 
Each sensing part hasthe long length (10 m) of coiled 
single mode fiber (SMF) and is mounted on 
aluminum mandrel. Two sensing parts are put 
together with the acoustic absorber between them. 
The schematic and the fabricated sensor is shown in 
Fig. 4. Reference Arm is also made with the same 
length of SMF due tomakezero initial phase 
difference in MZI. The lightsignalpropagating 
through Sensing Part 1 and one of the reference 
signalsfrom Coupler 3 are combined at Coupler 4 for 
interference. In the same way, thelight signal 
propagating through Sensing Part 2 and the other 
reference signal are interfered at Coupler 5. Those 
interfered signals are detected at Photo Detector 1 and 
2 and are converted into the electrical signals. Then, 
the outputsare identically amplified by using 
electrical amplifiers and compared with each other 
after being transformed by using fast Fourier 
transform (FFT) method.  
 
IV. RESULTS AND DISCUSSION 
 
In order to measure sensing ability for direction 
detection under the existence of acoustic waves with 
various frequencies, three multi-tone frequencies were 
generated at 3.5, 4.0, and 4.5 kHz and placed at the 
same location. Then, the interfered signals were 
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electrically converted by using Photo Detector 1 and 2. 
Then, the output 1 and 2 were measured and 
compared with the spectrum analyzer asshown Fig. 5.  
Though the amplitude of tone signals were initially 
calibrated, the peaks of the tone signals showed some 
  

 
Fig. 6. Frequency spectra of theelectrical signals at 

photodetectors when acoustic wave was emitted (a) from top to 
Sensing Part 1 and (b) from bottom to Sensing Part 2. 

 
variation due to the environmental noises 
butdiscernible. Also, the difference in the outputs of 
PD 1 and 2 in both location cases, i.e., Fig. 5 (b) is 
the opposite case of Fig. 5 (a), maintained over the 
measuring time. The peaks beyond 5 kHz 
corresponds to the second and third harmonics of 
three tone signals depending between the directions 
investigated the response. Depending on the direction 
of the emitted acoustic wave, the sensing part facing 
the acoustic wave source was severely influenced by 
the stronger acoustic pressure than the other. In case 
that the acoustic wave is excited from top to Sensing 
Part 1,the amplitude differences between the signals 
detected at PD 1 and 2 were 37.51, 35.78, and 30.22 

dB at 3.5, 4.0, and 4.5 kHz, respectively.On the other 
hand, for the case of opposite direction, the 
differences appeared to be 38.56, 17.94, and 29.31 dB 
at the same frequencies, respectively. Frombottom to 
Sensing Part 2, the amplitude difference at 4.0 kHz 
was relatively small compared to the others due to the 
environmental noise. However, the result was good 
enough todistinguish amplitude difference around 4.0 
kHz.  
 
CONCLUSION 
 
A MZI consisting of coiled-fibers as sensing parts 
was demonstrated for direction detection and 
frequency estimation of the emitted acoustic wave. 
The power differencedepending on the direction in 
the frequency range (< 5 kHz) appeared to be >5 dB. 
The angular resolution of the proposed sensing 
system could be realized by constructing a multiple 
array of this sensor. 
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