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Abstract—We propose a configuration of optical heterodyne 
micro-vibration detection based on an all-fiber acousto-optic 
superlattice modulation structure that acts as both frequency 
shifter and reflector, simultaneously. The vibration information 
within the frequency range between 1 Hz to 150 kHz of a 
piezoelectric mirror (PZM) has been experimentally measured by 
using this all-fiber optical heterodyne detection configuration. 
The minimal measurable vibration amplitude and the resolution 
are around 0.013 nm and 10 pm in the region of tens to hundreds 
of kilohertz, respectively. The configuration not only has 
advantages of compact size, easy alignment and non-contact 
measurement, but also gains high accuracy, which provides a 
promising alternative and could be applied in the compact and 
portable instruments based on optical heterodyne detection. 
 

Index Terms—optical heterodyne detection, acousto-optic 
superlattice modulation, acousto-optic frequency shifter, 
micro-vibration. 
 

I. INTRODUCTION 

PTICAL heterodyne detection is one of the main methods of 
optical coherent detection. Due to its advantages in high 

sensitivity, accuracy and stronger anti-interference ability, optical 
heterodyne detection has been widely used in fields of linewidth 
measurement for the ultra-narrow linewidth laser [1], detection of the  
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nanoparticles [2], measurement for material’s thermal conductivity [3], 
micro/nano structure imaging [4], etc. Furthermore, it is worth noting 
that optical heterodyne detection also has a wide application in the 
micro-vibration sensing, such as precision mechanism monitoring [5], 
hydrophone [6], etc. 

The key part of an optical heterodyne detection configuration is a 
frequency shifter to generate a frequency-shifted light and then form a 
carrier signal with high signal-to-noise ratio (SNR). To date, many 
optical elements, such as bulk-optic Bragg cells and integrated optical 
waveguides [7-10], have been used as frequency shifters. However, 
these optical elements need precise optical alignment. An all-fiber 
frequency shifter can avoid such difficulty naturally. Note that the first 
all-fiber acousto-optic frequency shifter was constructed by using a 
dynamic grating introduced by the acoustic flexural wave in a 
two-mode fiber (TMF) in 1986 [11, 12], and has been used to 
construct fiber-optic Fabry-Perot interferometers [13]. In 2015, we 
have also constructed an all-fiber optical heterodyne detection 
configuration based on an all-fiber acousto-optic structure [14], which 
acted as both the frequency shifter and the coupler at the same time. 
This configuration has high measurement accuracy and adjustable 
SNR in measurement of actual objects. However, the separation of the 
frequency-shifted light needed the use of the evanescent wave 
coupling technique, leading to decrease stability of the device. 

In this paper, we propose and demonstrate an all-fiber optical 
heterodyne configuration based on an all-fiber acousto-optic 
superlattice modulation (AOSLM) structure for micro-vibration 
detection. The AOSLM structure plays dual roles of the frequency 
shifter and the reflector. In this experiment, the vibration waveform 
within the frequency range between 1 Hz to 150 kHz of a 
piezoelectric mirror (PZM) has been measured by using this all-fiber 
optical heterodyne detection configuration. The minimal measurable 
vibration amplitude and resolution are around 0.013 nm and 10 pm in 
the region of tens to hundreds of kilohertz, respectively. 

II. THEORETICAL ANALYSIS 

When an acoustic longitudinal wave (ALW) propagates along an 
unjacketed fiber Bragg grating (FBG), the FBG will be perturbed with 
a spatial sinusoidal phase modulation based on the elasto-optical effect 
[15-20]. The periodic modulation of the dielectric constant can 
produce a sequence of sidebands in spatial frequency with the 
formation as [15] 
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(1) 
where M is the modulation depth of the dielectric constant, n0 is 
the refractive index of the fiber core, a=Ks0/ks, K is the wave 
vector of the FBG, s0 is the peak strain produced by the ALW, 
ks and Ωs are the wave vector and the angular frequency of the 
ALW, respectively. According to Eq. (1), note that a sequence 
of ghosts of the FBG are formed at spatial frequencies given by 
successive spatial sidebands of K. In other words, the ALW 
produces a series of traveling gratings and hence generates a 
series of sidebands on both sides of the reflection spectrum of 
the FBG. The reflection coefficient of the ±n-order sidebands 
can be given by [21] 
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where 2 2
n n n       , n is the coupling coefficient of the 

n-order sideband,  1 1
0 02n sn n      

     is the 

detuning from the central wavelength of ±n-order sideband, 0 
is the resonance wavelength of the FBG,  is the wavelength of 
the probe light, s is the wavelength of the ALW, and L is the 
length of the FBG. The resonance wavelength of the n-order 
sideband can be expressed as [21] 
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where fs and vs=5760 m/s are the frequency and the phase 
velocity of the ALW, respectively. The positive sideband 
numbers correspond to the long resonance wavelengths, vice 
versa. Meanwhile, the frequency of the light reflected by the 
±n-order sideband is shifted by  nfs with respect to the probe 
light frequency when the propagation of the probe light is 
opposite to that of the ALW [22, 23]. Therefore, the AOSLM 
structure can act as both the frequency shifter and the coupler, 
simultaneously, and be used to construct the all-fiber optical 
heterodyne detection configuration. 

 

FIG. 1. Experimental configuration of the all-fiber optical heterodyne 
micro-vibration detection based on the AOSLM structure. SMF: single-mode 
fiber; FBG: fiber Bragg grating; RF: radio frequency signal; PC: polarization 
controller; M: mirror; PZM: piezoelectric mirror; OSC: oscilloscope. 

Figure 1 is the experimental configuration of the all-fiber optical 
heterodyne micro-vibration measurement based on the AOSLM 

structure. With RF1 applied on the PZT1, an ALW is generated and 
then magnified at the tip of the horn acoustic transducer and 
propagates along the unjacketed FBG, resulting in an AOSLM 
structure. The beam from a tunable laser (Tunics, T100S-CL-WB) is 
divided into two paths by coupler 1. One of the beam enters the 
AOSLM structure via circulator 1, and then is reflected by the 
+n-order sideband of the AOSLM structure. Meanwhile, the 
frequency of the reflected beam is downshifted from that of the probe 
light by an amount equal to -nfs due to opposite propagation directions 
between the probe light and the ALW [23]. Subsequently, the 
reflected beam with frequency of f–nfs is sent to the collimator via 
circulator 2 to collect the vibration information of the PZM, which is 
constructed by attaching a gilded mirror (M) on the surface of a 
cylindrical piezoelectric transducer (PZT2) driven by RF2. Both the 
reflected light from port 3 of circulator 2 and the beam without 
frequency shifting from coupler 1 are combined via coupler 2. Thus, 
the combined beams generate a light beat, which is recorded in an 
oscilloscope (OSC) with a detector.  

Without RF2 applied on the PZM, the light beat used as carrier 
signal can be expressed as S=ABcos(2nfst), where  is the 
conversion coefficient of  the detector, and A and B are amplitudes of 
two beams, respectively. With a change in optical path of the 
frequency-shifted light produced by the vibration u(t) of PZM, the 
vibration information is loaded on the carrier signal, and then the 
phase modulation signal is generated, which can be expressed as 
S=ABcos[2nfst+4u(t)/]. Because the complex vibration can be 
written as the sum of its Fourier components, a simple vibration 
u(t)=Ucos(2f0t) with only one Fourier component is considered with 
U and f0 being the amplitude and the frequency of the vibration, 
respectively. The phase modulation signal can produce a sequence of 
frequency sidebands whose amplitudes are given by a standard Bessel 
function expansion [14] 
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and the corresponding Fourier spectrum of Eq. (4) can be expressed as 
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According to Eq. (5), it can be known that the Fourier spectrum is 
composed of a series of frequency components. By demodulating the 
Fourier spectrum of the phase modulation signal, the vibration 
information of the PZM can be obtained, including the amplitude and 
the period. 

III. RESULTS AND DICUSSIONS 

Now we construct the experimental configuration of the all-fiber 
optical heterodyne micro-vibration detection based on the AOSLM 
structure. Firstly, the AOSLM structure composed of a FBG and an 
acoustic transducer is constructed. The acoustic transducer is the same 
as that of our previous works [24, 25]. An axial mode PZT1 with a 
resonance frequency of 1.5 MHz is attached to an aluminum horn, 
and the other side is mounted on a steel plate. The resonance 
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wavelength and reflection efficiency of the FBG are 1550.403 nm and 
22 dB, respectively, as shown the black curve in Fig. 2(a). The grating 
length of the FBG is 50 mm, and the fiber diameter was etched to 30 
m with hydrofluoric (HF) acid to increase the acousto-optic coupling 
efficiency [26, 27]. The tip of the aluminum horn was reduced to the 
diameter same as that of the FBG and subsequently glued to the FBG 
with UV epoxy. 

By illuminating the FBG with a broadband light source and 
detecting the reflected spectrum using an optical spectrum 
analyzer (OSA), the reflection properties of the AOSLM can be 
measured. As shown in Fig. 2(a), the black curve is the 
reflection spectrum of FBG without RF1 applied on the PZT1, 
and the red curve is the reflection spectrum of the AOSLM 
structure by turning on the RF1 with fs=1.5 MHz and Vpp=10 V. 
The resonance wavelength of the 1-order reflection peaks are 
-1=1550.133 nm and +1=1550.747 nm, respectively. In this 
experiment, the +1-order sideband was selected as the reflected 
peak with a downshifted frequency equaling to the ALW 
frequency fa=1.5 MHz [23]. 

 
Fig. 2. (a) Reflection spectra of the FBG and the AOSLM structure; (b) Carrier 
signal of the all-fiber optical heterodyne detection configuration; (c) Fourier 
frequency spectrum of the carrier signal; (d) Background noise spectrum of the 
optical heterodyne configuration by demodulating the carrier signal. 

Upon measuring the vibration of PZM, a laser beam with a central 
wavelength equal to that of the +1-order reflection peak is used to 
generate the carrier signal without RF2 applied on the PZM. After 
adjusting the polarizations of the two beams with a polarization 
controller (PC) in Fig 1, the temporal waveform of the carrier signal is 
optimized and then recorded with time span of 1 s. However, only a 
section of carrier signal with time span of 15 s is selected to clearly 
display the visibility of the carrier signal, as shown in Fig. 2(b). Figure 
2(c) is the corresponding Fourier spectrum of the carrier signal with a 
frequency bandwidth of 1 Hz, which shows that the carrier frequency 
is 1.5 MHz and has an acceptable SNR of ~70 dB. Figure 2(d) shows 
the background noise spectrum of the optical heterodyne 
configuration obtained by demodulating the carrier signal. The 
background noise decreased from 1 nm to 0.01 nm with increasing 
frequency, so as to determine the detectable limit of the all-fiber 
optical heterodyne configuration. 

Furthermore, a sinusoidal signal from RF2 with f0=60 kHz 
and Vpp=2 V was applied on the PZM, and then the vibration 
information was acquired by the carrier signal to generate the 

phase modulated signal, which was record by an oscilloscope 
(DPO3054). Figures 3(a) and 3(b) show the temporal 
waveform of the phase modulated signal and its Fourier 
spectrum, respectively. From Fig. 3(b), it can be known that 
there are four new frequency components, fs−2f0, fs−f0, fs+f0 and 
fs+2f0, on both sides of the fundamental frequency fs as 
predicted according to Eq. (5). The demodulated result (black 
curve) is shown in Fig. 3(c), which agrees well to the 
theoretical calculation (red-dash curve) with U=1.2 nm and 
f0=60 kHz. By increasing Vpp of RF2, the vibration amplitude of 
the PZM is also measured. The demodulated results are shown 
in Fig. 3(d). There is good linearity in the relationship between 
the vibration and the driving voltage with a slope of 0.75 nm/V. 
Note that the vibration amplitude increases from 0.013 nm to 
14.8 nm with Vpp increasing from 0.4 V to 20 V. With gradual 
decrease of Vpp, the vibration information is blended in the 
background noise. Therefore, the minimum measurable 
vibration in this optical heterodyne configuration was 
determined by the background noise and the minimum value 
was measured to be as small as 0.013 nm. The resolution is 
around 10 pm due to the controlling voltage accuracy of 0.01 V, 
which is presented as the pink dots in the inset of Fig. 3(d). 
Furthermore, we also measured the frequency response of the 
PZM in the frequency range of 1 Hz to 150 kHz with Vpp=10 V. 
The vibration amplitude decreased in general with increasing 
driving frequency. This is similar with the case reported in [14], 
so the measured results of the frequency response is not 
presented here. 

 
Fig 3. (a) Temporal waveform of the phase modulated signal produced by the 
all-fiber optical heterodyne detection configuration; (b) Fourier frequency 
spectrum of the phase modulated signal; (c) Vibration waveform obtained by 
demodulating the phase modulated signal. The black curve is the demodulated 
experimental data and the red-dash curve is the theoretical calculation with 
U=1.2 nm and f0=60 kHz; (d) Relationship between the vibration amplitude of 
PZM and the driving voltage Vpp with f0=60 kHz. 

Apart from the sinusoidal vibration, the measurement of the 
complicated waveforms and related displacements were also 
experimentally achieved. As proofs of the principle, the 
displacements produced by two special waveforms with f0=1 
kHz and Vpp=5 V applied on the PZM were measured. The 
results are shown in Fig. 4, where the demodulated vibration 
waveforms (blue curves) show good agreement with the 
normalized waveforms of the driving signals (black curves). 
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Furthermore, we make a comparative analysis of the Fourier 
spectra between the driving signals and the demodulated 
displacement waveforms, as shown in Figs. 4(c) and 4(d), 
respectively. Note that the demodulation result has the same 
spectral component as that of the driving signal, which means 
that the carrier signal of the optical heterodyne detection 
configuration can record almost all frequency components of 
the vibration objects. 

 

Fig 4. (a) and (b) Two special vibrating waveforms (blue curves) demodulated 
by the all-fiber optical heterodyne configuration and the corresponding driving 
voltage waveforms (black curves) applied on the PZM; (c1) and (c2) Fourier 
frequency spectra of the trapezoidal wave driving voltage and the demodulated 
vibrating waveforms; (d1) and (d2) Fourier frequency spectra of the triangle 
wave driving voltage and the demodulated vibrating waveforms. 

IV. CONCLUSION 

In summary, we demonstrated an all-fiber optical heterodyne 
micro-vibration detection configuration based on an AOSLM 
structure. The vibration information of the PZM was loaded 
onto the carrier signal and a phase modulated signal was 
generated. The practical vibration information can be obtained 
by demodulating the phase modulated signal. In our experiment, 
the vibration waveform within a frequency range between 1 Hz 
to 150 kHz was measured by using this optical heterodyne 
detection configuration. The minimal measurable vibration 
amplitude and resolution are around 0.013 nm and 10 pm in a 
frequency range from tens to hundreds of kilohertz, 
respectively. This configuration not only has characteristics of 
compact size, easy-alignment and non-contact measurement, 
but also gains high measurement accuracy, which could be 
applied in compact and portable instruments based on all-fiber 
optical heterodyne detection. 
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