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Abstract: The paper presents the results of a study of the concept of address fiber Bragg structures 

in the problem of vibration control. The mathematical model of measuring transformation is pre-

sented; the experimental study of a vibration diagnostics system based on Address Fiber Bragg 

Gratings is carried out; the quantitative and qualitative comparative assessment with electronic ac-

celerometers is made; the gain by an order of magnitude in some parameters is shown. 

Keywords: Fiber Bragg Structure, microwave photonics, vibration, fiber optic sensor, Address Fiber 

Bragg Grating.  

 

1. Introduction 

The problem of predictive control of modern technically complex objects condition 

is acute. The widespread transition to the operation of equipment "on condition" requires 

built-in control systems. A special place here is occupied by vibration monitoring systems. 

The essence of this technique is to measure the spectrum of natural (or forced) oscillations 

of the object under study in a wide frequency band. Based on the available statistical data, 

the spectrum harmonics are analyzed, on the basis of which conclusions are drawn about 

the presence of defects in the nodes of the system. Most often, this method does not diag-

nose the exact location of a defect in a complex system (since this requires colossal 

amounts of statistical data for each type of defects and its various combinations), but only 

indicates the presence of a problem (with some degree of "criticality") and the need deliv-

ery to inspect the product. 

Currently, there is a wide range of electrical vibration sensors with good sensitivity 

and frequency range, work is underway to create similar systems using fiber-optic sen-

sors. The main advantages of optical sensors in comparison with electrical ones are well 

known, for this task they are especially important: immunity of the sensitive element to 

electromagnetic fields (since often vibration diagnostic systems are installed on high-

power electric machines that are sources of strong magnetic fields); small size and weight 

(which makes it possible to abandon the strapping in the form of a sensor and embed the 

sensitive elements directly into the design of the product); ease of combining a large num-

ber of sensors into groups. 

Let's consider the main types of optical vibration sensors [1]. They can be divided 

into three large classes: sensors based on intensity modulation, interferometric (based on 

a Fabry-Perot interferometer), and based on fiber Bragg gratings (FBGs). In this paper, we 

do not consider distributed vibration sensors.  
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2. Varieties of Optical Vibration Sensors 

2.1. Sensors Based on Intensity Modulation 

The sensors based on intensity modulation have perhaps the longest history since the 

mid-1980s. 

The principle of operation of such sensors is to register the change in the power of 

the optical signal passing through the sensor because of the influence of the investigated 

mechanical vibration. The changing in power can be obtained by, for example, [2-10]: mu-

tual movement of the transmitting and receiving fibers, introducing losses through a se-

ries of micro bends, or using a moving reflector/opaque screen. One of the variations in 

the implementation of the latter method is the use of a test object as a reflective surface 

(non-contact sensor, Figure 1). 

 

Figure 1. Block diagram of a non-contact vibration sensor [11]. 1, 2 – optical fibers, 3 – light source, 

4, 5 – optical modulators, 6 – photodetector, 7 – amplifier, 8, 9 – filters, 10 – processor; Z1, Z2 – 

distances between fiber ends and object under control, U1, U2 – informational signals of two arms, 

U – calculated signal. 

This approach minimizes the influence of the design of the sensor itself on the meas-

urements (natural frequencies of the mechanical system of the sensor and its mass). How-

ever, a common disadvantage of an intensity modulation-based sensor is its low accuracy 

(since information about the measured parameter is embedded in the amplitude change, 

which requires a good SNR). An increase in accuracy can be obtained by converting the 

measurements to the spectral region. The interferometric sensors are built on this princi-

ple. 

Such sensors most often use optical fibers operating in the visible part of the spectrum 

and having a large diameter of the light-guiding core, which reduces the requirements for 

the accuracy of their alignment. 

 

2.2 Interferometric Sensors 

In sensors of this type, a Fabry-Perot interferometer is most often used, which con-

sists of two plane-parallel reflecting surfaces, one of which is semitransparent (through 

which optical radiation is input and output). Structurally, such sensors are a special case 

of sensors of the previous type, however, their key difference is that information is em-

bedded in the signal spectrum, which can significantly increase the sensitivity and reso-

lution. The generalized design of such a sensor and interrogation device is shown in Fig-

ure 2. The principle of operation of the sensor is based on the transformation of mechani-

cal vibrations of the object under study into a change in the characteristics of the interfer-

ometer (free spectral range), the optoelectronic circuit measures the spectral characteris-

tics of the filter and converts these values into the desired amplitude and frequency of 

vibration. 
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Figure 2. Vibration sensor based on a Fabry-Perot interferometer [12]. 

As a key disadvantage, it is worth noting the high requirements for the production 

technology of such sensors.  

 

2.3. Fiber Bragg Grating Sensors 

Currently, the most rapid growth is observed in optical sensors based on fiber Bragg 

gratings. The key advantage over interferometric sensors is the all-fiber design of the sens-

ing element, which simplifies fabrication and increases reliability. The shift of the FBG`s 

wavelength, depending on the applied axial deformation and temperature, is described 

as follows: 

∆𝜆 = 2 ∙ 𝑛𝑒𝑓𝑓 ∙ Λ ∙ [1 −
𝑛𝑒𝑓𝑓

2
∙ (𝑃12 − 𝜈 ∙ (𝑃11 + 𝑃12)) ∙ ∆𝜀 + (𝛼 + 𝑛𝑒𝑓𝑓

−1 ∙
𝑑𝑛𝑒𝑓𝑓

𝑑𝑇
) ∙ ∆𝑇] (1) 

where ∆𝑇  – temperature change, ∆𝜀  – applied axial deformation (tension), 𝑃𝑚𝑛  – 

Pockels coefficients of the elastic-optical tensor, 𝜈 – Poisson's ratio,  𝛼 – thermal expan-

sion coefficient of quartz glass, 𝑛𝑒𝑓𝑓 – effective refractive index of the fundamental mode, 

∆𝜆 – shift of the FBG`s wavelength, Λ – period of FBG.  

The principle of operation of vibration sensors based on FBG is to convert the energy 

of forced vibrations of the inertial mass into deformation of the Bragg grating, as a result, 

the deviation of the grating wavelength will reflect the spectrum of mechanical vibrations 

acting on it [13-15]. In order to compensate for the temperature sensitivity of FBGs, differ-

ential schemes are used [16-17], in which the response of two FBGs to vibration is in anti-

phase, which allows subtracting the slowly changing wavelength shift from temperature 

(Figure 3). 
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Figure 3. FBG-based differential vibration sensor [16]. 

To register signals from sensors, special devices are used – interrogators, which are 

a spectrometer with a combined radiation source. Depending on the construction princi-

ple of the device, the cutoff frequency of scanning can be ~ 100 Hz (interrogators on tuna-

ble filters) or units of kHz (interrogators with a spectrometer on a CCD array). It can be 

seen that the boundary detected vibration frequency does not exceed a few kHz (two times 

lower than the scanning frequency), this circumstance limits the scope of application of 

the sensors. There are approaches to the construction of polling systems, where the fre-

quency of information retrieval is much higher [18-19]. The disadvantage of this approach 

is the complexity of the multiplexing of the sensors.  

In our work, we propose to use addressed fiber Bragg structures (AFBG) as sensing 

elements. The AFBG theory was first proposed and developed within the framework of 

the scientific school of the authors, a series of technical solutions for temperature and static 

deformation control [20-22] are proposed. The use of address structures makes it possible 

to get rid of traditional interrogators, which makes it possible to significantly expand the 

range of detected frequencies while retaining one of the main advantages of FBG sensors 

– the simplicity of multiplexing. However, to date, the problem of using such structures 

to control dynamic processes in a wide range of exposure frequencies remains unsolved. 

Our study is devoted to solving this problem. 

3. Modeling the AFBG Measurement Conversion for Vibration Control 

A typical diagram of the measuring system based on the through-type AFBG is 

shown in Figure 4. 

 

Figure 4. Interrogation system of one AFBG-sensor: (1) – superluminescent light source, (2) – 

AFBG-sensor, (3) – frequency-amplitude conversion optical dispersive element, (4) – measuring 

channel photodetector, (5) – measuring channel processing unit, (6) – optical splitter, (7) – refer-

ence channel photodetector, (8) – reference channel processing unit; (a) – superluminescent source 

emission spectrum, (b) и (с) – output spectrum of AFBG-sensor, (d) – output spectrum of disper-

sive element, (e) – reference channel spectrum. 

At the output of the photodetector, an amplitude-modulated signal is formed, in 

which the address frequency 𝜔𝐴𝐹𝐵𝐺  acts as a carrier, and the desired vibration 𝐸𝑣𝑖𝑏(𝑡) 

acts as an envelope: 

𝑈𝑃𝐷(𝑡) = 𝑈0 ∙ (1 + 𝑘 ∙
𝐸𝑣𝑖𝑏(𝑡)

|𝐸𝑣𝑖𝑏(𝑡)|𝑚𝑎𝑥
) ∙ cos(𝜔𝐴𝐹𝐵𝐺 ∙ 𝑡) , (2) 
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where 𝑈𝑃𝐷(𝑡) – output signal of photodetector, 𝑈0 – amplitude, 𝑘 – modulation depth, 

𝐸𝑣𝑖𝑏(𝑡) – desired vibration, |𝐸𝑣𝑖𝑏(𝑡)|𝑚𝑎𝑥  – maximum value of 𝐸𝑣𝑖𝑏(𝑡), 𝜔𝐴𝐹𝐵𝐺  – address 

frequency. 

The parameter 𝑘 (modulation depth) in Equation (2) characterizes the transfer char-

acteristic of the mechanical part of the sensor and the dispersion element. The condition 

𝑘 ≤ 1 must be met, otherwise overmodulation will occur and the desired signal will be 

distorted. By detecting the low-frequency envelope, the shape of the desired vibration ef-

fect can be restored. 

Let's get a mathematical model of the measuring conversion. Let us write the har-

monics of the optical spectrum that form the address bias frequency 𝜔𝐴𝐹𝐵𝐺  in the form: 

𝐿(𝑡) = 𝑎𝐿 ∙ Ω(𝑡)  ∙ cos [(𝜔 −
𝜔𝐴𝐹𝐵𝐺

2⁄ ) ∙ 𝑡] , (3) 

𝑅(𝑡) = 𝑎𝑅 ∙ Ω(𝑡)  ∙ cos [(𝜔 +
𝜔𝐴𝐹𝐵𝐺

2⁄ ) ∙ 𝑡] . (4) 

where Ω,  𝑎𝐿  and 𝑎𝑅 are the sought vibration parameters (frequency and amplitude). 

In Equations (3) and (4), the sought vibration effect Ω(𝑡) is reflected in the change in 

the amplitude of the left and right spectral components.  

The resulting bias signal on photodetector is defined as: 

𝑃𝐷(𝑡) = (𝐿(𝑡) + 𝑅(𝑡))
2

 , (5) 

After simplification (harmonics with frequencies by several orders of magnitude 

higher than the passband of the photodetector from Equation (5) are excluded), we obtain: 

𝑃𝐷(𝑡) ≡  𝐴𝐿(𝑡)2 + 𝐴𝑅(𝑡)2 + 2 ∙  𝐴𝐿(𝑡) ∙ 𝐴𝑅(𝑡) ∗ cos (𝜔𝐴𝐹𝐵𝐺 ∙ 𝑡), (6) 

The envelope signal in Equation (6) reflects cos[Ω ∙ 𝑡] through a certain proportion-

ality coefficient determined by the transfer characteristics of the mechanical part of the 

sensor and the frequency response of the dispersion element. It is advisable to clarify the 

value of this coefficient at the stage of calibration of the measuring system. 

Let's simulate the received measurement transformation. We put the following initial 

data (au): 𝑎𝐿 = 𝑎𝑅 = 1, 𝜔𝐴𝐹𝐵𝐺 = 100, Ω(𝑡) = 𝐴𝑣1 ∙ cos(Ω01 ∙ 𝑡) + 𝐴𝑣2 ∙ cos(Ω02 ∙ 𝑡) , Ω01 =

1, Ω02 = 0.3. The signal from the output of the photodetector 𝑃𝐷(𝑡) will look as follows 

(Figure 5): 

 

Figure 5. Signal from the photodetector output. 

The spectrum of this signal is shown in Figure 6,a, and the envelope spectrum is 

shown in Figure 6,b. 
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(a) (b) 

Figure 6. The spectrum of the signal under study at the output of the photodetector (a) and its 

envelope (b). 

The signal in Figure 6,a – spectrum of an amplitude-modulated signal, with a carrier 

frequency 𝜔𝐴𝐹𝐵𝐺 = 100 𝑎. 𝑢., the envelope (Figure 6,b) contains the combination frequen-

cies of the desired vibration action 

4. Experiment and Discussion 

The developed model of the system was investigated. Two objects were investigated 

– a DC electric motor and a scale model of the airframe made by 3D printing. A general-

ized diagram of the experimental setup is shown in Figure 7. In Figure 7 we use following 

denotations: DUT – Device Under Test, FVS – Fiber Vibration Sensor, EVS – Electrical 

Vibration Sensor, OSC with FFT – Osciloscope with Fast Fourier Transform function anal-

ysis. 

 

Figure 7. Block diagram of the experimental setup: DUT – Device Under Test, FVS – Fiber Vibra-

tion Sensor, based on AFBG, EVS – Electrical Vibration Sensor (ADXL203CE), OSC with FFT – 

Osciloscope with Fast Fourier Transform function analysis (DSO 7104 from Agilent Technologies). 

Here are some of the metrological characteristics of the equipment used. 

Table 1. Metrological characteristics. 

Device Paramter: value, units 

ADXL203CE 

Dynamic range: 0..±5 G 

Bandwidth: 2.5 kHz 

Output signal scale: 1000 mv/G 

Output noise: 0.4 mv rms 

DSO 7104B 

Bandwidth: 1 GHz 

Sample rate: 4 Gsmpl/s 

ADC: 8 bit 

FVS 

Address frequency: ~6,25 GHz 

Address bandwidth: ~400 MHz 

Sensitivity: ~0.95 pm/µε 

DUT 

Vibration 

Source 

FVS 

EVS 

AFBG 

interrogator 

OSC with 

FFT 
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Fiber type: Corning SMF-28 Ultra 

Optical and RF spectrum of FVS`s AFBG is shown on Figure 8. 

  
(a) (b) 

Figure 8. Optical spectrum of the central (addressing) part of AFBG (a) and radio frequency spec-

trum at the address frequency (b). 

In order to exclude the influence of the design of the optical sensor on the measure-

ments, in both cases, the AFBG glued to the object of research acted as FVS. As a glue, we 

used a specialized adhesive for strain gauge resistors M-Bond 610. This approach, in ad-

dition, will allow in the future to use AFBGs embedded directly into the structural ele-

ments of the object. 

4.1. DC Motor Study 

A low-power DC motor was used as the object under study in the first series of ex-

periments. In Figure 9 shows the placement of the FVS and the EVS board on the motor 

housing. 

 

Figure 9. Motor under study with FVS (1) and EVS (2) placed. 

Two series of experiments were carried out: the spectra of natural vibrations of an 

operating electric motor at a fixed rotation speed with a balanced and unbalanced (defec-

tive) shaft were constructed. Below are the spectrograms captured by FVS and EVS (Fig-

ures 10 and 11). 

2 

1 
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(a) (b) 

  
(c) (d) 

Figure 10. Motor vibration spectrum: FVS (a) and EVS (b) readings for a balanced shaft; readings 

FVS (c) and EVS (d) for an unbalanced shaft. The grid step for (b) and (d) is 100 Hz. 

Analyzing the data obtained, the following conclusions can be drawn. In both cases, 

the EVS spectrum contains a greater number of harmonics, which can be explained, prob-

ably, by the poor fixing of the sensor to the housing. The SNR of the fundamental har-

monic for FVS is at least 16 times higher (minSNRFVS = 40, SNREVS = 2.5). The FVS spectro-

gram is "cleaner" – the fundamental 40Hz harmonic is clearly visible, and in the case of an 

unbalanced shaft, its amplitude is much less but still noticeable; in addition, it was noticed 

that even in the absence of vibration, the output spectrum of the EVS will have a harmonic 

of 50 Hz (mains frequency) when the microcircuit is powered from a laboratory power 

source, in order to eliminate this circumstance during the experiments, the microcircuit 

was powered from a galvanic source.  

4.2. Airframe Model Study 

For this experiment, a model of the airframe of the An-124 “Ruslan” aircraft was 

made by 3D printing. FVS were fixed on the wing consoles (see Figure 11) from the upper 

side, and EVS – from the bottom (not shown in the figure). 
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Figure 11. Airplane glider model with placed FVS. 

Similar to the previous experiment, spectrograms of the forced vibrations of an object 

(frequency of action 100 Hz, amplitude 2G) with a correct and defective wing were ob-

tained (Figure 12). 

  
(a) (b) 

  
(c) (d) 

Figure 12. The spectrum of the forced vibrations of the airframe of the aircraft: FVS (a) and EVS (b) 

readings for the right wing; FVS (c) and EVS (d) readings for the defective wing. Grid step for (b) 

and (d) – 100 Hz. 

The general conclusions are similar to the previous experiment: FVS has a higher 

SNR; for a serviceable wing, the spectra obtained by both sensors are completely identical; 

for a defective wing, a larger number of harmonics are present in the EVS spectrum, which 

is probably due to the interaction of structural elements of the board with the sensor and 

the object under study.  

Thus, both experiments confirmed that the rejection of the mechanical elements of 

the sensor and the placement of the sensitive element directly on the controlled object 
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increases the reliability of the measurements, especially with a large vibration amplitude, 

while no tangible loss of sensitivity was observed – SNR for FVS in both cases was much 

higher. 

It should be noted that similar results can be obtained using FVS based on conven-

tional FBGs, however, existing interrogators limit the controlled frequency band to units 

of kilohertz. The use of AFBG makes it possible to significantly expand this band (for ex-

ample, to hundreds of kilohertz), and direct placement of the AFBG on the controlled ob-

ject will exclude the influence of the mechanical transducer of a traditional sensor on the 

band and dynamics of the measured vibrations. In addition, the AFBG interrogator does 

not contain tunable optical elements or volumetric optics, which potentially simplifies its 

use on mobile objects with difficult operating conditions. 

5. Conclusions 

The paper presents a new approach to using AFBG for vibration control in a wide 

frequency band. A mathematical model of the measuring conversion was developed and 

investigated, an experimental study of the FVS based on AFBG was carried out, which 

showed a noticeable (at least an order of magnitude) gain in SNR compared to EVS and 

higher measurement reliability due to the rejection of the mechanical sensor transducer 

and the placement of the sensitive element directly on the structural elements of the con-

trolled object. 

Further research will be devoted to the construction of measuring systems based on 

FVS arrays on AFBG, as well as the experimental study of vibrations in a wider (US) fre-

quency band. 
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