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Abstract. In this work, a 1550-nm full-fiber Doppler lidar 
via software-defined platform is built to realize flexible and 
low-cost contactless vibration measurement of high-
voltage power equipment. A 1550-nm fiber layout is de-
signed to generate optical interference between vibration 
signal and carrier wave. The reflected vibration signal is 
collected by an optical transceiver and the carrier wave is 
generated by an acousto-optic modulator (AOM). The 
optical beat signal is collected by a balanced detector (BD) 
then sent into a general software defined radio (SDR) re-
ceiver. By GNU developing platform, the target mechani-
cal vibration signal is demodulated and several flexible 
functions such as speed-acceleration trans, harmonic com-
ponent analysis and fault diagnosis is realized. Perfor-
mance of Doppler lidar is first verified on mechanical 
vibration source by PZT vibration actuator, results show 
that the designed lidar could retrieve 50 Hz–20 kHz me-
chanical vibration signals within the working distance is 
up to 20 m. Further case application scenarios on the 
power transformer and gas-insulated switchgear (GIS) are 
also conducted to verify the feasibility of proposed lidar. 
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1. Introduction 
High-voltage power equipment such as transformers, 

insulators and gas insulated switchgear (GIS) play essential 
roles in modern electrical transmission and distribution 
system. During equipment installation and operation 
stages, mechanical flaws such as loose connections, wear 
and wind deformation exist. Serious equipment faults such 
as overheating and flashover could be induced with aggra-

vation of these mechanical flaws, which threaten safe oper-
ation of power equipment and system.  

With large-current/high-voltage working conditions, 
mechanical vibration of power equipment can be excited 
by electromagnetic force and electric force. Electromag-
netic forces are induced by interactions between alternating 
frequency (AC) load currents and magnetic field, and elec-
tric forces are induced by electric potential between high-
voltage carrying conductor and grounded tank. With 
changing of electrodynamic forces and load transfer paths, 
vibration on equipment outer surface could reflect internal 
mechanical flaws, thus mechanical vibration measurement 
plays important role for health condition assessment of 
power equipment [1–4]. Number of contact or contactless 
vibration monitoring systems have been applied on high-
voltage power equipment. 

Mechanical vibration could be obtained by contacted 
acceleration sensor [5–8]. Yet numerous sensors are re-
quired with the large scale of power equipment and the 
attachment reliability is difficult to guarantee. In addition, 
acceleration sensor on metal surface of power equipment is 
exposed to mechanical stress, wear, and strong electro-
magnetic interference, which probably lead to progressive 
alteration and malfunction. The contactless vibration meth-
ods such as acoustic and ultrasound detections have also 
attracted attention on nondestructive testing (NDT) on 
power equipment [9–11]. However, ultrasound method has 
a very short working distance with rapid attenuation in gas 
medium, besides the received sound/ultrasound signals are 
influenced by the complex propagation process inside 
internal solid conductors and gas mediums, and the rela-
tionship between the indicator of sound signals and internal 
mechanical flaw may be unclear. 

Commercial Laser Doppler Vibraometer (LDV) could 
realize high-precision contactless mechanical vibration 
detection with a wide frequency response range. LDV has 
been successfully applied on various contactless vibration 
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scenarios [12–16]. However, implementation of commer-
cial universal LDV system is rather expensive. Besides, 
two important limitation factors could influence vibration 
detection efficiency for field power equipment. First, sev-
eral 633-nm spatial light-based LDV products could not 
satisfy long working distance in complex background light 
[17], and a reflective sticker on power equipment surface is 
necessary. Second, specific vibration signal analysis and 
processing functions should be flexible integrated to satisfy 
the requirement of mechanical fault diagnosis algorithm, 
which could not be easily realized by universal LDV due to 
its sophisticated specific signal demodulation design and 
technique encapsulation. The software-defined radio 
(SDR) integrates all signal demodulation functions except 
receiver in general software environment [18–20]. With 
merits of low-cost, open source technique and high flexible 
customization, SDR has been successfully applied on 
signal demodulation scenarios as fiber optical sensors 
(FOS) and microwave sensors besides telecom applications 
[21–24]. With a relatively narrow frequency response band 
of SDR (DC–20 kHz), it is sufficient to cover vibration 
frequency of power equipment. 

In this work, a software defined 1550-nm full-fiber 
Doppler lidar is built to realize the flexible and low-cost 
contactless mechanical vibration monitoring of high-
voltage power equipment. The work is organized as fol-
lows. In Sec. 2, the detection principle and system design 
of Doppler lidar is proposed. Software defined vibration 
signal demodulation and processing programming is dis-
cussed in Sec. 3. Performance of the developed lidar is 
tested and applied on both laboratory simulation and typi-
cal power equipment including transformer and GIS cap-
sule in Sec. 4. 

2. Detection Principle and System 
Design 
The proposed lidar system includes 1550-nm full fi-

ber optical transceiver component and software defined 
signal demodulation component (Fig. 1). Optical compo-
nent based on Mach-Zehnder interference structure is 
adopted to realize laser heterodyne detection. Signal de-
modulation component based on general SDR technique is 
used to retrieve vibration information from optical beat 
signal. 

The movement detection principle of lidar is the laser 
Doppler effect. Similar as other waves (ultrasound, mi-
crowave), reflected light will carry the frequency shift 
which is proportional to the moving velocity of a target 
object surface. Using special designed three-lens (plane-
convex collimator, plane-concave beam expander and 
plane-convex focuser) telescope optical transceiver shown 
in Fig. 1(a), optical paths of transmitted light and reflected 
light are coined. The Doppler frequency shift of reflected 
light fd can be expressed as follows: 

 
d

2 cosvf = β
λ

 (1) 

where v is the relative movement velocity between laser 
source and target object surface, λ is the laser wavelength, 
β is the azimuth angle between target moving direction and 
laser ray. To locate the vibration detection point of 
invisible 1550-nm detection laser light Dr, an individual 
650-nm red visible laser light Or which shares the same 
optical path of detection laser light is used. The location 
light spot is focused on the center of the detecting light 
region. 
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Fig. 1. Architecture of software-defined 1550-nm full-fiber Doppler lidar. 
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2.1 1550-nm Full-Fiber Optical Component  
The layout of 1550-nm full-fiber optical component 

is described in Fig. 1(b). A narrow linewidth 1550-nm 
laser source (50 mW, linewidth 3 kHz) is connected with a 
1 × 2 fiber optical coupler (FOS, 90/10 power distribution 
ratio). After power deviating, 90% light (detection light) is 
transmitted to optical transceiver, reflected signal light 
from target object surface is separated from emitted detec-
tion light by a fiber circulator (coupling efficiency of the 
reflected optical wave into the optical fiber is 0.02%). 
Other 10% light is send to an 80-MHz acoustic optical 
modulator (AOM) unit to generate carrier frequency-
shifted reference light. Since signal and reference lights 
are interfered and mixed on a 2 × 2 FOS (50/50 power 
distribution ratio), the optical beat signal which contains 
target object movement information is generated and col-
lected. 

2.2 Optical Interference Signal Analysis  
Interfered beat signal on the photosensitive surfaces 

of balanced photoelectric detector (InGaAs, 800 nm 
to1700 nm wavelength, 200 MHz bandwidth, FC/APC 
ports) between signal and reference lights is as follows: 

 1 1 2 2cos( ) cos( )E E t E tω ω ϕ= + + ∆  (2) 

where E1 and E2 are amplitudes of signal and reference 
lights. ω1 and ω2 are angular frequency of signal and ref-
erence lights. Δφ is phase difference between signal and 
reference lights.  

Output current I1 and I2 on photodiodes of balance 
detector are proportional to the intensity of input light, and 
two antiphase output light currents are as follows: 
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where β is the photodiode's photoelectric efficiency, the 
first term (DC component) is independent of the vibration 
signal, and the second term (AC component) contains the 
frequency difference ωs between the signal light ω1 and 
the reference light ω2. By different operation of two photo-
diodes inside balance detector, DC component is removed, 
AC component is doubled, and final output signal from 
balance detector is as follows: 

 1 2 c d2 cos[( ) ]I E E t= + + ∆β ω ω ϕ  (4) 

where ωc is the frequency shift of reference light by AOM 
(carrier frequency 80 MHz). Doppler frequency shift ωd 
by target object movement is modulated on the output 
signal's phase shift term. 

Finally, the output RF signal from the BD detector is 
rewritten considering (1). It is obvious that a phase modu-
lation (PM) signal is generated by interference between 
signal and reference lights. As the baseband signal repre-

sents the target object's displacement s(t) with a 4π/λ mod-
ulation depth, PM signal demodulation methods and de-
vices are ideal for obtaining target object's vibrational 
displacement. Velocity and acceleration could be further 
calculated by first and second-order differential operations: 

 1 2 c
4 ( )2 cos( )s tI E E t ⋅

= + + ∆
πβ ω ϕ
λ

.  (5) 

3. Software Defined Vibration De-
modulation and Application Design  
As described in Sec. 2, velocity information of Dop-

pler lidar could be demodulated by a flexible and low-cost 
SDR receiver. Compared with hardware defined radio 
platforms, SDR could overcome limitations of intricate 
special designed electronic circuitries and realize numer-
ous flexible functions on different detectable frequency 
baseband signals such as tuning, filtering, mixing, and 
modulation/demodulation. In this work, application func-
tions of Doppler lidar include movement velocity demodu-
lation and signal processing operations such as displace-
ment/acceleration transfer, fast Fourier transform (FFT), 
harmonic component calculation; database and test report 
are realized by GNU Radio package in Python environ-
ment on edge device (NVidia Xavier NX). 

3.1 Architecture of SDR Receiver  
Figure 2 depicts the schematic block architecture of 

an intermediate frequency (IF) digital SDR receiver 
(Airspy R2, 24–1700 MHz receiver bandwidth, 10 MSPS 
IQ output, 12-bit ADCs). Input RF signal (carrier frequen-
cy ωc = 80 MHz) from BD detector is first get through 
a band pass filter (BFL), a local frequency signal (ωo) is 
generated by voltage controlled oscillator (VCO) including 
phase-locked loop (PLL). The IF frequency is down con-
verted (ωi = ωc – ωo) through RF mixing as follows: 

 i
4 ( )( ) cos ( )

2
A s tIF t t t⋅ = + + 

 

πω ϕ
λ

. (6) 

IF sampling/processing involves band-pass sampling 
of the in-phase and quadrature (I/Q) components of the IF 
signal using two different analog-to-digital converters 
(ADCs). The IQ components of the baseband signal are 
then created by digital down conversion (DDC) of the 
digital IF signal: 

i

i

4 ( ) 4 ( )( ) cos ( ) cos 2 ( )
2

4 ( ) 4 ( )( ) sin ( ) sin 2 ( )
2

A s t s tI t t t t

A s t s tQ t t t t

    = + + + +         


     = + − + +          

π πϕ ω ϕ
λ λ

π πϕ ω ϕ
λ λ

.(7) 

It is obvious that the target object's movement infor-
mation is carried on the phase shift term of the I/Q com-
ponents. A finite impulse response (FIR) filter is used to 
remove the IF components. 
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Fig. 2. Schematic block diagram of SDR receiver. 

The performance of the designed lidar system is 
highly related to the ADC in the SDR receiver. To be 
specific, the bandwidth of ADC component fb should 
cover the frequency shift range of target object movement. 
And the sampling rate of ADC should ensure to recover 
the vibration wave of the target object. The following 
formula shows the relationship between ADC parameters 
and system performance: 

 0 0
b

4 f d
f ≥

π
λ

 (8) 

where f0 and d0 are target object's vibration frequency and 
maximum displacement respectively. The ADC bandwidth 
of SDR receiver's fb is set as 768 kHz, which ensures our 
system to satisfy displacement measuring range up to 
0.47 mm at typical working frequency of 100 Hz. 

3.2 Vibration Detection System Design  
The outflow IQ component data of baseband signal 

from SDR receiver is transmitted into an edge computing 

unit (NVidia Xavier NX) through USB port. Completion 
of vibration signal demodulation and application function 
(AF) development are accomplished by open-source GNU 
radio platform [25], [26]. By joining signal processing 
blocks and blinders provided in GNU library together, the 
demodulation flowchart block diagram (Fig. 3) is built to 
recover phase shift signals which represent the moving 
velocity of target object. 

The application functions of lidar include SDR re-
ceiver configuration, velocity signal demodulation and 
vibration signal post-processing parts. The baseband I/Q 
sampling rate (10 MS/s), center tuning frequency (80 MHz) 
and gain (10) are defined in SDR configuration part. The 
IQ components of the baseband signal are down-sampled 
to 50 kS/s in the signal demodulation part to recover 
50 Hz–20 kHz frequency vibration signal with a greater 
SNR and a smaller data stream size. By using arctan, 
phase unwrap, and multiply blocks, the phase information 
is retrieved: 

 ( )( ) arctan
( )

Q tt
I t

ϕ = .  (9) 

The displacement signal s(t) of target object can be 
extracted according to (5). Then, differential operations 
could further calculate target object's moving velocity and 
acceleration: 

 
2

2
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Fig. 3. Application block diagram in GNU radio platform. 
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4. Experimental Results and 
Application Cases  
To verify the effectiveness of the proposed software-

defined lidar system, performance tests including frequen-
cy response range, sensitivity and working distance are 
conducted on PZT vibration actuators. Furthermore, appli-
cation cases of contactless vibration detection on both 
power transformer and GIS capsule are also conducted. 

4.1 Performance Test  
Performance test set-up including the software de-

fined lidar system configuration with mechanical vibration 
source is shown in Fig. 4. Full-fiber optical component is 
connected by FC/APC ports, the laser source and AOM 
are driven by a 24 V DC power supply, and a fiber colli-
mator is aligned with the PZT actuator (Fig. 4(a)). 
Standard mechanical vibration is provided as follows: 
A 50 Hz–20 kHz sinewave input signal is provided by 
arbitrary function generator (AFG). The input signal is 

then sent into a high-voltage amplifier (160 V) to drive the 
PZT actuator that generates 50 Hz–20 kHz sinewave pre-
defined vibrations (Fig. 4(b)). The applied velocity wave-
form of the PZT actuator target is demodulated by the 
SDR platform. 

The vibration measure test is performed with (50 Hz 
to 20 kHz) sinewave pre-defined vibrations. Demodulated 
100 Hz and 2 kHz vibration waveforms in time domain 
and frequency domain are shown in Fig. 5. Results show 
that proposed lidar could successfully recover mechanical 
vibration signal waveform. Retrieved mechanical vibration 
waveform is distorted due to the non-linear response of 
PZT actuator and environment vibration noise. 

Tables 1 and 2 provide the measured mechanical vi-
bration amplitudes Do at various frequencies fs and work-
ing distances ds. Findings demonstrate that at a reasonable 
working distance, the intended SDR-based LDV platform 
could successfully acquire mechanical vibration signals 
encompassing the normal frequency range of power 
equipment up to 20 m working distance. 

 
                                                                              (a)                                                                                                               (b) 

Fig. 4. Performance test set-ups; (a) Optical layout and PZT actuator source; (b) Standard sinewave vibration signal generation and SDR 
receiver platform. 
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Fig. 5. Demodulation vibration waveform in time and frequency domains; (a) 100 Hz; (b) 2 kHz. 
 

fs [Hz] 50 100 500 800 1k 2k 5k 10k 20k 
D0 [μm] 0.915 0.922 0.861 0.847 0.831 0.823 0.826 0.897 1.072 

Tab. 1. Mechanical vibration sensitivity at different frequencies (working distance ds = 3 m). 
 

ds [m] 0.5 2 3 5 7 10 15 20 
Dr [mm] 0.5 0.5 0.5 1 1 1 2 2 

A0  1.015 1.019 1.002 0.995 0.994 0.994 0.993 0.992 

Tab. 2. Mechanical vibration detection at different distance (f0 = 650 Hz). 
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Fig. 6. Mechanical vibration sensitivity at different frequencies. 

Bandwidth of the lidar system is graphically de-
scribed in Fig. 6. It can be concluded that the system per-
forms well with field vibration requirement bandwidth 
(50 Hz–20 kHz). Upper frequency band is not confirmed 
due to limited vibration source (maximum frequency 
25 kHz, 1 μm displacement) response bandwidth. 
However, 50 Hz–20 kHz could satisfy vibration measuring 
of power equipment (base frequency component by elec-
tromagnetic force is 100 Hz). 

4.2 Prototype System Installation and Appli-
cation Cases 
Transformer and GIS are most important equipment 

in power systems, and mechanical defects are most com

mon fault types [26], [27]. Besides, electrodynamic force 
and vibration behavior of GIS and power transformer are 
representative. 100-Hz force and vibration are dominant 
for GIS equipment. However, with non-linear hysteresis 
effect, frequency component of force and vibration are 
much more complex in power transformer. Thus, we used 
a power transformer and a GIS capsule as examples of the 
created prototype lidar system's application to field power 
equipment in order to further illustrate the effective of the 
proposed software-defined lidar on contactless vibration 
detection on power equipment (Fig. 7). The optical com-
ponents are integrated in camera-shape block and installed 
on a tripod (Fig. 7(a)). Application of the developed soft-
ware-defined lidar system on GIS capsules and power 
transformer scenarios are shown in Fig. 7(b). The 1200 A 
test current is provided by a large current generator. The 
distance between the optical antenna and measuring loca-
tions is fixed at 4 m. The application GUI is deployed on 
tablet-shaped edge computation unit (NVidia Xavier). 
Graphical User Interface (GUI) developed on PyQT envi-
ronment is shown in Fig. 8. 

Time-domain and frequency-domain descriptions of 
captured mechanical vibration results are illustrated in 
Fig. 9. Results show that mechanical vibration of power 
equipment is excited by electromagnetic force induced by 
50 Hz sinewave alternating current, the basic component 
of electromagnetic force and mechanical vibration is 
100 Hz, the proposed lidar system could clearly distin-
guish 100 Hz sinewave mechanical vibration signal of GIS 
and power transformer. It is also shown that with a com-
plex structure and installation environment, several har-
monic vibration components could be induced. 

 
Fig. 7. Prototype lidar system and application scenarios on power equipment. 
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Fig. 8. GUI interface of vibration detection system. 

 
Fig. 9. Mechanical vibration results on different scenarios under 1200A test current. 

5. Conclusion  
In this work, a special SDR-based lidar system for 

low-cost and flexible contactless mechanical vibration 

detection of high-voltage power apparatus is proposed. 
The designed system has successfully worked on both 
laboratory test and physical scenarios as GIS and power 
transformer. The following conclusions could be obtained 
from this work.  
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1) A 1550-nm optical transceiver could obtain the re-
flected light from the target object related to the working 
distance up to10 m without reflective sticker on the target 
surface.  

2) A SDR receiver with GNU radio platform could 
realize low-cost and flexible vibration detection system 
including signal demodulation, post-processing and data-
base.  

3) Parameters of the proposed software-defined Lidar 
prototype are verified by laboratory tests. Results show 
that the prototype system can retrieve 50 Hz–20 kHz 
bandwidth vibration signals, displacement measuring 
range is 0.47 mm and the working distance is up to 20 m. 

4) Effectiveness of the proposed software-defined 
Lidar is demonstrated on power transformer and GIS 
equipment. The achieved results highlight the validation of 
the proposed high-performance, low-cost and flexible 
programmed software-defined lidar system on contactless 
vibration detection for electric power equipment. 
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