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ULTRASONIC VIBRATION MEASUREMENT USING HETERODYNE
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ABSTRACT

Ultrasonic vibration measurement and the development of ultrasonic vibration sensors have a significant
impact on underwater pattern detection, providing good support for the exploitation and usage of marine
resources. Advanced digital signal processing algorithms improve mechanical displacement measurements
using ultrasonic speed and pm-level interferometers in real-time. In recent years, developing digital algorithms
and employing low-cost software-defined radio (SDR) software applied to communication systems and other
general-purpose systems with flexible solutions are essential in modern industrial applications. Specifically,
the SDR can be consistent with real-time phase-change measurements of MHz-frequency interference signals
for a heterodyne interferometer. This paper combines a heterodyne interferometer and a real-time SDR phase
meter, demonstrating an ultrasonic vibration instruments high-speed vibrating measurement capabilities. A
double-pass interferometer is implemented to produce interference signals modulated with a sine waveform
phase change associated with a tools ultrasonic vibrating displacement, calculated by the phase meter's
quadrature demodulation algorithm. The measurement results show that the system detects the sine-wave
vibration trajectory generated by the vibrator at a frequency of 20 kHz and an amplitude of ~460 nm. The
principle of the measurement system, instrumentations, experiments, and results are discussed in the paper.

Keywords: High-speed vibration measurement, ultrasonic sensor, heterodyne interferometry, quadrature
demodulation, software-defined radio
TOM TAT

Po rung siéu am va phat trién cam bién rung siéu am co tac dong ding ké dén phat hién mé hinh dwdi
bube, hé tro tot cho viée khai thac va sir dung cdc tai nguyén bién. Céc thudt todn xir Iy tin hiéu 50 tién tién cdi
thién cdc phép do dich chuyén co hoc bang cdch sir dung giao thoa ké do dich chuyén nhé ¢ mire pi ¢6 mét va
& toc dg siéu am trong thoi gian thiee. Trong nhitng ndm gan day, viéc phdt trién cdc thudt todn kyf thudt s6 va
sir dung phan mém vé tuyén dwoc dinh nghia bang phan mém (SDR) c¢é chi phi thap dp dang dung cho cdc hé
théng truyén théng va cdac hé thong c6 muc dich chung khéc véi cdc gidi phdp linh hoat la rdt can thiét trong
cdc itng dung cong nghiép hién dai. Cu thé, SDR cé thé phit hop véi cic phép do thay déi pha theo thoi gian
thue véi cde tin hiéu giao thoa c6 tan sé chdp MHz trong giao thoa ké hai tan sé (heterodyne). Bai bdo trinh
bay su két hop giao thoa ké hai tan sé va mdy do pha SDR trong thoi gian thiee ¢é khd ndng do rung toc dé cao
ciia thiét bi rung siéu am. Mét giao thoa ké dwong truyén kép (double-pas interferometer) dwgc trién khai dé
tao ra cdc tin hiéu giao thoa dwgc mé dun pha dang séng sin lién quan dén sw dich chuyén rung siéu am dang
séng sin ciia dao cong cu va s mé dun pha dwoc tinh bang thudt todn diéu ché hai pha cing tan s6 nhung léch
pha nhau 90 dg (quadrature modulation) ciia may do pha. Két qua do cho thdy hé thong do phat hién quy dao
dao dong séng hinh sin do mdy rung ciia dung cu cdt tao ra & tan so6 20 kHz va bién do ~460 nm. Nguyén Iy
cia hé thong do lwong, thiét bi do, thi nghiém va két qua dwoc thdo ludn trong bai bdo.

Tir khéa: Do rung toc dé cao, cam bién siéu am, giao thoa ké hai tan so, diéu ché pha ciing tan sé nhung
léch pha 90 dj, séng vé tuyén dinh nghia bang phan mém
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I. INTRODUCTION

For  decades, ultrasonic  vibrating
applications have been considered a powerful
support for cutting hard materials and
increasing machining accuracy and cutting
tool duration in cutting, milling, or drilling
processes  [1,2].  Otherwise, ultrasonic
vibration and ultrasonic sensors have attracted
much attention from researchers since the first
sea trials were performed using fiber optic
hydrophones [3]. The research of ultrasonic
sensors has a significant impact on underwater
pattern detection, greatly helping its reasonable
exploitation and comprehensive usage of
marine resources [4—6].

Interferometry has been utilized in many
fields since Michelson invented the first
configuration. Nowadays, the interferometer
plays a crucial role in the semiconductor
industry, precision mechanics, or other
science fields. The main reason is that it
provides a noncontact method with a pm-
measurement level by extracting information
from interference. By using light as a reference
tool, interferometry can reach a high-velocity
response, but it becomes a burden for signal
processing part or device capability, such
as expensive megahertz sampling rate
analog-to-digital converter (ADC). There
are many configurations of interferometer
systems, such as homodyne interferometers,
heterodyne interferometers [7], multi-beam
interferometers  [8], frequency-modulated
interferometers [9], and so forth. All these types
are developed for several features of usages
such as high-resolution, high-speed, 3D surface
measurements. In the world, a commercial
laser Doppler vibrometer of the Polytech brand
is famous for vibration measurement, but it has
drawbacks, such as being unable to display
vibration forms or low-frequency measurement
for high accuracy [10]. However, our primary
efforts have been devoted to mechanical
measurement manufacture, and ultrasonic
vibration measurement is one of them, where
a heterodyne interferometer is a potential
candidate for extracting high resolution with

low-noise signals and high stability.

Since aradio signal receiver (SDR - software-
defined radio) was discovered for high-frequency
signal processing of heterodyne interferometer
[11,12], it opens a new technology for real-time
heterodyne interferometer signal processing.
The RTL-SDR is a low-cost software-defined
radio that can be used efficiently as a receiver
and transmitter with a wide range of frequencies,
especially for radio communication. Besides,
due to its open-source nature, developers have
been able to create software that runs on various
platforms, allowing users to benefit from the
full capabilities of the RTL-SDR. GNU Radio
is controlled by a personal computer (PC),
which can process signals in real-time, while it
is a free and open-source software development
toolkit that provides signal processing blocks
to implement software radios written in either
C++ or Python programming language. It can be
used with readily - available low-cost external
radio frequency hardware (RTL-SDR dongle)
to create software-defined radios [13]. SDR
implementations have been used in different
applications, such as cognitive radio [14], low-
power and cost transceivers [ 15], coherent radar
systems [16], and dual-comb spectrometers
[17].

In this paper, we develop a phasemeter
using an RTL-SDR dongle and GNU Radio
software for a double-pass heterodyne
system to evaluate the working operation of
a vibrator (20 kHz frequency vibration). The
experiment demonstrates that the combination
with the SDR phasemeter and the heterodyne
interferometer system can do a real-time
vibration measurement with an amplitude
of ~460 nm at 20 kHz. The results of the
phasemeter will be compared with those of a
laboratory phasemeter with a high sampling
rate (20 MHz) and calculated point-by-point.

Overall, we present an orientation of
heterodyne interferometer theory, the SDR
phasemeter principle, and our practical
experimentin Section 2. In Section 3, we discuss
the results, advantages, and disadvantages of
our system.
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II. METHODOLOGY
1 Heterodyne interferometer principle
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Fig. 1. Simulation of basic optical heterodyne interferometer systems using double-pass

BS, beam splitter; PBS, polarization beam splitter;, QWP, quarter-wave plate; PD1&2, photodetectors; PC, personal
computer; ADC, analog-to-digital converter, FG, function generator, LIA, lock-in amplifier [9].

Our proposed setup contains a frequency-
stabilized He-Ne laser (Fig. 1), which has two
slightly different and orthogonally polarizing
frequencies, f, and f,, a beam splitter (BS),
double-pass interferometer, two polarization
plates (PP) and two photodetectors (PDs).
When the laser beam travels through the BS,
the laser beam is separated into reflected and
transmitted beams. Firstly, reference signal Ir is
generated by the reflected beam passing through
PP towards PDI1. Secondly, the transmitted
beam enters a double-pass interferometer. The
laser beam is reflected twice before it goes into
the PD2. By adjusting the PP polarization axis
to an angle of 45° to the polarization plane of
the beams f, and f,, the interference signal Im
is generated at PD2 reached the maximum.
Finally, phase meters are built to process these
signals for extracting the displacement of the
motioning object.

Asthe optical path differences (OPD) change
to fractions of wavelengths, the corresponding
interference phase changes proportionally.
These phase changes are directly proportional
to the change in OPD. Based on the optical
configuration below, the relation between
the displacement L and different phase 6
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(in radian) can be determined by the below
formula [18,19]: 87n

0 =—1L 1
m=" (M

where 7 is the environmental index, A is the
wavelength of the laser source.

In the heterodyne interferometer, o = 2nf,
is the angular frequency of the interferometer
pattern, and 6 is the different phase of two
signals, including a measurement signal [
(B amplitude) and a reference signal I (4
amplitude) described as [18]:

I = Asin(a)mt), 2)
I =B sin(comt +6, ) 3)

In the next part, based on Eq. (2) and (3),
our phasemeters will find the phase change to
determine the corresponding displacement.

2. SDR phasemeter using RTL-SDR
dongle and GNU Radio

Our testing phasemeter combines both
analog and digital signal processing that are
responded to by the R820T tuner working as
an analog downbeat system and RTL2832U,
providing an ADC 28.8 MHz sampling clock,
respectively [12,20,21]. At the next stage, the
low-frequency signal is processed to determine
its phase by the quadrature demodulation
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Fig. 2. Schematic of signal processing.
SDR, software-defined radio; LO, local oscillator;, LNA, low noise amplifier; VGA, variable gain amplifier; ADC, analog-

to-digital converter, LPF, low-pass filter; USB control, universal serial bus control; PC, personal computer.

method, which works on GNU Radio software.

The incident optical power of the heterodyne
interferometer system is converted to a voltage
by a photodiode proportionally, and RTL-SDR
receives them. In analog signal processing, the
amplitude signal 7 () is increased by a low-

noise gain, mixed with a local oscillator (LO)
signal to generate the output I’ (¢). Here f,  in
I (%) can be chosen automatically from 25 MHz
to 1766 MHz to tune down a lower frequency
P =1t in I (0) [20]

The down-beat frequency technique can be
described below:

1 1
I (t)xcos(w, t)=—Bsin(w t+w,t+60 )+—Bsin(ot-w, +60 ) (4)
2 2

Passing through a low-pass filter (LPF) to remove a high-frequency term, I’ (?) is

1 1
I' (t)=—Bsin(owt-w, +60 )=—8 sin(a)r'n +6) (5
2 2

In the digital processing stage, the signals are converted to digital signals by the ADC of RTL2832U
with a sampling rate f = 28.8 MHz [13], and the main RTL2832U task is described in Fig. 2 [12].

1 1
I' (¢)-sin(@) 1) =——BcosQaw, t +6 )+—Bcos(6,) (6)
4 4

1 1
I' (t)-cos(@) t) =—BsinQw, t+6 )+—Bsin(@ )  (7)
4 4

By using LPFs to cut off high-frequency
signals, Eq. (6) and (7) can be re-written as:

I(f) = iB sin(@,)  (8)

o) = —B cos(@,) (9

In the next stage, the PC program in the
GNU radio software acquires the signals /(7)
and Q(#) from the RTL-SDR device to the PC
via USB access at a stable sample rate of 2.4
MS/s [21]. In this program, due to performing

in the multi-frequency environment and
preventing the program from overloading, the
rational sampler function reduces the sampling
frequency of /(f) and Q(¢) by five times and
is equal to 480 kHz. Then, the quadrature
demodulation function calculates the argument
(angle, in radians) of /(f) and Q(¢) to generate
the phase 6 [20,22,23]. 6 is filtered by a
bandpass filter ranging from 18 to 22 kHz to
remove redundant frequency components.
Finally, the output is converted to introduce the
displacement L.
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Fig. 3. Practical experiment of ultrasonic measurement.
BS, beam splitter; PP, polarization plate; PD, photodetector:

In our practical experiment, the laser beam
is generated by a frequency-stabilized He-Ne
laser (Zygo ZMI-7705 3.6 MHz frequency
and 633 nm wavelength [24]), which is
collected by PDA36A photodiodes (Thorlabs,
12 MHz bandwidth [25]) and a double-
pass interferometer Agilent 10706B [26] to
increase the resolution of phase detection.
The measurement signal is mixed with a pure
signal from a function generator, which will
then be proceeded by the SDR phasemeter. In
Fig. 3, an ultrasonic vibrator is controlled by a
high-voltage driver and screwed into an anti-
vibration optical table workstation. The main
engine of the vibrator is a PZT actuator driven

400

by a high-frequency voltage at 20 kHz; hence,
the vibrating can be generated only in one axis.
The whole optical system is set close to reduce
dead-path and environmental effects.

Two phase meters will process the
interferometer signals (a reference one is
built by our laboratory and the SDR one). The
reference phase meter is based on a lock-in
amplifier method at a 20 MHz sampling rate,
which works concurrently with the SDR phase
meter. Both the results agree that the measured
vibration amplitudes are ~460 nm at 19930 Hz
with ~0.262 nm standard deviation within 0.5

us (Fig. 4).
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IV. CONCLUSION

This paper presents ultrasonic vibration
measurement using a heterodyne interferometer
with our phasemeter and phasemeter based on
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Fig. 4. Measurement results of reference and SDR phase meters.

SDR. As aresult, the SDR phase meter has been
constructed by GNU Radio software, which
can process interferometer signals in real time
and shows the same results as our reference
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phase meter (0.262 nm standard deviation).
Our practical experiment is implemented on the
ultrasonic vibrator with a vibration amplitude
of ~460 nm at ~20 kHz.

The main limitation of the RTL-SDR is the
scarcity of references that provide a complete
description of its operation. Although the
functionality of the RTL-SDR is limited
(primarily developed for digital video and radio
applications using the mid-band), ultrasonic
vibration/displacement measurements can
be measured for heterodyne interferometry.
Even though we have not determined the
error of measurement results, we partly avoid
the environmental effects. One of the most
significant advantages is that the SDR phase
meter can be built with an affordable RTL-SDR
dongle and a PC for real-time measurements.
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