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ABSTRACT

Laser Ultrasound (LUS) is commonly used in many fields including thickness measurement and defect inspection.
In a conventional LUS system, a piezo-based transducer (PZT) is generally used for detecting the ultrasound echo
waves, which requires direct contact with a specimen and thus prolongs measurement time when any lateral
scanning is necessary. We present a novel non-contact interferometric system based on a 3 x 3 optical fiber
coupler. Even though the 3 x 3 interferometric system works stably at any operating point and allows quanti-
tative measurements, it is generally known that careful calibration is necessary before main measurements.
Experimentally, it was observed that the surface displacement, induced by the ultrasound wave of LUS, of a
cornea phantom was so minute that averaging was necessary. In this study, we discovered that by using the
multiple data sets acquired for averaging, we could obtain the system ad hoc characteristic ellipse without
performing the conventional calibration process. Furthermore, by utilizing coherent average we could extract the
displacement with a 0.14 nm sensitivity. We could also measure the thickness variation, induced by ocular
pressure, of the cornea phantom with a resolution of 4.3 ym by measuring the time of a round trip of the ul-
trasound wave. This straightforward system, composed solely of a 3 x 3 coupler, is expected to promise a

compact and efficient solution to diverse applications.

1. Introduction

Laser Ultrasound (LUS) technology has found applications primarily
in industrial fields for measuring thickness or inspecting defects inside
or on the surface of a specimen [1,2]. Initially, ultrasound wave was
generated at the specimen surface using a laser pulse, and the echo
waves reflected from the target inside the specimen were detected with a
piezo-based transducer (PZT). However, using a PZT led to a prolonged
measurement time because it could not move quickly due to the contact
with the specimen. For a biological specimen, the contact itself could
give some discomfort and fundamental restrictions. In response, a non-
contact method utilizing a laser-based detector instead of PZT was
proposed [3-8].

At present, optical interferometers serve as the tools for prevalent
non-contact measurements. Optical interferometers offer the advantage
of measuring minute displacements without making physical contact
with the specimen. They have been utilized for detecting cracks inside
airplanes or measuring the thicknesses of steel plates [7]. Particularly,
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optical fiber-based interferometers have the added advantage of being
easier to configure than free space ones. However, they have the
drawback of being highly sensitive to initial phase or operating point
drift, which could be affected by building vibration, temperature fluc-
tuation, and atmospheric pressure change. To address this sensitivity
and stability issues, various systems have been proposed, including the
installation of additional modulators [9-14]. Yet, these solutions came
with the drawbacks of complexity and high cost.

To overcome the initial phase problem and to achieve the measure-
ment of nanometer-scale displacement, the optical interferometer based
on a 3 x 3 optical fiber coupler has been proposed. The most popular
interferometer is based on a 2 x 2 coupler, which gives two interference
signals having the intrinsic phase difference of 180 degrees. Therefore,
for a small displacement, both signals show the same response, just with
opposite signs, being sensitive to the initial phase or operating point of
the system. One of the best ways of getting the phase information from
an interferometer, as has been well known, is utilizing the I (in-phase)
and Q (quadrature phase) signals. Since they are 90 degrees out of phase
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with each other, the small phase information can be extracted without
being affected by the drift of operating point or initial phase of the
system.

Fortunately, in the interferometer based on a 3 x 3 coupler, the three
output interference signals have intrinsic phase differences of around
120 degrees with each other. When any two signals are plotted simul-
taneously, the Lissajous curve is formed in an ellipse. The inclination
angle of the ellipse is mainly due to the intrinsic phase difference.
Through curve fitting, the parameters of the ellipse, called the charac-
teristic ellipse of the system, are obtained and used for calculating the IQ
signal pair [15-17]. However, the characteristic ellipse itself is affected
by unintentional variations in the system parameters, including the
coupling ratio of the coupler and the reflectivity on the specimen sur-
face. Usually, the characteristic ellipse is obtained or constructed before
the main measurement by driving a PZT in the reference arm. It has been
reported that at least n/4 phase fraction of an ellipse is necessary for
making a curve fit [18]. Therefore, when the measurement is made
while scanning the surface laterally or the curvature of the surface is
changed during the measurement, the parameters of the ellipse need to
be recalibrated to maintain the same level of accuracy.

In this work, we propose the optical interferometric system that is
based on a 3 x 3 optical fiber coupler but does not need the prior PZT
driving for ellipse calibration. When the displacement under measure-
ment is very small, average is generally utilized to reduce noise, which
requires several measurements at the same condition. Fortunately, it
was experimentally observed that the multiple measurements could
provide the parameters of the characteristic ellipse. By doing the
average coherently, we could achieve the measurement of sub-
nanometer displacements. Therefore, by averaging the multiple signals
acquired under the same condition, we could get not only initial phase
insensitive measurement but also high resolution.

To prove the concept, the surface displacements caused by the ul-
trasound waves of LUS on a cornea mimicking phantom were measured.
By measuring the time of a round trip of ultrasound echo wave induced
by LUS within the cornea phantom, the ocular pressure-induced cornea
thickness variation was measured. Interestingly, however, the ocular
pressure changed the characteristic ellipse, asking re-calibration at each
pressure. Nevertheless, by utilizing the proposed scheme and coherent
averaging, we were able to measure the nanometer-scale displacements
at the surface of the cornea phantom driven by the ultrasound echo
waves.

2. Method
2.1. Laser ultrasound (LUS)

In a LUS system, a short and strong laser pulse generates ultrasound
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waves on the surface of a specimen through the photoacoustic effect
[1-8]. The ultrasound waves propagate into the specimen and are re-
flected at target objects located within the volume. The returned or echo
ultrasound waves are then detected typically by a PZT at the surface. To
address the issue of contact, this work measures surface displacement
induced by ultrasound waves using optical interferometry. By analyzing
the ultrasound echo waves, the thickness variation of a cornea phantom
is calculated with respect to the ocular pressure applied to the cornea
chamber.

2.2. Interferometer based on a 3 x 3 optical fiber coupler

The optical interferometer based on a 3 x 3 optical fiber coupler is
implemented in a Mach-Zehnder configuration as depicted in Fig. 1. A
continuous wave (CW) laser (SFL1550P, Thorlabs. Inc., Newton, NJ,
USA) with a center wavelength of 1550 nm is split into a 99:1 ratio with
a 1l x 2 optical fiber coupler. To cope with the specimen having low
reflectivity, 99 percent of the beam is directed toward the sample arm
with a circulator, while 1 percent to the reference arm. Such adjustment
is convenient in the Mach-Zehnder configuration over the Michelson one
[15]. The intensity of the beam in each arm is adjusted using a polari-
zation controller and a neutral density filter to maximize the visibility of
the interference. Subsequently, the interference signals are detected by
two detectors (PDB460C, Thorlabs. Inc., Newton, NJ, USA), and the data
is acquired using a digitizer (CSE123G2:YT1, Gage. Inc., Vitrek, LLC,
USA). The detected interference signals are used to construct a Lissajous
curve, which is then fitted to an ellipse. This ellipse provides the char-
acteristic parameters of the system.

The two interference signals, denoted by I, and Iy, of a 3 x 3 inter-
ferometer are generally given as [15,16,18]

I, = h+ acos¢ €y
I, = k+bcos(¢p + 5) (2)
¢ = 2koAz + ¢, 3)

Where, parameters h and k represent the DC levels of the interference
signals, giving the center position of the characteristic ellipse. While,
parameters a and b correspond to the AC amplitudes of signals, giving
the aspect ratio of the ellipse. The intrinsic phase is denoted by 5. As a
characteristic of the 3 x 3 coupler, the phase is around 120 degrees and
affects the orientation of the principal axes of the ellipse. Lastly, ¢ de-
notes the phase angle of the interferogram. Where k is a wavenumber of
laser. It is proportional to the displacement Az occurring in the sample
arm, and shifted by the initial phase difference ¢,. Therefore, the
applied displacement changes the phase ¢ in both Egs. (1) and (2), and
forms a fraction of an ellipse. As the phase amplitude increases, the
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Fig. 1. Schematic of an interferometer based on a 3 x 3 optical fiber coupler. Cir: circulator, PC: polarization controller, L: lens, Col: collimator, NDF: neutral density

filter, M: mirror, PZT: piezo-based transducer.
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fraction increases. Consequently, the displacement corresponding to
half the laser wavelength forms one complete cycle of the ellipse.

In general, the parameters not only h and k but a and b are affected by
the amount of the light returned from the reference and sample arms.
Even though the reference arm can be maintained stable, the beam
returned from the sample arm depends heavily on the roughness and
non-uniform reflectivity of the specimen surface. Thus, the four pa-
rameters (h, k, a, and b) fluctuate appreciably when the measurement
point is scanned across the surface for a line or area measurement. The
variation of the characteristic ellipse due to the change in the sample
arm is experimentally tested and graphically presented in Fig. 2.

At first, with a PZT (PK2FSP2, Thorlabs. Inc., Newton, NJ, USA), the
sample arm was sinusoidally oscillated at a frequency of 5 kHz with a V},.
p of 4 V. The measurement was made during a 16.32 ms for acquiring a
single set of data, and total 10 sets were acquired with a time interval of
1 s in between. The Lissajous curve was plotted using these 10 sets of
data and depicted in Fig. 2(a) (blue curve). We can see that all data
points are well located along a closed line, which is fitted well to an
ellipse as depicted with the red dotted curve. Then, the same measure-
ment was repeated after slightly adjusting the neutral density filter to
reduce the intensity of the beam returned from the sample arm. In Fig. 2
(a) (green curve), we can see that the data points are localized around a
small ellipse, which is located far apart from the original curve. For
better comparison, the second ellipse was enlarged in Fig. 2(b). While
both ellipses appear similar in shape at first glance, closer examination
reveals differences in center positions, sizes, orientations, and aspect
ratios.

The fitting parameters of the first blue and the second green ellipses
are presented in Table 1 [15,18]. With the fitted ellipse, the displace-
ment Az actuated in the sample arm was calculated using Eq. (3). In both
cases, the applied displacements were properly reconstructed using their
own fitting parameters, as shown in Fig. 2(c) and (d). However, when
the green data in Fig. 2(b) was calculated using the fitting parameters of
the previous blue ellipse in Fig. 2(a), significant distortion occurred, as
seen in Fig. 2(e). This observation highlights the critical importance of
ad hoc calibration of the characteristic ellipse of the system for ensuring
reliable measurements.
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Table 1
The fitting parameters of ellipses in Fig. 2.
a b h k S(rad)
Blue data 0.566 0.605 0.671 0.726 2.17
Green data 0.353 0.349 0.290 0.288 2.11

It is noteworthy that the curves in Fig. 2(a) and (b) appear as closed
loops, forming complete ellipses. As mentioned earlier, to form one
complete cycle of ellipse, a displacement of 775 nm, half the wavelength
of the 1550 nm laser, is required. However, the calculated displacements
in Fig. 2(c) and (d) are only 40 nm. In the next section, we will explain
how to form the whole ellipse from such a small displacement amplitude
of only 40 nm or less.

2.3. Small displacement measurement

In the previous section, it was confirmed that any two output signals
of the 3 x 3 interferometer formed a fraction of the characteristic ellipse
of the system. However, when the amplitude of the applied displacement
was not big enough, it was impossible getting the whole ellipse from the
measured data only. To obtain the whole ellipse from small but multiple
fractions of ellipse, we conducted some experiments.

For experiment, the PZT in the sample arm was sinusoidally oscil-
lated at a frequency of 25 kHz with a V., of 1 V. A single data set was
acquired over a 1.632 ms time period, and the corresponding Lissajous
curve was plotted. Fig. 3(a) shows the acquired data along with the
expected characteristic ellipse (red dotted line). We can see that the data
bunch is in the shape of a silk cocoon, far from the shape of an ellipse.
The same measurements were repeated several times, and the Lissajous
curves were plotted with 10 sets Fig. 3(b), 20 sets Fig. 3(c), and 50 sets
Fig. 3(d) of data. The time interval between successive sets was 1 s.
Interestingly, as the number of data sets increased, the data bunches
were distributed widely, enough for getting the whole characteristic
ellipse. It is noted that the experiment was made at typical laboratory
conditions, even on a regular optical table. This implies that the char-
acteristic ellipse of the system can be obtained simply by repeating the
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Fig. 2. Experimental verification of the characteristic ellipse being affected by the change in the sample arm. (a) Lissajous curve (blue) of a 5 kHz sinusoidal
displacement, and the same one (green) but with a reduced sample arm intensity. (b) An enlarged figure of the green curve in (a). (c) The displacements in the blue
data of (a), calculated with the blue ellipse parameters of (a). (d) The displacements in (b) calculated with the ellipse parameters of (b). (e) The displacements in data

(b) but calculated with the blue ellipse parameters in (a).
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Fig. 3. Multiple measurements of a small sinusoidally oscillating displacement. Lissajous curves plotted with 1 (a), 10 (b), 20 (c), and 50 (d) data sets. (e) Time
sequential displacement signal extracted from one data set of (a). (f) Channel signal I, of (a). The channel signal directly averaged with 50 data sets of (d) for I (g)
and Iy (h). The input was a 25 kHz sinusoidal displacement in the sample arm. Each data set was captured during a 1.632 ms time period. The time interval between
nearby data sets was 1 s.
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same measurement multiple times, without any intentional manipula-
tion or specific calibration. Furthermore, by using the ellipse parame-
ters, obtained with the multiple measurements of Fig. 3(d), the
displacements of Fig. 3(a) were calculated. Fig. 3(e) shows that the
displacement signal extracted from one data set is highly noisy even to
figure out the 25 kHz sinusoidal behavior of the input signal. Further, we
can see the signal was drifted with time. Even though the signal
amplitude itself was about 16 nm, the DC level of the signal was drifted
about 37 nm within 1.632 ms. Therefore, we can say that the main cause
of the cocoon shape data bunch in Fig. 3(a) was caused mainly by the
slow drift of the system, overwhelming the small amplitude of the
applied fast displacement.

For further analysis, the time sequential signal of the first detector
channel I, in Fig. 3 (a) is plotted over the 1.632 ms time period in Fig. 3
(f). It is highly noisy also and drifting similar to Fig. 3(e). In an attempt
to sharpen the signal or reduce the noise level, 50 sets of data in Fig. 3(d)
were averaged directly channel by channel. Unfortunately, it was
observed that the direct averaging in each detector channel was not
effective as shown in Fig. 3(g) for I, and Fig. 3(h) for I,. They failed even
showing the oscillating behavior of the 25 kHz input signal. The problem
in the channel averaging is solved by utilizing the coherent average, as
will be addressed in the next section. It is noted that the slow drifting in
Fig. 3(f) was random in the amplitude and direction, which was nullified
by averaging. Thus, Fig. 3(g) and (h) do not show appreciable drifting
behavior anymore.
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2.4. Coherent average

Fig. 4 shows the coherent average performed with the 50 data sets
acquired for Fig. 3(d). As it was discussed, the data bunches were
distributed along a closed curve, and the curve was well fitted with an
ellipse. The fitting to the ellipse can be transformed to the fitting to a
circle. The cosine and sine of the phase angle in Egs. (1) and (2) can be
obtained with the parameters of the ellipse fitted with 50 data sets as
[15]

L.—h
cosp =

4

b(I, — h)coss — a(I, — k)
absind

Fig. 4(a) shows that the 50 data bunches transformed from the
characteristic ellipse to a circle were scattered all around the circle using
Egs. (4) and (5). As shown in Fig. 4(b), we can see that one bunch of data
looked like a silk cocoon, a rather fat and long one. In order to do the
coherent average, the overall phase of the data points in each data bunch
was calculated. Finally, the overall phases of all 50 sets were adjusted to
be matched with each other. Fig. 4(c) shows the overlap of 50 data
bunches after matching the overall phases. It looks much fatter than the
single bunch in Fig. 4(b), even though the length is similar. However, the
averaging of the overlapped data bunches gave a much thinner and
shorter cocoon shape as in Fig. 4(d). Fig. 4(e) shows the displacement
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extracted with the coherently averaged phase angle of Fig. 4(d). We can
clearly see the 25 kHz sinusoidal signal of about a 7 nm peak-to-peak
amplitude, much smaller than the maximum signal range of Fig. 3(e).
The length of the final cocoon in Fig. 4(d) after coherent averaging is
mainly due to the amplitude of the applied signal.

The extracted displacement, without utilizing any average, was the
sum of the wanted input displacement signal Az and the unwanted
initial phase ¢, of the system. With Fig. 3(e), we already confirmed that
the long length of the cocoon in Fig. 3(a) was mainly due to the drifting
of ¢y. On the other hand, in Fig. 4(d), we can see that the 50 averaged
cocoon became short, which means the drifting of ¢, was averaged out,
while the desired signal Az was properly averaged. We can see in Fig. 4
(e) that the extracted displacement has negligible drifting.

Therefore, we can conclude that using multiple datasets offers three
advantages: First, there is no need to attach any additional PZT to the
reference arm to obtain the ellipse parameters for each change in the
sample arm. Second, the ellipse parameters can be obtained by collect-
ing multiple fractions of displacements smaller than z/4 each in phase.
Lastly, through coherent averaging, we can reduce the system noise and
nullify the effect of drifting of the system.

3. Experiment

Equipped with these verifications, we have tried to measure the
thickness variation of a cornea phantom as a function of the intraocular
pressure change [19,20]. As the phantom, a film of Poly-
dimethylsiloxane (PDMS) having an air chamber underneath was pre-
pared. Experimentally, it was found that the displacement induced by
the ultrasound echo waves of LUS on the film surface was so tiny that
averaging was necessary to see the thickness variation. Further, due to
the pressure changes, the curvature of the PDMS film was changed,
altering the characteristic ellipse of the system through deviating the
reflection angle.

3.1. Sample preparation

A cornea phantom was made by attaching a PDMS film on a PDMS
block with an air gap, as illustrated in Fig. 5. At first, the bottom block
for the air chamber was made by pouring 10:1 PDMS mixture (silicon
and curing agent) in a petri dish having a mask of 2 to 3 mm thickness.
Then, to increase the absorption of excitation laser, the PDMS film was
fabricated with the same PDMS mixture but adding some carbon black
powders (processes 1 and 2). The thickness of the film ranged from
approximately 2 to 2.5 mm. After curing, the mask was removed and a
hole of 0.3 mm diameter was drilled for the pressure application at the
PDMS block (process 3). Finally, the PDMS film was attached on top of
the PDMS block with the O, plasma method (process 4). The chamber
pressure was controlled using a syringe pump equipped with a pressure
gauge. No noticeable leakage of air pressure was observed.

A pulse of an ultrasound wave was generated on the top surface of
the PDMS film by irradiating an Nd:YAG laser pulse of a 532 nm
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displacements on the film surface, induced by the LUS and its echoes
bouncing back and forth between the top and bottom surfaces of the
film, were measured over time using the proposed optical interfero-
metric system.

3.2. Experimental setup

The basic setup was the same as Fig. 1. However, the object causing
the displacement in the sample arm was changed, from PZT to a cornea
phantom as shown with Fig. 6. The two interference signals were
measured and digitized with a maximum 125 MS/s. For the LUS gen-
eration, an Nd:YAG laser operating at a repetition rate of 20 Hz was
employed. The laser pulse was guided with a multimode fiber and
collimated to the phantom with a diameter of about 5 mm. At each
chamber pressure, the time sequence of surface displacements induced
by a single excitation pulse was acquired as a single dataset. In order to
decrease the noise level, coherent average was made with maximum 50
sets of data. With time of a round trip between nearby echo peaks, the
thickness of the PDMS film was calculated. By doing the same mea-
surement after changing the pressure, the pressure-induced thickness
variation in the cornea phantom was calculated.

4. Experimental result

The LUS-induced displacements of the top surface of the PDMS film
were measured under three different chamber pressures: 10 kPa, 15 kPa,
and 20 kPa. Fig. 7(a) shows the Lissajous curve plotted with a single data
set acquired at 10 kPa using just one excitation pulse. The time
sequential displacements, of a 32.76 ps time period, extracted from
Fig. 7(a) are plotted at Fig. 7(b). Unfortunately, the noise was significant
to figure out the behavior of the echo signal, especially the echo peaks
were not clearly distinguished. Therefore, the coherent average was
made with increasing the number of data sets; 10 sets for Fig. 7(c) and
(d), 30 sets for Fig. 7(e) and (f), and 50 sets for Fig. 7(g) and (h).

In the case of the single data set without averaging, the root mean
square (RMS) noise equivalent displacement was calculated to be 1.23
nm. However, after performing the coherent averaging with 30 and 50
sets, the RMS noise equivalent was decreased down to 0.188 nm and
0.14 nm, respectively. We can see that the noise level becomes low
enough to figure out the multiple echo peaks, induced by the ultrasound
wave, of nanometer amplitudes. Interestingly, we can also see that the
data bunches are rather evenly distributed along an ellipse, which is
thought due to thermal expansion of the sample surface, induced by the
excitation laser. It is noted that the RMS noise equivalent was calculated
with the data within the time segment of 18 ~ 21 ps, but other segments
gave the similar results. The equivalent displacement was decreased
rapidly with the number of data sets for around the first ten and then
slowly decreased. With 70 and 100 data sets, it was measured as low as
0.12 nm and 0.1 nm, respectively. However, by considering the long
data acquisition time, we have used 50 as the maximum data sets for the
coherent averaging.

The recurrence of the displacement signal in Fig. 7 was attributed to

PDMS block @ D=03mm

PDMS film
4 2-25mm

Cornea phantom

Fig. 5. The process of fabricating a cornea phantom.
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Fig. 6. Schematic of the system for measuring the time sequential small displacements caused by LUS on the surface of a cornea phantom. Cir: circulator, PC:
polarization controller, L: lens, Col: collimator, NDF: neutral density filter, M: mirror, DM: dichroic mirror.

the multiple reflections of the ultrasound wave at both surfaces of the
PDMS film. The ultrasound wave generated by LUS was reflected first at
the bottom surface of the film, interfacing with the air-filled interior
chamber, and then at the top surface of the film. The back and forth
bouncing of the ultrasound wave generated the multiple echo peaks. Of
course, we can see that as the number of bounces increases, the signal
intensity decreases. It can be seen that the maximum peak-to-peak
displacement of the echo peaks between 4.63 ps and 5.12 ps was
approximately 5.78 nm and the minimum one between 30.34 ps and
30.86 ps was 1.67 nm.

The same measurements were made at other pressures also. Fig. 8
shows the three characteristic ellipses fitted with 50 data sets each but at
different pressures; 10 kPa for (a), 15 kPa for (b), and 20 kPa for (c).
Even though the data bunches were rather uniformly distributed along
the characteristic ellipses at all pressures, the ellipses varied with pres-
sure as can be seen in Fig. 8(d). As mentioned earlier, it is thought that
the chamber pressure deformed the curvature of the PDMS film surface,
so that the intensity of the beam back-coupled to the interferometer was
changed with the pressure, altering the ellipse fitting parameters. Fig. 8
(d) shows that there were significant changes in the ellipse parameters
due to the change in the pressure. For this reason, the ellipse parameters
were calculated at each pressure first, and then the displacements were
extracted with the corresponding parameters.

The time sequential echo signals measured at three different pres-
sures, with the coherent average of 50 data sets, are plotted together in
Fig. 9(a). The figure clearly shows that the arrival time of each echo peak
was shortened with increasing pressure, meaning the film was thinned.
The detail arrival times of all peaks are plotted in Fig. 9(b) and sum-
marized in Table 2. Considering the ultrasound velocity of 1076 m/s in
the 10:1 PDMS medium, the film thickness and its variation can be
calculated with the time duration between nearby peaks [21].

For a more precise measurement of the thickness variation, the slope
of the line connecting the peaks in Fig. 9(b) was calculated. As a result,
we got the thickness of the film as 2.260 mm at 10 kPa, 2.211 mm at 15
kPa, and 2.152 mm at 20 kPa, giving about 10.8 pm/kPa as the thickness
reduction rate. The resolution of the thickness measurement is deter-
mined by the sampling rate and the speed of ultrasound in the medium.
Considering the digitizer’s sampling rate of 125 MS/s and the ultrasound
velocity of 1076 m/s in PDMS, we can estimate the resolution of 4.3 pm.
Of course, this can be enhanced further by increasing the digitizer’s
sampling rate.

Even though the experiment with real human eyes could not be
performed in this work, we proposed a new method for measuring ocular
pressure without any irritating physical contact or uncomfortable air
puffing on eyes.

5. Discussions

As confirmed by the experimental results, the proposed system suc-
cessfully measured the surface displacements induced by the ultrasound
wave of LUS. Without using additional devices or equipment, the minute
displacements could be acquired even when the amount of reflection in
the sample arm was changed during the measurement.

The proposed method has two main advantages. First, in a conven-
tional 3 x 3 interferometric system, the ellipse parameters are calculated
or extracted before the main measurements, usually by adding a PZT to
the reference arm. However, in the situation where line or area scan is
required, the PZT must be driven at every measuring points, making the
system complicated and increasing the process time. Whilst, the pro-
posed method can obtain the ad hoc characteristic ellipse of the system
by using multiple data sets acquired at a point. Second, when the dis-
placements under measurement are small, it is difficult to accurately
distinguish between noise and the signal using only one data set.
However, by acquiring multiple data sets at a point over a period of time,
we can perform the coherent average, which allows us to measure the
time varying displacement signals of even sub-nanometer amplitudes.

The proposed method can be applied to the fields where ultrasound is
involved. For example, we can think of preventing GIS (gas-insulated
switchgear) failure by monitoring the ultrasonic waves generated by
electric discharge. A GIS system switches high voltage electric power
lines. In general, unwanted electric discharge frequently occurs between
the conductor to which high voltage is applied and the housing sur-
rounding the conductor [22]. By monitoring the ultrasonic waves
outside or on the housing at an early stage of partial discharge, we can
reduce the failure or break down risk of the GIS system.

6. Conclusion

Experimentally, it was observed that the characteristic ellipse of a 3
x 3 optical interferometer was easily affected by changes in the sample
arm, such as by lateral scanning and curvature variation of the specimen
surface. Fortunately, the characteristic ellipse could be reconstructed
using the multiple data sets captured for coherent averaging. The trou-
blesome drift of the initial phase of the system could be used to obtain
the ad hoc characteristic ellipse of the system.

Based on this method, we have presented the method that could
measure the time-sequential minute displacements caused by the ul-
trasound waves of LUS. An optical interferometer based on a 3 x 3
optical fiber coupler was utilized to measure the time-varying
displacement of a cornea-mimicking phantom surface without physical
contact. Due to the intrinsic phase shift of the 3 x 3 interferometer,
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Fig. 7. The Lissajous curves (left column) and the corresponding coherent averaged time sequential displacements (right column) extracted with 1 data set (a)(b), 10
sets (c)(d), 30 sets (e)(f), and 50 sets (g)(h). Each data set is the time sequential echo signal for a single excitation pulse operating at a repetition of 20 Hz. The red
dotted curve is the common characteristic ellipse expected for the cornea phantom under 10 kPa pressure.

initial phase or operating point-insensitive measurements could be
implemented. By performing coherent averaging, the RMS noise
equivalent displacement could be reduced down to 0.14 nm. Finally, by
using the time of a round trip between the LUS echo peak signals, the
ocular pressure-induced thickness variation of the cornea phantom was
measured to be 10.8 pm/kPa. As a result, the time varying displacements
of sub-nanometer amplitudes generated by ultrasound waves of LUS
were successfully measured. It is expected that the proposed system will
find interesting applications in various fields where ultrasound is
involved, such as GIS.
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Fig. 9. The coherent averaged echo signals of the cornea phantom. (a) The time sequential displacement signals measured at pressures of 10 (black), 15 (blue), and
20 (red) kPa. (b) The co-plot of arriving times of all echo peaks. The coherent average was made with 50 data sets at each pressure.

Table 2

Arriving time of each echo peak in Fig. 9 (Unit in ps).
Pressure Peak # 10 kPa 15 kPa 20 kPa
1 4.63 4.55 4.45
2 8.83 8.66 8.45
3 13.11 12.84 12.53
4 17.42 17.07 16.63
5 21.70 21.24 20.72
6 26.02 25.48 24.70
7 30.34 29.71 28.94
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