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A laser interferometry technique is developed to detect water surface capillary waves caused by an impinging
acoustic pressure field. The frequency and amplitude of the water surface capillary waves can be estimated from
the local signal data at some special points of the phase modulated interference signal, which is called the turning
points. Demodulation principles are proposed to explain this method. Experiments are conducted under con-
ditions of different intensity and different frequency driving acoustic signals. The results show the local signal
data analysis can effectively estimate the amplitude and frequency of water surface capillary waves.
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A water surface capillary wave (WSCW) excited by
underwater acoustic source is a transversely spread sur-
face wave with an amplitude of several nanometers that
carries some information about the underwater acoustic
field. Interference detection of water surface micro ampli-
tude waves is a new technique to extract the underwater
acoustic field information[1–3]. Underwater acoustic signal
detection is significant, especially in the field of submarine
communications and underwater target recognition. The
main applied technology of underwater acoustic field
detection is still shipborne sonar detection technology[4],
which needs a shipborne platform to host the main
system and extends the acoustic sensor[5,6] into the water.
Usually shipborne sonar lacks flexibility and concealment
character.
Nowadays, more emphasis has been put on the remote

sensing technology of underwater acoustic signals, such as
the Doppler interference technology studied in this Letter.
The laser interference method reported in Refs. [7,8], was
used to determine the frequency of underwater acoustic
signals by detecting the WSCWs that were excited by
the underwater acoustic signals. We also did some work
on the laser Doppler interference method to estimate
the amplitude of water surface acoustic waves
(WSAWs)[9], but these demodulation methods of coheret
signal detection are only applicable for static analysis of a
global signal. Blackmon et al.[10,11] used the laser Doppler
vibrometer to directly detect the vibrations of the water
surface to successfully obtain the acoustic frequency and
sound pressure level of the underwater acoustic field.
However, some large errors might be produced by this
method due to the environmental disturbances (caused
by wind or other factors). In this Letter, we used a simple
laser homodyne system to detect the WSCW, and tried to
analyze the local signal data to estimate the frequency and
amplitude of WSCW. Then we proposed a demodulation

method based on the analysis of local signal data at the
turning points of interference signals. It is very difficult
to obtain a stable interference signal in actual detections
for natural water when using the laser Doppler interferom-
etry technique, so a local signal data analysis method will
be helpful in actual detection.

A simple Doppler homodyne interferometer was used to
probe the water surface to detect the WSCW. There are
some low frequency environmental perturbations on water
surface. According to the principle of Doppler interferom-
etery[7–13], when filtering out the DC component, the inter-
ference signal transduced by a photodetector can be
described as[9]

UðtÞ ¼ A0 cos½2kAn sinðωnt þ∅nÞ þ 2kAs sinðωst þ∅sÞ þ φi �;
(1)

where A0 is the gain factor related to the optical
amplitudes of two laser beams and the photoelectric
conversion efficiency, and k is wave number of the co-
herent laser. The amplitude, the angular frequency,
and the phase of environmental perturbations are de-
noted by An, ωn, and ∅n, respectively. Similarly, the
amplitude, the angular frequency, and the phase of
WSCW are denoted by As, ωs, and ∅s. The character
t denotes time, and character φi is the initial phase
caused by the optical path difference between the two
arms of interferometer.

Usually the amplitude of WSCW is in the nanometer
range, so it is completely submerged in the environmental
perturbations. Due to the randomness of the environmen-
tal perturbations, complete and accurate phase demodu-
lation of the laser interference signal is very difficult.
Furthermore, the temporal phase change of the detection
signal caused by WSCW is quite small, sometimes even
smaller than a phase demodulation solution. As a result,
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it is difficult to estimate the amplitude of the WSCW by
signal phase demodulation.
When ωnt þ∅n ¼ Nπ, where N is an integer, the am-

plitude of the environmental perturbation wave reaches
the maximum or minimum value. Because its frequency
is quite small and its amplitude is very large, the fre-
quency of WSCW is relatively large and its amplitude
is extremely small. So, near these time spots, the phase
change of the detection signal caused by the environmen-
tal perturbation wave is very slow, the high-frequency
phase change caused by the WSCW can be clearly ob-
served, and the phase modulation depth caused by
WSAW reaches the deepest. We call these time spots
the turning points of the detection signal, that is, at
these time spots, environmental perturbation waves
turn the vibrating direction. A simulation signal is
depicted in Fig. 1, and the main parameter settings are
as follows: the gain coefficient A0 is 1, the laser operating
wavelength is 632.8 nm, the amplitude of environmental
perturbation wave An is set to 1 μm, the frequency of envi-
ronmental perturbation wave ωn is 20π rad∕s, amplitude
of WSCW As is set to 10 nm, its frequency ωs is
4000π rad∕s, and the initial phase φi is 0.35π. The red dot-
ted line in Fig. 1 is the environmental perturbation wave.
When the environmental perturbation reach the peaks and
troughs (i.e., the turning points of simulation signal), the
local high-frequency phase changes of simulation signal
can be observed easily.
Near the signal’s turning points, the phase change

caused by environmental perturbation wave is so small
that can be regarded as a constant value during a short
time interval. In a certain short turning-point centered in-
terval, if we regard 2kAn sinðωnt þ∅nÞ þ φi as a constant
value denoted by α, then the detection signal in Eq. (1) can
be described as

U ðtÞ ¼ A0 cos
�
2kAs sin ðωst þ∅sÞ þ α

�
: (2)

Using relevant formulas of the trigonometric and Bessel
functions, denoting the phase modulation depth 2kAs by
x, and the whole phase of WSAW ðωst þ∅sÞ by θ, Eq. (2)
can be decomposed into

UðtÞ ¼ A0 cos α
�
J0ðxÞ þ 2

X∞
m¼1

J2mðxÞ cos 2mθ

�

þ2A0 sin α
X∞
m¼0

J2mþ1ðxÞ cos
�ð2m þ 1Þθ�: (3)

Since the amplitude of the WSCW is in the nanometer
range, the order 2 and above Bessel function values of var-
iable 2kAs are closed to zero and far less than its first-order
Bessel function value. As a result, we can neglect those
high-frequency components in the signal in Eq. (3). So
the interference detection signal near the turning points
can be expressed as

UðtÞ ≅ A0 cos αJ0ðxÞ þ 2A0 sin αJ1ðxÞ cos θ: (4)

When ignoring the DC componentA0 cos αJ 0ðxÞ, the lo-
cal detection signal near the turning point can be consid-
ered to contain only one harmonic component with an
amplitude of 2A0 sin αJ 1ðxÞ and an angular frequency of
ωs. When α ¼ 0.5π þ Nπ, the phase change of detection
signal caused by WSCW reaches the most significance,
and the intensity of the detection signal fluctuates around
zero. As depicted in Fig. 2, we intercepted the local data
signal centered at the first turning point of the simulation
signal with a length of 512 points, the low-frequency trend
component was stripped by using the empirical mode de-
composition (EMD)[14] method, then a spectrum distribu-
tion of the local signal was achieved by a fast Fourier
transform (FFT) algorithm, which is in good agreement
with analysis above, that is to say, we can use the spec-
trum distribution of local signal near turning point to es-
timate the frequency of WSCW.

The influence of the gain coefficient A0 can be elimi-
nated by signal normalization. The amplitude of signal
component ωs near the turning point is 2 sin αJ1ðxÞ at this
time. At the turning point, when ignoring the high-
frequency small fluctuations caused byWSCW, the ampli-
tude of the DC component cos αJ0ðxÞ is numerically
equal to the mean value of the local maximum value
and minimum value near the turning point. Since As is
extremely small and J0ðxÞ is approximately equal to 1,
the value of α can be deduced according to the signal in-
tensity value at the turning point, and then the amplitude
of ωs component can be deduced according to the differ-
ence value between the local maximum value and mini-
mum value at the turning point. If we denote the local
maximum value by Amax and the local minimum value

Fig. 1. (Color online) Simulation signal.
Fig. 2. First turning-point local signal data of the simulation sig-
nal and its Fourier spectrum.
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by Amin, then the first-order Bessel function value of
modulation depth x is

J1ðxÞ ¼
Amax − Amin

4 sin
�
arccos

�
0.5Amax þ 0.5Amin

�� : (5)

Then the amplitude of WSCW As can be calculated by
the Bessel function tables according to the Eq. (5). For the
simulation signal shown in Fig. 1, the local maximum
value near the first turning point is −0.3277, and the local
minimum value is −0.6703, then the calculated value of
J1ðxÞ is 0.0988 and As is 10.01 nm as computed by the
Bessel function tables, which is in good agreement with
the simulation designed value (10 nm). The calculated
value of phase angle α is approximate 2.09 rad, which is
in good agreement with the simulation designed
value (2kAn þ 0.35π ¼ 6π þ 2.10 rad).
Intuitively, high-frequency fluctuations can be observed

more significantly near the turning point of the detection
signal. According to the time-domain distribution of the
simulation signal shown in Fig. 1, the turning points of
the detection signal appear at the crest or trough of the
environmental perturbation waves. After filtering out
the high-frequency components, the processed signal,
which is called the base signal, implies information of
the environmental perturbation waves. Calculating the lo-
cal extreme points of the base signal, and we defined these
extreme points as the characteristic points, we can con-
clude that: (1) the phase modulation effect of WSCW
in the turning-point local signal plays the dominant role,
which results in the presence of a high-frequency compo-
nent in frequency domain of the local signal; (2) the turn-
ing points are located at the characteristic points of the
base signal, whose signal intensity usually lower than
the adjacent same-polarity characteristic points; (3) there
are relatively larger time intervals between the turning
points and other characteristic points; (4) at the turning
points, the base signal has a large curvature radius.
The turning points can be extracted easily from the de-

tection signal according to the above four tips. Due to the
randomness of nature water surface waves, the turning-
point distribution of an actual detection signal is not as
regular as the simulation signal, but its distribution char-
acteristics still conform to the four tips above. To elimi-
nate the effect of signal gain coefficient A0, the signal
needs to be normalized. Usually we extract the envelope
function of the base signal, and then divide every point
intensity value of the original signal by the corresponding
envelope function value.
We set up an experimental system shown in Fig. 3,

which can be divided into three functional modules:
(1) the WSCW excitation module; (2) the laser Doppler
interference detection system; (3) the detection signal ac-
quisition and processing module. The WSCW excitation
module consists of a signal generator, a power amplifier,
and an underwater eletroacoustic transducer. A standard
sinusoidal voltage signal sent by a signal generator was
applied to drive an underwater eletroacoustic transducer

to produce a sound field and excite the WSCW. The
underwater eletroacoustic transducer, which was posi-
tioned in water with a depth about 0.5 m, can generate
a highly directional acoustic signal, i.e., this module could
simulate a far-field plane acoustic wave, which is consis-
tent with the actual situation. A standard hydrophone
was also installed in the tank to monitor the acoustic ra-
diation intensity of the eletroacoustic transducer. The
measuring principle of the laser Doppler interference sys-
tem in Fig. 3 is very simple, we will not describe it any
further in this Letter.

The Doppler interference detection system was used to
detect the WSAWs. Experiments on steady frequency
WSCWs were conducted, and the 2 kHzWSCW detection
experiments were taken as examples to demonstrate that
the local data analysis method could evaluate the fre-
quency and amplitude of WSCW. A 2 kHz standard sinus-
oidal signal sent by the signal generator was amplified to
drive the underwater eletroacoustic transducer. Since the
characteristic acoustic impedance of air is much less than
that of water, the air-water interface presents an imped-
ance mismatch. The water surface vibrated in response to
the impinging acoustic field, as a result, WSCW was pro-
duced. The voltage of the driving signal remained steady
(the peak-to-peak value of driving signal voltage is 1 V in
the experiment), and the laser detection signal of 2 kHz
WSCW acquired by data acquisition (DAQ) card is shown
in Fig. 4. In the frequency domain, dense spectral lines ap-
pear around 2 kHz, and the frequency band consisting of
these spectral lines is centered at the frequency of 2 kHz. In
Ref. [8], frequency of WSCWwas determined according to
this characteristic.

After filtering out the high-frequency components of the
detection signal, we got the base signal and calculated its
characteristic points. After that, the turning points were
selected according to the time interval between the char-
acteristic points and the curvature of the base signal at the
characteristic points. The turning points of the detection
signal and envelopes of the base signal are shown in Fig. 5.

A short local signal with a length of 720 points centered
at the first turning point was intercepted to realize further

Fig. 3. Schematic diagram of experimental system.
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analysis. We extracted the high-frequency component
from this local signal by using EMD. The waveform
and spectrum distribution of the high-frequency intrinsic
mode function (IMF)[14] component are shown in Fig. 6.
According to the spectrum distribution, the dominant
component is at the frequency of about 2 kHz, and this

coincides with the theoretical analysis in the previous
paragraphs.

The spline interpolation method was used to fit the
characteristic points to extract the upper and lower enve-
lopes of the base signal as depicted in Fig. 5. It can be ob-
served from the figure that the upper and lower envelopes
are roughly symmetrical, this amplitude modulation is
generated by the shaking of detection light, which is
caused by the large scale and random environmental per-
turbations on the water surface. After signal normaliza-
tion, the basic frequency of each local signal was
determined by EMD and Fourier analysis, the local ex-
treme values Amax and Amin were extracted, the phase dif-
ference α at the turning point and the amplitude As of
WSAW were estimated according to Eq. (5). The process-
ing results of local signals at the turning points are given in
Table 1. Actually, the calculated amplitudeAs is not equal
to the out-of-plane displacement of water surface. The
out-of-plane displacement equals to As cosðϑiÞ, where ϑi
is the incident angle of the detection light. The incident
angle in the experiment is so small (about 15°) that it
can be neglected.

According to Table 1, the basic frequencies f b of the
seven turning-point local signals are the same value of
1991.1 Hz, which coincides with the set value of the driv-
ing signal 2000 Hz, and indicates that the local data
processing method can measure the frequency of the
WSCW. The errors are mainly caused by the frequency
resolution of FFT method, i.e., they depend on the length
of local signal and the sampling rate of the DAQ card, the
model of DAQ card we used is NI 9232 (its sampling rate is
102.4 kS/s, and the resolution is 24 bits).

It can be inferred that the basic phase α at each turning-
point is variable because of the randomness of the water
surface perturbations. The basic phase at the No. 6 turn-
ing point is much smaller, which results waveform distor-
tions of the high-frequency component. The signal
intensity value of normalized base signal at the No. 6 turn-
ing-point is very close to 1. So, when superposed with a
high-frequency component at the No. 6 turning point,
the waveform distortion takes place. Ignoring the stability
of output power of the eletroacoustic transducer, the am-
plitude of WSCW could be estimated at 5.85 nm by using

Fig. 4. Interference detection signal of 2 kHz WSCW.

Fig. 5. Distribution of turning points (in circles) and envelopes
of the base signal.

Fig. 6. Time domain and frequency domain distribution of the
first turning point local signal.

Table 1. Processing Results of the Local Signals

No. f b∕Hz Amax∕V Amin∕V α∕rad As∕nm

1 1991.1 −0.1571 −0.3660 1.8354 5.5

2 1991.1 0.8452 0.7039 0.6848 5.6

3 1991.1 0.6106 0.3912 1.0462 6.4

4 1991.1 0.2061 −0.0329 1.4841 6.0

5 1991.1 −0.3021 −0.5081 1.9879 5.7

6 1991.1 1.0002 0.8671 0.3663 9.4

7 1991.1 0.5434 0.3267 1.1207 6.1

COL 15(7), 071201(2017) CHINESE OPTICS LETTERS July 10, 2017

071201-4



the method present in the Ref. [9]. Despite the large cal-
culation error of amplitude As at the No. 6 turning-point,
the amplitude of WSCW can be effectively estimated by
this method.
Experiments under conditions of different intensity

driving acoustic signals were also conducted. We set 9 dif-
ferent peak-to-peak voltage driving signals from 1 to 5 V,
to excite different amplitude WSCWs. For each driving
signal, we used the local data processing method men-
tioned above to estimate the amplitudes of WSCW at
each turning point, and took their mean value as the final
measurement result. The amplitude measurement results
of the WSCWs under conditions of different driving sig-
nals are depicted in Fig. 7(a). The figure shows that
the amplitude increases, while the voltage of the driving
signal increases, which demonstrates the efficiency of
the local data processing method in estimating the ampli-
tude of theWSCW.When the voltage of the driving signal
was set to the value from 1 to 3 V, the amplitude of
WSCW increased linearly. However, due to the response
characteristics of the underwater eletroacoustic trans-
ducer, when the voltage of driving signal was larger than
3 V, the amplitude of WSCW did not significantly in-
crease. This behavior is in accordance with the acoustic
monitoring results of the hydrophone. We can qualita-
tively observe the change in underwater sound pressure
through the amplitude of the 2 kHz component in the
hydrophone-generated electrical signal, as shown in
Fig. 7(b).
Environmental perturbation, like the thermal capillary

wave, are the main factor of so-called surface roughness,
which make the detection light scatter. As long as the in-
tensity of coherent component in scattering light is evi-
dently larger than that of incoherent components, we
can acquire a good interferometer signal. According to
the theories of electromagnetic scattering, we infer that
this method can cope with a millimeter-range environmen-
tal perturbation.
A sweep frequency WSCW was excited by a sweep

acoustic signal. The starting frequency was 1 kHz, cut-
off frequency was 4 kHz, and the frequency change
period was 1 s; therefore, the frequency rate of change
was 3 kHz/s. The WSCW detection signal with a length
of 1 s was acquired, and there were 34 turning-points
extracted from the detection signal. Next, the short-time

local signals centered at each turning point were decom-
posed by EMD. The dominant frequency was obtained by
Fourier analysis of the extracted high-frequency IMF com-
ponent. The dominant frequency estimated results from
34 turning-point local signals are depicted in Fig. 8. It
can be seen from Fig. 8 that the frequency of the WSCW
changes from low to high in the observation time interval.
When the frequency increases to about 4 kHz (at the time
of about 0.85 s), the frequency of the WSCW, which co-
incides with the sweep signal characteristics we set, de-
creases instantly to about 1 kHz. This proves that the
turning-point local data processing method can track
the frequency change of theWSCW. The foremost 31 data
points in Fig. 8 are fitted to a line and the calculated fre-
quency rate of change (i.e., the slope of the fit line) of
WSCW is 3.06 kHz/s, which is almost the same with
the value we set.

In conclusion, a laser interferometry system is developed
to detect WSCW, and a method based on the turning-
point local signal data analysis is proposed to estimate
the amplitude and frequency of the WSCW. According
to the theoretical and experimental analysis, we can con-
clude that: (1) high-frequency phase changes at turning
points caused by WSCW can be obviously observed in
the detection signal, and the phase modulation effect of
the WSCW plays a dominant role in the turning- point
short local signals; (2) experiments for 2 kHz WSCWs ex-
cited by different intensity driving signals show that the
turning-point local signal analysis method can effectively
estimate the amplitude of WSCW and track its changes;
(3) experiments for 2 kHz and sweep frequency WSCWs
show that the turning-point local signal analysis method
can also estimate the frequency of WSCW and track the
frequency changes.
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