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An Analysis Technique of Ultrasonic Pulse Signal for Measuring Ship’s Draught
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Abstract

Although ship’s draught information onboard is substantial for both the safety of navigation and the
estimation of loaded cargoes, its accuracy depends, in conventional surveying method, on the
skillfulness of observers and the condition of the sea surface round the vessel. To obtain more accurate
information accessibly, measuring instruments with sophisticated sensors such as mechanical, electronic
and ultrasonic transducers have been developed. However, they have still limitation in accuracy and in
making up a system due to the complexity of processing signal. In this paper, we propose a new
technique for analyzing ultrasonic pulse signal, in order to improve the measurement accuracy and
simplify a remote sensing system of draught by ultrasonic waves. In this technique, pulse signal is
translated into phase curve which is composed of the phase value defined in time domain. Then, the

* B4, RN



2 HEAUEEEI B198 F 4, 1995

time interval between two signals different in waveform, is analytically determined by calculating

average time difference on phase curves. Also, analytical procedure can be carried out in real time

with the successive five data sampled at 7/4, for high speed digital processing with computer and

A/D converter. This technique is useful for measuring draught under the influence of sea condition

and for interfacing its data briefly to the integrated bridge system.

1. Introduction

The draught is important information to the
safety navigation and the estimation of the loaded
cargo quantitatively. As well, it is one of the pa-
rameters to show ship’s dynamic characteristics,
which is valuable data for enhancing the maneu-
verability of vessel in integrated navigation system.
For these applications, it is necessary to measure
draught sensitively and to interface its data with
required systems accessibly. In general, its mea-
surement has been carried out by observing the
draft mark directly. Thus, its accuracy measured
is greatly dependent on personal experience and
the sea surface condition round the vessel. As
well, continuous measurement is interrupted by
foul weather. In recent years, sensors such as
mechanical, electronic and ultrasonic transducers
have been used in measuring the draught. However,
they have still limitation in accuracy and making
up a system due to the complexity of processing
signal[1-3].

The sound propagation time for the draught
can be measured by calculating the time differ-
ence between transmitted signal and reflected
signal to sea surface by using the time resolu-
tion of ultrasonic pulse waves. But, in this
procedure, the resolution is limited to pulse
width, and reflected signals distort form the
waveform of transmitted signal, depend on
transducer and propagation characteristicsf4-5].
Therefore, it is difficult to compare two signals
different in waveform forms, in order to determine

ship’s draught with high accuracy. In addition,
the sea surface fluctuation may cause measurement
error.

This paper aims to deal with designing a
system for the remote sensing of draught by
ultrasonic waves. The basic principle in this
method is to measure the propagation time of
sound from ultrasonic transducer to seasurface.
Namely, the distance between the sensor and the
sea surface can be obtained on the assumption
that sound speed in air medium is constant, 340
m/sec.

In this paper, we introduce a new technique in
which the draught is estimated by analyzing ul-
trasonic pulse signal into the phase defined in
time domain firstly. In this technique, the draught
can be determined continuously and analytically
by calculating the average time interval at cor-
responded value on the phase curves of transmitted
and received signals, and be interfaced to other

equipments accessibly.

2. Measurement Setup

2.1 Remote Measurement of Draught

The draught is the depth of water necessary to
float a vessel. At sea, it is regarded as the
distance between the vessel bottom and the sea
surface. In conventional method, this distance is
measured by observing draft marks of the stem
and sternpost with eye. Here, let us consider the
remote sensing of the draught by using ultrasonic
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waves. If a transducer is located at the height
known from the bottom, the vessel’s draught
can be described with the travel time of sound
from the position of transducer to the sea
surface as Fig. 1. Namely, the corresponding
expression for the draught is given by

D= H-— hé . )
= H-—

where H, h; represent the height from the height
from the position of transducer to the bottom of
vessel and the distance between transducer and the
sea surface, respectively, ¢ is the sound velocity
in air medium and ¢ is the time interval taken for
one round trip of sound to the sea surface.

If the sound velocity in air medium can be
assumed as constant, disregarding the influence
on the temperature fluctuation, the measuring
accuracy of draught(DD) depends on how exact the
time interval is estimated. In the result, one
measures the distance A; actually for determining
ship’s draught, on the assumption that sound
waves make a straight propagation at a fixed
velocity in air medium.

fre

Fig. 1 The remote sensing of draught on board
by ultrasonics.

2.2 Weaveforms of Signals

Tone burst pulse which is a part of continuous
sinusoidal signal, is often used for measuring

distance as transmitted signal since it has time
resolution, Figure 2 shows the transmitted signal

sea surface

b

=3 g2 Az #4703

and received signal when tone burst pulse
transmitted in experimental stage. On received
wave, some noise and D.C. bias were observed.
The initial part of received signal which is small
amplitude and low S/N, is thought as the leakage
signal of transmitted signal. The waveform of
received signal is different from that of signal
transmitted as Fig. 2. The distortion of received
wave is due to the characteristics(Q) of
transducer and multi-propagation in media. Then,
in comparing transmitted singal with distorted
received signal for determining the time interval
or distance, the corresponding points of signals
cannot be recognized when signal-waveforms are
different each other(6].
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Fig. 2 The waveforms of transmitted and received
signals.
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2.3. Lateral Resolution and Focusing

When sound wave propagates in air from
transducer, it diffuses. So, beam diameter(Bq)
described with 3dB, is changed according to the
frequency(F), the diameter(D;) of transducer and
the distance(d) off the transducer as Fig. 3.

The beam pattern described with 3 dB is
expressed in far field as Eq.(2) (1]

_ 3 X d(mm)
Bd(mm) = F(MHZ) Xng’;yémm) (2)

The beam diameter represents the lateral
resolution that is capable of separating two
objects located at the lateral direction of sound
propagation. Although this resolution is improved
by increasing the signal frequency, the distance
that sound can propagates is shorten in proportion
of its frequency. In the case of draught mea-
surement, the spreading of beam causes echoed
wave to be propagated through multiple paths.
So, the measured value will be greatly influenced
by the sea condition. Here, the curved transducer
of which focal length is almost equals to the
measured distance, is used for focusing sound
wave around the sea surface.

l curved transduer

_~—flat transduer
-

\/——3dBIine

Fig. 3 Sound beam pattern described with 3dB.

2.4 Reflection at air-water interface

A sound wave incident from a medium with a
lower sound speed onto an interface separating it
from a medium with higher sound speed is
reflected. The quantity of reflected wave is
related to the acoustic impedance z of medium,
written with density ¢ and sound speed ¢ as z
= pc. The reflection coefficient R at air-water
interface is given by

2y =2,

R=——7=—"=1.0 (3

z,tz,

where zs,, ze are acoustic impedance of water
and air medium respectively. It is noted that the
incident wave is almost reflected at the interface
of air water since 4/ 0w cw = 0.0003.

3. Phase Analysis

3.1 Feature of Phase Parameter

The phase is useful for the precise mea-
surement in time, since it is parameter to
describe the minute time with a period of
sinusoidal signal originally. This feature of phase
parameter is introduced into pulse signal in time
domain. Complex coordinate has been used for
the description of two dimensional vectors
instead of real signal. The signal C(¢) in
complex coordinate has the amplitude A(¢f) and
the phase 8 (t). These can be written by

() = arg {Re(C()1+j Im (C(H)}

AW =V Re(C()’+Im(C()2 @)

where Re(C (8)), Im(C (t)) are the real part and
the imaginary part of C(t) respectively.
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3.2 Phase Definition of Signal with D.C. Component

In order to define the phase in time domain,
first of all, let us consider the relation between
the phase and the D.C. component of signal. A
signal. A signal S«t) with D.C. component is
expressed by

Sd(t)=A coswt+D; (5)

Figure 4 shows how D.C. component effects
the phase, where the imaginary part Su(t) is
assumed as

Sia(t) = Asin wt+D; 6)

e(t)

Re

Fig. 4. Fixed vector and rotating vector.

The complex signal is described as the resultant
of fixed vector and rotating vector. The phase 6
(t) does not agree with the phase ot of rotating
vector as shown in Fig. 4. The two components
for the phase wt are expected as

R(t) = Acos wt
I() = Asin ot (7

It is noted that the real part, A coswt and the
imaginary part, A sinwt as shown in Eq.(7) are
contained in Eq.(8). The D.C. component D can

we) g4

<

m
o

AT 253} B2 A5 P47 5

be eliminated through the integration of the
signal SA(T+ r) by r within the period T of
the sinusoidal signal. Then, the real part and the
imaginary part can be obtained as follows :

772
R(#) =2f_m Sq(t+ 1) cos wrdr= A cos wt

T/2
I(t)=2f_de(t+ 7) sin wrdr= A sin wt (9)

The phase 6 (t) can be obtained as
o(t) = arg (R(#) + jI(¢t))
B T/w
= arg (2 f—m SA¢t+ coswrdr

772
_ijq‘/z Sy(t+ ) sinwrdw) (10)

This phase is independent on D.C. component,
and is useful for detecting necessary information
in case of D.C. level shift occurred just after the
strong pulse signal.

3.3. Generalized Phase in Time Domain

Here, let us apply this procedure for general
function f{t), any complex signal f{t) can be
defined as [7-91[12]

) = ROA+IY (1D

where

Tcl2

RO=2[ " f(t+deosw.rde

Tc/2
Tef2
Kp=2[  ft+Ddsinordr (12

where w. is center angular frequency and 7t is
the period. Then, the amplitude A(t) and the
phase 6(t) are described as

A(D =V Re(C(£))Z+ Im (C(2))2
()= arg{ Re (C(D)) +/;Im (C(H)} (13)

Now, let us call the curve of the phase 8 (¢
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the phase curve.

4. Determination of Time Interval

4.1 Evaluation of Similarity

The time interval between two phase curves
of transmitted and received signals can be defined
by using the idea similar to the correlation.
Namely, which part of transmitted phase curve
is most similar to that of received phase curve?

This similarity can be evaluated by calculating
time disparity at each phase. If the phase curve
of received signal is the same as that of
received signal, phase curve of received signal is
completely overlapped with that of received signal
by shifting the phase curve of transmitted signal
as much as the time interval between two signals.
In practice, those curves are not overlapped
because they are different in waveform. Here,
the similarity of two curves is evaluated by
applying the least square method. Precisely, two
curves is most similar when the square of time
disparity at each phase minimizes.

42 Time Interval on Phase Curves

The phase of transmitted and received pulse
signals are analyzed as defined in chapter 3.
Then, the phase curves of two signals are obtained
as Fig. 5[6].
where the time error eft) represents the time difference
at each phase

Here, we describe how to determine the time
interval on these phase curves. The similarity of
two curves can be estimated by calculating the
squared time error. On the phase curves of
received signal, a point that is most similar to
the phase curve of transmitted signal is at the
time when squared time error is the minimum.
Figure 6 shows how to calculate the time

_6_._

Fig. 5 Phase curves of transmitted and received
pulse signal.
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Fig. 6 Determination of time interval on phase curves.
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interval on phase curves. When the phase curve
of transmitted signal is shifted as much as g4,
the summation E{ 74) of square time error can be
expressed as follows :

n 2
Br)= 2 [, ATa(#) ~(Tu($) + )"} do
(14)

where n is the number of phase segments on
phase curve, and T, Tr is each time of received
signal and transmitted signal at the phase ¢. It
can be thought that a phase curve of recetved
signal is most similar to that of transmitted signal
when the summation error E( r4) is the minimum.

Then, rqis determined so as to be the minimum
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of E( r4) by least square method. If the E( r4) is
differentiated by a4, the derived function is
obtained as
dE(z,) _
dard 0 (15)
The rq for the least value E( r4) is calculated
from Eq.(15).
In consequence, 4 can be written by

_ 1 n $2 A 3 .
"= G D 2 e (T~ T db

5. Practical Version For Digital Processing

In recent years, high speed digital processing
with computer and A/D converter has been
developed rapidly. That allows us to analyze
signal digitally in real time. Here, let us derive a
practical digital version of Eq.(16). Figure 7 shows
the successive five data sampled at 7/4. The real
part R(t) and the imaginary part I(t) can be
expressed with these sampled data as follows :

R(H= ’L{f(t)COSO— f(t"T/Z)é?OS("TAZl
(A T/Z)cos(T/Z)}
2

a+e)= c

() = 5 (~f(t=T/4) sin (- T/2)
+ £t + T/4) sin (T/4))

(18)

\_ AT /.
¥

Fig. 7 Practical digital Processing.
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Thus, 8(t) can be determined by the five
sampled data as

0(t)=arg(c— are +j(d—b)) (19)

It can be seen that the phase #(t) can be
briefly calculated by the mathematical operations
of addition and subtraction instead of correlation
in the conventional technique[10-11].

6. Conclusion

We introduced a new technique for pulse
signal analysis, in order to apply for measuring
ship’s draught by ultrasonic wave sensitively
and briefly. This technique has the following
features : firstly, the measuring accuracy is
independent of D.C. component because signal is
analyzed with the phase defined in time domain.
Secondly, spatial resolution is higher than that of
conventional methods. Thirdly, component around
the carrier frequency of pulse signal is reflected
sensitively. Moreover the practical digital version
enables us to get the phase in real time by
digital processing. The technique proposed will
be useful for measuring time interval and
Doppler frequency in several applicatins such as
the measurements of speed, distance and depth.
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