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ARTICLE INFO ABSTRACT

Underwater ultrasonic devices using the Doppler effect generally presuppose that the speed of sound is uniform
in a propagation medium. Actually, however, the speed of sound in the sea varies with water depth, so that the
assumption of such uniform speed has the potential to cause measurement errors. The present study is then
involved in theoretically improving the conventional Doppler shift equation by taking into account the fact that
the speed of sound is dependent on the propagation path. The study also evaluates measurement errors caused by
spatial variation in the speed of sound. Interestingly, the theory predicts that only the speeds of sound at a sound
source position and the target position affect the Doppler shift, and the error of the target speed, which is the
value that is ultimately measured in ultrasonic Doppler devices, is inversely proportional to the ratio of the speed
of sound near the target to that near the source. In order to validate the improved Doppler equation, experiments
are conducted using a water tank. The measured Doppler shift data are in agreement with the theoretical pre-
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dictions within the order of a few tens of hertz.

1. Introduction

The purpose of the present study is to investigate Doppler shift
equation for expanding the scope of applicability according to actual
sea environments. As is well known, the Doppler effect is a phenom-
enon that usually occurs with waves of all types, such as sound, radio,
and light waves. Its application field is then wide, and the devices to
which it is applied are diverse. In underwater acoustics, devices using
the Doppler effect include Doppler navigation sonars, which measure
the speed of a ship relative to the sea bottom; Doppler current profilers
[1]; and Doppler velocity logs [2], which measure the ship speed re-
lative to the water.

Incidentally, the equation of the Doppler shift used in these un-
derwater ultrasonic devices conventionally assumes that the speed of
sound in water is uniform in a propagation medium, although the speed
is usually corrected according to the measured temperature of the water
around the ultrasonic transducers [3]. In actual sea environments,
however, the speed of sound varies spatially, mainly because of the
spatial non-uniformity of temperature, pressure, and salinity in sea
water, which are functions of water depth [4]. For example, depending
on the ocean area and the season, the speed of sound at a depth of
several hundred meters is typically reduced by a few percent relative to
the speed near the sea surface. Hence, assuming a uniform speed of
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sound may cause measurement errors when predicting the speed of a
ship or the current velocity using the conventional Doppler shift
equation. Moreover, Doppler shift is one of the main factors that de-
grade communication quality in underwater acoustics [5], so that a
deeper understanding of Doppler shift and research on communication
methods to suppress the degradation will be closely related.

The main interests of the present study are twofold. One is to derive
the equation of the Doppler shift by taking into account the fact that the
speed of sound is actually dependent on the propagation path. In order
to derive the equation, the theory starts the expansion and contraction
of the time width of a sound pulse that occur during its propagation. In
addition, measurement errors arising in the conventional Doppler
equation is derived quantitatively by comparison with the improved
equation. The measurement errors of the target speed, which is the
value ultimately being measured, are also evaluated using the ratio of
the speed of sound near the source to the speed of sound near the target.

The other interest is to validate the improved Doppler shift by ex-
periment. A water tank is separated into two sub-tanks by a partition
board. A 2-MHz piezoelectric transducer that transmits tone-burst ul-
trasound pulses is located in one sub-tank. The transducer can also
receive echoes from a target in another sub-tank. Motion toward the
transducer is given to the target. The speed of sound around the
transducer and the speed of sound around the target are controlled by
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independently changing the water temperatures of the two separated
tanks. The Doppler shifts in the received pulses are measured while
changing the speeds of sound and are carefully compared with the
theoretical predictions using the improved Doppler shift equation.

2. Improved Doppler shift equation

The new derivation of the Doppler shift equation is based on the
situation that occurs when a tone burst pulse with time width T is
transmitted from a sound source (transducer) toward a target that is
moving relative to the source, reflected by the target, and finally re-
ceived at the same source. In this process, the pulse travels through a
propagation medium in which the speed of sound varies spatially.

When the transmitting burst pulse is a sinusoidal signal of frequency
f with N cycles, N is given by Tf. Since N is unchanged during propa-
gation, the frequency of the pulse is inversely proportional to T. Thus,
the Doppler shift (i.e., the difference between the transmitting and re-
ceiving frequencies) can be derived from the reciprocal of the expan-
sion and contraction of the pulse time width, T, generated along the
propagation path.

In order to obtain T, we examine in detail the time difference be-
tween the propagation paths of the leading and trailing edges of the
pulse. As discussed later, two propagation paths that are related to the
wave going from the source to the target and the wave returning from
the target can each be divided into a common propagation path and an
edge-dependent propagation path. Here, the expansion and contraction
of the pulse does not occur along the common propagation path be-
cause the total propagation times along the path are the same for the
leading and trailing edges.

In addition to the non-uniform propagation medium, the speed of
sound changes substantially even for a medium with nonzero velocity,
so that the ocean current may affect the measurement accuracy of the
Doppler shift. As such, in the present study, we assumed that an ocean
current exists.

2.1. Expansion and contraction of the pulse time width

For simplicity, let us consider a 1D propagation model such that
sound source (transducer) S is located at P and target T, is located at Q
with distance dy between them at time t = 0 and that S and P move in
the z-direction, as shown in Fig. 1. The origin of the z-axis is at the
sound source, and the positive z-direction is toward target T,. The
sound source and target move at different speeds, v; and v,, respectively,
such that v; < v, Hereinafter, suffixes s and t indicate the source and

Speed of sound ¢y
Sound source S

P (z=0) ’L

l Current speed u

Source speed vy

Speed of sound ¢,
Target T,

Q(z=4,)

l Current speed u,

Target speed v,

z

Fig. 1. 1D model of sound source S and target Tj.
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the target, respectively. The speed of sound, c, as well as the z-com-
ponent of the ocean current speed, u, are generally dependent on the
depth, i.e., the distance z from the sound source. Components vy, cs, Us,
Vi €, and u, are assumed to be independent of time.

The conventional Doppler shift, Af,,, with a spatially constant
speed of sound, c,, in a propagation medium is given as

Vs — W
cs s b}
where f is the transmission frequency. When the 1D model is not sa-
tisfied (i.e., when the moving direction of the sound source and the
target is not coincident with that of the wave propagation), the direc-
tion cosine, cosf, must be multiplied by the right-hand side of Eq. (1),
where 0 is the angle between the direction of the moving sound source
or the target and that of the wave propagation [6].
Suppose that a tone burst pulse with time width T is radiated toward
target T, from sound source S at time t = 0. After time t (> 0), position
zp of the sound source moves at v; and is given by

Af;on = 2

Zp = Vst 2
The position of the target, 2o, also moves at v, to

Z2q = do + v-t. 3
The position of the leading edge of the pulse, 2, is expressed as

21 ={c(@) + u@}t. @

Under the assumption that z is equal to zq, it is possible to calculate
time T, at which 2 reaches target T.
The position of the trailing edge of the pulse, z,, is expressed as

Ze=vwT+{c@+u@}C-T), =1 (5)

Likewise, setting z, = zq yields time Tp, at which z, reaches target T,.

Fig. 2 shows the situation for generating T, and Ty and the corre-
sponding propagation paths z; and z, in the t-z coordinate system. The
propagation paths (i.e., the propagation trajectory) of z; and 2, are de-
noted as P; and P,, respectively. Since the speed of sound, c(z), and the
current speed, u(z), are functions of z, the propagation paths, P; and P,
are generally tilted lines, the inclinations of which vary spatially, i.e.,
wiggling lines. In reality, u(z) in actual sea environments is at most a
few m/s, whose magnitude is much smaller that of the sound speed c(2),
approximately 1500 m/s. The wiggling curves in Fig. 2 are then ex-
aggerated for clarity.

Likewise, the speeds v, and v, of the source and target are both a few
m/s. Accordingly, the inclinations of the propagation paths P; and P, in
the t-z coordinate system are approximately three orders of magnitude
larger than those of the trajectories of the sound source and target
positions, zp and zq. It should be noted that the inclinations of P; and P,
are quite larger than those of zp and zq in actual situation.

A comparison of lines P; and P, demonstrates that the curved lines
have edge-dependent propagation paths. The lines in the vicinity of the
sound source and the target are highlighted in bold red. As explained
previously, the change in the propagation times of z; and z, generated
along these different edge-dependent propagation paths causes the
expansion and contraction of time width T, producing the Doppler ef-
fect [7]. The expansion and contraction generated by these two edge-
dependent propagation paths are derived below.

The pulse time width when the pulse reaches the target is denoted
as T', as shown in Fig. 2, and becomes

T =T — Ta. (6)

Moreover, when the pulse passes through position z on the common
propagation path (i.e., P; and P, are excluded in the edge-dependent
propagation paths), the pulse width is denoted as Ty, which is constant

regardless of z and takes the form
Ty =T - AT, 7)

where AT} is the propagation time generated along the edge-dependent
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Fig. 2. Propagation paths of z; and 2, in the t-z coordinate system (N = 3, vy < v,). Inreality, the inclinations of P;, P,, P3, and P, are much larger than those of zp and
2q. Since c(2) and u(z) are functions of 2, P, Py, P3, and P4 become curved lines, i.e., wiggling lines.

propagation portion of P; in the vicinity of the sound source and is
given by

Af = A _ wT
cs + U cs + U 8)
In Eq. (8), AZ; is the propagation distance corresponding to AT;.
Substituting Eq. (8) into Eq. (7) yields
Ty = GrUs =V o
Cs + U 9

Likewise, AT, (forward) and AZ, are the increments in the propagation
time and the corresponding propagation distance, respectively, gener-
ated along the edge-dependent propagation path P, in the vicinity of
the target. The forward propagation speed of the wave is ¢, + u,
whereas the backward propagation speed is ¢, — u,.. Hence, AT, (for-
ward) must be distinguished from AT, (backward). For simplicity, a
local coordinate system is introduced based on a triangle configuration
in the vicinity of the target along P, as shown in Fig. 3, to obtain the
intersection (T", AZ,) of 2z and z,. The position of the trailing edge, z,, in
Fig. 3 is given by

ze = (¢ + u)-(t — Tp). 10)

From Egs. (2) and (10), the intersection coordinates (T, AZ,) of zg and
2, can be obtained

T = c+ U T
ctu—v " 11
AZy =T = vt-M~
e+ u — v (12)
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Fig. 3. Local coordinate system in the vicinity of the target (forward).

Substituting Eq. (9) into Eq. (11) yields the pulse width at the target T
as

¢+ U

T = .cs+us_‘)s.T‘

o+ u —v s+ u 13)

Eq. (13) describes the expansion and contraction of the pulse generated
along P; and P,. From Egs. (9) and (13), AT, (forward) is obtained as

Yt Cs + Us — Vg
c+ U — v Cs + Ug

-T.

ATy (forward) = T' — T; =
5 ( ) ki (14)

Next, we consider the expansion and contraction of the pulse generated
on the returning propagation path. Here, P; and P, are the return paths
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Fig. 4. Local coordinate system in the vicinity of the target (backward).

of z; and z,, respectively, and T¢ and Tp, are the times at which z; and 2,
respectively, return to the sound source S. Finally, T" is the pulse width
when the pulse returns to the sound source:

T =Tp — Tp. (15)

As before, the two edge-dependent propagation paths P; and P4 in
the vicinity of the target and sound source are highlighted. The deri-
vation of the expansion and contraction generated by these edge-de-
pendent propagation paths is as follows.

Both AT, (backward) and AZ, are the increases in the propagation
time and the corresponding propagation distance, respectively, gener-
ated along edge-dependent propagation path P, in the vicinity of the
target. When the pulse passes through position z on the common pro-
pagation path, the pulse time width, T}, is constant regardless of posi-
tion z. Based on the triangle configuration in the vicinity of the target
on P,, a second local coordinate system is shown in Fig. 4.

Positions zg and z; of the target and the trailing edge of the pulse,
respectively, intersect at (T", AZ5). Here, the intersection (T, 0) of z, and
the t-axis is obtained. In this case, 2, is expressed as

2 — AZy = —(¢; — uy)-(t — T’)~ (16)
Setting 2, = 0, and solving ¢t in Eq. (16) yields
T, = G- WH Vg
c— Uy a7)
From Eq. (17), AT, (backward) is given by
ATy (backward) = T, — T' = Y
c— U (18)

Finally, the expansion and contraction of the pulse time width
generated along the returning propagation path in the vicinity of the
sound source are obtained. As before, AT; and AZ3 are the decreases in
the propagation time and propagation distance, respectively, generated
along edge-dependent propagation path P3 in the vicinity of the sound
source. Fig. 5 shows a third local coordinate system based on the tri-
angle configuration in the vicinity of the sound source along P3.

Here, T” is expressed as
T"=T,— AT;. 19)

Position zp of the sound source and the t-axis intersect at (T3, 0) and the
intersection (ATs, AZ3) of zp and the position of the leading edge of the

pulse, z, is obtained. In this case, zp and z; are given as follows:
zp = v (t = T), (20)
2= _(Cs - us)'t- (21)

Equating zp and z; yields ATs3:
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AT,

(AT3, AZs3)

Fig. 5. Local coordinate system in the vicinity of the sound source.

AT, = — % .p

Cs — Ug + Vg (22)
By substituting Eq. (17) into Eq. (22), AT; takes the form
ATy = Vs .Cz—ut+Vz.T/.

cs—Us+ Vs ¢ — U (23)
From Egs. (13) and (19), T" is given by
o Gl a—wtv ot u U — v

cs—Us+Vg  c— U U —V C+ U 24)

Eq. (24) formulates the overall expansion and contraction of the pulse
time width generated along P;, P, P3, and P4. The form indicates the
product of four fractions. From left to right, the fractions are the ex-
pansion or contraction of the pulse corresponding to AT3, that corre-
sponding to AT, (backward), that corresponding to AT, (forward), and
that corresponding to AT;.

Through the derivation process mentioned above, it is possible to
obtain the same formula for the overall expansion and contraction of
the pulse time width when the source and target are moving toward
each other (v; > v)).

2.2. Derivation of the improved Doppler shift equation

Here, f" is the frequency of the received pulse and is obtained as the
reciprocal of T", as given by Eq. (24):
cr— U
o — U+

Cs + Ug

Cg — Ug + Vg
Cg + Ug — Vg

C+ Uy — v
¢+ u;

=

Cs — U (25)

Based on the assumption that v, v, u,, and u, are generally much
smaller than ¢ and ¢, i.e., the first-order approximation of the Taylor
series expansion, it follows that
fey
ct

= {1 - —("S‘“‘)}{l +5 4 (5)2 + }( - ﬂ){l 4 Qv
Cs cs Cs ct Ct
+ }

x {1 + —("f’”f)}{l —u
ot ct

.y

+ (ﬁ)z _ }(1 + B){1 - (—”“”5)2
ot cs cs cs

= {1 + % - 20—‘;’+(more than second orders)}-f.
(26)
Therefore, f" is approximated as
fr= {1 + 2(3 - E)}-f.
s c 27)

The improved equation for the Doppler shift, Af;n, is finally written as

Vg V
Af, =22 - 2L|f.
Vinp (Cs ct)f (28)

From Eq. (28), we have the following:
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(i) Only the speeds of sound at the source and the target, c; and c,
affect the Doppler shift.

(ii) The speeds of ocean currents, us and u,, do not generally affect the
Doppler shift.

(iii) The speeds vs and v, of the source and target are coupled with the
corresponding speeds of sound in the surrounding water, c; and c,.
When v is zero, the Doppler shift is independent of c,. Similarly,
the Doppler shift is independent of ¢, when v, is zero.

(iv) In the case of a constant speed of sound (¢ = ¢ = ¢,), Eq. (28) re-
duces to Eq. (1).

2.3. Measurement errors by the conventional equation

In the present theory, the expected moving target speed, Vg, is
obtained using the conventional equation (Eq. (1)), and the difference
in speed between v, and the true value v, calculated using Eq. (28) is
considered to be the measurement error.

In order to examine the estimation of such error, we introduce the
parameter A as the ratio of the speed of sound around the target, c, to
the speed of sound around the sound source, c [8]:

Ct

Cs (29)

The true measured Doppler shift is Af,,, where v, is obtained from Eq.
(1) as

(Vs - vtm)
Af =8 Tm/,
\in - f 30)
Equating Af,;, and Afi, in Eq. (28), vy, becomes
%
=y G

Therefore, the error of the moving target speed, v.q;; is obtained as

1
Yy = Hom = B = (Z - 1)"” (32)
From Eq. (32), the relative error of the moving speed of the target, RE
(Veaip), is
_ 1)

Eq. (33) reveals that RE(v,qy) decreases in inverse proportion to A,
i.e., when the speed of sound around the target, c,, is different from the
speed of sound around the sound source, c,, the relative error, RE(Vyqy),
of the target speed is on the same order of magnitude as parameter A.

Since the speed of sound around the target, c,, is generally unknown,
it is not possible to compensate for the relative error, RE(vqy), in Eq.
(33). However, it is important to recognize that this error is a systematic
error that always occurs when c, differs from c;.

RE (Vi) =

Vedif (l
A

(33)

t

3. Experiments

In order to verify the improved Doppler shift equation, model ex-
periments were conducted using a small water tank of size
W900 mm X D450 mm X H450 mm, as shown in Fig. 6. In the experi-
ments, the moving speed, v,, of the sound source (transducer) was set to
zero. The improved Doppler shift equation in this case is expressed as
Afimp _ —2~cos€-v[-f’

¢ (34)
where 0 is the angle between the direction of v, and that of the wave
propagation (i.e., the bottom line of the tank).

Fig. 7 plots the speed of sound in water against the water tem-
perature using data from Ref. [9]. Incidentally, the speed of sound in
water is strongly dependent on temperature in the range of approxi-
mately 0-60 °C, as Fig. 7 shows. The speed around the target, c, in Eq.
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(34) at an arbitrary temperature was then determined by linearly in-
terpolating actual measurement data at intervals of 1 °C between 0 and
60 °C [9].

3.1. Experimental setup

The inner area of the tank was divided into two areas by an acrylic
partition board with a thickness of 10 mm. A lead zirconate titanate
(PZT) disk 20 mm in diameter molded with urethane rubber was in-
stalled in one tank as the transducer. A chain 0.9 m in length composed
of aluminum spheres 2.4 mm in diameter was placed near the center of
another tank as the moving target in order to avoid the influence of
reflections from the walls of the tank. The distance between the
transducer and the target is approximately 0.5 m. The speed of sound
around the transducer, c;, and the speed of sound around the target, c,,
were set by varying the water temperature of each tank. Hereinafter,
the two partitioned areas are referred to as the transducer and target
tanks.

An acoustic window 110 mm in diameter was prepared in the center
of the partition board. A sheet of polyethylene plastic wrap was affixed
to the window oblique to the wavefront. Chloroprene sponge rubber
with a thickness of 5mm containing small enclosed bubbles was ad-
hered to the entire surface of the partition board, excluding the acoustic
window, to provide heat insulation between the two tanks.

Before the start of the experiment, the water in both the target and
transducer tanks was first warmed to 54°C to remove air bubbles
contained in the water, which was then left to cool undisturbed until
returning to room temperature. During the experiments, ice was used to
cool the water of the two tanks, and two 1-kW heaters were used to heat
the water. The water temperatures in the two tanks were monitored
using bar thermometers.

The ends of the chain used as the target were connected to the ends
of a rubber fishing strap 0.2 m in length to provide tension. The chain
was then fixed to two rotating gears 99 mm in diameter. The angle
between the chain and the bottom of the tank was 6 = 41.5°, and the
plane of rotation of the gears was oriented sideways, as shown in Fig. 6.
The upper rotating gear was submerged in order to prevent the for-
mation of air bubbles caused by the rotation of the gear.

In order to maintain a uniform distribution of water temperature in
each tank, we operated water circulators in the tanks, which were ob-
served using bar thermometers that measured the temperatures at three
positions in the target tank, i.e., in the vicinities of the upper gear, of
the target reflection point, and of the lower gear, which were ap-
proximately the same. Likewise, the water temperatures at three posi-
tions in the transducer tank, i.e., in the vicinities of the transducer
upper position (near water surface), the transducer position, and the
transducer lower position (near tank bottom), were measured to be the
same.

An electric motor was connected directly to the rotating shaft of the
upper gear, and the speed, v,, of the target was varied by changing the
rotation speed of the motor. The rotation speed of the motor was
measured using a handheld tachometer (SHIMPO Dt-103c).

The speed, v,, of the target in meters per second was obtained as

_ (RPM ) ( 50 )
vw=Dm|l——|—)
60 90
where D = 99 mm is the target rotation diameter, RPM is the measured
rotation speed (min~1), 90 is the number of teeth in the gears attached
to the motor rotating shaft, and 50 is the number of teeth in the gears
attached to the tachometer.

A tone burst pulse with a frequency of 1.99 MHz, a pulse width (PW)
of approximately 0.2 ms (400 cycles), and a pulse repetition time (PRT)
of approximately 40 ms was transmitted toward the target, and the echo
reflected by the target was received by the same transducer. The re-
ceived waveforms were converted to a digital signal at a sampling
frequency of 10 MHz via an analog-to-digital (A/D) device built into a

(35)



S. Tanaka et al.

Ultrasonics 94 (2019) 65-73

device

(10-MHz sampling)

[ A/D data recording

4— Receiver

Function generator
(Transmitting trigger pulse generation)

——»

Transmitter —» T/R switch

7y

Motor
y Base for fixing transducer and target
| A\ |
Partition board B
Gear
Chain target / v
Gear " Acoustic window Transducer
0 =41.5°
Bottom line
Water tank (900 mm X 450 mm x 450 mm)
Fig. 6. Experimental setup.

1560.0

1540.0 /
£ 15200
£ 15000
£
= 14800
‘% 1460.0
1z
< 1440.0
o
g 14200
2 1400.0

1380.0

0.0 100 200 300 400 500  60.0

Water temperature  (°C)

Fig. 7. Speed of sound in water versus water temperature [9].

digital oscilloscope (LeCroy 6051A). The recorded data were used in the
offline frequency analysis of the Doppler shift with the method de-
scribed in the following section. Fig. 8 shows a photograph of the ex-
perimental setup.

Fig. 9 shows a typical received waveform. The first pulse, a, is a
leakage electric signal from the transducer, and the second pulse, b, is
the direct acoustic wave from the target. Pulse c and several subsequent
pulses are the reflected signals from the back and side walls of the tank
and the water surface. The receiver gain in the measurement system
was adjusted so that the target echo signal, b, in Fig. 9 did not saturate.
At that time, the leakage electric signal, a, and the reflected signal from
the back wall, ¢, were saturated. Therefore, it is not possible to simply

70

Fig. 8. Photograph of the experimental setup.

compare the amplitudes of b and c. The elapsed time from pulse a to
pulse b was measured to be 0.67 ms. This corresponds to the actually
measured distance of 0.5m between the transducer and the target by
taking into account the speed of sound of 1502 m/s at 26.9 °C. In the
same way, the measured distance of 0.19 m from the target to the back
wall corresponds to a time difference of 0.25 ms between pulses b and c.

3.2. Frequency analysis of received waveforms

When 0 = 45°, v, = 2.5m/s, and f = 1.99 MHz, Eq. (34) predicts
that the Doppler shift generated by the change in the speed of sound as
waves travel from water at 10 °C to water at 50 °C is approximately
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Output signal (V)

Time (ms)

Fig. 9. Typical waveform received by the transducer. a: Leakage electric signal from the transducer, b: Echo signal from the target, c: Reflected signal from the back

wall of the tank.

300 Hz. Therefore, we supposed that the accuracy of the frequency
analysis (i.e., the resolution of Fourier transform) required to detect this
change was approximately 10 Hz, i.e., one order of magnitude smaller
than the expected change. Accordingly, a resolution of 10 Hz was ob-
tained from the received echo waveforms using the following proce-
dure.

(i) A section in the center of the target echo signal 0.10-0.11 ms in
width (time series data with approximately 1000 sampled points)
is selected from the target echo signal, which spans approximately
0.2 ms (time series data with approximately 2000 sampled points),
truncating the waveforms before and after the target echo signal.
The echo signal is truncated in this manner in order to avoid the
influence of the transient waveforms arising from the transducer
response and the characteristic reflection from the chain target.

(ii) The resolution (i.e., frequency spacing or data interval) of the fast
Fourier transform (FFT) is determined by the ratio of the sampling
rate in hertz to the number of samples. When the sampling rate is
10 MHz, 1 million samples are required in order to achieve a re-
solution of 10 Hz. Therefore, the truncated echo signal is zero-
padded (i.e., zeros were added to the signal data) such that the
total number of samples becomes 1 million. The zero-padding
technique enhances the accuracy of estimating the frequency of a
spectral peak when the data constitute a narrow band signal with a
center frequency [10].

(iii) The spectrum distribution is obtained by performing a frequency
analysis of the 1 million samples with the aid of MATLAB.

(iv) The peak value of the computed spectrum distribution is expected
to be the center frequency, f”, of the target echo signal. Therefore,
the Doppler shift is determined based on the difference between
the transmission frequency, f, and the center frequency, f”.

3.3. Experimental results

3.3.1. Changing the target speed while keeping the transducer and target
tanks at room temperature

While the water temperatures in the target and transducer tanks
were maintained at 21.0 and 19.6 °C, respectively, the Doppler shift
that occurred when the moving speed of the target, v,, was gradually
increased from O to 2.41 m/s was measured. The average values of 20
measured data for four target speeds of v, = 0, 0.72, 1.58, and 2.41 m/s
and the corresponding theoretical values from Eq. (34) are plotted
against the moving speed v, in Fig. 10. Fig. 10 shows that the mea-
surement results agree with the theoretical values, with differences on
the order of a few tens of hertz. The standard deviations of the four
measurements were 11.4 (v, = 0m/s), 42.3 (0.72), 58.4 (1.58), and
74.9 (2.41) Hz, respectively.
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3.3.2. Varying the water temperature in the transducer tank while keeping
the target tank at room temperature

With the water temperature in the target tank maintained near room
temperature (20.5-22.0 °C), the Doppler shift that occurred when the
water temperature in the transducer tank was varied from 11.4 to
52.2 °C was measured. The speed of the target, v, was fixed at 2.41 m/s.
The average values of 20 measured data for four transducer tank water
temperatures of 11.4, 25.5, 39.6, and 52.2°C and the corresponding
theoretical values calculated from Eq. (34) are plotted against the water
temperature in the transducer tank in Fig. 11. The vertical bars for the
measurement data in the figure indicate plus and minus the standard
deviations for the 20 measured data, and the standard deviation is
hereinafter referred to as the variation of the measured data.

In this case, the Doppler shift, Af, is only slightly related to the speed
of sound around the transducer, c;, and is therefore also independent of
the water temperature of the transducer tank, as can be seen from Eq.
(34). Fig. 11 shows that the measured Doppler shifts were independent
of the temperature, demonstrating agreement with the present theory.

3.3.3. Varying the water temperature in the target tank while keeping the
transducer tank at room temperature

Unlike the measurement in Section 3.3.2, the water temperature of
the transducer tank was maintained at room temperature
(19.0-22.0 °C). Fig. 12 shows the Doppler shift that occurred when the
water temperature of the target tank was varied from 10.2 to 51.7 °C,
where v, was fixed at 2.41 m/s. The average of 20 measured data for
target tank temperatures of 10.2, 24.8, 39.0, and 51.7 °C and the cor-
responding theoretical values are plotted against the target tank tem-
peratures in Fig. 12.

The Doppler shift, Af, varies with the water temperature in the
target tank, reflecting its dependence on the speed of sound around the
target, c,, as indicated in Eq. (34). Fig. 12 demonstrates that the mea-
sured data varied in accordance with the theoretical values calculated
from Eq. (34).

The variations of the measured data in Fig. 12 are larger than those
in Fig. 11. The reason for the appearance of such large variations has
not yet been determined. One of the probable causes may be non-uni-
formity of water temperature distributions in a local area, i.e., the
fluctuations in the temperature distribution in the vicinity of the chain
target, which affects the received waveform in terms of amplitude and
phase, although the uniformity was actually observed by a thermo-
meter, as mentioned in Section 3.1. Another possibility may be the
existence of invisible floating small bubbles in water that generate
unnecessary echo waves. The clarification of these reasons is underway.

4. Conclusions
The present study has improved the conventional Doppler shift

equation by considering the variation in the speed of sound along the
propagation path based on the expansion and contraction of the pulse
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Fig. 10. Theoretical and measured Doppler shift Af plotted against the target speed v,.

time width that occurs during propagation. The proposed improved
Doppler shift equation reveals that both the speed of sound at the sound
source position and that at the target position affect the Doppler shift.
The measurement errors caused by the use of the conventional Doppler
shift equation were also derived in comparison with the improved
Doppler shift equation. When the speed of sound near the target differs
from that near the sound source, the relative error of the target moving
speed is expected to be on the same order of magnitude as the ratio of
the speed of sound near the target to that near the sound source.
Furthermore, model experiments to validate the derived improved
Doppler shift equation were conducted. The measured data for the
speed of sound and the Doppler shift showed agreement with the de-
rived improved Doppler shift equation.

The improved Doppler shift equation indicates that the measured
Doppler shift includes information about the speed of sound near the
target. The results of the present study are expected to make feasible the
remote measurement of the speed of sound near a target.
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