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Abstract. Thispaper carriesout aresearch to analyze systemtransient response and its effect on sound
speed measurement based on two frequency continuous wave (TFCW). Because the bandwidth of an
actual measurement system is limited, the received signal is generally polluted by a system transient
response, and it can significantly degrade the measurement accuracy of sound speed. We consider the
actual system as a bandpass system. The phenomenon of transient response can be clearly noted, and
smulations show that its effect on sound speed measurement is related to the starting time, the
observation length of signal and the system bandwidth. To validate our research, we finally designed an
experimental system to perform a sound speed measurement, and the experimental results are
consistent with the simulations.

Introduction

Sound speed of seawater, as one of important physical quantities, plays a crucia role in
ocean-related science research and engineering practice [1-3]. Because of the complexity of the
ocean’ senvironment, generally, sound speed is not a constant, but randomly distributes within arange.
Many researchers have focused on the accurate sound speed measurement. Estimation of the
time-of-flight (TOF) isanovel technique for sound speed measurement [4-5]. The concept is based on
a kinematic formula: C = D/TOF, where C is the sound speed to be measured, D is the distance
between the transmitter and the receiver. TOF is the time that the ultrasonic signal travels,

Among the methods of TOF estimation, two frequency continuous wave (TFCW) is an excellent
approach, which can provide a highly accurate estimate [7-8]. The TOF is extracted by calculating the
phase shift between the transmitted and received signals, and the initial step of TFCW is identical to
method based on single frequency continuous wave (SFCW). The superiority of TFCW compared to
SFCW is the concomitant extension of measurable range of sound speed.

For an actual measurement system, transient response, as a general problem, has an adverse effect
on the measurement of sound speed [4]. Because the system bandwidth islimited, the received signal is
accompanied by transient response signal that can significantly degrade the performance of TOF
estimation, therefore, hamper the sound speed accuracy. This paper aims to study the generation
principle of transient response in measurement system, and analyze the effect on the TFCW sound
speed measurement. It can provide supports for design and implementation of the measurement
system, so asto improve the accuracy loss introduced by system transient response. The rest of paper
isorganized asfollows. In section 2, the measurement of sound speed based on TFCW is discussed. In
section 3, we make analysis of the principle of transient response and its effect on sound speed
measurement. In section 4, an experiment is demonstrated and conclusions are given in section 5.

Sound speed measurement based on TFCW

Basic principle. Thebasic principle of sound speed measurement based on TOF estimation is shownin
Fig. 1. Two transducers are mounted on different sides along the same path, the TOF is the time that
the ultrasonic signal takes to travel from the transmitter to the receiver. If S(t) and x(t) are the
transmitted and the received signals, respectively, the TOF can be extracted by calculating the phase
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shift between s(t) and x(t). Then, the sound speed is calculated by C = D/TOF, where the distance D is
aknown variable.

s(t) x(t)

Transmitter Receiver

Fig. 1. The basic principle of sound speed measurement based on TOF estimation
The transmitted signal S(t) is typically expressed as

s(t) = cos(2p f;t)+cos(2p f,t),

1
where f; and f, are the two designed frequencies, and we assume that f; > f,. If S(t) propagates in the
medium, then the received continuous wave signal can be described as

i x(t)=as(t-t,)+n(t)

‘:\t OT [t min’t max]
where a isthe amplitude of the received signal and 7, is the actual value of the TOF, which islimited in
agiven range [zmin, Tmax| - The key to achieve an accurate sound speed measurement isto obtain a TOF
result that is close to 7o within an acceptable accuracy.

The method of TOF estimation utilizing TFCW is as follows. The continuous wave s(t) is
transmitted, and simultaneoudly the received signal x(t) is sampled. By using a discrete Fourier
transform technique, the phase shift (¢.) at first frequency (f;) between the transmitted signal and the
received signal is calculated. In the same way, the second phase shift (¢,) at f, would be given and we
have 0 < ¢, <21, 0 < ¢, < 2r. The following will estimate the TOF by comparing the two phase shifts:

, (2)

lzp fl)(TOF_tmin)Zijp +f1

, 3
12p £, {TOF-t,,,) = 2kp +f, &
where
if,=mod( ,- 2p ft ...2p)
1 1 T (4)

’:\fz :mOd(i 2" 2p th min!zp)’

and both [1; and (1, arerestricted in [0, 2r). The integers k; and k, have only two possible values: k; =
k. and k; = k; + 1. From Eq. (3), the TOF result can be expressed as

ToF=—21 4

. 5
2p ( fl _ fz) min ( )
where the phase difference A[] can be defined by the following algorithm: if (1, > [, then Al = [ -
[p, else ALT = [ + 27 - [1,. Subsequently, the sound speed to be measured would be given by C =D
| TOF.
| deal model of measurement system. The system model of sound speed measurement is shown in Fig.
2, where 5(t), x(t) and n(t) are the transmitted signal based on TFCW, the received signal and the added
noise, respectively. h(t) representsthe unit impulse response of the measurement system which consists
of atransmitting transducer, a receiving transducer, propagation medium and signal conditioners, etc.
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Fig. 2. The system model of sound speed measurement.
Without noise, the received signal x(t) can be expressed as

x(t)=s(t)*h(t). (6)
From Eq. (2), the mapping relationship we expect between 5(t) and x(t) should be an ideal time delay
model, and h(t) and its Fourier transform are expected to be

ph(t)=ad(t-t,)

iH(jwW)=ae ™

Inthis paper, we define the measurement system satisfies Eq. (7) as an ideal measurement system. It
has two important features: (1) The bandwidth of ideal measurement system is unlimited and its
amplitude gain o isaconstant; (2) The phase frequency curve of ideal measurement systemislinear and
its dope equals to the time of acoustic signal propagation in the medium. The ideal measurement
systemisjust a carrier of sound speed which will not lead to measurement error.

Practically there must be measurement error introduced by the measurement system. Firstly, the
bandwidth of the actual system is limited so that the received signal is accompanied by transient
response signa that can degrade the performance of TOF estimation. Meanwhile, large error also
occurs because of the group delay of actua system. In the following paper, we only analyze the
principle of transient response and its effect on sound speed measurement.

(7)

The effect of transient response on sound speed measurement

Analysisof the system transient response. We assumethat s(t) istransmitted at time zero, then it can
be written as

s(t) = geos(2p fit) +cos(2p f,t)gu(t). (8)

For linear time invariant (LTI) system, the received signal x(t) can be expressed as

x(t) =s(t)*h(t) = &, h(t )s(t-t et . )
Substituting (8) to (9), then we have

|x(0)= ()5 )
: x (t)= d h(t )cos(2p f, (t-t))t | (10)

|
- d
[ (t) =, h(t )cos(2p f, (t-t))dt
where x,(t) and x,(t) are the received signals at f; and f,, respectively, and both x;(t) and x(t) consist of
asteady-state response and atransient response. For example, x;(t) can be decomposed as: x;(t) = X;4(t)
+ xu(t), where x34(t) denotes the steady-state response and x;(t) denotes the transient response, and
they are given by
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1% (t) =, h(t)oos(2p f,(t-t))et

! ¥ '

%, (t)=- ¢ h(t)cos(2p f,(t-t))dt
If h(t) represents an measurement system without bandwidth limit, from Eq. (7), we have x(t) = xy(t) +
X2(t) = 0t > 70 that means the transient response does not exist in the received signal.

Consider the measurement system as a strict bandpass system, the transfer function is described as

(11)

i B B

MW=l Ve EMEW (12
{0, otherwise

where Q, denotes the center frequency and B is the system bandwidth. By using an inverse Fourier

transform, the system impulse response can be given by

% . (13)
=pi%{gngwo+e/z)tg- singW, - B/2)tg

From (12) and (10), the transient response xy(t) at f;is deduced, and the system transient response x(t)
can be given subsequently. Fig. 3 shows the transient response curves. The transient response of ideal
system is always equal to zero. The transient response of bandpass system is a fluctuating curve and
constantly decaying, where the center frequency and bandwidth of measurement system are set at
1MHz and 400kHz, respectively, and the frequencies of the transmitted signal are set at f; = 975kHz
and f, = 1025kHz. Fig. 4 shows the waveform of the received signals. Because of the additive transient
response, the received signal of bandpass system has a waveform distortion compared to the ideal

system especialy at the initial time.
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Fig. 3. The system transient response signal. Fig. 4. The received signal.
Effect of thetransient response on sound speed measurement. For an actual measurement system,
the transient response can significantly degrade the sound speed accuracy, and it is related to the
starting time, the observation length of signal and the system bandwidth. Fig. 5 shows the TOF error
result from system transient response, where the center frequency and bandwidth of measurement
systemare set at 1IMHz and 400kHz, respectively, and the frequencies of the transmitted signal are set
at f; = 975kHz and f, = 1025kHz. In Fig. 5(a), asthe starting time (t,) goes on, TOF error is fluctuant

in the local, but slowly reduces in the whole. The TOF error achieves the maximal value 5.0x10°us

whent, = 4us, and if t, > 20us, the TOF error islessthan 4.4x10us. In Fig. 5(b), TOF error curvesin

different signal observation length are demonstrated, and it is shown that the longer the signa, the
smaller the TOF error. However, the observation length can not be increased without alimit due to the
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received signal is also accompanied by echoes. Fig. 5(c) shows the TOF error result from transient
responsein different system bandwidth. Obviously, the wider the bandwidth, the smaller the TOF error.

Table 1 proves these conclusions in detail.
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Fig. 5. The TOF error resultsfromtransient response: (a) The TOF error curve as starting time goes
on. (b) The TOF error in different observation length. (c) The TOF error in different system bandwidth.
Table 1. The effect of transient resopnse on TOF estimation and sound speed measurement

Bandwidth
Maximal TOF erro 200kHz 400kHz 600kHz
Starting time
£ >0us 23x10%s  16x10%s  12x107%s
- (1.7x10™) (1.2x107) (9.0x107)
4.2x10%us  9.5x10™us 4.2x10"us
=20us (G2x10%)  (71x10%  (32x109

Note: The valuein ‘()" represents the relative accuracy of sound speed while
the distance and the signal observation length are set at D = 0.2m, t,, = 40us.

Experiments

Experimental setup. To study the transient response of an actual measurement system and analyze its
effect on sound speed measurement, we designed an experimental system and performed a sound speed
measurement in distilled water. The experimental setup is shown in Fig. 6 and essentially consists of
two ultrasonic transducers, a signal transceiver module, a PC, a thermostatic water bath, a frequency

meter, and atrough.
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Fig. 6. The experimental setup: (a) Schematic of the experimental system. (b) Picture of the actual
experimental system. (A) is the trough with distilled water, (B) is one of the transducers, (C) is the
thermostatic water bath, (D) isthe signal transceiver module, (E) isthe PC, (F) isthe power supply and
(G) isthe frequency meter.

The two transducers, operated at 1 MHz, are fixed relative to each other and fully immersed in the
distilled water. The distance D between them can be determined by the rule on the dide guide. The
transmitted signal is generated on the PC, downloaded through the Ethernet to the signal transceiver
module. When the PC sends a trigger command or an external trigger occurs, the DAC works
synchronously with the ADC sampled at 10 msps, and the signal sampled is uploaded to the PC for
processing to output final results. The entire system works on 50-MHz clock. The thermostatic water
bath isto construct a stable experimental environment.

Experimental results. Based on extensive testing work, the bandwidth of the experimental system is
about 400kHz, and the frequencies of transmitted signal are set at f, = 975kHz, f, = 1025kHz,
respectively. Fig. 7(a) shows the waveform of the received signal. We can clearly see the phenomenon
of waveform distortion, especially at the initial time. By removing the steady-state response in the
received signal, we pick up the transient response signal polluted by noise, which is shown in Fig. 7(b).
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Fig. 7. The signa waveform in our experiment: (a) The received signal and the reconstructed
steady-state response. (b) The transient response polluted by noise.

By using the method of TOF estimation in section 2, an TOF result can be deduced and the sound
speed to be measured can be given by C = D/TOF, where the distance D = 0.185m. In order to suppress
the effect of noise, we performed 40 times experiments, and Figure 8(a) shows the results of TOF
estimation where the yellow curve is the average result. The TOF result with the transient response is
closeto zeroisregarded asthe actual value, thenthe TOF error isshown in Fig. 8(b). Thetrend of TOF
error in our experiment is consistent with Fig. 5, which validates the analysis method for transient
response and its effect on sound speed measurement.

1715



0.12
134.6
0.1
134.58

0.08

13456 ¥

134.54 0.06 |

TOF error [ps]

134.52 0.04}

TOF results [ps]

134.5

1 0.02}
134.48 |
L O I

140 160 180 200 220 140 160 180 200 220

Starting time (tD ) [Ms] Starting time (tD ) [Ms]
€Y (b)

Fig. 8. The results of TOF estimation: (a) The results of 40 times experiments. (b) The TOF error.

Conclusions

For an actual system of sound speed measurement, the received signal is generally polluted by a
transient response due to the limited system bandwidth, and it can significantly degrade the sound
speed accuracy. Inthis paper, we carry out a research to analyze the system transient response and its
effect on sound speed measurement based on TFCW. The simulations show that the effect of transient
response on sound speed measurement is related to the starting time, the observation length of signal
and the bandwidth of measurement system. It can provide supports for the design and implementation
of a sound speed measurement system in practice. We also set up an experimental system and the
experimental result validates our research work.
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