
arrangement and a method for measuring the speed of sound BACKGROUND OF THE
INVENTION The present invention relates to the measurement of the speed of
sound. More specifically, the present invention relates to a method, and an
arrangement for measuring the speed of sound based on the travel time of an
acoustic signal through a predetermined distance. Figure 1 shows a
prior-art arrangement 100 and method for measuring the speed of sound, as
described in US 4,92 6,395. A control module 101 generates an output
electrical pulse signal 102. The instance when the event starts, i.e. when
the output electrical pulse signal 102 is generated, is denoted as t1 . The
output electrical pulse signal 102 is sent to a transmitting transducer 103
. The transmitting transducer 103 converts the output electrical pulse
signal 102 into an acoustic pulse signal 104. Next, the acoustic pulse
signal 104 output by the transmitting transducer 103 travels through a
medium 105, such as air or water, hits a reflector 106 and is reflected.
The reflected acoustic pulse signal 107 then travels back towards a
receiving transducer 108 which receives the reflected acoustic pulse signal
107 and converts it into an electrical pulse signal which will be referred
to in the following as reconstructed reflected electrical pulse signal 109.
In this known arrangement the front ends of the transmitting and receiving
transducers lie in a plane parallel to theplane of the reflector 106, since
the receiving transducer and the transmitting transducer are embodied by a
single transducer . Next, the reconstructed reflected electrical pulse
signal 109 is sent to the control module 101. 



Based on the instance when the reconstructed reflected electrical pulse
signal 109 is received by the control module 101, the traveling time of the
acoustic pulse signal, i.e. the time which was necessary for the output and
reflected acoustic pulse signals to travel through the medium 105 is
determined. The determination of the traveling time will be described
below. The speed of sound 110, s , determined and output by the control
module 101 is given by 2 d s = (1) to where  d is the distance between the
transmitting transducer 103 (or the receiving transducer 108) and the
reflector 106, and  t is the traveling time which is the sum of the time
needed for the output acoustic pulse signal 104 to travel through the
distance between the transmitting transducer 103 and the reflector 106 and
the time needed for the reflected acoustic pulse signal 107 to travel
through the distance between the reflector 106 and the receiving transducer
108. In the following, the determination of the traveling time t according
to the state of the art will be described.The output electrical pulse
signal 102 generated by the control module 101 is typically a gated
sinusoidal signal that is of a finite time duration, as shown in Figure 2a.
Due to the inherent characteristics of the transmitting transducer 103 and
the receiving transducer 108, the transducers 103 and 104 will, in general,
deteriorate the characteristics of the signals in the course of the
respective signal conversion processes. This means for 



example that the waveform of the acoustic pulse signal 104 does not exactly
correspond to the waveform of the output electrical pulse signal 102 from
which it is generated by the transmitting transducer 103. Similarly, the
waveform of the reconstructed reflected electrical pulse signal 109 does
not exactly correspond to the waveform of the reflected acoustic pulse
signal 107 from which the reconstructed reflected electrical pulse signal
109 is generated by the receiving transducer 108. Figure 2b shows an
example of a reconstructed reflected electrical pulse signal 109 which is
received by the control module 101 and originates from an input gated
sinusoidal signal as the output electrical pulse signal 102 delivered to
the transmitting transducer 103. When the control module 101 receives a
signal, it will decide whether the received signal is the reconstructed
reflected electrical pulse signal 109 or just background noise. For ease of
discussion, the received signal is considered to be a digital signal . When
the control module 101 receives one digital sample of the received signal,
it compares the amplitude of the current sample of the digital signal with
two thresholds 301, 302, namely an upper threshold 301 and a lower
threshold 302 (see Figure 3 ) .In this context, amplitude is meant to be
the voltage level of the digital signal at the current time instance. If
the absolute value of the amplitude of the current sample of the digital
signal is larger than the absolute value of the upper or lower thresholds,
the decision is that the reconstructed reflected electrical pulse signal
109 is detected, and this current time instance is then denoted by t (see
Figure 3 ) . Otherwise, the decision of the control module 101 is that the 



reconstructed reflected electrical pulse signal 109 is not detected, and
the control module 101 continues to take the next digital sample and
performs the comparison as described above until the reconstructed
reflected electrical pulse signal 109 is detected. The traveling time t is
then estimated to be an estimated traveling time t , which is given by t0 =
t2 - t (2) where  t -|_ is the time instance when the output electrical
pulse signal 102 starts to be generated by the control module 101, and  t
is the time instance when the reconstructed reflected electrical pulse
signal 109 is detected by the control module 101. This completes the
description of how the traveling time t0 is estimated by the calculated
time Q .However, the prior-art method described above particularly has two
problems that cause the estimation of t by Q to be inaccurate . Firstly,
the conversion of the output electrical pulse signal 102 into its acoustic
form (the acoustic pulse signal 104) by the transmitting transducer 103 is
not instantaneous, mainly due to physical limitations of transducers.
Indeed, there is a considerable time delay between the instance when the
output electrical pulse signal 102 starts to be generated by the control
module 101 (i.e., _) and the instance when the acoustic pulse signal 104
starts to travel in the medium 105. If the delay is of a fixed value for
different runs/scenarios of the speed-of -sound measurement, one could
circumvent this problem by replacing t -j_ by t _ plus this fixed value.
However, the delay is not constant for different runs/scenarios of the
speed-of -sound measurement. 



Secondly, the detection of the reconstructed reflected electrical pulse
signal 109 is also not instantaneous. Indeed, the control module 101 can
detect the arrival of the reconstructed reflected electrical pulse signal
109 only after a considerable time delay of about a few cycles of the
reconstructed reflected electrical pulse signal 109, as shown in Figure 3 .
If the delay is of a fixed value, for example one cycle for different
runs/scenarios of the speed-of-sound measurement, one could circumvent this
problem by replacing t by t2 minus this fixed value. However, also this
delay is not constant for different runs/scenarios of the speed-of - sound
measurement. These problems become even worse when using low cost
components, like a personal computer with a sound card as the control
module 101, a commercial, rather low-cost loudspeaker as transmitting
transducer 103, a plastic compact disc caseas the reflector 106, and a
commercial, rather low-cost microphone as the receiving transducer 108.
SUMMARY OF THE INVENTION Thus, it is a first object of the present
invention to provide an arrangement for measuring the speed of sound with
improved accuracy particularly even when using low cost components,
especially for educational purposes like for experimental speed-of -sound
measurements in high schools. To achieve the first object, according to a
first aspect of the invention, an arrangement for measuring the speed of
sound comprises an electrical pulse generating means for generating an
electrical pulse signal which will be referred to in the following as
output electrical pulse signal . The electrical pulse generating means is
coupled, e.g. via a cable, to a transmitting transducer for converting the
output electrical pulse signal into an acoustic pulse signal which will be
referred to in the following as output acoustic pulse 



signal. The transmitting transducer may be a commercial, rather low-cost
loudspeaker. Furthermore, a receiving transducer for converting an acoustic
pulse signal into an electrical pulse signal is provided. The receiving
transducer may be a commercial, rather low- cost microphone. Both
transducers are coupled with a reflector in such a manner that the output
acoustic pulse signal generated and output by the transmitting transducer
is reflected by the reflector, thereby generating a reflected acoustic
pulse signal which is received by the receiving transducer. According to
this first aspect of the invention the receiving transducer is arranged,
relative to the transmitting transducer, in such a manner that it receives
both the output acoustic pulse signal and the reflected acoustic pulse
signal and converts them to respective electrical pulse signals. The
electrical pulse signal generated from the output acoustic pulse signal by
thereceiving transducer will be referred to in the following as
reconstructed output electrical pulse signal, whereas the electrical pulse
signal generated from the reflected acoustic pulse signal will be referred
to in the following as reconstructed reflected electrical pulse signal.
Furthermore, the arrangement according to this aspect of the invention
comprises a speed determination means for determining the speed of sound
using the reconstructed output electrical pulse signal and also the
reconstructed reflected electrical pulse signal. The electrical pulse
generating means and/or the speed determination means may be implemented in
a personal computer (PC) . For example, both the electrical pulse
generating means and the speed determination means may be implemented by a
PC comprising a sound card. Furthermore, the reflector may be a plastic
element, in particular a compact disc case. 



An advantage of the arrangement according to the invention can be seen in
the fact that, even if very low-cost components are used, the accuracy of
the speed-of -sound measurement is improved, since by determining the speed
of sound based on the reconstructed output electrical pulse signal the
uncertainty in the speed of sound calculation caused by the unknown time
delay in the conversion process of transmitting transducer as described
above in conjunction with the state of art arrangement is eliminated.
Furthermore, this arrangement is very cheap and thus especially suitable
for low-cost applications. According to a further embodiment of the
invention, the electrical pulse generating means is arranged in such a
manner that it can generate an output electrical pulse signal with a
waveform, which begins with a dominant cycle with maximum amplitude, and
wherein the amplitude of the end portion of the output electrical pulse
signal tapers off to either zero or a considerably smaller value as
compared to the maximum amplitude of the output electrical pulse signal in
its dominant cycle . The output electrical pulse signal may further contain
an initial portion whose amplitude is considerably smaller than the maximum
amplitude of the output electrical pulse signal. For ease of discussion,
the output electrical pulse signal is considered not to have such an
initial portion. With this embodiment of the invention, the robustness and
the accuracy of the speed of sound measurement is further improved, since
with such a waveform of the output electrical pulse signal the uncertainty
in the speed of sound calculation caused by the unknown time delay in the
detection process of the speed determination means as described above 



in conjunction with the state of art arrangement is eliminated or at least
reduced. According to a further embodiment of the invention, a wave guide
is provided, which is arranged between the transmitting transducer and the
reflector, and/or between the receiving transducer and the reflector.
Furthermore, the wave guide may be a hollow cylindrical tube, which is made
by rolling a long piece of paper into a hollow cylinder. With such a wave
guide, the loss of signal energy is further reduced, thus providing better
measurement results due to less reduction of the signal amplitude when
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SD I- 1 The embodiments described above with reference to the arrangement
do apply as well to the method according to the present invention. BRIEF
DESCRIPTION OF THE DRAWINGS FIGURE 1 shows a block diagram of an
arrangement for measuring the speed of sound according to the state of the
art; FIGURES 2a and 2b show a waveform of a typical output electrical pulse
signal (Figure 2a) and the corresponding reconstructed reflected electrical
pulse signal (Figure 2b) according to the state of the art ; FIGURE 3 shows
a diagram illustrating the detection of the reconstructed reflected
electrical pulse signal in the control module according to the state of the
art; FIGURE 4 shows a block diagram of an arrangement for measuring the
speed of sound according to a first embodiment of the present invention;
FIGURES 5a and 5b show waveforms of output electrical pulse signals
according to an embodiment of the present invention; FIGURE 6 shows a
diagram illustrating the detection of the reconstructed output electrical
pulse signal (Figure 6a) and the reconstructed reflected electrical pulse
signal (Figure 6b) in the control module according to an embodiment of the
present invention;FIGURE 7 shows a block diagram of an arrangement for
measuring the speed of sound according to a second embodiment of the
present invention. 



DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION Preferred
embodiments of the invention will now be described with reference to the
accompanying drawings . Figure 4 shows an arrangement 400 with a personal
computer (PC) 401 comprising a sound card 402 as the electrical pulse
generating means and as the speed determination means for measuring the
speed of sound in air. According to this embodiment, only standard PC
accessories/components are used in the arrangement, in particular a
soundcard, microphone and loudspeaker, but not non-standard PC
accessories/components such as other PC plugin cards, external units with
PC interface, and ultrasound sensor. Note that using the soundcard 402 of
the personal computer 401 for generating the output electrical pulse signal
404 means that the output electrical pulse signal 404 will be in the
audible sound frequency range, i.e., 20 Hz to 20,000 Hz, but not in the
ultrasound frequency range, i.e. not more than 20,000 Hz. In this case, the
PC 401 with the soundcard 402 forms the control module. Furthermore, a
loudspeaker 403 is provided as the transmitting transducer. The loudspeaker
403 is connected to the soundcard 402 via a cable.The output electrical
pulse signal 404 generated by the soundcard 402 is provided to the
loudspeaker 403, by which it is converted into an output acoustic pulse
signal 405. The acoustic pulse signal 405 is then sent by the loudspeaker
403 through the medium, according to this embodiment, air 406 so that at
least a part of the acoustic pulse signal 405 hits a reflector 407 and is
reflected by the reflector 407. The output acoustic pulse signal 405 is
further received by a 



microphone 408, which is used as the receiving transducer. Thus, in other
words, the receiving transducer is arranged with reference to the
loudspeaker 403 in such a manner as clearly shown in Figure 4 that it
receives the output acoustic pulse signal 405 coming directly from the
loudspeaker 403 and converts the same into a reconstructed output
electrical pulse signal (see Figure 6a) . The reflector 407 according to
this embodiment is a CD (compact disc) plastic case. It should be noted,
that the reflector 407 can be formed by any other component which can
reflect the output acoustic pulse signal 405, when it hits the reflector
407. The reflector 407 thus reflects the output acoustic pulse signal 405
and sends the reflected acoustic pulse signal 409 to the microphone 408.
The microphone 408 converts the received signals, i.e. both the received
output acoustic pulse signal 405 and the received reflected acoustic pulse
signal 409, into the reconstructed output electrical pulse signal 410 and
the reconstructed reflected electrical pulse signal 411, respectively,
which are provided to the soundcard 402 of the PC 401.In the PC 401, the
traveling time t0 is estimated as the estimated traveling time t , which is
given by t0 = t4 - t3 , (3) where  t is the instance when the peak of the
second halfcycle of the dominant cycle of the reconstructed output
electrical pulse signal 410 is detected, as shown in Figure 6a for an
illustration, and  t4 is the instance when the peak of the second halfcycle
of the dominant cycle of the reconstructed reflected electrical pulse
signal 411 is detected, as 



shown in Figure 6b for an illustration. Figure 6 shows an example of a
signal 600 (comprising the reconstructed output electrical pulse signal 410
and the reconstructed reflected electrical pulse signal 411) received by
the PC 401 and the positions of t and t4 . The left part 601 of the signal
600 (Figure 6a) is the reconstructed output electrical pulse signal 410.
The right part 602 of the signal 600 (Figure 6b) is the reconstructed
reflected electrical pulse signal 411. Now it will be explained in detail
how t and t4 are obtained, using the example shown in Figure 6 . In this
paragraph, it will be explained how t , i.e. the time instance when the
peak of the second half -cycle of the dominant cycle of the reconstructed
output electrical pulse signal 410 is detected, is obtained. For ease of
discussion, the received signal is considered to be a digital signal .
First, based on a priori knowledge about the pulse shape,according to this
embodiment, it is known that the second half -cycle is negative (and not
positive) in this example. When the PC 401 receives one digital sample of
the received signal, it compares the amplitude of the current sample of the
received signal with the lower threshold 603. (If the second half-cycle
would be positive, the amplitude would be compared to the upper threshold
604.) If the absolute value of the amplitude of the current sample of the
received signal is larger than the absolute value of the lower threshold
603, the decision is made that the reconstructed output electrical pulse
signal 410 is detected. Otherwise the decision is that the received signal
is not the reconstructed output electrical pulse signal 410, i.e. this
latter is not detected, and the control module continues to take the next
digital sample and performs the comparison as described above until the
reconstructed output electrical pulse signal 410 is 



detected. It will then proceed to look for a local absolute maximum point
by comparing the next sample with the current sample, the second next
sample with the next sample and so on, and to denote the time instance
corresponding to this local absolute maximum point as t (see Figure 6 ) .
Note that t corresponds to the peak of the second half -cycle of the
dominant cycle of the reconstructed output electrical pulse signal 410. In
this paragraph, it will be explained how t i.e. the time instance when the
peak of the second half-cycle of the dominant cycle of the reconstructed
reflected electrical pulse signal 411 is detected, is obtained. Based on a
priori knowledge of the pulse length, it is waited for a certain fixed
period of time after t before the search for t4 is started. After such a
period of time, the search for t4 is started using the same method as for
the search for t described in the previous paragraph, except that the value
of the threshold may be different from that used for the search for t3
(note that in the example shown in Figure 6 , the samethreshold value is
used for searching both for t and t ) . Note that t4 corresponds to the
peak of the second half -cycle of the dominant cycle of the reconstructed
reflected electrical pulse signal 411. With the measurement arrangement
shown in Figure 4 and the waveform of the generated output electrical pulse
signal shown in Figure 5a or 5b and described more in detail in the
following, t and t4 do not have the "delay problem" that t - and t2
according the state of art arrangement (see Figure 1 ) have faced, and so
the above mentioned problems are solved. Consequently, the estimation of t
becomes more accurate. Thus, as a last step, the speed of sound 412, s , is
determined according to the following formula: 2 d 



S ' = - (4) o where  d ' is the distance between the microphone 408 and the
reflector 106,  Q is the estimated traveling time given in Equation 3 .
Examples of the waveforms of the generated output electrical pulse signal
404 according to the invention are shown in Figure 5a and Figure 5b. The
characteristics of the generated output electrical pulse signal 501 as
shown in Figure 5a are as follows:  the signal 501 as shown in Figure 5a
begins with a dominant cycle 503 with maximum amplitude, and  the amplitude
of the end portion 504 of the signal 501 tapers off to a considerably
smaller value as compared to the maximum amplitude of the signal 501.CO to
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0 0 ro ro F P. -1 SDof the reconstructed reflected electrical pulse signal
are significantly smaller than the absolute value of the amplitude of the
dominant cycle of the reconstructed reflected electrical pulse signal,
determination of the time t will not be difficult. Therefore, with the
waveform proposed by the invention, both problems mentioned above are
overcome. It should be further noted that it lies within the scope of the
invention to use the above proposed waveform for the output electrical
pulse signal also with the known arrangement shown in Figure 1 , since the
use of such a waveform even without the arrangement proposed by the
invention would significantly improve the measurement accuracy as described
above. According to a further embodiment of the invention as shown in
Figure 7 ,a wave guide 701 is added in between the microphone 408 and the
reflector 407. Otherwise this embodiment is similar to the first embodiment
described in conjunction with Figure 4 .CLAIMS What is claimed is: 1 . An
arrangement for measuring the speed of sound, comprising:  an electrical
pulse generating means for generating an output electrical pulse signal,  a
transmitting transducer for converting said output electrical pulse signal
into an output acoustic pulse signal, 



a reflector for reflecting said output acoustic pulse signal, thereby
producing a reflected acoustic pulse signal,  a receiving transducer being
arranged such as to receive said output acoustic pulse signal transmitted
directly from said transmitting transducer and said reflected acoustic
pulse signal reflected by said reflector, wherein said receiving transducer
converts the received output acoustic pulse signal into a reconstructed
output electrical pulse signal and the reflected acoustic pulse signal into
a reconstructed reflected electrical pulse signal,  a speed determination
means for determining the speed of sound using the reconstructed output
electrical pulse signal and the reconstructed reflected electrical pulse
signal . 2 . The arrangement for measuring the speed of sound according to
claim 1 , wherein the electrical pulse generating means is arranged in such
a manner that it can generate an output electrical pulse signal with a
waveform,  which has a dominant cycle with a maximum amplitude, and
wherein the amplitude of the end portion of the output electrical pulse
signal tapers off to either zero or asmaller value as compared to the
maximum amplitude of the output electrical pulse signal in its dominant
cycle. 3 . The arrangement for measuring the speed of sound according to
claim 2 , wherein the electrical pulse generating means is arranged in such
a manner that it can generate an output electrical pulse signal with a
waveform, wherein the output electrical pulse signal contains an initial
portion whose amplitude is smaller 



than the maximum amplitude of the output electrical pulse signal . 4 . The
arrangement for measuring the speed of sound according to any of the claims
1 to 3 , wherein the electrical pulse generating means and/or the speed
determination means are implemented in a personal computer. 5 . The
arrangement for measuring the speed of sound according to any of the claims
1 to 4 , wherein the electrical pulse generating means comprises a sound
card. 6 . The arrangement for measuring the speed of sound according to any
of the claims 1 to 5 , wherein the transmitting transducer is a
loudspeaker. 7 . The arrangement for measuring the speed of sound according
to any of the claims 1 to 6 , wherein the receiving transducer is a
microphone. 8 . The arrangement for measuring the speed of sound according
to any of the claims 1 to 7 , wherein the reflector is a plastic element,
in particular a compact disc case.. The arrangement for measuring the speed
of sound according to any of the claims 1 to 8 , further comprising a wave
guide, which  is arranged between the transmitting transducer and the
reflector, and/or  is arranged between the receiving transducer and the
reflector. 10. The arrangement for measuring the speed of sound according
to any of the claims 1 to 9 , wherein the speed determination means is
arranged in such a manner, that it determines the speed of sound using  a
first time instance, when the peak of the second halfcycle 



of the dominant cycle of the reconstructed output electrical pulse signal
is detected, and  a second time instance, when the peak of the second half
-cycle of the dominant cycle of the reconstructed reflected electrical
pulse signal is detected. 11. The arrangement for measuring the speed of
sound according to claim 10, wherein the speed determination means is
arranged in such a manner,  that it detects the peak of the second
half-cycle of the dominant cycle of the reconstructed output electrical
pulse signal when its absolute value is above a first threshold, and  that
it detects the peak of the second half-cycle of the dominant cycle of the
reconstructed reflected electrical pulse signal when its absolute value is
above a second threshold. 12 . The arrangement for measuring the speed of
sound according to claim 11, wherein the speed determination means is
arranged in such a manner that the first threshold and the second threshold
have the same value.13. A method for measuring the speed of sound,
comprising the following steps:  generating an output electrical pulse
signal,  converting the output electrical pulse signal into an output
acoustic pulse signal,  reflecting the output acoustic pulse signal,
thereby producing a reflected acoustic pulse signal,  converting the
reflected acoustic pulse signal into a reconstructed reflected electrical
pulse signal,  determining the speed of sound using the reconstructed
reflected electrical pulse signal. 



14 . A method for measuring the speed of sound, comprising the following
steps:  generating an output electrical pulse signal,  converting the
output electrical pulse signal into an output acoustic pulse signal and
into a reconstructed output electrical pulse signal,  reflecting the output
acoustic pulse signal, thereby producing a reflected acoustic pulse signal,
converting the reflected acoustic pulse signal into a reconstructed
reflected electrical pulse signal,  determining the speed of sound using
the reconstructed reflected electrical pulse signal and the reconstructed
output electrical pulse signal . 15. The method for measuring the speed of
sound according to claim 13 or 14, wherein the generated output electrical
pulse signal has a waveform,  which has a dominant cycle with a maximum
amplitude, and  wherein the amplitude of the end portion of the output
electrical pulse signal tapers off to either zero or a smaller value as
compared to the maximum amplitude of the output electrical pulse signal in
its dominant cycle.16. The method for measuring the speed of sound
according to claim 15, wherein the generated output electrical pulse signal
has a waveform with an initial portion whose amplitude is smaller than the
maximum amplitude of the output electrical pulse signal . 17 . The method
for measuring the speed of sound according to any of the claims 14 to 16,
wherein the speed of sound is determined using  a first time instance, when
the peak of the second halfcycle 



of the dominant cycle of the reconstructed output electrical pulse signal
is detected, and  a second time instance, when the peak of the second half
-cycle of the dominant cycle of the reconstructed reflected electrical
pulse signal is detected. 18. The method for measuring the speed of sound
according to claim 17, wherein the speed of sound is determined such  that
the peak of the second half-cycle of the dominant cycle of the
reconstructed output electrical pulse signal is detected when its absolute
value is above a first threshold, and  that the peak of the second half
-cycle of the dominant cycle of the reconstructed reflected electrical
pulse signal is detected when its absolute value is above a second
threshold. 19. The method for measuring the speed of sound according to
claim 18, wherein the first threshold and the second threshold have the
same value . 


