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ABSTRACT Ultrasonic technology is widely used in the field of gas detection due to its advantages of
low power consumption, high speed and strong adaptability to the environment. The current ultrasonic
time-of-flight (TOF) measurement method has the large measurement error caused by ringing effect, and
the phase detection method can only detect the phase change within 27 of a single cycle. These problems
cannot meet the requirements of certain high concentration gas detection. This paper proposes a method of
multi-frequency ultrasonic phase difference measurement to solve the problem that the phase difference
across multiple cycles cannot be detected, hereby realizing full range gas concentration detection, and
the continuous wave detection of this method also eliminates ringing effect in TOF. The phase difference
within 27 of a single period is obtained by loading a single frequency driving signal on two channels, and the
phase difference of low-frequency envelope of the modulated signal is obtained by loading multi-frequency
modulated signals. The total cross-cycle phase difference can be obtained by combining the two results,
and the measured gas concentration can be obtained by the relationship model between gas concentration
and phase difference. The experimental results show that the average absolute error of 4% hydrogen
concentration measurement is 0.12%, and the relative error of 99% hydrogen measurement is less than 5%.
This method also provides a solution for extracting cross-cycle phase difference in other fields.

INDEX TERMS Ultrasonic, concentration detection, multi-frequency driving, cross-cycle phase difference,

phase measurement.

I. INTRODUCTION

Quantitative determination of specific gas components in a
given background environment has important applications in
many fields, such as detection of CO, and N>O in environ-
mental monitoring [1], [2], leakage detection of dangerous
gas H»S and CL; [3], [4], natural gas detection in production
field [5], [6]. At present, the online detection methods of
gas concentration mainly include optical, chemical, catalytic
and acoustic methods. Among them, the optical method has
high detection accuracy, but it requires higher environmental
conditions and system is expensive. The chemical detector
has good sensitivity to low concentration gas, but its service
life is short. The catalytic detector is widely popular because
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of high accuracy, insensitive to temperature and humidity, and
low cost, but its application is limited by its slow reaction
speed, high-power consumption, and easy poisoning at high
concentration [7]-[10].

Compared with the above detection technologies,
the acoustic sensor based on ultrasonic technology has unique
advantages, such as low cost, low-power consumption, long
service life, and good environmental adaptability [11]. This
type of sensor has no zero offset, and can complete data acqui-
sition within one millisecond for its fast working speed [12].
These characteristics make the acoustic gas detection tech-
nology get attention and have special applications in many
industries. Many literatures have introduced the application
of acoustic gas sensor. Reference [13] shows, an ultrasonic
measurement system can realize the gas concentration mea-
surement accuracy of 0.05% in H, and He, 0.1% in CO,.
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Reference [14] and [15] show, ultrasonic can be applied
to hydrogen detection and this method can theoretically
realize the measurement of hydrogen concentration as low
as 100ppm. Reference [16] shows, ultrasonic technology was
applied to measurement of C3Fg vapor concentration which
demonstrated that the concentration of C3Fg refrigerant leak-
ing into nitrogen is less than 0.05% in 18 months. Because
the reaction speed of other gas detection methods cannot
meet the requirements of the task, ultrasonic technology is
applied to real-time sampling of concentration of human
respiratory gas to analyze many diseases in human respiratory
process quickly and timely [17]. Reference [18] shows that
the application of ultrasonic technology to X. was studied.
Xe is used as anesthetic gas in many countries, but the inert
gas cannot be detected by conventional electrochemical or
infrared methods, so using ultrasound is an ideal detection
method.

The gas measurement methods in the above literature are
all based on the measurement on the time-of-flight (TOF) of
ultrasonic wave to obtain the gas concentration [19], [20].
Because the speed of acoustic wave in different gases is
different, for example, the sound speed in pure air is nearly
four times of that in air, it is completely feasible to realize the
concentration detection by measuring the speed of ultrasonic
wave in the measured gas [21]. TOF compares the received
and extracted ultrasonic signal with the set threshold, and
takes the rising edge of the detected signal as the arrival
time of the ultrasonic signal [22]. We can also extract the
envelope of the received ultrasonic signal through signal
processing methods such as Hilbert transform, wavelet trans-
form, short-time Fourier transform, and then set the arrival
time to the time when the received signal reaches the max-
imum value or a certain value, so as to calculate the flight
time of ultrasound in the measurement channel. In addition,
we can calculate the cross-correlation function between the
ultrasonic transmitted signal and the received signal, where
the peak value of the cross-correlation function is the flight
time of the ultrasonic signal [23].

However, there are some problems in TOF measurement.
One is that the measurement accuracy of this method is
limited by the blanking zone in practical application. The
principle of ultrasonic technology is to use the resonance
frequency of piezoelectric ceramics to generate vibration
transmission [24]. Since the received signal always contains
the echo signal generated by ringing effect, which leads to
the formation of blanking area, the received signal cannot
be accurately evaluated in this area [25], [26]. The other
is that there will be energy attenuation during ultrasonic
transmission. When the acoustic transmission distance is too
long or the acoustic attenuation of the measured gas is too
large, the sampling error of the received signal will increase.
Therefore this method is not suitable for the measured gas
with high concentration [27], [28].

Compared with TOF, the phase measurement method has
the advantages of higher detection accuracy and lower power
consumption, and has been widely used in other fields,
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such as temperature measurement, distance measurement,
wind speed measurement, displacement measurement, and
so on [29], [30]. The principle of this method is to mea-
sure the phase difference between the signals received by
ultrasonic and a fixed signal to reflect the change of sound
speed. Because the ultrasonic speed changes with the gas
concentration, the received signal will have a phase shift.
Therefore, the phase difference between the received signal
and the fixed signal will change, which is a function of the
gas concentration. Because the signal needs to be detected
is phase relationship, and the received signal is continuous
wave, there is no ringing effect and receiving signal blanking
zone. Therefore, the phase difference measurement method
will have higher measurement accuracy compared to TOF.
Because the signal strength does not need to be detected,
the measurement accuracy will not be affected, even if the
output signal has a large attenuation, and there is no need to
provide high-power excitation signal.

Reference [31] shows, the phase difference measurement
method of ultrasonic is used to measure the wind speed, and
the maximum error is less than 0.3m/s under the condition
of 15m/s wind speed. Reference [32] shows, the improved
ultrasonic phase measurement method is used to measure the
low-speed air flow velocity. Under the experimental condi-
tions, the average absolute error is 0.0542m/s, and sensitivity
is higher than that of many current commercial products.
Reference [33] shows, phase measurement technology is used
to obtain the core temperature of the workpiece metal, and
the maximum resolution can reach 0.1°C. Reference [34]
shows, the improved phase measurement method is used to
realize the design of high accuracy air-coupled reflective
ultrasonic rangefinder. The experimental results show that
the 30 accuracy of short distance (< 100mm) and long dis-
tance (100-300 mm) is 71.1 um and 1.82mm respectively.
Reference [35] shows, the absolute thickness of borosili-
cate glass is measured by ultrasonic phase measurement.
The average error is 0.04 um, and the standard deviation is
1.35 um, which is close to 1.06 wm uncertainty of calibration
micrometer.

Although the phase difference measurement method has
many advantages, it is relatively less used in the field of
gas concentration measurement because the phase ambigu-
ity will occur if the change of sound speed exceeds a full
wavelength, that is, the phase detection can only detect the
phase difference within 27 of a single cycle of two received
signals [36], [37]. When the change of gas concentration
leads to a large change of ultrasonic speed, it will cause the
phase difference to increase. When the phase difference is
greater than 27, there will be a cross-cycle phenomenon of
phase difference. At this time, using the existing phase dif-
ference detection methods will have a large error. Therefore,
this method is only suitable for the measurement of small
variation, which limits the application in the field of gas
detection. Meanwhile, the application of phase measurement
in gas concentration measurement poses a great challenge
to the optimization of the system structure. The structure of
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FIGURE 1. Method architecture diagram.

ultrasonic gas detection requires a measurement cavity. In
the measurement process, the waveguide will have a super-
imposed effect on the ultrasonic signal transmission, and
the second and multiple signal reflection between the trans-
mitter and receiver of the transducer will cause interference
phase shift of the received signal.

Through the analysis of the above-mentioned problems,
a full-range gas concentration detection method based
on multi-frequency ultrasonic cross-cycle phase difference
measurement is proposed. It addresses the fact that gas con-
centration detection is achieved through low power consump-
tion. The phase difference detection technology is used to
improve the detection accuracy of gas concentration. The
accurate extraction of cross-cycle phase difference in the
ultrasonic phase detection technology is realized. Phase dif-
ference detection technology is used for high concentration
gas detection.

The main contributions of this paper are as follows:

1. According to the prior acoustic theory, an accurate
relationship model between ultrasonic phase difference and
gas concentration is established, which provides a theoretical
basis for gas concentration measurement based on phase
difference method.

2. For the first time, a dual-channel multi-frequency driv-
ing method is proposed to extract the total inter-cycle phase
difference of ultrasonic waves, which solves the problem that
the ultrasonic phase difference cannot be detected when phase
difference was greater than 2w, and a full range detection
from low concentration to high concentration of gas is real-
ized based on the phase difference technology.

3. The method proposed in this paper can achieve
low power consumption and high-accuracy gas concentra-
tion detection. Through experimental analysis, power con-
sumption of the system during continuous operation is
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25mW. The average absolute error of 4% hydrogen con-
centration measurement is 0.12%, and the relative error of
high-concentration hydrogen measurement is less than 5%.
The minimum detectable hydrogen concentration is 40ppm.
The power consumption is lower than other gas detection
methods.

Il. ALGORITHM DESCRIPTION

As shown in Fig. 1, the method architecture frame-
work proposed in this paper mainly includes three parts:
multi-frequency driving signal modulation, ultrasonic dual
channel data transmission, and acquisition and processing of
the received signal.

1. Based on the dual channel structure, the phase differ-
ence of the signal is obtained and the system temperature
compensation is realized to a certain extent. The gas to be
measured is in the measurement channel, and background air
is in the closed reference channel. Different gases in the two
channels determine different ultrasonic velocities, which are
reflected as phase difference between the two received signals
at the receiving end, and the phase difference is related to the
measured gas concentration. The ambient temperature will
affect the ultrasonic speed, but the temperature changes of the
two channels are the same, so the influence of the temperature
on the signal phase difference will be weakened to a certain
extent.

2. Based on the single high frequency excitation sig-
nal, the fine phase difference within 2 of a single period
is extracted. The signal driving unit loads a same single
high-frequency signal f at two input ends, and we can obtain
the phase difference between two output signals at the output
end. The total phase difference is Ag = 2nw + A¢’, where
n is the number of cycles of total phase difference. A¢’ is the
fine phase difference within 27 of a single period that can be
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detected by the signal acquisition and processing unit, which
reflects the fine concentration of the measured gas within a
certain concentration range

3. Based on the dual-frequency modulation excitation sig-
nal, the number of cycles n of total phase difference is
calculated. The signal driving unit loads two signals with
small frequency shift from the original single high frequency
signal f, which are f + Af and f — Af respectively, and
performs differential frequency modulation, then sends them
into two channels. After detection and processing by the
signal acquisition and processing unit, the phase difference
of the modulated low-frequency envelope signal is obtained.
Based on the phase difference of low-frequency envelope
signal, the number of cycles n of total phase difference can
be obtained.

4. The gas concentration is calculated based on the rela-
tionship model between phase difference and gas concentra-
tion. The total phase difference Ag of single high frequency
signal can be obtained by combining the phase difference
A¢’ within 27 of a single period with the number of cycles
n of total phase difference obtained by dual frequency. The
measured gas concentration can be obtained by the algo-
rithm model of gas concentration corresponding to the phase
difference.

IIl. RELATIONSHIP MODEL BETWEEN GAS
CONCENTRATION AND PHASE DIFFERENCE

A. RELATIONSHIP BETWEEN GAS CONCENTRATION AND
SOUND VELOCITY

Ultrasonic wave has definite speed in different gas. The for-
mula of ultrasonic velocity in gas under normal pressure is as

follows [21]:
/RTy
C=,— 1
M M

where R is the universal gas constant, and T is the absolute
temperature of the environment. M is the molar molecular
weight of the gas to be measured, and y is the specific heat
capacity ratio of the gas. Therefore, if the molecular weight
and specific heat capacity ratio of the gas can be determined,
the ultrasonic transmission speed can be obtained.

When the air is mixed with the measured gas, M and y
in the ultrasonic velocity formula can be considered as the
weighted average value of the mixed gas. Therefore, if the
concentration u of the measured gas is determined, the molec-
ular weight and specific heat capacity ratio of the mixed gas
are determined, and the sound velocity is modified as follows:

Cy = RT 1 2
VS TS oM, T oM, [(1T —wy1 + uys] )

where u is the measured gas concentration, M is the molec-
ular weight of background air, M, is the molar molecular
weight of the measured gas, y; is the specific heat capacity
ratio of air, y» is the specific heat capacity ratio of the mea-
sured gas. Then the relationship between sound speed and gas
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concentration can be written as follows:

1+u (ﬁ - 1)
1+4+u <Iltfli? - )
where Cy;; is the velocity of ultrasonic wave in air at temper-
ature T.

Table 1 shows the corresponding table of molecular weight
and specific heat capacity ratio of hydrogen, methane and
argon [38]. The molecular weight of hydrogen is quite differ-
ent from that of air, so the concentration of hydrogen as the
measured gas will have a great impact on the sound speed.
The molecular weight difference between air and methane
or argon is small, so the influence of methane or argon
concentration on sound velocity should be relatively small.
The specific heat capacity ratio of hydrogen is almost equal to
that of the air, so the specific heat ratio of hydrogen has little
effect on the sound velocity. The difference of the specific
heat ratio between air and methane or argon is slightly larger,
so the specific heat ratio of these two gases has a certain effect
on the sound velocity.

(€)

TABLE 1. Corresponding table of molecular weight and specific heat
capacity ratio of several specific gases.

Parameter H, CHy Ar Air
M (g/mol) 2.01594 16.043 39948  28.959
y (15C,latm) 1.41 1.31 1.668 1.403

Fig.2 shows the relationship between ultrasonic speed and
gas concentration of hydrogen, methane and argon obtained
by MATLAB simulation. The solid line is the corresponding
relationship considering the change of specific heat capac-
ity ratio, and the dotted line is the curve not considering
the change of specific heat capacity ratio of the gas to be
measured.

It can be seen that the difference between the molecular
weight of hydrogen and that of air is the largest, which leads
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FIGURE 2. The relationship between ultrasonic velocity and gas

concentration, when the measured gases are hydrogen, methane and
argon respectively.
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to the most significant change of sound speed when hydrogen
is mixed in the air. With the increase of hydrogen concen-
tration, the relationship between ultrasonic sound speed and
gas concentration is approximately exponential. When the
hydrogen concentration reaches 100%, the sound speed can
approach 1400m/s which is four times of the sound speed
in the air. Because the difference of the molecular weight of
between air and methane or argon is small, the sound velocity
changes slowly with the increase of the concentration of
methane or argon, and the gas concentration is approximately
linear with the sound velocity. Therefore, the resolution of
hydrogen concentration measured by ultrasonic technology
will be higher than that of methane and argon. It can be seen
from the three gas curves that the specific heat capacity ratio
has little effect on the gas sound.

B. RELATIONSHIP BETWEEN GAS CONCENTRATION AND
ULTRASONIC PHASE DIFFERENCE

Define the measured gas concentration is u, the ultrasonic
speed in gas to be measured is Cy, the sound path between
the measurement channel and the reference channel is L.
The time of the ultrasonic wave to travel in the measurement
channel is t;, and the time of the air in the reference channel
to be tp, then, t; = C , b = C , and the time difference of
ultrasonic waves in two channels is AT:

Cair 1+u(L2_ )
Cair Y|
1+u (—71)

Then, the relationship between the gas concentration u and
the time difference AT in two channels can be obtained.

2
(1 _ ATfair) _ 1

-k (1—%@“)2 "

where K; = % - 1,Ky = — 1, Cyir = 33145 273 T
1

(m/s), T is the absolute temperature of the environment.

We can get the corresponding phase difference Ag of two
received signals from the time difference AT of ultrasonic
transmission of two channels. Then, Agp = 27 fAT, f is the
ultrasonic frequency, u can be obtained as follows:

2
ApCir
(1-55) -1
u= 3 ©
K2 _ Kl (1 _ A‘pcmr>

2nfL

The measured gas concentration can be obtained by the total
phase difference Ag between dual channel and the ambient
temperature T.

Fig.3 shows the corresponding relationship between ultra-
sonic phase difference and different concentrations of hydro-
gen, methane, and argon at 23°C. It can be seen that at a fixed
temperature, different gas has its own corresponding rela-
tionship curve between concentration and phase difference.
We can calculate the gas concentration by phase difference.
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FIGURE 3. The relationship between the ultrasonic phase difference and
the concentration of hydrogen, methane and argon.

Taking the hydrogen curve shown in Fig.3 as an example,
when the total phase difference between the two channels is
40rad, the measured hydrogen concentration is 85.54%.

C. ANALYSIS OF ULTRASONIC CROSS-CYCLE PHASE
DIFFERENCE

If the single high frequency ultrasonic oscillation signal
loaded on the input end is sin2mft, the response signal x =
Asin2rf (t + At) can be obtained at the output end of the
measurement channel after At, and the response signal x' =
Alsin2w f (t + At ) can be obtained at the output end of the
reference channel after At'. A and A’ are the signal ampli-
tudes of the receiving end and the reference end respectively.
The total phase difference between the two channels is Ap =
27f (At — At). When [At' — At| (n=1,2,....), there
is a situation of Ap = 2nw +A¢/, A(p 1s the phase dlfference
in a single period.

At this time, the cross-cycle phase difference between the
two channels will occur, and the number of cycles is n. If the
measured sound path is 0.Im, the ambient temperature is
23°, the sound speed in the reference channel is 344m/s, the
relationship between the total phase difference and the sound
speed of the two channels is shown in Fig. 4. It can be seen
that if the ultrasonic flight speed in the measured gas reaches
376.4m/s, the cross-cycle phenomenon of phase difference
begins to appear. If the measured gas is high concentration

60
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—

. Sound Velocity and Phase Difference Vurve ,JTT‘TEEH:EK
.-/
_#(BB4.4,n=T7)
40| 1o,
M(710.8,n=6)

a0} {603.5.n=5)

Total phase difference (rad)

BOO 1000 1200 1400
The speed of sound (m/s)

FIGURE 4. Relationship between total phase difference and the speed of
sound at 23°C.
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hydrogen, and the ultrasonic flight speed reaches 1200m/s,
the total phase difference is greater than 165, and the total
cycles number of phase difference is 8.

IV. PHASE DIFFERENCE EXTRACTION

A. EXTRACTION OF PHASE DIFFERENCE IN 2 OF SINGLE
PERIOD BY SINGLE HIGH FREQUENCY

If the same single excitation signal sin2rxft is loaded at two
input ends of the dual channel, the received signal at two
output ends has a detectable phase difference A¢’ within
2m of single period. Many different methods have been
proposed for phase difference measurement, including pulse
width counting, discrete Fourier transform (DFT), digital
correlation, Hilbert transform, least square method and so
on [39]-[41]. For the 40KHz ultrasonic signal, the pulse
width counting method can meet the accuracy requirements.
The output signals of two channels are converted into pulse
signals through zero crossing comparison. The pulse width
of the phase difference between the two channel continuous
pulse signals can be determined by counting. The relationship
between the measured phase difference and the number of
counting is as follows:

2 fi
A(D/ = T; Cn
0

where ¢, is the number of counting, fy is the counting fre-
quency, f is the ultrasonic signal frequency.

(N

B. EXTRACTION OF CROSS-CYCLE TOTAL PHASE
DIFFERENCE BY DUAL-FREQUENCY MODULATED SIGNALS
When A¢’ > 27, the cross-cycle phase difference occurs.
When we load two signals with small frequency shift from the
original single high frequency signal as the modulated input
signal, the phase difference of the low-frequency envelope
signal of the modulated signal can be obtained. The total
cross-cycle phase difference can be obtained by means of
combining the phase difference of the low-frequency enve-
lope signal with the phase difference of the original single
high frequency signal. The algorithm flowchart is shown
in Fig. 5.

sin2n(f — Af)t Low pass

> Di j > .
sin2n(f + AP, Difference P x sin2nft filtering
Amplitude e square [« Low frequency

judgment envelope
High pass Low frequency Total phase
filtering phase difference 49 difference A¢

FIGURE 5. Flowchart of total cross-cycle phase difference extraction
algorithm.

We load two signals, sin2r (f + Af) tand sin27 (f — Af) t,
where Af is the small frequency shift from signal
f(Af « f), then the difference between the two signals
is [sin2x (f + Af) t — sin2x (f — Af) t]. We load the signal
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difference as input signal into the measurement channel and
the reference channel. When the length of measurement
channel is L, the output signal Z can be obtained in the
measurement channel.

Z=A[sin27 (f + Af) (t — At) — sin2xw (f — Af) (t — At)]
®)
After transformation, Z can be obtained as follows:
Z = 2A [cos2nf (t — At) - sin2w Af (t — At)] O]

The equation indicates that the received ultrasonic sig-
nal can be regarded as cos2zf(t — At) modulated by
sin2w Af (t — At), and sin2w Af(t — At) is the envelope
function of cos2rwf (t — At), where A is the amplitude of the
received signal.

Let Z and sin2x ft enter the multiplier to get the output
signal Y:

At
Y = Asin2w Af (t — At) |:sin47tf (t — 7) + sin27tht]
(10)

Since sin27fAt is constant, after filtering out the high
frequency component, we can get the output Y'.

Y = Asin2zfAt - sin2w Af (t — At) (11)

Y’ is the signal of low frequency envelope, which is obtained
at the output end of measurement channel after detection by
multiplier, whose amplitude is Asin2 fAt. Similarly, another
signal Y” of low frequency envelope is obtained at the output
end of the reference channel, whose amplitude is

Y" = Asin2zfAt’ - sin2w Af (t — AY) (12)

Discuss the influence of sin27fAt and sin27fAt" on the
phase difference of envelope function as follows.

1. When both sin2w fAt and sin2w fAt’ are not zero, the
amplitudes of Y’ and Y” can be measured.

If both sin27fAt and sin2wfAt’ are positive constants or
negative constants, the phase difference between Y’ and Y’
is the same as that between the two low-frequency envelope
signals sin2 Af (t — At) and sin2 Af (t — At). If sin27 fAt
and sin2zfAt" are two constants in the opposite direction,
one of Y’ and Y” will be a new signal obtained by 180°
phase shift and amplitude modulation of the original low
frequency envelope signal. This phase shift will lead to errors
in calculating the phase difference of low frequency envelope
signals.

Take the square value of Y’ to obtain the new function
signal X.

1
X = §A2 (sin2fAL)? - [1 — cosdm Af (t — AD)]  (13)

After low frequency components are filtered by high pass
filter, we can get X’

’ 1 2 ca: 2 o T
X' = EA (sin2w fAt)” sin | 47 Af (t — At) — ) (14)
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In the same way, a new signal is obtained by taking the

square value of Y” and through high pass filtering.
1" 1 2 (.: N2 . , b4

X" = EA (sm2ant) sin [471Af (t — At) — E] (15)

Both X" and X” are the new signals obtained from the orig-

inal low-frequency envelope signal after frequency doubling,

phase shifting 180° and amplitude modulation. The phase
difference between X' and X" is A¢

A¢ =4 Af (At — At) (16)

Refer to (9) and (11), the high frequency component of
the output signal is cos2xf (t — At), so there is total phase
difference Ag of the high frequency between two channel,
and Ag is also the phase difference of original single high
frequency excitation signal.

Ap =2nf (AU — At) (17)

Refer to (17) and (18), we can get the relationship between
Ag and A¢

f
Ap = —A 18
¢ =xF ) (18)

2. When sin2x fAt or sin2 fAt’ is zero, the amplitudes of
Y’ and Y” cannot be measured.

In this case, let Z and the cos2r ft enter the multiplier, then
after filtering the high-frequency components, the amplitudes
of signal Y and Y” become Acos2mfAt and Acos2nfAt,
that is

Y' = Acos2fAt - sin2m Af (t — At) (19)
Y' = Acos2fAL - sin2m Af (t — At') (20)

After squaring Y’ and Y”, and filtering the low frequency
components, two new signals X and X” are obtained, and
phase difference between X and X" is still 47 Af (At/ — At),
so the total phase difference Ag is not changed.

C. TOTAL PHASE DIFFERENCE CORRECTION

Refer to equation (18), although the total phase difference
Ag of single high frequency signal can be calculated from
the phase difference A¢ of low-frequency envelope signal,
the phase difference error of low-frequency envelope signal
will increase the total phase difference Ag error. In order to
improve the detection accuracy of the system and reduce the
total phase difference error, the total phase difference can be
corrected by calculating the number of circles of cross-cycle
phase difference and combining with the phase difference
in a single period 27 of single high frequency signal. The
effectiveness of this method is also verified by subsequent
experiments.

If the total phase difference calculated by low frequency
envelope signal is Ag, the phase difference in a single period
27 of single high frequency signal is A¢’, and the number of
cycles of cross-cycle phase difference is n, then

Agp — Aw’}

n= Int|: o 21
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where n is the approximate integer, and Int[ ] is the integer
operation, then the final total phase difference is corrected
to AfO:

AG =2nm + A¢’ (22)

D. SIMULATION VERIFICATION OF THE PROPOSED
METHOD

In the following simulation process, 0.1m sound path was
used as the measurement channel for verification analysis.
Fig.6 shows the output signal at two outputs when 40KHz
single high frequency sinusoidal signal was used as ultrasonic
driving signal of dual channel. The ambient temperature is
set at 23°C, and the speed of ultrasonic signal in the air of
reference channel is 344m/s. When the ultrasonic speed in
the measured gas is set to 700m/s, there is a phase difference
between the received signals of two channels, and the phase
difference cross some cycles. However, only the phase differ-
ence within 27 of a single period can be observed in Fig.6,
and number of cycles n of cross-cycle phase difference cannot
be identified.

In Air
In Measured Gas

Amplitude (V)

o 001 002 003 004 005 006 007 008 009 01
Time {ms)

FIGURE 6. Output signals from single high-frequency signal as an input.
The two output signals contain phase difference spanning some cycles.

After selecting 41 KHz and 39KHz signals and performing
differential frequency processing, the modulated signal is sent
to the two channels as the input signal, and we get the two
output signals waveform in Fig.7. The red curve is the output
signal of the measurement channel, and the blue curve is the
output signal of the reference channel. The output signal is a
40KHz cosine curve with 1KHz frequency sinusoidal enve-
lope. The phase difference of single high frequency 40 KHz
signal is 40 times of that of 1KHz low frequency envelope
signal.

podbaepaibod

o] ||W
it
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o 0.2 0.4 0.6 08 1 12 14 16 18 2
Time (ms)

Amplitude (V)

-2

FIGURE 7. Output signals with low-frequency envelope from
dual-frequency modulation signal as an input.

51989



IEEE Access

H. Sun et al.: Method of Full-Range Gas Concentration Detection

When the phase difference of 1KHz low-frequency enve-
lope signal is obtained, the total phase difference of 40KHz
signal at two channel outputs can be measured. In order to get
the low frequency envelope phase difference, it is necessary to
extract the envelope curve function by detection technology.
After the two output signals( in Fig.7) were multiplied with
40KHz sinusoidal signal to realize phase detection, we get
the signals shown in Fig.8. The red curve is the output signal
extracted from measurement channel. The blue curve is the
output signal extracted from the reference channel.

In Air
In Measured Gas
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FIGURE 8. The detected output signals with low-frequency envelope.

Although there are still high-frequency components in
the waveform, the envelope curve signal can be extracted
by filtering out the high-frequency components. The sig-
nal waveform in Fig. 9 is the final output signal wave-
form after the envelope signal is squared to a positive value
and the high-frequency component is filtered out. There is
only a clean and complete low-frequency curve, which is
derived from the detection and processing of the original
low-frequency envelope signal. The total phase difference of
the single high frequency signal can be obtained according to
the phase difference of the two low-frequency signals.

In Air
In Measured Gas
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FIGURE 9. Low frequency signals extracted from differential-frequency
signal finally.

Fig.10 shows the relationships between the phase differ-
ence extracted by single high frequency signal and that of the
low-frequency signal obtained by detecting and processing
dual-frequency modulation signal. The single frequency of
high frequency signal is 40KHz. When ultrasonic velocity
is 700m/s, sound path 0.1m, the phase difference of sin-
gle high frequency signal spans 5 cycles, but the detectable
phase difference is only 5.529rad. The frequency of the low-
frequency signal obtained by dual-frequency modulation sig-
nal is 2KHz, and the detectable phase difference is 1.847rad.
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Fig.10 shows that the phase difference of the single high
frequency signal is 20 times of the phase difference of the
low frequency signal, which is equal to that calculated by
equation (18). Therefore, through the phase difference of the
low-frequency signal, the total phase difference of the single
high frequency signal can be calculated to be 36.945rad,
which is equal to that of the single high frequency signal
calculated by equation (18) and (22). According to the total
phase difference, we can calculate the gas concentration.

V. EXPERIMENTAL RESULTS AND ANALYSIS

A. THE PHYSICAL DIAGRAM OF THE EXPERIMENTAL
SYSTEM

The ultrasonic phase difference gas concentration detection
system was built for the experiment. The signal driving unit
outputs 40.5Khz and 39.5Khz signals and sends the differ-
ence of the two signals to the ultrasonic measurement channel
and the reference channel, and the output signal is sent to
the signal processing unit for detection processing. We can
obtain the phase difference of the two channel low-frequency
envelope signals of difference frequency. The 40KHz signal
is output by the signal driving unit and sent to the ultrasonic
dual channel again. We can detect the phase difference Ag’
in single period 27 of the single high frequency in the two
channels after the output signal is sent to the signal processing
unit. The total phase difference is calculated by combining
the two phase differences A¢ and A¢’, and the measured gas
concentration is calculated and the output result is output. The
32MHz working frequency is used in detection of the phase
difference.

The physical diagram of the experimental system is shown
in Fig.11. The system consists of two channels in the same
path, namely the measurement channel and the reference
channel. The same ultrasonic driving signal is loaded on the
input terminals of two channels.

In the two channels, it is closed air in the reference channel
and the gas to be measured in the other measurement channel.
The ultrasonic transmitting probe and receiving probe are
closely attached to both ends of the channel. The measuring
cavity has an air inlet and air outlets. When the measured
gas is injected from the air inlet of the measuring cavity,
the original gas in the channel is evacuated from the air outlets
at the same time. The two channel cavities are close to each
other to ensure the same temperature, so as to reduce the
system experimental error caused by temperature. The length
of the two cavities is 0.1m, and the cavity is made of brass
tube to ensure the uniform temperature transmission of the
system. The air inlet is made of a thin copper tube, which
is easy to be connected with the air supply pipe. The air
outlet is composed of transparent pores. The data cable of the
ultrasonic receiving probe is sent back to the input end inside
the cavities, and connected to the signal acquisition board,
s0 as to ensure the regularity of the online work of the system.

Hydrogen, methane and argon were used as the tested gases
to verify the method. Hydrogen and methane are flammable
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FIGURE 10. The relationships between the phase difference extracted by single high frequency
signals and the phase difference extracted by dual-frequency modulation signal.

Signal driving and acquisition unit.

FIGURE 11. The ultrasonic gas concentration detection device.

and explosive gases, which have high demand in industry and
mining. Argon is an inert gas, and many gas detection meth-
ods are ineffective for argon. Hydrogen is the gas with the
smallest molecular weight and the fastest sound speed. The
sound speed in methane is slightly higher than that in air, and
the sound speed in argon is slightly lower than that in air, so as
to verify the unity of the system for different gases. 99.99%
of the measured gas and background air are sent into the gas
bag respectively. The measured gas comes from Wuhan New
Reed Trading Co., Ltd., and the gas concentration meets the
national standard of China.

The gas concentration is adjusted by the syringe, and the
measured gas and background air are fully mixed in the
gas bag to keep uniform and stable. The measured gas
with adjusted concentration is sent into the measuring cavity
through the air inlet of the measuring channel. The injection
time lasts for 10s, so as to ensure that the original gas in
the measuring cavity is fully evacuated from the air outlet.
In order to verify the effectiveness of this method for the
detection of ultrasonic cross-cycle phase difference of high
concentration gas, the gas concentrations of 1%, 2%, 4%, 8%,
10%, 20%, 30%, up to 100% were selected as the experimen-
tal gas concentrations.

The signal driving unit generates three frequency signals
of 40 KHz, 40.5 KHz and 39.5 KHz, in which the 40.5 KHz
and 39.5 KHz signals are sent to the ultrasonic transmitting
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probe as differential frequency drive signals, and 40KHz
signal are sent to the ultrasonic transmitting probe as sin-
gle frequency drive signal. The differential frequency drive
signals and single frequency drive signal work alternately.
Because the speed of sound is greatly affected by tempera-
ture, the experiment was carried out in a constant tempera-
ture box with the temperature set at 23°C in order to verify
the accuracy of gas concentration measurement at a fixed
temperature.

B. EXPERIMENTAL RESULTS

Fig.12 shows the relationship between the total phase dif-
ference measured in each gas concentration experiment and
the ideal phase difference of ultrasonic. The results show that
in the low concentration hydrogen range with concentration
less than 10%, the measured phase difference is almost con-
sistent with the ideal phase difference, which indicates that
the method described in this paper has high accuracy for the
detection of low concentration hydrogen.

When the hydrogen concentration is more than 40%,
the total phase difference begins to deviate from the ideal
curve, and the measurement accuracy of high concentration
hydrogen system decreases. For methane and argon, the total
phase difference of the two gases at high concentration is

60

T Measured Value of Hydrogen
¥ Measured Value of Methane
O Measured Value of Argon
Actual value of Hydrogen
— Actual value of Methane
—— Actual value of Argon

50

40

Total phase difference (rad)

0 0 20 30 40 50 60 70 8O 80 100
Concentration of gas (%)

FIGURE 12. Comparison between ideal phase difference and measured
phase difference of ultrasonic under different gas concentrations.
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far less than that of hydrogen at the same concentration.
The total phase difference of ultrasonic in methane can cross
two cycles at most, and the phase difference can cross one
cycle in argon when the concentration of argon reaches 100%,
so the measurement deviation of total phase difference of
methane and argon is less than that of hydrogen at the same
gas concentration. However, the ultrasonic velocity in the two
gases is much lower than that in hydrogen, so the measure-
ment accuracy is lower than that in hydrogen. Subsequent
experiments show that the absolute error of methane and
argon is significantly greater than that of hydrogen under the
same concentration.

D Hydrogen
—#— Methane
—5— Argon

Number of cross-cycle (n)
N [=] - 5] (%] - (4] [=:] ~l =]

o 10 20 30 40 50 80 70 80 90 100
Concentration of gas (%)

FIGURE 13. Relationship between gas concentration and the number of
cycles n of cross-cycle phase difference.

Fig. 13 shows the detection results of the number of cycles
n of cross-cycle ultrasonic phase difference and the measured
gas concentration. It can be seen from the figure that when
the measured hydrogen concentration is 20%, the total phase
difference is detected to cross one cycle. When the hydrogen
concentration is 100%, the total phase difference is detected
to cross seven cycles. Because the sound velocity in methane
is slightly higher than that in air, the total phase difference is
detected to cross two cycles at most. Because the difference
between the sound velocity in argon and that in air is smaller,
the phase difference changes smaller with the increase of
concentration. When the concentration of argon is 100%,
the total phase difference is detected to cross one cycle. If the
measurement path is increased, the detection accuracy of low
concentration gas will be improved, and more cross-cycle
phenomenon will appear.

According to the comparison with the real value, the num-
ber of cycles of cross-cycle phase difference obtained by
our method is accurate, and it cannot be obtained from the
traditional single period phase difference detection of sin-
gle frequency. The above measurement process accurately
reflects the effectiveness of the method in this paper.

C. EXPERIMENTAL DATA COMPARISON

1) COMPARISON OF THE MEASURABLE CONCENTRATION
RANGE WITH TRADITIONAL SINGLE HIGH FREQUENCY
METHODS

During the experiment, when the hydrogen concentration
is 20%, the methane concentration is 50%, and the argon
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concentration is 100%, the multi-frequency phase difference
detection method described in this paper can extract the entire
cross-cycle phase difference, and the traditional single fre-
quency method cannot work effectively anymore. According
to the experimental results, the average absolute error of
hydrogen concentration at 4% is 0.12%, and the average abso-
lute error at concentration of 90% is 4.2%. When the methane
concentration is 4%, the average absolute error is 0.16%, and
when the concentration is 90%, the average absolute error
is 5.8%. The average absolute error of argon concentration
at 4% is 0.21%, and the average absolute error at 90% con-
centration is 6.7%. The results of the three gases prove the
effectiveness of the multi-frequency phase difference method,
and the results fully meet the requirements of high-precision
gas concentration detection

2) COMPARISON OF CONCENTRATION MEASUREMENT
ACCURACY WITH TOF

In this experiment, the central oscillation frequency of ultra-
sonic wave is 40KHz, the oscillation period is 25 ws, and
the working frequency of the processor is 322MHz. The phase
difference is measured by oversampling technology to obtain
the average value of multiple measurements. A phase differ-
ence of 0.001rad can be detected. The resolution of 40ppm for
Hydrogen, 80ppm for methane and 140ppm for argon can be
achieved at low concentrations. For high concentration gas,
although the received signal intensity is greatly reduced due
to acoustic attenuation, the amplitude intensity has little effect
on phase difference detection. Due to the use of dual channel
measurement, the system has a better compensation effect on
the temperature.

Since the ultrasonic TOF method needs to detect the ampli-
tude strength of the received signal, the signal is easy to
be affected by environmental interference thereby increasing
the detection error. In order to ensure the detection accu-
racy, the detection threshold must be improved. The atten-
uation of the received signal will be severe with the increase
of gas concentration. Individual vibration signal may be sub-
merged in the noise during the process of receiving ultrasonic
oscillation signal. If 40KHz is still used as the driving signal,
detection error of one or more oscillation periods of 25us
may occur. The error is equivalent to 10% hydrogen con-
centration and 35% methane concentration, which is intol-
erable. In order to compare with the method described in this
paper, we have conducted experiments on gas concentration
measurement by ultrasonic TOF method. In order to increase
the accuracy of high concentration measurement of the sys-
tem, we have increased the ultrasonic transmitting power,
increased the input voltage from 5V to 50V, increased the
driving signal frequency to 320KHz, and increased the sam-
pling frequency to 100MHz. The overall power consumption
of the system has increased by 10 times.

Fig. 14 shows the error comparison curves of dif-
ferent methods. The experimental results show that the
multi-frequency phase difference method can accurately
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FIGURE 14. Comparison of error results of different concentration gas
detection.

measure various concentrations of three gases under the con-
dition of temperature 23° and sound path 0.1m.

When the hydrogen concentration is less than 4%, the rel-
ative error obtained by multi-frequency phase difference
method is less than 3%. When the hydrogen concentra-
tion is 90%, the relative error is less than 5%. When the
concentration is less than 4%, the relative error of methane
measurement is less than 4%, and when the concentration
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is 90%, the relative error is less than 6.5%. Below 4%
concentration, the relative error of argon is less than 5.3%,
and at 90% concentration, the relative error of argon is less
than 7.5%.

By TOF measurement method, the relative error is less than
5% at low concentration of hydrogen, and the maximum rela-
tive error is 23% at high concentration. The maximum relative
error is less than 7% at low concentration of methane, and
the maximum relative error is 24% at high concentration. The
relative error is less than 10% at low concentration of argon,
the maximum relative error is 27% at high concentration.
The experimental results show that the detection accuracy
of TOF measurement method in high and low concentration
gas is lower than that of multi-frequency phase difference
method. Especially in high concentration gas, TOF measure-
ment method cannot accurately detect the concentration of
the measured gas due to the large error.

Although the detection error of multi-frequency phase
difference method increases in the high concentration mea-
sured gas, the detection results still meet the requirements
of high-accuracy gas concentration detection requirements.
If the detection accuracy of low concentration gas is required
to be further improved, the sound path length of the mea-
surement channel can be appropriately increased, but the
long distance of the measurement channel will cause the
weakness of the received signal due to the gas attenuation.
Therefore, in the future work, the appropriate sound path
length of the measurement channel can be determined accord-
ing to different measured gases. For example, a longer mea-
surement channel can be selected for low concentration gas
measurement or gas detection with small ultrasonic speed
difference from air. While a shorter measurement channel
can be selected for high concentration gas detection or gas
detection with larger ultrasonic speed difference from air.

3) COMPARISON OF SYSTEM POWER CONSUMPTION

The experimental system in this paper works in continuous
wave mode, the working voltage is 5V, the working current
of the detection unit is 3mA, the total working current of
the system is SmA, and the system power is 25mW. Accord-
ing to the power consumption characteristics of the system,
it can be powered by battery. If 20A-H DC power supply is
used, the system can work continuously for 160 days under
uninterrupted condition, and can work more than 5 years
under intermittent mode. Because of low power consumption,
small system volume and no preheating, the system is suitable
for portable or wireless sensor system. In TOF method, the
instantaneous pulse driving voltage of the transducer is 50V
and the average power consumption is 250mW. For other
types of sensors, such as catalytic gas sensor, the working
current is more than 120mA under 5V working voltage,
the power consumption is 600mW, and the preheating time
is 120-600s. For infrared optical gas measurement sensor,
the working current is about 80mA, the power consumption
is 400mW, and the preheating time is 90-120s. The specific
comparison parameters are shown in Table 2.
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TABLE 2. Parameters comparison of different method.

Multi-frequency phase Catalytic infrared optical
Papameter difference method TOF method method method
average working current(mA) 5 5 120 80
working voltage(V) 5 50 5 5
power consumption(mW) 25 250 600 400
Preheating time(s) 0 0 120-600 90-120
VI. CONCLUSION [6] D.Zimmerle, T. Vaughn, C. Bell, K. Bennett, P. Deshmukh, and E. Thoma,

This paper introduces a method of multi-frequency ultra-
sonic to achieve the detection of cross-cycle phase difference,
which solves the detection problem of various gas concentra-
tions. We propose a method of using multi-frequency driving
signal as ultrasonic input signal. The phase difference of
the low-frequency envelope signal is extracted through the
detection technology, and then the total cross-cycle phase
difference of the high-frequency ultrasonic is extracted, and
finally the measured gas concentration is calculated accord-
ing to the total phase difference.

The method solves the problem that the traditional single-
frequency ultrasonic phase detection method can only detect
the phase difference within 27 of an ultrasonic oscillation
period. It provides a solution for gas detection with large
changes in concentration and high concentration. It also pro-
vides a solution to the problem of cross-cycle phase dif-
ference extraction in other areas. The experimental results
show that the multi-frequency phase difference method can
accurately measure concentrations of various gas.

When the concentration of measured gases is 100%, the
average absolute error of hydrogen measurement is less than
5.5%, the average absolute error of methane measurement is
less than 7%, and the average absolute error of argon mea-
surement is less than 8%. The results of three gases prove the
effectiveness of the multi-frequency phase difference method,
and meet the requirements of high accuracy gas concentration
detection. The power consumption of the experimental sys-
tem is about 25mW, which has the advantage of low power
consumption.
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