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Abstract: Ultrasonic sensors are inexpensive and can take measurements with high accuracy, even with simple
hardware configurations, so they are used in various fields. When multiple ultrasonic sensors exist in the
measurement space, crosstalk occurs due to other nodes, which causes measurement errors. Crosstalk includes
not only receiving homogeneous signals from other nodes, but also overlap by other signals, and interference
by heterogeneous signals. This paper proposes a method that uses frequency sweep keying modulation to be
robust against overlap and a faster region-based convolutional neural networks (R-CNN)-based demodulator
to reduce the interference caused by heterogeneous signals. The demodulator works by training faster R-CNN
with the spectrograms of various received signals and classifying the received signals using a faster R-CNN.
Experiments implementing an ultrasonic crosstalk environment showed that compared to on-off keying
(OOK), phase-shift keying (PSK), and frequency-shift keying (FSK), the proposed method can implement
CDMA even with shorter codes, and is robust against overlap. Compared to correlation-based frequency sweep
keying, the time-of-flight error was reduced by approximately 75%. While existing demodulators did not
consider heterogeneous signals, the proposed method ignored approximately 99% of the OOK and PSK signals,
and approximately 79% of the FSK signals. The proposed method performs better than the existing methods
and is expected to be used in various applications.

Keywords: frequency sweep keying; ultrasonic CDMA; chirp ultrasound; ultrasonic ranging system; ultrasonic
crosstalk reduction; autonomous driving; front-rear collision avoidance

1. Introduction

Ultrasonic sensors have transducers with various frequencies, from 40 kHz transducers
commonly used for distance measurement in air to tens of MHz transducers used for non-destructive
testing. The measurement resolution ranges from a few centimeters to tens of nm depending on the
ultrasonic wavelength. Ultrasonic sensors have been used in various applications, such as distance
measurement [1-3], positioning [4-6], non-destructive testing [7,8], and human physical inspection
[9-11] because of their diverse measurement resolution. In particular, ultrasonic sensors are used
widely in distance measurements in air because they are cheaper than other sensors and can measure
with high accuracy, even with simple hardware configurations. For example, it is attached to a car
and used to implement intelligent safety systems, such as autonomous driving or front and rear
collision prevention [12-14]. Recently, crosstalk between ultrasonic signals has become a problem
due to the increasing number of cars equipped with intelligent safety systems implemented by
ultrasound [15,16]. When measuring in an environment where multiple ultrasonic sensors exist,
ultrasonic signals may not be received, or ultrasonic signals from other sensors may be received due
to crosstalk among each sensor. In this case, the measurement error of the ultrasonic sensor may
become very large, or the system may not operate normally [17].

Several multiple-access methods have been proposed to ensure orthogonality between each
signal in an environment with crosstalk among ultrasonic signals. First, time division multiple access
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(TDMA) is a method that ensures orthogonality by having each node measure the time of flight (TOF)
at different times [18-20]. When using this method, even after the TOF measurement is completed,
the ultrasound remains in the medium, so the subsequent TOF measurement must be performed after
waiting until the ultrasound in the medium disappears entirely. Therefore, there is the measurement
takes a long time. Second, frequency division multiple access (FDMA) is a method that ensures
orthogonality by having each node perform TOF measurements with different frequencies [21,22].
There are two ways to implement FDMA: using a wideband ultrasound transducer and using several
narrowband ultrasound transducers. Wideband ultrasound transducers are more difficult to obtain
and expensive than general narrowband ultrasound transducers. When using multiple narrowband
ultrasonic transducers, the number of ultrasonic transducers must also increase as the number of
nodes increases. Third, code division multiple access (CDMA) ensures orthogonality by assigning
different codes to each node [23-26]. It is a commonly used method in ultrasound and is also called
coded ultrasound or multi-code ultrasound. CDMA does not increase hardware complexity and has
the advantage of reducing the TOF error due to the spread spectrum of pulses during decoding.

In CDMA, modulation/demodulation methods include on-off keying (OOK) [27], phase shift
keying (PSK) [28], frequency shift keying (FSK) [29], and frequency sweep keying [30]. OOK is simply
a method of transmitting ultrasound when the code is ‘1" and not when the code is ‘0’. With OOK,
however, there is a high likelihood of demodulation as ‘1" regardless of the code when signals
overlap. PSK is a method of transmitting ultrasonic waves with different phases for codes ‘1" and ‘0".
PSK has the disadvantage that demodulation does not work properly because a phase shift occurs
due to the synthesis of two signals with different phases when signals overlap. FSK uses different
frequencies of code ‘1’ and code ‘0’ and is more robust than other methods when overlapping. On the
other hand, FSK has a poor signal-to-noise ratio (SNR) because it does not use the center frequency
of the transducer. Frequency sweep keying, which was previously studied by our research team, is a
modulation method that sweeps the frequency in the direction of the increase or decrease around the
center frequency. Demodulation is performed by correlating the received signal and the reference bit
mask in the spectrogram. Frequency sweep keying is robust to signal overlap compared to OOK,
PSK, and FSK and can be implemented with a relatively short code length. However, this method has
some limitations. First, when a heterogeneous signal is received, it is impossible to distinguish the
heterogeneous signal using the existing demodulation method, and a demodulation error can occur.
Second, failure to properly set the threshold coefficient may cause performance degradation. Third,
because CDMA is performed on the spectrogram, time domain resolution is degraded, resulting in
low TOF precision.

Ultrasonic signal crosstalk can be caused not only by the homogeneous signals transmitted, but
also by heterogeneous signals from unidentified nodes. The OOK, PSK, and FSK demodulators were
designed without considering heterogeneous signal input. The same applies to the previous
frequency sweep keying method. This paper aims to ensure that CDMA operates normally by being
robust to crosstalk, including overlap, for homogeneous signals and ignoring heterogeneous signals.
Therefore, this paper proposes a method that uses frequency sweep keying modulation, which is
more robust to signal overlap than OOK, PSK, and FSK, and uses faster region-based convolutional
neural network (R-CNN) [31]-based demodulation. Frequency sweep keying modulation was
proposed in previous paper and used in this paper, briefly described in relative works, and an
improved demodulator was proposed in this study. Therefore, the novelty of this paper is a
demodulator based on Faster R-CNN, and the process of demodulation is described in Chapter 3.
The advantage of the proposed method is that it can ignore heterogeneous signals by classifying
keying type and code. In addition, to solve the problem of low TOF measurement resolution, which
is a disadvantage of the previous frequency sweep keying method, TOF precision is improved by
performing signal segmentation in the time domain. A performance evaluation was conducted by
implementing an environment in which ultrasonic crosstalk occurs. In addition, factors, such as SNR
and degree of overlap, can be adjusted, and comparisons were made with relative works.

2. Relative Works
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2.1. Traditional Keying CDMA

CDMA is a method that provides orthogonality between signals by assigning different ID codes
to each node to solve the signal interference problem. Even in single-node ultrasound systems, the
coded ultrasonic method has been used to improve the SNR of the received signal, improving the
measurement distance range and TOF measurement accuracy [32,33]. It has the same advantages in
multiple access and is easy to implement in ultrasonic systems. OOK [5,27], PSK [24,34,35], and FSK
[36,37] are used to modulate and demodulate digital codes into analog signals.

OOK is the simplest way to implement CDMA. When the code is ‘1", the transducer transmits
N, ultrasonic pulses, and when the code is ‘0’, it does not transmit ultrasound for the same amount
of time, t, = N,/f.. Here, N, is the number of pulses transmitted per bit, f. is the ultrasonic center
frequency, and t, is the transmission time per bit. While this method is easy to implement and signal
process, the first bit of the ID code must be fixed to code '1' for the TOF measurement. That is, one
more bit is always needed in the code length. The demodulator sets a threshold voltage to separate
the signal from noise and estimates code ‘1" when the received signal is greater than the threshold
value, and code ‘0’ when it is less than the threshold value. Therefore, when the signal overlaps, it is
assumed to be code ‘1", excluding the overlap of codes ‘0" and ‘0". This reduces the orthogonality of
the two codes. Hence, so long ID codes must be used for normal decoding operation.

PSK is a method of transmitting N, ultrasonic transmission pulses with different phases
depending on the ID code. PSK includes binary phase shift keying, which divides a 1-bit code into
180° phase intervals, and quadrature phase shift keying, which divides a 2-bit code into 90° phase
intervals. There is also differential phase shift keying, which modulates using the phase difference
between pulses. PSK is used widely in narrowband ultrasonic transducers because of its good energy
efficiency. However, when signals are overlapped, the phase of the overlapped signal changes
depending on the amplitude and phase of the individual signal, which causes demodulation errors
to the incorrect code. Incorrectly estimated codes cannot be predicted, and the correlation with the
ID code is low. Hence, decoding is not performed properly, even if the ID code length is long.

FSK is a method that transmits N,, ultrasonic transmission pulses at different frequencies based
on the center frequency f, according to the ID code. FSK has excellent energy efficiency and the
modulation and demodulation performance when using wideband ultrasonic transducers.
Furthermore, the interference between codes ‘1’ and ‘0" does not occur when signals overlap. On the
other hand, when using a general narrowband ultrasonic transducer, FSK transmits using frequencies
that deviate from the center frequency f., resulting in poor energy efficiency, lower SNR, and
reduced sensing range.

2.2. Frequency Sweep Keying CDMA

Frequency sweep keying [30] modulates by sweeping the frequency in an increasing or
decreasing direction around the center frequency using a general high Q ultrasonic transducer.
Figure 1 shows codes ‘1" and ‘0’ on a spectrogram modulated using frequency sweep keying. The
signal s, (t) corresponding to the n-th bit of the transmission signal is as follows.

Spi(t) = sin(ank(t)(t - nAt)){u(t —nAt) —u(t — (n + 1)AL)} @)
where, k is the bit code information with a value of +1 or 1. k is +1 when the bit code is ‘1’ and o1
when the bit code is ‘0". At is the time to perform the frequency sweep. f;(t) is the sweep frequency
according to time and is as follows.

fe®) =2k ((t mod At) — %) +f, )

t
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Figure 1. One-bit frequency sweep keying signal on the spectrogram.

where, f. is the sweep center frequency and is set equal to the center frequency of the ultrasonic
. . . Af o

transAducer. Frequency sweep is performed in the range of the upper limit f, + ~- and lower limit

fe— 7f The transmitted ultrasonic signal s, (t) using an ideal transducer is expressed as the sum of

signals for each bit.

Lc

Sex(8) = Z Sk (t)

n=1

(©)

The received signal is converted to a spectrogram and demodulated by calculating cross-
correlation with the bit mask and thresholding. Demodulated signals are signals estimated to have
code 1’ or code ‘0, respectively. Each bit mask converts the expected ultrasonic signal corresponding
to one bit when the code is ‘1’ or ‘0’ into a time-frequency spectrogram. Moreover, the threshold value
is based on the cross-correlation value between the received signal and the X mask because the result
of the correlation operation is proportional to the power of the signal received. The threshold value
is given as the product of the cross-correlation value with the X mask and the threshold coefficient
set experimentally.

Through demodulation, signals with code ‘0 are estimated. Finally, decoding is
performed by calculating the correlation between the demodulated signal and the signal that up-
sampled the corresponding ID code. This method is more robust to signal overlap than OOK, PSK,
and FSK and can be implemented with a relatively short code length.

7 7

or code ‘1

3. Frequency Sweep Keying CDMA using Faster R-CNN

Figure 2 shows the proposed faster R-CNN-based frequency sweep keying demodulation and
CDMA decoding process. First, the received signal is converted to a spectrogram. The converted
signal is segmented to improve the classification accuracy of faster R-CNN, and the segmentation
area is selected by detecting the signal in the time domain. Segmented signals for each bit are
classified according to the code and keying type using faster R-CNN. Finally, CDMA decoding is
performed for ID recognition and TOF calculation.
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Figure 2. Process of a frequency sweep keying CDMA using faster R-CNN.

3.1. Spectrogram and Segmentation

The proposed demodulator classifies the signal code using faster R-CNN, merges the results,
and outputs the demodulated signal. Segmentation is a process to improve classification
performance. After selecting the segmentation range in the time domain, the signal on the
spectrogram is segmented. First, the received ultrasonic signal s,.[n] is converted to a time-
frequency spectrogram [38] signal to consider both time and frequency domains in the classification
process. The short-time Fourier transform-based spectrogram signal S,..(n, f) is as follows.

Sre(, f) = [T o Sre[mlwlm — nle=/2m/m @

where, w[n] is the window function, and the following Kaiser window is used.

W[n]=L'W0(L( N))=Io[ﬁl_i_1)z],0£nSN ©)

Z(pn=2
N 2 IoB

where, I, is the Oth-order modified Bessel function, L is the window duration, N is the
window length, and f is a parameter that represents the characteristics of the Kaiser window.

Next, the start and end points of the received signal s,,[n] were found for segmentation. Points
greater than 60y of noise are considered locations where the signal exists, and the minimum and
maximum values of the index of the signal location are found for the start and end points of the
signal. Here, oy is the standard deviation of background noise. The start index n; and end index n,
of the signal are as follows.

ng = min (n|s,[n] = 60y) (6)

n, = max (n|s,[n] = 6ay) )

Two signals, front signal BJ and rear signal B}, are segmented by bit from the start and end
points, respectively.

B{: ={S, (n, Hng + (k — Dw, <n < ng + kw,.} 8)

; = {er(n'f)lne - (Lc —k+ 1)Wc <n< n,— (Lc - k)Wc} (9)

where, k is the code bit index and the segmentation interval w, is a value considering the ADC
sampling rate f; and At, the time to perform the frequency sweep, and is calculated as w, = Atf;.
Figure 3 shows segmentation results in the time domain and spectrogram.
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Figure 3. Segmentation results in the time domain and spectrogram.

3.2. Code Classification using Faster R-CNN

Faster R-CNN [31] consists of a convolutional neural network (CNN) backbone to obtain the
features of segmented spectrogram signals, a region proposal network (RPN) to propose a time-
frequency domain region, and a classification network for classifying code and heterogeneous signal.
The CNN backbone receives the segmented spectrogram of the received ultrasonic signal as input
and extracts the spatial features through convolution. When ultrasonic waves propagate through air,
the power of the received signal is attenuated by distance and radiation. Therefore, the signal
attenuation is corrected using a time gain amplifier, and the data are normalized to achieve a zero
mean before input. The horizontal and vertical axes of the image are the time and frequency domains,
respectively. The input image is selected with a size of 64 x 64, covering the time range At and
frequency range Af of a one-bit signal. The input volume was set to 64 x 64 x 3 because the signal
power of the spectrogram is expressed in RGB colors. Pre-trained ResNet-50 is used as the CNN
backbone. A residual neural network (ResNet) [39] is a CNN that solves the vanishing gradient
problem using residual blocks. The ResNet architecture comes in various depths, and ResNet-50
consists of 50 layers.

RPN receives the features of the CNN backbone and proposes the time-frequency region of the
received ultrasonic signal and the objectness score of the signal in that region. RPN reduces the
dimensionality of input features and proposes regions through two layers for classification and
bounding box regression, respectively. A two-dimensional window is stridden, and bounding boxes
with three scales and three aspect ratios (1:1, 1:2, and 2:1) are used for every sliding position to find
the bounding box in features. For each bounding box, the regression layer outputs the position of the
bounding box as the center x and y coordinates width and height, and the classification layer outputs
the objectness score of the bounding box. RPN performs region proposals for some bounding boxes
with high objectness scores.

The classification network receives the features of the CNN backbone and the region proposal
of the RPN and classifies the class of the signal within the bounding box. Each bounding box is resized
to a fixed-size feature vector using the region of interest (ROI) pooling layer because the size of the
features must be the same to perform classification. For each RO], the regression layer outputs better-
fitted bounding box information, and the classification layer outputs the code of the received signal
and its probability, or probability of being a heterogeneous signal.

3.3. Training Data Set

The training data set was acquired using the ultrasonic transmission and reception environment.
The data were collected by classifying into a total of four cases. The first case is where only one bit is
received without overlap. There are 2' classes with code ‘0" or code ‘1’. The second case is one in
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which two bits are received with overlap. There are 2% cases of permutation with repetition of codes
‘0" and “1". There are a total of 22 x 5 classes with an overlap ratio of 0.1, 0.3, 0.5, 0.7, and 0.9 for each
case. Regarding overlap, there are a total of five classes, but the data are collected with a uniform
random overlap ratio in the range of 0.1 to increase the diversity of constructive-destructive
interference according to the phase difference between the two signals. The third case is one in which
three bits are received with overlap. There are 23 cases of permutation with repetition of code ‘0’
and code ‘1. As in the second case, there are five overlap ratios and a total of 23 x 5 classes. The last
case is one in which a heterogeneous signal is received. There are two classes: OOK signal and FSK
signal. PSK had a similar spectrogram to OOK and was not classified separately.

The dataset had 100 elements for each class, and the signal power ratio and background noise
were adjusted to prevent overfitting and increase the amount of data. The signal power ratio was
adjusted by fine-tuning the distance of the two transmitters and was adjusted in five steps from 0.2
to 11in 0.2 increments. A white Gaussian background noise was added to adjust the SNR in five steps
from 2 to 10 in two increments. Therefore, the total data has 2500 elements for each class.

3.4. Grouping and Merging

The classified classes vary depending on the overlap ratio or overlapping signals, but if
segmentation is performed properly, only the code information of the bit located at the center needs
to be obtained. Therefore, each classified class can be grouped into the code ‘1’ set G; or the code ‘0
set G, according to the code information of the bit located at the center. In addition, certain classes
were grouped into a set G, of both-detect cases in which code ‘0" and code ‘1" signals were received
simultaneously, and cases of heterogeneous signals and cases that were not detected were grouped
into a non-detect set G,. The signal C7.;[n] demodulated to code ‘1’ and the signal C;,[n]
demodulated to code ‘0" for each group are as follows.

N
Gl =l gurers
(10)
N
[} 50>

where, the superscript s indicates whether it is a front signal or a rear signal between the signals
separated during the segmentation process. Function F(x) is a faster R-CNN classifier that receives
segmented spectrograms and outputs classified classes. If the n-th bit of the received signal is
classified into a class included in the set G; corresponding to code ‘1’ and the both-detect case set
Gp, the n-th bit of C,,, is 1, otherwise it is 0. If the n-th bit of the received signal is classified into a
class included in the set G, corresponding to code ‘0" and the both-detect case set Gj, the n-th bit of
Crx,0 is 1, otherwise it is 0. Therefore, for the both-detect set G, C,; and C,.o are both 1 in the
corresponding bit, and for the non-detect set G,,, C,.; and C,, are both 0 in the corresponding bit.

3.5. CDMA Decoding

The demodulated signal C,,, indicates that code ‘1’ is received, and C,,, indicates that code
‘0" is received. Therefore, C,,, is compared with the ID code C;p, and (., is compared with the
inverted ID code, 1 — Cjp. Since the demodulated signal and the ID code have the same dimension,
the similarity between the demodulated signal and the ID code can be obtained by performing
product sum. The similarity p,; for code ‘1, the similarity p., for code ‘0’, and the similarity p,
between the ID code and the demodulated signal, which can be obtained from the sum of the two,
are expressed in the equations below.
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Lip
Pc1 = Z Cip[n]Cry1n]
n=1
Lip (11)
peo = ) (1= Cipln)Coln]
n=1
Pc = Pc1 T Peo

If the similarity p. between the ID code and the demodulated signal is equal to the length L,
of the ID code, the corresponding code has been detected, and the TOF is calculated. The TOF is
calculated when the front signal t; is detected and when the rear signal t, is detected as follows,
respectively.

tr = ns/fs (12)

tr =M — Lwo)/fs (13)

4. Experimental Results

4.1. Experimental Environment

An ultrasound transmission and reception system was configured in a laboratory environment
to verify the frequency sweep keying method using the faster R-CNN proposed in this paper. As
shown in Figure 4, an ultrasonic signal crosstalk environment was configured by connecting a single
ultrasonic receiver and multiple ultrasonic transmitters to the MCU. Ultrasonic transmitters have an
individual time delay with their transmitted signals. Therefore, when combining signals, the
constructive-destructive interference according to the phase and the overlap ratio of each
transmission signal can be adjusted. The data of the received signal was collected through the
amplifier and the ADC of the MCU. The collected data is transferred to a PC, and the demodulation
and decoding processes are performed.

Ultrasonic transducer

Rx
= L L
TLo84C
PC [«— MCU

STM32F103 —1] Tx

| Stxn 2 3

:— Driver

| HEF40106BT]

Figure 4. Ultrasonic transceiver system block diagram.

Figure 5a shows the ultrasonic transmitting and receiving equipment used in the experiment.
The used ultrasonic sensor was Hagisonic HG-L40DC with a center frequency of 40 kHz, a bandwidth
of 4 kHz, and a beam angle of 65°. In addition, ultrasonic sound-absorbing material was attached
around the ultrasonic sensor to minimize reverberation and multi-path fading other than the line of
sight. As shown in Figure 5b, an ultrasonic signal crosstalk environment was configured with one
receiving device and multiple transmitting devices in an indoor environment measuring 10 m in
width and 10 m in length. Table 1 lists the parameters used in the experiment.
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Absorbing material
Ultrasonic transducer
s US Rx
(a) (b)
Figure 5. Ultrasonic transmission/reception environment: (a) ultrasonic transducer, (b) experimental
environment.
Table 1. Experimental parameters.
Parameter Description Value Unit
fe Ultrasonic transducer center frequency 40 kHz
Ultrasonic transducer frequency bandwidth 4 kHz
fs ADC sampling rate 1 MHz
Af Sweep frequency range 8 kHz
At Sweep time 2 ms

4.2. Faster R-CNN Classifier Validation

The performance verification of the trained faster R-CNN classifier was performed. The
verification method was 5-fold cross-validation [40]. 5-fold cross-validation is a method of randomly
dividing data into five equal-sized subsets and using one subset as a validation set and the remaining
four subsets as a training set. The cross-validation process is repeated five times. Each of the five
subsets is used once as a validation set. Figure 6 shows the precision of each class as a validation
result. Precision is one of the classification performance indicators that is calculated from the true
positive TP and false positive FP as follows.

__n 14
PRECISON (14)

The verification results showed an average precision of approximately 0.9. As a result of
analyzing misclassification cases, most cases had classification errors because of the overlap ratio.
The classification error in the overlap ratio does not affect the final demodulation performance
because the bit information at the center is used in the subsequent grouping process. Therefore, the
faster R-CNN classifier was properly trained.
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Figure 6. Precision of each class as a validation result.

4.3. TOF Error Comparision with Other Modulation Methods

The performance of the frequency sweep keying method using faster R-CNN proposed in this
paper was compared with the traditional modulation methods OOK, FSK, PSK, and the correlation-
based frequency sweep keying method previously proposed by our research team. The root mean
square (RMS) and standard deviation of TOF error were measured in milli-second scale. Ultrasound
was transmitted from two transmitting nodes, and the signal was received by one receiving node.
The position of the ultrasonic node was set so that the two transmitted signals were received with
overlap. The manipulation variables of the experiment were the CDMA code length and overlap ratio.
The CDMA code length was 2, 4, 8, 16, 32, 64, and 128; the overlap ratio was 0 to 1 in 0.1 increments,
and each case was tested 100 times. The experimental results were expressed in two forms: TOF error
according to the code length and detection rates according to the overlap ratio. Table 2 lists the TOF
error results of each modulation method according to the code length. FSWK-corr represents the
previous correlation-based frequency sweep keying method. The code detection rate was low for
OOK, FSK, and PSK, with a short code length of 8 or less, resulting in a substantial TOF error. In the
case of PSK, even when the code length was long, the code detection rate was low, and the TOF error
is large. When the frequency sweep keying method was used, the TOF error was relatively small due
to the high code detection rate, even if the code length was short. In particular, comparing the
proposed method with the FSWK-corr, the proposed method estimates TOF in the time domain, so
the TOF error is small. The TOF errors of the proposed method and OOK were similar when the code
length was long.

Table 2. Comparison of the TOF error according to the ID length of the proposed method and the
existing methods. Measured in milli-second scale.

Code length Proposed FSWK-corr OOK FSK PSK
2 0.061 +0.019 0.362 + 0.073 66.792 +29.135 66.268 + 29.847 68.441 +30.362

4 0.064 + 0.020 0.324 + 0.059 32.235 + 15.349 32.379 + 15.894 33.618 £ 16.168

8 0.062 +0.019 0.326 +0.121 3.215 + 1.548 4782 +2.161 11.272 +£4.558

16 0.064 +0.019 0.272 +0.075 2.371+1.299 4.185+2.335 12.185 + 5.654

32 0.059 +0.018 0.249 +0.043 0.548 + 0.024 1.335+0.887 19.143 + 8.548

64 0.058 £0.017 0.314 + 0.054 0.064 +0.019 0.248 +0.052 21.151+10.167

128 0.057 +0.017 0.291 + 0.039 0.059 +0.018 0.206 + 0.057 16.688 = 7.748
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Figure 7. Results of comparing the detection rates according to the overlap ratio.

Figure 7 shows the results of comparing the detection rates according to the overlap ratio.
Methods using frequency sweep keying, which include the proposed method and FSWK-corr, show
detection rates of more than 0.93 regardless of the overlap ratio. In the case of OOK and FSK, however,
as the overlap ratio increased, the detection rates decreased from approximately 0.92 to
approximately 0.84, and the detection rates were even lower in the case of PSK. Therefore, the
proposed method showed performance that was robust to overlap and had a small TOF error
compared to other methods.

4.4. Robustness Comparision to Heterogeneous Signal

Table 3 shows the results of comparing the robustness of the demodulator to heterogeneous
signals. Each keying method has different characteristics in how heterogeneous signals are
demodulated. The OOK demodulator usually estimates code ‘1’ for all heterogeneous signals. The
PSK demodulator estimates the OOK signal as code ‘1" because their phases are identical, making
false detections. The PSK demodulator estimates the FSK and frequency sweep keying signals as
random codes because of their continuously changing phases, making false detections. The FSK
demodulator does not detect the OOK and PSK signals because they only have center frequency
components, and cause false detection in the case of the frequency sweep keying signals. The
correlation-based frequency sweep keying demodulator falsely detects that codes ‘0" and ‘1" are
detected for the OOK signal with code ‘1” and the PSK signal, and does not detect the OOK signal
with code “0’. The correlation-based frequency sweep keying demodulator falsely detects code ‘1" or
code ‘0’ for the FSK signal because the frequency rises or falls when the code changes. In the case of
the demodulator using faster R-CNN, which is the proposed method, the OOK and PSK signals use
only the center frequency, so they are recognized as horizontal parallel bars in the spectrogram and
classified as heterogeneous signals. False detection occurs in approximately 1% of OOK and PSK
signals. In the case of the FSK signal, when the position where the code changes is segmented, the
frequency rises or falls, resulting in an approximately 21% false detection as code ‘0" or ‘1.
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Modulation Detection rate / Wrong detection rate / Non-detection rate
Method Faster R-CNN FSWK-corr OOK PSK FSK
Proposed  0.99/0.01/0.00 0.97/0.00/0.03 0.43/057/0.00 0.69/0.31/0.00 0.61/0.39/0.00
OOK 0.01/0.01/099 0.00/056/044 0.94/0.06/0.00 0.53/0.47/0.00 0.44/0.56/0.00

PSK  0.00/0.01/0.98 0.00/1.00/0.00 0.51/0.49/0.00 0.96/0.04/0.00 0.52/0.48/0.00

FSK  0.14/0.07/0.79 0.16/0.83/0.01 0.47/0.53/0.00 0.42/0.58/0.00 0.97/0.03/0.00

5. Conclusions

As the number of devices using ultrasonic sensors increases, crosstalk between ultrasonic nodes
becomes more frequent. Crosstalk includes situations where signals are overlapped and
heterogeneous signals are received. To solve this problem, our research team proposed a frequency
sweep keying method in previous research. The previously proposed correlation-based frequency
sweep keying method was more robust to overlap than the existing method. On the other hand, the
previously correlation-based frequency sweep keying method had a problem with a high false
detection rate when heterogeneous signals were received. In addition, the time resolution was lower
than other methods because it performs CDMA on the spectrogram. This study proposed a method
robust to overlap using the frequency sweep keying method and demodulated the signal using faster
R-CNN to increase the detection rate of proper signals by ignoring when heterogeneous signals are
received. An experiment implementing an environment where ultrasonic crosstalk occurs showed
that the detection rate was higher than other traditional modulation methods at a short code length,
and the TOF error was reduced by approximately 75% compared to the correlation-based frequency
sweep keying method. It showed a high non-detection rate for heterogeneous signal input, showing
good performance in demodulating only homogeneous signals. Based on the experimental results,
the proposed method was robust against overlap and performed CDMA even with a short code
length. Therefore, it has a short dead zone and is robust to heterogeneous signals, highlighting its
potential in ultrasonic sensors for blind spot detection in automobiles.

On the other hand, several problems must be overcome to be applied to applications. In the
present study, experiments were conducted in an ideal environment to verify performance in
crosstalk situations. Nevertheless, the proposed method may have limitations when well-known
problems of ultrasonic sensing, such as multi-path interference, reverberation artifact, and reflected
signal distortion due to object shape, are applied. The performance of the proposed method is
inevitably affected greatly by the training data set of faster R-CNN. If the above problem is applied,
the shape of the spectrogram of the received signal may change, so the possibility of misclassification
may increase. To solve the problem without significantly changing the proposed method, it is
possible to train faster R-CNN more robustly by training received data in various situations in the
training data set.

Supplementary Materials: The following supporting information can be downloaded at: ww.mdpi.com/xxx/s1,
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