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Abstract

Ultrasonic crosstalk often causes false time-of-flight (TOF) in distance measurement. The
excitation sequences with good correlation characteristics, i.e., sharp autocorrelation and flat cross-
correlation, can help avoid crosstalk between multichannel ultrasonic sensors. A crosstalk elimination
method by using the optimal binary excitation sequences modulated with chaotic codes, which includes
chaotic binary amplitude shift keying (c-BASK), chaotic binary phase shift keying (c-BPSK) and chaotic
binary frequency shift keying (c-BFSK), is proposed in this paper. The selection of the optimal chaotic
initial values with the best echo correlation characteristics is realized by adopting a genetic algorithm. A
square wave is used as the carrier of the chaotic binary modulation methods in order to reduce hardware
cost. However, it could suffer from the decreased energy efficiency caused by mismatching spectrum with
ultrasonic ranging system. The parameters of the chaotic binary modulation methods are configured to
make their central frequency and bandwidth matched with that of the ultrasonic ranging system very well.
Experiments have been conducted using an ultrasonic ranging system that consists of eight-channel
SensComp 600 series instrument-grade electrostatic sensors excited with chaotic binary sequences.
Experimental results show that the c-BFSK outperforms the c-BASK and ¢c-BPSK in terms of the energy
efficiency, e.g., 0.3508 ¢ vs. 0.3365¢ and 0.3279 ¢, respectively. And the optimized c-BFSK sequence

also has the best echo correlation characteristics among the chaotic binary modulation sequences.
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1.Introduction

Ultrasonic sensors have been extensively applied on rescue robot for distance
measurements, thanks to their low price and simple hardware interface. To obtain 360-degree
panorama distance information, multichannel ultrasonic sensors composing a ring are required in
a rescue robot [1]. One problem with these simultaneously working sensors in a ring is ultrasonic
crosstalk, in which one ultrasonic sensor receives echo transmitted by another ultrasonic sensor
[2]. Generally, ultrasonic receiver cannot distinguish whether the received echo from its own
transmission or not, so the incorrect time-of-flight (TOF) measurements often occur.

The effective crosstalk elimination method is to give each ultrasonic sensor a unique
excitation signature in the transmission and then identify the signature using a correlation
technique in the receiver. Jorg and Berg [3] were the first to give a recognizable signature of
each sensor in the transmission using pseudorandom code and frequency modulation. And then
in the receiving circuit, the identification of the transmitted source sensor was by a matched filter.
Subsequently, some researchers have applied different codes and modulation schemes to
construct excitation sequences as a transmission signature to solve the ultrasonic crosstalk
problem. Barker codes [4] were used to avoid crosstalk in ultrasonic system, although the
available Barker codes limit their application. In ultrasonic distance measurement system, Golay
codes [5-7] were applied to restrain crosstalk and increase the signal-to-noise ratio. But the
realization complexity of Golay codes restricts their application. The binary-coded frequency shift
keying (BFSK) signal and binary-coded phase shift keying (BPSK) signal [8] were applied to
drive multiple piezoelectric ultrasonic sensors with narrow bandwidth. In reference [9] and [10],
BPSK modulation was both used to construct the transmission signals of ultrasonic system. But
they adopted different codes to modulate, i.e., Alvarez et al. [9] used complementary sequences
codes and lwasawa et al. [10] applied M sequence. Chaotic codes having sharp autocorrelation
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function and flat cross-correlation function are sensitive to small changes in the initial conditions
and in parameter values. Therefore, Fortuna et al. [11] exploited chaotic pulse position
modulation (CPPM) to excite the ultrasonic sensor to eliminate crosstalk and improve the
efficiency of ultrasonic system. Yao et al. [12] proposed chaotic pulse position—width modulation
(CPPWM) sequences to construct short digital excitation sequences to trigger ultrasonic sensors.
Meng et al. [13] used a genetic algorithm (GA) to optimize short CPPM and pseudorandom PPM
triggering sequences in order to minimize the maximal side-lobe of autocorrelation and the peak
of cross-correlation function.

As we know, ultrasonic sensors work like band-pass filters and have bell-shaped
magnitude spectrum. If the spectrum of the excited sequence does not match that of the
ultrasonic sensor, some of the excitation energy cannot be transmitted by the ultrasonic system
which decreases the energy efficiency. Pollatowski and Ermert [14] used transmitter signals with
a constant amplitude level and nonlinear frequency modulation to match the spectrum of their
ultrasonic system. Meng et al. [15] adopted spectrum optimization of a CPPM excitation
sequence to improve energy efficiency. Yao et al. [12] used nondominated sorting genetic
algorithm Il to optimize both pulse periods and duty ratio of the CPPWM excitation sequences in
order to maximize echo energy simultaneously on the basis of a best correlation characteristics.

To our knowledge, not many researchers discuss rejecting crosstalk in a multichannel
ultrasonic ranging system based on the binary excitation sequences modulated with chaotic
codes to drive electrostatic sensors. Moreover, fewer researchers debate the parameters
configuration method for binary modulation excitation sequences to make their central frequency
and bandwidth matched that of the ultrasonic system. This paper aims to exploit the novel
crosstalk elimination method by applying chaotic binary modulation excitation sequences which
includes chaotic binary amplitude shift keying (c-BASK), chaotic binary phase shift keying (c-
BPSK), and chaotic binary frequency shift keying (c-BFSK). A square wave is used as the
carrier wave of the chaotic binary modulation methods in order to reduce hardware cost.
However, it could suffer from the decreased energy efficiency caused by mismatching spectrum
with ultrasonic system. To improve energy efficiency, the parameters of the chaotic binary
modulation methods are configured to make their central frequency and bandwidth matched that
of the ultrasonic system very well. The chaotic initial values are optimized by applying GA to
achieve the optimal correlation characteristics. The ultrasonic system that consists of eight-
channel SensComp 600 series instrument-grade electrostatic sensors was designed and
recommended the best chaotic binary modulation approach for electrostatic ultrasonic sensor
via experiments.

The remainder of this paper is organized as follows. Section Il presents the principle of
chaotic binary modulation excitation sequence. The correlation characteristics and energy
efficiency are explained in section lll. Section IV introduces the parameter configuration methods
of the binary modulation and the GA-based optimization of the excitation sequences. Section V
shows the experiments and discussion, followed by the conclusions in section VI.

2.The Principle of Chaotic Binary Modulation Excitation Sequence
2.1.Chaotic Codes

Chaotic codes had been used to construct excitation sequence because of their good
correlation characteristics (i.e. sharp autocorrelation function and flat cross-correlation function).
Moreover, they are sensitive to small changes in the initial conditions and in parameter values. In
this paper, the Ulam—von Neumann transformation [16] was used to generate chaotic codes as
follows:

y,=1-2y2ye[-11] id.2,... (1)

Binary chaotic codes were generated by the following formula,

0 y<0.
sgn(yi)={1 L a2 (2)
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2.2.Binary Modulation Scheme

The binary modulation techniques include binary amplitude shift keying (BASK), binary
frequency shift keying (BFSK) and binary phase shift keying (BPSK), which have two states of
amplitude, frequency and phase, respectively. In the proposed chaotic binary modulation
approach, the variation of amplitude, frequency and phase are on the basis of chaotic codes.

2.2.1. Determination of carrier signal

In traditional approach, a sinusoidal signal is generally used as the carrier signal of the
binary modulation technique. Since the hardware implementation of a square wave is much
easier than a sinusoidal wave, the following square wave q(t) is adopted as the carrier signal of
chaotic binary modulation sequences,

q(t)—{1 nLSt<s 20 3)

|0 (r+12)T <t <(n+1)T

Where 7. is the period of the square wave.
The square wave 4(¢) can be represented as a Fourier series,

1 & 272(2k +1) '
=5 Z 2k+1) { T t} @

k=0 c

From the above expression, we can find that the square wave is a composite of a
direct-current component and odd harmonic components. In all of the odd harmonic
components, the energy of the fundamental harmonic is the highest. Because the ultrasonic
system works as a pass-band filter, only the odd harmonic components within the pass-band of
the ultrasonic system are received. Therefore, to obtain the highest energy efficiency, the
spectrum of fundamental harmonic must match with that of the ultrasonic system.

2.2.2.c-BASK

In BASK, the amplitude of a fixed-frequency carrier wave is changed with each symbol
of base-band signal. For the c-BASK, the binary chaotic codes were used as the base-band
signal. Mathematically, the form for c-BASK sequence can be written as:

z 27(2k +1) 5
Xoselt) >{ Z 72k +1) { T, t}} ©

c

Where c(¢) is binary chaotic codes used to change the amplitude of carrier signal. And the value
of (t) is either 1 or 0.

2.2.3.¢c-BPSK

In BPSK, the phase of a constant amplitude and frequency carrier signal alters between
zero and x. The symbols “1” and “0” are represented by zero and = of carrier signal,
respectively. With c-BPSK, the chaotic information is contained in the instantaneous phase of
the modulated carrier signal. The c-BPSK is given by the following formula:

1. 272k +1) . 6
K= 3T inf 2O, o e ®)

A:O” T,
Where T, is the symbol width of base-band signal. In c-BPSK, the base-band signal is the
binary chaotic codes.

2.2.4.c-BFSK
BFSK transmits the information using different carrier frequencies to represent symbol
states. The amplitude remains unchanged. In BFSK, the symbols “1” and “0” are represented by
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the carrier frequencies f, and f,, respectively. For the c-BFSK, the value of binary chaotic

codes, either 1 or 0, is determined using (1) and (2). Mathematically this is written by the
following:

1 = 2 ) i
X ([)_ 2+k:omln[2”(2k+l)flt]sC(t)—l (7)

BFSK = ] . 5 | |
E+ k=0 WIH[ZK(Z]( + l)th]: C(t)= 0

3. The Correlation Characteristics and Energy Efficiency
3.1.Correlation Characteristics

Correlation characteristics [15] include the autocorrelation function and cross-correlation
function. In the ultrasonic ranging system, the autocorrelation function of the ith echo sequence
is defined as follows:

N-m

-1
i S
Rii(m): n=0 w1 O,i =12,....M ’ (8)
R..(f m) m<0

ii

Where M is the channel number of ultrasonic system, x/ and x!,, are the nth and (m+n)th

sampling data point of the ith echo sequence, respectively, N is the total number of samples in
the echo sequence.

The definition of the cross-correlation function of the ith and jth echo sequences is given
as follows:

N-m-1
PoXl m=>0 9
R,(m)= Z;‘xx " =1 M,j=1..Mi#j ©)

Rl:f(—m) m<0

Where x/ is the nth sampling data point of the jth echo sequence.

The excitation sequences with better correlation characteristics, i.e., sharper
autocorrelation and flatter cross-correlation, have better crosstalk rejection ability.

3.2.Energy Efficiency

Because the ultrasonic sensor has a band-pass spectrum, the excitation energy can be
transmitted by the ultrasonic system when spectra of the excitation sequences match with that
of the ultrasonic sensor. The spectrum of the triggered sequence which mismatches with that of
the ultrasonic system can decrease the energy efficiency. The “energy efficiency” means the
ratio between the energy of the echo and that of the excitation sequence [15].

The energy efficiency 7 is defined as:

=t (10)
T

ER:RLﬁX,% (11)

ET:Riﬁyg, (12)
T i=1

Where E; and E, are the energies of the excitation and echo sequences, respectively; R;
and R, are the equivalent resistance of the transmitting and receiving circuits, respectively; X;

TELKOMNIKA Vol. 12, No. 12, December 2014 : 8217 — 8228



TELKOMNIKA ISSN: 2302-4046 m 8221

and Y, are the ith sampling data of excitation and echo sequences, respectively; Nis the
number of samples.

Because R; and R; are different, the efficiency ratio ¢ expressed as follows is used to
compare the energy efficiency of two excitation sequences:

g:l= (13)
7,

Where 7, and n, are the energy efficiencies of two excitation sequences, respectively.

4. The Parameter Configuration Method of the Chaotic Binary Modulation Excitation
Sequence

The spectrum of chaotic binary modulation sequence with square carrier wave is
different with that of sinusoid carrier wave. The chaotic binary modulation sequence with square
carrier wave has a direct-current component and harmonic components. To improve the energy
efficiency of excitation sequence, the harmonic components with higher energy should be
adjusted in the pass-band of the ultrasonic system, which can ensure the spectrum of excitation
sequence matches with that of the ultrasonic system.

The power spectral density of the c-BASK excitation sequence is expressed as follows:

T, |:sm/z(f+(2k+1)f)T \smﬁ(f (2k+1)f)T} (14)
su]lzf/;fT‘ Ls(r)s Z 872k +1)|| z(f+ Qe+ D)L, | | 2(F-Qk+1)L)T, |

m[é(f + @k +1)7)+ (1 - @k +1)1)]

And the power spectral density of the c-BPSK excitation sequence is the following:
PBPSK(J(')—;+§:{ T |:Sm7[(f+(2k+l)f()Ta :|} (15)

S22k +1)|| 2(F+k+1)LT,

From (14) and (15), we can find that the change tendency of amplitude among
frequency range [(2k+1)f, - f,,(2k+1)f, + f,] at different values of k is similar. The highest
amplitude appears in frequency range [fc —fo [ +fs]. In other words, the most energy of the
c-BASK and c-BPSK sequences is focused in frequency range [f, - 1., /', + f.]. Therefore, the
bandwidth of c-BASK and c-BPSK are about By,gx = Bgpsk ~ 2.1, =2/T, .

For the c-BASK and c-BPSK excitation sequences, the carrier frequency f, and
bandwidth B =B are determined by the central frequency of the ultrasonic sensor and
the symbol width of base-band signal T, , respectively. The carrier frequency is set to the central

frequency of the ultrasonic sensor generally. It is assumed that the symbol width is
T.=n/f.,n=12,---, By =Bpask = Bppsx *2/T, =2f./n, where B is the bandwidth of the
ultrasonic sensor.

The power spectral density of the c-BFSK excitation sequence is given as follows:

+\sin;zf (k+1)£)T,
|

s

c

a(f = @k+1)L)T,

BASK BPSK

T\ ‘smﬂ (f+Ce+1)f)T, ‘smﬂf k+1)f)T, ’
87(2k +1) \ﬁf+(2k+1)jl)r \ 7(f-Ck+1)f)T, (16)
. T {51n7rf+(2k+1)2 sinn(f—(2k+1)f2)z,2}
P =3+ X T8k )| [ Al + @A) || Al @A,
+m[5(/'+(2k+1)f1)+ S(f ~@k+1)1,)]
e LA AR A
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To make most of the energy of the c-BFSK sequence to be focused in the frequency
band of the ultrasonic sensor, the parameter settings are determined by the following formulas:

(fi+f)2=1.

= fl< T,

fi = o]+ 21, = B
fi=n/T,. fo=n/T,
/i :min(l/T;Pl/T;Z)

(17)

Where T, and T,, are the symbol widths of the “1” and “0” symbols, respectively. Considering
that the number of the square carriers should be integral within a symbol width, », and n, are
positive integers. Also, the symbol widths of the “1” and “0” are a little bit different.

5. The GA-based Optimization of the Chaotic Binary Modulation Excitation Sequence
Given the length of the chaotic binary modulation excitation sequence, symbol width
and carrier frequency, a GA is used to optimize the chaotic initial values to get the best
correlation characteristics (i.e., sharpest autocorrelation and flattest cross-correlation). The
procedure is presented in the following steps.
Step 1: The initial parent population Apy is produced randomly, where P is the

population size and Q is the length of float chaotic initial values. Let P = 100, 9=M

(corresponding to A chaotic initial values for M channel ultrasonic system), and the maximum
generation number is set to 100.

Step 2: The objective-function values of individuals are ordered and then mapped to
fitness values. Then a column vector of fitness values is returned. An objective function opj

defined as follows:

Ob.]V = maX(Ru-max > R('-ma,\')

(18)
R, o =max(R,(m))i=1,....M,m=0,. .N-1-5 _ (19)
R =max(R,(m))m=012,.2N ~Li= 1..M,j =1,...M,i # j (20)

Where r _is the maximal side-lobe among M autocorrelation functions, g _ s the maximal
peak among M (M -1)/2 cross-correlation functions.

Step 3: The selection probability of individuals is set to 0.9, and the selected individuals
are returned to the new population.

Step 4: The crossover and mutation operators are used to generate the new children
population.

Step 5: The offspring population is combined with the current generation population and
selection is performed to set the individuals for the next generation. Since all the previous and
current best individuals are added to the population, elitism is ensured. Repeat Step 2 to Step 5
until the maximum generation number is reached.

6. Experiments and Discussion
6.1.Experimental Setup

The eight-channel ultrasonic ranging system was used in our experiments. Each channel
of the ultrasonic ranging system has the same hardware realization. Figure 1 shows the
hardware realization schematic diagram for one channel ultrasonic ranging system. The chaotic
binary modulation sequence was sent from the field programming gate array (FPGA). After
power amplifying, the ultrasonic sensor was triggered to transmit ultrasound. In our
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experiments, a SensComp 600 series instrument-grade electrostatic sensor was used as both
transmitter and receiver. After band-pass filtering, automatic gain amplification and shaping, the
polarity correlation between the binary echo sequence and a reference echo sequence was
carried out. The reference echo sequence was recoded from an acrylic board placed 40 cm in
front of the ultrasonic sensor. Here it should be noted that the emitted pulse sequence and its
echo sequence are different owing to the filtering effect of the ultrasonic sensor, so the
correlation characteristics between the excitation sequence and its own echo is poor. That is
why we did not use the emission sequence as the reference to calculate the correlation
characteristics. Actually, similar correlation processing method was also adopted by Jorg et al.
[17], where the echo instead of the emitted pulse sequence was used as the reference. Lastly,
the distance calculation was implemented if the echo sequence was recognized to be from its
own sensor transmission.

FPGA

Ultrasound
Chaotic Binary Power
. L B | E—
Modulation Sequence Amplifier Obstacle
Distance Polarity Shaping e Auz?:.l;tlc Band-pass
Calculation Correlator Circuit (‘o,nl‘rol Filter

Figure 1. The hardware realization schematic diagram for one channel ultrasonic ranging
system

6.2. The Spectrum of the Ultrasonic Ranging System

The purpose of this experiment is to figure out the usable frequency band of the
Senscomp 600 electrostatic ultrasonic ranging system. In this experiment, each excitation
sequence included ten 50%-duty-cycle rectangle pulses with same frequency. The frequency
range was from 20 kHz to 100 kHz, the interval was 0.5 kHz. The excitation sequences were the
binary sequences. Then all the corresponding echo sequences were sampled which reflected
from an acrylic board placed 40 cm in front of ultrasonic sensor.

Through calculating the energies of the excitation sequences and echo sequences, the
spectrum of the ultrasonic ranging system is shown in Figure 2. From this experiment, it can be
found that ultrasonic ranging system has its own central frequency. The central frequency and
the frequency band of the ultrasonic system are about 55 kHz and [40, 70] kHz, respectively.
The nearer is the excitation sequence frequency to the central frequency, the less is the echo
signal attenuation. The further is the excitation sequence frequency to the central frequency, the
more is the echo signal attenuation.

Frequency( kHz)

Figure 2. The Spectrum of the ultrasonic ranging system

6.3.Experimental Results and Discussion

For each chaotic binary modulation sequence, eight chaotic code series were used to
construct eight channels of excitation sequences, respectively. The length of the chaotic binary
modulation excitation sequence is set to 2 ms. Using the GA optimization algorithm, after 100
generations of selection, crossover and mutation, the optimized results for the c-BASK, c-BFSK
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and c¢-BPSK sequences were
respectively.

ObjV§ i =04735,  ObjVi, =03379  and  ObjVj,q =0.3666,

6.3.1. The Spectrum and Echo Analysis of Chaotic Binary Modulation Sequences

Figure 3(a), 4(a) and 5(a) show that the c-BASK, c-BPSK and c-BFSK excitation
sequences when the chaotic initial values are optimized based on GA, respectively. In
subfigures (b) of Figure 3-5, the black lines are the spectra of the chaotic binary modulation
excitation sequences in Figure 3(a), 4(a) and 5(a), and the red lines are the spectrum of the
ultrasonic ranging system. As shown in Figure 3(b), there is significant amount of spectral
distributes in the frequency band [1, 40] kHz as well as in the frequency band [40, 70] kHz,
which is the pass-band of the ultrasonic ranging system. In other words, the spectrum of c-
BASK excitation sequence mismatches with that of the ultrasonic ranging system, the excitation
energy in frequency band [1, 40] kHz cannot be transmitted by the ultrasonic system. Compared
to the c-BASK, ¢c-BPSK in Figure 4(b) presents that there is more spectral distributes in the pass-
band of the ultrasonic ranging system (i.e., [40, 70] kHz), but some excitation energy is still in
frequency band [1, 40] kHz which is not in the pass-band of the ultrasonic ranging system. As
shown in Figure 5(b), there is more energy of c-BFSK sequence distributes in the frequency
band of the ultrasonic ranging system than that of c-BASK and c-BPSK sequences, at the same
time, there is less energy of c-BFSK sequence distributes in the out-band of the ultrasonic
ranging system. Therefore, in three chaotic binary modulation excitation sequences, the c-BFSK
excitation sequence most spectrally matches with the ultrasonic ranging system.

Figure 3(c), 4(c) and 5(c) illustrate the corresponding echo sequences of c-BASK, c-
BPSK and ¢-BFSK excitation sequences, respectively. All the echo sequences were reflected
from an obstacle placed 40 cm in front of the ultrasonic sensor. The sample period was 1pus.

The ¢c-BFSK method in Figure 5c produces the highest echo amplitude of 0.9 V at some
sampling time and most echo amplitude of [0.6, 0.8] V caused by the matched spectra between
the excitation sequence and ultrasonic ranging system. As indicated in Figure 4(b) and 5(b), the
echo amplitude in c-BASK and c-BPSK are less than that of the c-BFSK in Figure 3(b). Among
three chaotic binary modulation sequences, the c-BFSK shows the best result, i.e., echo
amplitude of 0.9 V due to excellent matching spectra between the excitation sequence and
ultrasonic ranging system as shown in Figure 5(b).
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Figure 3. Optimized c-BASK sequence: (a) optimized c-BASK sequence, (b) the spectrum of
(a), (c) the corresponding echo sequence
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Figure 4. Optimized c-BPSK sequence: (a) optimized c-BPSK sequence, (b) the spectrum of
(a), (c) the corresponding echo sequence
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Figure 5. Optimized c-BFSK sequence: (a) optimized c-BFSK sequence, (b) the spectrum of
(a), (c) the corresponding echo sequence

To quantitative comparison, the echo energies of the c-BASK, ¢c-BFSK and ¢c-BPSK
excitation sequences corresponding to Figure 3-5 are listed in Table 1. From Table 1, we can
see that the echo energy of the c-BFSK excitation signal is better than that of the c-BPSK and c-
BASK signals. It can be also found that the energies of the three excitation sequences were
different. Both the echo and the excitation energies of the c-BASK sequences are the smallest.

The energy efficiencies of the three chaotic binary modulation sequences are also
calculated based Equation (10)-(13). The energy efficiencies of the c-BASK, c-BFSK and c-
BPSK excitation sequences corresponding to Figure 3-5 are illustrated in Table 1. It can be
found that the energy efficiency of the c-BFSK excitation sequence is better than that of the c-
BPSK and c-BASK sequences.

Table1. The echo energies of c-BASK, c-BFSK and ¢c-BPSK excitation sequences

Excitation Sequences BASK BFSK BPSK
Excitation Sequences Energy ( V2. us) 498.0000 1022.0000 1003.0000
Echo Energy ( V2 “US) 167.5800  358.4800 328.8600

Energy efficiency 0.3365¢  0.3508 ¢ 0.3279¢

6.3.2. The Correlation Characteristic Analysis of Chaotic Binary Modulation Sequences

Figure 6-7 show the correlation characteristic of c-BASK without optimization and after
optimization, i.e., correlation characteristic includes the autocorrelation functions of two echo
sequences and the crosscorrelation function. As shown in Figure 6-7, the optimized c-BASK
sequences have lower side-lobe of echo autocorrelation functions than that of the unoptimized
c-BASK sequences, i.e., 0.33 vs 0.58. Moreover, the c-BASK sequence after optimization also
has lower peak of echo crosscorrelation function than that of the c-BASK sequence without
optimization, i.e., 0.39 vs 0.51. The comparison results between the optimized c-BFSK
sequences and the unoptimized c-BFSK sequences are presented in Figure 8-9. From these
figures, we can find that the side-lobe of echo autocorrelation functions of the optimized c-BFSK
sequences is about 0.14 lower than that of the unoptimized c-BFSK sequences. And the peak
of echo crosscorrelation function of the optimized c-BFSK sequences is about 0.1 lower than
that of the unoptimized c-BFSK sequences. Figures 10-11 demonstrate the correlation
characteristic of c-BPSK without optimization and after optimization. As indicated in Figure 10-
11, the side-lobe of echo autocorrelation functions of the optimized c-BPSK sequences is about
0.1 lower than that of the unoptimized c-BPSK sequences. And the peak of echo
crosscorrelation function of the optimized c-BPSK sequences is about 0.08 lower than that of
the unoptimized c-BPSK sequences.

Comparison with the optimized c-BASK and c-BPSK sequences, the correlation
characteristic of the optimized c-BFSK sequence is lower than that of c-BASK and ¢c-BPSK, i.e.,
the optimized c-BFSK sequence has the lowest side-lobe of echo autocorrelation functions and
the lowest peak of echo crosscorrelation function. In other words, the optimized c-BFSK
sequence has the best echo correlation characteristics among the chaotic binary modulation
sequences.
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Figure 6. The correlation characteristic of c-BASK without optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2
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Figure 7. The correlation characteristic of c-BASK after optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2
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Figure 8. The correlation characteristic of c-BFSK without optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2
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Figure 9. The correlation characteristic of c-BFSK after optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2
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Figure 10. The correlation characteristic of c-BPSK without optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2

Normalized autoct

Figure 11. The correlation characteristic of c-BPSK after optimization: (a) the normalized
autocorrelation of echo sequence 1, (b) the normalized autocorrelation of echo sequence 2, (c)
the normalized crosscorrelation of echo sequence 1 and 2

7. Conclusion

In this paper, a crosstalk elimination method based on the optimal binary excitation
sequences modulated with chaotic codes is presented in this paper. The parameters
configuration method of the chaotic binary modulation sequence ensures the spectrum of
excitation sequence matches with that of the ultrasonic ranging system, which improves the
energy efficiency of excitation sequence. The optimized chaotic binary modulation sequence
based GA has the best echo correlation characteristics. Experiments using an ultrasonic
ranging system that consists of eight-channel SensComp 600 series instrument-grade
electrostatic sensors excited with binary sequences showed that the c-BFSK  outperforms the
¢c-BASK and c-BPSK in terms of the energy efficiency, e.g., 0.3508 ¢ vs. 0.3365¢ and 0.3279

¢, respectively. And the optimized c-BFSK sequence also has the best echo correlation
characteristics among the chaotic binary modulation sequences.
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