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Abstract

The pulse-echo method is a typical method of ultrasonic distance mea-

surement based on pulse transmission and time-of-flight (TOF) de-

termination. The pulse width corresponds to the distance resolution.

Therefore, a short pulse is applied to obtain the high distance reso-

lution. Moreover, to improve the signal-to-noise ratio (SNR), pulse

compression is often employed for the pulse-echo method. In pulse

compression, a frequency-swept signal or a pseudo-random modulated

signal is transmitted, then the received signal is correlated with the

reference (transmitted) signal. When the received signal and the ref-

erence signal match, the high correlation value (compressed pulse) ap-

pears in the cross-correlation function. The temporal resolution of the

distance measurement is the time required for a single measurement.

The short pulse-repetition time in the pulse-echo method represents

the high temporal resolution. In that case, however, the long-distance

cannot be measured because the pulse-repetition time corresponds to

the maximum limit of the measurable TOF (distance). Therefore,

there is a trade-off relationship between the temporal resolution and

the measurable distance in the pulse-echo method.

In this thesis, the alternate transmission of different coded signals

in pulse compression is proposed to extend the measurable distance

of the pulse-echo method without the degradation of the temporal

resolution. In the proposed method, two different coded signals are

alternatively and continually transmitted, then the received signal is

correlated with each reference signal to obtain each cross-correlation

function. In each cross-correlation function, the compressed pulses



alternatively appear, and the interval that corresponds to the pulse-

repetition time is extended by double of that in the one-code trans-

mission. Therefore, the measurable distance can be extended with

the same temporal resolution as the one-code transmission by the al-

ternate distance measurement from each cross-correlation function.

However, the noise by interference between different coded signals oc-

curs between the compressed pulses. If the noise, which is defined as

the noise between peaks (NBP), is larger than the compressed pulses,

actual distance cannot be measured, and the SNR can be degraded.

Therefore, the combination of different coded signals with low NBP is

searched, and the suitable combinations are determined. The linear-

frequency-modulated (LFM) signal combination and M-sequence sig-

nal combination were studied in this thesis. In the case of the LFM

signal, the combination of the up-chirp and the down-chirp can be

employed to the alternate transmission. NBPs were estimated on the

parameters, the center frequency of 35 kHz, the sweep bands from

10 kHz to 30 kHz, the signal lengths from 3.6 to 43.8 ms. In the

case of M-sequence, a continuous signal is alternatively modulated by

one cycle of each M-sequence to be transmitted signal. Then, the

received signal is correlated with each reference signal, which corre-

sponds to each M-sequence. There are several code combinations in

the M-sequence. Therefore, the peak interval in each cross-correlation

function can be extended many times. Since NBP differs greatly de-

pending on the combination of M-sequence codes, a combination of

codes that reduces NBP was examined.

In the typical modulation, a few sine waves or their inverse waves

are assigned to 1 or -1 (integer modulation). The modulation in which

the initial phase of sine waves is conjugately shifted by 1 or -1 is also

investigated (complex modulation). In the proposed modulation, ini-

tial phases of different coded signals are shifted in the complex modu-

lation. In the cross-correlation function, the alternate transmission of

phase-shifted complex M-sequences can be applied to suppress NBP.

Therefore, the initial phase of different coded signals is shifted in the



complex modulation. The variations of maximum and average ampli-

tudes of truncation and truncated interference noises, acquired from

the phase differences, are evaluated.

The maximum noise amplitude of NBP in the LFM signal is

decreased at the long length of the signal. On the other hand, the

maximum amplitude of NBP in the M-sequence signal is decreased in

the high order M-sequences. NBP was compared for the combination

of LFM and M sequence under the same signal length condition. By

examining many combinations of M-sequence signals, we were able

to understand the characteristics of the combinations in which the

NBP increases and the combinations in which the NBP decreases. In

addition to a combination with a small interference noise called a pre-

ferred pair, there is a combination that can realize the smallest NBP

among symmetry pairs in which the order of the code sequences is

reversed. The combination of LFM is advantageous when the system

bandwidth is wide, but the expansion of the measurement distance is

doubled. When the system bandwidth is not so wide, the combination

of complex modulated M-sequence signals will enable lower NBP and

more than double the measurement distance.

Experiments were conducted to confirm the results of the simula-

tion. The experimental results agree well with the simulation results,

and it was clarified that the measurement distance of the pulse-echo

method can be expanded by the alternate transmission of different

codes.
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Chapter 1

Introduction

In this chapter, a research background is introduced. There is explained of the

background for an ultrasonic sensor in the distance measurement. Moreover,

objectives and the proposed method are described. There is explained about a

problem of the conventional method and solving a problem. The objective of

this research is the solving problem method. Furthermore, thesis organization is

presented.

1.1 Background

Ultrasonic is an acoustic frequency higher than 20kHz. It is widely used to apply

for measuring the distance of targets. The most popular method for ultrasound

transducer in the distance measurement is the time of flight (TOF) determination.

It is determined a distance measurement by TOF of acoustic-pulse transmission.

In another method, the phase difference method is a typical method to measure

the distance of objects by the phase difference between the transmitted signal and

received signal. Range resolution is determined by the wavelength resolution and

the transmission signal of the phase difference measurement. In this research,

distance measurement by the TOF method is introduced. There are popular

methods and simple techniques for ultrasonic distance measurement. The pulse-

echo method is a simple technique for applying in distance measurement. This

is a typical distance measurement method, which is applied in acoustic-pulse

transmission and the determination of TOF. [1, 2, 3, 4].

1



1. INTRODUCTION

Pulse compression has been introduced to the pulse-echo method to improve

SNR and distance resolution. [5, 6, 7, 8, 9, 10]. The transmitted signal for

pulse compression is a frequency-sweep-modulated burst wave or a pulse sequence

coded by pseudo-random numbers. The received signal is then correlated with the

reference signal, which corresponds to the transmitted signal. When the received

signal and reference signal match, the high correlation value appears as a sharp

peak in the cross-correlation function. Furthermore, environmental noise and

non-correlative components can be suppressed by the cross-correlation process.

Therefore, the TOF can be determined from a sharp peak with high resolution

and high SNR. Pulse compression can improve SNR for ultrasound measurement.

1.2 Objective and the proposed method

In the general method, SNR is improved by pulse compression. However, there

is a trade-off between temporal resolution and measurable distance. In some ap-

plications, researchers cannot measure very long distances with high accuracy for

pulse compression. For example, we cannot measure the precise shape of land

under very depth water. Therefore, the objective of this research is introduced

to present an alternate transmission of different codes method to extend a mea-

surable distance without the temporal resolution degradation. Thats means, in

the cross-correlation function of the proposed method, each correlation signal can

be alternately applied for the distance measurement in the same as the temporal

resolution of the conventional transmission signals as indicated in Fig. 1.1.

In the proposed method, the alternate transmission of the LFM signal and

the M-sequence signal is selected to apply in the pulse compression. The alter-

nate transmission of LFM signals in the different In the proposed method, the

alternate transmission of the LFM signal and the M-sequence signal is selected to

apply in the pulse compression. The alternate transmission of LFM signals in the

different signals as up-chirp and down-chirp are transmitted. Then, the received

signal is correlated with each reference signal. The peak interval in each corre-

lated signal is extended double times. On the other hand, a continuous signal is

alternatively modulated by one cycle of each M-sequence to be transmitted signal.

2



1.2 Objective and the proposed method

Figure 1.1: Proposed method

Then, the received signal is correlated with each reference signal, which corre-

sponds to each M-sequence. Hence, the peak interval in each cross-correlation

function is extended many times. In both signals, each cross-correlation function

can be alternatively applied for distance measurement in the same as the original

temporal resolution of the conventional M-sequence method. However, trunca-

tion noise and truncated interference noise are generated around sharp peaks of

the cross-correlation signal in the proposed method. These noises correspond to

SNR. In other words, the high amplitude, sharp peak, these noises affect the SNR

improved by pulse compression, which is degraded SNR. Pattern differences of

truncation and truncated interference noises are generated by the different alter-

nate transmission of M-sequences. [11, 12]. Therefore, the suitable combination

of M-sequences is studied and investigated from all patterns of combinations of

M-sequences. [13].

3



1. INTRODUCTION

1.3 Thesis organization

In this section, the layout of the thesis is explained. An organization of thesis as

indicated in Fig. 1.2 is highlights the important points in each chapter. Chapter

one is provided the research background, objectives, proposed method, and thesis

organization of this research. In chapter two, the ultrasonic measurement is intro-

duced. There is a method of the ultrasonic sensor for distance measurement and

pulse compression methods. In chapter three, the alternate transmission of dif-

ferent codes method is described. There is a proposed method in this research to

extend the measurable distance of the signal. In chapter four, all patterns of each

signal are evaluated to investigate truncation and truncated interference noises

for searching the best pattern in the proposed method. Chapter five is presented

an experimental result. Three cycles for one digit of alternate transmission of the

LFM signal and alternate transmission of the M-sequence signal is transmitted,

that was selected from the lowest truncation and truncated interference noise in

the simulation. Chapter six is the final chapter in this thesis that includes the

conclusion and future work of the thesis.
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1.3 Thesis organization

Figure 1.2: Organization of thesis
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Chapter 2

Ultrasonic measurements

This chapter reviews related works of distance measurement. There is explained

the phase difference method and the time of flight (TOF) method. The pulse-

echo method is a method for ultrasonic measurement. Then, the basic concept

of the phase difference method, time difference method, and pulse compression is

explained. In this research, the alternate transmission of different codes method

is proposed by the linear frequency modulation signal and the M-sequence signal

method. There are popular to apply for pulse compression.

Generally, a distance measurement by the ultrasonic sensor is determined by

TOF as indicated in Fig. 2.1. The distance (d) is calculated from the TOF

measurement using the speed of sound (c) is given by [14]

d =
c · ttravel

2
(2.1)

Accuracy improvement of distance measurement by the speed of sound, the

sound speed in the air is related with a temperature, humidity, and air pressure.

However, the temperature is applied to consider the speed of sound as follow,

c = 20.06
√
T + 273.15 (2.2)

,where T is the temperature in Celsius.
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2. ULTRASONIC MEASUREMENTS

Figure 2.1: TOF determination by transmitted signal and received signal in the

pulse-echo method.

2.1 Time of flight measurement

In most acoustic measurements, an ultrasonic sensor is used to apply for dis-

tance measurement of the target by using the pulse-echo method. The pulse-

echo method is applied by the acoustic-pulse transmission to measure the pulse-

propagation distance by determination of TOF as indicated in Fig. 2.2. The

pulse width of the transmitted signal is related to the distance resolution as indi-

cated in Fig. 2.3. In the moving object measurement, many pulse-echo methods

are transmitted and received a reflected signal from objects. The temporal reso-

lution of the measurement is the times required for a single measurement. There

is identified by the pulse repetition time. The minimum pulse repetition time

corresponds to the time duration of the transmitted signal in pulse compression.

Moreover, the pulse repetition time is used to identify the maximum limit of mea-

surable TOF. However, if the measurable TOF limit is extended, the temporal

resolution is decreased. There is a meaning of trade-off between the temporal

resolution and the measurable distance. Nevertheless, the SNR of this method is

degraded because environment noise are detected.

In the research of an acoustic method, a conventional method is possible to

be applied for fast and accurate measurement on the distance of targets. The

distance measurement is calculated by TOF determination. The TOF is a delay

8



2.1 Time of flight measurement

Figure 2.2: The acoustic-pulse transmission to measure the pulse-propagation

distance by determination of the time of flight (TOF).

Figure 2.3: Distance resolution of a short pulse.

time of transmission signal and received signal of echo reflection from the target

[13, 15]. It is not easy to identify the acoustic signal. A received signal can detect

reverberation components because the SNR of a conventional method is lower.

Moreover, environmental noises and the scattering of signals on the target surface

are detected [16].

9



2. ULTRASONIC MEASUREMENTS

Figure 2.4: Pulse compression methods.

2.2 Pulse compressions

In the pulse-echo method, a short pulse is a low SNR because it is detected

environment noise in the received signal. However, we can improve the SNR

of the pulse-echo method by pulse compressions. Pulse compression has been

introduced as the method for improving SNR and distance resolution as indicated

in Fig. 2.4. The frequency-sweep-modulated burst signal or pulse sequence coded

is applied to be transmitted signal. Then, the received signal is correlated with the

reference signal, that is one cycle of the transmitted signal. If those signals match,

the large sharp peak is indicated in the cross-correlation function. Moreover,

the background noises and environmental noise can be suppressed by the cross-

correlation process. Therefore, the TOF of targets can be identified from a sharp

peak with high resolution and high SNR. In this research, LFM signals and M-

sequence signals are selected to study in the proposed method. There are simple

techniques and most popular for applying in pulse compression.

2.2.1 LFM signal

In a linear-frequency-modulated (LFM) signal, the received signal is correlated by

a reference signal, which is one cycle of the transmitted signal. The TOF of the

LFM signal is evaluated from the maximum time in the cross-correlation func-

tion between the received signal and the reference signal. The cross-correlation

method can be used to improve the accuracy of distance in environmental noise[17].

LFM is modulated increased linearly during the time duration of the signal.

There is popular to select for pulse compression. LFM signal has modulated the

frequency of long pulse during transmission. When increase bandwidth that is
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2.2 Pulse compressions

Figure 2.5: LFM pulse compressions.

improved the maximum operating distance and range resolution of the signal.

Moreover, increase bandwidth that is improved the maximum operating distance

and range resolution of the signal.[18, 19]. The LFM can classify as up chirp and

down chirp as given by, [20]

s(t) = Asin2π

(
f1 +

f2 − f1
2T

t

)
t (2.3)

Where A is the amplitude of signals, T is the periodicity, f1 and f2 are the

starting and the ending frequency. Generally, in the LFM pulse compression,

the highest temporal resolution is obtained by the cross-correlation of one-chirp

transmission. Then, correlated with the reference signal is indicated in Fig. 2.5.

The transmission signal is including with the LFM signal and Gaussian noise. In

the correlation function, correlation of LFM signal and signal with noise in the

cross-correlation function appears. It is improved SNR by pulse compressions,

SNRdb =
√
TB.

In the cross-correlation method for the special case of LFM signals, the time

resolution of TOF in the received signal is improved by interpolating the cross-

correlation function. Moreover, TOF can estimate the maximum peak time in

this method. One-chirp transmission of LFM signal to correlate with reference

11



2. ULTRASONIC MEASUREMENTS

Figure 2.6: Cross-correlation function obtain by the one-chirp transmission of

LFM compression

signal is indicated in Fig. 2.6. Three cycles of the up-chirp signal are modulated

to apply for transmitting signal. Then the received signal is correlated with the

reference signal. The large correlation value appears as a sharp peak in the cross-

correlation function. The measurable distance of the correlated signal is the same

as the length of the LFM signal. It can improve SNR by pulse compression and

improved accuracy of distance in the environment noise. Moreover, the increased

bandwidth and length of the LFM signal is improved the maximum operating

distance and range resolution of the signal.

2.2.2 M-sequence signal

An M-sequence is one of the pseudorandom sequences, which is generated from

the linear feedback shift register (LFSR). There is a good autocorrelation prop-

erty in the sequential transmission. The n-th order of M-sequence is modulated

using a shift register with n parts and XOR,
⊕

gate as indicated in Fig. 2.7.

This is an example of generating 3rd order M-sequence. The length N of n-th

order M-sequence is 2n − 1 [21]. In the cross-correlation, an M-sequence signal

can be applied for improving the SNR and measuring a stable manner of the re-

flected wave, which is not able to detect by using a conventional impulse [22, 23].

Moreover, SNR is the most important to improve in the measurement system be-
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2.2 Pulse compressions

Figure 2.7: LFSR for generating 3rd order M-sequence

cause it is one of the factors to determine the accuracy of measurement. A Gold

sequence is a set of gold codes, which can generate with a preferred pair of M-

sequences [24, 25]. It is one of the combinations to investigate. The M-sequence

is represented as a polynomial equation and given by

G(x) = gnx
n + gn−1x

n−1 + gn−2x
n−2 + ...+ g1x+ g0 (2.4)

Where n is n-th order of M-sequence, x is an initial value of LFSR (-1 or 1).

The modulated M-sequence is applied to be transmitted signal for simulating in

binary condition. In general, the integer and complex m-sequence is given by

mk = u+ vbk =

{
u+ v, bk = +1
u− v, bk = −1

(2.5)

The complex m-sequence is able to make in polar form to evaluate such as

e(θ±θL) = cos(θ ± θL)+jsin(θ ± θL), θL=tan−1
√
L and L = 2n − 1. In the peri-

odic pseudorandom binary sequence, the n-th order M-sequence signal in sinuous

waveform is given by

s(t) = Asin (ωt+ θk (t)) (2.6)

Where A is the amplitude of carrier signal and θk is the phase of signal. The

modulated M-sequence signal is applied to be transmitted signal in the experi-

ment.
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2. ULTRASONIC MEASUREMENTS

Figure 2.8: Cross-correlation function obtain by the one-code transmissions in

M-sequence pulse compression

If the integer or complex m-sequence is mk, the cross-correlation function of

mk sequence is given by

Rm [s] =
1

L

k=1∑
L

mkm
k+s
∗ (2.7)

Rm [s] =
1

L

k=1∑
L

(uu∗ + uv∗bk+s + vbku
∗ + vbkv

∗bk+s) (2.8)

Where bk and b(k+s) are ±1, which depends on the M-sequence characters. In

the complex m-sequence, a condition of complex form is |v|2 = L |v|2.

In this method for M-sequence codes, a continuous signal is generated by

binary characters such as 1 and -1 in the cyclic M-sequence for applying to be
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2.2 Pulse compressions

the transmitted signal. Then, the received signal is correlated with the reference

signal, which is one cycle of the transmitted signal. When the received signal and

reference signal match, the large correlation value indicates a sharp peak in the

cross-correlation function as indicated in Fig. 2.8. An M-sequence is a pseudo-

random binary sequence to be regularly applied for pulse compression [6, 16, 22,

24, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. In the M-

sequence pulse compression, a continuous signal is generated by binary characters

for applying to be the transmitted signal. Then, one cycle of the M-sequence is

applied to the reference signal. Sharp peaks appear at an interval of the cycle

length, which is a time duration of the M-sequence-coded signal. In the correlation

signal, the large interval is the effect on the limit of measurable distance. However,

an increased limit of measurable distance is the effect on the decreased resolution

of the measurement. Moreover, non-correlative components and environmental

noise can be suppressed by the cross-correlation process. Furthermore, white

Gaussian noise including in the M-sequence modulated signal is also increased√
L times by the cross-correlation function. Therefore, the SNR of the received

signal is improved
√

7 times[26].

In the typical M-sequence pulse compression, amplitudes of transmitted si-

nusoid waves are modified by binary characters of the M-sequence. That means

the initial phases of sinusoid waves are assigned to 0 and -π radian. In the in-

teger alternate transmission method, the transmitted signal is alternately coded

by M-sequences A and B in the same way. On the other hand, in the complex

alternate transmission method, the initial phases of sinusoid waves correspond to

the M-sequence A are assigned to 0 and -π radian, those in the M-sequence B are

assigned to 0+α and -π + α radian respectively. In the phase-shift modulation

of M-sequence, magnitudes of truncation noise A, truncation noise B and trun-

cated interference noise between A and B are not changed. However, absolute

amplitudes in summation of those noises are changed by the phase shift . In

this research, the variation of these absolute amplitudes by the phase shift in the

alternate transmission of different M-sequences is estimated. All combinations

of M-sequences are employed to the research. The phase shift is changed from 0

to 2π radian. The suitable combination of M-sequences and the phase shift can
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2. ULTRASONIC MEASUREMENTS

Figure 2.9: SNR improvement comparison between LFM signal and M-sequence

signal.

be determined from absolute amplitudes of truncation and truncated interference

noises. Furthermore, SNR improvement is indicated in Fig. 2.9. There is an

SNR improvement comparison between the LFM signal and the 7th to 9th order

M-sequence signal. SNR improvement of LFM signal and M-sequence signal are

calculated by
√
L×BW and

√
L, respectively. In the M-sequence signal, high

SNR improvement is indicated at the high order M-sequence. In the LFM signal,

SNR improvement is more improved by increased bandwidth and length of the

LFM signal.
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Chapter 3

Alternate transmission of

different codes in pulse

compressions

In the alternate transmission of different signals, a method for the extension of

the measurable distance in pulse compression without degradation of the tem-

poral resolution is described for a proposed method. In the proposed method, a

continuous signal alternately modulated by two or more different signals is trans-

mitted. Then, the received signal is correlated with each reference signal, which

corresponds to each transmitted signal. In each cross-correlation function, the

peak interval is extended two or more times. Furthermore, peaks in different

cross-correlation functions alternately arise. Therefore, distance measurement

can be performed with the same temporal resolution by alternately using each

cross-correlation function.

In the proposed method, the alternate transmission of two different signals is

extended a measurable distance in double times as indicated in Fig. 3.1. Alter-

nate transmission of the different signals is transmitted. Then, it is correlated

with each reference signal. In the cross-correlation function, truncation noise and

truncated interference noise are generated around the correlation peaks. Trun-

cation noise denotes the fluctuating correlation values except for the peak in the

auto-correlation function. Moreover, if these noises are larger than the reduced
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3. ALTERNATE TRANSMISSION OF DIFFERENT CODES IN
PULSE COMPRESSIONS

Figure 3.1: Alternate transmission of two different and obtained cross-correlation

functions comparisons.

noise component, SNRs are degraded.

3.1 LFM signal

Linear frequency modulation (LFM) is modulated increased linearly during the

time duration of the signal. There is the modulated frequency of long pulses

during transmission. An LFM signal is a signal with a certain time width while

changing the frequency, and then the SNR is improved by correlation processing.

The term chirp signal has almost the same meaning as LFM. If the bandwidth of

the LFM signal is change, the degree of improvement in the signal-to-noise ratio

is changed. The larger bandwidth is greater to improve the SNR. In the alternate

transmission method of LFM as indicated in Fig. 3.2 to compare with one-code

transmission signal. In the case of one-code transmission, many cycles of an up-

chirp signal are transmitted. Then, it is correlated with a one-cycle of LFM signal

to obtain the cross-correlation functions. Measurable distance length, L is the

same as the one-chip signal length. In the case of two-codes transmission, there

is a proposed method. Up-chirp and down-chirp of LFM signal is modulated

to be transmitted signal. Then, a received signal is correlated by one cycle of

LFM signal A and B, which are called reference signal A and reference signal

B respectively. In each cross-correlation function, the compressed pulses arise

at double intervals and extend the measurable distance in double times, without

degraded temporal resolution by using two cross-correlation functions. Moreover,

SNR alternate transmission LFM signal is improved by the correlation function.
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3.1 LFM signal

Figure 3.2: One-code and two-codes transmission of LFM signals.

However, noise characteristics of alternate are changed by different bandwidth

and lengths of LFM signal. The large bandwidth and long length of the LFM

signal are improved SNR.

Sweep frequency to modulated LFM signal is 20 kHz to 80 kHz and 80 kHz

to 20 kHz for 60kHz of bandwidth, 30 kHz to 70 kHz and 70 kHz to 30 kHz for

40kHz of bandwidth and 40 kHz to 60 kHz and 60 kHz to 40 kHz for 20kHz of

bandwidth. In the transmitted signal, three sequences of up-chirp and down-chirp

are transmitted to be correlated with each reference signal. The length of each

sweep frequency to modulated for comparing with center frequency 25kHz of M-

sequence signal from 8th to 9th order is 10.22 ms and 20.44 ms respectively. The

amplitudes are normalized by the correlation peak. Maximum noise amplitude

of correlated signal and spectrum of noise is indicated. The correlated signal of

alternate transmission in the LFM signal is indicated in Fig. 3.3. Noise charac-

teristics are changed by different bandwidth and lengths of LFM signal. LFM

signal is a signal with a certain time width while changing the frequency, and then
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3. ALTERNATE TRANSMISSION OF DIFFERENT CODES IN
PULSE COMPRESSIONS

Figure 3.3: Correlation signal of different length for alternate LFM transmissions.

the SNR is improved by the correlation processing. Changing the bandwidth is

changes the degree of improvement in the SNR. Therefore, the larger bandwidth

width is greater to improve the SNR.

3.2 M-sequence signal

The M-sequence is generated from a linear feedback shift register (LFSR), which

is modulated by a periodic pseudorandom binary signal (0 or 1). The length n

of the LFSR is the order of the M-sequence. In the n-th order M-sequence, the
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3.2 M-sequence signal

Figure 3.4: One-code and two-codes transmission of LFM signals.

number L of binary characters in one cycle is 2n− 1. The number of one cycle of

the M-sequence is also L. The conventional M-sequence and the proposed method

of M-sequence is indicated in Fig. 3.4. The different M-sequence codes are mod-

ulated from different numbers and different feedback taps position of LFSR. In

the case of one-code for M-sequence transmission, continuous of the same M-

sequence code is transmitted signal. Then, correlated with the reference signal to

obtain the cross-correlation functions. The values of the amplitudes and interval

of compressed pulses are L. In the case of two codes for M-sequence transmission,

the continuous signal is alternately modulated by one cycle of each M-sequence

to be transmitted signal. Then, a received signal is correlated with each refer-

ence signal, which corresponds to each M-sequence code. In the cross-correlation

function, each correlation function can be alternately applied for distance mea-

surement in the same as the one-code temporal resolution. However, the peak

interval in each correlation function is extended double times. Nevertheless, trun-

cation and truncated interference noise are generated around the sharp peak of

the cross-correlation functions. Moreover, different M-sequence combinations are
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3. ALTERNATE TRANSMISSION OF DIFFERENT CODES IN
PULSE COMPRESSIONS

Figure 3.5: Integer M-sequence modulation

an effect with these noises. In the white Gaussian noise including with the re-

ceived signal, the amplitude of the correlated signal is increased
√
L times by

the cross-correlation. Therefore, the SNR of the received signal is improved
√
L

times by the M-sequence pulse compression because of increased pulse amplitude

L times. The pulse-repetition time or the pulse interval is determined by the

cycle length of M-sequence, the product of L, and the time duration of the signal

is assigned to each character.

3.2.1 Integer M-sequence modulation signals

M-sequence modulation is made from binary characters 1 and -1 of M-sequence

codes as indicated in Fig. 3.5. There are modulated by sinewave as ej(0) and

ej(π), respectively. The alternate M-sequence of two different codes is transmit-

ted to extend the pulse-repetition time with the original temporal resolution.

Moreover, in the cross-correlation method, the received signal is correlated with

each M-sequence, as illustrated in Fig. 3.6. In the typical M-sequence pulse

compression, a sinusoid wave and the inverse sinusoid wave are assigned to bi-

nary characters 1 and -1, which means that the initial phases of sinusoid waves

are assigned to 0 and -π radian, respectively. The cross-correlation functions A

and B are obtained by correlations with the discrete reference signal A and B,

respectively. In each cross-correlation function, the compressed pulses arise at

double intervals and the measurable distance is extended in double times. Nev-

ertheless, the original temporal resolution can be maintained by using two cross-

correlation functions. However, in both cross-correlation functions, truncation
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3.2 M-sequence signal

Figure 3.6: Alternate transmission of different signal on pulse compression for

integer M-sequence modulations

noise and truncated interference noise is appeared except for compressed pulses.

The truncation noise is the autocorrelation values of one cycle of M-sequence A

or B except the center pulse of the correlated signal. The truncated interference

noise is the cross-correlation function of one cycle of different M-sequence. In

the case of these noises, amplitudes are large, the TOF of the correlated signal

is not accurate when determined from the compressed pulse. The amplitudes of

truncation and truncated interference noises are varied by combinations of M-

sequences. Therefore, the suitable combinations of M-sequences are studied and

searched in this research.

3.2.2 Complex M-sequence modulation signal

The modulation method in the alternate transmission of different M-sequences

is alternated to suppress truncation and truncated interference noises better

than the integer M-sequence signals. The transmitted signal in the originally

M-sequence pulse compression is given by
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3. ALTERNATE TRANSMISSION OF DIFFERENT CODES IN
PULSE COMPRESSIONS

Figure 3.7: Integer and complex M-sequence in the cross-correlation function

comparision

mk =

{
ej(ωt+θp) = cos (ωt+ θp) + jsin (ωt+ θp) , bk = 1
ej(ωt−θn) = cos (ωt+ θn)− jsin (ωt+ θn) , bk = −1

(3.1)

Where bk is the binary character of M-sequence, mk is the transmission signal

associated with each binary character, ω is angular frequency of carrier wave and

θp and θn are the initial phases of carrier waves. In the complex M-sequence pulse

compression, initial phases of complex numbers ej(ωt+θ) are assigned to tan−1
√
L

and -tan−1
√
L radian. The real parts of ej(ωt+tan−1(

√
L) and ej(ωt−tan

−1(
√
L) are

assigned to binary characters 1 and -1. It is used to transmit wave forms of

M-sequence pulse compression. Then, the received signal is converted to the

complex signal by the Hilbert transform and correlated with the reference signal,

which is the complex M-sequence. The TOF of correlated signal is determined

from absolute values of cross-correlation function. The amplitudes of compressed

pulses and other correlation values except compressed pulses are l and 0. Modu-

lation function of integer and M-sequence is same idea. However, in the complex

M-sequence modulation is focus on phased-shift of M-sequence combinations. In
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3.2 M-sequence signal

Figure 3.8: Complex M-sequence modulation A (above) and B (below).

the cross-correlation function, there is modulated by conjugated between trans-

mitted signal and reference signal. Moreover, constant amplitude of integer and

complex M-sequence is difference as indicated in Fig. 3.7. Constant amplitude

of integer M-sequence is -1. However, in case of the complex M-sequence, con-

stant amplitude is zero. In the proposed method of this research, the phases of

M-sequence B are shifted from those of M-sequence A by α radian. Complex M-

sequence modulation A and B is indicated in Fig. 3.8. Therefore, ej(ωt+tan−1(
√
L)

and ej(ωt−tan
−1(
√
L) are assigned to binary characters of 1 and -1 in M-sequences A.

Moreover, ej(ωt+tan−1(
√
L+α) and ej(ωt−tan

−1(
√
L+α) are assigned to binary characters

of 1 and -1 in M-sequences B. Alternate transmission of two different complex M-

sequences and obtained absolute cross-correlation functions is illustrated in Fig.

3.9. The real component of the carrier wave is transmitted, and the received signal

is converted to a complex signal by the Hilbert transform. The reference signals

are discrete complex signals composed of ejθL and e−jθL , ejθL+α and e−jθL+α, re-

spectively. The TOFs are determined from absolute cross-correlation functions

between the received signal and each reference signal. Amplitudes of truncation

and truncated interference noises are varied by combinations of M-sequences.

Therefore, absolute amplitudes of truncation and truncated interference noises
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3. ALTERNATE TRANSMISSION OF DIFFERENT CODES IN
PULSE COMPRESSIONS

Figure 3.9: Alternate transmission of different signal on pulse compression for

integer M-sequence modulations and absolute cross-correlation functions

seem to be also varied by the phase shift and combination of M-sequences.
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Chapter 4

Simulation of noise amplitude

evaluations

In the proposed method, truncation noise and truncated interference noise are

generated around the correlation peaks. Truncation noise denotes the fluctu-

ating correlation values except for the peak in the auto-correlation function of

an M-sequence code. Truncated interference noise is the cross-correlation func-

tion between different signals. In the case of alternate LFM signals, difference

bandwidth and length are effect by truncation and truncated interference noise.

In the case of transmission of a single M-sequence code and two or more dif-

ferent codes, SNRs of correlation peaks are equally improved because the effect

of SNR improvement depends on the length of the reference M-sequence code.

However, if these noises are larger than the reduced noise component, SNRs are

degraded. On the other hand, different patterns of truncation noise and trun-

cated interference noise in the alternate M-sequence signal are generated from

different combinations of M-sequence codes. Therefore, all patterns of truncation

noise and truncated interference noise are quantitatively evaluated. By selecting

suitable M-sequence codes, the SNR degradation of the proposed method can

be suppressed. This chapter presents a simulation of maximum noise amplitude

evaluation in the alternate LFM and alternate M-sequence signal.
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4. SIMULATION OF NOISE AMPLITUDE EVALUATIONS

Figure 4.1: Noise characteristic of alternate transmission in the LFM signal.

4.1 LFM signal

LFM signal is a signal with a certain time width while changing the frequency,

and then SNR is improved by correlation processing. In this research, different

bandwidths of alternate transmission in LFM signals are evaluated with respect to

their amplitude. In the conventional method of LFM signal, the autocorrelation

function is applied to study a noise characteristic of the LFM signal. Noise ampli-

tude of correlation signal is lower when the length of the LFM signal is longer. In

the alternate transmission of the LFM signal, noise from auto-correlation function

and interference noise is appeared by cross-correlation function. There are fused

and difficult for separating them as indicated in Fig. 4.1. In this research, the

loudspeaker is generated 10kHz of 30 kHz to 40 kHz in the LFM signals. More-

over, the simulation to evaluate maximum noise amplitude, 30 kHz to 40 kHz and

40 kHz to 30 kHz of LFM signal are transmitted signal. Then, the transmitted

signal is correlated by each reference signal. The noise from autocorrelation and

interference noise is appeared by the cross-correlation function. Noise by autocor-

relation function is not separated. In this simulation, the length of the alternate

LFM signal for generating be transmitted signal is 7.3 ms, 14.57 ms, and 29.2 ms,

respectively. There is generated to compare with 35 kHz of 7th order to 9th order
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4.1 LFM signal

Figure 4.2: Absolute signal for subtracting mehod.

M-sequence signals. However, only interference noise of correlation signal is in-

vestigated. In the evaluation method, noise from the auto-correlation function is

removed by subtracting method as indicated in Fig. 4.2. Two repeated signals of

the auto-correlation function are applied to subtract with cross-correlation signal

of alternate transmission method. The subtraction method is applied to evaluate

the interference noise of alternate transmission of LFM signal.

The absolute value of interference noise to compare with 35 kHz of 7th order
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Figure 4.3: Interference noise of alternate LFM signal with different alternate

LFM signal length
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4.1 LFM signal

Table 4.1: Maximum amplitude of alternate transmission of LFM signal to com-

pare with 35 kHz of carrier frequency in 7th, 8th and 9th order M-sequence signal.

LFM length Max. of NA/Mean Max. of NB/Mean Max. of NA +NB/Mean

7.30 ms 0.1575/0.0650 0.1582/0.0655 0.3156/0.1304

14.57 ms 0.1116/0.0470 0.1111/0.0471 0.2218/0.0941

29.20 ms 0.0790/0.0349 0.0796/0.0350 0.1580/0.0699

Table 4.2: Highest SNRs in the alternative transmission of LFM signal.

LFM length SNRA SNRB

7.30 ms 16.05 dB 16.02 dB

14.57 ms 19.02 dB 19.08 dB

29.20 ms 22.99 dB 22.99 dB

to 9th order is illustrated in Fig. 4.3. The above and below in each figure are sub-

traction signals of correlation signal with reference signal A and B, respectively.

Maximum noise amplitude is indicated in Table 4.1. The maximum amplitude of

the noise is lower when the length of the LFM signal is longer. SNR improvement

is depending on the length of LFM signals. In this research, the SNR for trun-

cation noise and truncated interference noise is defined to evaluate combinations

as given by

SNR = 20log
1

MA
(4.1)

MA is the maximum amplitude of truncation noise and truncated interference

noise when the correlation peak is normalized to 1. The highest SNRs in the

alternate transmission of the LFM signal are indicated in Table 4.2. In the long

length of the LFM signal, the highest SNR appears. The highest SNRs improved

from 6.94 dB to 6.97 dB when compared with 7.30 ms of LFM signal length.

Lastly, 30 kHz to 40 kHz and 40 kHz to 30 kHz of alternate LFM signal to

compare with 7th order to 9th order M-sequences are indicated in Fig. 4.4.
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Figure 4.4: Different length of alternate LFM signal in the cross-correlation func-

tion comparisons.
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4.2 M-sequence signal

Figure 4.5: M-sequence combination of 5th order M-sequences

4.2 M-sequence signal

In this research, truncation and truncated interference noises in the alternate

transmission of different M-sequences appears. Incidentally, particularly for or-

ders greater than the 6th order, several different distributions appear to be in-

cluded in their distributions. There are several types of combinations of M-

sequences. Therefore, the differences of truncation noise and truncated interfer-

ence noise with respect to the types of combinations of M-sequences are focused

on. The noise characteristic of each combination in the 5th order M-sequence is

indicated in Fig. 4.5. It is calculated from interference noise of M-sequence com-

bination. There is indicated standard deviation of interference noise and interfer-

ence noise characteristic of 5th order M-sequence as an example. The symmetry

pair (SP) is the combination of M-sequences generated from symmetry LFSRs.

M-sequences in the SP is also symmetry sequences themselves. Moreover, the

standard deviation of the interference noise in the SP is the lowest value. The

preferred pair (PP) is the combination of M-sequences that has lower interfer-

ence noise composed of three correlation values. Moreover, the lowest value of
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Table 4.3: Numbers of all patterns for the truncation noise and truncated inter-

ference noise in the alternative transmission of integer M-sequences from the 4th

to 9th order

Order of Binary Combination of Patterns of

M-sequence character, l M-sequence, c noise

c× l × l
4 15 SP: 1 225

5 31 SP: 3 2,883

PP: 12 11,532

6 63 SP: 3 22,907

PP: 6 23,814

OP: 6 23,814

7 127 SP: 9 1,741,932

PP: 90 1,451,610

OP: 54 870,966

8 255 SP: 8 520,200

qPP: 16 1,040,400

HIP: 8 520,200

OP: 88 5,722,200

9 511 SP: 24 6,266,904

PP: 288 75,202,848

OP: 816 213,074,736

the interference noise appears in PP. In the case of the 8thorder (a multiple of

4th order) M-sequences, there is no PP but quasi preferred pairs (qPP) that have

lower interference noise composed of four correlation values. Furthermore, there

are high interference pairs (HIP) for which two-thirds or more binary characters

in their M-sequences are the same in the 8th order. Therefore, the orders of

M-sequences are investigated from 4th to 9th. Noise patterns of one combination

are varied by the initial values, l in each M-sequence. Therefore, all patterns of

truncation and truncated interference noises in each-order M-sequence is c× l× l.
The numbers of noise patterns in the alternative transmission of two different

codes in the M-sequences from 4th to 9th order are illustrated in Table 4.3. In
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Figure 4.6: Truncation and truncated interference noise evaluations

this research, other pairs of 9th order M-sequence are not evaluated because a

memory of the personal computer is not enough for calculating.

In the simulation, the binary sequence of the M-sequence A, ej(ωt+tan−1
√
L)

or ej(ωt−tan
−1
√
L) and the M-sequence B, ej(ωt+tan−1

√
L+α) or ej(ωt−tan

−1
√
L+α) are

alternately to be transmit signal, which is defined as the correlated signal. Each

reference signal is the M-sequence A or B, which is one cycle of M-sequence A or

B. The cross-correlation function A or B is obtained from the correlated signal

of the M-sequence A or B. The correlation peaks of absolute cross-correlation

function A and B are normalized to 1. The truncation and truncated interference

noises in absolute cross-correlation functions A and B are defined as NA and

NB, which are absolute correlation values of 2L − 1 between correlation peaks

as indicated in Fig. 4.6. In this research, maximum amplitudes and standard

deviation in NA and NB are estimated for the integer M-sequence. Nevertheless,

maximum amplitude and average values in NA and NB are evaluated for the

complex M-sequence. Hence, the summation of each maximum amplitude and

each average value in NA and NB are investigated in all patterns of truncation

and truncated interference noises.
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Figure 4.7: 3D and 2D distribution of maximum amplitude and standard devia-

tion of truncation and truncated interference noise of 4th order M-sequences

4.2.1 Integer M-sequence signal

All patterns of truncation noise and truncated interference noise in the alter-

nate transmission of two different M-sequence codes are evaluated with respect

to their amplitudes. Their amplitudes are normalized by the correlation peak.

Distributions of maximum amplitudes and standard deviations of NA and NB in

each M-sequence order are indicated. Moreover, the maximum amplitude and

the standard deviation are obtained from each of the NA and NB as indicated

in Fig. 4.7. 3D figure as indicated in above figure is distribution of maximum

noise amplitude and standard deviation. Moreover, z-axis is indicated counting

points. In 2D figure as indicated in below figure is illustrated distribition of max-

imum amplitude of truncation and truncated interference noise as well There are

a topview of 3D figures. Difference color is normalized counts, which corresponds

with color bar. In alternate transmission, all values are desirable to be lower.

Therefore, summations of both maximum amplitudes and those of both standard

deviation values are also evaluated. Distributions of summations of maximum
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amplitudes and those of standard deviations are indicated as NA + NB. Distri-

butions from 4th order to 9th order M-sequences are illustrated in Fig. 4.8. The

maximum amplitude is shown on the ordinate; the standard deviations are shown

on the abscissa. Colors denote the count of patterns divided by the total number.

Furthermore, the highest and lowest values of maximum amplitudes and standard

deviations of NA + NB are illustrated in Fig. 4.9. Both values decrease as the

order of the M-sequence increases. The lowest maximum amplitudes are less than

half of the highest values. In the case of orders greater than the 7th order, the

lowest values are less than one-third of the highest values. However, differences

between the lowest and highest standard deviations decrease as the order of the

M-sequence increases. Selecting M-sequence codes, in which maximum ampli-

tudes of truncation noise and truncated interference noise are lowest, is effective

in the identification of actual correlation peaks in the alternate transmission of

different M-sequence codes.

The distributions of maximum amplitudes and standard deviation of NA +

NB in each type of combination are indicated. Distributions from 4th to 9th order

M-sequences are illustrated in Fig. 4.10. Particularly, lower maximum amplitudes

principally consist of SP, PP, and qPP. The lowest values of maximum amplitudes

in SP, PP, and qPP and lowest average values of their noise are given in Table 4.5.

The lowest maximum amplitudes in SP and PP are the same and smaller than

those in qPP. Furthermore, the lowest average values in SP are smaller than those

in PP or qPP except for the 5th order. Interference noises in PP and qPP are lower

than those in OP or HIP. Therefore, it is understandable that their maximum

amplitudes are lower. Meanwhile, it is not known why maximum amplitudes of

SP are lower in this study. However, in the case of alternate transmission of two

different integers M-sequence codes, M-sequence codes should be selected from

symmetry pairs of M-sequences.

In M-sequence pulse compression, sharp peaks in the cross-correlation function

are recognized as TOFs of targets. Therefore, maximum amplitudes of NA +

NB should be as lower as possible. Consequently, the suitable combination is a

combination, in which the maximum amplitude is the lowest and the standard
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Figure 4.8: Distributions of maximum amplitudes and standard deviation of trun-

cation noise and truncated interference noise from 4th to 9th order M-sequences.
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Figure 4.9: Highest and lowest values of maximum amplitudes and standard

deviation of NA + NB from 4th to 9th order M-sequences.

Table 4.4: Lowest values of maximum amplitudes of NA + NB and lowest stan-

dard deviation of NA + NB with lowest maximum amplitudes

Order SP PP (qPP)

4 0.667/0.180 -

5 0.516/0.218 0.516/0.211

6 0.444/0.147 0.444/0.152

7 0.315/0.105 0.315/0.105

8 0.243/0.074 0.259/0.075

9 0.180/0.052 0.180/0.054

deviation with the lowest maximum amplitude is also the lowest. In the 4th to

9th order M-sequence, there are two suitable combinations which are the same

values of NA + NB.

SNRs of suitable M-sequence codes A and B are illustrated in Fig. 4.11.

For comparison, the average SNR of all patterns of cross-correlation functions

in each order is also indicated. SNRs could be improved from approximately

2.3 to 5.2 dB than averages of all patterns of codes in 4th order to 9th order

M-sequence. Therefore, the selection of suitable combinations can suppress the

SNR degradation of the proposed method in M-sequence pulse compression. The

actual SNR of the proposed method is the smaller of this SNR for truncation noise

and truncated interference noise and the typical SNR for environmental noise or
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Figure 4.10: Distributions of maximum amplitudes and average values of NA+NB

in each type of combination of M-sequences from 4th to 9th order M-sequence.
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Figure 4.11: SNRs for truncation noise and truncated interference noise in suit-

able M-sequence codes A and B.

read-out noise. Finally, examples of the most suitable combinations of two M-

sequence codes are presented. Suitable combinations are defined such that the

maximum amplitude of NA + NB is the lowest in all patterns and the standard

deviation is the lowest in patterns with the lowest maximum amplitude. LFSRs

to generate M-sequence codes and cross-correlation functions with each code in

the 7th, 8th and 9th order are illustrated in Figs. 4.12 to 4.14.

4.2.2 Complex M-sequence signal

All patterns of truncation noise and truncated interference noise in the alternative

transmission of phase-shifted complex M-sequences from 7th to 9th order were

evaluated concerning their amplitudes of absolute cross-correlation functions. Ab-

solute amplitudes were normalized by the correlation peak. Maximum amplitudes

and average amplitudes of truncation and truncated interference noises are varied

by combinations of M-sequences and their initial values. Furthermore, they are

also varied by phase differences between complex M-sequences. In the proposed

method, maximum amplitudes of absolute cross-correlation function A and B are

both desirable to be lower. Therefore, the summation of maximum amplitudes

(MA) and that of averages (AV) in both cross-correlation functions are investi-

gated. The orders of M-sequences are investigated from 7th to 9th. The initial

phases between both M-sequences are shifted from 0 to 11/6π by 1/6π. There-
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Figure 4.12: LFSRs to generate suitable combination of M-sequence codes and

cross-correlation functions with each code in the 7th order.

fore, the number p of phase shifts is 12. In the combinations of preferred-pair

M-sequences, there are cases both preferred-pair M-sequences are symmetric each

other in two combinations. In the case of the noise patterns of M-sequence, each

phase shift is also symmetrical. For example, noise patterns of one M-sequence

combination in phase shift of 1/6π are the same as those of other M-sequence

combinations in phase shift of 11/6π. Therefore, the number, c of investigated

combinations is half of all combinations of preferred-pair M-sequences. Noise pat-

terns of one combination are varied by the initial values, l in each M-sequence.

Therefore, all patterns of truncation and truncated interference noises in each-
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Figure 4.13: LFSRs to generate suitable combination of M-sequence codes and

cross-correlation functions with each code in the 8th order.

order M-sequence is p×c× l× l. The numbers of noise patterns in the alternative

transmission of two different codes in phase-shifted complex M-sequences from

7th to 9th order are illustrated in Table 4.6. Distributions of MAs and AVs in

each phase difference are illustrated in Fig. 4.15 to 4.17. Combinations of M-

sequences are the symmetry-pair and preferred-pair in 7th to 9th order. The MA

is shown on the ordinate; the AV is shown on the abscissa. Colors denote the

count of patterns.
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Figure 4.14: LFSRs to generate suitable combination of M-sequence codes and

cross-correlation functions with each code in the 9th order.

In the M-sequence pulse compression, correlation peaks in the cross-correlation

function are recognized as TOFs of targets. Therefore, the MA should be as lower

as possible. Consequently, the suitable combination is a combination, in which

the MA is the lowest and the AV with the lowest MA is also the lowest. Then, the

lowest MAs, lowest AVs, and phase difference with each lowest MA are indicated

in Table 4.7. Like those of the previous method, the MA and the AV of absolute

cross-correlation functions in the integer M-sequence pulse compression are also
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Table 4.5: Numbers of all patterns of the truncation noise and truncated inter-

ference noise in the alternative transmission of phase-shifted complex M-sequences

from the 7th to 9th order

Order of Binary Combination of Analyzed Patterns of

M-sequence character, l M-sequence combinations of noise

M-sequence, c p× c× l × l
7 127 SP: 9 SP: 9 1,741,932

PP: 90 PP: 45 8,709,660

8 255 SP: 8 SP: 8 6,242,400

PP: 16 qPP: 8 6,242,400

9 511 SP: 24 SP: 24 75,202,848

PP: 288 PP: 144 451,217,088

Table 4.6: Lowest MAs, lowest AVs and phase differences with each lowest MA

in truncation noise and truncated interference noise of complex M-sequences from

7th to 9th order

Order
SP PP (qPP) Integer M-seq.

MA AV α MA AV α MA AV

7 0.2827 0.1187 90◦/270◦ 0.2804 0.1224 270◦ 0.3150 0.1046

8 0.2109 0.0821 90◦/270◦ 0.2362 0.0848 270◦ 0.2431 0.0735

9 0.1570 0.0584 90◦/270◦ 0.1588 0.0617 270◦ 0.1800 0.0520

indicated. In the 7th order M-sequence, the lowest MA in PP was lower than that

in SP. In the 8th and 9th order M-sequence, those in SP were lower than those in

PP (qPP). In all cases, MAs are lowest when phase differences are 90◦ or 270◦.

In contrast, MAs are higher when phase differences are 0◦ or 180◦. Furthermore,

all MAs are lower than those of the previous method.

Hence, the SNR, the ratio of the correlation peak to the maximum amplitude

of truncation noise and truncated interference noise, is defined to evaluate the

noise suppression. The highest SNRs of cross-correlation functions A and B in 7th

order to 9th order M-sequence are indicated in Table 4.8. SNRs were improved

from 0.6 dB to 1.3 dB compared with the previous method. Therefore, selecting
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Figure 4.15: Distributions of MAs and AVs in truncation noise and truncated

interference noise of 7th order complex M-sequences.

Table 4.7: Highest SNRs in the alternative transmission of phase-shifted complex

M-sequences from 7th to 9th order

Order
Complex M-seq. Integer M-seq.

Types α SNRA SNRB SNRA SNRB

7 PP 270◦ 16.98 dB 17.75 dB 15.63 dB 16.50 dB

8 SP 90◦/270◦ 19.70 dB 19.38 dB 18.86 dB 17.79 dB

9 SP 90◦/270◦ 22.10 dB 22.09 dB 21.50 dB 21.50 dB

a suitable combination of complex M-sequences and phase differences could sup-

press truncation and truncated interference noises in the alternate transmission

method. Truncation noise and truncated interference noise in the alternative

transmission of phase-shifted complex M-sequences could be suppressed by se-
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Figure 4.16: Distributions of MAs and AVs in truncation noise and truncated

interference noise of 8th order complex M-sequences.

lecting a suitable combination and phase difference. In this section, how noise

characteristics change by the phase difference and why the phase difference of 90◦

or 270◦ is better are discussed.

The variation of maximum amplitudes in truncation and truncated interfer-

ence noises are investigated. Therefore, combinations whose MA in the phase

difference of 0◦ are lowest, highest, and mean values are focused. Then, vari-

ations of their MA and AV by phase differences are illustrated in Fig. 4.18.

Combinations of M-sequences are 7th order PP. Amounts of variation of MA are

smaller or similar to differences of MA between lowest and mean values or mean

and highest values in cases of the phase difference of 0◦. Therefore, the selection

of the M-sequences combination is also important to suppress truncation and
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Figure 4.17: Distributions of MAs and AVs in truncation noise and truncated

interference noise of 9th order complex M-sequences.

Figure 4.18: Variations of MA and AV in truncation and truncated interference

noises by phase differences of PP combinations in 7th order M-sequence with lowest,

mean and highest values of MA in the phase difference of 0◦.

48



4.2 M-sequence signal

Figure 4.19: All data samples of the truncation noise of M-sequence B, the

truncated interference noise of M-sequence A and B, the cross-correlation function

B which is summed both noises in the phase difference of 0◦.

Figure 4.20: All data samples of the truncation noise of M-sequence B, the

truncated interference noise of M-sequence A and B, the cross-correlation function

B which is summed both noises in the phase difference of 90◦.

truncated interference noises. However, MA of the lowest-MA combination in

the phase difference of 90◦, the lowest value in Fig. 4.18, is not the lowest MA in

all combinations.

Then, reasons for noise-amplitude variation by the phase difference are inves-

tigated. In the alternative transmission method, truncation noise and truncated

interference noise are fused. However, their noises are separately investigated in

49



4. SIMULATION OF NOISE AMPLITUDE EVALUATIONS

Figure 4.21: All data samples of the truncation noise of M-sequence B, the

truncated interference noise of M-sequence A and B, the cross-correlation function

B which is summed both noises in the phase difference of 270◦.

this section. All data samples in the complex plane of the truncation noise of

M-sequence B, the truncated interference noise of M-sequence A and B, the cross-

correlation function B which is summed both noises in the phase difference of 0◦

of Fig. 4.18 are illustrated in Fig. 4.19. The sample of the maximum amplitude

of the absolute cross-correlation function and samples in the truncation noise and

the truncated interference noise, which constitute the maximum-amplitude sam-

ple, are also indicated. All samples are horizontally distributed. In cases matched

characters are much than unmatched characters in the cross-correlation, samples

are distributed on the right side in the truncation noise or truncated interfer-

ence noise. In opposite cases, samples are distributed on the left side. Moreover,

all data samples of the truncation noise, the truncated interference noise, the

cross-correlation function in the phase difference of 90◦ and 270◦ of Fig. 4.18

are also illustrated in Fig 4.20 and 4.21. Even if the phase of the M-sequence

B was shifted, samples in the truncation noise do not vary because the cross-

correlation is complex conjugation. In the case of the truncated interference

noise, the absolute amplitude of each sample also does not vary as well. However,

the distribution rotates by the phase difference. Therefore, the distribution of

the cross-correlation function varies and the phase difference around 90◦ or 270◦

can effectively suppress truncation and truncated interference noises.
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Figure 4.22: LFSRs to generate suitable combination of complex M-sequence

codes and cross-correlation functions with each code in the 7th order and phase

difference of 90◦.

Lastly, the suitable combination of two different codes in the complex M-

sequence is indicated as an example. LFSRs to generated complex M-sequence

and absolute of the cross-correlation functions with each reference signal in the

7th order to 9th order are indicated in Fig. 4.22 to 4.24.
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Figure 4.23: LFSRs to generate suitable combination of complex M-sequence

codes and cross-correlation functions with each code in the 8th order and phase

difference of 90◦.

4.3 Maximum noise amplitude comparison

In the LFM and M-sequence simulation of the proposed method, truncation and

truncated interference noises are evaluated. The length of LFM to evaluate is

the same as the length of 35 kHz of 7th order, 8th order, and 9th order M-

sequence signal for comparing noise characteristics. In the comparison results,

the maximum amplitude and average value of the noise are indicated in Fig.

4.25. 30 kHz to 40 kHz and 40 kHz to 30 kHz of LFM signal are simulated
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Figure 4.24: LFSRs to generate suitable combination of complex M-sequence

codes and cross-correlation functions with each code in the 9th order and phase

difference of 90◦.

in the alternate transmission method to compare maximum amplitude with M-

sequence signal. As a result, the lowest value of the maximum amplitude of noise

is selected from a complex M-sequence signal. However, in the LFM signal, the

larger bandwidth is more improved SNR in the correlation processing. There is

depending on the performance of the loudspeaker to generate the LFM signals.

Moreover, SNR of LFM signal and M-sequence signal is indicated in Fig. 4.26. In

29.20 ms of signal length, the highest SNR of the complex M-sequence is selected.

Lastly, truncation and truncated interference noise characteristics in the cross-
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Figure 4.25: Lowest MA, NA+NB and average value in truncation and truncated

interference noise comparison between LFM signal and M-sequence signal.

Figure 4.26: SNR in truncation and truncated interference noise comparison

between LFM signal and M-sequence signal.

correlation function among alternate LFM signal (30 kHz to 40 kHz and 40 kHz

to 30 kHz), alternate integer M-sequence and alternate complex M-sequence is

compared as indicated in Fig. 4.27.
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Figure 4.27: Truncation and truncated noise characteristic comparison.
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Chapter 5

Experiment of noise amplitude

evaluations

In the simulation of alternate transmission signals, a suitable combination of

M-sequence and 14.6 ms of LFM length are selected for generating. However,

three cycles for one digit of M-sequence signal and 43.8 ms of LFM length are

selected to be transmitted signal in the experiment. It has been the lowest noise

amplitude by the cross-correlation functions. 30 kHz to 40 kHz and 40 kHz to

30 kHz of LFM signal are generated to evaluate maximum noise amplitude by

the cross-correlation functions. Moreover, 35 kHz of carrier frequency in the

conventional M-sequence method and the alternate transmission of M-sequence

signal are generated in the experiment as an example.

5.1 Experiment configuration

In the experiments, the proposed method is verified based on distance measure-

ment. The received signal is anticipated that the reflected signal of the target

includes the background noises and reverberation components. However, the

environmental noise can reduce by using cross-correlation functions. The sup-

pression of the truncation and truncated interference noises in alternate trans-

mission was verified based on distance measurement experiments. The limit of

distance measurement depends on a measurable distance, which is related to the

transmission signal length to be transmitted. The experimental setup is used
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Figure 5.1: Setup of electronic devices in the experiment.

Figure 5.2: Front view of loudspeaker and microphone.

one loudspeaker (Pioneer, PT-R100) and one microphone (B&K, Type 4939 and

2670) were placed 1.00 m above the floor. The installation of an electronic device

in the experiment is indicated in Fig. 5.1. Function generator (33500B) is used

to generated transmitted signals to amplifiers (BA4825). The impedance of the

amplifier is 50 Ohm. The output of the amplifier is connected to a loudspeaker

(PT-R100). This section is a transmission signal part. Then, a microphone is

used to receive an echo signal. There is connected to a conditioning amplifier

(2692), high pass filter (3611), and oscilloscope (DSO70148), respectively. The

experimental setup is used one loudspeaker and one microphone were placed 1.00

m above the floor. Loudspeaker and microphone installation is indicated in Fig.

5.2.
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Figure 5.3: Transmitted signal (a) and input voltage signal of loudspeaker (b).

5.2 LFM signal

In the case of the LFM transmission signal, the larger bandwidth of the LFM

signal cannot be transmitted by our loudspeaker because of loudspeaker perfor-

mance limitations. Therefore, the researcher has to check the performance of the

loudspeaker first. In this experiment, 30 kHz to 40 kHz and 40 kHz to 30 kHz

are selected to transmit in the alternate LFM signal. LFM length for one-code

transmission is 14.6 milliseconds and 0.5 Vpp of LFM signal was transmitted to

the amplifier. The gain and impedance of the amplifier were 10 times and 50

Ohm respectively. The output of the conditioning amplifier was 1 V/Pa. The

received signals were received through a high-pass filter of 1 kHz and recorded at

a sampling frequency of 5 MHz. The transmitted signal and input voltage signal

from the loudspeaker in the experiment are indicated in Fig. 5.2. The stable

amplitude of the transmitted signal is applied by the function generator. How-

ever, the amplitude of the input voltage signal by the loudspeaker is unstable.

Therefore, a new LFM signal is generated to be transmitted signal. The new

LFM signal is made from the inverse amplitude of the input voltage signal by

MATLAB as indicated in Fig. 5.4. The sampling point for one sinewave is 57.

The sweep frequency of the new LFM signal is 30 kHz to 40 kHz.

In the alternate transmission of the LFM signal, the center frequency of the

ultrasound was 35 kHz and transmitted signal was 30 kHz to 40 kHz and 40 kHz
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Figure 5.4: New LFM signal in time domain and frequency domain.

to 30 kHz of alternate LFM signals are transmitted signals. The length of linear

frequency modulation was 43.8 millisecond to compare with three cycles for one

digit of 35 kHz of 9th order M-sequence signal. The transmitted signals of 0.5

Vpp were applied by the function generator. The gain and impedance of the

amplifier were 10 times and 50 Ohm respectively. The output of the conditioning

amplifier is 1 V/Pa. The received signals were received through a high-pass filter

of 1 kHz, AC mode, and the gain of HPF was 0 dB. Moreover, recorded data

at a sampling frequency was 2 MHz. Transmitted signal, input voltage signal,

and received signal in the experiment are indicated in Fig. 5.5. In the cross-

correlation function of alternate transmission of LFM signal, three sequences of

alternate transmission in a new LFM signal (up-chirp and down-chirp) are applied

by the function generator to get a stable amplitude of the input voltage signal.

Then, a received signal is correlated with the constant amplitude of LFM signal

A and B, respectively. The cross-correlation signal with reference signals A and

B in the time domain and the frequency domain are indicated in Fig. 5.6. In

the proposed method, a measurable distance by the cross-correlation function is

extended. However, the reflected echo of some targets appears in the correlation

signals. It is fused with truncation and truncated interference noise. Moreover,

noise characteristics by cross-correlation function between the experimental result

and the simulation result are compared as indicated in Fig. 5.7.

As a result, the maximum amplitude of the noise is investigated by the ab-
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Figure 5.5: Alternate transmission of LFM signal from the experiment.

solute value of the cross-correlation function. The maximum amplitude of noise

comparison between the simulation and experiment is indicated in Table 5.1. NA

+ NB of the experiment is more than the simulation. In the experimental results,

both correlation signals are included background noise, reverberation noise, etc.

Moreover, SNR evaluation from each correlation signal is indicated in Table 5.2.

SNRA in the experiment is a little better than SNRB about 0.04 dB.
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Figure 5.6: Obtain cross-correlation function in time domain (a) and frequency

domain (b).

Table 5.1: Maximum amplitude of noise comparison between the simulation and

the experiment.

Truncation and truncated Simulation Experiment

interference noise NA NB NA +NB NA NB NA +NB

NB NA +NB

Maximum amplitudes 0.0461 0.0461 0.0922 0.0579 0.0576 0.1155

Average 0.0206 0.0206 0.0412 0.0242 0.0204 0.0446
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Figure 5.7: Maximum noise amplitude comparison between the experimental

result and the simulation result of LFM signal.

Table 5.2: SNRs comparison of alternate transmission of LFM signal between the

simulation and the experiment.

Signals SNRA SNRB

Experiments 24.75 dB 24.79 dB

Simulations 26.73 dB 26.73 dB

5.3 M-sequence signal

5.3.1 Integer M-sequence signal

In this experiment of M-sequence, the suitable combination of 9th order M-

sequence is generated to be transmitted signal. Carrier frequency is 35kHz. The

gain and impedance of the amplifier were 10 times and 50 Ohm respectively. The

output of the conditioning amplifier was 1 V/Pa. The received signals were re-

ceived through a high-pass filter of 1 kHz, AC mode of HPF, and 0 dB for the

gain of HPF. Moreover, recorded data at a sampling frequency was 2 MHz.

In the integer M-sequence modulation, the sinusoid waves are modified by

the binary character of M-sequence codes. The initial phase of sinusoid waves

is assigned to 0 and -π. Three cycles of alternate transmission of signal A and

signal B with 0.45 of Tukey window as indicated in Fig.5.8 is transmitted signal

in the experiment. The integer M-sequence signal is generated by the function
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5. EXPERIMENT OF NOISE AMPLITUDE EVALUATIONS

Figure 5.8: Modulated integer M-sequence signal A and B in three cycles for one

digit with 0.45 of Tukey window.

generator and transmitted by the loudspeaker. The transmitted signal, input

voltage signal, and received signal of integer M-sequence are indicated in Fig.

5.9. The number of characters in the alternate transmission of the 9th order M-

sequence code is 1022. Therefore, the length of three cycles for one digit of 9th

order M-sequence is 43.8 ms. In the cross-correlation function, the received signal

is correlated with each reference signal to be obtained the correlation signal A

and B as indicated in Fig. 5.10. In the proposed method, a measurable distance

by the cross-correlation function is extended without degraded temporal resolu-

tion. One window of the cross-correlation function is focused on. Truncation and

truncated interference noise appear. Therefore, the maximum amplitude of these

noises is investigated by the absolute value of the correlation signal. Moreover,

the average of these noises is calculated from the absolute values of the Hilbert

transform. Moreover, noise characteristics from the experiment and the simula-

tion are compared as indicated in Fig. 5.11. The maximum amplitude of noise

and average values comparison is indicated in Table. 5.3. Furthermore, SNR val-
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Figure 5.9: Alternate transmission of integer M-sequence signal in the experiment.

ues in each correlation signal are indicated in Table 5.4. SNRA in the experiment

is a little better than SNRB about 0.13 dB.
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Figure 5.10: Obtain cross-correlation function of integer M-sequence signal.

Figure 5.11: Maximum noise amplitude comparison between the experimental

result and the simulation result of the integer M-sequence.
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Table 5.3: Absolute value of maximum amplitude of noise comparison between

the simulation and the experiment in the integer M-sequence signal.

Truncation and truncated Simulation Experiment

interference noise NA NB NA +NB NA NB NA +NB

Maximum amplitudes 0.0880 0.0920 0.1800 0.0945 0.0988 0.1933

Average 0.0186 0.0190 0.0376 0.0218 0.0223 0.0441

Table 5.4: SNRs comparison of integer M-sequence between the simulation and

the experiment.

Signals SNRA SNRB

Experiments 20.49 dB 20.10 dB

Simulations 21.11 dB 20.72 dB

Figure 5.12: Modulated complex M-sequence signal A and B in three cycles for

one digit with 0.45 of Tukey window.
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Figure 5.13: Alternate transmission of complex M-sequences signal in the exper-

iment.

5.3.2 Complex M-sequence signal

In the alternate transmission method of complex M-sequences, ej(ωt+θL) and

ej(ωt−θL) were assigned to binary characters in the M-sequence A, and ej(ωt+θL+
π
2
)
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5.3 M-sequence signal

Figure 5.14: Obtained absolute cross-correlation functions in the alternate trans-

mission of complex M-sequences.

Figure 5.15: Maximum noise amplitude comparison between the experimental

result and the simulation result of the complex M-sequence.
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and ej(ωt−θL+
π
2
) were assigned to those in the M-sequence B. The integer M-

sequences, ej(ωt) and ej(ωt+π) were assigned to those in M-sequences A and B.

The real parts of the M-sequence modulated signals were transmitted. Then,

received signals were Hilbert transformed to complex signals. The reference sig-

nals were discrete M-sequences, that is ejωL and e−jωL , ej(θL+
π
2
) and ej(−θL+

π
2
), e0

(=1) and ejπ (=-1), and with consecutive zeros between them. Subsequently, the

transformed received signals were correlated with each reference signal. In the

experiment, three cycles for one digit of complex M-sequence signal with r=0.45

of Tukey window is applied to be transmitted signal. A Tukey window is rectan-

gular with the first and last percent of r/2 in the sample equal to the part of the

cosine. r is a real number between 0 and 1. The sampling point for one sinewave

is 57. Carrier frequency is 35 kHz. Modulation signals A and B from M-sequence

codes are indicated in Fig. 5.12. Transmitted signal, input voltage signal, and

received signal from the experiment are indicated in Fig. 5.13.

The obtained absolute cross-correlation functions in the alternate transmission

of complex M-sequences are illustrated in Fig. 5.14. Both noise shapes appear

similar, although there is a fluctuation in the correlation values. Maximum peak

amplitude is indicated as a reflected echo of the target. There are not peak

amplitude of truncation and truncated interference noise. Therefore, a researcher

is ignored it to investigate maximum amplitude. In the complex M-sequence, the

maximum amplitudes of truncation and truncated interference noises in absolute

cross-correlation functions A and B were 0.0882 and 0.0848 as indicated in Table

5.5. Moreover, noise characteristics from the experiment and the simulation are

indicated in Fig. 5.15. The SNRs of cross-correlation functions A and B of the

9th order complex M-sequence are presented in Table 5.6. For comparison, the

SNRs of integer M-sequences are also indicated. In the experiments, the SNRs

degraded by approximately 1.4 dB from the simulations. Moreover, SNRA is

more than SNRB in the experiment is approximately 0.22 dB. However, the

SNRs in the complex M-sequence signal are slightly higher than those in the

integer M-sequence signal.
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Table 5.5: Absolute value of maximum amplitude of noise comparison between

the simulation and the experiment in the complex M-sequence signal.

Truncation and truncated Simulation Experiment

interference noise NA NB NA +NB NA NB NA +NB

Maximum amplitudes 0.0785 0.0786 0.1571 0.0882 0.0848 0.1730

Average 0.0224 0.0215 0.0440 0.0228 0.0232 0.0460

Table 5.6: SNRs comparison of complex M-sequence between the simulation and

the experiment.

Signals SNRA SNRB

Experiments 21.09 dB 21.43 dB

Simulations 22.10 dB 22.09 dB

Figure 5.16: Summation, NA + NB of maximum noise amplitude and average of

each signals between experiments and simulations

5.4 Maximum noise amplitude comparison

This chapter is indicated that the maximum noise amplitude between the simu-

lation and the experiment is different. In the experimental results, the maximum

amplitude and average from the experiment are higher than the simulation as

71



5. EXPERIMENT OF NOISE AMPLITUDE EVALUATIONS

Figure 5.17: Noise characteristics comparison between alternate LFM signal and

alternate M-sequence signal.
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5.5 Target detection by alternate transmission of different codes

Table 5.7: SNRs in the alternate transmission comparison between the experi-

ments and the simulations

Type of signals
Simulations Experiments

SNRA SNRB SNRA SNRB

LFM 26.73 dB 26.73 dB 24.75 dB 24.79 dB

Integer M-sequence signals 21.11 dB 20.72 dB 20.49 dB 20.10 dB

Complex M-sequence signals 22.10 dB 22.09 dB 21.09 dB 21.43 dB

indicated in Fig. 5.16. The received signal of the experiment is detected as a

reflected echo of some targets, which is not the maximum amplitude of the noise.

Therefore, as a result, the maximum amplitude from the experiment is higher

than the simulation. Noise characteristic of LFM signal and M-sequence signal is

the difference as indicated in Fig. 5.17. The amplitude of these noises is an effect

of SNR. Moreover, the comparison of the truncation and truncated interference

noises for SNRs of the cross-correlation function A and B in the experiment and

the simulation between LFM signal and M-sequence signal is illustrated in Table

5.7. The difference values between the correlation values in the experiment and

those in the simulation may have been caused by environmental noise.

5.5 Target detection by alternate transmission

of different codes

The alternate transmission of two different M-sequence codes is applied to extend

the measurable distance without degradation of the temporal resolution. Then,

the received signal is correlated with each M-sequence code. Sharp peaks to deter-

mine TOFs alternately occur in each cross- correlation function. Therefore, the

measurable distance can double and the temporal resolution is same as the single

transmission of each code. This section is indicated the extension of the mea-

surable distance by the alternate M-sequence transmission and the conventional

method using airborne ultrasound. In the experiment, the suitable combination

of 9th-order M-sequence codes, in which there is the lowest interference, was used
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Figure 5.18: Measurement system for the experiment.

to modulate ultrasound. The number of characters in the single 9th-order M-

sequence code is 511 digits. Six cycles of M-sequence code A and three sequences

of alternate M-sequence code A and B were used as the original and proposed

methods, respectively. These signals were generated from the function generator

and transmitted from the loudspeaker, as illustrated in Fig. 5.18. Then, the

reflected echoes from the target were received by the microphone. The carrier

frequency of the transmitted signal was 25 kHz. The cut-off frequency of the

HPF and the sampling frequency of the oscilloscope were 1 kHz and 4 MHz.

In the original method, there are 6 peaks in the cross-correlation function.

Distances within 3.66 m can be measured by six times. In the proposed method,

there are three peaks in each cross-correlation function with code A and B. Dis-

tances within 7.32 m can be measured by three times, respectively. By alter-

natively employing measured distances in the proposed method, the temporal

resolution can be kept the same as the original method.

As a result, the cross-correlation functions from the experiment are illustrated

in Fig. 5.19[44]. Maximum amplitude of each cross-correlation function is nor-

malized to one. There are three cross-correlation functions in each correlation.

Upper functions were achieved when the distance to the target was four meter.

Peaks around 0 m indicate directly waves. In Fig. 5.19 (b) and (c), there are
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5.5 Target detection by alternate transmission of different codes

Figure 5.19: Cross-correlation functions of the original (a) and proposed methods

(b) and (c) in cases the target distance is 4 m.

large fluctuated signals between peaks. Those signals are interference noise of

codes A and B in directly waves. Then, middle functions were achieved without
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Table 5.8: SNRs comparison of complex M-sequence between the simulation and

the experiment.

Methods Correlation with reference A Correlation with reference B

Calculation 0.0881 0.0920

Experiment 0.1156 0.1144

the target. Effects by directly waves can be eliminated by subtraction of middle

functions from upper functions, as bottom functions. The measurable distance of

the original method is 3.66 m, therefore peaks by the echo signal from the target

indicate approximately 0.3 m as the bottom function in Fig. 5.19 (a). On the

other hand, peaks of the proposed method indicate approximately four meter in

Fig. 5.19 (b) and (c). Thus, the measurable distance of the proposed method

could double. Furthermore, the temporal resolution can remain by using of Fig.

5.19 (b) and (c) alternatively for distance measurement. In the subtracted wave

from of figure 5.19, SNR of the original and proposed methods is so close. More-

over, maximum amplitudes of interference noises in Fig. 19 (b) and (c) and those

calculated by binary codes of A and B are shown in Table 5.8. In the experiment,

interference noises seem to be increased by overlapping of the impulse response

of the loudspeaker.
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Chapter 6

Conclusion and future work

6.1 Conclusion

Pulse-echo method

The pulse-echo method is a typical method of ultrasonic distance measurement

based on pulse transmission and time-of-flight (TOF) determination. The pulse

width corresponds to the distance resolution. Therefore, a short pulse is applied

to obtain the high distance resolution. Moreover, to improve the signal-to-noise

ratio (SNR), pulse compression is often employed for the pulse-echo method. In

pulse compression, a frequency-swept signal or a pseudo-random modulated signal

is transmitted, then, the received signal is correlated with the reference (transmit-

ted) signal. When the received signal and the reference signal match, the high

correlation value (compressed pulse) appears in the cross-correlation function.

The temporal resolution of the distance measurement is the time required for

a single measurement. The short pulse-repetition time in the pulse-echo method

represents the high temporal resolution. In that case, however, the long dis-

tance cannot be measured because the pulse-repetition time corresponds to the

maximum limit of the measurable TOF (distance). Therefore, there is a trade-o

relationship between the temporal resolution and the measurable distance in the

pulse-echo method.
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Alternate transmission of different coded signals

In this thesis, the alternate transmission of different coded signals in pulse

compression is proposed to extend the measurable distance of the pulse-echo

method without the degradation of the temporal resolution. In the proposed

method, two different coded signals are alternatively and continually transmit-

ted, then, the received signal is correlated with each reference signal to obtain

each cross-correlation function. In each cross-correlation function, the com-

pressed pulses alternatively appear, and the interval that corresponds to the

pulse-repetition time is extended by double of that in the one-code transmission.

Therefore, the measurable distance can be extended with the same temporal res-

olution as the one-code transmission by the alternate distance measurement from

each cross-correlation function.

However, the noise by interference between different coded signals occurs be-

tween the compressed pulses. If the noise, which is defined as the noise between

peaks (NBP), is larger than the compressed pulses, actual distance cannot be

measured. Even if not, the SNR can be degraded by the NBP. Therefore, the

combination of different coded signals with low NBP is investigated, and the

suitable combinations are determined.

Combination of LFM signals

The combination of linear-frequency-modulated (LFM) signals was studied

in this thesis. In the case of the LFM signal, the combination of the up-chirp

and the down-chirp can be employed to the alternate transmission. NBPs were

estimated on the parameters, the center frequency of 35 kHz, the sweep bands

from 10 kHz to 30 kHz, the signal lengths from 3.6 to 43.8 ms.

Combination of M-sequence modulated signals

In the case of M-sequence, the characteristics of NBPs are varied by the

combination types of M-sequence. The symmetry pairs and preferred or quasi-

preferred pairs could suppress the NBP. NBPs were estimated on the parameters,

the orders of M-sequences from 7th to 9th, the frequency of carrier sine wave of

35 kHz, 1 to 3 sine waves assigned to 1 digit in the M-sequence.
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6.1 Conclusion

In M-sequence pulse compression, sine waves or their inverse waves are as-

signed to each digit. Furthermore, sine waves whose initial phase is shifted de-

pending on the order of the M-sequence or sine waves whose initial phase is

complex conjugate are also assigned. In this thesis, the phases between different

coded signals (M-sequence modulated signals) are changed. The characteristics

of NBPs are changed by the phase differences. Therefore, the optimal phase dif-

ferences are searched from complex M-sequence pulse compression. NBPs were

estimated on the parameters, the orders of M-sequences from 7th to 9th, the

frequency of carrier sine wave of 35 kHz, 1 to 3 sine waves assigned to 1 digit in

the M-sequence, the phase differences from 0 to 270 degree.

Comparison of NBP characteristics

Amplitudes of NBPs in LFM and M-sequence pulse compression are compared

in particular signal lengths. Maximum amplitudes of NBP are indicated in Table

6.1. In the simulation, one cycle of one digit in the M-sequence signal is modu-

lated. Maximum noise amplitude of NBP in the LFM signal is decreased at long

length of signal. However, Maximum amplitude of NBP in the M-sequence signal

is decreased in the high order M- sequences. Therefore, the lowest NBP is se-

lected from the proposed modulation in the M-sequence. In the experiment, three

cycles of one digit of 35 kHz in the 9th order M-sequence signal are modulated

to transmit signal because it helps to reduce the overlapping impulse response of

the loudspeaker. Therefore, the signal length is extended from 14.6 to 43.8 ms.

In the alternate transmission method, different length of signal is only an effect

with NBP of LFM signal. Maximum noise amplitude of NBP in the LFM signal

is decreased when the LFM length is increased. Therefore, in this research, the

alternate transmission of different codes in the LFM signal for pulse compression

should be applied in the proposed method.

The maximum amplitude of the LFM signal and 7th to 9 th order M-sequence

is indicated in the figure 6.1. In the alternate transmission of the LFM signal,

maximum noise amplitude of long length and high bandwidth is decreased. How-

ever, the number of codes for alternate transmission is only two different codes

and the distance expansion cannot be increased. On the other hand, the alternate

transmission of the M-sequence is modulated one wave for one digit. At the high
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Table 6.1: Maximum amplitude of NBP between the LFM signal and the M-

sequence signal in the different signal length.

Signal length
LFM signal

M-sequence

(Order of M-seq.) Typical modulation Proposed modulation

3.6 ms (7th order) 0.316 0.315 0.280

7.3 ms (8th order) 0.222 0.243 0.211

14.6 ms (9th order) 0.159 0.180 0.157

43.8 ms (9th order) 0.092 0.180 0.157

Figure 6.1: Maximum noise amplitude comparison between the LFM and M-

sequence signals in the proposed method.

order M-sequence, the maximum amplitude of the noise is the lowest value. The

maximum noise amplitude of the complex M-sequence is lower than the maxi-

mum amplitude of the integer M-sequence. Moreover, the alternate transmission

of M-sequence is many code combinations. It is easy to extend the measurable

distance and design the signal. In the real situation, if we have the high perfor-

mance of the loudspeaker to generate high bandwidth of LFM signal, we should

be applied an alternate LFM signal for pulse compression. However, if we have

to measure a high measurable distance with high precision, we should be applied

an alternate M-sequence signal because the M-sequence signal in the proposed
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Figure 6.2: Concept for alternate transmission of third different M-sequence

codes.

method is extended the measurable distance many times.

6.2 Future work

In this research, the alternate transmission of differentcodes in pulse compres-

sion to extend a measurable distance without degraded the temporal resolution

is studied. In the alternate M-sequence signal, the measurable distance is ex-

tended many times, depends on alternate dierent M-sequence codes. Therefore,

the noise characteristic of alternate different M-sequence codes for extending the

measurable distance three or more times. The basic concept for guilding alternate

transmission of third dofferent M-sequence codes is indicated in Fig. 6.2. There

is indicated the correlation function of third different M-sequence codes to ex-

tend the measurable distance in third times. However, truncation and truncated

interference noise is generated around the correlation peak. Therefore, the noise

should be study for search the best pattern of alternate transmission in third or

more times.
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