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The channel in the marine environment is a time-varying and space-varying channel. Pulse-truncated continuous wave
(PCW) speed measurement is often used in sonar, but the instability effect of PCW signal in the channel limits the
effectiveness of speed measurement. Hyperbolic frequency modulation (HFM) signal is insensitive to Doppler; therefore,
HFM signals are widely used in ranging and velocity measurement of sonar and radar. However, due to the filtering effect
of the marine environment, the HFM signal of a single frequency band may cause excessive transmission loss, and the
echo energy may be too weak to detect the target. Based on the analysis of the influence of speed on the distance
measurement of HEM signal, a pulse sequence method based on HFM for speed measurement (PHS) is proposed, which
uses HFM signals of different frequency bands and pulse widths in the pulse sequence to perform speed measurement.
Extensive simulation results show that PHS method not only guarantees the speed measurement but also makes full use of
the energy of the HFM sequence to improve the accuracy of the distance measurement. And PHS method is valuable to

the practical application of engineering.

1. Introduction

The channel in the marine environment is a time-varying
and space-varying channel [1]. The fading effect of the
time-varying channel is divided into two situations:

(1) The frequency-domain fading effect caused by the
frequency-varying characteristics of the channel,
such as frequency dispersion and multipath

(2) Time-domain fading characteristics due to the time-
varying characteristics of the channel, such as fluctu-
ation and movement

In general, the so-called fading refers to the frequency-
domain fading, and the time-domain fading generally refers
to Doppler fluctuation. The unstable effect of pulse-
truncated continuous wave (PCW) signal in the channel
limits the effectiveness of speed measurement. Due to the
Doppler invariant effect of HEM signal [2], in the underwa-

ter acoustic detection, the HFM signal is the most preferred
[2-4]. However, some frequency bands have too much
transmission loss in the channel, and a single HFM signal
may not be able to detect the target.

In order to overcome the above limitations of speed
measurement and ranging, a pulse sequence method based
on HEM for speed measurement (PHS) is proposed, which
uses HFM signals of different frequency bands and pulse
widths in the sequence. Therefore, PHS method can not only
measure the speed but also improve the accuracy of speed
measurement and distance measurement. The main contri-
butions of this paper are threefold:

(1) The PHS method employs HFM signals of different
frequency bands and pulse widths in the sequence.
And then, there are some problems under marine
environments; for example, due to excessive propa-
gation loss in certain frequency bands, the echo
energy is insufficient and cannot effectively detect
the target, which can be thus avoided
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(2) Different combinations of HFM signals in the
sequence can be coherent accumulation, and the
signal-to-noise ratio (SNR) of the signals is improved.
Therefore, the signals are more obvious

(3) The HFM signals in the sequence can mutually cal-
culate the speed and distance of the target, reducing
the calculation error caused by a single signal calcu-
lation, and the accuracy of velocity measurement
and ranging is thus greatly improved

In Peng et al. [5], a joint linear frequency modulation and
hyperbolic frequency modulation approach for speed mea-
surement (JLHS) is proposed. The JLHS method uses the
same pulse width and frequency band of positive and nega-
tive frequency modulation signals (LFM+HFM) for speed
measurement and ranging. On the other hand, two signal
modulation methods are required to be opposite in JLHS.
Compared with JLHS, in the PHS method, the HFM signals
are only not to be completely consistent, which relaxes the
requirements of bandwidth and pulse width and makes it
more suitable for general conditions. On the other hand,
since the tolerance of LFM to moving targets is far less than
that of HFM, when the target speed is too high, LFM will
have no peak output after matched filtering, and thus, JLHS
cannot realize ranging and speed measurement.

In our previous work [6], a speed measurement method
of combined HFM signals (SCH) is proposed, which
employs positive and negative HFM signals for speed mea-
surement and ranging. It is well known that the channel in
the marine environment is a time-varying and space-
varying channel. Due to the filtering effect of the marine
environment, the HFM signal of a single frequency band
may cause excessive propagation loss, and the echo energy
may be too weak to detect the target. Compared with SCH,
in the PHS method, the HFM signals in pulse sequence
adopt different frequency bands, and the more pulse forms
in the pulse sequence, the easier it is for more echoes to
return. Therefore, HFM pulse sequence signals are more
conducive to engineering use.

2. Related Works

A new polyphase pulse compression code is proposed by
Yang and Sarkar [7], which is derived from the stepwise
approximation of the phase curve of a hyperbolic FM-
chirp signal. And they solve the problem of relatively high
sidelobe levels without Doppler effect by employing appro-
priate window functions. In multiuser communication sys-
tems (e.g., such as multiuser radar and sonar and multiple-
access spread-spectrum communication systems), there has
always been a problem, that is, the problem of frequency-
hopping codes, which was successfully solved by Maric and
Titlebaum [8]. The construction of a new family of
frequency-hopping codes is given, and it is shown that
hyperbolic frequency-hopping codes have almost ideal prop-
erties and can be used in two types of systems. To address
the problem of conveniently handling the received energy
while transmitting and receiving modulated energy, Why-
land ([9]) proposed the use of Doppler-insensitive wave-

International Journal of Distributed Sensor Networks

forms to modulate energy pulses or subpulses to probe a
defined environment. For the sonar velocity measurement
problem, many scholars are currently conducting research.
Shao et al. [10] proposed the use of HEM+PCW-combined
signal at the Western Acoustics Conference. The HFM sig-
nal is used for ranging, and the PCW is used for velocity
measurement. The PCW signal cannot consistently and
effectively contact the target due to its unstable operation
in the sound field. Therefore, PCW can achieve speed mea-
surement in echoes with high SNR. When the SNR does
not meet the requirements slightly, PCW will cause a large
speed measurement error. Peng et al. [5] used HFM and
LFM signals with the same frequency band and the same
pulse width for speed measurement. This method takes
advantage of the advantages of HFM and LFM at the same
time, but it needs to meet certain requirements for SNR.
When the SNR is too low, LEM has no peak output, resulting
in failure of distance and speed calculation. HFM waveform
has inherent Doppler invariant characteristics. Based on this,
Meng et al. [4] worked out the constraints on HFM param-
eters in order to better reduce the multiple-access interfer-
ence at the transmission end. The multipath and scaled
underwater channel effects are reduced due to additional
limitations on the frequency modulation rate. After exten-
sive experimental comparisons of the proposed signaling
scheme with HFM-based CDMA schemes, the improved
performance of the new scheme is demonstrated. In Gini
and Giannakis [11], the parameter estimation problem of
the combination of polynomial phase signal and HFM is
well solved. In Xin [12], an improved preamble waveform
UMD-HEFM is proposed. On the basis of the UD-HFM sig-
nal, a blank interval is added to resist the delay expansion
and Doppler delay of the multipath channel to avoid wave-
form stacking shown, but the use and variation of blanking
intervals are not indicated. In order to overcome the multi-
path effect and the strong Doppler effect of the shallow sea,
the HEM-SS spread-spectrum modulation is used for com-
munication [13], and the Doppler invariance of HFM is fully
utilized. However, this paper only considers a single HFM
and does not consider using the relationship between the
HEFMs in spread-spectrum modulation to solve the Doppler.
During the communication process, UD-HFM uses the pos-
itive and negative HFM as the preamble signal to estimate
the Doppler velocity [14]. In order to avoid waveform super-
position, the mute time is increased. This method defaults to
the invariance of the mute time in the process of calculating
the Doppler factor, but the mute time is changed at this time.
On the other hand, the UD-HFM signal in this paper
requires that the two HFMs are signals of the same fre-
quency band and the same pulse width, which is a waste of
frequency band utilization. At the same time, it is not condu-
cive to overcoming the frequency selection characteristics of
ocean channels. Liu et al. [15] presented mathematical for-
mulations for multipath propagation model and the cor-
rupted echoes. The impact of the multipath propagation
on target detection is then analyzed. In addition, in order
to remove the ghost targets, a simple but effective algorithm
is proposed. Numerical simulation results show the satisfac-
tory performance. In Murray [16], an extended matching
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filter is introduced into the HFM waveform in active sonar
systems and provides an accurate closed-form solution to
Doppler bias in arrival time estimates. The solution is suit-
able for broadband and narrowband HFM signals.

3. Ranging and Speed Measurement Based on
PHS Method

According to the properties of the Fourier transform, the
convolution of two signals in the time domain is equivalent
to the multiplication of their FFT in the frequency domain.
Convolution in the time domain can also realize the velocity
measurement function. However, the convolution calcula-
tion in the time domain is more complex. This is because
the convolution calculation in the time domain requires
the signal to multiply and add different shift points, which
requires a large amount of computation and more hardware
memory, while the FFT multiplication in the frequency
domain is simple to calculate and easier to implement.
Therefore, in this paper, we use HFM signals of different fre-
quency bands and pulse widths in the sequence to realize
speed measurement.

Figure 1 shows the working process of the PHS method.
When active sonar works, the transmitting system transmits
several acoustic signals with specific information into the
seawater separately, such as HFM signal 1 and HFM signal
2, which are called the transmitting signals. When the trans-
mitting signals travel in seawater and meet targets, the echo
signals will be generated. The echo signals propagate in the
sea water according to the law of propagation and reach
the hydrophone, which convert the acoustic signals into
electrical signals. The electrical signals are processed by the
signals (matching filtering and obtaining the peak time of
each HFM signal, designing the function model and calcu-
lating, and coherent integration MTD operating between
pulse trains) to obtain the distance and speed of the target.

4. The Principle of Velocity Measurement by
Pulse Sequence Signals

Let T denote the pulse width of the HFM signal, f, denote
the starting frequency of the HFM signal, f; denote the end-
ing frequency of the HFM signal, and s,(t) denote the HFM
transmitting signal changing over time. Then, s (¢) can be
calculated by

t T T
cos (—2nkln (1——,)), - <t<
t 2 2 (1)

0, otherwise,

s;(t) =

where 1" = (T72)x ((f, + fo)/(fy ~fo) and k= (Tfyf,)/
(fy - o).

Let f,(t) denote the instantaneous frequency of HFM
transmitting signal, and it can be expressed as the derivative
of the signal phase with respect to time divided by 2. We
have [6]

f= @)

t -t

The velocity of the target is denoted by v. When the tar-
get is moving at a speed of v, the relative motion between the
sonar and the target results in a pulse width of T for the
transmitted signal. At the receiving point, the transmitted
signal becomes a signal with pulse width of T/#. Therefore,
the pulse width of the echo is linearly compressed or
stretched # times. And we have [6]

c+v

n=_—— (3)

where ¢ represents the speed of sound in water and c=
1500 m/s.

Let s,(t) represent the received echo signal. Due to the
radial movement between the target and the sonar platform,
s,(f) can be calculated as

t T T
cos (—anln (1—’1—,)), - <t< =,
t 2 2

0, otherwise.

s,() =

(4)

Let f,(t) represent the instantaneous frequency of the
received echo. According to Equation (4), f,(t) can be
expressed as

ft= (5)

t—nt

Since the HEM signal is insensitive to Doppler, the HFM
signal has the characteristic of Doppler invariance [2].
Moreover, the change rule of the instantaneous frequency
of the received signal remains unchanged, except that the
instantaneous frequency f () of the original signal is shifted
by a time t,, where t,, represents matched filter delay caused
by target Doppler. We have [6]

ft=tg) =1, (1) (6)

Based on Equation (2), Equation (5), and Equation (6),
t, can be computed as

1-n,
tg= ——1t. (7)
oy

In practical applications, the arrival time of the target is
unknown, and the Doppler-induced delay f, and the uncer-
tainty of the arrival time of the target coexist, resulting in a
single HFM signal unable to obtain a resolvable Doppler-
induced delay ¢, as shown in Figure 2.

Frequency band and pulse width are the two key ele-
ments to consider when HFM signals are used for object
detection. In order to obtain the delay difference and delay
ratio after matched filtering, two HFM pulse signals (HFM
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For a moving target, the time delay t;, of HFM signal 1

can be computed as Equation (8). On the other hand, the time

HFM signal I: the starting frequency is denoted by f,,,
the ending frequency is denoted by f,,, and the pulse width

is denoted by T,.

HFM signal 2: the starting frequency is denoted by f,,
the ending frequency is denoted by f,,, and the pulse width

is denoted by T,.

delay ¢, of HEM signal 2 can be computed as Equation (9).

(8)
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where Another form of R is
1
Ty f11+f10 R=_xcxrm, (15)
t = 7 2
f 11 ~fio’ 10 (10)
o f21 + f20 where arrival time of the pulse is denoted by 7.
2= fz = fa According to Equations (14) and (15), 7 is obtained.
! !
Dividing Equation (8) by Equation (9), we can obtain the — hi, — bt ) (16)
ratio as follows: t— 1t

~
U
~

!

1 1
=—, 11
7 (11)

~
[
o

Now, let us derive the formulas of both ranging and speed
measurement. Assume that the velocity v of the target towards
the sonar system is positive. Two combined HFM signals in
pulse sequence, HFM signal 1 and HFM signal 2, are transmit-
ted. Let t, and t, represent the time of maximum matched fil-
ter of HEM signal 1 and the time of maximum matched filter
of HEM signal 2, respectively. We have

2R

t = +ty, (12)
c
2R

t2: 7 +td2' (13)

According to the above two equations (Equations (12) and
(13)), the distance R between the sonar and the target can be
computed as

) tl—(t{/t;>t2
R=—¢c| ————4— . (14)

And then, based on Equation (12) and Equation (16), t 5,
can be computed by

tn=t —1. (17)

According to Equations (3), (16), and (17), the target
speed v can be obtained.

(18)

where

(t It )t2 1 -

(t /t2) t'y

The ideal transmission channel is an infinite space com-
posed of lossless and uniform medium, and during the prop-
agation process, the signal cannot have any distortion.
However, it is well known that the seawater medium space
is a lossy heterogeneous medium space. In addition to gen-
eral absorption and diffusion, the signal in sea water is also
affected by multipath effect, channel time-varying and fluc-
tuation effect, which result in the broadening of the echo
and the difficulty in distinguishing the echo position of the

X = tl—
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FiGure 5: Single HFM signal detection under simulation environment 1.

combined echo signal. In order to achieve accurate speed
measurement, we employ multiple HEM signals in pulse
sequence, and the HFM signals adopt different frequency
bands, and the more pulse forms in the pulse sequence, the
easier it is for more echoes to return. Therefore, the signals
are more obvious. Based on the above analysis, we can see
that the HFM pulse sequence signals are more conducive
to engineering use.

5. Moving Target Detection (MTD) between
Pulse Sequences

The moving target detection (MTD) processing in pulse
sequence is shown in Figure 3. It is assumed that the number
of peak output of different HFM signals in the pulse
sequence is N. Using the N peak outputs of pulse sequence
to perform calculation in pairs, the speed and the
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TaBLE 1: For simulated environment 1: comparison of simulation results.
(a)
Echo time of single signal (s) Ranging of single signal (km) .
HEM HEM  HFM  HFM  HFM  HFM  HFM  HEM  HEM ~ HeM  engingof - Speed of
. . . . . . . . . . PHS (km) PHS (m/s)
signal 1  signal 2 signal 3 signal 4 signal 5 signal 1 signal 2 signal 3 signal 4 signal 5
10.0236  10.0502 10.0792 10.1096 10.1652  7.5177  7.53765  7.5594 7.5822 7.6239 7.5 13.9914
(b)

. Ranging error of single signal Range accuracy improvement ratio compared to
Ranging Speed measurement  pipye RN HEM HEM HEM HEM HEM HEM HEM  HEM
error of PHS error of PHS . . . . . . . . . .

signal 1 signal 2 signal 3 signal 4 signal 5 signal 1 signal 2 signal 3 signal 4 signal 5
0% 0.061429% 0.236% 0.502% 0.792% 1.096% 1.652%  100% 100% 100% 100% 100%

corresponding distance can be obtained. Therefore, the total
number of speeds and corresponding distances of the target
is C%. However, since the ocean environment changes in
time and space, the ocean channel is equivalent to a filter.
The signal in some frequency bands has too much propaga-
tion loss, resulting in too low signal energy in the echo that
cannot be effectively detected. On the other hand, although
some echoes can be detected, the SNR is too low, and the
noise leads to an error between the arrival time of the signal
and the actual arrival time of the echo of the target. There-
fore, the peak outputs with high SNR are selected in the
pulse sequence to calculate the speed and distance, which
will make the calculation results more accurate.

6. Processing between Pulse Sequences

6.1. Incoherent Integration. Modelling the received echo
sequence, that is, removing the phase information, for

cross-period addition is called noncoherent integration or
integration after detection. Generally speaking, since nonco-
herent integration does not utilize phase information, its
detection performance is inferior to that of coherent integra-
tion. The difference between coherent integration and non-
coherent integration is called detection loss. The detection
loss is related to the SNR of the input. The larger the SNR
is, the smaller the detection loss is. To take an extreme
example, when the SNR is infinite (i.e., the noise is zero),
the result of noncoherent integration is the same as that of
coherent integration, and then, the detection loss is zero.
In fact, as long as the input SNR is greater than 1, the detec-
tion loss is relatively small, and then, the coherent integra-
tion can be replaced by noncoherent integration. On the
one hand, noncoherent integration is relatively simple to
implement in engineering, and there is no strict coherence
requirement for the system. On the other hand, for most
moving targets, the fluctuation of the echo signals will
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FiGure 7: Single HFM signal detection under simulation environment 2.

obviously destroy the phase coherence of the adjacent echo
signals. Therefore, even if the radar system has good coher-
ence, it is difficult to obtain ideal coherent integration for
undulating echoes. Therefore, although the SNR of nonco-
herent integration is not as good as coherent integration,
noncoherent integration is often used in many cases [17].
However, noncoherent integration does not make full use
of the phase of the signal, and then, the gain ratio is smaller
than that of coherent integration.

6.2. Coherent Integration. Using the velocity and the corre-
sponding distance, the echo signals are transplanted to the
same starting point to carry out coherent integration MTD
operation. And the coherent integration MTD is an integra-
tion method to improve the SNR of the target, which is
generally performed on the complex envelope of the inter-
mediate frequency signal or the zero intermediate frequency
signal. Moreover, the coherent integration MTD retains the
phase relationship between the received pulses and can
increase the accumulated signal energy. That is, coherent
integration utilizes the phase information of all the pulses.
It is assumed that the total number of pulse echoes received
during a pulse accumulation period is N, and each pulse
cycle is divided into M distance gates. Discrete sampling is
carried out for N pulse echoes, respectively, and let x,,, rep-
resent the sampling data on the mth distance gate of the nth
pulse echo. Then, the sampling data of N pulse echo
sequences can be expressed as a data of N * M dimension,
as shown in Figure 4. The signal amplitude can be greatly
increased by the following: (1) M distance gates are fast time
steps, and pulse compression processing is carried out. (2) N
pulse echoes are slow time steps, and coherent pulse integra-
tion MTD is performed. The distance and velocity obtained

1.2 4
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o o o
IS o %
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FIGURE 8: Pulse sequence method based on HFM signal under
simulation environment 2.

in Section 4 are used to remove the signal delay in the pulse
sequences, which is caused by the Doppler movement of the
target. After the echo signals are rearranged, MTD operation
is carried out, and then, a signal gain of N times can be
achieved.

The time complexity of the proposed PHS method will
be given by the following analysis. It is assumed that the
number of the HFM signals in the pulse sequences is N.
Since echo signal in each pulse sequence needs to be
matched and filtered separately, the time complexity is O
(N). On the other hand, during space beamforming, due
to different frequency bands in the sequences, separate
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TaBLE 2: For simulated environment 2: comparison of simulation results.

(a)

Echo time of single signal (s)

Ranging of single signal (km) Ranging of ~ Speed of

HFM signal HFM signal HFM signal HFM signal HFM signal HFM signal HFM signal HEFM signal PHS (km) PHS (m/s)
1 2 3 4 1 2 3 4
10.0376 10.1696 10.3392 10.7160 7.5282 7.6272 7.7544 8.037 7.5 14.0019

(b)

Ranging error
of PHS

Speed measurement
error of PHS HFM

signal 1

HEM
signal 2

Ranging error of single signal

Range accuracy improvement ratio compared
to
HFEM
signal 2

HEM
signal 3

HFM
signal 4

HEM
signal 1

HFEM
signal 3

HEM
signal 4

0% 0.013571429% 0.376% 1.696%

3.392% 7.16% 100% 100% 100% 100%
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F1GURE 9: Single HFM signal detection under simulation environment 3.

beamforming is required, so the space complexity is O(N).
When the signal frequency bands in the sequences are the
same and the pulse widths are different, the beamforming
can only be done once, and the spatial complexity is thus
O(1).

7. Simulation and Results

7.1. Simulation Settings. Three simulated environments were
used for the performance analysis. In the following simu-
lated environments, the distance between the sound source
and the target is 7.5km, the speed of the target is 14 m/s,
the SNR = -10dB, and the sample frequency f,, = 7000 Hz.
Here, the frequency band is denoted by F,, and the pulse
width is denoted by T..

Simulated environment 1: the HFM pulse sequences con-
sist of the following HFM signals: for HFM signal 1, F; is
200 Hz-1000 Hz, and the pulse width is 1s. For HFM signal
2, F,is 300 Hz-1200 Hz, and T is 2 s. For HEM signal 3, F is
400Hz-1400Hz, and T, is 3s. For HFM signal 4, F is
500 Hz-1600 Hz, and T is 4s. For HFM signal 5, F, is
600 Hz-1900 Hz, and T is 6.

Simulated environment 2: the HFM pulse sequences con-
sist of the following HFM signals: for HFM signal 1, F; is
100Hz-200Hz, and T, is 1s. For HFM signal 2, F, is
700 Hz-900Hz, and T, is 2s. For HFM signal 3, F; is
1000 Hz-1200 Hz, and T, is 3s. For HFM signal 4, F, is
1700 Hz-1900 Hz, and T is 4s.

Simulated environment 3: the HFM pulse sequences con-
sist of the following HFM signals: for HEM signal 1, F, is

100Hz-200Hz, and T, is 2s. For HFM signal 2, F, is
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FIGURE 10: Pulse sequence method based on HFM signal under simulation environment 3.
TaBLE 3: For simulated environment 3: comparison of simulation results.
(a)
Echo time of single signal (s) Ranging of single signal (km) .
HEM signal HFM signal HFM signal HFM signal HFM signal HEFM signal HEFM signal HFM signal Ranging of - Speed of
PHS (km) PHS (m/s)
1 2 3 4 1 2 3 4
10.0754 9.8682 10.245 10.1224 7.55655 740115 7.68375 7.5918 7.5 13.996
(b)

Ranging error of single signal

Range accuracy improvement ratio compared

Ranging error Speed measurement to

of PHS error of PHS HFM HFM HFM HFM HFM HFM HFM HFM
signal 1 ~ signal 2 signal 3  signal 4  signal 1  signal 2  signal 3  signal 4

0% 0.02857% 0.754% 1.318% 2.45% 1.224% 100% 100% 100% 100%

1000 Hz-700 Hz, and T, is 3s. For HFM signal 3, F, is
1000 Hz-1300 Hz, and T, is 3s. For HFM signal 4, F, is
1100 Hz-1300 Hz, and T is 1s.

7.2. Simulation Results. For simulated environment 1, the
performance analysis is shown in Figures 5 and 6. The
numerical results of PHS are given in Table 1. From
Figure 5, it can be seen that, after matched filtering, the sig-
nal echo time of HFM signal 1, HFM signal 2,HFM signal 3,
HFM signal 4, and HFM signal 5 is 10.02365s, 10.0502s,
10.0792s, 10.1096s, and 10.1652s, respectively. Figure 6
shows the MTD operation based on pulse sequence method.
According to Equation (18), the value of v is 13.9914 m/s. It
can be seen from Table 1 that the speed measurement error
and the ranging error of PHS are 0.061429% and 0%, respec-
tively. The ranging error of HFM signal 1, HFM signal 2,
HEM signal 3, HFM signal 4, and HFM signal 5 is
0.0236%, 0.502%, 0.792%, 1.096%, and 1.652%, respectively.
Compared with HEM signal 1, HEM signal 2, HEM signal 3,

HEFM signal 4, and HFM signal 5, the ranging measurement
accuracy of PHS is all improved by 100%.

For simulated environment 2, the performance analysis is
shown in Figures 7 and 8. The numerical results of PHS are
given in Table 2. From Figure 7, it can be seen that, after
matched filtering, the signal echo time of HEM signal 1,
HFM signal 2, HFM signal 3, and HFM signal 4 is 10.0376s,
10.16965s, 10.3392s, and 10.7160s, respectively. Figure 8
shows the pulse sequence method based on HFM signals.
According to Equation (18), the value of v is 14.0019 m/s. It
can be seen from Table 2 that the speed measurement error
and the ranging error of PHS are 0.013571429% and 0%,
respectively. The ranging error of HFM signal 1, HFM signal
2, HFM signal 3, and HFM signal 4 is 0.376%, 1.696%,
3.392%, and 7.16%, respectively. Compared with HFM signal
1, HFM signal 2, HFM signal 3, and HEM signal 4, the rang-
ing measurement accuracy of PHS is all improved by 100%.

For simulated environment 3, the performance analysis
is shown in Figures 9 and 10. The numerical results of
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PHS are given in Table 3. From Figure 9, it can be seen that,
after matched filtering, the signal echo time of HFM signal 1,
HEFM signal 2,HFM signal 3, and HFM signal 4 is 10.0754s,
9.8682s, 10.245s, and 10.1224s, respectively. Figure 10
shows the pulse sequence method based on HFM signals.
According to Equation (18), the value of v is 13.996 m/s. It
can be seen from Table 3 that the speed measurement error
and the ranging error of SPHS are 0.02857% and 0%, respec-
tively. The ranging error of HEM signal 1, HFM signal 2,
HEFM signal 3, and HFM signal 4 is 0.754%, 1.318%, 2.45%
and 1.224%, respectively. Compared with HFM signal 1,
HEM signal 2, HFM signal 3, and HFM signal 4, the ranging
measurement accuracy of PHS is all improved by 100%.

8. Conclusion

The fuzzy function of HFM signal has the shape of the blade,
which makes the velocity and distance to be coupled
together. Due to the Doppler frequency shift caused by the
target movement, the peak value after the matched filtering
has a time delay in the time domain, resulting in the failure
of a single HFM to accurately range. In this paper, based on
the time delay of signals with different frequency bands or
different pulse widths, a pulse sequence method based on
HEM for speed measurement (PHS) is proposed, which uses
HFM signals of different frequency bands and pulse widths
in the sequence. The proposed method can not only guaran-
tee the speed measurement but also improve the accuracy of
the speed measurement and distance measurement.

In future research, we will realize simulation in more
complex scenarios, such as multitarget speed measurement
and simulation in the presence of clutter.
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