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During sonar detection, the fuzzy function of hyperbolic frequency modulation (HFM) in the waveform of active signal is in the
shape of a “oblique blade,” which leads to the coupling characteristics of its fuzzy function in the time dimension and frequency
dimension. Doppler causes a frequency shift in the frequency dimension and a time delay in the time dimension, which makes it
impossible for a single HFM signal to measure speed accurately. However, the time delay caused by the same moving target to
HFM signals with different frequency bands and different pulse widths is also different. A velocity measurement method
combining HFM signals (VCH) is proposed, which employs the time delay correlation between the combined HFM signals to
achieve the target distance and speed. In the VCH method, the echo signal is no longer matched and filtered as a whole but is
divided into two channels and matched and filtered separately. And then, the combined HFM signals are used to obtain the
distance and speed of the target. Extensive simulation results show that the proposed method can estimate the distance and
speed of moving targets accurately, and it has reference value for engineering application.

1. Introduction

As the level of submarine shock absorption and noise reduc-
tion is getting higher and higher, the noise source level of
target radiation is getting smaller and smaller. Therefore, it
is difficult to find the target using passive detection, and
active detection becomes more and more important. By
sending a signal and then analyzing and processing the
received waveform, called signal processing, active detection
can obtain part of the information of the target. However,
during the transmission process, the acoustic information
is affected by the medium and disturbed by the background,
and thus, the obtained information is vague and uncertain.
Moreover, the analysis of the characteristics of the received
waveform can eliminate the nontarget information interfer-
ence, and the selection of the transmitted waveform can
reduce the influence of the medium, such as multichannel.
A sonar system with excellent performance can obtain the
target signal reliably in the shortest time. To achieve this
goal, a good choice of transmit waveforms and receiver sig-
nal processing are two fundamental factors (Zhu [1], Qiao

et al. [2], Bilal et al. [3]). Commonly used signal forms
include pulsed continuous wave (PCW) or called as contin-
uous wave (CW), linear frequency modulation (LFM), and
hyperbolic frequency modulation (HFM).

Fixed targets have no velocity, and seamounts and fixed
objects on the bottom of the sea greatly interfere with the
detection and target determination. Therefore, the main
issue to be solved in this paper is to use speed measurement
to exclude the interference of fixed targets and calculate the
speed and distance of moving targets at the same time.
Velocity can be used to measure the motion characteristics
of the target (Essa et al. [4], Bergies et al. [5]) and can be
used as a factor of Kalman filter tracking to form a stable
tracking trajectory (Elsisi et al. [6], Elsisi et al. [7]). Measur-
ing the velocity of a target to the ground is an important
basis for judging the existence of an underwater target. How-
ever, the movement of the target will cause the Doppler
effect of the echo. And based on this, the speed of the mov-
ing target can be calculated by Doppler.

For PCW signal, the marine environment is a complex
filter, which is a time-varying and space-varying channel,
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in which signals propagate and cause distortion of signal
waveform or spectrum. The single PCW signal propagating
in the channel is easy to be filtered out in the ocean channel,
and the effectiveness of speed measurement is thus limited.
Shao et al. [8] employ HFM+PCW-combined signal as
detection signal, to achieve multiparameter joint estimation
of the azimuth-range speed of underwater moving point tar-
gets, in which the HFM signal is used for distance measure-
ment and the PCW signal is used for speed measurement.
Due to the unstable characteristics of the PCW signal in
the sound field, it cannot continuously and effectively con-
tact the target. When the signal-to-noise ratio (SNR) slightly
does not meet the requirements, it will cause large speed
measurement errors or even a wrong speed.

The LFM signal has a certain bandwidth and can over-
come the shortcomings of single-frequency signals. However,
single LFM has the following disadvantages (Zhang [9]):

(1) For the target whose distance and speed are
unknown, LFM can only correctly determine the
joint value of speed and distance. The joint value is
the inclined axis in the fuzzy graph, and the distance
and velocity cannot be known exactly

(2) For multiple targets with relative distances and rela-
tive velocities located near the inclined axis, LFM
cannot resolve them

Although LFM signal has the above disadvantages, in fact,
LFM signal is the most commonly used signal form of pulse
compression radar currently. This is because the above short-
comings are the case of single pulse echo, but in fact, the radar
observation target has more than one pulse in a short time,
and the relationship between pulses can be used to overcome
the above shortcomings. On the other hand, in sonar, the
speed of sound in water is only 1500m/s, which is not the
same order of magnitude as the speed of electromagnetic
waves in air radar, which is 3 × 108m/s, and there is only
one pulse echo in a short time. The LFM has a certain toler-
ance of Doppler. When LFM bandwidth is narrow and target
speed is too large, Doppler mismatch is easy to be caused.
Thus, the detection performance is reduced. Zhang et al.
[10] proposed the use of combined LFM signals for accurate
velocity measurement. This method overcomes the shortcom-
ings of a single LFM, but it does not point out any method for
velocity solution. At the same time, the method has particu-
larly high requirements for the SNR. When the SNR is too
low and the LFMhas no peak output, it causes the result to fail.

The hyperbolic frequency modulation (HFM) signal and
the LFM signal have the same advantages as above. More-
over, the HFM signal is not sensitive to Doppler (Tian
et al. [11]). The Doppler motion will cause the peak of
HFM-matched filter to move on the time axis. The higher
the target velocity is, the more the peak value moves, but
the amplitude of the peak value is not affected by Doppler.
It is well known that sonar and radar echolocation systems
learn from the echolocation systems of creatures such as bats
and dolphins, whose ultrasonic signals have the same wave-
form structure. And their transmitted signals are all HFM

signals. From an evolutionary point of view, HFM signal
has an advantage in target range velocity estimation (Pang
et al. [12]). HFM is widely used as a preamble signal in
underwater acoustic communications (Liu and Song [13],
Zhou and Wang [14]). The ambiguity function of an HFM
has a tilted slowly decaying ridge, which can mitigate
range-rate-caused detection degradation (Song et al. [15]).
Peng et al. [16] used HFM and LFM signals with the same
frequency band and the same pulse width for speed mea-
surement. This method takes advantage of the advantages
of HFM and LFM at the same time, but it needs to meet cer-
tain requirements for SNR. When the SNR is too low, LFM
has no peak output, resulting in failure of distance and speed
calculation. Therefore, the method used in this paper is
introduced and derived based on HFM signals.

In this paper, a velocity measurement method combin-
ing HFM signals (VCH) is proposed, which employs the
time delay correlation between the combined HFM signals
to solve the target distance and speed. In the VCH method,
the idle interval T is introduced between the combined sig-
nals, and thus, the original signal processing method is chan-
ged. Moreover, in the VCH method, the echo signal is no
longer matched and filtered as a whole but is divided into
two channels and matched and filtered separately. And then,
the combined signals are used to obtain the distance and
speed of the settlement target at the peak point. On the other
hand, in the VCH method, the combined HFM signals are
introduced into the detection. Due to the instability effect
of PCW signal in the channel, its speed measurement effec-
tiveness is limited. The HFM signal has a certain bandwidth.
Even if the loss of a certain frequency point is too large,
other frequency points are still returned by the echo energy,
which can overcome the limitation of the unstable effect of
single frequency. In this paper, the influence of moving tar-
get on delay and pulse width caused by HFM-combined sig-
nals can be used to measure speed and distance, which can
improve the accuracy of measuring speed and distance.
The main contributions of this paper are threefold:

(1) The combined HFM signals are introduced into the
detection signal to overcome the shortcomings of a
single HFM, and the combined HFM pulse signals
can be flexibly configured

(2) The blank interval is introduced into the combined
HFM signals to resist multipath delay and Doppler
delay

(3) The combined HFM signals have a certain band-
width, which can overcome the instability of single
frequency (only one frequency point)

The rest of this paper is organized as follows: Section 2
reviews the related works. Section 3 describes the proposed
VCH method in detail. Section 4 first introduces the key
factor used in the formula derivation: the range-Doppler
coupling characteristic of combined HFM signals, so as to
derive the velocity and ranging of combined HFM signals.
Simulation evaluation is given in Section 5. Finally, Section
6 concludes this paper.
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2. Related Works

For the sonar velocity measurement problem, many scholars
are currently conducting research. According to the change
of the frequency of the HFM signal echo by the moving tar-
get, a tolerant matched filter is proposed (Murray [17]).
However, the paper only points out the frequency of the
HFM signal echo and fails to effectively use it to calculate
the ranging delay caused by Doppler. In Xin [18], an
improved preamble waveform UMD-HFM is proposed. On
the basis of the UD-HFM signal, a blank interval is added
to resist the delay expansion and Doppler delay of the mul-
tipath channel to avoid waveform stacking is shown, but the
use and variation of blanking intervals are not indicated.
Peng et al. [16] used HFM and LFM signals with the same
frequency band and the same pulse width for speed mea-
surement. This method takes advantage of the advantages
of HFM and LFM at the same time, but it needs to meet cer-
tain requirements for SNR. When the SNR is too low, LFM
has no peak output, resulting in failure of distance and speed
calculation. Based on the Doppler invariant characteristics
and pulse compression characteristics of HFM signal and
the characteristics of Doppler sensitivity of continuous wave
(CW) signal, Shao et al. [8] employ HFM+CW-combined
signal as detection signal, to achieve multiparameter joint
estimation of the azimuth-range speed of underwater mov-
ing point targets. The matching filtering method and wave-
form tracking method cannot always maintain the best
speed estimation performance. To solve this problem, an
improved Doppler sonar velocity estimation method based
on accuracy evaluation and selection is proposed (Yang
and Fang [19]). The Doppler sonar echo is divided into seg-
ments of the same width as the emitted pulse, and each seg-
ment is treated as an echo corresponding to the water layer.
According to the results, the velocity estimation accuracy of
each segment is positively correlated with the ratio of its
autocorrelation module to its power. Zhang et al. [10] pro-
posed the use of combined LFM signals for accurate velocity
measurement. This method overcomes the shortcomings of
a single LFM, but it does not point out any method for veloc-
ity solution. Compared with LFM signals, HFM signals have
good pulse compression performance and Doppler invari-
ance and are widely used in scenarios with serious Doppler
effects such as radar reconnaissance and underwater acoustic
detection (MA et al. [20]). Therefore, the parameter estima-
tion problem of HFM signal is particularly important. A fast
algorithm for HFM signal parameter estimation based on
likelihood function is proposed. Firstly, the Cramer-Rao
lower bound of the HFM signal as the performance evalua-
tion standard for parameter estimation is reduced. Secondly,
the likelihood function of the HFM signal based on Gaussian
random noise is constructed, and an improved fitness func-
tion combined with the characteristics of data vectorization
is proposed. Finally, the global optimal guided artificial bee
colony (GABC) algorithm is used to optimize the fitness
function to achieve the parameter estimation of the HFM
signal. Liu et al. [21] pointed out that the Doppler motion
is used to measure the speed and distance of the positive
and negative HFM signals in opposite directions and pro-

portional in size. But this method has a limitation; that is,
the combined HFMs are required to have the same pulse
width and the same frequency band. This requirement
severely limits the flexibility of use. After that, Liu and Song
[13] used a combined hyperbolic FM signal for speed mea-
surement to overcome the above shortcomings and used
two combined HFMs for distance measurement and speed
measurement, but the default is that the two signals are
emitted next to each other in time, and matched filtering is
also two signals. Immediately after processing them
together, Liu et al. pointed out in the article that the com-
bined hyperbolic FM signal is used for speed measurement,
but in actual engineering, it is difficult to realize in engineer-
ing due to the characteristics of transducer and transmitter.

3. HFM Signal Processing Steps in the
VCH Method

In the VCH method, signal processing process is divided
into two steps: HFM signal transmission (signal generation)
and matched filtering of echo (pulse compression).

3.1. HFM Signal Transmission (Signal Generation). Design
the signal, and decide whether to access the time interval
Ts according to actual needs. Since the ocean channel is a
time-varying and space-varying signal channel, various fac-
tors should be comprehensively considered to determine
the transmission frequency band and pulse width of the
combined signal. On the one hand, if the signal pulse width
T is too short, only a small signal processing gain (10 log T )
can be obtained. On the other hand, if the signal pulse width
T is too long, the head and tail of the signal will be irrelevant,
making part of the transmitted signal useless. The signal gen-
eration process is as shown in Figure 1.

3.2. Matched Filtering of Echo (Pulse Compression). Let S jω
and so t denote the Fourier transform of s t and the output
signal after the Fourier transform of s t , respectively. And
we have

so t = 1
2π

+∞

−∞
H jω S jω ejωtdω 1

At time tm, the output signal so tm after the Fourier
transform of s t can be calculated as

so tm = 1
2π

+∞

−∞
H jω S jω ejωtmdω 2

Let n t represent the white noise, and its power spec-
trum is constant N . Then, the power spectrum of the output
noise n0 t is H jω ×N . n2o t can be calculated as

n2o t = N
2π

+∞

−∞
H jω 2dω 3
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And then, the SNR ρ can be calculated as

ρ = s2o t
n2o t

=
+∞
−∞H jω S jω ejωtdω 2

2πN +∞
−∞ H jω 2dω

4

According to the Cauchy-Schwartz inequality, Equation
(5) satisfies the conditions of the equation and can be
expressed as Equation (6).

+∞

−∞
H jω S jω ejωtdω

2
≤

+∞

−∞
H jω 2dω

+∞

−∞
S jω 2dω,

5

H jω = k S jω ejωtm
∗ 6

Then, Equation (4) can be replaced by

ρ = s2o t
n2o t

≤
1

2πN
+∞

−∞
S jω 2dω 7

Then, the maximum output value ρmax of the filter
terminal is

ρmax =
1

2πN
+∞

−∞
S jω 2dω 8

Equation (6) needs to satisfy the condition that

H jω = kS −jω e−jωtm 9

Due to the amplitude-frequency characteristic of the
filter’s transfer function, that is, H jω = S −jω , the filter
in the frequency domain whose signal spectrum power
(equal to 0) is completely cut off, so that the noise spectrum
power in these regions cannot pass through. On the other
hand, in the frequency domain where signal and noise

coexist, the higher the signal spectrum power is, the more
unobstructed the frequency domain is, and the lower the
power is, the more blocked the frequency domain is. When
detecting a signal in a known frequency band, since the spec-
tral amplitude of the noise is uniform, such a filter can be
designed to suppress the noise energy as much as possible
(only the noise in the same frequency band as the signal
can pass) and pass as much signal energy as possible.

The phase-frequency characteristics of the filter are
ψH = −ψs. The original signal has a nonlinear phase-
frequency change, so the highest points of the amplitudes
of each frequency are staggered from each other and cannot
be superimposed at the same time. On the other hand, after
the correction of the phase-frequency characteristics of the
filter, the phase of the output signal spectrum is 0, which
makes the highest amplitude point of all frequency compo-
nents achieve in-phase superposition at the output point.
And a very narrow peak point output can thus be obtained.

The signal processing complexity of beamforming
remains unchanged. The matched filtering method is differ-
ent from the previous overall matched filtering. The echo
signal is divided into two channels for separate matched
filtering. Compared with the conventional processing, dou-
ble the complexity of the signal processing, and the time
complexity is O 2 . The processing flow chart is shown
in Figure 2. According to the peak arrival time (t1, t2) of
the corresponding positions, the distance formula and
the speed formula can be used to calculate the distance
and the speed.

In this section, the signal processing process for the
generation of HFM-combined signals (how to combine
and transmit) and the subsequent processing of echoes
(how to perform matched filtering) are presented. In the
next section, how to use the peak arrival time of the com-
bined signal (t1, t2) to calculate the distance and speed of
the target is given.

4. Derivation of Velocity and Ranging of
Combined HFM Signals

In order to obtain the velocity and distance measurement
formula of the combined signal, the key factor used in the
formula derivation is introduced first: the range-Doppler
coupling characteristic of combined HFM signals.

4.1. HFM Signal Delay. Let s t represent the function
expression of the waveform of HFM signal over time, f1 rep-
resent the start frequency of the HFM signal, f2 represent the
stop frequency of the HFM signal, and T represent the pulse
width of the HFM signal. We have

s t = exp j × 2π
b

ln 1 + bf1t , 0 ≤ t ≤ T , 10

where b = f1 − f2 / f1 f2T .

Transmit

No

Yes

Determine the waveform frequency band and
pulse width of the HFM1 signal.

Determine the waveform frequency band and
pulse width of the HFM2 signal.

Determine the interval between two signals.

Add the interval Ts between combined
HFM signals

Signals design

Is interval Ts required

Ts = 0

Figure 1: The generation process of the combined HFM signals.
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Deriving the instantaneous phase of HFM to obtain its
instantaneous frequency f s t , we have

f s t = f1
1 + bf1t

11

Let sr t represent the waveform time domain of the
echo of the HFM signal, and we have

sr t = exp j × 2π
b

ln 1 + bf1ηt , 12

where η = c + v / c − v , c denotes the speed of sound in
water and c = 1500m/s, and v denotes the speed of the
target.

The Doppler change of the signal results in a change in
the frequency of the echo f r t (Xin [18]), and we have

f r t = ηf1
1 + bf1ηt

13

Since the HFM signal is not sensitive to Doppler, the
HFM signal has the characteristics of Doppler invariance.
Therefore, the change law of the instantaneous frequency
f r t of the received signal does not change, and the instan-
taneous frequency of the original transmitted signal f s t is
only shifted by a time Δt. We have

f r t = f s t − Δt 14

Based on Equation (13) and Equation (14), the Δt can be
obtained.

Δt = f1 1 − 1/η T
f1 − f0

15

Therefore, the HFM signal has the characteristics of
Doppler invariance. When HFM signal is used to detect
the target, the output amplitude of the sonar system does
not change due to the relative motion between the target
and the sonar. However, due to the additional time delay
caused by Doppler in the HFM signal, the accuracy of the
distance measurement will be reduced, as shown in Figure 3.

In this section, the distance Doppler coupling formula of
a single HFM signal is derived, and the formula for calculat-

ing the matched filter delay Δt caused by the target Doppler
is thus obtained, which provides technical support for the
derivation of the next section. In the following section, the
formula for distance measurement of combined HFM sig-
nals will be derived.

4.2. Velocity and Ranging of Combined HFM Signals. HFM1
signal: the starting frequency of the HFM1 signal is f10, the
ending frequency of the HFM1 signal is f11, and the pulse
width of HFM1 signal is T1.

HFM2 signal: the starting frequency of the HFM1 signal
is f20, the ending frequency of the HFM1 signal is f21, and
the pulse width of HFM1 signal is T2.

Now, we use the combined HFM signals to calculate the
speed and distance of the target. Let t1 and t2 represent the
peak output time of combined HFM1 signal and HFM2 sig-
nal, respectively.

t1 =
2R
c

+ Δt1, 16

t2 =
2R
c

+ Δt2 +
T1
η

+ Ts

η
, 17

where Δt1 = f11T1 1 − 1/η / f10 − f11 and Δt2 = f21T2
1 − 1/η / f20 − f21

And then, we have

Δt1 − Δt2 = 1 − 1
η

f11T1
f10 − f11

−
f21T2

f20 − f21
= 1 − 1

η
A,

18

where A = f11T1/ f10 − f11 − f21T2/ f20 − f21 .
Based on Equation (16) and Equation (17), we have

t1 − t2 = Δt1 − Δt2 −
1
η

T1 + Ts 19

The v can be derived as

v = B − 1
B + 1 c, 20

where B = −T1 − Ts − A / t1 − t2 − A

HFM1 signal

HFM2 signal

Matched filter

Echo

Matched filter

Arrival time t1

Arrival time t2

Calculating
speed v

Calculating
distance R

The interval of the combined
HFM signals: Ts

+

+

Figure 2: Echo-matched filtering process.
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Let R denote the distance between the sonar and the
target, and we have

R = c
2 t1 −

f11T1
f10 − f11

1 − c − B − 1 / B + 1 c
c + B − 1 / B + 1 c

21

When the HFM1 signal and HFM2 signal are the same,
that is, f20 = f10 and f21 = f11. In this case, A = 0, that is,
B = −T1 − Ts / t1 − t2 .

When the signal is a combination of positive and
negative frequencies, that is, A = f11T/ f10 − f11 − f11T/
f10 − f11 .

In this section, the formula of distance measurement of
combined HFM signals is derived. When the peak arrival
time of the combined HFM signals is known, the distance
and speed of the target can be calculated.

5. Performance Analysis

5.1. Simulation Settings. We set up three simulation
environments for experimental comparison: simulation

environment 1, simulation environment 2, and simulation
environment 3.

5.1.1. Simulation Environment 1. In the HFM1 signal,
f10 = 1000Hz, f11 = 2000Hz, and T1 = 3 s. In the HFM2 sig-
nal, f20 = 100Hz, f21 = 300Hz, and T2 = 4 s. For both HFM
signals, the sample frequency is 6000Hz. The signal interval
between HFM1 and HFM2 is Ts = 3 s. The distance of the tar-
get from the sound source is 15 km. The SNR in the echo sig-
nal is -20 dB.

5.1.2. Simulation Environment 2. In the HFM1 signal, f10
= 1000Hz, f11 = 900Hz, and T1 = 3 s. In the HFM2 signal,
f20 = 900Hz, f21 = 1000Hz, and T2 = 4 s. For both HFM
signals, the sample frequency is 6000Hz. The signal interval
between HFM1 and HFM2 is Ts = 0 s. The distance of the
target from the sound source is 15 km. The SNR in the echo
signal is -20 dB.

5.1.3. Simulation Environment 3. In the HFM1 signal, f10
= 1000Hz, f11 = 1100Hz, and T1 = 3 s. In the HFM2 signal,

Time (s)

Copysignal spectrum

The similarity of
signal and echo

Echo spectrum
Fr

eq
ue

nc
y 

(H
z)

(a) Positive frequency modulation of HFM signal

Echo spectrum

Time (s)

Fr
eq

ue
nc

y 
(H

z)

Copysignal spectrum

The similarity of
signal and echo

(b) Negative frequency modulation of HFM signal

Figure 3: Transformation of instantaneous frequency of HFM signal in Doppler.
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Figure 4: Continued.
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f20 = 1000Hz, f21 = 1100Hz, and T2 = 3 s. For both HFM
signals, the sample frequency is 6000Hz. The signal interval
between HFM1 and HFM2 is Ts = 0 s. The distance of the
target from the sound source is 15 km. The SNR in the echo
signal is -20 dB.

5.2. Simulation Results. Figure 4 shows the performance
analysis under the simulation environment 1 at various v.
Table 1 gives the numerical results of VCH. We take
Figure 4(a) as an example to analyze the performance of
VCH method under various speed v. From Figure 4(a), it
can be seen that, after matched filtering, the combined signal
echo time of HFM1 signal and HFM2 signal is 19.8422 s and
25.6843 s, respectively. According to Equation (20), the value
of v is 19.9921m/s. It can be seen from Table 1 that the
speed measurement error and the ranging error of VCH
are 0.0395% and 0%, respectively. The ranging error of sin-
gle HFM1 signal and single HFM2 signal is 0.789% and
1.5785%, respectively. Compared with single HFM1 signal

and single HFM2 signal, the ranging measurement accuracy
of VCH is improved by 100% and 100%, respectively.

Figure 5 shows the performance analysis under the
simulation environment 2 at various v. Table 2 gives the
numerical results of VCH. We take Figure 5(a) as an exam-
ple to analyze the performance of VCH method under
various speed v. From Figure 5(a), it can be seen that, after
matched filtering, the combined signal echo time of HFM1
signal and HFM2 signal is 20.7103 s and 22.1313 s, respec-
tively. According to Equation (20), the value of v is
20.0007m/s. It can be seen from Table 2 that the speed mea-
surement error and the ranging error of VCH are 0.0035%
and 0.001333%, respectively. The ranging error of single
HFM1 signal and single HFM2 signal is 3.5515% and
19.3435%, respectively. Compared with single HFM1 signal
and single HFM2 signal, the ranging measurement accuracy of
VCH is improved by 99.96246% and 99.99311%, respectively.

Figure 6 shows the performance analysis under the
simulation environment 3 at various v. Table 3 gives the
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Figure 4: The output of matched filtering at various v under simulation environment 1.

Table 1: Results under simulation environment 1.

Speed
(m/s)

Peak moment (s) Speed
measurement of
VCH (m/s)

Ranging of
VCH (km)

Speed
measurement
error of VCH

Ranging
error of
VCH

Ranging error of
single signal

Range accuracy
improvement ratio

t1 t2 HFM1 HFM2
Compared
to HFM1

Compared
to HFM2

20 19.8422 25.6843 19.9921 15 0.0395% 0% 0.789% 1.5785% 100% 100%

10 19.9205 25.8408 10.0249 15.0001 0.249% 0.000667% 0.3975% 0.796% 99.83229% 99.91625%

-5 19.9602 25.9202 5.0167 15.0001 0.334% 0.000667% 0.199% 0.399% 99.66499% 99.83292%

-20 20.1622 26.3242 -19.9803 15.0001 0.0985% 0.000667% 0.811% 1.621% 99.9178% 99.95887%

-10 20.0805 26.1608 -9.9749 15.0001 0.251% 0.000667% 0.4025% 0.804% 99.83437% 99.91708%

-5 20.0402 26.0803 -5.0041 15 0.082% 0% 0.201% 0.4015% 100% 100%
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Figure 5: Continued.
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numerical results of VCH. We take Figure 6(a) as an exam-
ple to analyze the performance of VCH method under vari-
ous speed v. From Figure 6(a), it can be seen that, after
matched filtering, the combined signal echo time of HFM1
signal and HFM2 signal is 19.1313 s and 22.0517 s, respec-
tively. According to Equation (20), the value of v is
20.1847m/s. It can be seen from Table 3 that the speed mea-
surement error and the ranging error of VCH are 0.9235%
and 0.038667%, respectively. The ranging error of single
HFM1 signal and single HFM2 signal is 4.3435% and
19.7415%, respectively. Compared with single HFM1 signal
and single HFM2 signal, the ranging measurement accuracy
of VCH is improved by 99.10978% and 99.80414%,
respectively.

The above simulation environment includes both the
same and the different HFM signals in the combination,
both the same pulse width and different pulse width, and
both the same modulation degree and the opposite modula-
tion degree. According to Figures 4–6 and Tables 1–3, it can
be seen that the speed and distance of the target can be accu-

rately calculated. Compared to a single (separate) HFM sig-
nal, the combined HFM signals cannot only realize accurate
speed measurement but also improve the accuracy of dis-
tance measurement.

At present, the commonly used velocity measurement
method is continuous wave (CW) velocity measurement
(Shao et al. [8]). Due to the instability of CW velocity mea-
surement, the deviation of ranging velocity measurement
occurs. A CW velocity measurement simulation is set up,
as shown in Figure 7.

5.2.1. Simulation Environment 4. The sample frequency is
7000Hz, the distance between the target and the source is
3.75 km, and the SNR of the echo signal is -10 dB. The fre-
quency of CW is 1500Hz, and pulse width is 3 s. It can be
seen from Figure 7 that the target should appear at 5 s.
Due to the influence of noise, the target appears at 5.9 s,
and there is a deviation. The measurement effect is not as
good as that of combined HFM signals under simulation
environment 1. This is because the combined HFM signals
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Figure 5: The output of matched filtering at various v under simulation environment 2.

Table 2: Results under simulation environment 2.

Speed
(m/s)

Peak moment (s) Speed
measurement of
VCH (m/s)

Ranging of
VCH (km)

Speed
measurement
error of VCH

Ranging
error of
VCH

Ranging error of
single signal

Range accuracy
improvement ratio

t1 t2 HFM1 HFM2
Compared
to HFM1

Compared
to HFM2

20 20.7103 22.1313 20.0007 14.9998 0.0035% 0.001333% 3.5515% 19.3435% 99.96246% 99.99311%

10 20.3577 22.5625 10.0059 14.9998 0.059% 0.000667% 1.7885% 17.1875% 99.96272% 99.99612%

-5 20.1792 22.7807 4.9978 14.9998 0.044% 0.000667% 0.896% 16.0965% 99.9256% 99.99586%

-20 19.2698 23.8913 -19.9885 14.9996 0.0075% 0.002667% 3.651% 10.5435% 99.92696% 99.97471%

-10 19.6378 23.4425 -9.9913 15 0.087% 0% 1.811% 12.7875% 100% 100%

-5 19.8188 23.2207 -5.0062 14.9997 0.124% 0.002% 0.906% 13.8965% 99.77925% 99.98561%
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can obtain more target information, which is more condu-
cive to identification while measuring speed.

This section gives HFM forms of different combinations,
all of which can realize the function of speed measurement,
proving the feasibility of this method.

According to the above simulation results, it can be seen
that the proposed VCH method can estimate the distance
and speed of moving targets accurately, and these are mainly
the following reasons: (1) a time interval is added in the
VCH method. First, it is used to resist multipath delay
expansion and Doppler delay to avoid superposition
between waveforms. Second, considering the engineering
realization of the transmitter, it is very difficult to realize
the signal conversion engineering without interval. (2) The
VCH method is no longer constrained by the signals in the
combination. The frequency bands of the signals in the com-
bination can be the same or different, and the frequency
band and pulse width can be set independently. The
modulation modes in the combined signal can be the same
or different, such as positive and negative modulation, posi-
tive and negative modulation, and negative and negative
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Figure 6: The output of matched filtering at various v under simulation environment 3.

Table 3: Results under simulation environment 3.

Speed
(m/s)

Peak moment (s) Speed
measurement of
VCH (m/s)

Ranging of
VCH (km)

Speed
measurement
error of VCH

Ranging
error of
VCH

Ranging error of
single signal

Range accuracy
improvement ratio

t1 t2 HFM1 HFM2
Compared
to HFM1

Compared
to HFM2

20 19.1313 22.0517 20.1847 15.0058 0.9235% 0.038667% 4.3435% 19.7415% 99.10978% 99.80414%

10 19.563 22.523 10.0671 15.0022 0.671% 0.014667% 2.185% 17.385% 99.32876% 99.91564%

-5 19.7812 22.7607 5.1426 15.005 2.852% 0.033333% 1.094% 16.1965% 96.95308% 99.79419%

-20 20.8917 23.9732 -20.1019 14.9964 0.5095% 0.024% 4.4585% 10.134% 99.4617% 99.76317%

-10 20.443 23.4833 -10.016 14.9965 0.16% 0.003333% 2.215% 12.5835% 99.84951% 99.97351%

-5 20.2212 23.2405 -5 15.0064 0% 0.042667% 1.106% 13.7975% 96.14225% 99.69077%
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modulation. (3) When the signals in the combination are
exactly the same, the Doppler is converted to the pulse width
to solve the extraction.

6. Conclusion

The Doppler phenomenon of the same moving target has
different delays for different signals in the combination,
resulting in different arrival times of the signals in the com-
bination, so the speed of the target can be solved by using the
delay relationship of the signals in the combination. In this
paper, a velocity measurement method combining HFM
signals (VCH) is proposed, which employs the time delay
correlation between the combined HFM signals to solve
the target distance and speed. The delay caused by the move-
ment of the target to the combined signal depends on the
relationship between the frequency band and the pulse
width of the combined signal. In order to fully obtain target
information and provide sufficient information for subse-
quent target identification, the frequency bands of the
combined signals should be separated (no overlapping or
overlapping as little as possible). The pulse width require-
ments are not high and can be combined arbitrarily.

Through the Doppler effect of the moving target, the
Doppler is transformed into the compression and frequency
shift of the transmitted signal to form the Doppler echo. And
the echo has a certain SNR.When the echo is too weak to stand
out from the noise and the arrival time of the echo cannot be
determined, then the algorithm fails. On the other hand, the
marine environment is complex and changeable. In the process
of detection, the echo of the combined signals may be too weak
to detect due to excessive propagation loss at some time. In the
future work, the combination of pulse train in multiple fre-
quency bands can be used to solve above issue.
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