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ABSTRACT In the waveform design, the distance measurement and resolution are a pair of irreconcilable
contradictions. Linear Frequency Modulation (LFM) can alleviate this contradiction. LFM is widely used in
radar and sonar, however, its Doppler tolerance is not ideal. Hyperbolic FrequencyModulation (HFM) signal
has a particularly strong tolerance towards Doppler frequency shift. When the unidirectionally modulated
HFM signal is in distance measurement, the Doppler delay of the matched filtering output cannot be
eliminated, and there is a ranging error. After matched filtering of the positive and negative frequency
modulation (HFM+LFM) echo signal based on the same frequency band, the Doppler-induced delay is the
same but opposite in direction, and the delay is closely related to the frequency, bandwidth, and pulse width
of the transmitted signal. By using the inverse time delay difference of the positive and negative frequency
modulation, the ranging error in the ranging of unidirectionally modulated LFM signal can be eliminated.
In this paper, a Joint Linear frequency modulation and Hyperbolic frequency modulation approach for
Speed measurement (JLHS) is proposed, which employs the same frequency band of positive and negative
frequency modulation signals for speed measurement and ranging. Extensive simulation results show that
the proposed approach can better estimate the speed and distance of moving targets, and it has reference
value for engineering application.

INDEX TERMS Positive and negative frequency modulation, Doppler invariance, speed measurement,
distance measurement.

I. INTRODUCTION
Before the occurrence of pulse compression, in the waveform
design, the distance measurement and resolution are a pair
of irreconcilable contradictions, which can only be com-
promised. The appearance of pulse compression can solve
this problem. Moreover, pulse compression technology has
been widely used in radar and sonar [1]–[4]. In a large
number of pulse compression signals, the Linear Frequency
Modulation (LFM) signal is particularly popular for good
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pulse compression performance. LFM contains the following
advantages:
1) LFM is a Doppler-tolerant waveform, which can tol-

erate a certain degree of unknown shift in Doppler
frequency [5].

2) LFM is an equal-amplitude signal, which is beneficial
to improve the transmission efficiency of peak power
limited systems [6].

3) A higher range resolution can be obtained by increasing
the bandwidth of LFM.

4) In addition, the spectrum of LFM is flat in the fre-
quency band [7], and the generation and processing
techniques of LFM are relatively mature [8].
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According to the above advantages, LFM has been widely
used in radar and sonar [9]–[11]. However, a large Doppler
frequency shift will cause LFM matched filter mismatch and
attenuate the output peak after LFM matched filter [12].

The Hyperbolic Frequency Modulation (HFM) signal is
insensitive to Doppler, which can make up for the shortcom-
ings of LFM. The traditional method of speed measurement
is, according to the radial velocity of the target relative to the
sonar, to calculate the speed through a set of narrow-band
filter banks [7]. However, the higher the accuracy of the
speed measurement, the more the number of Doppler filter
banks needed will be multiplied. Therefore, the cost of the
traditional method is too high. In this paper, a Joint Linear
frequency modulation and Hyperbolic frequency modulation
approach for Speed measurement (JLHS) is proposed, which
is based on the same frequency band of positive and negative
slope FrequencyModulation (FM) signals. The JLHSmethod
can not only accurately measure the speed, but also greatly
decrease the ranging error caused by Doppler frequency shift
in unidirectional modulation HFM.

II. RELATED WORK
Song et al. [13] modeled the range bias as a function
of range rate and system parameters, and then utilized
that to calibrate the measurement equation in very pre-
cise target tracking. By doing so, the tracking performance
can be improved, particularly for fast maneuvering targets.
Whyland [14] proposed that Doppler insensitive waveforms,
should be used to modulate pulses or sub-pulses of energy
for probing a determined environment so that when the mod-
ulated energy is transmitted and received, the received energy
may be processed. The HFM waveform has an inherent
Doppler-invariant property. In order to apply the HFM wave-
form to existing Inverse Synthetic Aperture Radar (ISAR)
imaging systems, Wei et al. [15] proposed a new pulse com-
pression algorithm. The pulse compression is accomplished
by space-variant phase compensation. In addition, the space-
variant phase compensation is realized by resampling and
Fast Fourier Transform (FFT) with high computational effi-
ciency. Doisy et al. [16] derived the expressions of Doppler
tolerance, Doppler and delay accuracy, and delay-Doppler
ambiguity in case of high bandwidth duration product signals.
The replicas of Doppler estimation and target range were
reduced. Finally, results were applied to low-frequency active
sonar. Wang et al. [17] presented a method by employing the
HFM signal as a channel probe to make Doppler estimation
and timing synchronization simultaneously. A contrast with
the LFM signal adopted in the conventional design was
also made. Simulation results showed that the method based
on HFM signal had better estimation and more accurate
timing synchronization performance. Yang and Sarkar [18]
proposed a new polyphase pulse compression codes which
were conceptually derived from the step approximation of
the phase curve of the hyperbolic frequency modulated chirp
signal. The main disadvantage of this polyphase code was the
relatively high sidelobe level without Doppler effect, which

can be addressed by applying the proper window function.
Yang and Sarkar [19] demonstrated that the acceleration of
the target results in a frequency shift which is the source of the
signal distortion under the assumption that the acceleration is
constant and along the direction of the velocity. Therefore
the frequency-shifted version of the matched filter can be
applied to eliminate the mismatch between the reflected
signal and the matched filter caused by the acceleration of
the target. Maric and Titlebaum [20] addressed the problem
of constructing frequency hop codes for use in multiuser
communication systems such as multiple-access spread-
spectrum communications and multiuser radar and sonar
systems. The construction of a new family of frequency
hopping codes called hyperbolic frequency hop codes was
given, and it was shown that the hyperbolic frequency hop
codes possessed nearly ideal characteristics for use in both
types of system. Zhou et al. [21] derived constraints on
the HFM parameters to optimally reduce Multiple Access
Interference (MAI) at the transmission side. Additional
constraints on the frequency-modulation rate reduced the
underwater channel effects of multipath and scaling. The
proposed signaling scheme was compared to an HFM-based
Code-Division Multiple-Access (HFM-CDMA) scheme to
demonstrate improved error performance. Lee et al. [22]
proposed an underwater acoustic communication with hyper-
bolic frequency modulated waveforms. The received signal
was demodulated by matched filtering of received signal and
one hyperbolic chirp pulse. Simulation was performed to
evaluate the performance of the proposed method. Owing to
the large delay spread caused by multipath propagation and
the severe Doppler effect of the shallow water acoustic chan-
nel, Zhang et al. [23] exploited a spread spectrummodulation
scheme using HFM signal named as ‘‘HFMSpread-Spectrum
modulation’’ (HFM-SS) to substantially improve the
performance of communications over such channels.
Jiangang et al. [24] addressed the problem of Low Probability
of Intercept (LPI) techniques. A new LPI signal called PR-FH
was brought forward by combining the Barker sequences
and hyperbolic frequency hop code and compared with the
Phase Shift Keying (PSK) costas-frequency hopping signal.
The result showed that the novel waveform has low cross
correlation and good resolution of both range and Doppler.
Zhou et al. [25] developed a fast method for generating
HFM radar echoes using static electromagnetic data for
HFM waveforms in wideband radar imaging with the com-
putational complexity effectively reduced by phase-matched
filtering and frequency domain down-sampling. The result
was used to study the influence to HFM signal matched fil-
tering for high-speed movements. This method was also suit-
able for LFM waveforms. Simulations verified the accuracy
and effectiveness of this method. Gini and Giannakis [26]
addressed the parameter estimation for a combination of
a Polynomial Phase Signal (PPS) and a hyperbolic fre-
quency modulation. Besson et al. [27] dealt with parameter
estimation of product signals consisting of hyperbolic FM
and chirp factors, and presented a computationally simple
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algorithm that decouples estimation of the chirp parameters
from those of the hyperbolic FM part. Wang et al. [28]
proposed a method to estimate the target velocity using a
combination of two HFM signals. They found that a HFM
with an increasing frequency sweep (positive HFM) and one
with a decreasing frequency sweep (negative HFM) yield
a different time. And a better Doppler estimation can be
obtained by using a negative HFM signal followed by a
positive HFM signal than the other way around. The method
was applied to real data and performance was demonstrated
via simulated data. Murray [29] introduced an extended
matched filter for HFM waveforms in active sonar systems,
along with an exact closed-form solution for the Doppler
bias in time of arrival estimates when using this filter. This
solution applied to both broadband and narrowband HFM
signals. Recently, the hyperbolic-frequency modulated signal
has been widely employed in sonar systems for moving
targets due to its Doppler tolerance, while the precise velocity
estimation becomes a great challenge under such conditions.
Huang et al. [30] proposed an improved method based
on the sliding window matching algorithm to improve the
performance. The method controlled the energy of environ-
mental noise and interference by focusing on the dominant
target highlight, and applying a designed window which
utilizes the Doppler characteristics of hyperbolic-frequency
modulated signals. The results verified the influence of
the multi-highlights in velocity estimation and indicated
that the improved method has more effective performance.
Kim et al. [31] investigated the performance of HFM signals
for timing synchronization in underwater acoustic commu-
nication systems. The synchronization performance of the
proposed HFM was then evaluated numerically using the
channel model constructed based on western sea of South
Korea. Numerical analysis suggests the HFM design achiev-
ing good performance for timing synchronization in presence
of Doppler scale. Jedel et al. [32] proposed a sounding signal,
which was a combination of Pseudo-Random Sequences
(PRS), and elementary signals of HFM type. The structure
of this signal was aimed at minimizing measurement error.
They presented the idea of a sounding signal of HFM+PRS
type, and the results of computer simulations.

Kroszczynski [33] dealt with the problem of wide-band
signal optimization for the purpose of minimizing sig-
nal degradation resulting from Doppler distortion effects.
The equation for the instantaneous frequency of a
Doppler-transformed signal was derived. The optimum
frequency-modulation law was then shown to be the linear
periodmodulation. Diamant et al. [34] presented amethod for
Doppler-shift estimation based on comparing the arrival times
of two chirp signals and approximating the relation between
this time difference and the Doppler shift ratio. This analysis
also provides an interesting insight about the resilience of
chirp signals to Doppler shift. The simulation results demon-
strate improvement compared to commonly used benchmark
methods in terms of accuracy of the Doppler shift estimation
at near-Nyquist baseband sampling rates. LFM signals have

been widely used for target detection in active sonar systems
due to their robustness to reverberation. Lee et al. [35]
proposed a new fast target detectionmethod that was robust to
the variation of unknown target speed. The proposed method
secured a Signal-to-Noise Ratio (SNR), approaching that of
the optimal matched filter output, that was also robust to the
variation of target speed and thus it was very useful for
the practical use in antitorpedo torpedoes or supercavitating
underwater missiles that need to equip low-complexity and
robust signal processing systems. Grimmett et al. [36] pro-
posed a method that involved using an echo-ranging system
to transmit a continuously repeating LFM signal through a
propagation medium and receive a return signal reflected
off of a target, performing signal processing on the return
signal, extracting detected echo sets from the processing
intervals, estimating a target range-rate using the estimated
time versus delay slopes, computing a bias error using the
estimated target range-rate, applying timing correction to the
detected echo sets to remove the bias error. Guan et al. [37]
focused on constructing an optimization model to optimize
the LFM-Costas and GSFM pulse trains with the genetic
algorithm. The pulse trains can be improved on properties
of both ambiguity function and correlations between sub-
pulses. The optimized pulse trains were proven to have better
detection performance than those of the initial pulse trains.
Moreover, it was affirmed that the reverberation suppression
performance of pulse trains had also been improved through
the optimization model. Huang et al. [38] proposed an effec-
tive iterative method for parameter estimation of multipath
echo. The proposed method retrieves a signal component by
searching for the optimal scale factor from the resampling
matching outputs, and eliminates the matching output of the
estimated signal to analyze the next component. The method
prevented the time-domain subtractions of the received sig-
nals for providing a higher robustness. Therefore, it can be
applied in many fields including active target detection and
underwater communication. Boudamouz et al. [39] presented
Through The Wall (TTW) radar detection simulations with
an emerging radar architecture which was the Multiple-Input
Multiple-Output (MIMO) radar.

III. THE DESIGN OF POSITIVE AND NEGATIVE FM SIGNAL
WAVEFORM
A. HFM TIME DOMAIN WAVEFORM
Let T , f0, f1 and s(t) denote the pulse width of the HFM
signal, the starting frequency of the HFM signal, the ending
frequency of the HFM signal and the HFM signal changing
over time, respectively. Then s(t) can be expressed as follows:

s(t) =

{
e−jϕ0 ln(

t′−t
t′

) 0 ≤ t ≤ T
0 otherwise

(1)

where t ′ = f1
f1−f0

T and ϕ0 = 2π f0t ′.
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Then s(t) can also be expressed as:

s(t) =

 e
−j2π f0

f1
f1−f0

T ln

 f1
f1−f0

T−t

f1
f1−f0

T


0 ≤ t ≤ T

0 otherwise

(2)

When f1 > f0, the HFM signal is called positive HFM,
denoted as HFM+. When f0 > f1, the HFM signal is called
inverse HFM, denoted as HFM−.

B. LFM TIME DOMAIN WAVEFORM
Let Tl , fl0, fl1 and sl (t) denote the pulse width of the
LFM signal, the starting frequency of the LFM signal,
the ending frequency of the LFM signal and the LFM signal
changing over time, respectively. Then sl (t) can be expressed
as:

sl (t) =

{
e−j2π (fl0t+

1
2µt

2) 0 ≤ t ≤ Tl
0 otherwise

(3)

where µ represents the modulation degree of LFM and
µ = B

Tl
, and B represents the signal bandwidth of LFM and

B = fl1 − fl0.
When fl1 > fl0, then the LFM signal is called positive

LFM, denoted as LFM+. When fl0 > fl1, then the LFM signal
is called negative LFM, denoted as LFM−.

IV. SPEED MEASUREMENT PRINCIPLE
The higher the frequency used by sonar, the more serious the
seawater absorption will be, and the greater the propagation
loss will be, which is not conducive to the remote target
detection. On the other hand, the electromagnetic waves used
by radar to detect submarines in seawater can only travel
a few kilometers, and then the energy will be absorbed by
the seawater. And thus, in this paper, the formula deriva-
tion is based on the baseband low-frequency signal, with-
out any additional carrier frequency, and the bandwidth is
within a few hundred Hz, which belongs to Low Power
Radio Frequency (LPRF). When the JLHS method is used
for radar, just change the parameter values such as band-
width, frequency band, speed of sound, to radar parameter
values.

A. THE EFFECT OF THE SPEED OF THE TARGET ON THE
ECHO OF THE HFM SIGNAL
1) THE EFFECT OF THE MOVING SPEED OF THE TARGET ON
THE SPECTRUM OF THE HFM+ SIGNAL
The relative movement between the sonar and the target will
cause the received signal to change, which is represented by
the shift of the signal frequency, and it is called the Doppler
frequency shift phenomenon [40]. Let v represent the speed
of the target. It can be seen from Figure 1, when the target
moves toward the sonar system, v is positive and the echo
frequency increases. Otherwise v is negative and the echo
frequency decreases.

FIGURE 1. Effect of target moving speed on HFM+ echo spectrum.

2) THE EFFECT OF THE MOVING SPEED AND THE
DIRECTION OF THE TARGET ON THE MATCHED FILTERING
OF THE FM SIGNAL
The matched processing gain of 10log(BT ) can be obtained
by employing broadband FM signal and echo matched fil-
tering. It can be seen from Figure 2, with the increase of
the moving speed of the target, the main peak value of
HFM+ signal matched filtering output decreases but does
not expand [12]. When the direction of the target moving
is different, the direction of delay caused by Doppler is also
different.

B. THE EFFECT OF THE TARGET SPEED
ON THE LFM ECHO SIGNAL
1) THE EFFECT OF THE MOVING SPEED OF THE TARGET
ON THE SPECTRUM OF THE LFM− SIGNAL
Figure 3 shows the effect of the target moving speed on
LFM− echo spectrum. The effect of the moving speed of the
target on the spectrum of LFM− signal is the same as that
of the moving speed of the target on the spectrum of HFM+

signal, which can be seen from Section IV-A-1.

2) THE EFFECT OF THE MOVING SPEED AND THE
DIRECTION OF THE TARGET ON THE MATCHED FILTERING
OF FM SIGNAL
Figure 4 shows the effect of target speed magnitude and
direction on the matching filtering of LFM− signal. With
the increase of the target speed, the main peak value of
the matched filtering output of LFM− signal will not only
decrease, but also be broadened [12]. Taking a target moving
at uniform speed as an example, the output of LFM after
matched filtering is as follows:

y = a1

(
τ1 −

fd
µ

)
sinc((B−

ωd

2π
)(t − τ2))

× exp[j(
ωd

2
(t − τ2)+ φ)] (4)
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FIGURE 2. Influence of target speed magnitude and direction on HFM+
signal matched filtering.

FIGURE 3. Influence of target moving speed on LFM− echo spectrum.

where a1, τ1, fd and ωd represent the ratio of echo to trans-
mitted wave, the delay of the echo arrival time relative to the
emission time of the transmitted wave when the target is sta-
tionary, Doppler frequency shift and the Doppler frequency

shift caused by target movement, respectively. φ = τ1ωd−
ω2
d

2µ

is a constant and τ2 = t1 −
fd
µ
, where t1 represents the arrival

time of echo when the target velocity v = 0m/s.
According to Equation (4), the output of LFM matched

filtering is proportional to t1 −
fd
µ
. The frequency used in the

simulation sonar is too high, causing the time delay fd
µ
caused

by the target movement to be too large, resulting in the output
of the LFM matched filter being too low. The time width
and bandwidth product used in simulation is only about 200,
and the time width and bandwidth product of the radar are
about 106. Therefore, there will be no such obvious difference
between high value and low value as shown in Figure 4.

When the movement direction of the target is different,
the direction of delay caused by Doppler is also different.

FIGURE 4. Effect of target speed magnitude and direction on the
matching filtering of LFM− signal.

Note: When the speed is positive, the leftmost time point
is selected as the maximum point of the LFM matched fil-
tering output. On the other hand, when the speed is negative,
the rightmost time point is selected as the maximum point of
the LFM matched filtering output.

C. DOPPLER INVARIANT PRINCIPLE OF HFM
According to the Equation (2), the phase ϕ of the HFM signal
can be calculated by

ϕ = 2π f0
f1

f1 − f0
T ln(

f1
f1−f0

T − t
f1

f1−f0
T

) (5)

Take the derivative with respect to ϕ, we get its instantaneous
frequency fs(t) is

fs(t) =
dϕ
dt
=

f0f1
f1 − (f1 − f0) tT

(6)
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When the target moves at speed v, the relative motion
between the sonar and the target causes the transmitted signal
with the pulse width T , at the receiving point, to become a
signal with a pulse width T

η
. Therefore, the pulse width of the

echo is linearly compressed or stretched η times, which can
be seen from Figure 5. η can be calculated by

η =
c+ v
c− v

(7)

FIGURE 5. Influence of target speed on echo pulse width.

where c represents the speed of sound and its value is equal
to 1500 m/s.

According to Equation (5) and Equation (6), the instanta-
neous frequency fr (t) of the received echo at this time can be
calculated as:

fr (t) =
f0f1

f1
η
− (f1 − f0) tT

(8)

Since the HFM signal is insensitive to Doppler, the HFM
signal has the characteristic of Doppler invariance. Moreover,
the change rule of the instantaneous frequency of the received
signal remains unchanged, except that the instantaneous fre-
quency fs(t) of the original signal is shifted by a time t0,
as shown in Figure 6, and where t0 denotes the matched
filtering delay due to target Doppler.

Then we let

fr (t) = fs(t − t0) (9)

According to Equations (6) and (8), t0 can be obtained.

t0 =
f1( 1η − 1)T

f1 − f0
(10)

When the sonar and the target have relative motion,
the received signal will produce a frequency shift. Due to
HFM signals’ Doppler invariance, the instantaneous fre-
quency of the received signal is only a delay. Therefore,
a good peak can be obtained by using matched filtering, only
the position of the peak has a delay and the amount of the
delay is t0.

FIGURE 6. The effect of target speed on the HFM+ echo spectrum.

However, due to the delay time t0 caused by Doppler,
the distance of the target is determined by the time when the
peak of the detector output appears. At this time, the mea-
surement accuracy will be reduced, and there is a ranging
error [40].

D. PRINCIPLE OF POSITIVE AND NEGATIVE FM SPEED
MEASUREMENT
The processing results of positive and negative slope echo
signals through matched filtering are shown in Figure 7. For
FM signals with positive and negative slope, the offset size of
time delay t0 of moving targets is the same, and the direction
is just opposite [41].
Note: In this paper, the positive and negative slope

FM refers to: the frequency of the positive FM signal rising
from f0 to f1, and the frequency of the inverse FM sig-
nal decreasing from f1 to f0. It can be seen from Figure 8
that, for the positive and negative FM signals, the start-
ing frequency and ending frequency are the same, and
the spectrums are the same, but the modulation slopes are
different.

V. RANGING AND SPEED MEASUREMENT BASED ON
POSITIVE AND NEGATIVE FREQUENCY MODULATION
Now let’s derive the speed measurement formula. It is
assumed that the speed v of the target is positive toward the
sonar system, and the positive and negative FM are located
in the same frequency band. The signal can be transmitted in
either of the following two ways.

1) A HFM+ signal whose frequency increases with time
is first transmitted, and then a LFM− signal whose
frequency decreases with time is transmitted.

2) A LFM+ signal whose frequency increases with time
is first transmitted, and then a HFM− signal whose
frequency decreases with time is transmitted.

Let t1 and t2 represent the time when the matched fil-
tering maximum appears in HFM and LFM, respectively.
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FIGURE 7. Time delay of the target motion related to the FM signal with
the positive and negative slope.

We have

t1 =
2R
c
+ t0 (11)

t2 =
2R
c
− t0 (12)

where R represents the distance between the sonar transmit-
ting point and the target.

According to Equation (11) and (12), we have

R =
(t1 + t2)× c

4

=
1
2
× c×

(t1 + t2)
2

(13)

The distance R can also be expressed as:

R =
1
2
× c× τ (14)

where τ represents the arrival time of the pulse.

FIGURE 8. Schematic diagram of the spectrum of the positive and
negative slope FM signals.

According to Equation (13) and (14), τ is obtained.

τ =
2R
c
=

(t1 + t2)
2

(15)

Based on Equation (15) and Equation (11), t0 can be cal-
culated as:

t0 = t1 − τ (16)

According to Equation (7), (10) and (16), the speed v of the
target can be calculated as:

v =

1−
2

1

1+
(
t1−t2

2 )(f1−f0)
f1T

+ 1

× c (17)

Note: The movement direction of the target is judged by
the relative magnitude of the maximum value at time t1 and
t2 at the output of the matched filtering. When the maximum
value at time t1 is greater than the maximum value at time t2,
the speed direction is negative, and t1 is the output of HFM
and t2 is the output of LFM. Therefore, time t2 is the rightmost
moment of the maximum value of the output. On the other
hand, when the maximum value at time t1 is less than the
maximum value at time t2, the speed direction is positive,
and t1 is the output of LFM and t2 is the output of HFM.
Therefore, time t1 is the leftmost moment of the maximum
value of the output.

In Equation (17), the speed v is deduced byHFM, and LFM
is only used to find the distance reference point. The speed
error verr depends on the SNR and LFM signal, and thus verr
can be calculated as:

verr =

√
3

2E
N0

(πT )2
(18)

where N0/2, E and T represent the noise energy, the signal
energy and the pulse width of the signal, respectively.
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TABLE 1. Results under simulation environment 1.

TABLE 2. Results under simulation environment 2.

The LFM signal and HFM signal in the combined signals
occupy the same frequency band and have the same pulse
width, so the energy of the two signals is the same. After
the combined signals pass through the matched filter, at the
output of the filter, the maximum value of the output signals
is equal to the energy E of the signals. Under the condition of
low frequency fundamental frequency, the transmitted com-
bined signal waveform is reflected by the moving target to
form an echo signal. After the echo passes through the match-
ing filter, the output peak attenuation of LFM is relatively
large, and there is a serious broadening phenomenon of the
main peak, leading to the energy dispersion. On the other
hand, for HFM, because of its Doppler non-deformation, its
peak attenuation is small, and there is no broadening of the
main peak, and its energy is relatively concentrated. Due to
the difference between LFM and HFM, the combined signals
of HFM and LFM will produce two peaks, one high and
one low, after passing through the matched filter. Therefore,
the height of the two peaks can be used to determine the
direction of the target speed.

In low SNR or clutter environments, the effect of noise
on the two signals in the combination signal of the same
frequency band and the same pulse width is the same, unless
the SNR is so weak that the LFM echo cannot have a peak.
Otherwise, as long as two peaks can appear, there will be one
high and one low. The peak is the output after HFM matched
filtering, and the low peak is the output after LFM matched
filtering.

The JLHS is a speed measurement method, and it is
based on the principle that, after the positive and negative
FM combined signal matched filtering, the moving target has
opposite delay direction. Therefore, the JLHS method is also
suitable for radar and multi-radar scenarios.

VI. PERFORMANCE ANALYSIS
A. SIMULATION SETTINGS
We set up two simulation environments for experimental
comparison: Simulation Environment 1 and Simulation Envi-
ronment 2.
Simulation Environment 1: The pulse width of LFM sig-

nal T = 3s and sampling frequency fsa = 7000Hz.
The speed of the target is −15m/s. The distance between
target and sound source is 15km. In the echo signal, the

SNR is−20dB. The starting and ending frequency of positive
and negative FM are f0 = 2000Hz and f1 = 2100Hz,
respectively.
Simulation Environment 2: The pulse width of LFM sig-

nal T = 3s and sampling frequency fsa = 7000Hz. The speed
of the target is 20m/s. The distance between target and sound
source is 15km. In the echo signal, the SNR is −20dB. The
starting and ending frequency of positive and negative FM are
f0 = 2000Hz, f1 = 2100Hz, respectively.

B. SIMULATION RESULTS
Figure 9 shows the performance analysis under the simulation
environment 1 under various SNRs, and Table 1 gives the
numerical results of JLHS, LFM and HFM.

We take Figure 9(a) as an example to analyze the
performance of JLHS method under various SNRs.
From Figure 9(a), it can be seen that, in the JLHS method,
after matched filtering, the maximum points t1 = 18.76
and t2 = 21.2. Based on Equation (13), R is equal to
14.9850km. According to Equation (17), the value of v is
14.6658m/s. The ranging error and the speed measurement
error of JLHS are 0.1% and 2.23%, respectively. The ranging
error of LFM and HFM are 6% and 6.2%, respectively. It can
be seen from Table 1 that, compared with LFM and HFM,
the range measurement accuracy of JLHS is improved by
98.3% and 98.4%, respectively.

Figure 10 shows the performance analysis under the sim-
ulation environment 2 under various v, and Table 2 gives the
numerical results of JLHS, LFM and HFM.

We take Figure 10(a) as an example to analyze the perfor-
mance of JLHS method under various v. From Figure 10(a),
it can be seen that, in the JLHS method, after matched fil-
tering, the maximum points t1 = 18.34 and t2 = 21.73.
Based on Equation (13), R is equal to 15.0262km. Accord-
ing to Equation (17), the value of v is 20.4537m/s. The
ranging error and the speed measurement error of JLHS are
0.17% and 2.27%, respectively. The ranging error of LFM
and HFM are 8.3% and 8.65%, respectively. It can be seen
from Table 2 that, compared with LFM and HFM, the range
measurement accuracy of JLHS is improved by 97.95181%
and 98.03468%, respectively.

The smaller the target moving speed, the smaller the
Doppler frequency shift fd , which makes the mismatch
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FIGURE 9. The output of matched filtering under various SNRs. FIGURE 10. The output of matched filtering under various the speed of
the target.
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caused by LFM matched filtering smaller and the amplitude
reduction after LFM pulse compression smaller. Therefore,
in a low Doppler environment, detection is easier and more
accurate. On the other hand, when positive and negative HFM
is measuring the speed, it can also eliminate the ranging error
caused by Doppler delay t0 in single HFM signal. Therefore,
due to employing the positive and negative HFM, JLHS
method can not only measure the speed,, it can also improve
the ranging accuracy.

VII. CONCLUSION AND FUTURE WORKS
The traditional single HFM or LFM signal can only measure
the distance, but can not measure the velocity. When mea-
suring the distance, the single signal is easily affected by the
time delay t0 caused by Doppler, and then there are ranging
errors. In this paper, a Joint Linear frequency modulation
and Hyperbolic frequency modulation approach for Speed
measurement (JLHS) is proposed. The JLHS method can not
only measure the velocity accurately, but also eliminate the
ranging errors of the time delay t0 caused byDoppler in single
traditional signals.

To improve the accuracy of the positive and negative FM
speed measurement, that is, at the same speed, the matched
filtering delay t0 caused by the Doppler of the target is as large
as possible. According to Equation (10), there are three ways
to improve t0: 1) Increase the frequency f1; 2) Decrease the
bandwidth (f1− f0); 3) Increase the pulse width T . Each way
requires additional hardware costs, and the complexity of the
entire system must be considered comprehensively.

The basis of JLHS method for speed measurement and
ranging is that LFM andHFM signals can be detected, and the
peak value after matched filtering is higher than background
noise. In the future, we will study the ranging and speed mea-
surement method under too low SNR or clutter environments.
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