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High-Speed Target Tracking Method for Compact
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Gan Liu , Yingwei Tian , Member, IEEE, Jing Yang , Member, IEEE, Shengbo Ma , and Biyang Wen

Abstract—Compact high-frequency (HF) surface wave radar
can be used for remote sensing of sea surface dynamic parameters,
such as winds, waves, and currents, as well as hard targets, such as
ships and low-altitude aircrafts. Due to its small antenna aperture,
compact HF radar usually has a large error in direction of arrival
(DOA) estimation, which significantly reduces its accuracy of target
tracking. For a high-speed target, the DOA estimation error is
greater due to range migration and Doppler frequency migration as
well as rapid change in the DOA of target echo. A high-speed target
tracking method for compact HF radar is proposed in this article,
which utilizes the zero-mean property of the DOA error. First,
the generalized Radon Fourier transform is used to estimate the
target’s motion parameters, and the multiple signal classification
algorithm is used to estimate the target’s DOA. The original target
track is obtained by combining the range and DOA estimates. Next,
multiple positions on the original track are selected as the base
points, and for each base point, a predicted track can be calculated
based on the target motion parameter estimates, thus multiple
predicted tracks are obtained. Then, these predicted tracks are
screened according to their headings. The remaining predicted
tracks after screening are fused to obtain the final track. Numerical
simulations and field experiments demonstrate that this method
reduces the impact of DOA error on tracking accuracy and expands
the application of compact HF radar for high-speed target tracking.

Index Terms—Compact high-frequency (HF) radar, direction of
arrival (DOA), Doppler frequency migration (DFM), generalized
Radon Fourier transform (GRFT), high-speed target tracking,
range migration (RM).

I. INTRODUCTION

H IGH-FREQUENCY (HF) radars have garnered
significant attention due to their capabilities for over-the-

horizon, near real-time and all-weather remote sensing of the sea
surface [1]. Among them, compact HF surface wave radar has
been widely deployed in coastal areas due to its small installation
footprint, ease of maintenance, low power consumption, and
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low cost [2]. In recent years, compact HF radar has made great
progress in the measurement of sea surface dynamic parameters,
such as winds, waves, and currents [3], [4], [5], as well as in
the detection and tracking of low-speed targets, such as ships
navigating on the sea surface [6], [7], [8], but little has been
reported about its tracking of high-speed targets such as
low-flying aircrafts, missiles and speedboats.

In general, target tracking for compact HF radar follows
these steps [9], [10]. First, the target is detected from the
range-Doppler (RD) map using the constant false alarm rate
(CFAR) detection [11] and its range and radial velocity are
estimated. Then, the digital beam forming or direction finding
(DF) algorithm, such as multiple signal classification (MU-
SIC) is used to estimate the direction of arrival (DOA) of the
target [12], [13]. By combining range and DOA estimates,
the target track is obtained. Compact HF radars, which utilize
crossed-loop/monopole (CLM) antennas [14] or small aperture
antenna arrays [15], offer greater flexibility in installation and
maintenance than phased array radars with large aperture an-
tennas [16]. However, this flexibility comes at the expense of
spatial gain and resolution, and the reduced accuracy in DOA
estimation leads to increased track deviation.

For high-speed target tracking, the DOA error and its effect on
tracking accuracy is more serious. In order to obtain a sufficiently
high signal-to-noise ratio (SNR), HF radars generally use a long
coherent integration time (CIT) for hard target detection. High-
speed targets usually undergo large changes in range and radial
velocity during a long CIT, which results in the expansion of
target echoes in the range dimension and the Doppler frequency
dimension in the RD spectrum, two phenomena commonly
referred to as range migration (RM) and Doppler frequency
migration (DFM) [17], [18], [19]. On the one hand, RM and
DFM make it difficult to detect the target and estimate its range
and radial velocity from RD spectrum. On the other hand, RM
and DFM increase the DOA estimation error of compact HF
radars that typically use DF algorithms, since they reduce the
SNR of echoes used for DOA estimation. In addition, the long
CIT also makes the target’s DOA likely to change drastically,
which significantly limits the number of snapshots used for DOA
estimation and thus increases the error. Reducing the CIT may
solve these problems [16], but it also reduces the SNR and
worsens the target detection performance.

Significant efforts have been devoted to enhancing the ac-
curacy of DOA estimation. The time–frequency-MUSIC algo-
rithm effectively mitigates nonstationarity caused by Doppler
frequency variations and improves the azimuth estimation
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accuracy of nonstationary targets [20]. In addition, a crossed-
loop processing method ignores the amplitude information of
monopole and calibrates the distortion of two loops, leading
to improved DOA estimation accuracy of CLM antenna-based
HF radar [21]. For coherent DOA estimation in sea surface ob-
servation, a method involving covariance matrix reconstruction
and subspace estimation has been proposed [22]. Furthermore,
to achieve a narrower beamwidth, a compact array combining
two CLM antennas has been proposed [23]. These methods can
improve the DOA estimation accuracy of compact HF radars to
some extent, but for high-speed target tracking, these methods
either cannot be used directly or have limited effectiveness.

Another class of methods directly optimizes the target track
to enhance tracking accuracy. Some of the commonly used
ones include Kalman filter [24], [25], particle filter [26], α-β
filter [27], nearest neighbor data association [28], multiple hy-
pothesis tracking [29], joint probabilistic data association [30],
etc. In the case of large DOA errors, these methods are usually
not satisfactory, and may even deteriorate the accuracy of target
tracking. Sun et al. [7] employed Doppler velocity, azimuth
trend, and course accumulated from consecutive observations
to jointly re-estimate the azimuth and course of slow-speed
maritime targets, thereby enhancing output track accuracy, but
the case of high-speed target tracking was excluded. Artificial
intelligence-based tracking methods [31], [32] have shown ad-
vantages in tracking accuracy, but they demand a substantial
volume of data for network training and the transfer learning
capabilities of the trained network are usually limited. In addi-
tion, joint tracking with multiple HF radars can improve tracking
accuracy but requires costly hardware support [33], [34], [8].

In summary, so far there is no applicable method for compact
HF radar high-speed target tracking. In order to solve the difficul-
ties in target detection and parameter estimation caused by RM
and DFM, generalized Radon Fourier transform (GRFT) [35],
a method based on parameter searching, is used in this article,
which can simultaneously achieve target detection and estima-
tion of motion parameters such as range and speed. In addition,
although the DOA estimation error of compact HF radar is large,
especially when the target speed is high, it generally conforms
to a zero-mean Gaussian distribution. This property is utilized
in this article to propose a target tracking method for compact
HF radar that can weaken the effect of DOA estimation error on
tracking accuracy.

The proposed method is mainly divided into four steps. First,
the GRFT is used to estimate the target’s motion parameters,
such as range and speed. The MUSIC algorithm is used to
estimate the DOA of target echo. By combining the range and
DOA information, the original target track is obtained. Second,
the target’s motion parameter estimates are used to calculate
multiple predicted target tracks on the basis of the original
track. Third, the predicted tracks are screened according to their
average headings to remove those that are significantly different
from the majority. Fourth, the remaining predicted tracks after
screening are fused to obtain the final track.

The rest of this article is organized as follows. Section II
outlines the problems in high-speed target tracking with compact
HF radar. Section III details the steps of the proposed method.

TABLE I
COMPACT HF RADAR PARAMETERS

In Section IV, the effectiveness of the proposed method is vali-
dated through numerical simulations. Section V further verifies
the proposed method using field experimental data. Finally,
Section VI concludes this article.

II. PROBLEM FORMULATION

In this article, high-speed targets refer to those that induce
significant RM and DFM during a coherent processing interval
(CPI), e.g., low-flying aircrafts, missiles, and speedboats, and
low-speed targets are those with negligible RM and DFM, e.g.,
slow ships navigating on the sea surface. Taking the radar used
in the experimental part of this article as an example, whose
operating parameters are listed in Table I, if the target is assumed
to have a constant velocity (CV) within a CPI, RM can be
generated when the target’s velocity exceeds 7.23 m/s, and if the
target is assumed to have a constant acceleration (CA) within
a CPI, DFM can be generated when the acceleration exceeds
0.0024 m/s2.

A. RM and DFM

The transmitting signal of HF radar using linear frequency
modulated continuous waveform is expressed as

sT
(
t̃
)
= rect

(
t̃

Tp

)
exp

(
j2πfct̃

)
exp

(
jπμt̃2

)
(1)

where t̃ is the fast time, rect(·) =
{
1, | · | � 1/2

0, | · | > 1/2
, Tp is the

pulse duration, fc is the carrier frequency,μ = B/Tp is the chirp
rate, and B is the sweep bandwidth.

Then, the backscattering echo of a target is

sR
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= σr rect
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]
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where σr is the target reflectivity and td is the time delay.
Pulse compression of the echo yields the following 2-D signal,

which can also be called the range–time (RT) spectrum [17]:

sC (tm, r̃) = Arsinc

[
2B (r̃ − r(tm))

c

]
exp

[
−j 4πr(tm)

λ

]
(3)
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Fig. 1. (a) Simulated RT map for a low-speed target. (b) Simulated RD map for
a low-speed target. (c) Simulated RT map for a high-speed target. (d) Simulated
RD map for a high-speed target.

where tm = mTr(m = 0, 1, . . . ,M − 1) denotes the slow time,
m is the pulse index, Tr is the pulse repetition interval (PRI),M
is the number of pulses in a CPI, c is the speed of light, r̃ = ct̃/2,
Ar denotes the echo amplitude after pulse compression, sinc(·)
is the sinc function, r(tm) denotes the target’s range at tm, and
λ = c/fc is the signal wavelength.

With tm as the horizontal axis and r̃ as the vertical axis, the
amplitude of sC can be shown using the RT map. It can be
seen from (3) that the peak position along axis r̃ corresponds
to the target range r(tm). If the change in target range over
time exceeds the radar’s range resolution c/(2B), a shift in
peak position over time can be observed on the RT map, a
phenomenon known as RM.

By Fourier transforming sC along the tm dimension, the RD
spectrum is obtained, and its amplitude can be shown by an
RD map. It can be derived from (3) that the peak position of
the range bin where the target is located along the Doppler
dimension corresponds to the target’s radial velocity dr(tm)/dt.
If the radial velocity varies within a CPI beyond the velocity
resolution λ/(2MTr), a Doppler-dimensional expansion of the
target echo is seen on the RD map, a phenomenon known as
DFM.

Fig. 1(a) and 1(c) shows the simulated RT maps of HF radar
for a low-speed and a high-speed target moving away from the
radar, respectively. The range of the horizontal axes corresponds
to the CPI which is 69.12 s. The initial radial velocity of the low-
speed target is 5 m/s, and its radial acceleration is 0.002 m/s2.
The initial radial velocity and radial acceleration of the high-
speed target are 200 m/s and 2 m/s2, respectively. To facilitate
observation, the echo amplitudes of the two targets are set to be
the same and do not vary with range. The radar’s range resolution
and velocity resolution are 0.5 km and 0.167 m/s, respectively.
The low-speed target’s range varies less than the range resolution
within a CPI, so its path looks like a horizontal straight line.

The range variation of the high-speed target exceeds the range
resolution, resulting in RM, which is reflected on the RT map as
a curved path spanning multiple range bins.

Fig. 1(b) and 1(d) illustrates the RD maps of low-speed target
and high-speed target, respectively. The echo of low-speed target
converge at a point with an SNR much higher than that on the
RT map, which is favorable for target detection and parameter
estimation. In contrast, due to the presence of RM and DFM,
the echo of high-speed target has a wide distribution on the RD
map with a SNR not increased relative to that on the RT map.
This is not only detrimental to target detection, but also makes it
difficult to estimate target motion parameters, such as range and
radial velocity from RD map. In addition, the Doppler frequency
of the high-speed target far exceeds the maximum unambiguous
Doppler frequency of the radar, so the RD map suffers from
Doppler ambiguity, i.e., the echo Doppler frequency shown on
the RD map is not the true Doppler frequency. This problem
makes it impossible to estimate the target radial speed from the
RD map.

B. DOA Estimation

The high speed of target not only makes the detection and
motion parameter estimation difficult, but also deteriorates the
already poor DOA estimation accuracy of the compact HF radar.
In order to improve the echo DOA resolution of small aperture
array, compact HF radar usually uses the MUSIC algorithm,
which decomposes the echo covariance matrix into signal and
noise subspaces and utilizes the inherent orthogonality between
them to achieve DOA estimation. In practice, the covariance
matrix is generally estimated from a finite number of data
snapshots as follows:

R̂ =
1

Ns

Ns∑
s=1

zszs
H

zs = [zs1, zs2, . . . , zsNa
]T (4)

where R̂ is the covariance matrix,Ns is the number of snapshots,
zs ∈ CNa×1 denotes the sth snapshot, [·]H is the conjugate
transpose operation,Na is the number of antenna array elements,
[·]T is the transpose operation, and zs1, zs2,..., zsNa

are the
echoes received by different array elements.

It has been derived that the estimation error of MUSIC algo-
rithm conforms to an asymptotically jointly Gaussian distribu-
tion with zero mean and variance given by [21], [36]

var(εθ) =
1

2Ns · SNR

(
1 +

1

2SNR

)
(5)

where εθ denotes the DOA estimation error, and SNR is the SNR
of target echo.

For the low-speed target, the echo of each array element
zsa(a = 1, 2, . . ., Na) in the snapshot zs is generally taken from
the target-located RD bin of the RD spectrum of this array
element, and its SNR is much higher than that of the RT spectrum
due to coherent integration. For the high-speed target, due to the
expansion of target echo in the RD spectrum caused by RM
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and DFM, zsa is taken from the target-located range bin of the
RT spectrum. Therefore, the SNR of the echo used for DOA
estimation for a high-speed target is much lower than that for a
low-speed target, provided that the radar cross sections (RCSs)
of the two targets are the same, which results in higher DOA
estimation error according to (5).

In addition, the MUSIC algorithm requires that the DOAs at
the corresponding moments of all snapshots used for estimation
of the covariance matrix R̂ are almost the same. Low-speed
targets generally have little change in DOA over a long period
of time, so multiple snapshots at different moments can be used,
while high-speed targets tend to change DOA rapidly, which
greatly limits the number of snapshots Ns. From (5), it is clear
that the reduction in Ns also increases the DOA estimation
error.1

In summary, for high-speed target tracking with compact HF
radars, it is important to address not only the effects of RM
and DFM on target detection and motion parameter estimation,
but also the effects of large DOA estimation errors on target
localization.

III. PROPOSED METHOD

In order to solve the difficulties caused by RM and DFM in
target detection and motion parameter estimation, the GRFT al-
gorithm based on parameter searching is adopted. This algorithm
not only realizes long-time coherent integration of high-speed
target echoes, which enhances the SNR and thus improves the
target detection, but also provides estimates of multiple motion
parameters.

Although the DOA estimation error of compact HF radar is
large, previous studies [36], [21] have proved that it always fol-
lows a zero-mean Gaussian distribution. Based on this property,
a method is proposed to suppress the influence of DOA error
on tracking accuracy by averaging multiple predicted tracks
corresponding to different DOA estimates to realize mutual
cancellation of DOA errors. The flow of the algorithm is shown
in Fig. 2, which is divided into four main stages. Each stage is
explained in detail as follows.

Fig. 3 shows the geometric relationship between the target
and radar. Point O denotes the radar’s location, and the arc
from A to B is the target track. A circular motion model is
used in this article, because general curvilinear motion can be
decomposed into multiple small segments of circular motion,
and the most common rectilinear motion can also be regarded
as circular motion with zero curvature.

Note that in this article the term “track” refers to the projection
of the true track on the 2-D horizontal plane. Since the compact
HF radar mainly aims at sea surface observation, the electro-
magnetic waves emitted are surface waves, so the radar does not
have the ability to measure the altitude of the target. Accordingly,
in the following, all the position and motion parameters of the
target refer to their projections on the horizontal plane.

1When Ns is small, robust covariance estimation methods can be applied,
and relevant references include [37], [38], and [39].

Fig. 2. Framework of the proposed method.

Fig. 3. Schematic diagram of target motion model. O: Radar’s position, A→
B: the movement track of the target.

Suppose that the target speed can be expressed as

v(t) = v0 +
∞∑

d=1

adt
d

d!
(6)

where v0 denotes the initial speed, and ad is the initial value of
the dth order derivative of the speed.

The length of the target’s track is

l(t) =

∫ t

0

v(τ)dτ. (7)

Define the angle φ(t) that rotates clockwise from the initial

radar radial direction
−→
OA to the target heading as the projection
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angle, which is given by

φ(t) = φ0 + κl(t) (8)

where φ0 is the initial projection angle and κ is the curvature
of circular motion. In this article, κ > 0 means the target moves
in a clockwise direction, κ < 0 indicates a counterclockwise
motion, and κ = 0 corresponds to a rectilinear motion.

The target’s range r(t) can be given as

r(t) =√[
r0 +

∫ t

0

v(τ) cosφ(τ)dτ

]2
+

[∫ t

0

v(τ) sinφ(τ)dτ

]2
(9)

where r0 is the initial range.
The angle θ(t) that rotates clockwise from due north to the

radar-to-target line is called the DOA, and its initial value is θ0.

A. Estimation of Original Track

1) Estimation of Motion Parameters Based on GRFT: As
shown in Fig. 2, in this article, the GRFT algorithm is used
to estimate the target motion parameters from the RT spectrum
corresponding to the monopole element of the CLM antenna,
because the echo SNR of the monopole is usually the highest.

The discrete form expression for the GRFT of the RT spectrum
is as follows [17], [18], [19]:

GGRFT(Ξs) =

M−1∑
m=0

sC (tm, rs(tm)) exp

[
j4π

rs(tm)

λ

]
(10)

where Ξs = [r0 s, v0 s, a1 s, a2 s, . . . , φ0 s, κs] is a vector com-
posed of all searching motion parameters, including searching
initial range r0 s, searching initial speed v0 s, searching initial
first-order derivative of speed a1 s, searching initial second-
order derivative of speed a2 s and searching initial higher-order
derivatives, searching initial projection angle φ0 s, and searching
curvature κs. rs(tm) is the target’s range at tm calculated by
replacing the corresponding true parameters in (6)–(9) with the
above-mentioned searching parameters. sC(tm, rs(tm)) is the
value of the RT spectrum sC(tm, r̃) at r̃ = rs(tm).

In theory, the abstract value of GRFT output reaches its
maximum value when all the searching parameters equal their
corresponding true parameters. This can be proved by inserting
(3) into (10), which yields

GGRFT(Ξs) =
M−1∑
m=0

Arsinc

[
2B (rs(tm)− r(tm))

c

]

× exp

[
j4π

rs(tm)− r(tm)

λ

]
. (11)

Apparently |GGRFT(Ξs)| is maximum when rs(tm) = r(tm)
(m = 0, 1, . . . ,M − 1), which can be satisfied when Ξs = Ξ,
where Ξ = [r0, v0, a1, a2, . . . , φ0, κ].

Based on the above-mentioned principle, GRFT-based target
detection and motion parameter estimation are realized by the
following steps.

1) Set the searching scopes for all motion parameters.

2) Iterate through all combinations of searching parameter
values and compute the corresponding GRFT outputs
according to (10).

3) Perform CFAR detection to confirm the presence of tar-
get and obtain the motion parameter estimates using the
following equation:

Ξ̂ = arg
Ξs

max |GGRFT(Ξs)| , s.t. |GGRFT(Ξs)| ≥ γ
(12)

where Ξ̂ = [r̂0, v̂0, â1, â2, . . . , φ̂0, κ̂] is the vector com-
posed of parameter estimates, γ is the detection threshold
determined by the desired false alarm probability [40].

4) By replacing the true parameters in (6)–(9) with their
corresponding estimates in Ξ̂, the target range estimate
r̂(tm)(m = 0, 1, . . . ,M − 1) is calculated, which is also
denoted by r̂m for simplicity in the following text.

It should be noted that there is ambiguity in the esti-
mation of initial projection angle and curvature, i.e., there
should be two vectors of estimates obtained: Ξ̂ and Ξ̂′ =
[r̂0, v̂0, â1, â2, . . . ,−φ̂0,−κ̂]. It can be derived from (6)–(10)
that the two vectors result in equal range estimate r̂m and
thus equal GRFT outputs. This ambiguity can be removed by
restricting the searching scope ofφ0 s orκs to positive or negative
numbers.

2) DOA Estimation Based on MUSIC: As shown in Fig. 2,
the MUSIC algorithm is used to estimate the target’s DOA from
the RT spectra of the three antenna elements integrated into a
CLM antenna. Thus, Na in (4) is set to 3.

Since the target’s DOA changes rapidly due to the target’s
high speed, the DOA is estimated once for each pulse moment,
and the number of snapshots Ns used in each estimation is set
to 1.

For the pulse moment tm, the echo of each antenna element
z1a(a = 1, 2, 3) in the snapshot comes from the target-located
range bin in the RT spectrum sC(tm, r̂m) corresponding to this
antenna element, where r̂m is already obtained by GRFT. The
DOA estimation result for each pulse moment is denoted as θ̂m.

3) Synthesis of Original Track: By combining the target’s
DOA and range estimates, the original target track in Cartesian
coordinates using the radar’s position as the origin can be syn-
thesized

Û = {(x̂m, ŷm) |m = 0, 1, . . . ,M − 1}
x̂m = r̂m sin θ̂m

ŷm = r̂m cos θ̂m (13)

where Û is the original track, x̂m and ŷm are the x-axis and y-axis
coordinates of the estimated target position at tm, respectively.

B. Track Prediction

Fig. 4 depicts the schematic of track prediction within the
Cartesian coordinate system. The specific steps are as follows.

Step 1, calculate the correlation coefficient between the DOA
estimate series Θ̂ = [θ̂0, θ̂1, . . . , θ̂M−1] and the slow time series
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Fig. 4. Schematic diagram of calculating predicted target track.

T = [Tr, 2Tr, . . . ,MTr] according to the following equation:

ρ =
Cov

(
Θ̂,T

)
D

1
2

(
Θ̂
)
·D 1

2 (T)
(14)

whereD(Θ̂) andD(T) denote the variance of Θ̂ andT, respec-
tively, andCov(Θ̂,T) is the covariance between Θ̂ andT.ρ > 0

means that the change trend of θ̂m over time is mainly increasing,
ρ < 0 indicates that the trend is decreasing, and ρ = 0 implies
that θ̂m does not change over time, i.e., the target moves in the
radial direction of the radar. It should be noted that the proposed
method requires that the target’s DOA maintains a trend over a
CPI, either increasing, decreasing, or unchanged.

Step 2, the target position at tm(m = 0, 1, . . . ,M − 1) on the
original track is selected as the base point of the mth predicted
track, which is denoted as P̂m in Fig. 4. The distance d̂mn

between the target positions at tn (n = 0, 1, . . . ,M − 1) and
tm can be calculated using the following equations:

d̂mn =

∣∣∣∣∣ 2κ̂ sin
φ̂mn

2

∣∣∣∣∣
φ̂mn = κ̂l̂mn

l̂mn =

∫ nTr

mTr

v̂(t)dt (15)

where φ̂mn is the estimated angle between the target’s headings
at tm and tn, l̂mn is the estimated length of the circular track
of the target between moments tm and tn, and v̂(t) is the target
speed estimate, which is obtained by replacing v0 and ad in (6)
with their corresponding estimates v̂0 and âd.

Step 3, draw a circle with P̂m as the center and d̂mn as the
radius. Draw another circle with radar position O as the center
and target range estimate r̂n as the radius. The predicted target
position at tn should be on both of these two circles, so their

intersection point can be regarded as the predicted position at tn.
However, as shown in Fig. 4, there may be two intersection points
P pre
n and P

pre
n . Apparently the difference between the DOA of

the predicted position at tn and the DOA of P̂m is

θpre
mn = arccos

∣∣∣∣∣ r̂
2
m + r̂2n − d̂2mn

2r̂mr̂n

∣∣∣∣∣ . (16)

Step 4, using the value of ρ, the DOA of the predicted position
at tn can be determined as

θpre,m
n =

⎧⎨
⎩
θ̂m + θpre

mn, ρ (n−m) > 0

θ̂m − θpre
mn, ρ (n−m) < 0

θ̂m, ρ (n−m) = 0.

(17)

As depicted in Fig. 4, when n > m, the target’s position at tn
should be P pre

n if ρ > 0, and P
pre
n if ρ < 0. For ρ = 0, i.e., the

case that the target is moving in the radial direction of the radar,
the target’s DOA at tn should be the same as at tm.

Step 5, change the value of tn and repeat steps 2–4 to calculate
the predicted positions at all other moments. Combining these
predicted positions gives themth predicted track with P̂m as the
base point, which can be denoted as

Upre,m = {(xpre,m
n , ypre,m

n ) |n = 0, 1, . . .,M − 1}
xpre,m
n = r̂n sin θ

pre,m
n

ypre,m
n = r̂n cos θ

pre,m
n . (18)

Step 6, change the value ofm and repeat steps 2–5 to calculate
predicted tracks with target positions at other moments on the
original track as the base points, thereby composing a set of
predicted tracks, which is expressed as

Spre = {Upre,m |m = 0, 1, . . .,M − 1} . (19)

C. Screening of Predicted Tracks

In Section III-B, multiple predicted tracks are obtained within
a CPI. In order to reduce the tracking error, before fusing these
tracks into a single one, it is beneficial to screen them and remove
those that deviate too much from the actual track. The specific
steps are as follows.

Step 1, calculate the average heading of each predicted track
using the following equation:

ψpre,m =
1

M − 1

M−2∑
n=0

angle[ypre,m
n+1 − ypre,m

n

+j(xpre,m
n+1 − xpre,m

n )] (20)

where ψpre,m ∈ (−π, π] is the angle between the due north and
the target heading direction, and angle(·) is the function that
returns the phase angle of a complex number.

Then, the set of average headings for all predicted tracks is
obtained

Ψpre = {ψpre,m |m = 0, 1, . . . ,M − 1} . (21)

Step 2, set the upper boundary χr and lower boundary χl of
average heading used to screen the predicted tracks.
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If the histogram of average heading set is drawn and the center
value of the bin containing the most elements is defined as ψpre

c ,
then χl and χr should satisfy the following equations:⎧⎨

⎩
χl+χr

2 = ψpre
c

ψpre
min � χl < χr � ψpre

max

num {m |χl � ψpre,m � χr } /M � ξ
(22)

where ψpre
min is the minimum value of Ψpre and ψpre

max is its
maximum value, num{·} returns the number of elements that
satisfy the specified condition, ξ is the retention proportion of
predicted tracks.

Specifically, χl and χr are calculated according to the follow-
ing steps.

1) Set the values of χ′l and χ′r according to the following
equations:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

χ′l = ψpre
min, χ

′
r = ψpre

max, if 2ψpre
c = ψpre

min + ψpre
max

χ′l = ψpre
min, χ

′
r = 2ψpre

c − ψpre
min, if 2ψpre

c < ψpre
min

+ ψpre
max

χ′l = 2ψpre
c − ψpre

max, χ′r = ψpre
max, if 2ψpre

c > ψpre
min

+ ψpre
max.

(23)

2) Calculate the number of average headings located in
[χ′l, χ

′
r], i.e., the value of num{m|χ′l � ψpre,m � χ′r}.

3) If num{m|χ′l � ψpre,m � χ′r}/M � ξ, then χl = χ′l,
χr = χ′r. Otherwise, update χ′l and χ′r according to the
following equations and repeat steps 2) and 3):

χ′l = χ′l + χs, χ
′
r = χ′r − χs (24)

where χs is the step for updating χ′l and χ′r, which can be
set equal to the bin width of the histogram of the average
heading set.

Step 3, the set of predicted tracks is screened with boundaries
χl and χr to obtain the screened track set Sscr

Sscr = {Upre,m |χl � ψpre,m � χr } . (25)

D. Track Fusion

By performing averaging fusion on the remaining predicted
tracks after screening, the final result of target tracking, i.e., the
fusion track, is obtained

Ufus =
1

I

I−1∑
i=0

Uscr,i

=

{(
1

I

I−1∑
i=0

xscr,i
n ,

1

I

I−1∑
i=0

yscr,i
n

)
|n = 0, 1, . . .,M − 1

}

(26)
where I �Mξ is the number of tracks in Sscr, Uscr,i denotes the
ith track in Sscr, xscr,i

n and yscr,i
n are the coordinates of the target

position at tn on the ith track.
Since the track fusion in this article is limited to one CPI, the

fragmentation of tracks involved in the fusion is not considered.
If fusion is performed for longer tracks, fragmentation is likely
to occur due to SNR fluctuation of target echoes, or interference
from sea clutter, etc., thus a reasonable track association and
fusion algorithm is required [41], [42].

Algorithm 1: High-Speed Target Tracking Method.
Input: RT spectra corresponding to three receiving antenna
elements of compact HF radar.
Output: Fusion track Ufus.

1: The GRFT algorithm is used to detect the target from
the RT spectrum sC(tm, r̃) of the monopole antenna and
to estimate the motion parameters according to (12).
These estimates are then substituted into (6)–(9) to
calculate the target range estimate of each pulse r̂m.
2: For the m-th pulse, the MUSIC algorithm is applied
to the values of RT spectra of the three antenna elements
at a range of r̂m to obtain the target’s DOA estimate θ̂m.
Follow this method to obtain the DOA estimates for
other pulses.
3: According to (13), the original target track Û is
obtained using the target’s range and DOA estimates.
4: Calculate the correlation coefficient ρ between the
DOA estimate series Θ̂ and the slow time series T
according to (14).
5: Follow the process below to calculate the set of
predicted tracks Spre.
for m← 0 :M − 1 do

Select the target position at tm on the original track as
the base point and get its DOA value θ̂m.

for n← 0 :M − 1 do
Calculate the distance d̂mn between the target

positions at tm and tn according to (15).
Calculate the predicted DOA shift from m-th to n-th

pulse θpre
mn according to (16).

Calculate the predicted target’s DOA θpre,m
n at tn

according to (17).
end for
The predicted target track Upre,m with the target

position at tm on the original track as the base point is
obtained according to (18).
end for
The set of predicted tracks Spre is obtained according
to (19).
6: Follow the steps below to screen the predicted tracks.

6.a: Calculate the set of average headings of all
predicted tracks Ψpre according to (21).

6.b: Calculate the upper boundary χr and lower
boundary χl of average heading according to (22).

6.c: Screen the set of predicted tracks Spre with χr

and χl according to (25) to obtain the screened track
set Sscr.
7: The tracks in Sscr are fused according to (26) to obtain
the fusion track Ufus.

The proposed method is summarized in Algorithm 1.

IV. NUMERICAL SIMULATION

In this section, numerical simulations are performed to verify
the algorithm proposed in this article.
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TABLE II
TARGET PARAMETERS IN SIMULATION

A. Parameter Setting

In the numerical simulation, the radar parameters are set in
accordance with the operating parameters of the compact HF
radar used in the field experiment, which are detailed in Table I.

In addition, unless otherwise specified, the target parame-
ters for simulation are set according to Table II. In order to
reduce the computational complexity of GRFT, the simulation
assumes a constant target speed and neglects its derivatives
ad(d = 1, 2, . . .).

According to the radar equation [43], for HF radar, the SNR of
the target echo after pulse compression can be expressed as [44]

SNR =
4PtGtGrLsλ

2ΔRΔθΥTp
(4π)3rkBT0F (cTr)2

(27)

where the meanings of some parameters and their values in this
article are listed as follows.

1) Pt: radar transmission power, 200 W.
2) Gt: transmitting antenna gain, 1.
3) Gr: receiving antenna gain, 1.
4) Ls: system loss, 0.01.
5) λ: signal wavelength, 23.08 m.
6) Δθ: radar azimuth resolution, 0.087 rad.
7) Υ: RCS, 0.1∼100 m2.
8) Tp: pulse duration, 0.256 s.
9) r: target range, 1.5∼64 km.

10) kB : Boltzmann constant, 1.38×10−23J/K.
11) T0: system Kelvin temperature, 290 K.
12) F : noise coefficient, 104.
The above-mentioned RCS scope is mainly for civil air-

crafts [45], [46], as they are the observation objects of the
field experiment in this article. Based on the above-mentioned
equation, the echo SNR is calculated to be−38∼8 dB. In order
to check the performance of the proposed method at low SNR,
the SNR is set to −38 dB in the following simulation unless
otherwise specified.

Based on observations from previous field experiments, the
DOA measurement error εθ of HF radar usually conforms to a
Gaussian distribution with zero mean [21], i.e., εθ ∼ N(0, σ2

θ),
where the standard deviation σθ ∈ [0, 25◦]. In the following
simulation, unless otherwise specified, σθ is set to 25◦.

Table III gives the parameter searching scopes of GRFT in this
article. The lower and upper searching limits of initial range are
determined by the blind range and maximum detection range of

TABLE III
PARAMETER SEARCHING SCOPE OF GRFT

Fig. 5. Simulated echo spectra of a target in circular motion within a CPI.
(a) RT map. (b) RD map.

the compact HF radar, respectively. The upper searching limit of
initial speed is set based on the maximum speed of the target of
interest, i.e., civil aircrafts. It is deduced from (6)–(10) that the
GRFT outputs corresponding to (−φ0 s,−κs) and (φ0 s, κs) are
the same, holding other parameters constant, so the curvature
searching scope is limited to nonnegative values.

As described in Section III-B, the proposed method of this
article only addresses the case that the target’s DOA maintains
an increasing, or decreasing, or unchanged trend over a CPI.
Thus, the change of the projection angle φ(t) within a CPI must
be no greater than π, i.e.,

κ

∫ MTr

0

v(τ)dτ � π. (28)

According to the above-mentioned formula, the maximum
value of κ is calculated, which is taken as the upper limit of the
searching curvature κs. The lower limit of κs corresponds to
rectilinear motion.

The searching interval for each parameter is set based on
the principle that if this parameter is varied at this interval,
the resulting position shift of the target track does not exceed
ΔR/10, while other parameters remain unchanged.

B. Circular Motion

Fig. 5(a) and 5(b), respectively, shows the echo RT map and
RD map of a target in circular motion simulated according to
the parameters in Tables I and II. It should be noted that in order
to see the target echo clearly, the echo intensities are increased
equally when drawing these two maps. Obviously, both the RM
and DFM are present, so RD map has no improvement in SNR
relative to RT map, and it is difficult to estimate the target motion
parameters directly from RD map.

Fig. 6(a) shows the original track within a CPI. As stated in
Section III-A, the original track refers to the track synthesized
using the range estimates from the GRFT algorithm and the
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Fig. 6. Processing results of a simulated circular motion. (a) Original track and six predicted tracks. (b) Histogram of the average headings of all predicted tracks.
(c) GRFT track, fusion track and results of CV-Kalman filter and CA-Kalman filter.

DOA estimates from the MUSIC algorithm. However, for the
numerical simulations in Section IV, the DOA values used to
synthesize the original track are the sums of the true DOA
values and Gaussian random numbers with mean zero. The true
DOA values refer to the DOA values of the actual track. The
reason for doing this is to facilitate the simulation of various
DOA estimation errors and thus testing the performance of the
proposed method under different DOA errors. For the original
track in Fig. 6(a), the standard deviation of the Gaussian random
numbers is set to 25◦. Due to this large standard deviation,
the original track looks very confusing and far from a regular
airplane track.

Fig. 6(a) also gives the actual track for comparison, i.e., the
track synthesized using the real range and DOA values which are
calculated based on the target parameters in Table II. It can be
seen that the original track deviates significantly from the actual
track, and the RMSE of its target localization is calculated to be
9.41 km.

The error in the original track comes partly from the DOA
estimation error and partly from the range estimation error. To
confirm that the former is much larger than the latter, the concept
of GRFT track is defined, which refers to the track synthesized
using the range estimates from the GRFT algorithm and the
true DOAs. The GRFT track does not contain DOA error, but
only range estimation error from the GRFT algorithm. It should
be noted that the GRFT track is not available in practical target
tracking because the true DOA values are unknown, and it is only
used in this article to evaluate the range estimation error from
the GRFT algorithm. In order to clearly observe the difference
between the GRFT track and the actual track, they are both
plotted in Fig. 6(b) with reduced axis ranges relative to Fig. 6(a).
The GRFT track is highly consistent with the actual track, with
an RMSE of 0.10 km. By comparing the GRFT track with the
original track in Fig. 6(a), it can be determined that the large
deviation of the original track relative to the actual track is mainly
caused by the DOA error rather than GRFT estimation error.

Fig. 6(a) also demonstrates the predicted target tracks. Due to
the large number of predicted tracks within a CPI, only six are
drawn for ease of observation, and the DOA errors of their base
points are respectively 3.77◦, −3.60◦, 17.50◦, −17.44◦, 55.07◦,
−52.28◦. As can be seen, the predicted tracks are much smoother

than the original track, and their trends of circular motion are
obvious. The two predicted tracks of the same color (tracks 1 and
2, tracks 3 and 4, tracks 5 and 6) correspond to two base points
with DOA errors of opposite signs and almost equal absolute
values, so they are approximately symmetric with respect to the
actual track in terms of DOA.

Fig. 6 shows a histogram of the average headings of all pre-
dicted tracks. According to the setting of the retention proportion
ξ = 0.8, the lower boundary χl = 50◦ and the upper boundary
χr = 130◦ for screening of predicted tracks are obtained.

Fig. 6(b) gives the processing result of the proposed method,
i.e., the fusion track. For a clear view, the axis ranges are reduced
relative to Fig. 6(a). For comparison, the processing results of
two widely used tracking algorithms are also given, including the
CV-Kalman filter and the CA-Kalman filter. Among these three
tracks, the fusion track is the closest to the actual track. The
processing results of CV-Kalman filter and CA-Kalman filter
are messy and do not show the trend of circular movement at
all. It should be noted that the fusion track seems to deviate
significantly from the actual track compared to the GRFT track.
However, the GRFT track is not available in real target tracking,
because its DOA values are the true target DOA values which are
unknown in practical applications. Therefore, the GRFT track
cannot be used as the processing result of the proposed method,
only the fusion track can.

The target localization RMSEs of the fusion track, CV-
Kalman filter, CA-Kalman filter are 1.32, 3.46, and 11.61 km,
respectively. Compared to the RMSE of the original track
(9.41 km), CA-Kalman filter even worsens the accuracy of
target localization. On the one hand, the RMSE of the fusion
track (1.32 km) is much smaller than that of the original track
(9.41 km), indicating that the DOA error contained in the original
track has been significantly suppressed. On the other hand, the
RMSE of the fusion track (1.32 km) is larger than that of the
GRFT track (0.10 km), suggesting that the DOA error has not
been completely eliminated.

C. Rectilinear Motion

Rectilinear motion can be regarded as circular motion with
zero curvature. Fig. 7 shows the echo RT map and RD map
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Fig. 7. Simulated echo spectra of a target in rectilinear motion within a CPI.
(a) RT map. (b) RD map.

simulated according to the parameters listed in Table II. It is clear
that the echo spans multiple range bins and Doppler frequency
bins, so the RM and DFM are present.

Fig. 8 shows the results of a simulation experiment. In
Fig. 8(c), the GRFT track almost coincides with the actual track,
and the RMSE of its target localization is 0.11 km, indicating that
the parameter estimation errors of GRFT algorithm are small.
However, in Fig. 8(a), the original track deviates greatly from
the actual track, with an RMSE of 10.13 km. By comparing the
original track and the GRFT track, it can be determined that the
error in the original track is caused mainly by the large errors of
the DOA values (σθ = 25◦).

Fig. 8(a) also demonstrates six predicted tracks, which are all
nearly straight lines. The DOA errors of their base points are
40.99◦, −39.63◦, 19.47◦, −19.49◦, 9.45◦ and −9.48◦, respec-
tively. The two tracks of the same color (tracks 1 and 2, tracks 3
and 4, tracks 5 and 6) correspond to two base points with DOA
errors almost symmetric with respect to 0, so the two tracks are
almost symmetric with respect to the actual track in terms of
DOA.

Fig. 8(b) shows a histogram of the average headings of all
predicted tracks within a CPI. The lower boundary of track
screening is set toχl = 30◦ and the upper boundary isχr = 80◦.

Fig. 8(c) shows the processing results of the proposed method,
CV-Kalman filter and CA-Kalman filter, whose target localiza-
tion RMSEs are 1.01, 4.77, and 10.73 km, respectively. The
proposed method still shows the best tracking performance,
whose result is the only one that approximates a straight line
in form.

D. Monte Carlo Simulation

Figs. 6 and 8 just show the results of a single simulation
experiment. Next, multiple Monte Carlo experiments are con-
ducted to evaluate the performance of the proposed method more
accurately. It should be noted that only the simulation results of
circular motion are given below, since the simulation results of
rectilinear motion are similar.

Fig. 9 shows the RMSEs of target motion parameter estima-
tion using GRFT for different echo SNRs. The raw RMSEs are
calculated with an SNR interval of 1 dB, and for each SNR 50
Monte Carlo experiments are performed. The red dashed line in
each subgraph is the result of fitting the discrete raw RMSEs. It
can be seen that for each motion parameter, the RMSE basically
decreases with the increase of SNR. The processing results in

Fig. 6 correspond to the case when SNR is minimum. Obviously,
if the SNR is higher, the proposed method should perform
better.

Fig. 10 shows the track localization errors for different GRFT
searching intervals. The horizontal axis represents multiples
of the original searching intervals, i.e., the intervals listed in
Table III. For each multiple, 50 Monte Carlo experiments are
performed.

When the multiple is less than 4, the RMSE of the GRFT track
increases significantly with the increase of the multiple, but the
RMSE of the original track hardly increases, which indicates that
it is the DOA error rather than the GRFT estimation error that
plays a major role in the original track error. When the multiple
exceeds 4, the RMSEs of both the GRFT track and the original
track increase with the multiple, and the difference between them
gradually decreases, indicating that the GRFT estimation error
has an increasing effect on the original track error.

Compared with the original track, the influence of DOA error
in fusion track is suppressed, but the effect of GRFT estimation
error cannot be reduced. So when the multiple is less than 4, the
RMSE of the fusion track is much smaller than that of the original
track, while when the multiple exceeds 4, the gap between
them gradually decreases. Therefore, it is recommended that
the searching intervals are smaller than four times the original
searching intervals.

Fig. 11 shows the track RMSEs for different standard devi-
ations of DOA error. Each RMSE value is the average of 50
Monte Carlo experiments. The RMSEs at σθ = 25◦ are almost
the same as those of the single experiment in Fig. 6, which
proves the reliability of the latter. The RMSEs of all these four
tracks increase with the increase of σθ, indicating that they are
all affected by DOA errors. The RMSE of fusion track is the
smallest, followed by the RMSE of CV-Kalman filter, and the
RMSE of CA-Kalman filter is even larger than that of the original
track. Obviously the proposed method is the most effective in
suppressing the influence of DOA error on the original track, and
the greater the DOA error, the more prominent the advantage of
the proposed method.

In the previous simulations, the retention proportion ξ when
screening the predicted tracks is set to 0.8. Fig. 12 shows the
fusion track RMSEs for different ξ. Each RMSE value is the
average of 50 Monte Carlo experiments. When σθ is less than
10◦, the RMSE of fusion track decreases with the increase of ξ,
indicating that when the DOA estimation error is small, the more
predicted tracks involved in fusion, the smaller the error of fusion
track. When σθ is greater than 15◦, the RMSE first decreases
and then increases with the increase of ξ, which indicates that
when DOA estimation error is large, those predicted tracks with
big errors must be removed before track fusion. Based on the
simulation results, ξ = 0.8 is identified as the optimal value in
this article.

V. FIELD EXPERIMENT

A. Experiment Background

On 3 April 2022, a field experiment was conducted in Wuhan,
Hubei Province, China. The experiment lasted for 6 h. During the
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Fig. 8. Processing results of a simulated rectilinear motion. (a) Original track and six predicted tracks. (b) Histogram of the average headings of all predicted
tracks. (c) GRFT track, fusion track and results of CV-Kalman filter and CA-Kalman filter.

Fig. 9. RMSEs of GRFT parameter estimation. (a) Initial range. (b) Initial
speed. (c) Initial projection angle. (d) Curvature.

experiment, the HF radar was about 20 km away from a civilian
airport and the main observation targets were civil aircrafts.

Fig. 13 shows the transmitting and receiving antennas of the
compact HF radar used in the experiment. The transmitting
antenna is a monopole antenna and the receiving antenna is a
CLM antenna. They are 5.8 m apart. The radar parameters are
shown in Table I. The ground truth data of target tracking are
from an automatic dependent surveillance-broadcast (ADS-B)
system located adjacent to the radar, which can provide real-time
information about aircrafts’ position.

B. Field Experiment Result

Fig. 14(a) and 14(b), respectively, shows the RT map and the
RD map measured by the monopole receiving antenna element
within a CPI when target 2 passes through the radar coverage
area. Obviously RM and DFM are present. In addition to the
target echo, there are also radio frequency interference and zero
frequency interference in the spectra.

Fig. 10. Target localization RMSEs under different GRFT searching intervals.

Fig. 11. Target localization RMSEs under different DOA errors.

As mentioned in Section III, the proposed method is based
on a 2-D motion model on the horizontal plane, because the
compact HF radar cannot measure the target altitude, and its
tracking objects are generally ships or low-flying aircrafts at
altitudes (<1km) much less than their ranges. However, the
observation targets of the field experiment in this article are civil
aircrafts at altitudes (6∼12.6 km) comparable to their ranges.
The range values in the RT spectrum are in fact slant ranges in
3-D space, which cannot be approximated as horizontal ranges if
the target altitudes are high. Therefore, (9) needs to be modified
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Fig. 12. Fusion track RMSEs under different retention proportions.

Fig. 13. Transmitting and receiving antennas of compact HF radar.

Fig. 14. Echo spectra of target 2 measured by the monopole receiving antenna
within a CPI. (a) RT map. (b) RD map.

as follows:

r(t) =

{[
r0 +

∫ t

0

v(τ) cosφ(τ)dτ

]2

+

[∫ t

0

v(τ) sinφ(τ)dτ

]2
+ h2(t)

} 1
2

(29)

where r(t) refers to the slant range in 3-D space, and h(t) is the
target altitude, which is provided by the ADS-B system in this
article.

Using the GRFT algorithm, the target motion parameter esti-
mates r̂0, v̂0, φ̂0, κ̂ are calculated from the RT spectrum of the
monopole receiving element. Then, based on (6), (7), (8), and
(29), the slant range r̂m at moment tm(m = 0, 1, . . . ,M − 1)
is calculated. After that, r̂m is converted to the horizontal range
r̂hor
m according to the following equation:

r̂hor
m =

√
r̂2m − h2m (30)

where hm denotes the target altitude at moment tm provided by
the ADS-B system. Note that the target ranges in the descriptions
later in Section V-B all refer to horizontal ranges.

Using the MUSIC algorithm, the DOAs are estimated from
the RT spectra of the three receiving elements integrated into
the CLM antenna. The range and DOA estimates are then used
to calculate the original track, which is shown in Fig. 15(a). The
actual track acquired by the ADS-B system is also displayed,
reflecting that the target is making a curved motion. Compared
with the actual track, the RMSE of the original track is 4.78 km.

The GRFT track which does not include DOA estimation
errors nearly coincides with the actual track and has a much
lower RMSE of 0.64 km, which indicates that the original track
errors mainly come from DOA estimation errors rather than
GRFT estimation errors.

The DOA estimation errors can be calculated using the data
provided by the ADS-B system. The histogram of DOA estima-
tion errors is shown in Fig. 15(b), which basically conforms to
a zero-mean Gaussian distribution. The mean value is −3.82◦,
which is indicated by a red dashed line in Fig. 15(b). The RMSE
is calculated to be 10.45◦.

Fig. 15(c) shows the histogram of average headings of all
predicted tracks. Following a retention proportion of ξ = 0.8,
the lower and upper bounds of predicted track screening are
respectively 45◦ and 70◦.

Fig. 15(a) also demonstrates the fusion track and the tracks
generated by the CV-Kalman filter and CA-Kalman filter, which
have RMSEs of 1.71, 3.68, and 3.94 km, respectively. The fusion
track has the smallest RMSE and is most similar to the actual
track in morphology, which reflects the good performance of the
proposed method.

Fig. 16 shows the tracking results of other six targets and
their corresponding DOA estimation errors. For each target, the
GRFT track is not shown because it almost overlaps with the
actual track and is not the final tracking result of the proposed
method. For all these six targets, the tracking results of the
proposed method, i.e., the fusion tracks, are the closest to the
actual tracks when compared to those of the CV-Kalman filter
and CA-Kalman filter. In particular, it should be noted that the
fusion track of target 3 in Fig. 16(c) is a splicing of the tracking
results of two consecutive CPIs, and its consistency with the
actual track reflects the potential of the proposed method for
longer time target tracking.

Fig. 17 shows the RMSEs of the tracking results and DOA
estimates for the above-mentioned seven targets. The seven
targets are listed in order of DOA RMSE from smallest to largest.
The RMSEs of the original track and the tracking results of
CV-Kalman filter and CA-Kalman filter generally increase with
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Fig. 15. Tracking results of target 2. (a) Original track, GRFT track, fusion track and results of CV-Kalman filter and CA-Kalman filter. (b) Histogram of the
DOA estimation errors. (c) Histogram of the average headings of all predicted tracks.

Fig. 16. Target tracking results and DOA estimation errors. (a) Tracking results of target 1. (b) Histogram of the DOA estimation errors of target 1. (c) Tracking
results of target 3. (d) Histogram of the DOA estimation errors of target 3. (e) Tracking results of target 4. (f) Histogram of the DOA estimation errors of target 4.
(g) Tracking results of target 5. (h) Histogram of the DOA estimation errors of target 5. (i) Tracking results of target 6. (j) Histogram of the DOA estimation errors
of target 6. (k) Tracking results of target 7. (l) Histogram of the DOA estimation errors of target 7.

the increase of DOA RMSE, except for target 4 and target 6. The
reason is that the ranges of target 4 and 6 are smaller than the
ranges of target 3 and 5 in front of them, respectively, and if the
DOA error is constant, the closer the target range is, the smaller
the target localization error is. To confirm this, the ranges of the
six targets are plotted with a blue line.

In contrast, the fusion tracks are much less affected by DOA
RMSEs. The minimum value of fusion track RMSEs of the

seven targets is 0.64 km (target 6) and the maximum value
is 2.08 km (target 7). Even for DOA RMSEs above 25◦, the
proposed method achieves good tracking results.

C. Discussion

1) CLM Pattern Distortion: The effectiveness of the pro-
posed method is based on the property that the mean value
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Fig. 17. RMSEs of tracking results and DOA estimates for seven targets.

of the DOA estimation error is zero. However, in practice, the
DOA estimation error does not strictly conform to this, as can
be seen in Figs. 15(b), 16(b), (d), (f), (h), (j), and (i). The
reason is that the CLM antenna patterns are distorted by the
surrounding electromagnetic environment, but the ideal CLM
antenna patterns without distortion are used by the MUSIC
algorithm for DOA estimation [47].

From Figs. 15 and 16, it can be seen that the proposed method
still achieves good performance although the mean DOA error
deviates from zero. If the ideal patterns used in DOA estimation
are replaced by the actual patterns obtained from field measure-
ment, the mean value of DOA estimation error will approach
zero [21], and it can be predicted that the proposed method
will achieve better tracking performance, but of course, more
experiments are needed to verify this.

2) Sea Clutter: Compact HF radars monitor mainly sea sur-
face targets, including ships and low-altitude aircrafts. However,
in order to facilitate testing of the proposed method, the field
experiment in this article is conducted inland. Compared with
experiment at the seashore, a big difference is the lack of
interference from sea clutter.

Sea clutter is distributed over multiple range bins at the same
time, thus inevitably deteriorates target tracking when its power
is strong. However, the Doppler frequency of sea clutter is con-
centrated around the Bragg frequency [48], which is significantly
different from the high-speed targets of concern in this article.
Taking advantage of this, it is promising to suppress the sea
clutter prior to target tracking, so as to weaken its effect. This
needs to be verified in future experiments.

3) Computational Cost: The computational cost of the pro-
posed method mainly comes from two phases, one is the original
track estimation phase and the other is the track optimization
phase. The former includes the use of GRFT algorithm, MUSIC
algorithm and the synthesis of original track, and the latter
consists of track prediction, screening, and fusion.

Both the CV-Kalman filter and the CA-Kalman filter, which
are used in this article for comparison with the proposed method,
are applied on the basis of the original track. Therefore, their
computational complexity should also include the complex-
ity from the original track estimation, and thus differ from
that of the proposed method only in the track optimization
phase.

In the original track estimation phase, the computational
complexity of the GRFT algorithm [17] is O(NrNvNφNκM),
where Nr, Nv , Nφ, and Nκ are the number of searching ini-
tial ranges, searching initial speeds, searching initial projec-
tion angles and searching curvature values, respectively. The
computational complexity of the MUSIC algorithm [49] is
O(N2

aM +N3
aM +N2

aNdM), where Nd is the number of
searching DOA values, and the three addends in parentheses
correspond to the computational complexity of covariance ma-
trix calculation, eigenvalue decomposition, and MUSIC spec-
trum estimation, respectively. The computational complexity of
original track synthesis is O(M).

In the track optimization phase, the computation complexity
of the proposed method is O(M2). The computational com-
plexity of Kalman filtering algorithm is mainly related to the
number of state variables Ne and the number of measurement
variables Nm [50], [51]. Therefore, in the track optimization
phase, the computational complexity of the CV-Kalman filter
isO((M − 1)(N3

e +N2
eNm +NeN

2
m +N3

m)), whereNe = 4
and Nm = 2, and that of the CA-Kalman filter is O((M −
2)(N3

e +N2
eNm +NeN

2
m +N3

m)), where Ne = 6 and Nm =
2. It can be seen that if M is large, the computational complex-
ity of the proposed method will exceed that of the other two
methods, but under the value of M = 256 set in this article,
the computational complexity of the three methods is not much
different.

The GRFT algorithm, which is implemented through an
exhaustive search approach in multiple dimensions, accounts
for a large portion of the computational cost. However, GRFT
in the proposed method can be replaced by other coherent
integration algorithms with lower computational complexity,
such as Radon-fractional Fourier transform [52], Radon Lv’s
distribution [53], and adjacent cross-correlation function [54].
These algorithms reduce computational costs by sacrificing a
certain amount of coherent integration gain. Furthermore, in-
coherent integration algorithms with lower computational costs
can also be applied here to enhance the real-time performance of
the proposed method, such as generalized Radon transform [55]
and Hough transform [56], which yet have reduced detection
capabilities for weak targets.

4) Multitarget Tracking: Both simulations and field exper-
iments in this article investigate only the tracking of a single
target. When there are multiple targets in the RT spectrum, a long
time coherent accumulation algorithm (not necessarily GRFT,
other long time accumulation algorithms also work) combined
with the CLEAN algorithm can be used to detect these targets
and estimate their motion parameters, which has been shown to
be effective [57], [58]. Then, for each target, the original track
can be estimated and optimized using the method proposed in
this article. For the case that there are numerous and overlapping
targets in the RT spectrum, the performance of the proposed
method still needs to be further verified.

VI. CONCLUSION

This article presents a high-speed target tracking method for
compact HF radar. High-speed targets in this article refer to those
that cause significant RM and DFM. RM and DFM not only
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increase the difficulty of target detection and motion parameter
estimation, but also reduce the accuracy of DOA estimation and
thus deteriorate the tracking performance. In this article, GRFT
algorithm is used to detect the target and estimate its motion
parameters. In addition, using the zero mean distribution of DOA
estimation error, this article realizes DOA error cancellation by
averaging multiple predicted tracks corresponding to different
DOA estimates, thereby reducing the influence of DOA error on
tracking accuracy.

The proposed method mainly includes four steps. First, the
motion parameters of the target are estimated using the GRFT
algorithm, the DOA of the target is estimated using the MU-
SIC algorithm, and the original track is calculated based on
the estimates of range and DOA. Then, multiple base points
are selected from the original track, and for each base point,
a predicted track is calculated, thus multiple predicted tracks
are obtained. The predicted tracks are then screened based on
their average headings. Finally, the screened predicted tracks are
fused to generate the final track.

Numerical simulation and field experiment demonstrate the
good performance of the proposed method. Compared with the
commonly used tracking methods CV-Kalman filter and CA-
Kalman filter, the proposed method significantly reduces the
error of the original track, especially when the DOA error is
large, the superiority of the proposed method is more prominent.

As mentioned in Section III-B, the proposed method requires
a constant trend in target’s DOA over a CPI. This requirement is
not satisfied in some cases, e.g., when the target makes a circular
motion with large curvature. This problem may be solved by
reducing the CPI and jointly processing the tracking results of
multiple CPIs, which needs more in-depth research in the future.

In this article, the field experiment site is near an inland civil
airport and the tracking targets are civil aircrafts, but the compact
HF radar is designed to track targets sailing on the sea surface or
flying at low altitude over the sea. Therefore, field experiments
at the seashore need to be carried out in the future to test the
performance of the proposed method.
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