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Abstract

analyzed by computer simulations.

Spatial spectrum estimation technology has always been the focused research project in an array signal processing of
High Frequency Surface Wave Radar (HFSWR). This paper takes the polarization sensitive array for the model and
combines with time-frequency analysis method for DOA estimation of HFSWR echo signals, which can make full use of
the spatial, time-frequency, and polarized domain information of signals. The time-frequency MUSIC and ESPRIT
algorithms of integrated polarization information are studied, and the improved algorithm is proposed based on the
advantages and disadvantages of both algorithms. The improved algorithm first estimates the azimuth angles of
signals roughly with the polarized time-frequency ESPRIT algorithm and then determines a small scope centered on
each azimuth. Within the scope, a more accurate DOA-estimated value is got by spectral peak search with MUSIC
algorithm, so it can save computation time on the basis of accuracy of the DOA estimation, and their performance is
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1 Introduction

In recent years, as the coastal area of space gets smaller to
make HFSWR array antenna aperture get smaller too,
using a signal processing technology to improve the preci-
sion of the direction of arrival (DOA) estimation algorithm
has also become a research hotspot. The time-frequency
analysis method uses the joint function of time and fre-
quency to describe the energy density of the processed sig-
nal and has its unique advantage in dealing with non-
stationary signals. In 1998, A. Belouchrani and M. Amin
first observed that the Wigner-Ville distribution of the
array output and the correlation matrix of the array output
had a similar structure and applied it to the DOA estima-
tion [1, 2]. Yimin Zhang [3, 4] found the intrinsic relation
between the spatial time-frequency distribution matrix and
the covariance matrix of the array output. For the first
time, it has been proved theoretically that the structure of
the spatial time-frequency distribution matrix can be used
to estimate the DOA of the signals, which provides
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theoretical support to study the time-frequency signal pro-
cessing for later scholars. Polarization information is the
inherent attribute of the electromagnetic wave signal, and
it is also the information of the echo signals. The
electromagnetic-vector-sensor (EMVS) has received exten-
sive attention in an array signal processing due to the fact
that it cannot only provide DOA of the signal, but can also
give the polarization information. An electromagnetic
vector-sensor usually consists of three orthogonally ori-
ented dipoles to measure the electric field, plus three or-
thogonally oriented loops to measure the magnetic field of
the source [5]. A unique DOA estimation algorithm for the
EMVS, the vector-cross product algorithm, has been pro-
posed in [5] and been advanced in [6, 7] along with various
eigenstructure-based direction-finding schemes [8-10]. Dr.
Ferrara and Parks of Stanford University in the USA used a
polarized sensitive array composed of crossed dipole and
combined with classical super resolution algorithms to
study DOA [11]. Dr. Jian Li of the USA studied the
polarization state parameters and the estimation of the
DOA of electromagnetic waves in the case of polarized
sensitive arrays based on uniform linear array [12]. In the
literature [13], the polarization state parameters and DOA
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estimation in the case of polarized sensitive arrays based
on rectangular arrays are studied. In [14], the joint estima-
tion of the DOA and the polarization state in the case of
the vector sensors in the absence of regularity is studied. In
literature [15], the DOA and polarization parameters of the
source signals are estimated firstly and then the variation
of the estimated performance with the SNR is analyzed.

This paper intends to use the dual-polarized receiving
antenna array from the compact high-frequency ground
wave radar of the LFM system; make full use of the
spatial, time-frequency, and polarized domain informa-
tion of signals; and combined with the modern spatial
spectrum estimation technologies. The super-resolution
algorithm of time-frequency spectrum estimation of the
integrated polarization information is studied.

2 Signal model
2.1 Polarization sensitive array
Polarization sensitive array refers to polarized sensi-
tive elements arranged in a particular way in space,
and the array can receive spatial and polarized do-
main information of the source signals. The spatial
information can be expressed by the phase delay be-
tween different elements, but the polarization infor-
mation needs to analyze the structure of the
polarized sensitive elements. Polarization sensitive el-
ements can receive six electromagnetic components
most at the same time, but there will be some re-
dundancy. By the relationship between the electric
and magnetic field, a part of the components can be
selected to form the element, but the polarization
information of the electromagnetic wave signals can
be obtained at least two components [16]. Therefore,
it is usual to form a uniform linear array with or-
thogonal cross dipoles, as shown in Fig. 1. This
structure is relatively simple and easy to achieve.
The polarization information of the electromagnetic
wave signals can be expressed by the amplitude ratio
and the phase difference of two mutually orthogonal
electric fields, i.e.,

Fig. 1 Dual polarized antenna array
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where tany = %represents the ratio of electric field am-
plitudes between the y-direction and the x-direction, in
addition,;7 = ¢, - ¢, represents the phase difference of
electric field between the vy-direction and the x-
direction. Regardless of the energy information of the
electromagnetic wave, the polarization parameter (y,#)
can represent the polarization information of any state.
When there are k signal sources inciding N elements
array antenna and the noise is independent and station-
ary, the received signal can be expressed as
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represents the polarized-spatial domain joint steering vec-
tor of received signals, S, is polarized domain steering vec-
tor, and S, is spatial domain steering vector, symbol ®
represents kernel product of S, and S,. The polarized do-
main steering vector can be expressed as

| Ex| _ |- sing
S = E,| | cosp

and the spatial domain-oriented vector can be expressed as
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2.2 Spatial polarimetric time-frequency distributions
The Cohen’s class of STFD of a data vector x(f) is
expressed as

Dy(t, f) = [¢p(t-u, T)x<u + %)x* (u— g) e dudr
(6)

where ¢(¢,7) is the time-frequency kernel function
and it uniquely be used to define time-frequency
distributions.

From the knowledge of time-frequency transform and the
polarization sensitive array model introduced abovemen-
tioned, we can see that for the kth dual polarized orthogonal
dipole, the self-term and cross-term time-frequency distri-
butions can respectively be expressed as
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where the superscript i and j both represent the verti-
cal component v or the horizontal component % of
the array element.

Therefore, the time-frequency distribution of the
kth dual polarized orthogonal dipole is a 2 x 2 matrix,
which consists of the vertical and horizontal oscilla-
tor’s self-term and cross-term time-frequency distribu-
tions. Considering a uniform linear array consists of n
dual polarized orthogonal dipole, the received data
vector can be expressed as

() = [0, ), o]

_ y[i](t) n n[i](t) _ A[l]s[l](t) + n[i](t) (9)

The time-frequency distributions of its self-term and
cross-term can be expressed as

D,y (¢, f) = Jop(t-u, 7)x! (u + g) <xm (u— %))He‘jz’#fdudr
(10)
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Spreading Formula (9) in accordance with the hori-

zontal and vertical component, we can get the follow-
ing formula
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It is clear that the dual polarized orthogonal dipole
element has more available information than the uni-
polar element. After theoretical analysis, we can com-
bine the spatial, polarized, and time-frequency domain
information of the signal received by the polarization
sensitive array. Thus, the spatial polarization time-
frequency distribution (SPTFD) of the received data
x(£) can be expressed as
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3 Spatial polarimetric time-frequency DOA
estimation algorithm
3.1 Polarimetric time-frequency MUSIC
In [3], it has been proved that the structure of spatial
time-frequency distribution matrix is similar to that of
the traditional array covariance matrix. Therefore, the
STFD matrix can be applied to the subspace class algo-
rithm instead of the covariance matrix in the MUSIC al-
gorithm, called time-frequency MUSIC algorithm.

Similar to the time-frequency MUSIC algorithm, the po-
larimetric time-frequency MUSIC algorithm, which inte-
grated polarization information, takes the polarization
sensitive array for the model and then do time-frequency
transform of the received signal shown in Eq. (2) which
can obtain the SPTFD matrix. The SPTFD matrix of the
corresponding signal can be obtained by sampling each
signal along its time-frequency ridge, and the correspond-
ing noise subspace can be obtained by characteristic
decomposition.

The following summarizes specific steps of the polari-
metric time-frequency MUSIC (PTE-MUSIC) algorithm:

(1) Performing pseudo-Wigner-Ville time-frequency
transform to the polarization data received on the
first receive channel and estimating the instantan-
eous frequencies and the frequency modulation
slopes of the incoming wave signals in their time-
frequency domain.

(2)Using the estimated signal parameters to select
points in the time-frequency domain, the different
frequency parameters of the signal were selected on
their respective time-frequency ridge points to con-
struct their own spatial polarimetric time-frequency
distribution matrix.

(3) The eigenvalue decomposition, construction of the
noise subspace, and construction of the spatial spectrum
are carried out on the constructed spatial polarimetric
time-frequency distribution matrix, respectively.

3.2 Polarimetric time-frequency ESPRIT

Based on the previous study of MUSIC algorithm
and ESPRIT algorithm, we know that they both be-
long to subspace class algorithm, so similar to
MUSIC algorithm, ESPRIT algorithm can also be
combined with time-frequency analysis integrated
polarization information, which is polarimetric time-
frequency ESPRIT (PTF-ESPRIT) algorithm. The big-
gest advantage of the MUSIC algorithm is the high
accuracy of estimation, while the ESPRIT algorithm
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has the biggest advantage of fast calculation. There-
fore, the PTF-ESPRIT algorithm should have a faster
calculation speed than PTF-MUSIC algorithm in the-
ory. The TLS-ESPRIT algorithm is used in this
section.

The principle of PTF-ESPRIT algorithm is similar to
the PTE-MUSIC algorithm. Its algorithm flow is as
follows:

(1)Performing pseudo-Wigner-Ville time-frequency
transform to the polarization data received on the
first receive channel and estimating the instantan-
eous frequencies and the frequency modulation
slopes of the incoming wave signals in their time-
frequency domain.

(2)Using the estimated signal parameters to select
points in the time-frequency domain, for the dif-
ferent frequency parameters of the signal were
selected on their respective time-frequency ridge
points to construct their own SPTFD matrix.

(3) The covariance matrices Ry; and Ry, are obtained
by the SPTFD matrix.

(4)The covariance matrices are decomposed and
two signal subspaces E; and E, are obtained,
then combine them into a new matrixE
=[E; E). o

(5)Construct the matrix E E and characterize it, we
can get the feature matrixE, E can be divided into
four P x P dimensional matrix.

(6)Calculate Wtis = —Eleié and characterize it, we
can get P eigenvalues. And the wave direction
information of signals can be obtained according to
the formula ;= 27zd sin 6;/1.

3.3 Improved algorithm

We know that the estimation accuracy of the PTE-
MUSIC algorithm is very high, but because of its
need for a larger angle range for peak search, coupled
with the complexity of the time-frequency transform,
it takes a long time to get the DOA estimation of the
incoming wave signals. The PTF-ESPRIT algorithm
does not require spectral peak search, so it takes
much less time than the PTF-MUSIC algorithm, but
its estimation accuracy is not so good. Therefore, an
improved algorithm is proposed in this paper, and the
advantages of the two algorithms are comprehensively
used to estimate the DOA.

The principle of the improved algorithm is as fol-
lows. Firstly, the pseudo-Wigner-Ville time-frequency
transform of the first channel polarization data re-
ceived by the array is used to obtain its polarization
time-frequency distribution figure and then analyze
and extract the SPTFD matrix on the time-frequency
ridge of each signal, and use it to replace the
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traditional covariance matrix; the DOA of signal will
be estimated by TLS-ESPRIT algorithm roughly. The
arrival angles of the different signals are locked in a
range. In this range, the MUSIC algorithm is used to
estimate the DOA accurately. This will not only save
time but also improve the estimation accuracy; the al-
gorithm flow is shown in Fig. 2.

As shown in Fig. 2, the specific process of the im-
proved algorithm is as follows:

(1)Firstly, the pseudo-Wigner-Ville time-frequency
transform is performed on the polarization data
received by the first channel of the array, and the
instantaneous frequency and frequency modula-
tion slope of the incoming wave signal are esti-
mated in the time-frequency domain.

(2)With the estimated signal parameters to select
points in the time-frequency domain, for signals of
different frequency parameters, the points on re-
spective time-frequency ridge were selected to con-
struct their own SPTFD matrix.

(3)The DOA estimation of the time-frequency ESPRIT
algorithm is used to obtain a general range of DOAs
for each signal.

(4)The PTE-MUSIC algorithm is carried out in the
DOA range obtained in the previous step, and the
spatial spectrum is constructed to obtain the accur-
ate DOA estimation value.
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M 2 |« - » 1 l
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ESPRIT algorithm
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Fig. 2 Algorithm flow
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Fig. 3 WVD time-frequency transform of signals

4 Simulation results

4.1 Polarimetric time-frequency MUSIC

4.1.1 Experiment 1: TF MUSIC vs PTF MUSIC

Assuming a 4-element polarized sensitive array consists
of dual polarized orthogonal dipoles and three linear fre-
quency modulation signals incident on it, the normalized
frequencies of the three signals are 0.2 to 0.4, 0.22 to
0.42, and 0.1; DOAs are - 3°, 3°, and 9% polarized angles
are 45°, 45°, and 20° and polarized phase angles are 0°,
180°, and 0°, respectively. Take the data length of 256,
the signal to noise ratio of 13 dB, assuming that the
number of signals and their polarized parameters are
known. In this experiment, DOA estimation of signal 1
and signal 2 are carried out by time-frequency MUSIC
and polarized time-frequency MUSIC algorithm. Each
algorithm performs three independent experiments, ana-
lyzes its time-frequency transform, and draws spatial
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spectrum. First of all, the WVD time-frequency trans-
form of the received data is shown in Fig. 3.

By the polarized state of the signals, we can see that s;
(source 1) and s, (source 2) satisfies the conditions of
electromagnetic vector quadrature. So cross-term be-
tween the two signals is suppressed when the time-
frequency distribution of the two directional compo-
nents is taken into account. This helps us select the
time-frequency points of signals more accurately.

Figure 4 is the spatial spectrum obtained by time-
frequency MUSIC algorithm and polarized time-
frequency MUSIC algorithm to signal 1 and signal 2,
each algorithm has been done three independent
experiments.

From Fig. 4, we can see that signal 1 and signal 2 can-
not be distinguished correctly by the MUSIC spatial
spectrum obtained by the time-frequency information of
the unipolar component because their time-frequency
points are too near and there are very serious cross-
term, resulting in fuzzy of their time-frequency informa-
tion. However, the PTF MUSIC algorithm can distin-
guish the two signals very easily because the two signals
are orthogonal to the electromagnetic information, so
that their time-frequency information is very clear and
their time-frequency points can be easily extracted, and
the resulting spectral peak is very sharp.

4.1.2 Experiment 2: estimated accuracy of TF MUSIC vs PTF
MUSIC

Assuming a 4-element polarized sensitive array consists
of dual polarized orthogonal dipoles and two LFM signal
incidents on it, the normalized frequencies of the two
signals are 0.2 to 0.4 and 0.1, DOAs are - 3° and 9°, po-
larized angles are 45° and 20°, and polarized phase angles
are 0° and 180°, respectively. Taking the data length of
256, assuming the number of signals and their polarized
parameters are known, the SNR increases from - 10 to
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Fig. 4 Spatial spectrum: a Spatial spectrum of TF MUSIC algorithm. b Spatial spectrum of PTF MUSIC algorithm
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10 dB with an increase of 2 dB. The Monte Carlo experi-
ments were carried out 200 times to calculate the RMSE
of each DOA estimation by using the TF MUSIC algo-
rithm and PTF MUSIC algorithm, respectively; the re-
sults are shown in Fig. 5.

As can be seen from Fig. 5, the RMSE of the two
DOA estimates both decreases with the increase of
the SNR between two algorithms, which means that
the accuracy of the DOA estimation is getting higher
and higher. Overall, the accuracy of the DOA esti-
mate is improved after taking full advantage of the
polarized information of the electromagnetic signals,
especially in the case of low SNR.

4.2 Polarimetric time-frequency ESPRIT

4.2.1 Experiment 3: TF ESPRIT vs PTF ESPRIT

Assuming a 4-element polarized sensitive array consists
of dual polarized orthogonal dipoles and three LFM sig-
nal incidents on it, the signal parameters are the same as
in experiment 1. Take the data length of 256, and the
SNR of 13 dB, assuming that the number of signals and
their polarized parameters are known. In this experi-
ment, the TF ESPRIT and PTF ESPRIT algorithm are
used to estimate DOAs of signal 1 and signal 2 and each
algorithm performs 100 independent Monte Carlo ex-
periments. The average values of DOAs are calculated
respectively, and the results are shown in Table 1.

Table 1 The average value of the DOA estimates of two

algorithms

Signal TF-ESPRIT (%) PTF-ESPRIT(®)
Signal 1 —26.8481 —3.0058
Signal 2 1.6727 3.0129
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Fig. 6 RMSE of two PTF DOA estimation algorithms

From Table 1, we know that since the time-frequency
information of signal 1 and signal 2 is very similar and
there are cross terms, the TF ESPRIT algorithm cannot
distinguish them easily. But because the signals have dif-
ferent polarized information, the PTF ESPRIT algorithm
can distinguish the two signals correctly.

4.2.2 Experiment 4: PTF ESPRIT vs PTF MUSIC

Assuming a 4-element polarized sensitive array consists
of dual polarized orthogonal dipoles and two LFM signal
incidents on it, the signal parameters are the same as in
experiment 2. Take the data length of 256, and the noise
is Gaussian white noise uniformly distributed, assuming
that the number of signals and their polarized parame-
ters are known. The SNR increases from - 10 to 10 dB
with an increase of 2 dB, the Monte Carlo experiments
were carried out 100 times to calculate the RMSE of
each DOA estimation by using the PTF MUSIC and
PTF ESPRIT algorithm, respectively; the results are
shown in Fig. 6. In addition, the time to calculate the
time-frequency transformation and the two algorithms
are shown in Table 2.

It can be seen from Fig. 6 that the RMSE of the DOA
estimates of the two signals estimated by the PTF
MUSIC and PTF ESPRIT algorithm both decreases with
the increase of the SNR, which means that the accuracy
of DOA estimation is also getting higher and higher.
Comparing the two algorithms, it can be seen that the

Table 2 The time of algorithms

Algorithm Time (s) Time of algorithm (s)
TF transformation 434.5292 4345292

PTF ESPRIT 4534780 18.95

PTF MUSIC 5403157 105.7865
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estimated accuracy of the PTF MUSIC algorithm is
higher than PTF ESPRIT algorithm under the same con-
ditions, especially in the case of low SNR.

Table 2 describes the computer consumed times of
two algorithms, the computer configuration are as fol-
lows: CPU is Intel Pentium E5200 (Dual core), memory
is 4G, and OS is Window10 platform. It can be seen
from Table 2 that the TF transformations occupy a con-
siderable amount of time; in addition, the PTF ESPRIT
algorithm only needs 18.95 s, while the PTF MUSIC al-
gorithm needs 105.7865 s, about 6 times of the PTF ES-
PRIT algorithm. In this experiment, the spectral peak
search is only between — 20° to 20°, if the DOA of signal
incident is from a wide range of angles, the time con-
suming of PTF MUSIC algorithm will be as several
dozen times as PTF ESPRIT algorithm.

4.3 Improved algorithm

Assuming a 4-element polarized sensitive array consists
of dual polarized orthogonal dipoles and two LFM signal
incidents on it, the snapshot numbers are 256 and the
normalized start and end frequencies of the two signals
are 0.2~0.4 and 0.1~0.1. The SNR increases from 0 to
10 dB with an increase of 2 dB, use the PTF MUSIC,
PTF ESPRIT and improved algorithm to estimate the
DOAs of incident signals, respectively. Each algorithm
performs 100 independent experiments to calculate the
RMSE, the results are shown in Fig. 7.

It can be seen from Fig. 7 that the improved algo-
rithm and the PTF MUSIC algorithm have similar es-
timated accuracy, which are higher than that of the
PTF ESPRIT algorithm.

Experiment 6: the run time of the improved algorithm

The experimental condition is similar to those of ex-
periment 5, except that the SNR is fixed at 10 dB. This
experiment calculates the run time required for 100
times of Monte Carlo experiments for each algorithm, as
shown in Table 3.
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Table 3 The time of algorithms

Algorithm Time (s) Time of algorithm (s)
PTF transformation 43.8828 43.8828

PTF MUSIC 138.7203 94.8195

PTF ESPRIT 47.1496 32668

Improved algorithm 488823 4.9995

As can be seen from Table 3, the time spent of PTF
MUSIC and improved PTF DOA estimation algorithms
are 138.7203 and 48.8823 s, respectively. Yet time-
frequency transform needs to be carried out in each ex-
periment and the time of 100 times of time-frequency
transform is 43.8828 s, which means that the PTF
MUSIC algorithm and improved PTF DOA estimation
algorithm spend 94.8195 and 4.9995 s, respectively.
Meanwhile, the PTF ESPRIT algorithm spends about
3.2668 s, so the time required for PTF MUSIC algorithm
is about 19 times of the time for the improved PTF
DOA estimation algorithm, and is about 29 times of the
time used for the PTF ESPRIT algorithm under the same
circumstances. This experiment shows that the im-
proved PTF DOA estimation algorithm optimizes the
time-consuming problem to a large extent under the
condition of guaranteeing estimation accuracy.

5 Conclusions

This paper focuses on the principle of polarized time-
frequency MUSIC and ESPRIT algorithms, and the im-
proved algorithm is proposed based on the advantages
and disadvantages of both of them. The improved algo-
rithm makes full use of the advantages of the small cal-
culation of ESPRIT algorithm and the high accuracy of
MUSIC algorithm, which makes the algorithm more
practical and the computer simulation also proves its
performance. However, there are still some places need
to be improved, such as the pseudo-WV distribution is
suitable for the processing of LEM signals, but its kernel

a
05—
T\ i | —+—PTERESPRIT
04 \ — —PTE-MUSIC
| —improved PTF

RMSE(deg)
(=]
(V)

e
[S%]

S
ot
(=}

Fig. 7 RMSE of two signals: a RMSE of signal 1. b RMSE of signal 2
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function cannot adapt to different forms of signals, and
it also has cross terms to a certain extent. Therefore, it
is worth considering how to design a kernel function
that changes adaptively with the signal forms and does
not have cross terms.
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