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ABSTRACT For high-frequency surface wave radar (HFSWR), the unwanted radio wave originated from
the ionosphere is commonly called ionospheric clutter. Its presence seriously affects the performance of
the HFSWR and extremely degrades the radar capability to detect target over long distances. To solve this
problem, this paper proposes a two-step method for ionospheric clutter mitigation with two-dimensional
dual-polarized received array. The proposed method first performs parameter estimation of the clutter, and
then gives a polarimetric-adaptive-based oblique projection filter (PAB-OPF) to suppress the clutter. In the
first step, due to the fact that vertically and horizontally polarized antennas are at different array elements
for reducing mutual coupling and hardware cost, 2-D DOAs are estimated to give phase compensation
for polarization phase delay estimation. In the second step, the PAB-OPF is proposed to eliminate phase
inconsistency by matching different polarization phase delays for different vertically polarized antennas,
and then to suppress the clutter efficiently in space-polarization domain. Error analysis and computational
complexity of the proposed method are derived. Experimental results are shown to illustrate the superiority
of the proposed method for ionospheric clutter suppression.

INDEX TERMS High-frequency surface wave radar, dual-polarized array, ionospheric clutter, oblique

projection, clutter mitigation.

I. INTRODUCTION

High-frequency surface wave radar (HFSWR) is capable of
receiving surface vessel and low-flying aircraft echoes over
much longer ranges than microwave radar. This is achieved
by the long-distance propagation of the vertically polarized
(V-POL) electromagnetic (EM) surface wave over the ocean
surface, which can be regarded as the conductor. To minimize
attenuation of surface wave, the HFSWR usually operates
at the lower high frequency band (3-6 MHz) [1], [2]. In
practice, however, some radio wave energy radiates verti-
cally or obliquely and will be reflected by the earth’s iono-
sphere in this band. These unwanted echoes originated from
ionosphere are commonly called ionospheric clutter [3]-[7].
Generally, in the range-Doppler domain data for HFSWR,
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the ionospheric clutter with range extension can be separated
roughly in range domain. It is noted that for Doppler domain
in the same range, there are two major characteristics of
ionospheric clutter, i.e., mean Doppler shift and Doppler
spread, both of which have significant adverse effects on
target detection [3]. Thus, the ionospheric clutter has been
considered as the greatest limitation for HFSWR to achieve
consistently good performance in long-distance detection.
Previous work has suggested that the ionospheric clutter
exhibits some directional characteristics, which are different
from those of the target echoes from ocean surface [3], [8].
Both azimuth and pitch angles of the ionospheric clutter and
target may be different. Particularly, the pitch angle of the
target is near to 90°, whereas that of the ionospheric clutter
is significantly smaller than 90°. Therefore, two-dimensional
(2-D) received arrays have been employed for HFSWR sys-
tems to sufficiently exploit the difference in both azimuth
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and pitch angles between them, for better suppression per-
formance [9]-[11]. To further improve the performance of
clutter suppression, some mitigation methods have been
investigated by using multi-domain, e.g., time-frequency
domain [12], [13] and space-time domain [14], [15]. How-
ever, those methods are based on 1-D received array.

On the other hand, previous researches show that the dom-
inant component of surface target echo in received data is
V-POL wave, since its horizontally polarized (H-POL) wave
is mostly absorbed by ocean surface. By comparison, the
ionospheric clutter from sky usually appears as elliptically
polarized wave in received data, indicating that the iono-
spheric clutter consists of V-POL and H-POL components
[3], [16]. Hence, in polarization domain, the polarization
angle of the target echo is close to 90°, while that of the
ionospheric clutter is much smaller than 90°. To the best of
our knowledge, by using the evident difference in polarization
angle, several techniques for ionospheric clutter suppression
have been explored based on polarization sensitive array
[16]-[18]. However, the performance of these methods are
still limited due to inaccurate estimation and inappropriate
usage of the polarization phase delay, which are listed as
follows:

(1) For reducing the mutual coupling and the hardware
cost, V-POL and H-POL antennas are usually located at dif-
ferent array element positions in practice, which may lead to
inaccurate estimation of the polarization phase delay. Specif-
ically, the inter-antenna spacing between V-POL and H-POL
antennas can introduce extra spatial phase information for
polarized steering vector of the EM signal, which will have
an adverse effect on estimation of polarization phase delay.
This observation is hard to be noticed and hence the incorrect
estimation of polarization phase delay contains such spatial
phase information [17], [18]. And then, the filter constructed
with such estimated polarization phase delay will suffer per-
formance degradation.

(2) As the gain of the V-POL antenna at or near the vertical
is very low, it is reasonable to suppose that the phase of the
individual antennas in the vicinity of vertical direction are
susceptible to manufacturing tolerance and, hence, there is
a random variation among similar antennas [3]. This will
lead to phase error among V-POL antennas in the vertical
direction, resulting in phase inconsistency. In reality, the
phase inconsistency among V-POL antennas can be reflected
in different polarization phase delays for different V-POL
antennas. Nevertheless, such phase inconsistency is usually
ignored in the open literatures related with clutter mitigation
[17], [18]. In this case, the performance of the existing meth-
ods may degrade.

In order to take advantages of multi-domain information
(i.e., the space domain and polarization domain) for bet-
ter clutter suppression and solve the above problems, this
paper proposes a two-step mitigation method for HFSWR
with a 2-D dual-polarized received array. In the first step
of the proposed method, DOA and polarization state of
the ionospheric clutter are estimated. Particularly, by using
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the estimated DOA, such introduced spatial phase informa-
tion will be compensated in the estimation of polarization
phase delay based on spatially separated EM vector sensor
(SS-EMVS), in which the V-POL and H-POL antennas are
located at different elements. Then, an polarimetric-adaptive-
based oblique projection (OP) filter (PAB-OPF) based on
space-polarization domain is constructed in the second step,
to remove the effect of the phase inconsistency by matching
different polarization phase delay and hence mitigate the
ionospheric clutter efficiently.

The rest of this paper is organized as follows. Section II
reviews the polarized signal model, HFSWR system with 2-D
dual-polarized array and OP operator. Section III proposes
the two-step method for ionospheric clutter mitigation. In
section IV, the error analysis and computational complex-
ity of the proposed method are given. Section V provides
numerical examples to show the effectiveness of the proposed
method. Finally, Section VI concludes this paper.

In this paper, scalars are denoted by lowercase italic letters,
e.g., a. Vectors are denoted by italic boldface lowercase let-
ters, e.g., a. Matrices are denoted by italic boldface capital
letters, e.g., A. We list some notational conventions which
will be used in the paper.

e |a|: absolute value of a

o [a];: the ith item of a vector a

o ||al|2: the Euclidean norm for the vector a

o A*: complex conjugate of A

« AT: transpose of A

« AM: conjugate transpose of A

« angle(A): function to obtain the complex phase of A
o E {A}: mathematical expectation of A

e A © B: Hadamard product of A and B

e Iy:an N x N identity matrix

IIl. PRELIMINARIES

In this section, we will first give a polarized signal model,
review HFSWR system with 2-D dual-polarized array, and
then briefly introduce the OP operator.

A. POLARIZED SIGNAL MODEL

We consider that one far-field narrowband, plane EM wave
impinges on a collocated EMVS (C-EMVS). The C-EMVS is
composed of two identical, but orthogonally oriented anten-
nas, which are spatially collocated in a point-like geometry.
In a Cartesian coordinate system, a C-EMVS located at origin
point is shown in Fig. 1. Here, the two antennas paralleling
to x-axis and z-axis are called H-POL antenna and V-POL
antenna, respectively. 8 € [0,90°] and ¢ € [0, 360°) are
the pitch angle measured from the positive z-axis and the
azimuth angle measured from the positive x-axis, respec-
tively. Since signal’s polarization parameters (polarization
angle and polarization phase delay) are usually described
in a right-hand spherical coordinate system, a completely
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| antenna parallel to z-axis

FIGURE 1. A C-EMVS composed of two identical, but orthogonally
oriented antennas.

polarized wave received from a C-EMVS is given as [19]

ap(e,n)
rm—— e

|| _| —sind 0 sin gel"
J(t)—[Jj(t)]_[cosecosqﬁ —sin¢] [ cose }s(z), 1)

ap(0.0..1)

where s(¢) denotes the signal’s complex amplitude, and J; and
Jx represent a pair of orthogonal components in the Cartesian
coordinate system. Here, a,(0, ¢, €, n) and ap(e, n) are the
signal’s polarized steering vectors in the Cartesian coordinate
system and right-hand spherical coordinate system, respec-
tively. ¢ € [0, 90°] and n € [0, 360°] denote the polarization
angle and polarization phase delay in the right-hand spherical
coordinate system.

For the purpose of theoretical analysis and measured data
processing, the expression form of a,(9, ¢, &, n) can be
rewritten as similar as the expression form of a, (¢, n). Hence,
we have

sin g/
un—[mg]wm 2)
~——
ap(&,n)
where
J
& = arctan %, n = angle(J;) — angle(Jy). 3)
X

Here, € € [0,90°] and 1 € [0, 360°] denote the polarization
angle and polarization phase delay in the Cartesian coordinate
system, respectively.

B. HFSWR SYSTEM WITH 2-D DUAL-POLARIZED ARRAY
The monostatic radar which collected the data set presented
in this paper is a HFSWR system located at Weihai city of
Shandong province, China. This radar is capable of transmit-
ting V-POL wave with frequency modulated interrupting con-
tinuous wave. The received array is a L-shaped polarization
sensitive array composed of two orthogonal linear subarrays
with 13 antennas, as shown in Fig. 2.
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FIGURE 2. The L-shaped dual-polarized received array.

TABLE 1. Basic parameters of ionospheric clutters in RDP.

n  Range cell Doppler cell
1 160 ~164 90 ~125
2 171 ~173 50 ~76 & 88 ~119

In Fig. 2, the uniform linear array (ULA) along y-axis,
named as y-subarray, has 8 V-POL antennas, and the other
array along x-axis, named as x-subarray, is composed of a
H-POL antenna and a nonuniform linear array with 4 V-
POL antennas. The antenna locations in y-subarray are at
L, = [l 234567 8]. In the x-subarray, the V-POL
antenna locations are at L, = [9 10 11 13], whereas the
H-POL antenna is at the 12th element. The orientation of the
H-POL antenna is parallel to x-axis.

To observe range and velocity characteristics of objects
from radar echo, range-Doppler map (RDP) for experimental
data sets is usually utilized. The RDP, which expresses range
and Doppler power spectrum of a single channel at a time,
uses 3-D mode to display. The range-Doppler domain data
at a time is one single-snapshot data. So the data in the
same range-Doppler cells of all channels can be considered as
the array measurement with single-snapshot. In RDP, x-axis
denotes Doppler information (also called velocity informa-
tion), y-axis denotes range information, and z-axis expressed
as color value denotes power spectrum.

A typical RDP demonstrating the data received from
V-POL channel in aforesaid HFSWR is shown in Fig. 3. In
this figure, the ionospheric clutters with a range extent of
several range cells may come from the same direction [3].
Since these ionospheric clutters occur at ranges over 160 km,
they become the main impediment on long-range direction.
There are two pieces of ionospheric clutters in Fig. 3, and
their basic parameters in RDP are listed in Table 1. A target
is present at range-Doppler cell (49, 101) and its normalized
power is —31.28 dB.

C. OBLIQUE PROJECTION OPERATOR

Consider matrices A € C"™ and B € C™"2 are of full
column ranks, and they are linearly independent from each
other. Then we have n > (m; + mp). Note that A is not
required to be orthogonal to B. Their subspaces are given
as span {A} and span {B}, respectively. An OP operator E4p
onto span {A} along span {B} can be defined as [20]

~1
Eap =A(AHH§A) AP, @
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FIGURE 3. Range-Doppler map with ionospheric clutters.

Range cell (km)

Time domain (second)

FIGURE 4. Range-time map with ionospheric clutter.

where My = I — B(BHB)_IBH is the orthogonal comple-
ment of B. Then, we have [20]

EspA =A, EapB=0. 5)

It can be seen from (5) that the range of E4p is the subspace
span {A} and the null space of E4p contains the subspace
span {B}.

lll. TWO-STEP MITIGATION METHOD

A. 2-D DOA ESTIMATION

The range-time map (RTP) corresponding to RDP in Fig. 3
is also a 3-D surface plot, as shown in Fig. 4. For RTP, its
Xx-axis, y-axis and z-axis represent range domain, time domain
and intensity, respectively. In the first step of the proposed
method, the 2-D DOA (6., ¢.) of ionospheric clutter will be
estimated from range-time domain data by using MUSIC
algorithm [21]. The received signal y(¢) for the range-time
domain data in a single range cell can be expressed as

Y(@) = ass(t) +acc(t) + u(t) + n(2), (6)

where s(t), c(t), u(t) and n(z) respectively denote the target
signal, ionospheric clutter, sea clutter and the white Gaussian
noise. a; and a, are the steering vectors of the potential target

105906

TABLE 2. DOA estimation of ionospheric clutter.

pitch angle

clutter in range cells (160 ~164) 14°
clutter in range cells (171 ~173) 8.6°

azimuth angle

123.4°
217.3°

and ionospheric clutter, respectively. Compared with power
of ionospheric clutter existing in the long distance (e.g., over
160 km in Fig. 3), the power of target and sea clutter in this
distance are weak in range-time domain. Hence they do not
affect the 2-D DOA estimation of ionospheric clutter. In this
case, the received signal y(f) can be approximately rewritten
as

(1) = acc(t) +n(), (7
where
ac = [ac,y ac,x]T7
aC,y — [q qe_j[‘by]Z . qe—j[q)y]g]’

(1 el . e—j[<1>x]4]’ )

Acx =

Here, a. y and a. , respectively are the spatial steering vectors
of the ionospheric clutter based on y- and x-axes, and

2ndy . .
e—]% sin 6, sin ¢
b

q =
2mwd
(@] = - sinfesinge([Lyli— . 1<i<8.
2mwd
(@) = = 2sin6,cos g (Lelk —9), 1<k<4 (9

Note that the 9th array element (see Fig. 2) is considered as
the reference element for steering vectors in (8). Hence ¢ is
the spatial phase delay information introduced by the spacing
dz between x- and y-subarrays. d; = 12 m, d, = 10 m and
d3 = 8 m, as shown in Fig. 2. [Ly]; and [Ly]; denote the
element positions from the kth item in Ly and L, respectively.
The autocorrelation matrix of the received signal in (7) is
given as

R=Elyoye} =aold +0l1n, (10)

where o2 and o denote the power of the ionospheric clutter
and noise, respectively. Hence the MUSIC algorithm can be
applied for (10).

The DOA estimation of the ionospheric clutter is listed in
Table 2. Note that the DOA estimation of the ionospheric
clutter is averaged over several continuous range cells.

B. POLARIZATION STATE ESTIMATION IN
RANGE-DOPPLER DOMAIN
The polarization state (i.e., polarization angle and polariza-
tion phase delay) of the ionospheric clutter will be estimated
in range-Doppler domain. After amplitude normalization for
suppressing the amplitude inconsistency, the polarization
angle e.(/, r) of the range-Doppler cells (I, r) masked by the
ionospheric clutter is given as

|Vin(L, )l

Eem(l, 1) = arctan(m), (11)
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FIGURE 5. A SS-EMVS and its virtual dual-polarized C-EMVS at origin
point.

where H(l, r) and V,,(I, r) denote the samples of the H-POL
channel and the mth V-POL channel (which corresponds to
the [a.],) at the range-Doppler cell (/, r), respectively. And
then, similar to (3) based on C-EVMS, the polarization phase
delay n. (I, r) is directly from measured data [17], [18], i.e.,

Ne.m(l, r) = angle(Vy, (1, r)) — angle(H (I, r)). (12)

It is noted that, for reducing the mutual coupling between
the V-POL and H-POL antennas and saving the hardware
cost in practice, the V-POL and H-POL antennas are located
at different elements in the received array [17], [18] and in
Fig. 2. In this case, the pair of the H-POL antenna and any one
V-POL antenna can be regarded as a SS-EMVS composed of
two spatially separated antennas. For example, the SS-EMVS
which consists of the H-POL antenna (at the 12th element
in x-subarray) and the V-POL antenna (at the ith element in
y-subarray) is shown in Fig. 5. Here, considering origin point
as reference point, Py = 6”Td2 sin 6. cos ¢ and [P, ]; denote
the spatial phase delays of the physical H-POL and V-POL
antennas, respectively. One can see that in Fig. 5, the spacing
between the V-POL and H-POL antennas exists, and then the
extra spatial phase information ®y and [®,]; are introduced
in polarized steering vector. Hence, 1. (I, r) estimated from
(12) contains such spatial phase information and is incorrect
for received array in references [17], [18] and Fig. 2.

In order to solve the problem, we will construct a virtual
dual-polarized C-EMVS at origin point for the corresponding
SS-EMVS to obtain the accuracy estimation of polarization
phase delay, as shown in Fig. 5. Specifically, the introduced
spatial phase information will be eliminated by using the
transformable relationship on spatial phase delay between co-
polarization antennas in SS-EMVS and virtual C-EMVS. To
this end, the polarized steering vector based on the SS-EMVS
is given as

sin & m(l, r)ejﬁcvm(l”)
cosecm(l, r)

ap(gc,m(lv r), ﬁc,m(ls r)) = |: i| , (13)

where 7. (I, r) is the polarization phase delay of ionospheric
clutter based on SS-EMVS, and the polarized steering vector
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based on the corresponding C-EMVS is given as

sin Sc’m(l, r)ejﬁzr.m(lyr)
Cos Sc,m(l’ l’).

ap(Ec.m(l, 1), fjem(l, 1)) = [ ] (14)

where #j. (I, r) denotes the polarization phase delay of iono-
spheric clutter based on virtual C-EMVS. Depending on spa-
tial phase delay, the relationship on polarization phase delays
between SS-EMVS and C-EMVS is

ﬁc,m(lv r)= ﬁc,m(la r) +j1n[ac]m — &y (15)
Thus, recalling (3), we have

fie,m(I, r) = angle(Vy, (I, r)) + @y
— (angle(H (I, r)) + jIn[acln),  (16)

where

i

jlnlaclm = [q)y]ms l<m=<
jnlacln = [®xlm-s, 9=<m<=<12. (17)

In (16), jIn[a.],, and &y respectively can be considered as
the phase compensations for the mth V-POL antenna and the
H-POL antenna in SS-EMVS, to give precise estimation of
polarization phase delay. Comparing polarization phase delay
estimated from (12) with (16), one can see that 7. (I, r)
estimated in previous work contains extra phase information
of antenna locations. In this case, such phase information
will be repeatedly calculated in space-polarization domain
based filter, resulting in performance degradation of clutter
suppression.

C. POLARIMETRIC-ADAPTIVE-BASED OBLIQUE
PROJECTION FILTER (PAB-OPF) IN RANGE-DOPPLER
DOMAIN
In RDP, the power of ionospheric clutter and target signal is
limited in concentrated on limited range-Doppler cells, which
significantly increases the clutter-to-noise ratio and signal-to-
noise ratio. Then the filtering process of clutter mitigation
is based on the range-Doppler domain data. Due to the
similarity of adjacent range-Doppler in each range cell [22],
the estimation of polarization angle and polarization phase
delay are averaged for each range cell to give the polarization
state estimation of the ionospheric clutter. For example, the
estimations of polarization angle &, and polarization phase
delay 7. (from (16)) of ionospheric clutter in the 162th range
cell is provided in Table 3. In this table, one can see that the
estimations of polarization angles are essentially the same
for all V-POL antennas due to amplitude normalization. Thus
&c can be obtained by averaging all ¢, ,, and then used for
filter construction in practice. Note that the estimations of
polarization phase delays are significantly different from each
other, which shows the phase inconsistency among V-POL
antennas.

Considering (7), the signal model in the range-Doppler
domain is expressed as

y(l,r) = [Vil, ) Vial,r)  H(, P
=ag,s(l,r) +ag o, r)+nd,r), (18)
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TABLE 3. Polarization state estimation of ionospheric clutter.

1 2 3 4 6 7 8 9 10 11 13
polarization angle (°) 55.7 554 55.5 55.8 56.9 57.3 57.1 572 566 578 57.7 57.5
polarization phase delay (°)  323.6  106.1 1225 137.0 2982 1959 180.8 213.0 863 1059 129.8 165.1

where s(l, r), c(I, r) and n(l, r) denote potential target, clutter
and noise at range-Doppler cell (/, r), respectively. ag, ; and
agp, . are the space-polarization-domain steering vectors of the
target signal and ionospheric clutter, respectively.

In previous work [23]-[25], ap, ¢ is usually modeled as

sin gqeMe
} ©) o (19)
sin g.e/e

CoS &

ac
Asp.c = e—/D2sind cos g3

Here, it can be seen that, whatever 7, is estimated from (12)
or (16), n. is set to be same for all items in (19) which
correspond to all V-POL antennas. In practice, however, 7.
estimated from different V-POL antennas are different in
measured data, due to phase inconsistency (see Table 3). Thus
the mismatch between data model and measured data will
lead to performance degradation of clutter mitigation.

In order to reduce the adverse effect of the phase incon-
sistency, a PAB-OPF is proposed for ionospheric clutter
mitigation. Depending on precisely estimated parameters in
previous subsection, the space-polarization-domain steering
vectors of the ionospheric clutter and the target are given as

sin g éffle1
] ol |,
sin g.¢/"e.9

COS &

.. ac
Asp.c = o—/D2 sin b cos g3

and

sin g,/

a; .
Asp,r = [e—jDz sin 6; cos¢,-3] O, sin Ste/n’ > (2D

cos &

where ¢; and 1, respectively denote the polarization angle
and polarization phase delay of potential target, and a;, =
lary a,,17 witha,y = [q --- qefj@ sin ) sin g(SyJs )T
anda,, =1 --- oI5 sin by cos @i (1S 4= T

In (20), one can see that the polarization phase delay #jc m
estimated from the mth V-POL antenna is located at the mth
element of ay, .. This illustrates that #jc ,, in agp . is adap-
tive to the mth V-POL antenna for matching its polarization
phase delay, resulting in removing the phase inconsistency
efficiently.

Then the PAB-OPF is constructed as

wyp = (FoE; )Y, (22)
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where Fo = (ag,’taxp’,)_lag,’t and the OP operator is

H 1
E; .= aSPJ(asp,tH

éspycasp,t)—lag,,tm (23)

Asp,c”
According to (5), the output of PAB-OPF at range-Doppler
cell (/, r) is provided as

2(l.r) = wiy(l.r)
= W @gps(l. 1) +dgp.cc(l. r) +n(l, 1)
=s(,r)+ wg,n(l, r). (24)

From (24), one can see that by using the PAB-OPF, the
potential target signal is recovered with no distortion, whereas
the ionospheric clutter is mitigated completely in the presence
of antenna phase inconsistency.

IV. PERFORMANCE ANALYSIS
A. ERROR ANALYSIS
As mentioned above, the performance of the PAB-OPF
depends mainly on two factors, i.e., precisely estimation of
parameters and an exact matching between data model and
measured data. Specifically, for 7, either incorrect estimation
or mismatch will lead to mitigation performance loss. As the
proposed method is aimed to improve signal-to-clutter ratio
(SCR), it is necessary to analyze the effects of those two
factors on residual clutter in the output of the PAB-OPF.
Suppose 7. is the estimation of 7., in previous work [17],
[18], [23]-[25], and other parameters are estimated precisely.
In the previous work, 7. contains space phase information of
antenna location and is set to be same for all V-POL antennas.
Then we have An,. ,, = fic.m — flc. Hence the weight steering
vector of the PAB-OPF is expressed as

wi, = (FoE; )", (25)

where
E = “SPJ(“SM“j;,,,c“sp,fl“gwnigp,c- (26)
Here, a, . is defined as (19) with replacing 1. by 7. Note

sp,c
that for any 7. for a;p’ o when ay, , is precise, the target in

the PAB-OPF output can be recovered without distortion due
to the property of oblique projection (see (5)). Additionally,
since the proposed method can not deal with noise, the error
analysis focuses mainly on handling clutter (i.e., c(/, r)) with
PAB-OPF. Then the residual clutter z’(Z, r) in the output of
the PAB-OPF can be provided as

21 r) = W) g ccl, r) = (w},)" ABa;

sp.cCls 1)
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dhrei 00

=cdl,ny | 0O - 0
PE el 0 elnen

0 0 0

!
asp,cc(l, r)

- o o O

AB

H / D /
= Casp),(ABaSpgc — gaspgc)c(l, r)

H D /
= Cajj, (AB ~ —T)a

sp.c

cl,r) 27
where

H 2 2
A= ag, Asp.r = M -sin” & + cos” &,
_ H

B = as, .

H 2
C=A- ||asp,tasp,c||21

M
D = sin’ ¢, E eBem 4 cos? g, (28)

m=1

apc=M - sin? &+ cos® &c,

Here, M is the number of V-POL antennas in the received
array. Then, the power P.(/, r) of the residual clutter at range-
Doppler cell (I, r)is P(l, ) = 2’1, 1)@ (I, r)H.

Theoretically, when fj. , is estimated precisely and the
exact matching between data model and measured data is
achieved, we have An, ,, = 0. In this condition, (AB— %I )=
0, and then z'(I, r) = 0, indicating that there is no residual
clutter in the output. On the contrary, if An.,, # 0, then
(AB — %I) # 0. In this case, P.(l, r) # 0 and there exists
residual clutter which decreases SCR and may mask the target
signal.

B. COMPUTATIONAL COMPLEXITY

The computation of the proposed two-step method is
provided in this subsection. Note that the first step
is divided into two parts, i.e., DOA estimation and
polarization state estimation, to give the computational
complexity.

1) DOA ESTIMATION

For ionospheric clutter, the covariance matrix R is used
for 2-D DOA estimation by using MUSIC algorithm,
which takes about O(M?) operations for eigenvalue decom-
position (EVD) and O(g%w — D@2M + 1)) for
2-D searching. Here, Aa and ApB denote the search-
ing intervals of the MUSIC in the pitch and azimuth
angles, respectively. Hence, the complexity of this part is
about O(M3 + %%(M — DM + 1)).

2) POLARIZATION STATE ESTIMATION

Assume the number of range-Doppler cells polluted by iono-
spheric clutter is K. Thus, the complexity of polarization
angle estimated by (11) takes O(K) operations, and the com-
plexity of polarization phase delay estimated by (16) takes
O(6K) operations. Therefore the complexity of this part is
about O(7K).
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3) PAB-OPF
The computational complexity of this step for each range-
Doppler cell is dominated by the construction of OP oper-
ator. The cost for the OP operator is mainly caused by the
construction and inverse of (ag,, Y ltp,uasp’t)’ which are about
O(M?) and O(M?3), respectively. Therefore the computational
complexity of this step for K range-Doppler cells is about
O(KM? + KM?).

Hence, the total computational complexity of the proposed
two-step method is

90 360
(M - DM + 1)+ 7K

olm?
{ +AaA,B

+KM? + KM3} . (29

V. NUMERICAL RESULTS

In order to verify the efficiency of the proposed method, we
will first give the numerical simulation and then use real
HFSWR data to compare with the existing method.

A. NUMERICAL SIMULATION
The structure of received array for numerical simulation is the

same with that in Fig. 2. the inter-spacing between antennas
issettobed = 1/2.

1) ESTIMATION OF POLARIZATION PHASE DELAY

This subsection first shows the estimations of polarization
phase delay from different methods without phase inconsis-
tency (as the first scenario), and then shows those in the
case of phase inconsistency (as the second scenario). Assume
that an EM signal at (6, ¢,n) = (70°,40°, 30°) impinges
on this array. we will show the simulation on 1 estimation
with varied azimuth angles ¢ from 135° to 225°, to verify the
effectiveness of the proposed method. The simulation results
with first three V-POL antennas are used for comparison.

The results of the first scenario are given in Fig. 6(a). In
this figure, the estimations of 1 from (12) and (16) are shown.
Specifically, n estimated by (16) equals to 30° for all three
antennas, whereas 7 estimated by (12) varies differently with
varied azimuth angles. This observation indicates that the
proposed method can provide precise estimation for 1, while
the estimation of n from (12) is incorrect due to containing
spatial phase information.

The results of the second scenario are given in Fig. 6(b).
In this figure, the estimation of 5 also varies differently with
varied azimuth angles, indicating that it is incorrect for (19).
Furthermore, n estimated from different V-POL antennas by
using (16) are different constants for all azimuth angles,
which illustrates that the phase inconsistency among antennas
has an effect on 1 estimation.

2) ERROR ANALYSIS

In this part, the parameters of target signal are set to be
(@1, 0r, 61, ;) = (175°,90°, 88°, 30°), and the parameters
of the clutter are the same with those in the previous part.
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FIGURE 6. (a) n estimation without phase inconsistency. (b) 5 estimation in the case of phase inconsistency.

Both the power of target and clutter are set to be 1. Here,
in the case of SNR = 10 dB, the incorrect estimation of 7.
and phase inconsistency for clutter suppression are shown in
Fig. 7, respectively. From this figure, the power of residual
clutter at output of PAB-OPF is close to zero and essentially
constant for all azimuth angles, which illustrates that the
proposed method can precisely estimate n and effectively
reduce the phase inconsistency among V-POL antennas. As
a contrast, in the case of incorrect estimation of 7 or existing
phase inconsistency, the power of residual clutter at output
of OPF is much greater than that at output of PAB-OPF
and dramatically changes with the change of azimuth angles,
indicating that both these two factors have adverse effects on
clutter mitigation.

B. EXPERIMENTAL PERFORMANCE EVALUATION

In this subsection, we will verify the efficiency of the pro-
posed method for ionospheric clutter mitigation. The multi-
domain filtering algorithm [25] is used for comparison. The
sensor array used in this subsection is given in Fig. 2, and
the real HFSWR data introduced in Fig. 3 is used. Since we
do not know whether there is a target existing in a range-
Doppler cell polluted by clutter, the real target which located
atrange-Doppler cell (49, 101) is used to evaluate the effect of
filtering on reserving the target. As the pitch angle 6; of the
target from ocean surface is very close to 90°, the azimuth
angle of the target at cell (49, 101) is estimated by using
digital beamforming. Specifically, the array output for cell
(49, 101) can be regarded as the received data y(I, r, ¢;) =
a;(¢)s(l, r) + n(l, r), where the structure of a; is the same
with that of a. in (8). Then the weight vector of digital beam-
forming can be provided asy(l, r, ¢x) withgp(k = 1, - -+ , K)
denoting the angle in the range of interest. The output of
digital beamforming is Pppr(k) = (y(,r, qbk))Hy(l, r, o).
Then ¢ which corresponds to the maximum power of the
output is the estimation of azimuth angle of target. By using
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FIGURE 7. Power of residual clutter and noise under different y for OPF
construction.

digital beamforming, the azimuth of target signal at cell (49,
101) is estimated as 155.4°.

The range-Doppler map after ionospheric clutter mitiga-
tion by the multi-domain filtering algorithm and the proposed
method is shown in Figs. 8 and 9, respectively. For target
signal, its normalized power is —30.82 dB in Fig. 8 and is
—31.25 dB in Fig. 9, which is substantially identical with
the power of this target in original range-Doppler map. This
illustrates that the target signal can be preserved effectively by
both two methods. On the other hand, the ionospheric clutters
are not be suppressed completely in Fig. 8, whereas they are
mitigated significantly in Fig. 9. This observation indicates
that the proposed method can provide precise estimation of
polarization phase delay and eliminate phase inconsistency
efficiently for clutter suppression.

Additionally, in each range cell of the range-Doppler
domain data, the colors of range-Doppler cells with only
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FIGURE 8. RDP after ionospheric clutter mitigation by the multi-domain
filtering algorithm [25].
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FIGURE 9. RDP after ionospheric clutter mitigation by the proposed
method.

noise are essentially the same, which indicates that the noise
powers are basically the same in the whole Doppler frequency
domain in reality. Furthermore, when the range-Doppler cell
occupied by clutter has no target, the output of the filter only
contains noise power. In this case, the color denoting the
output is essentially the same with that of range-Doppler cells
with only noise. These observations show that the output in
simulation results is basically in accordance with the theoret-
ical assumption of the white Gaussian noise in (7).

Moreover, two slices at —0.070 Hz and —0.053 Hz
from Figs. 3, 8 and 9 are chosen arbitrarily, and provided
in Figs. 10(a) and 10(b), respectively. It can be seen from
Fig. 10 that for each range-Doppler cell polluted by the clut-
ter, the proposed method can provide significant clutter sup-
pression performance (at least about 20 dB, almost surely),
whereas strong ionospheric clutters exist in the output of the
contrast method.

To further demonstrate the superiority of the proposed
method, two synthetic targets, the parameters of which are the
same with these of real target, are added in range cell 162. For
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FIGURE 10. (a) Results of the multi-domain filtering algorithm and the
proposed method at —0.070 Hz. (b) Results of the multi-domain filtering
algorithm and the proposed method at —0.053 Hz.
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FIGURE 11. Results of the multi-domain filtering algorithm and the
proposed method at range cell 162.

the purposes of comparison, one synthetic target is added in
range-Doppler cell (162, 82) which is not polluted by iono-
spheric clutter, and the other one is added in range-Doppler
cell (162, 97) which is polluted by the ionospheric clutter.
The results of the multi-domain filtering algorithm and the
proposed method at range cell 162 are given in Fig. 11. In
this figure, two synthetic targets are preserved by the multi-
domain filtering algorithm and the proposed method. The
power of ionospheric clutter is decreased by at least 20 dB
and close to the power of background noise in the result of
the proposed method, whereas the power attenuation of most
part of the ionospheric clutter is much smaller than 20 dB
in the result of the multi-domain filtering algorithm [25]. It
is because that the incorrect estimation of 7. and phase mis-
match between data model and measured data are present in
the multi-domain filtering algorithm, leading to performance
loss. Hence the performance of ionospheric clutter mitigation
of the proposed method is better than that of the multi-domain
filtering algorithm.
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FIGURE 12. Range-Doppler map with ionospheric clutters.
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FIGURE 13. Result of the proposed method.

In order to verify the extensive applications of the proposed
method, we use another real data received from the same
array (i.e., Fig. 2) for demonstration. Such real HFSWR data
with ionospheric clutter is given in Fig. 12. The result of the
proposed method applied to this data for clutter suppression
is shown in Fig. 13. It can be seen that the clutter has been
largely suppressed in Fig. 13, indicating that the proposed
method is valid in practice.

VI. CONCLUSION

We have proposed a two-step method for ionospheric clut-
ter mitigation for HFSWR with a L-shaped dual-polarized
received array. In the first step of the proposed method,
DOA and polarization state of ionospheric clutter and target
signal are estimated effectively. Particularly, the introduced
spatial phase information in the estimation of polarized phase
delay is compensated by estimated DOA. Then in the sec-
ond step, the PAB-OPF is constructed with such precise
estimation to reduce the effect of phase inconsistency and
give good performance of clutter suppression. Theoretical
analysis is provided to demonstrate the superior performance
of the proposed method for ionospheric clutter mitigation.
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And experimental performance evaluation illustrates that the
proposed method could achieve attenuation of clutter sup-
pression at least 20 dB.
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