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ABSTRACT End-fire array antenna is a kind of special radar antenna with beam pointing perpendicular
to the normal direction of the array. Because of its low profile and directional radiation characteristics,
it is especially suitable for blind zone compensation of airborne radar. However, there are few publicly
available pieces of literature on clutter suppression for end-fire array radar. In this paper, we firstly
simulate and analyze the clutter spectrum characteristics for end-fire array airborne radar (EAAR), and then
propose a clutter suppression method for EAAR based on adaptive segmentation. In the proposed method,
the concept of Riemann mean distance of temporal covariance matrix is introduced to quantify the clutter
nonstationarity, and in this way we realize adaptive segmentation of the clutter range-Doppler spectrum.
Then the different clutter suppression methods including pulse Doppler (PD) processing, two-dimensional
space-time adaptive processing (2D STAP), and three-dimensional STAP (3D STAP) are used to suppress
clutter in different regions. The theoretical analysis and simulation results demonstrate that compared with
3D STAP, the proposed method not only guarantees clutter suppression performance, but also reduces the

computational complexity to an extent.

INDEX TERMS End-fire array, clutter suppression, adaptive segmentation, Riemann mean distance.

I. INTRODUCTION

With the rapid development of conformal and quasi-
conformal array radar [1]-[4], end-fire array antenna [5]-[9]
has attracted wide attention in recent years due to its unique
low profile characteristics. Because the maximum radia-
tion direction of end-fire array antenna points to the array
arrangement axis, its directional coefficient in the maximum
radiation direction is no longer directly proportional to the
equivalent aperture size, which effectively solves the problem
of larger wind resistance caused by larger aperture size of
the side-fire array. Hence, end-fire array antenna is espe-
cially suitable for forward and backward blind zone com-
pensation of airborne radar. However, the primary problem
must be solved in the practical engineering application of
end-fire array airborne radar (EAAR) is clutter suppression.
To solve this problem, we must study its clutter spectrum
characteristics and propose effective space-time adaptive pro-
cessing (STAP) methods. At present, the research on end-fire
array in existing literature mainly focuses on antenna char-
acteristics [5]-[9], and almost no literature involves clutter
suppression for EAAR. Although some countries have had
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relatively mature technology in the application of end-fire
array radar and have put it into practice, such as the ‘E-737’
early warning aircraft developed by the United States, which
uses end-fire array antenna for blind zone compensation for-
ward and backward. However, considering technical confi-
dentiality, the relevant literature concerning the research on
clutter and STAP methods for EAAR is still not available.

In this paper, we firstly construct the geometric model
of EAAR with uniform linear array as the end-fire unit.
On the basis of that, the antenna pattern characteristics and
the clutter spectrum characteristics of EAAR are simulated
and analyzed. By comparing these with that of conventional
side-fire array airborne radar (SAAR), a series of useful
conclusions are obtained. In the basis of this, we proposed
a novel clutter suppression method for EAAR based on adap-
tive segmentation. In the proposed method, we introduce the
concept of Riemann mean distance to quantify the clutter
nonstationarity and divide the clutter range-Doppler spectrum
into three sections including pure noise region, stationary
clutter region, and nonstationary clutter region by adaptive
segmentation. Then the different clutter suppression methods
including pulse Doppler (PD) processing, two-dimensional
space-time adaptive processing (2D STAP) [10]-[12], and
three-dimensional STAP (3D STAP) [13], [14] are used to
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suppress clutter in corresponding sections. Simulation results
illustrate the effectiveness of the proposed method.

The rest of this paper is organized as follows.
Section 2 simulates the clutter and analyzes the clutter charac-
teristics for EAAR. Section 3 introduces the proposed method
based on adaptive segmentation. Performance of this method
is illustrated by computer simulations and conclusions are
drawn in Sections 5 and 6, respectively.

Notations: Scalars are denoted by lightfaced lowercase let-
ters, vectors by boldfaced lowercase letters, and matrices by
boldfaced uppercase letters. (-)T denotes transpose, the super-
script ()7 denotes conjugate transpose, (-)~! is the matrix
inverse operation. ® denotes the Kronecker product, denotes
rounding down, ||| denotes Frobenius norm. E [-] denotes
the statistical expectation. I denotes an identity matrix.

Il. CLUTTER CHARACTERISTICS FOR EAAR
A. PATTERN CHARACTERISTICS
Consider an EAAR with a rectangular planar end-fire array
antenna consisting of M x N elements, as shown in Fig. 1 (a).
The column-subarrays are the end-fire units. The platform
is at altitude H and moving with constant velocity V. The
normal of the array is perpendicular to the flight direction
of the platform, and the column-subarrays are parallel to the
flight direction. The spacings between columns and rows
are dx and dy,respectively. The working wavelength is A.
The angles 6 and ¢ denote the azimuth and elevation angle,
respectively. Moreover, (6p, ¢p) denotes the direction of the
mainbeam and R denotes the range from the clutter scatter to
the radar antenna. For ease of comparison, Fig. 1 (b) gives the
array geometric model for SAAR.

According to the geometry in Fig. 1, the transmit pattern
function of end-fire column-subarrays can be obtained as

M

fi0.9) =" exp {jz’;ﬂ(m — 1)(cos p'sin® — 1)} (1)

m=1

where the beam pointing is fixed to be (0°,90°) for the
column-subarrays are end-fire units. And that of end-fire
row-subarrays can be obtained as

1206, ¢)

N

2mdy

= Zexp ] . (n — 1)(cos ¢ cos B — cos ¢ cos 6p)
n=1

@

Then the transmit pattern function of the whole end-fire array
antenna can be expressed as

N M
Fe(0, ) = Z Z exp {JzT” [(m — 1)dy(cos ¢ sin® — 1)

n=1m=1
4+ (n — 1)dx(cos ¢ cos 6 — cos g cos bp)] }
3)
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FIGURE 1. Array geometric model. (a) EAAR. (b) SAAR.

Whereas for side-fire array antenna, the transmit pattern
function is

N M

2
Fe@.9) = > 3 exp {]TJT [0m — 1)dy(sin g — sin gp)

n=1m=1
+ (n — 1)dx(cos ¢ cos & — cos gy cos 90):| }
4

Fig.2 (a) demonstrates the transmit pattern of EAAR with
M = 32, N = 16, the main beam-pointing (6y, o) =
(90°,0°), and dy = A/2. Since end-fire array is placed
horizontally and has no backward shielding reflection, we let
dy be equal to A/4 to eliminate the backward grating lobe.
Whereas Fig. 2 (b) shows the antenna transmit pattern of
SAAR with 16 rows and 32 columns, dx = dy = A/2. Other
parameters are the same as EAAR.

Comparing Fig. 2 (a) with Fig. 2 (b), we can obtain that the
antenna pattern of EAAR has the following characteristics.

(1) The SAAR has only one mainlobe because of the

shielding effect of the reflector, whereas the EAAR
has no backward shielding due to the horizontal array.
Although the backward grating lobes are eliminated
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FIGURE 2. Antenna transmit patterns. (a) EAAR. (b) SAAR.

by reducing the inter-column spacing, the backward
elevation sidelobes still exist.

(2) The mainlobe elevation beam width of EAAR is much
wider than that of SAAR.

(3) The antenna pattern sidelobes of SAAR are distributed
along the azimuth and elevation directions respectively
in the form of “+” whereas that of EAAR are con-
centrated along the elevation direction in the form of
“|”’. The apparent beams broadening in azimuth when
the elevation angle is large is an illusion caused by the
selection of coordinate system.

B. CLUTTER CHARACTERISTICS
Assuming that K pulses are transmitted at a constant pulse
repetition frequency (PRF) in a coherent processing interval
(CPI), the receive space-time sampled clutter echo signal on
a range ring can be expressed as

LAA
Xe =Y A®: ;)8 (6i. 9i,) ()

ip=1 i=1
where A(6;, ¢;,) is the clutter amplitude at the clutter patch
(i, ¢i,), N, is the number of range ambiguities, N, is the
number of clutter patches contained in a range ring, and
S (0,-, goiﬂ) is the space time steering vector of clutter echoes.
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If only two dimensions are considered, for both EAAR and
SAAR, the steering vector S (6;, ¢;,) can be written as

S (6i. ¢i,) = Sa (6i, ¢i,) ® St (6i. ¢1,) (6)
Adding elevation dimension information, then
S (65, ¢i,) = Sk (65> 9i,) ® Sa (61 ¢1,) ® St (61 91,) ()

The specific formulas of the three steering vectors are

_ ' ) T
Se (0 ) =1 o) o2 (M~ 1fe (6103, ) ]
(8)
r T
Sa (0 @) =] 1 e2(00) 2TV =1fa (610 ]
) )
_ ' _ T
St (0, ¢i,) =] 1 ei2mfi(0i.0ia) ei2m (K= Dfi(6:.9ia) ]
] (10)

where fe (Gi, (p,-a) is the normalized elevation spatial
frequency, f, (Qi, (pia) is the normalized azimuth spatial fre-
quency, and f; (6;, ¢;,) is the normalized Doppler frequency.
For side-fire forward looking array

fa (Bi, q)ia) = (dy/k) cos 6; cos @;, (11)

fe (6. ¢1,) = (dx/M)sing;, (12)
Whereas for end-fire array

fa (61, ¢1,) = (dx/2) cos 6 cos ¢, (13)

fe (6, 9i,) = (dy/A) sin6; cos g;, (14)

Since both SAAR and EAAR are forward-looking, the nor-
malized Doppler frequencies of them are

fi (65, ¢i,) = 2V sin6; cos @i, / (f;)) (15)
where f; denotes the PRF.

In order to clarify the space time coupling relationship in
the three-dimensional clutter spectrum for SAAR, combin-
ing (11), (12), and (15) yields

12 (6 ¢i,) 4 120 0i)  f2 (6. 0i)
fém fam fon
Whereas for EAAR, combining (13), (14), and (15) yields
fe B 9i) £ (6 01,)

=1 (16)

Jfem Jim
L Gne)  F2Gne) 4
[ o

where fern is the maximum normalized elevation spatial
frequency, fam is the maximum normalized azimuth spa-
tial frequency, and fi, is the maximum normalized Doppler
frequency.

Formulas (16) and (17) show that in three dimensional clut-
ter spectrum of SAAR, the three dimensions are ellipsoidal
coupling, whereas in that of EAAR, the spatial elevation
dimension is linear coupling with the temporal Doppler
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dimension and the spatial azimuth dimension is elliptical
nonlinear coupling with the temporal Doppler dimension.

In order to further analyze the clutter characteris-
tics, we simulate the clutter spectrum of EAAR and
SAAR. According to the engineering application examples,
we assume that end-fire array is 16 rows and 8 columns, and
side-fire array is 16 columns and 8 rows. The receive antenna
pattern is tapered by 20 dB Chebyshev window. The other
simulation parameters are listed in Table 1.

TABLE 1. Simulation parameters.

Parameter Value
Mainbeam azimuth 90 degree
Mainbeam elevation 0 degree
Pulse number in one CPI 8
Spacing between columns 0.115m
Spacing between rows 0.058m
Working wavelength 0.23m
Platform moving velocity 140m/s

Pulse repetition frequency 2435Hz
Platform height 8km
Maximum detectable range ~ 368km

Range cell width 100m

Fig. 3 shows the three-dimensional clutter ridges of SAAR
and EAAR and their projections in azimuth-Doppler plane,
i.e., conventional two-dimensional clutter ridge, respectively.
In Fig. 3, we can see that the three-dimensional clutter ridges
of SAAR are distributed along a quarter ellipsoid, and the
clutter ridge in the same range have the same elevation spa-
tial frequency. Therefore, it is feasible to form a notch in
elevation dimension to filter the short-range nonstationary
clutter. Whereas for EAAR, the three-dimensional clutter
ridges are all distributed on a certain plane and the elevation
spatial frequencies of the clutter ridge in the same range
are different. Hence, the elevation-dimensional pre-filtering
methods [15]-[17] which filter out short-range nonstationary
clutter by forming an adaptive elevation notch will com-
pletely fail for EAAR. Meanwhile, the conventional two-
dimensional, i.e., azimuth-Doppler dimension, clutter ridges
of the two systems are elliptical and have serious range
dependence in short range, but the long-range clutter tends
to be stationary. Therefore, the conventional 2D STAP is still
applicable to the long-range stationary clutter of EAAR.

Fig. 4 depicts the clutter range-Doppler spectrum of ideal
echo data in a receive channel of SAAR and EAAR, respec-
tively. It can be seen from Fig. 4 that the distinctions between
SAAR and EAAR in antenna patterns analyzed above leads
to the scattering of sidelobe clutter and the wider frequency
domain of ground clutter for SAAR. Compared with SAAR,
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FIGURE 3. Three-dimensional clutter ridges. (a) EAAR. (b) SAAR.

clutter of EAAR is concentrated in the mainlobe region, and it
occupies a narrower frequency domain, especially in the long-
range stationary clutter region, i.e., there is a wider pure noise
region in the long-range. Therefore, PD processing technique
can be considered to detect moving targets in the long-range
noise region for EAAR.

Ill. STAP BASED ON ADAPTIVE SEGMENTATION

Through the analysis in Section II, it can be seen that end-
fire array antenna is usually placed forward-looking, so it
also inevitably faces the problem of clutter range dependence.
Although the conventional STAP approaches exhibit excel-
lent performance on suppressing stationary clutter, the range-
dependent clutter will lead to its failure to form deep and
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FIGURE 4. Clutter range-Doppler spectrum. (a) EAAR, (b) SAAR.

narrow filter notches, which will cause serious performance
degradation and make it impossible to detect moving targets.

To solve the problem of clutter range dependence of
SAAR, scholars have done a lot of research. At present,
the nonstationary clutter suppression methods with range
ambiguity mainly include improved registration-based
compensation (RBC) method [18], elevation-dimensional
pre-filtering STAP and 3D STAP. The improved RBC method
takes full account of ambiguous clutter data on differ-
ent clutter ridges of the same range cell, and has good
range-dependent compensation effect when range ambiguity
exists. However, in the process of clutter compensation,
the improved RBC method will also cause the moving
or cancellation of the target echo. Although it can effec-
tively suppress clutter, it is not conducive to the subse-
quent target detection, it is also a common problem in all
clutter-compensation methods when range ambiguity exists.
Reference [19] studies the problem of moving or cancellation
of the target echo while compensating clutter. It is proposed
that the target constraint matrix can be used to restrain the tar-
get echoes from moving or cancellation. However, it is almost
unachievable for the target constraint point to avoid all the
clutter echoes in practical application, clutter will probably
be wrongly retained as targets and result in false alarm. The
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elevation-dimensional pre-filtering STAP takes advantage of
the distinctions in elevation angle between the short-range
clutter and the long-range clutter, form a notch in the elevation
dimension to filter out the short-range nonstationary clutter
fundamentally, and then suppress the long-range clutter by
the conventional STAP method. It can be applied to the
situation of existing range ambiguity without target echoes
cancellation. However, the analysis in Section 2 shows that
due to the special array arrangement structure of end-fire
array antenna, the elevation spatial steering vector is not only
related to the elevation angle, but also to the azimuth angle,
so it is not feasible to utilize the elevation spatial steering
vector to form a single elevation filter notch. 3D STAP is
the generalization of the conventional azimuth-Doppler 2D
STAP in azimuth-elevation-Doppler three dimensions. The
simulation results in [13] demonstrate that 3D STAP can
significantly improve the nonstationary clutter suppression
performance by adding the degree of freedom (DOF) of
elevation dimension. Hence, at present, only the 3D STAP can
effectively solve the nonstationary clutter problem of EAAR.
But 3D STAP also has the drawback that it has trouble to
implement real-time processing because of the large sample
demands and complex calculation.

Based on the analysis of clutter characteristics for EAAR
in Section II, this section proposes a clutter suppression
method based on adaptive segmentation. Compared with 3D
STAP, this method reduces the computation load and sam-
ple demands significantly whereas the performance loss is
small. Compared with 2D STAP, this method can effectively
suppress the nonstationary clutter and ensure the effective
detection of the target.

As depicted in Fig. 5, according to the difference of clutter
intensity or nonstationary degree in the range-Doppler spec-
trum, the whole range-Doppler spectrum can be divided into
three sections: nonstationary clutter region, stationary clutter
region and noise region. And then, 3D STAP, conventional
2D STAP and PD processing method are applied to the corre-
sponding sections. Therefore, the emphasis and difficulty of
the proposed method are how to realize adaptive segmenta-
tion. The specific implementation process is as follows.

4 Pure noise region 3
600

500

Stationary clutter region

Range cell
w
2
=3

Non-stationary clutter region

100,

0 '20 40 60 80 100 120 140 160 IQO
Doppler cell

FIGURE 5. Regions dividing diagram.
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A. ADAPTIVE SEGMENTATION OF NONSTATIONARY
CLUTTER REGION

As can be seen from Fig. 1 (a), the nearest ground clutter to
the radar antenna is the altitude-line clutter directly below the
platform, i.e., the short range clutter at R = H. Therefore,
the range cell corresponding to the altitude-line clutter is the
initial range cell in the nonstationary clutter region, and its
range cell number can be calculated by

L = int(H/AR) (18)

where AR denotes the range cell width. So according to the
parameters listed in Table 1, the 80th range cell can be easily
calculated as the dividing line 1. Therefore, the emphasis
of this section is how to realize the adaptive selection of
dividing line 2. We can obtain from Fig. 4 that the essence
of clutter nonstationarity is clutter power distribution in
Doppler domain varies with range. Because the temporal
clutter covariance matrix just contains the clutter power dis-
tribution information in Doppler domain, we can consider
using the distinction between temporal covariance matrices
in different range cells to measure the clutter nonstationarity.

For pulse Doppler radar, clutter signal of a range cell can
be modeled as the superposition of clutter echoes in the range
ring on the pulse dimension. For the nth element, supposing
the clutter data of the /th range cell received by K pulses is
X; ((n — 1)K + 1 : nK), then the temporal covariance matrix
of the nth receive channel can be obtained as

Rin=E (Xl ((n— DK +1:nK) X5 (0 — DK +1: nK))
(19)

It is noteworthy that, according to RMB criterion [20], the
estimation of clutter covariance matrix requires more than
twice the number of samples to ensure that the signal to clutter
plus noise ratio (SCNR) loss is less than 3dB. Hence, when
estimating the temporal covariance matrix using the data of
elements, it is also necessary that the number of element is
twice as large as the number of pulse. In practical scenar-
ios, the condition that the number of elements of airborne
phased array radar is more than twice the number of pulses
is not always satisfied, so it is necessary to achieve this
requirement by Doppler filter bank [21], [22] or partial pulse
selection. The Doppler filter bank or partial pulse selection
can be completed by means of the dimension reduction matrix
T, [10]. Meanwhile, in order to guarantee the reversibility of
the clutter temporal covariance matrix, the diagonal loading
technique [23] must be used. Therefore, the temporal covari-
ance matrix of the /th range cell can be estimated as

5

N
1
Rii =+ Y TiRyTa+ 81

n=1

N
1
= NZTZIXZ (n— DK +1:nK)
n=1

X;(n=DK+1:0K)8T, +8°1  (20)
where 82 denotes the loading coefficient.
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In order to accurately reflect the distinction between two
temporal clutter covariance matrices, we introduce Riemann
distance. The Riemann distances of reversible matrices A and
B can be defined as [24]

1

2

dg (A, B) = Hlog (A‘IB>HF: vajlogz o | @n
i=1

where A; denotes the eigenvalue of A_IB, N denotes the
dimension of A or B. The Riemann distance dg (A, B) reflects
the degree of A whitening B. If A and B are both constructed
from independent and identically distributed clutter data, then
A~'B ~ I, and then dg (A, B) ~ 0 can be obtained.

However, the Riemann distance define does not satisfy the
symmetry of mathematical distance, i.e.,

dr (A, B) # dr (B, A) (22)

If the covariance matrices A and B have the same structure,
but the power of clutter constituting the matrix A is higher
than that of B, then the distance will not increase, because
the clutter in B is over whitened by A. Conversely, the dis-
tance increases. This will be a problem in measuring the
difference between two clutter covariance matrices. Hence,
we can solve this problem by defining a symmetric Riemann
distance:

1
2 2 2
[d% A, B) erdR (B,A)]) o3

dr (A, B) = (

Because the clutter range nonstationarity is a continuous
gradual process which is reflected on multiple range cells,
it is not accurate to measure the clutter nonstationarity by the
Riemann distance of temporal clutter covariance matrices in
only two range cells. To solve this problem, we propose the
concept of the Riemann mean distance of L, temporal clutter
covariance matrices, which is defined as

L
QI _
DR = — » "dg (Ru. R) (24)
Ly =1
where R = L—lp > Ryy. Therefore, for the clutter range

=1
stationarity of continuous multiple range cells, the degree

of nonstationarity can be measured by the value of (24),
which realizes the quantitative measurement of the clut-
ter range nonstationarity. This also provides a way to real-
ize the adaptive division of the nonstationary clutter region
in Fig. 5.

Assuming that there are L range cells in the clutter range-
Doppler spectrum, we select L, range cells from the farthest,
i.e., the temporal covariance matrices of the L — L, + 1th
to the Lth range cells, and calculate their Riemann mean
distance DRL_LP+ 1 with (24), and then compare the result
with the threshold value DRy, . If less than the threshold value,
we continue to select the temporal covariance matrices of the
L—Lythto the L—1thrange cells. Repeat the above steps until
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a certain Riemann mean distance occurs to make DRy, >
DRy,. At this time, the Lsth range cell is considered as the
nonstationary clutter region dividing line 2 in Fig. 5. For easy
of understanding, we summarize this algorithm in Table 2.

TABLE 2. The algorithm for determining dividing line 2.

Set the key parameters: DRy, T, L,
Calculate the total number of range cell: L=c/(2f;AR),
where ¢ denotes the light velocity
Estimate the clutter temporal covariance matrix R({/}, /=1, 2,
3, L
or/=1:L

N
Rt{l}:%ZTaHXI((n—I)K+1:nK)
n=1
. H 2
X ((n-DK+1:0K)" T, +0°1
end

Determine the Lth range cell where the diving line 2 locates
j=-

L,

2. R= R{L—Ly+1-j}
1

L
P

L
P

1O o

3. DRy 41y =1 ) dRWAL =Ly +1= L)
P =1

Until: DRy 412 DRy,
Li=L-Li+1+j

Fig. 6 shows the curve of Riemann mean distance varying
with range cells with L, = 50. If the threshold value is set
as DRy, = 1.25, the 348th range cell can be identified as the
nonstationary clutter region dividing line 2 in Fig. 5.

T T
— Riemann mean distance

—— Threshold value

=
17

Riemann mean distance

x 28
Y1z

L L L " "
0 100 200 300 400 500 600
Range cell

FIGURE 6. Curve of Riemann mean distance varying with range cells.

B. ADAPTIVE SEGMENTATION OF NOISE REGION

Because EAAR has no backward reflection, its clutter power
mainly distributes at both ends of the Doppler domain, and the
weakest clutter power is at the middle of the Doppler cells.
Assuming that there are Kg Doppler cells, we successively

147100

select i Doppler cells at the middle of the Doppler cells of the
range cell at the dividing line 2, i.e., the K3/2 — h/2 + 1th to
Kq4/2+h/2th Doppler cells, and calculate their average power
as the noise base value o¢, and set the relative threshold value
as op. Then slide a Doppler cell to the right, i.e., select the
Kq/2 — h/2 4 2th to Kq/2 + h/2 + 1th Doppler cells and
calculate their average power ok, 211, and compare it with
the threshold value o+ oy, . If it is less than the value o9+ oy,
repeat the above steps until og; > o9 + oy, appears. At this
time, the K;th Doppler cell is considered as the pure noise
region dividing line 3 in Fig. 5. For easy of understanding,
we summarize this algorithm in Table 3, where S is the
spatial steering vector in the direction of target, Si.x is the
temporal steering vector in the Doppler center frequency of
the kth Doppler cell. Similarly, the Kjth Doppler cell as the
pure noise region dividing line 4 in Fig. 5 can be obtained by
utilizing the above algorithm to the left.

TABLE 3. The algorithm for determining dividing line 3.

Set the key parameters: oy , /1

Calculate the total number of Doppler cell: Ky = fi/Af,
where Af denotes the bandwidth of the Doppler filter

Calculate the noise base value oy

Select the receive date of the Lith range cell X, L
Calculate the echo power value of each Doppler cell P (k), k
=1,2,3, ... , K4
fork=1:K,4
W =S, ®Ss

P()=whx,
end
| K, /2+h/2
o=1 D, P®
k=Ky/2—h/2+1
Determine the Kith Doppler cell where the diving line 3
locates
j=0
Repeat:
lLj=j+1
Ky/2+h/2+j

2 Ok, = P(k)
k=Ky/2=h/2+ j+1
Until: O'Kd/2+j 200 +0m

K=KJ2+j

Fig. 7 gives the curve of the average clutter power of the
range cell in dividing line 2 varying with Doppler cells with
h = 20 and the relative threshold oy, = 6dB. According to the
curve, the 145th Doppler cell and the 30th Doppler cell can
be identified as the pure noise region dividing line 3 and 4 in
Fig. 5.

C. METHOD PROCEDURES

In summary, the procedures of clutter suppression method
based on adaptive segmentation for EAAR can be summa-
rized as follows:
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FIGURE 7. Curve of the average clutter power of the range cell in dividing
line 2 varying with Doppler cells.

Step 1: Designing dimension reduction matrix T, to reduce
the dimension of the data of each range cell, so that the
number of element is more than twice the number of pulse
when estimating the temporal covariance matrix.

Step 2: Estimate the temporal covariance matrix Ry, of
each range cell by (20).

Step 3: Calculate the Riemann mean distance DRy — Ly+1 of
the temporal covariance matrix from L — Ly, +1th to Lth range
cells, and compare it with the threshold value DRy,. If it is
less than the threshold value, continue smoothing a range cell
and calculating the Riemann mean distance of the temporal
covariance matrix of the selected Ly, range cells until a certain
Riemann mean distance appears to make DR;, > DRy,.
Then, the L¢th range cell is considered as the upper dividing
line of the nonstationary clutter region.

Step 4: Calculate the range cell number L; of the altitude-
line clutter, and consider that the L;th range cell is the lower
dividing line of the nonstationary clutter region.

Step 5: Process the echo data at the L¢th range cell by PD
processing, and select the Doppler cells from Kq/2—h/2+1th
to Kq/2+ h/2th at the L¢th range cell, and then calculate their
average power as the noise base value oy.

Step 6: Set the relative threshold value as oy, take the
Doppler cells from Kq/2 — h/2 4 2th to Kq/2 4+ h/2 + 1th to
calculate their average power value ok, /241, and compare it
with the threshold value o9 +oy,. If ok, /241 less than o +oy,
continue to smooth a Doppler cell to the right and calculate
the average power of the selected & Doppler cells until a
certain average power appears to make ox > 09—+ o0p,. At this
time, the K;th Doppler cell is considered as the right dividing
line of the pure noise region.

Step 7: Similarly, smoothing to the left using the method
of step 6, we can obtain the left dividing line of the pure noise
region.

Step 8: Process the nonstationary clutter region with
3D-STAP, the stationary clutter region with 2D-STAP, and
the pure noise region with PD processing. At this time,
the clutter suppression of radar echo is completed.
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TABLE 4. Comparison of output SCNR (dB).

PD  opstap  3p.stap  Proposed
processing method
Target 1 15.8 20.7 24.6 243
Target 2 -62.3 -28.9 24.5 24.1
Target 3 -34.2 21.8 24.2 223
Target 4 20.6 23.2 25.3 20.8

It should be pointed out that the selection of the two
thresholds DRy, and oy, determines the performance and
computational complexity of the method. If the thresholds are
too high, the proportion of the nonstationary clutter region
and the stationary clutter region that the method automati-
cally divides will be reduced, which will inevitably reduce
the computational complexity of the method, but the perfor-
mance will also degrade as a cost. On the contrary, if the
threshold values are too low, the proportion of the nonsta-
tionary clutter region and the stationary clutter region will
increase, which will undoubtedly improve the clutter sup-
pression performance, but it will also increase the computa-
tion load. Therefore, in the practical engineering application,
the threshold values should be set reasonably according to the
actual situation.

IV. NUMERICAL SIMULATIONS AND PERFORMANCE
ANALYSIS

In this section, the clutter suppression performance of the
proposed method is analyzed and assessed by computer sim-
ulations. In the simulations, the end-fire array is composed
of 8 rows and 16 columns, and the number of pulse is 8.
In 2D STAP, the DOF of system is 8 x 8, whereas in 3D
STAP, the DOF of system is 8 x 4 x 8, that means four receive
elements are synthesized with column-subarrays, so four ele-
vation DOFs are added. According to RMB criterion [20], for
both 2D STAP and 3D STAP, the number of sample should be
more than twice the DOF of system to ensure the performance
loss caused by clutter covariance matrix estimation is less
than 3dB. That means a large sample demands which will
be difficult to be satisfied. In order to reduce the sample
demands, both conventional 2D STAP method and 3D STAP
method adopt element-Doppler dimension reduction tech-
nique [10], [11]. It is noteworthy that PD processing does not
need samples because it does not require clutter covariance
matrix estimation. Moreover, the Riemann mean distance
threshold value DRy, = 1.25, and the clutter power relative
threshold value oy, = 6dB. Other simulation parameters are
listed in Table 1.

A. COMPARISON OF SCNR LOSS

Fig. 8 shows the SCNR loss of PD processing, 2D STAP,
3D STAP, and the proposed method, respectively. We can
see from Fig. 8 that PD processing works well in the pure
noise region, but there is a large SCNR loss in clutter region.
2D STAP can effectively suppress the long-range station-
ary sidelobe clutter, but the SCNR loss is not ideal in the
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FIGURE 8. SCNR loss maps. (a) PD processing. (b) 2D STAP. (c) 3D STAP. (d) The proposed method.

TABLE 5. Computational complexity analysis.

Covariance matrix

Methods DFT Adaptive segmentation estimation Weight application
PD NK
processing LTIOgZ Nlog, K / / LK, NK
NK LKd(NK)Z 3 2
2D-STAP L—1Iog, Nlog, K / LK, (2(NK)' +2(NK)" + NK
log: Nlog, N J(2ANK) +2(NK)® + NK)
LK, (MNKY’
3D-STAP M log, Mlog, Nlog, K / a(MNK) LK,(2(MNK)® + 2(MNK)* + MNK)
8 +(1+ MNK)
L E1og2 Nlog, K LK, (NK)*(1+NK) s R
Proposed S 4 ) 5 s LK (2(NK)’ +2(NK)" + NK)
method MNK L(K"+6K7) LK, (MNK) +L K, (2(MNK)’ +2(MNK)* + MNK)
+L, log, M log, Nlog, K «(1+ MNK) ' d

short-range nonstationary clutter region. Whereas 3D STAP
method has ideal SCNR loss on both short-range nonstation-
ary and long-range stationary clutter region, and even has
smaller SCNR loss in the mainlobe clutter region compared
with other methods. In the proposed method, clutter can be
also effectively filtered in the whole range-Doppler domain
except the mainlobe clutter region by applying different clut-
ter suppression methods to different clutter regions.
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B. COMPARISON OF OUTPUT CLUTTER RESIDUE

In order to compare the clutter suppression effect of each
method more clearly, we simulated several target data in the
raw echo data. The location of each target is: target 1 (32,
200), target 2 (148, 120), target 3 (168, 500), target 4 (50,
400), where the abscissa is the number of Doppler cell and
the ordinate is the number of range cell. Fig. 9 shows the
output clutter residue of PD processing, 2D STAP, 3D STAP,
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and the proposed method, respectively. As can be seen from
Fig. 9, only targets 1 and 4 in the pure noise region can
be detected effectively via PD processing. Target 3 in the
stationary sidelobe clutter region can also be detected via 2D
STAP, but target 2 in the nonstationary clutter region is still
completely submerged by clutter. The proposed method and
3D STAP can complete all targets detection.

In order to quantitatively assess the clutter suppression
performance of each method and reflect the advantages of the
proposed method, Fig. 10 gives the output power residue of
the Doppler channel where target 2 is located. It can be seen
from Fig. 10 that target 2 is still submerged by clutter via
PD and 2D-STAP processing, but SCNR can reach more than
20 dB via 3D-STAP and the proposed method. Table 4 gives
SCNR of each target via various methods. From the data
in Table 4, we can obtain that SCNR of the four targets can
reach more than 20 dB via the proposed method, i.e., all of
them can be effectively detected. Compared with 3D-STAP,
the proposed method only loses an average of 1 to 2 dB, which
verifies the effectiveness of the proposed method.

C. COMPARISON OF COMPUTATIONAL COMPLEXITY

Assume that L range cells totally need to be processed,
including L, in the nonstationary clutter region and Ls in
the stationary region, Kq Doppler cells totally need to be
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processed, including K, in the clutter region and Ky in the
pure noise region. Then the computational complexity of the
four methods for all range cells is shown in Table 5. For easy
to compare intuitively, the computation load of the four meth-
ods in the case of specific parameters is given below. Under
the simulation parameters in this section, the computational
complexity of PD processing, 2D STAP, 3D STAP, and the
proposed method are 7.03 x 10°,8.63 x 10'°,5.46 x 10'?
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and 2.74 x 10'2, respectively. Therefore, the computational
complexity of 3D STAP is higher than that of other methods,
whereas the computation load of the proposed method is only
half of 3D STAP.

V. CONCLUSION

In this paper, we firstly analyze the clutter spectrum charac-
teristics of EAAR systematically and draw a series of ben-
eficial conclusions. Then, we propose a clutter suppression
method based on adaptive segmentation for EAAR. In the
proposed method, the concept of Riemann mean distance
of temporal covariance matrix is introduced to quantify the
clutter nonstationarity, and in this way we realize the adaptive
segmentation of the clutter range-Doppler spectrum. The the-
oretical analysis and simulation results show that compared
with 3D STAP, the proposed method reduces the computa-
tional complexity and sample demands in the premise of little
performance loss. Compared with conventional 2D STAP,
the proposed method significantly improves the clutter sup-
pression performance in the nonstationary clutter region and
ensure the effective detection of targets, which has significant
engineering practical value.
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