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ABSTRACT Conformal array antenna is one of the important development directions of airborne radar in
the future. Its advantages include aerodynamic design, larger effective aperture and minimal payload weight
etc. However, conformal array antenna usually has non-linearity feature. The special geometry deteriorates
the performance of the antenna pattern and causes nonstationary clutter distribution. The performance of
conventional space time adaptive processing (STAP) methods is degraded. Aiming at the clutter suppression
problem of the conformal array airborne radar under the situation of range ambiguity, a four-dimensional
space-time clutter spectrum adaptive compensation method has been proposed. Based on the establishment
of a conformal array airborne radar clutter signal model and clutter distribution characteristics, this method
transforms the conformal array into a virtual uniform linear array, and estimates the four-dimensional
minimum variance distortionless response (MVDR) spectra by means of space-time smoothing processing.
Then it compensates the data in the short-range nonstationary clutter region, and estimates the clutter and
noise covariance matrix based on the compensated data to perform space time adaptive processing. This
method does not move the target signal while realizing the short-range nonstationary clutter compensation.
At the same time, by compensating the data of all the short-range regions, it overcomes the influence of prior
system parameter error and array error on the compensation methods, which has strong robustness feature.
The simulation results verify the effectiveness of the proposed method.

INDEX TERMS Conformal array, clutter suppression, STAP, airborne radar, four-dimensional clutter
spectrum.

I. INTRODUCTION
The conformal array (CFA) antenna can provide an aero-
dynamic shape consistent with the shape of the platform
without increasing the radar cross section (RCS) of the
platform or affecting its aerodynamic performance. At the
same time, it can produce a relatively larger effective aper-
ture and minimal payload weight. Therefore, the conformal
array airborne radar is one of the important development
directions of the airborne early warning radar in the future,
especially for unmanned platforms and payload-limited plat-
forms [1]. However, conformal array antennas usually have
non-linearity feature. On the one hand, the characteristic
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deteriorates the performance of the antenna pattern; on the
other hand, the clutter signal is nonstationary, which makes
the number of training samples that meet the independent and
identically distributed (I.I.D.) condition insufficient [2]–[7].
In [4] and [5], they addressed the problem of classifying
clutter and clutter edge detection, it would allow us to cluster
the entire region under surveillance into homogeneous sets
that can be used for estimation purposes. But they cannot
solve the problem of dense distribution of interference signals
or the limited number of the training snapshots. So the formed
space time adaptive processing (STAP) filter is inconsistent
with the real echo data of the detected range cell, which leads
the clutter suppression performance strongly degraded.

The conventional nonstationary clutter suppression meth-
ods for conformal array airborne radar include: (1) Localized
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processing, that is, the reduced-dimension STAP meth-
ods [6]–[9]. This type of method minimizes the impact of
nonstationarity by reducing the training sample requirement;
(2) Time-varying weights, that is, derivative based updat-
ing method (DBU) [10]–[12]. This method assumes that
there exists a linear relationship between space-time adaptive
weight and range. However, the demand for the number of
training samples is doubled; (3) Clutter compensation meth-
ods [13]–[21]. This type of method performs clutter com-
pensation based on a one-dimensional or two-dimensional
space-time plane. In [20], we have proposed a space-time
compensation STAPmethod based on adaptive segmentation,
but it is just suitable for the actual clutter environment faced
by the bistatic airborne radar with typical configurations.
The registration-based compensation (RBC) method consid-
ering range ambiguity, denoted RBC-RA, was proposed in
[21], which compensates the unambiguous range cell and
the ambiguous range cell to the corresponding reference
range cell respectively. The nonstationary clutter compen-
sation accuracy is high, but it has a strong dependence on
the prior parameters of the airborne radar system. (4) Clutter
reconstruction methods [22]–[28]. These methods perform
STAP by reconstructing the clutter plus noise covariance
matrix based on the priori knowledge. In [23], a knowledge-
aided sparse recovery (SR) STAP algorithm based on Gaus-
sian kernel function is proposed, they use the prior knowledge
that the clutter components are distributed along the clutter
ridge, but when it exists prior parameter error or array error,
the clutter ridge cannot be calculated precisely. In [25], the
Bayesian estimate for the covariancematrix is associatedwith
the prior covariance estimate and maximum likelihood (ML)
covariance estimate. However, when the prior covariance has
errors, the performance of the clutter reconstruction method
is limited.

In this paper, a nonstationary clutter suppression method
based on four dimensional clutter spectrum for conformal
array airborne radar is proposed. This method transforms the
conformal array into a virtual uniform linear array, and then
estimates the four-dimensional minimum variance distortion-
less response (MVDR) spectra through space-time smoothing
processing. The clutter data in the short-range nonstationary
clutter region is compensated according to the farthest unam-
biguous reference range cell. Finally, it estimates the clutter
and noise covariancematrix based on the compensated data to
perform STAP. The simulated results show that the proposed
method achieves a significant performance for STAP and
overcomes the influence of prior system parameter error and
array error on compensation processing.

The remainder of this paper is organized as follows.
The clutter signal model of conformal array airborne radar
is established in Section II, which takes the range ambi-
guity into account. Section III analyzes the clutter distri-
bution characteristics, including clutter trajectory, clutter
power spectrum and clutter range-Doppler spectrum of con-
formal array. Section IV provides the specific details of
the four-dimensional space-time clutter spectrum adaptive

FIGURE 1. Airborne radar geometry.

compensation method. Section V quantifies performance
potential of the proposed method by means of the simulation
results. Finally, the conclusions are provided in Section VI.

II. SIGNAL MODELS
The airborne radar geometry is shown in Fig. 1. The coor-
dinate system (X, Y, Z) represents the platform coordinate
system. The platform moves in the positive direction along
the Y axis. For a sidelooking array, it is placed along the Y
axis, and for a forward-looking array, it is placed along the X
axis. As for Fig. 1, the position of a clutter patch at a certain
range cell is expressed as (θ, ϕ), θ is the azimuth angle of
the clutter patch, and ϕ is the pitch angle. The radar antenna
beam direction corresponding to the clutter patch is defined
as K(θ, ϕ) = [sin θ cosϕ, cos θ cosϕ,− sinϕ]T, The motion
vector of the radar platform is defined as VR = VR[0,1,0]T.
The spatial position coordinate of the mth antenna element is
(xm, ym, zm),m=1,2,. . . ,M ,M is the total number of element.

Different from the planar phased array antenna, the ele-
ment gain of the conformal array antenna is related to the
placement direction of the element, so the element gain of
the mth element is

ge/m(βm) =


g0 cos2(βm

π

θnull
), −

π

2
≤ βm ≤

π

2

gbg0 cos2(βm
π

θnull
),

π

2
< βm <

3π
2

(1)

where g0 is the peak gain of the array element, gbis the back-
ward attenuation coefficient, θnull is the zero-zero mainlobe
width of the array element pattern, βm is the angle between
the direction of the radar beam corresponding to the clutter
patch and the surface normal vector ne/m to the mth element,
and

βm = cos−1(ne/m · K(θ, ϕ)) (2)

Assuming thatM elements are synthesized into a subarray,
the pattern of the subarray is

F (θ, ϕ) =
M∑
m=1

ej
2π
λ [K(θ,ϕ)−K(θ0,ϕ0)]·de/m · Fe/m (θ) (3)
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where Fe/m(θ ) is the amplitude pattern of the mth element,
de/m is the direction vector to the mth element, and its corre-
sponding antenna gain is

G(θ, ϕ) = Mg0
∣∣F̄(θ, ϕ)∣∣2 (4)

where F̄(θ, ϕ) is the normalized pattern of the subarray. The
space steering vector is

Ss(fs) =
[
ej2π

K(θ,ϕ)·de/1
λ , ej2π

K(θ,ϕ)·de/2
λ , · · · , ej2π

K(θ,ϕ)·de/N
λ

]T
(5)

where N is the number of receive subarrays.
The time steering vector is not affected by the spatial

geometry of the conformal array, and can be expressed as

St (fd) =
[
1, ej2π

2K(θ,ϕ)·VR
λfr , · · · , ej2π

2K(θ,ϕ)·VR
λfr

(K−1)
]T

(6)

where K is the number of coherent pulses, λ is the radar
wavelength, fr is the pulse repetition frequency (PRF). The
space-time steering vector corresponding to the clutter patch
in Fig. 1 is

S (fs, fd) = St (fd)⊗ Ss (fs) (7)

If both temporal sampling and spatial sampling are consid-
ered, the echo signal vector of the clutter patch is

Xc (θi, ϕl) = ai,lS(fs, fd) (8)

where ai,l is random amplitude of the clutter signal, and
E
{∣∣ai,l ∣∣2} = σ 2CNRi,l , σ 2 is the noise power per element,

CNRi,l =
PtGt(θi, ϕl)Gr(θi, ϕl)λ2σi,lD

(4π)3R4l K
′T0BFnLs

(9)

Gt(θi, ϕl) andGr(θi, ϕl) are the transmit gain and receive sub-
array gain of the conformal array antenna, and the expression
of Gr(θi, ϕl) is as shown in (4). Pt is the peak transmit power,
σi,l is the clutter patch reflectivity,D is the pulse compression
gain, Rl is the distance from the radar to the patch, K ′ is
Boltzman’s constant, T0 is the system temperature, B is the
receiver bandwidth, Fn is the receiver noise coefficient, Ls is
radar system loss.

Because the echoes of the same range cell reach the radar
receiver at the same time, the clutter signal of the lth range
cell is

Xcl =

Nc∑
i=1

ai,lS(fs, fd) (10)

whereNc is the number of independent clutter patches of each
range cell. Considering the range ambiguity, then

Xc =

Nr∑
l=1

Nc∑
i=1

ai,lS(fs, fd) (11)

where Nr is the number of range ambiguity.

FIGURE 2. Conformal array antenna geometry. (a) Cylindrical array.
(b) Fuselage array. (c) Nose cone conformal array. (d) Wing conformal
array.

III. CLUTTER CHARACTERISTICS OF CONFORMAL ARRAY
AIRBORNE RADAR
Considering that the receive subarray of conformal array
antenna usually has nonlinear characteristics at a certain
moment, it may be a linear array, a curved array [29], or even
a curved plane array [10], so the spatial frequency of a one-
dimensional linear array cannot meet the analysis require-
ments. The reason is that the one-dimensional linear array
can only sense one-dimensional spatial frequency, while the
curved array can sense two-dimensional spatial frequency,
and the curved plane array can even sense three-dimensional
spatial frequency. This section expands the spatial frequency
from one dimension to three dimensions.

As shown in Fig. 1, for any clutter patch, the Doppler
frequency of the echo signal can be expressed as

fd =
2K (θ, ϕ) · VR

λ
=

2VR cos θ cosϕ
λ

(12)

It is worth noticing that the Doppler frequency of the clutter
patch is related to the position of the clutter patch and the
flight direction of the platform, which has nothing to do
with the shape of the antenna and the placement form. The
normalized Doppler frequency is

f̄d =
fd
fr
=

2VR cos θ cosϕ
λfr

(13)

The spatial frequency corresponding to the clutter patch can
be expressed as [30]

f s =
K (θ, ϕ)
λ

=
[sin θcosϕ, cos θcosϕ,− sinϕ]

λ
(14)

Then the normalized spatial frequency is

f̄ s =
f s

1
/
0.5λ

= [0.5 sin θcosϕ, 0.5 cos θcosϕ,−0.5 sinϕ]

= [fsx, fsy, fsz] (15)
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In this section, a phased array antenna containing 72 ele-
ments is taken as an example to analyze the clutter distribu-
tion characteristics of the conformal array airborne radar. The
four practical conformal array antenna geometry is shown in
Fig. 2. The arrow indicates the placement direction of each
array element, the big dot indicates the phase center position
of the receive subarray, and each coordinate is normalized by
half wavelength.

The conventional sidelooking array, non-sidelooking array,
and forward-looking array with same number of elements [6],
[7] are compared in the subsequent analysis. Due to lack of
space, the results are no longer given in this section.

A. CLUTTER TRAJECTORY
Fig. 3 shows the distribution of airborne radar clutter trajec-
tories in the three-dimensional spatial frequency and Doppler
frequency domains at a fixed range cell. The conclusions can
be drawn from Fig. 3 as follows. (1) The clutter trajectory
is distributed as a slanted circle in (fsx, fsy, f̄d) domain. For
the sidelooking array, it can only sense the spatial frequency
along the axis of the array, that is, the Y-axis direction, so the
clutter trajectory is a diagonal line on the (fsy, f̄d) plane,
as shown in Fig. 3(a); for the forward-looking array, it can
only sense the spatial frequency along theX-axis, so its clutter
trajectory is a circle on the (fsx, f̄d) plane as shown in Fig. 3(a);
for non-sidelooking array, it can sense the spatial frequencies
in the X-axis andY-axis directions at the same time.When the
spatial circular trajectory shown in Fig. 3(a) is projected to the
axial direction of the array where the non-sidelooking array is
located, that is, the elliptical trajectory can be obtained. For
the fuselage conformal array antenna, the receive subarray
is a linear array along the Y-axis, so the clutter trajectory is
the same as that of the sidelooking array. For the cylindrical
array, the receive subarray is on the (X, Y) plane, and it
can acquire the spatial frequencies of the X and Y axes
simultaneously. For the nose cone andwing conformal arrays,
the receive subarray is a one-dimensional linear array, and
the clutter distribution trajectory is the same as the non-
sidelooking array. (2) The distribution of clutter trajectories
in the three-dimensional frequency domain (fsx, fsy, fsz) is a
sphere of radius 0.5, and the clutter trajectory of a certain
range cell is the intersection of the (fsx, fsy) plane with the
sphere, regardless of the array configuration.

Fig. 4 shows the variation of the airborne radar clutter
trajectories with range, and the larger the ellipse, the farther
the distance. The conclusions can be drawn as follows. (1) As
for arbitrary antenna arrays, the clutter trajectories vary with
range. The closer the range is, the more obvious the variation
is. On the contrary, the farther the range is, themore gentle the
variation is, and the clutter trajectories can be considered to be
stationary. (2) As for the fuselage conformal array, its clutter
trajectories are the same as that of the sidelooking array, and
only the range of clutter trajectories varies with the distance.
So the clutter of the fuselage conformal array is generally
considered to be stationary.

B. CLUTTER POWER SPECTRUM
Fig. 5 shows four clutter power spectra of airborne array
radar with conformal array, and they are the results of
four-dimensional power spectra projected into two three-
dimensional domains, the quantity represented in the colour
axis means the relative power.

Fig. 6 shows the antenna pattern. The conclusions can be
drawn from Fig. 5 as follows. (1) In the (fsx, fsy, f̄d) domain,
the clutter power spectrum is distributed along a tilted circle,
and this conclusion is consistent with Fig. 3(a). The difference
between different antenna configurations is the distribution of
clutter power. (2) In the (fsx, fsy, fsz) domain, the clutter power
spectrum is distributed along a certain cross section paral-
lelling to the (fsx, fsy) plane, and the conclusion is consistent
with Fig. 3(b). (3) It should be noticed that for the fuselage
conformal array, the clutter power spectrum shows a certain
degree of particularity in the (fsx, fsy, f̄d) domain as shown in
Fig. 5(b). For the cylindrical array, the nose cone conformal
array and the wing conformal array, part of the clutter is also
distributed in other places of the sphere in addition to the
cross-section in the (fsx, fsy, fsz) domain. The reason is due
to the array antenna pattern as shown in Fig. 6.

C. CLUTTER RANGE-DOPPLER SPECTRUM
Fig. 7 shows clutter range-Doppler spectra of four conformal
arrays. It can be seen from Fig. 7 that the clutter range-
Doppler spectrum of the fuselage conformal array is similar
to that of the sidelooking array. The clutter range-Doppler
spectrum of the cylindrical array is basically the same as
the forward-looking array, but there is strong clutter at the
normalized Doppler frequency 0.28. The reason is that the
cylindrical array pattern has a high sidelobe level at 34◦,
as shown in Fig. 6(a). Therefore, the normalized Doppler
frequency is

f̄d =
2VR cos(90◦ − 34◦) cos(1◦)

λfr
= 0.28 (16)

where the platform velocity VR =140m/s, radar wavelength
λ =0.23m, PRF fr =2434.8Hz.

The clutter range-Doppler spectrum of the nose cone
conformal array is basically the same as that of the non-
sidelooking array, with its beam pointing to the 135◦ direc-
tion, and the corresponding normalized Doppler frequency of
the mainlobe clutter is 0.35. However, there is strong clutter
at the normalized Doppler frequency -0.06. The reason is
that the antenna pattern of the nose cone conformal array
has a high sidelobe level at 37◦, as shown in Fig. 6(b). The
clutter range-Doppler spectrum of the wing conformal array
is similar to that of the forward-looking array, but there is
strong clutter at the normalized Doppler frequency 0.2, which
is due to the direction of the wing conformal array antenna
corresponding to the high sidelobe level at 157◦, as shown in
Fig. 6(c).

Through the analysis of the clutter distribution character-
istics of the conformal array airborne radar, the following
conclusions can be drawn. (1) Under the premise of the
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FIGURE 3. Space-time trajectory distribution of clutter. (a)
(

fsx, fsy, f̄d
)

. (b)
(
fsx, fsy, fsz

)
.

FIGURE 4. The relationship between clutter trajectory and range. (a)
(

fsx, fsy, f̄d
)

.
(b)

(
fsx, fsy, fsz

)
.

FIGURE 5. Clutter power spectra. (a) Cylindrical array. (b) Fuselage array. (c) Nose cone conformal array. (d) Wing conformal array.

coordinate system, the distribution of clutter trajectory on the
space-time plane has nothing to do with the array configu-
ration. (2) Different arrays can sense the clutter frequencies
in different spatial domains. When the receive subarray is a
linear array, the space-time trajectory of clutter only needs
to be projected to the plane where the array axis is located
to obtain the corresponding clutter distribution trajectory.
When it is a curved array, the clutter trajectory needs to
be characterized in multiple spatial domains simultaneously.
(3) The clutter power spectrum distribution characteristics are
consistent with the clutter trajectory, and the specific power
distribution on the trajectory is relevant with the geometric

configuration of the radar platform, antenna pattern and other
factors. (4) The clutter distribution of the fuselage conformal
array antenna is basically the same as that of the forward-
looking array. (5) Due to the particularity of the antenna
pattern for the cylindrical array, the nose cone conformal
array and the wing conformal array, their clutter distribution
is different from that of the planar array antenna. (6) In
addition to the fuselage conformal array, the clutter spectra of
the cylindrical, the nose cone conformal array and the wing
conformal array show severe nonstationary distribution char-
acteristics in the range dimension. This is the manifestation
of array-induced, nonstationary clutter problem in STAP.
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FIGURE 6. Antenna pattern of three different arrays. (a) Cylindrical array. (b) Nose cone conformal array. (c) Wing conformal array.

FIGURE 7. Clutter range-Doppler spectra. (a) Cylindrical array.
(b) Fuselage conformal array. (c) Nose cone conformal array. (d) Wing
conformal array.

IV. CLUTTER SUPPRESSION METHOD
The analysis of the clutter characteristics of the conformal
array airborne radar in Section III shows that the clutter
presents serious nonstationary characteristics in the range
dimension. This section proposes a four-dimensional space-
time clutter spectrum adaptive compensation method for the
conformal array airborne radar, namely the 4D-STC method.

A. PROPOSED METHOD
Thismethod first transforms the conformal array into a virtual
uniform linear array. Then the echo covariance matrix of each
range cell is estimated through smoothing processing, and the
space-time echo data is transformed into the four-dimensional
space-time power spectrum domain. The short-range nonsta-
tionary clutter is compensated to the maximum unambiguous
range cell. Finally, it uses the compensated space-time data to
estimate the clutter covariance matrix of the range cell to be
detected, and forms the space-time adaptive weight to achieve
clutter suppression.

The main steps of the proposed method are as follows.
Step 1: Virtual Uniform Linear Array Transformation:
For space smoothing processing, the premise is that the

subarrays are uniformly distributed [31]. However, the con-
formal array receive subarrays usually cannot meet this

FIGURE 8. The cylindrical receive subarrays and virtual ULA phase
centers.

requirement. Therefore, for the conformal array antenna,
in order to facilitate subsequent space smoothing processing,
this method first transforms the conformal array into a virtual
uniform linear array (ULA). Fig. 8 shows the relationship
between the cylindrical receive subarrays and virtual ULA
phase centers, and the virtual ULA phase centers are defined
so that they are perpendicular to the platform motion direc-
tion. As for other conformal arrays in Fig. 2, since the form
of receive subarrays is uniform linear array, this step is not
required.

Assuming that the spatial sampling signals of the lth range
cell corresponding to the conformal array and the virtual
uniform linear array are X l,s and X̃ l,s, respectively, the trans-
formation operation [32] is

X̃ l,s = TH
l X l,s (17)

where the expression of the transformation matrix Tl is

T l =
(
Ss,l,ULA (θ)S

†
s,l,CFA (θ)

)H
(18)

Ss,l,ULA (θ)=
[
Ss,l,ULA(θ1) Ss,l,ULA(θ2) · · · Ss,l,ULA

(
θNa

)]
Ss,l,ULA

(
θia
)
=

Nr∑
ir=1

Ss,l,ULA
(
θia , ϕir

)
(19)

Ss,l,CFA (θ)=
[
Ss,l,CFA(θ1) Ss,l,CFA(θ2) · · · Ss,l,CFA

(
θNa

)]
Ss,l,CFA

(
θia
)
=

Nr∑
ir=1

Ss,l,CFA
(
θia , ϕir

)
(20)
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where (·)† represents the pseudo-inverse operation,Ss,l,CFA (θ)
and Ss,l,ULA (θ) are the space steering vectors corresponding
to the conformal array and the virtual uniform linear array,
respectively, Na is the number of constrained azimuth angles,
usually Na > N , and Nr is the number of range ambiguities.
For any conformal array, when the curvature of the con-

formal surface changes gently, the virtual transformation can
obtain the ideal transformation accuracy. When the curvature
of the conformal surface changes steeply, the virtual trans-
formation accuracy will deteriorate, but still in an acceptable
range. Fortunately, the surface radian of fuselage, wing and
nose cone conformal array changes gently in practical engi-
neering, so the virtual transformation has its applicability.
Step 2: Four-Dimensional Space-Time Clutter Spectrum

Estimation:
Suppose the space-time sampling echo signal of virtual

linear array for the lth range cell is

X̃ l =


x̃l,00 x̃l,01 x̃l,02 · · · x̃l,0(K−1)
x̃l,10 x̃l,11 x̃l,12 · · · x̃l,1(K−1)
x̃l,20 x̃l,21 x̃l,22 · · · x̃l,2(K−1)
...

...
. . .

x̃l,(N−1)0 x̃l,(N−1)1 x̃l,(N−1)2 · · · x̃l,(N−1)(K−1)


(21)

Assuming that the size of the spatial and temporal window
are N ′ and K ′ respectively, it can obtain Q samples, where
Q ≥ 2N ′K ′, namely

Q =
(
N − N ′ + 1

) (
K − K ′ + 1

)
(22)

Using the Q samples X̃ l,q, q = 0, 1, · · · ,Q − 1 obtained by
the spatial and temporal smoothing technique [31] to estimate
the clutter covariance matrix of the range cell, namely

R̂
(s)
l =

1
Q

Q−1∑
q=0

X̃ l,qX̃
H
l,q (23)

The four-dimensional space-time clutter spectrum corre-
sponding to the echo of the lth range cell estimated by space-
time smoothing processing is

P̂ l
(
fsx, fsy, fsz, f̄d

)
=

1

S(s)H(fsx, fsy, fsz, f̄d)
(
R̂
(s)
l

)−1
S(s)(fsx, fsy, fsz, f̄d)

(24)

where S(s)(fsx, fsy, fsz, f̄d) is the subaperture space-time steer-
ing vector

The power corresponding to the virtual linear array at each
point on the four-dimensional grid can be obtained from (24),
and we still need to transform it into the power corresponding
to the conformal array. Through the space-time frequency
of each grid of the virtual linear array, the corresponding
azimuth and elevation angle can be calculated, and then
the power P̂ l

(
fsx, fsy, fsz, f̄d

)
is mapped to the power on the

four-dimensional grid of the conformal array with the same
azimuth and elevation angle, i.e., ˜̂P l

(
fsx, fsy, fsz, f̄d

)
.

Step 3: Nonstationary Clutter Compensation:
From the distribution characteristics of clutter trajectory

and power spectrum in Section 3, it can be seen that the clutter
distribution of conformal array airborne radar varies with
range, and the change is more obvious at short range. Accord-
ing to this feature, the method in this section only compen-
sates the short-range clutter to the long-range reference point,
and long-range clutter remains unchanged. Then, the whole
clutter changes relatively smoothly with range cell. The com-
pensation operation is as (25), shown at the bottom of the
page, where N (s)K (s) is the space-time smoothed subaperture
product. (fsx,i,0, fsy,i,0, fsz,i,0, f̄d,i,0) is the four-dimensional
grid corresponding to the farthest unambiguous range cell,
that is, the position of the reference point. S1 is the range cell
set corresponding to the short-range nonstationary clutter, S2
is the range cell set of the long-range stationary clutter, and
NI is the number of grids divided in a single range ring.
In the process of nonstationary clutter compensation, the

relationship between the compensated clutter patch and the
reference clutter patch is that the azimuth angle is fixed and
the pitch angle changes. The range of pitch angle between 0◦

and 8◦ is generally regarded as the stationary zone, and the
range between 8◦ and 90◦ is the nonstationary zone.
Step 4: Clutter Covariance Matrix Estimation:
The clutter signal is approximately stationary distribution

by means of step 3, and the estimated clutter covariance
matrix is

R̂l =
1
L

L∑
l=1

_

X l
_

X
H

l (26)

where L is the number of compensated training samples.
Step 5: Space-Time Adaptive Processing:
The space-time adaptive weight of the kth Doppler channel

and the lth range cell is
W l,k = µR̂

−1
l S(fs0, f̄d,k ) (27)

where µ is a constant, S(fs0, f̄d,k ) is the space-time steering
vector of conformal array, fs0 is the desired spatial frequency,
and f̄d,k is the normalized Doppler frequency to be detected.

_

X l =
NK

N (s)K (s)


∑
l∈S1

NI∑
i=1

√
˜̂P l
(
fsx,i, fsy,i, fsz,i, f̄d,i

)
S(fsx,i,0, fsy,i,0, fsz,i,0, f̄d,i,0)

+

∑
l∈S2

NI∑
i=1

√
˜̂P l
(
fsx,i, fsy,i, fsz,i, f̄d,i

)
S(fsx,i,l, fsy,i,l, fsz,i,l, f̄d,i,l)

 (25)
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FIGURE 9. The flow chart of 4D-STC method.

In summary, the implementation steps of the proposed
4D-STC method are showed in Fig. 9.

B. COMPARISON WITH OTHER METHODS
The clutter reconstruction methods in [22]–[24] need the
flight parameters and position information of the platform
system as a priori knowledge to obtain the space time steer-
ing vectors of clutter patches, and use the clutter spectrum
to reconstruct the clutter covariance matrix. Therefore, the
robustness of these methods is poor when the prior param-
eter error or array error exist. In [21], the RBC-RA method
compensates the unambiguous range cell and the ambiguous
range cell to the corresponding reference range cell, and
reconstructs the clutter covariance matrix of the reference
range cell. The non-stationary clutter compensation accu-
racy is high, but it is strongly dependent on the airborne
radar system parameters and has the problem of target signal
movement.

Compared with the traditional clutter construction method,
the proposed method realizes the effective estimation of clut-
ter power through space-time smoothing, and eliminates the
influence of system parameter error on the performance of
the proposed method.

In the traditional methods, only the clutter signal of the
unambiguous range cell corresponding to the cell to be
detected is usually compensated. In contrast, all short-range
cells of non-stationary clutter are compensated in the pro-
posed method, and the compensated reference cell is fixed
to the farthest unambiguous range cell. The advantages of the
proposed 4D-STC method are as follows: (1) The accurate
position of the clutter trajectory is not required. (2) It effec-
tively solves the influence of the spectrum broadening caused
by space-time error. Besides, because the target signal and

TABLE 1. Parameters of simulation experiments.

clutter signal are not in the same plane in the four-dimensional
space-time domain, the method does not cause the target
signal movement.

V. EXPERIMENTAL RESULTS
This section takes the nose cone conformal array and cylindri-
cal array as examples to analyze the effectiveness of the adap-
tive compensation method based on the four-dimensional
space-time clutter spectrum. The simulation parameters are
given in Table 1. And we compare the performance of the
sample matrix inversion (SMI) method [6], the RBC-RA
method [21] and the proposed 4D-STC method. It should be
noted that since the nose cone conformal array and cylindrical
array simulated in this section can only sense the spatial
frequencies in the X-axis and Y-axis directions, the experi-
ments in this section only analyze clutter power spectrum esti-
mation and compensation from the viewpoint of space-time
three-dimension.

A. EXPERIMENT 1: CLUTTER POWER SPECTRUM
ESTIMATION PERFORMANCE
Figs. 10 and 11 show the estimated clutter power spectra and
true clutter power spectra of the nose cone conformal array
and cylindrical array airborne radar at range cell 500, respec-
tively. It can be seen that the clutter power spectrum estimated
by the virtual linear array transformation and space-time
smoothing processing is basically consistent with the true
spectrum. The clutter power estimated for the cylindrical
array is relatively high, and it is caused by the pseudo-inverse
operation corresponding to the non-matching angle in the
process of transforming the cylindrical array into the virtual
forward-looking linear array.

Note that the clutter power spectrum estimated for the
cylindrical array without virtual ULA transformation occu-
pies a larger portion of the space time plane as shown in
Fig. 11(c), and it will lead to clutter power spectrum estima-
tion error.

B. EXPERIMENT 2: NONSTATIONARY CLUTTER
COMPENSATION PERFORMANCE
The performance of the four-dimensional compensation is
shown in Figs. 12 and 13, where Figs. 12(a) and 13(a) show
the clutter and target distribution before compensation at
range cell 500 corresponding to the virtual uniform linear
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FIGURE 10. Clutter power spectrum estimation of nose cone conformal array. (a) True clutter power
spectrum. (b) Estimated clutter power spectrum.

FIGURE 11. Clutter power spectrum estimation of cylindrical array. (a) True clutter power spectrum. (b) Estimated
clutter power spectrum with virtual ULA transformation. (c) Estimated clutter power spectrum without virtual ULA
transformation.

array, and Figs. 12(b) and 13(b) show the clutter power spec-
tra corresponding to the conformal array estimated by using
all the training samples after compensation. The asterisks
indicate the location of moving target. There is only one case
that the target locates within the clutter spectrum, that is,
the target locates on the ground and the velocity of target is
perpendicular to the line of sight from the radar. Fortunately,
this case usually remains fleetling. Therefore, this case is not
considered in the section. In the simulation, it is assumed that
the coordinate of target in the (fsx, fsy, f̄d) domain is (−0.0244,
0.0812, −0.4).
The following conclusions are obtained from

Figs. 12 and 13. (1) After four-dimensional compensation,
the clutter power is concentrated at the farthest unambiguous

range cell, and the influence of the short-range nonstationary
clutter is basically eliminated. (2) Before compensation,
the short-range nonstationary clutter is obvious, and the
characteristic is consistent with the clutter power spectrum
characteristic of the uniform linear array taking into account
range ambiguity. (3) The target position remains unchanged
during the clutter compensation process. The reason is that
clutter and target can be separated in the four-dimensional
space-time domain.

C. EXPERIMENT 3: SCNR LOSS
Figs. 14 and 15 show the signal-to-clutter-plus-noise
ratio (SCNR) loss performance of the nose cone conformal
array and cylindrical array airborne radar with or without
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FIGURE 12. Clutter power spectrum of nose cone conformal array. (a) Before four-dimensional compensation.
(b) After four-dimensional compensation.

FIGURE 13. Clutter power spectrum of cylindrical array. (a) Before four-dimensional compensation. (b) After
four-dimensional compensation.

FIGURE 14. SCNR loss for nose cone conformal array. (a) Without prior parameter error. (b) With prior
parameter error.

prior parameter error. The prior parameter refers to the flying
height of the aircraft. The Gaussian distribution of the height
error in the simulation is assumed to be N(2,1). The follow-
ing conclusions are obtained from Figs. 14 and 15. (1) The
4D-STC method has the best performance, followed by the
RBC-RA method. The SMI method does not perform any
compensation, so the performance is the worst. (2) Whether
there is prior parameter error or not, the 4D-STC method
can effectively suppress clutter over the entire Doppler
domain, and its two notches correspond to the front and
back mainlobes after compensation respectively, as shown in

Figs. 14(b) and 15(b). (3) The performance of the RBC-RA
method is seriously affected by the prior parameter error. The
reason is that the method compensates the range ambiguous
clutter to the corresponding reference point position respec-
tively, so it has a strong dependence on the height parameter
of platform. The RBC-RA method has the two identical
notches as the 4D-STC method, and there is an additional
notch for the nose cone conformal array, which corresponds
to the mainlobe clutter of the first unambiguous range cell in
the short range, as shown in Fig. 14 (a). For the cylindrical
array, there are two additional notches, corresponding to the
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FIGURE 15. SCNR loss for cylindrical array. (a) Without prior parameter error. (b) With prior parameter error.

FIGURE 16. SCNR loss for conformal array with array errors. (a) Nose cone conformal array. (b) Cylindrical array.

front and back mainlobe clutter of the first unambiguous
range cell, as shown in Fig. 15 (a). (4) Performance of the SMI
method is the worst, especially in the wide notch. The reason
is that a large number of nonstationary training samples are
averaged to estimate clutter covariance matrix, and the clutter
spectrum is broadened obviously.

To be general, except for prior parameter error, the array
errors, such as array element position error, channel mis-
match, and mutual coupling [7], [9], usually degrade the per-
formance of the clutter suppressionmethod. Sowe take above
array errors into consideration. Assuming that the amplitude
error follows Gaussian distribution, and the phase error fol-
lows uniform distribution, that is εn ∼ N

(
0, ξ2

)
, φn ∼

U (−ζ, ζ ), among them, ξ = 0.02, ζ = 0.01.
Fig. 16 shows the SCNR loss performance of conformal

array with array error. We can obtain the following conclu-
sions from Fig. 16. (1) In most clutter regions, the 4D-STC
method has the best performance, followed by the RBC-RA
method and the SMI method. (2) As for the conformal array,
array errors may degrade the performance of the clutter sup-
pression methods to some degree, especially for the RBC-RA
method with cylindrical array. Relatively speaking, the pro-
posed method has strong robustness to array errors.

VI. CONCLUSION
In this paper, we have established a clutter signal model
of the conformal array airborne radar, and analyzed the

clutter characteristics of the conformal array airborne radar in
detail. Besides, a four-dimensional space-time clutter spec-
trum adaptive compensation method for conformal array
airborne radar was proposed. The simulation results show
that the proposed method compensates nonstationary clutter
in the four-dimensional space-time domain, and it does not
lead the target signal movement. What’s more, the proposed
method overcomes the influence of prior system parameter
error and array error on compensation processing and has
strong robustness under practical environments.

So for the future developments for this study, we can use
the 4D-STC method to improve the suppression performance
of severe nonstationary clutter environment faced by the
bistatic (multistatic) airborne radar with special array like the
conformal array or end-fire array. Then, the future work is
how to solve the problem of simultaneous effective suppres-
sion of nonhomogeneous clutter and nonstationary clutter for
conformal array airborne radar.
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