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Abstract: Medium pulse repetition frequency (MPRF) is an important mode in airborne radar system.
Since MPRF mode brings both Doppler and range ambiguities, it causes difficulty for the airborne
radar to suppress ground or sea clutter. In recent years, it has been pointed out that the frequency
diverse array (FDA) radar is capable of separating the range ambiguous clutter, which is helpful for
the airborne radar in detecting weak moving targets originally buried in ambiguous clutter. To further
improve the ambiguous clutter separation performance, an enhanced pre-STAP beamforming for
range ambiguous clutter suppression is proposed for the vertical FDA planar array in this paper.
With consideration of range dependence of the vertical spatial frequency, a series of pre-STAP
beamformers are designed using a priori knowledge of platform and radar parameters. The notches
of the beamformers are aligned with the ambiguous clutter to extract echoes from desired range
region while suppressing clutter from ambiguous range regions. The notches can be widened by
using covariance matrix tapering technique and the proposed method can improve the performance
of range ambiguous clutter separation with limited degrees-of-freedom (DOFs). Simulation examples
show the effectiveness of the proposed method.

Keywords: airborne radar; range ambiguous clutter; frequency diverse array; pre-STAP beamforming;
covariance matrix tapering

1. Introduction

Space-time adaptive processing (STAP) jointly explores multiple channels and several
pulses to discriminate target from clutter and jamming in the spatial-temporal domain,
which has found wide applications [1,2]. For the airborne fire-control radar, the Doppler
spectrum is widely spread and it is usually impossible to avoid Doppler and range am-
biguities simultaneously. To avoid serious Doppler ambiguity due to the widely spread
Doppler frequency, medium pulse repetitive frequency (MPRF) is usually adopted in
practice. Besides, array radar oriented other than sidelooking will bring up the range de-
pendence problem. In this case, the identical independent distribution (IID) characteristic
of the clutter is no longer satisfied, causing adaptive processing performance degradation.
More seriously, radar working in MPRF mode usually comes up with the range ambiguity
problem which makes the nonstationarity of clutter even worse. In this case, the near-range
and far-range regions would be illuminated by the same transmit pulse beam, the corre-
sponding echoes are collected in different pulses but overlapped due to the limited pulse
repetition interval. Such coexistence of the range ambiguity and the range dependence
causes difficulty in suppression of clutter and detection of moving targets.

It is important for STAP-based radar in non-sidelooking geometry to solve the range
ambiguity problem. Many studies have been carried out explore the characteristics in
the elevation domain in order to alleviate the range ambiguity problem, such as three-
dimensional (3D) STAP method [3,4]. 3D-STAP utilizes elevation diversity to null out
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the range-dependent and range-ambiguous clutter; however, this technique increases the
system degrees-of-freedom (DOFs) essentially and leverages a really high computational
complexity. The azimuth-elevation-Doppler beam is explored for designing a reduced
dimension 3D-STAP technique in [5], which addresses the limited training samples and
high computational complexity problems. In [6], an efficient method is proposed by
transforming the planar array data cube into linear array data matrix, which enables
beamforming for an equivalent cross-shaped array before performing STAP procedure. A
column subarray synthesis algorithm with pre-filtering in elevation is proposed in [7]. This
method tries to use the elevation DOFs to distinguish the echoes from different ranges and
to mitigate clutter from the near-range area by using a non-adaptive approach without any
increment of STAP computational burden. However, the elevation angles corresponding
to the near-range area occupy a large range, thus a lot of DOFs in elevation are needed to
suppress the short range clutter.

In recent years, it is pointed out that the frequency diverse array (FDA) radar is capa-
ble of separating the range ambiguous clutter, which is helpful for the airborne radar in
detection of weak moving targets originally buried in ambiguous clutter. Different from the
phased array radar, which provides an angle-dependent transmit beampattern, the FDA
can generate a range-angle-time-dependent response by introducing a small frequency
increment across adjacent array elements [8–10]. The beampattern properties of FDA
radar—as well as its advantages—are thoroughly studied in the literature. In [11], a range-
ambiguous clutter suppression technique is proposed based on the range dependence
property of beampattern for FDA radar wherein range-ambiguous clutter is suppressed
using its ‘bent’ beampattern. Combined with multiple input multiple output (MIMO)
technology, it can provide greater DOFs for space-time-frequency control and has drawn
considerable attention from many researchers [12–14]. In FDA-MIMO radar, the transmit
waveforms are separated in the receiver, and the time-independent transmit steering vector
is obtained. In [15], a range ambiguous clutter suppression approach was introduced with
the FDA-STAP radar, where a secondary range dependence compensation (SRDC) ap-
proach is proposed to address the range dependence problem. In [16], a range-ambiguous
clutter suppression approach was devised, which consists of vertical spatial frequency com-
pensation and pre-STAP beamforming. An enhanced three-dimensional localization (3DL)
based adaptive range-angle-Doppler processing method was devised in [17] to reduce the
dimension of the processor. An extended element pulse coding technique is employed to
suppress the range ambiguous clutter in [18]. The space-time-range dependent property
and three-dimensional distribution of clutter are further explored in [19]. Considering the
deceptive jamming scenario, an enhanced 3D joint domain localized STAP method is pro-
posed in [20] with application of deceptive jamming pre-whitening in the transmit-receive
spatial domain.

In general, an increment of DOF is the basic idea for handling the range ambiguous
clutter suppression problem in non-sidelooking array geometry. The planar array pro-
vides an elevation dimension which can be utilized to improve the clutter suppression
performance. However, it lacks training samples in practical application and it requires
large DOFs in elevation to meet the clutter suppression performance. Vertical FDA further
increases DOFs in elevation since it incorporates range and angle dependent transmit
beampattern. The low sidelobe pre-STAP beamformer in [16] also requires large DOFs to
suppress strong near-range clutter. In this paper, we further explore the pre-STAP beam-
forming method for the vertical FDA radar by using a priori knowledge of platform and
radar parameters, including the frequency repetitive frequency, maximum detectable range,
height of platform, carrier frequency, array configuration et al. It is possible to construct
the power spectrum in elevation frequency domain even before collecting the radar echo.
In the sequel, the pre-STAP beamformer can be designed. Therefore, the pre-STAP beam-
former can form notches to suppress the range ambiguous clutter with limited DOFs in
the elevation dimension. Besides, the covariance matrix tapering is performed to enhance
robustness of clutter suppression. This paper is organized as follows. The signal mode



Remote Sens. 2021, 13, 5145 3 of 13

with vertical FDA radar is provided in Section 2. In Section 3, the range ambiguous clutter
suppression with vertical FDA is briefly outlined and the proposed enhanced pre-STAP
beamforming is presented. Simulation results are used to validate the effectiveness of the
proposed method in Section 4. Finally, conclusions are drawn in Section 5.

2. Signal Model of Vertical FDA Radar

As shown in Figure 1, a right-hand coordinate is established and an airborne forward-
looking array radar system is considered. The height of the platform is H with a velocity
denoted by V. A plane array is considered with its column and row numbers are N and M,
respectively. The inter space of these elements is d for both column and row. A total of K
pulses are transmitted during a coherent processing interval (CPI) with the pulse repetition
frequency (PRF) denoted by fr = 1/Tr. L range cells are collected by the radar receiver. The
carrier frequency of the Vertical FDA is written as

fm = f0 + (m− 1)∆ f , m = 1, 2, · · · , M (1)

where f 0 is the reference carrier frequency, ∆f is the step frequency which can be much
smaller compared with bandwidth of the transmitted baseband signal [12].
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Figure 1. Forward-looking array geometry of airborne radar. 

It is assumed that each row transmits orthogonal waveform [16]; thus, it seems like 
there are M transmitting channels whose equivalent phase centers are at the midpoints of 
the corresponding rows. In the receive chain, the measured signals are down converted, 
matched filtered, and stored. It can be interpreted as there are N receiving channels whose 
equivalent phase centers are the midpoints of columns. Therefore, the array structure can 
be viewed as M transmitters and N receivers. The narrowband assumption is used in this 
paper and we choose the most left-upper element as the reference point. The ground clut-
ter return corresponding to the lth range cell results from the coherent summation of the 
many scattering centers within the bounds of each iso-range, including range ambiguities. 
Thus, the echo at the kth pulse received by the nth receiver and transmitted by the mth 
transmitter can be expressed as 
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where we assume each iso-range (range cell) consists of Nc statistically independent clut-
ter patches, Na indicates the number of ambiguous ranges. { },ξ p q  denotes the radar cross 
section and p is the number of ambiguous range region while q indicates the qth patch at 

Figure 1. Forward-looking array geometry of airborne radar.

It is assumed that each row transmits orthogonal waveform [16]; thus, it seems like
there are M transmitting channels whose equivalent phase centers are at the midpoints of
the corresponding rows. In the receive chain, the measured signals are down converted,
matched filtered, and stored. It can be interpreted as there are N receiving channels whose
equivalent phase centers are the midpoints of columns. Therefore, the array structure can
be viewed as M transmitters and N receivers. The narrowband assumption is used in this
paper and we choose the most left-upper element as the reference point. The ground clutter
return corresponding to the lth range cell results from the coherent summation of the many
scattering centers within the bounds of each iso-range, including range ambiguities. Thus,
the echo at the kth pulse received by the nth receiver and transmitted by the mth transmitter
can be expressed as

rm,n,k ≈
Na

∑
p=1

Nc

∑
q=1

ξ{p,q} exp
{
−j2π fm

(
τ
{p,q}
T + τ

{p,q}
R

)}
exp{j2π fd(k− 1)T} (2)

where we assume each iso-range (range cell) consists of Nc statistically independent clutter
patches, Na indicates the number of ambiguous ranges. ξ{p,q} denotes the radar cross
section and p is the number of ambiguous range region while q indicates the qth patch
at such range cell. fd = 2V

c f0 cos θ cos ϕ is the Doppler frequency with θ and ϕ being the
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azimuth angle and elevation angle, respectively. τ
{p,q}
T and τ

{p,q}
R are the transmitting delay

and receiving delay, respectively.

τ
{p,q}
T = 1

c

(
R0 − N−1

2 d sin θ cos ϕ− (m− 1)d sin ϕ
)

τ
{p,q}
R = 1

c

(
R0 − M−1

2 d sin ϕ− (n− 1)d sin θ cos ϕ
) (3)

In the following, we neglect the superscript {p, q} in this paper for the sake of simplicity.
Consider the narrowband condition and use some mathematic approximation, it yields [16]

rm,n,k ≈
Na

∑
p=1

Nc

∑
q=1

ξ exp{j2π( fR + fe)(m− 1)} exp{j2π fa(n− 1)} exp{j2π ft(k− 1)} (4)

where fR, fe, fs, and ft are the normalized range frequency, elevation frequency, azimuth
frequency, and normalized Doppler frequency—i.e., fe = ∆ f 2R0

c , fe = d
c f0 sin ϕ, fa =

d
c f0sin θ cos ϕ, and ft =

2VT
c f0cos θ cos ϕ, respectively. It is noted that Equations (2) and (4)

are obtained with reasonable simplification by ignoring the second-order phase terms with
respect to transmit element number, as the freuqency increment is neglegible compared
with the carrier frequency. Thus, an effective model for the clutter elevation-azimuth-time
three-dimensional snapshot takes the form of

cl =
Na

∑
p=1

Nc

∑
q=1

ξst ⊗ sa ⊗ se (5)

where ⊗ is the kronecker product, the subscript l indicates the lth range cell. st∈CK×1,
sa∈CN×1, and se∈CM×1 are the corresponding time steering vector, azimuth steering vector,
and elevation steering vector.

st = [1, exp{j2π ft}, · · · , exp{j2π ft(K− 1)}]T (6)

sa = [1, exp{j2π fa}, · · · , exp{j2π fa(N − 1)}]T (7)

se = [1, exp{j2π( fR + fe)}, · · · , exp{j2π( fR + fe)(M− 1)}]T (8)

The obtained echo cl is an MNK dimensional vector in the transmit, receive, and
Doppler dimensions. Because of the difference of the carrier frequencies, the data snapshot
in (5) is slightly different from that of the traditional 3D-STAP [3]. However, it is right
that the difference provides extra information to mitigate the range-ambiguous clutter. In
the following section, the characteristics in the elevation frequency domain are further
explored and a range-ambiguous clutter suppression method is proposed.

3. Range-Ambiguous Clutter Suppression Based on Pre-STAP Beamforming Method

In this section, the characteristic of the FDA in elevation is analyzed. Compared with
the elevation frequency spectrum of the traditional phased array, that of FDA can be widely
spread in the elevation frequency domain, thus clutter from different range rings can be
extracted respectively. For the traditional phased array radar, the elevation frequency is
monotonically decreasing with respect to the slant range. It is a sinusoidal function with
respect to the elevation angle, and it changes slowly and slowly with the increase of slant
range. In contrast, the characteristic of the elevation frequency in the FDA radar will allow
us to separate the range-ambiguous clutter easier. As shown in (8), the elevation steering
vector can be viewed as a narrow-band signal impinging on the array with equivalent
elevation frequency being the sum of fe and fR. Thus, the overall elevation frequency
corresponding to the mth transmitter can be expressed as

fe-FDA = fR + fe =
∆ f
c

2R0 +
d

λ0
sin ϕ =

∆ f
c

2R0 +
d

λ0

H
R0

(9)
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where fe-FDA denotes the elevation frequency of vertical FDA radar. As shown in (9), the
elevation frequency differs from that of the traditional phased array by the range frequency.
Consider the range ambiguity case, for the lth range cell and pth range ring, the elevation
frequency can be rewritten as

fe-FDA =
∆ f
c

2(Rl + pRu) +
d

λ0

H
R0

=
∆ f
c

2Rl +
∆ f
c

2(p− 1)Ru +
d

λ0

H
R0

(10)

where R0 = Rl + (p− 1)Ru, Rl is the unambiguous slant range for lth range cell and Ru is
the ambiguous range, i.e., Ru = c/2fr and fr is the pulse repetition frequency. p = 1,2, . . . ,Na
indicates the number of range ring. Thus, fR is decomposed into two items: the first item
is range-dependent and the second item is dependent on the number of range ring. It is
seen that the elevation frequency changes greatly due to the linearly increased fR. As the
unambiguous range Rl and the step frequency ∆f are known exactly, compensation can be
done by using the constructed compensation vector which is expressed as

hc(Rl) =

[
1, exp

{
j4π

∆ f
c

Rl

}
, · · · , exp

{
j4π

∆ f
c

Rl(M− 1)
}]T

(11)

The elevation-azimuth-time three-dimensional snapshot is compensated at every
range cell. The compensation range frequency is written as f̂Rc =

2∆ f
c Rl . Therefore, it is

required to compute the compensation vectors off-line. In the sequel, the clutter data can
be expressed as

c̃l = (INK ⊗ diag{hc(Rl)})cl =
Na

∑
p=1

Nc

∑
q=1

ξst ⊗ sa ⊗ (diag{hc(Rl)}se) (12)

where diag{a} is a digonal matrix with its entries from the vector a, the INK is an NK-
dimenional identity matrix. It is noted that the compensated clutter echo is still an MNK-
dimentional vector. Now the corresponding elevation frequency can be written as

f̂e-FDA ≈
∆ f
c

2(p− 1)Ru +
d

λ0

H
R0

=
∆ f
fr
(p− 1) +

d
λ0

H
R0

(13)

The elevation frequency is finally expressed as sum of two items: the first item is
a function of the number of range ring and the second item is the same as that of the
traditional phased array. In Figure 2, the normalized elevation frequency as stated in (13) is
shown. Due to the range ambiguity, the elevation frequency can be viewed as a shifted of
the traditional elevation frequency fe-PA with a factor corresponding to the number of range
ring. As aforementioned, the elevation frequency spectrum for the traditional phase array
radar is band-limited and occupies the positive half range of the normalized frequency
axis—i.e., fe-PA ∈ (0, 0.5). While for the vertical FDA radar, the elevation frequency
spectrum occupies the whole normalized digital frequency range. In other words, as the
elevation frequency can be shifted to the negative semi-axis of the normalized frequency
axis—i.e., −0.5 < f < 0—the range-ambiguous clutter can be widely separated in elevation
frequency domain.
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Figure 2. Elevation frequency for FDA radar after compensation.

Because the range ambiguous clutter are widely separated in the vertical frequency
domain, it is possible to extract the echoes of desired range regions by using several pre-
STAP filters. In [16], the filters in elevation are designed with their coefficients expressed
as gp = (g1, g2, · · · , gM)T, p = 1,2, . . . ,Na indicates the index of range region. The clutter
snapshot can be transformed into an NK-dimensional space-time snapshot as

ĉl(p0) =
(

INK ⊗ gp0

)H
c̃l =

(
INK ⊗ gp0

)H
(INK ⊗ diag{hc(Rl)})cl

=
Na
∑

p=1

Nc
∑

q=1
ξ{p,q}

(
gH

p0
diag{hc(Rl)}se

)
(st ⊗ ss)

(14)

Here, after the pre-STAP beamformer, the clutter echo is NK-dimensional. In order
words, the pre-STAP beamformer is performed in the elevation frequency domain and
the output is synthesized with the beamformer. For example, for the first range region,
the desired pre-STAP beamformer is indicated as g1, which can be designed with the
conventional FIR filters design method. Similarly, the pth ambiguous range ring can be
extracted and the clutter spectrum compensation can be done without the bother of the
range ambiguity. The echo in the joint azimuth and Doppler domain can be expressed as

ĉl(p0) =
Nc

∑
q=1

Ap0,lξ
{p0,q}(st ⊗ ss) +

Na

∑
p=1,p 6=p0

Nc

∑
q=1

Ap,lξ
{p,q}(st ⊗ ss) (15)

where Ap0,l is the beamforming output corresponding to the desired range region while
Ap,l , p 6= p0 denotes the beamforming output corresponding to the non-desired range
ambiguous regions. With proper design of the pre-STAP beamformer, it is possible to
mitigate the range ambiguous echoes. It is also observed that the passband of the filter
corresponding to the first range region is relatively wide. This induces performance
degradation for the clutter separation. In this paper, we present an enhanced pre-STAP
beamforming method, which incorporates the adaptive digital beamforming theory to null
out the nuisance range ambiguous clutter. The vertical beampattern can be designed as

min
g

max
φ

W(φ)|P(φ)− Pd(φ)| (16)

where W(φ) is the weighting function defined in vertical frequency domain. Here, we
design this weighting function with empirical rules: (i) using small weighting scales for
the transitional region, and (ii) using larger weighting scales for sidelobe region compared
with main lobe region. P(φ) is the vertical beampattern which can be expressed as
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P(φ) = gHa(φ) =
M
∑

m=1
g∗mam(φ) =

M
∑

m=1
g∗m[diag{hc(Rl)}se]m =

M
∑

m=1
g∗m exp

{
j2π f̂e-FDA(m− 1)

}
(17)

where [·]m denotes the m-th entry of a vector, g = (g1, g2, · · · , gM)T ∈ CM×1 is the vertical
weight vector, and a(φ) is defined as the compensated vertical spatial steering vector which
can be written as

a(φ) = diag{hc(Rl)}se =
[
1, exp

{
j2π f̂e-FDA

}
, · · · , exp

{
j2π f̂e-FDA(M− 1)

}]
(18)

Therefore, the problem of clutter separation is transformed into a pre-STAP beamform-
ing problem with the purpose to suppress range ambiguous clutter effectively. Generally,
the low sidelobe property of the vertical beampattern is desirable—i.e., Pd(φ) have low
sidelobe as well as flat-top properties. However, it requires a great number of DOFs, which
might not be available in practical applications [16]. Here, we further propose an enhanced
pre-STAP beamforming method by incorporating the adapted beampattern design theory.
The beampattern is formulated as

min
g

gHRl,−p0 g

s.t.

 gHa
(

φl,p

)
= 1, p = p0

gHa
(

φl,p

)
= 0, p 6= p0

(19)

where Rl,−p0 is the covariance matrix corresponding to l-th range bin but excluding that

of the desired range region—that is, Rl,−p0 =
Na
∑

p=1,p 6=p0

Rl,p—where p0 is the desired range

region. With the prior knowledge of the airborne radar parameters, the clutter spectrum
in vertical frequency domain can be predicted. The objective function in (19) tries to
minimize the echo power corresponding to the non-desired range regions. It is seen that
the constraints in (19) maintain the echo of the desired range region and mitigate those of
the ambiguous range regions. With the minimum variance distortionless response criterion,
the enhanced pre-STAP beamformer is obtained. Furthermore, the covariance matrix
Rl,−p0 is used to further improve the robustness with matrix tapering technique employed,
because there are inevitable errors—such as array calibration error, compensation induced
error, and so on. The covariance matrix is constructed as

Rl,−p0 = ∑
i,p 6=p0

ξ2
pa
(
φi,p
)
aH(φi,p

)
(20)

where ξ2
p stands for the power estimation which is obtained by radar equation, φi,p is

within a small set centered by the equivalent vertical frequency of the l-th range bin and
p-th range region—i.e.,

∣∣∣φi,p − φl,p

∣∣∣ ≤ ε with ε controlling the size of set. Note that the
covariance matrix can be computed from the known radar parameters and corresponding
geometry parameters—including the frequency repetitive frequency, maximum detectable
range, height of platform, carrier frequency, array configuration, etc. In the sequel, we
further employ a tapering matrix on the covariance matrix [21,22], that is,

R̃l,−p0 = T�Rl,−p0 (21)

where the tapering matrix T is constructed as

[T]m,n =
sin(|m− n|ξ)
|m− n|ξ (22)

where ξ is the tapering coefficient controlling the tradeoff between the null depth and
the null width. Based on Schur theory, R̃l,−p0 is positive semidefinite if T and Rl,−p0 are
positive semidefinite [23,24].
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4. Simulation Examples

In this section, we use simulated data to demonstrate the effectiveness and the su-
periority of the proposed approach for range-ambiguous clutter mitigation. The planar
array is considered and an equivalent cross-shaped array is obtained as aforementioned in
Section 2. The simulation parameters are listed in Table 1. The CNR is usually 50–70 dB for
the airborne warning radar in scenarios of ground clutter and the CNR is about 30–50 dB
in scenarios of sea clutter. In this paper, we use CNR = 40 dB.

Table 1. Simulation parameters.

Parameters Value Parameters Value

Reference carrier frequency 5 GHz Element distance 0.03 m
Platform velocity 100 m/s Azimuth channel number 10
Platform height 6000 m Elevation channel number 10

Pulse repetition frequency 5 kHz Number of pulses 16
Maximum slant range of clutter 120 km Clutter-to-noise ratio 50 dB

4.1. Range-Ambiguous Clutter Spectrum

In Figure 3, the range ambiguous clutter spectrum is presented for a forward-looking
airborne radar system. The clutter spectrum corresponding to a single range bin is plotted
in Figure 3a while the clutter spectrum of all range bins is plotted in Figure 3b. In this
simulation, as the unambiguous range is equal to 30 km and the maximum slant range of
clutter is 120 km, the range ambiguity number is 4. We consider the ground clutter with the
surface covered by woods in the example. As we can see from Figure 3a, clutter spectrum
corresponding to the first range region is obviously different from those corresponding to
the other range regions, because the range dependence is severe within the near-range area
while it becomes slighter in the far-range area. Therefore, clutter from the second, third,
and fourth range regions are almost overlapped in the spatial-temporal frequency domain.
Here Monto Carlo number is set as 300 and this is only meaningful in theory. In practice,
the covariance matrix is estimated with maximum likelihood (ML) criterion by using the
training data collected from all the ranges. The clutter spectrum in spatial-temporal domain
is shown in Figure 3b, which is spread severely in the right-half space of spatial-temporal
domain. Here we use echoes of all range bins as training data, so the range dependence can
be obviously observed. It is emphasized that the spreading of Doppler frequency increases
the complexity and the range dependency problem. In such case, it is predicted that the
slowly-moving target will be buried in the clutter even after STAP procedure.
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Figure 3. Range ambiguous clutter spectrum in spatial-temporal domain: (a) a single range cell; (b) all slant range cells.
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4.2. Clutter Spectrum in Elevation Frequency Domain

Figure 4 shows the clutter spectrum in elevation frequency domain of vertical-FDA
radar with its parameters defined in Table 1. Because of the frequency diversity, the
elevation frequency changes evidently for all the slant ranges, as stated by (9). The range
cell size is 15 m and there are 1000 range bins within the whole unambiguous range. Notice
that the data samples in azimuth and pulse dimensions are taken as training samples.
Thus, there are sufficient IID training samples. It is seen that the elevation frequency is
approximately linearly increasing with respect to slant range for the second, third, and
fourth range regions. Therefore, we can say that the range-ambiguous clutter can be
separated range by range. With further range dependence compensation process, the
clutter spectrum after compensation change slightly with respect to the slant range for the
second, third, and fourth range regions. Due to the introduction of frequency diversity,
the clutter spectra corresponding to different range regions are still definitely separated.
Notice that the clutter spectrum corresponding to first range region still changes greatly
with respect to slant range. This is because the sinusoidal function varies evidently in the
near range. We also observe that there is no clutter spectrum corresponding to 0 to 6 km
because the height of the platform is 6 km. To separate clutter from different range regions
in elevation frequency domain, we should treat the first range region different from the
other regions.
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Figure 4. Clutter spectrum in elevation-range domain for FDA radar: (a) Before compensation; (b) After compensation.

4.3. Pre-STAP Beamformer Response and Range-Ambiguous Clutter Separation

In this subsection, we discuss the pre-STAP beamformer with respect to range. Figure 5a,b
plot the basic pre-STAP beamformer and the enhanced pre-STAP beamformer correspond-
ing to the first range region, respectively. The enhanced beamformer is obtained by using
covariance matrix tapering. The height of airplane is 6 km and thus there is no clutter echo
within 0–6 km, because the vertical frequency varies evidently with respect to range in
the first range region. When we need to extract the echoes of the first range region, the
main lobe of the beamformer should varies with respect to range. It is seen that the range
ambiguous clutter of second, third, and fourth range regions can be sufficiently suppressed
since the notches of the beamformer align with the range ambiguous clutter. Moreover,
for the enhanced beamformer, the notches are obviously widened which increases the
robustness of the beamformer. In this situation, the range ambiguous clutter can always
be suppressed even their vertical frequencies are mismatched with presumed ones due to
errors. With the prior knowledge of platform and radar system parameters, the pre-STAP
beamformer is designed. However, the parameters have errors due to kinds of factors,
thus the enhanced beamformer is required in applications. Figure 5c,d plot the basic
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beamformer and the enhanced beamformer corresponding to the second range region. It is
seen that the notch corresponding to the first range region varies obviously with respect to
the range. In contrast, the vertical frequency of main lobe is almost unchanged within the
range region.
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Figure 6 presents the beamformer corresponding to a given particular range bin. In
this simulation, the range bin index is 1000 and the unambiguous slant range is 15,000 m.
The selected range bin in this example is 1000. The original notches of the basic pre-STAP
beamformer and the widened notches of the enhanced pre-STAP beamformer are shown
as comparison. Besides, the width of notches can be adjusted using the tapering control
parameter. In this example, the parameter is set as ξ = 0.1 for the tapering matrix in
(22). Figure 6a plots the beampatterns of basic and enhanced pre-STAP beamformers
corresponding to the first range region while Figure 6b shows the results corresponding to
the second range region. By using the designed pre-STAP beamformer, the required DOFs
in elevation can be effectively reduced. It is seen that 10 elements in elevation can form
notches to suppress the range ambiguous clutter.
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In Figure 7, we show the separated range-ambiguous clutter of the first and second
range regions to verify the effectiveness of the proposed method. As we can see from these
figures, clutter of each range region is successfully separated and thus target detection
can be implemented for each range region separately. Specifically, the clutter from the
first range region is severely range-dependent and the IID condition is seriously violated,
as shown in Figure 7a. The clutter from the second, third, and fourth range regions
approximately satisfy the IID condition; thus, STAP can be directly implemented. Here
we show the clutter spectrum corresponding to the second range region in Figure 7b. The
clutter spectrum is well focused even before applying the clutter compensation technique.
It is known that the variance of elevation frequency is rapid and the range dependency
problem is severe for the first range ring, while the variance of elevation frequency is slight
and the range dependency problem is mild for the other range regions.
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4.4. Performance Analysis

In this part, the improved factor (IF) curve with respect to the normalized Doppler
frequency is studied for clutter suppression performance evaluation. The IF is defined
as the ratio of the output signal-to-clutter-plus-noise ratio (SCNR) to the input SCNR
measured as a given element [1]. Figure 8 shows the IF curves corresponding to the four
range regions. Due to the severe range dependency problem of the clutter from first range
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region as shown in Figure 7a, the IF performance of STAP degrades dramatically. Never-
theless, clutter compensation can be performed since the range ambiguous problem has
been alleviated. It is seen that the IF performance can be well maintained after clutter
compensation. For the second, third, and fourth range regions, the IID condition is approx-
imately satisfied; thus, STAP can be implemented with slight performance degradation.
Therefore, the IF performance is improved after the range ambiguous clutter separation
with the proposed method.
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5. Conclusions

In this paper, a per-STAP beamforming method is devised for the vertical-FDA radar
system to handle the range ambiguous echoes separation issue in the MPRF mode. In the
proposed pre-STAP beamforming method, the advantages of frequency diversity and the
additional DOFs in the range dimension are utilized to extract the echo of desired range
region and to suppress echoes of ambiguous range regions, provided the prior knowledge
of platform and radar parameters. To overcome the possible parameter uncertainty, an
enhanced beamformer is presented by performing covariance matrix tapering. Thus,
the enhanced per-STAP beamformer can be designed with specific properties—such as
depth and width of the notch, shape of the main lobe, and so on. It is verified by the
simulation results that the notches can be widened to improve the clutter suppression
performance. As the beamformer is designed for each particular range, the computational
complexity is increased. Nevertheless, it can be implemented in real-time because the
pre-STAP beamformer can be constructed before collecting the radar echo. Moreover,
another advantage of the pre-STAP beamformer is that the required element number in
elevation can be sufficiently reduced without loss of performance.
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