Journal of Systems Engineering and Electronics
Vol. 28, No. 3, June 2017, pp.481—-492

EXCLUSIVELY AVAILABLE VIA

IEEE Xplore®

DIGITAL LIBRARY

Clutter suppression for hypersonic vehicle-borne radar
with frequency diverse array

Xuzi Wu, Zheng Liu®, and Rong Xie

National Key Laboratory of Radar Signal Processing, Xidian University, Xi’an 710071, China

Abstract: The seriously range-ambiguous clutter is one of the
main problems in clutter suppression for hypersonic vehicle-borne
forward-looking radar. An approach based on the frequency di-
verse array (FDA) technique is proposed to mitigate the range-
ambiguous clutter. The frequency increment is designed to distin-
guish the clutter at ambiguous ranges and suppress the clutter by
using a subspace projection algorithm. On the platform with high
altitude or limited array antennas, the proposed method performs
better for its independence of the elevation degrees-of-freedom
(DOF). Finally, simulation results verify the effectiveness of the
proposed method.
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1. Introduction

Hypersonic vehicle usually travels in the near space from
20 km to 100 km at a velocity greater than Mach 5. Ow-
ing to enormous potential in military and civilian applica-
tion, it has drawn worldwide attention in recent decades
[1,2]. One of its main tasks is acting as the weapon plat-
form for rapid reconnaissance and precision guidance of
missile on the ground/air moving targets. To realize this,
the forward-looking array radar plays an important role in
ground moving target indication (GMTI). However, the se-
riously expanded clutter Doppler brings a great challenge
to GMTI on the hypersonic platform.

The space-time adaptive processing (STAP) technique
has been known as an effective approach to suppress the
Doppler spread clutter in the combination of angle and
Doppler domains [3]. It relies on estimating the statisti-
cal characteristics of the ground clutter by the indepen-
dent and identically distributed (11D) secondary range sam-
ples. In a forward-looking case, the clutter spectrum varies
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with the range, which is referred to as the range-
dependence of the clutter [4]. It violates the IID condition,
leading to the degradation in the accuracy of the covariance
matrix and the STAP performance. Furthermore, due to the
high platform altitude and velocity, it is difficult to choose
a pulse repetition frequency (PRF) to ensure the clutter to
be unambiguous in both the range and Doppler dimen-
sion [5]. One of the challenges for hypersonic vehicle-
borne radar is the seriously range-ambiguous and range-
dependent clutter that would be considered in this paper.
So far, many methods have been proposed for compensat-
ing the range-dependence in forward-looking array radar
[6-9], such as the Doppler warping (DW) method and the
derivative based updating (DBU) method. Unfortunately,
these methods can only be applied to the unambiguous
range case. To circumvent this, the range-ambiguous clut-
ter must be mitigated before the range-dependence com-
pensation.

Recently, an exploitation of diversity in frequency do-
main, referred to as frequency diverse array (FDA), has
attracted considerable attention [10—12]. Different from
the well-known orthogonal frequency division multiple-
xing (OFDM) technique and multiple-input multiple-
output (MIMO) array, FDA is not expected to exploit the
diverse information to improve the overall performance
since only a small frequency increment is used across the
array elements and the frequency response is always as-
sumed to be the same due to the negligible difference in
the wavelengths [13]. It has been demonstrated to gene-
rate a range-dependent beampattern and inherently provide
an increased degree-of-freedom (DOF) and additional ca-
pability in various processing systems [14 —19]. In [14,15],
the FDA was employed in the phased-array radar to syn-
thetize the subarray and flexible transmit beampattern to
enhance the range and angle estimation performance. The
authorsin [16,17] applied the FDA for high-resolution syn-
thetic aperture radar (SAR) imaging. In electronic counter-
measure scenarios, the FDA was used to suppress false tar-
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gets [18]. Reference [19] verified the ability of the FDA to
suppress the range-ambiguous clutter in forward-looking
airborne radar. However, the design of the FDA parame-
ters and the seriously range-ambiguous clutter suppression
were not considered in [19].

This paper proposes a new strategy of clutter suppres-
sion for hypersonic vehicle-borne radar. The key idea is
to utilize the range-dependent characteristic of the FDA to
distinguish the range-ambiguous clutter. Our main contri-
butions include: (i) Under the consideration of a planar
array, the models of the FDA beampattern and STAP sig-
nal are constructed, based on which new characteristics of
the FDA are analyzed. It is found that the FDA changes
the mainlobe clutter Doppler at different ranges and makes
the clutter space-time spectrum shift along spatial dimen-
sion. To distinguish the range-ambiguous clutter, the con-
straint on the frequency increment is designed. (ii) The
method for range-ambiguous clutter mitigation based on
the subspace projection technique is developed. Although
the problem has been considered in [20-23], we solve it
by a new scheme based on the characteristics of the FDA.
Unlike the methods that depend on the elevation DOF, the
proposed method is independent of that. Therefore, it is
superior in the situations where the number of range ambi-
guities is large or the antenna size on the platform is strictly
limited.

The remaining sections are organized as follows. Sec-
tion 2 gives an introduction to the FDA and presents the
STAP signal model of the FDA radar. In Section 3, we ana-
lyze the new characteristics of the FDA beampattern and
clutter space-time spectrum, based on which the design
principles of the FDA are established. Next, we propose
a clutter suppression approach in Section 4. Simulation ex-
amples and results are provided in Section 5. Finally, con-
clusions are drawn in Section 6.

2. Signal model
2.1 FDA preliminaries

The geometry of the forward-looking FDA radar system
is shown in Fig. 1, where an (z,y, z) coordinate system
is constructed. Ignore the vibration of the platform, radar
travels along the ideal trajectory (standed in the positive
x-direction) at a constant velocity v. H is the platform al-
titude above the earth. ¢, 6 and v are the azimuth angle,
the elevation angle and the cone angle, respectively. Define
u(p,0) = [cosfcosp,cosfsinp, —sinf]T as the spa-
tial unit vector, where (-)T denotes the transpose operator.
Without loss of generality, an (M x N)-element rectan-
gular array with uniform spacing d is considered. Taking
the first element located at point A(0,0, H) as the refe-
rence element, the relative location of the (m, n)th element

is denoted by d,, , = [0,(n — 1)d, (m — 1)d]*. In this
FDA radar, a small frequency increment is used across the
horizontal elements, the signal transmitted by the (m, n)th
element can be expressed as

Sm,n (t) = eXP(jQme,nt) (1)
where f,,, », denotes the radiated frequency as
f’m,n = fO + (n - 1>Af (2)

where f is the carrier frequency and A f is the frequency
increment which is negligible compared to f.
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Fig. 1 Forward-looking FDA radar geometry

Considering a far-field point p(¢, 6, R) with R being
the slant range to the reference element, the range to the
(m, n)th element can then be expressed as

Rm,n =R- dEL77Lu(QD7 9) =
R — (n—1)dcos@sinp + (m — 1)dsinf 3)
where (-)H denotes the conjugate transpose operator.

In the receive chain, the reflected signals are filtered
with s, , in the (m,n)th element, remaining the signal
with the frequency fy, ». As a consequence, the signal re-
ceived by the (m, n)th element can be expressed as

Tm,n(ta ©, ‘97 R) = eXpUQJTfm,n(t - 2Rm,n/c>] =
exp[j27t fm nt — jJATR /[ Ao]-
exp|jdn(n — 1)d cosfsin /o]
exp[—jdn(n — 1)AfR/c]-
exp(—jdm(m — 1)dsin0/\g)-
expljdn(n — 1)2Afdcosfsinp/c|-
exp[—jdn(n — 1)(m — 1)Afdsin/(] 4)
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where c is the speed of lightand Ao = ¢/ fo. In (4), the last
two terms can be always ignored when (N — 1)Af << fo
[12]. We then have its approximate expression as

Tm.n(t, @, 0, R) = explj2at fm nt — jATR/No]-

expljdm(n — 1)d cos @ sin /Aol
exp[—jdn(n — 1)AfR/c]-
exp(—jda(m — 1)dsin6/\g). (5)

Taking the narrowband assumption, the array verti-
cal steering vector a,_,(#) and horizontal steering vector

M N
M N
expljdm(m — 1)dsinby/ o] =

m=1n=1

exp[—jdm(m —

as_n(p, 0, R) can be defined as

s (0) = exp[(—jdndsin /o) (0 : M —1)T].  (6)
,0) © as_pr(R) =
N -1)"oe
exp[(—j4nAfR/c)(0: N —1)7] (M

as-h(@y 97 R) = as_hﬂ((p
exp|(jdmd cos 8 sin /o) (0

where ® denotes the Hadamard product. When the ampli-
tude weights are all equal to one, the FDA two-way pat-
tern steered to azimuth angle ¢4 and elevation angle 6 (or
range Ry) is given by

) - exp[—jdm(n — 1)d cos Oy sin g/ Ao] - expljdn(n — 1)AfRy/c]-

D> " expliznfo(t — 2R/c)] - explidm(n — 1)d(cos 0 sin @ — cos b sin o) /Ao]-

1)d(sin @ — sin0y) /o] - exp[j2n(n — 1)Af(t — 2(R — Ry)/c)] =
sin[—2Mmd(sin @ — sin ) /Ao] sin[2Nmd(cos sin ¢ — cos bl sin o) /Ao + NuAf(t — 2(R — Ro)/c)]

exp(jn)

where 7 is

sin[—27wtd(sin @ — sin 6p)/ Ao) sin[2md(cos 0 sin ¢ — cos Oy sin o) /Ao + TAf(t —2(R — Ry)/c)] ®
(N = 1)mAf(R — Ro)/c—
n=2nfo(t —2R/c)+
(M — 1)md(sin @ — sin )/ Xo. 9)

(N — 1)md cos 0 sin o/ Ag—
(N — 1)7d cos O sin g/ Ao—

Ip(t, 0,0, R)| =

sin[—2Mmd(sin§ — sin6p) /Ao] |

The absolute value of p(¢, ¢, 6, R) can be expressed as

sin[—27mtd(sin @ — sin fy)/Ao)
sin[2Nmd(cos @ sin ¢ — cos Oy sin g) /Ao + NaAf[t —2(R — Ry)/c)]

. 10
sin[27d(cos 0 sin ¢ — cos Oy sin g) /Ao + TAf(t — 2(R — Ry)/c)] ’ (10)
Note that |p(¢, ¢, 8, R)| is the product of two terms. The ~ The element spacing d can then be constrained to

d < Ao/2 max]||sin @ — sin ] (12)

first term denotes the elevation pattern that is similar to
the one in the conventional phased-array. While the se-
cond term is the function of not only spatial angles, but
also range and time. This indicates that the FDA pattern
is a time or range variant. In actual situations, we can fix
the time in every scanning period, e.g. ¢ = 0. Then, if the
interested range is given, the time delay will be a constant
and the pattern to the desired target position will also be
fixed.

Furthermore, it is worth noticing that the element spa-
cing d in (10) should be restricted to avoid grating boles
in spatial angles. For the vertical elements of the array, it
should satisfy

|27td(sin @ — sin )/ Ao| < . (112)

where max|-] denotes the maximum value of [-].
Similarly, the spacing for the horizontal elements of the
array should satisfy

d < Ao/[2 max(| cosfsin ¢ — cos by sinpg|)].  (13)

Combining with (12) and (13), the constraint on the ele-
ment spacing d for the FDA can be expressed as

d < Ao/[2 max(|sin @ — sin 6|,
| cos 8 sin ¢ — cos O sin o) )]. (14)

Assume we are required to scan from 0° < 6 < 90° and

—90° < ¢ < 90°, then (14) becomes
d < No/4. (15)



484 Journal of Systems Engineering and Electronics Vol. 28, No. 3, June 2017

2.2 STAP signal model for FDA radar

In this section, we present the STAP signal model of the
FDA. During each coherent processing interval (CPI), a
burst of K pulses are transmitted with a fixed PRF. The
clutter Doppler frequency corresponding to f,, ,, is given
by

Jdm . = 200080 COSQfrm pn/c=

2v cos ’(/}fm,n/c (16)

where cos ¢ = cos 6 cos p. Then, the Doppler phase of the
signal received by the (m,n)th element at the kth pulse
can be expressed as

m,n(k - 1)/fr =

dnvcosbcosp(k — 1) fmn/cfr =
4mv cos O cosp(k — 1)/ Ao frt+
4w cos O cos p(k — 1)(n — 1)Af/cf, (17)

Smon,k (0, 0,0) =27 fy

where f,. denotes the PRF. Similar to (4), by ignoring the
second term, we have

C’rn,n,k("]@ 0, U) ~ 47w cos § cos (19(]{7 - 1)/)‘0f7 (18)
The clutter Doppler frequency can then be simplified as
fdmn = fa=2vcosOcosp/Ag (19)

which is identical with that in the conventional
phased-array. Consequently, the Doppler steering vector
ay(p, 0, v) can be given by

au(p,0,0) =
exp|(jdmv cos O cos o/ Ao f) (0 : K — 1)T]. (20)
Combining with (6), (7) and (20), the M NK x 1 space-
time steering vector in the FDA is
a((P7 07 R7 U) =

a(p,0,0) @ as_pn(p,0,R) ® as_p(0) (21)

where ® denotes the Kronecker product. Generally, except
the 3D-STAP methods [23], an adaptive/nonadaptive ele-
vation beamformer will be applied on the elevation data
before the STAP filter [20—22]. We then define the N K x 1
space-time steering vector as

a(p,0,R,v) = ar(p,0,v) ® as_n(p,0,R).  (22)

According to the general clutter model introduced in
[22], the clutter data from one range ring can be modeled as
the superposition of N, independent clutter patches evenly

distributed in azimuth. When the range-ambiguous clutter
contributes to the data, the NK x 1 clutter data ¢ can be
expressed as

N
Z al(ij, 0, R, v) (23)

H
i Mg

where NN,. is the number of range ambiguities. o;;, ¢;; and
0; are the complex amplitude, the azimuth angle and the
elevation angle of the ith ambiguous range, the jth clut-
ter patch, respectively. Generally, the complex amplitudes
from different patches and different ranges are assumed
uncorrelated [9]. Hence the true clutter covariance matrix
can be defined as

ZZ |loii|*@(pij, 0i, Riyv) e

i=1 j=1

% (pij, 03, Riyv) - (24)

where E[-] denotes the statistical expectation operator.

Assume the target is in the 4,th ambiguous range. o, ¢,
and 6, are the target complex amplitude, the azimuth angle
and the elevation angle, respectively. v, is the relative ve-
locity between the target and the platform. The target data
s can be written as

s = Utat(gﬁhet, Rit7vt) =

orou_(vr) @ as_pn (e, 0y, Ri,) (25)

where @ (¢4, 0, R;,, v) denotes the target steering vector
and a;_;(v;) denotes the target Doppler steering vector

o _i(v;) = exp|(jdmve /Ao fr) (0 : K —1)T). (26)

According to the minimum variance distortionless re-
sponse (MVDR) criterion, the STAP weight vector can be
calculated [3] by

R (1,0, Ri, , vy)
a?(sph eta Rit ) Ut)Rilat(QDta 0t7 Rit ) Ut)

Wopt = 27)
where R~! denotes the inverse matrix of R, and R =
R.+62 Iy is the clutter-plus-noise covariance matrix. 42
is the noise power. Iy denotes the NK x N K identity
matrix. In practice, the true covariance matrix R is not a
known priori, and must be estimated from secondary range
samples.

3. New characteristics of clutter in FDA radar

In this section, detailed discussions on the array beampat-
tern and clutter distribution are presented, based on which
the constraint on the frequency increment is designed.



Xuzi Wu et al.: Clutter suppression for hypersonic vehicle-borne radar with frequency diverse array 485

Assume t = 0, we first compare the beampattern of the
FDA with that of the conventional phased-array in Fig. 2,
where the main parameters of the forward-looking airborne
radar system are listed in Table 1. It is seen that the loca-
tion of the mainlobe is changing at different ranges in the

FDA.
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Fig.2 Comparison of beampattern

Tablel Parametersin forward-looking airborne radar

Parameter Value
Carrier frequency/GHz 1

PRF/Hz 3000

Platform velocity/(m/s) 180
Platform altitude/km 8
Bandwidth/MHz 10
Number of coherent pulses 16
Number of vertical elements 4
Number of horizontal elements 12
Azimuth angle of mainbeam center/(°) 0
Elevation angle of mainbeam center/(°) 30
Clutter to noise ratio (CNR)/dB 60

Based on (10), it can be also found that the grating lobes
occur in the range dimension when

27td(cos 6 sin p — cos by sin g )/ Ao—

2nAf(R— Ry)/c=a-m. (28)
or
_cd(cos 0 sin ¢ — cos p sin @p) ac
E=Ro= Afo N (29)

where a denotes the nonzero integer. For a uniform linear
array, the grating lobes are spaced ¢/2A f from one an-
other [13]. However, for a planar array, the distances of the
grating lobes are not equal due to the coupling relationship
between the range and the elevation angle. Specially, only
when ¢ = g = 0°, we have
ac

R—-Ry= NG (30)

From (29), we also find the pattern is a function of
Af and the ratio d/Xo. As is shown in Fig. 2(c) and
Fig. 2(d), the ‘S’-shape of the pattern is increased when
A f decreases, while mitigated when d/ A, decreases. Note
that the beamwidth of the mainlobe is inversely propor-
tionate to the ratio of d/\o [24], and the performance of
the STAP method will degrade with the extended mainlobe
clutter. Therefore, combining with (15), we consider the
ratio d/\o = 1/4 to avoid both the grating lobes and main-
lobe widening in the spatial dimension. Further conside-
ration on the design of the element spacing will not be un-
dertaken in this paper.

With different values of A f, Fig. 3 shows the ideal clut-
ter spectrum under the assumption of the known covari-
ance matrix. In this example, we set the number of range
ambiguities N, = 2. The reference range and ambigu-
ous range are set to 16 km and 66 km, respectively. In
Fig. 3(a), it is clearly shown that the clutter ridge locates in
a semicircle, which agrees with the fact seen frequently in
the conventional phased-array. While in Figs. 3(b), (c) and
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(d), we see the Doppler shift of mainlobe clutter as well
as the shift of the clutter spectrum along the spatial dimen-
sion. And the separation between the two clutter ridges be-
comes larger with the increase of A f. Based on (5), it can
be calculated that the shifted phase between the ambiguous
ranges R; (i = 1,..., N,,i # i) and the reference range
Rit is

A¢; = AnAf|R; — Ri,|/c = 4nAfli — i|Rm/c (31)

where R, denotes the maximum unambiguous range. Sub-
stituting R,,, = ¢/2f, into (31), we have

Agi = 2nAfli — it/ fr- (32)
When N,. = 2, (32) becomes
Ap =2nAf/ fr. (33)

To distinguish the reference range clutter from the range-
ambiguous clutter, we should require

2nAf/ fr # a- 2m. (34)

Specially, when A¢ = mwor Af = f,/2, the largest shift
will be obtained, as is shown in Fig. 3(d).

cos v
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Fig.3 Comparison of clutter spectrum with thetrue covariance ma-
trix in forwar d-looking airborne radar

Practically, the number of range ambiguities is always
larger than two for hypersonic vehicle-borne radar. There-
fore, (34) should be rewritten as

2nAfli — it|/ fr # a - 2m. (35)

Combined with the definition of the FDA, it is reasonable
to simplify (35) as

Afli—id/fr < 1. (36)
Define imax = max |i — i¢|, then we have
Af < fr/imax (37)

which can be considered as the general constraint on the
frequency increment to distinguish the range-ambiguous
clutter.

In summary, FDA is different from the conventional
phased-array in the clutter power distribution. It provides
an additional DOF in range dimension and a potential
mechanism to suppress the clutter at ambiguous ranges.
When the number of range ambiguities is small, diffe-
rences in clutter spectrum can be used directly to suppress
the range-ambiguous clutter [19]. However, it cannot be
applied to the hypersonic vehicle-borne radar, where the
clutter at the reference range is indistinguishable from the
range-ambiguous clutter in the space-time spectrum. To
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solve this, the subspace projection algorithm is used to mi-
tigate the range-ambiguous clutter in the FDA, which will
be presented in the following sections.

4. Clutter suppression in FDA radar
Let = denote the N K x 1 received data
r=s8+c+n (38)

where n is the noise data. It is worth noticing that the
I1D condition of secondary range samples is violated due
to the range-dependent characteristic in the FDA. Even
in range-unambiguous cases, STAP methods cannot be
used directly. Therefore, a preparatory procedure should
be adopted, where we consider a range compensating ma-
trix as

TW = diag[lx ® ol (R;,)] (39)
where diag(q) denotes a diagonal matrix with its diagonal
values given by the vector g, and 1 i denotes the K x 1 all
1 vector. Then we have

x) =TWg, (40)
Specifically,

Ne
c(l) — T(l)C = Za‘itja(sﬁitj79i”07v)+

Jj=1
N, N,
Z § :Uija(%jﬁuRi — R, v) =
i=1,iki, j=1

Nec
Z 73,50 (Pirj, 03y, V) @ s po(Piyj, 0i,)+
=1

N, N
> > o, 0, (i — i) R, v)  (41)
i=1,i#i; j=1
and
s =1Ws = g@,(¢r,0,,0,0,) =
ooy (V) ® s o(pr, 0r)- (42)
Note that the target data and the clutter in the refe-
rence range becomes range-independent after compensa-
tion while the clutter in ambiguous ranges remains range-
dependent when A f satisfies the constraint in (37).

After the compensation procedure, the subspace projec-
tion algorithm is developed for range-ambiguous clutter
mitigation. Due to the serious ambiguity in range on the
hypersonic platform, clutter in the conventional phased-
array may have the same spatial and Doppler frequency
from ambiguous ranges, resulting in the overlap of the clut-
ter subspace and the suffering from the increased clutter
power. However, with the additional DOF in range dimen-
sion, the FDA will be superior in separating the clutter sub-
space at the reference range from the ambiguous ranges.

Based on the fact that the complex amplitudes have no ef-
fect on the accuracy of the clutter subspace [9], we con-
struct the clutter subspace at the reference range as

N.
Pe=3 " [eu(pig bi0) © s no(@igr, 0i,)]
=1

[at(@itj/79iu 1}) @ as_h,Q(SDitj’, alt)]H (43)
where N, denotes the clutter rank. In the side-looking case,
it is known that the clutter rank [25] is given by the Bren-
nan’s rule

Ne=N+B(K —1) (44)

where 5 = 4v/ f,. Ao Is an integer. In theory, the rank of the
measurements depends on the observed time-bandwidth
product, which is known as the Landau-Pollak theorem
[26,27]. Applying the spatial bandwidth and the synthetic
aperture to the Landau-Pollak theorem, the clutter rank in
the forward-looking case can be approximated as

N, = int[2L /Ao + 40T/ Ao + 1] (45)
where int(-) denotes the nearest integer, L = d(N — 1)
denotes the antenna apertureand 7' = (K — 1)/ f, denotes
the coherent processing time.
Add the target subspace matrix Py, the subspace projec-
tion matrix can be expressed as

T? =P, + P, (46)
Generally, P is calculated by
Ps :at(9t7QDt,O,'Ut)E?(et,(pt,O,'Ut). (47)

However, the value of v, cannot be precisely known. To
ensure the effectiveness and robustness of the proposed
method, we can try to make use of the prior knowledge
on desired targets, acquired either from a previous scan-
ning or from other sensors. Assume the interested target
velocity is restricted in vy, v2], Ps can be given by

N,—1
Ps = Z at(et,gat,(), (Ul + q- AU))
q=0
@i (01, 01,0, (v1 + q - Av)) (48)
where N, = int[(ve — v1)/Av] + 1 and Av = f,A\o/2K
denotes the velocity resolution. Then, we obtain
2 = Tg), (49)

After that, the method is provided for mitigating the
range-dependence of the clutter spectrum, followed by the
STARP filter to suppress the remaining clutter. To summa-
rize, the clutter suppression based on the FDA technique
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for hypersonic vehicle-borne radar (called method FDA-
STAP for short) is implemented as follows:

Step 1 Elevation beamforming, which requires
O(MNK) flops;

Step 2 Use (39) to compensate the range phase, which
requires O(NK) flops;

Step 3 Use (46) to suppress the range-ambiguous clut-
ter, which requires O((N, + N, + 1)(NK)?2) flops;

Step 4 Mitigate the range-dependence of the clutter
spectrum;

Step 5 STAP filtering.

To make a comparison, the computational complexi-
ties of range-ambiguous clutter mitigation between method
FDA-STAP and the method of adaptive elevation beam-
forming [21] (called method AEB-STAP for short) are
given. Considering the whole range cells, the computa-
tional complexities of the two methods are O(LM N K +
LNK + L(N, + N, + 1)(NK)?) and O(LMNK +
2LM N? + LN?), respectively, where L is the number of
the range cells. It can be observed that the number of range
ambiguities is the main factor affecting the computational
complexity of method AEB-STAP. While in method FDA-
STAP, the computational complexity depends on both the
clutter rank and DOF in the spatial and Doppler domain.
Generally, the number of N,. is smaller than that of J\AfC and
N K. In this case, method FDA-STAP has a higher com-
putational complexity than AEB-STAP.

5. Simulation results

In this section, we present numerical simulations to vali-
date the effectiveness of the proposed method. The para-
meters of the simulated system are given in Table 2.

Table 2 Parameters in hypersonic vehicle-borne forward-looking
radar

Parameter Value
Carrier frequency/GHz 10
Platform velocity/(m/s) 1700
Platform altitude/km 30
Bandwidth/MHz 10
Number of coherent pulses 32
Number of vertical elements 8
Number of horizontal elements 16
Element spacing/m 0.007 5
Azimuth angle of mainbeam center/(°) 0
Elevation angle of mainbeam center/(°) 30
Maximum range/km 100
Range of interested target velocity/(m/s) [0,30]
CNR/dB 60

A moving target is set with an azimuth angel of 0°
and a location of 60 km, whose relative velocity is set to
15 m/s. The additive noise is modeled as a complex Gaus-
sian zero-mean spatially and temporally white random se-

guence. The signal-to-noise ratio (SNR) at per element and
per pulse is 10 dB.

5.1 Examplel: clutter spectrum analysisin
hyper sonic vehicle-borneradar

With the known clutter covariance matrix, Fig. 4 shows the
ideal clutter spectrum at 60 km. The corresponding eigen-
spectrum is shown in Fig. 5. It can be seen that the spec-
trum is seriously folded in the Doppler dimension due to
the presence of Doppler ambiguities. As f,. increases, the
effect is mitigated and the number of the bigger eigenva-
lues also decreases.
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l.' "l' 11 f‘rlr"rr

\ 2 | ,.. il ( 11 J )
13 FUSNNAPY Ji&LL
~-1.0 -05 0 0.5 1.0
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(a) f,=10 kHz

0
2falfy
(b) £, =30 kHz

-1.0  -05 0 0.5 1.0
2ally
(c) /=60 kHz
Fig.4 Comparison of clutter spectrum with thetrue covariance ma-
trix in the hyper sonic vehicle-borne radar



Xuzi Wu et al.: Clutter suppression for hypersonic vehicle-borne radar with frequency diverse array 489

0

|
©w
S

|
=N
S

Normalized eigenvalue power/dB

~90 ; : : . P
100 200 300 400 500
Eigencalue number
o - i=10kHz;  —— 1 f=30kHz;  —meeen : £,=60 kHz.

Fig.5 Clutter eigenspectrum at Af =0

However, this would aggravate the range ambiguities.
Therefore, a medium value of f,. is more appreciated in
the hypersonic vehicle-borne radar systems to trade-off the
range and Doppler ambiguities. Fig. 6 shows the eigen-
spectrum of the clutter covariance matrix with different
values of Af when f, = 30 kHz. It can be seen that the
numbers of the bigger eigenvalues are almost the same,
which validates that the frequency increment has no influ-
ence on the clutter rank.
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Fig. 6 Clutter eigenspectrum at f,, = 30 kHz

When the covariance matrix is estimated by the se-
condary range samples, the clutter spectrum is shown in
Fig. 7. It is calculated that i,,,, =~ 8 by the maximum
range given in Table 2. Therefore, the value of A f should
be restricted in (0,3 750 Hz). It can be seen that the spec-
trum in Fig. 7(a) is seriously widened in the Doppler di-
mension compared with that in Fig. 4(b). This is due to
the increased range-ambiguous clutter and the effect of
range-dependence with the forward-looking array. From
Figs. 7(b) and (c), it can be also seen that the spectrums
are irregularly distributed in both the spatial and Doppler
dimension, which is caused by the arbitrary shifts from dif-
ferent range samples.

~1.0 -0.5 0 0.5 1.0
2falfy

(@) Af=0

210 -05 0 0.5 1.0
2alf:
(b) Af =1 000 Hz

214t
(c) Af =3 000 Hz
Fig. 7 Comparison of clutter spectrum with the estimated covari-
ance matrix in the hypersonic vehicle-borne radar

5.2 Example2: clutter suppression and
per formance comparison

In this example, the performance of method FDA-STAP
is examined. The DW method is chosen for the range-
dependence compensation in Step 4 [6]. Fig. 8 compares
the performance between FDA-STAP and AEB-STAP with
variable values of M. The improvement factor (IF) is used
to evaluate the method performance, which is defined [3]
as

1 = SCNRow _ G(ONR+ Djwgpa*
SCNRiy w(I){ptR—lwopt

where SCNR;,, and SCNR,, denote the input signal-to-
clutter plus noise ratio (SCNR) and the out SCNR, respec-
tively.
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Fig.8 Comparisonof IFat Af =3 000Hzand N = 16

It is shown that FDA-STAP performs better than AEB-
STAP even with smaller value of M. As M decreases, the
IFs of FDA-STAP are almost invariable, which validates
that the proposed method is independent from the eleva-
tion DOF. While the performance of AEB-STAP degrades
greatly with the decrease of M due to the dependence
of the elevation DOF. Besides, since the elevation angles
of the ambiguous ranges are almost indistinguishable at a
high platform altitude, more elevation DOF are required
in AEB-STAP to null the range-ambiguous clutter com-
pletely. When M = 48 in the conventional phased-array

and M = 8 in the FDA, Fig. 9 shows the performance of
comparison with variable values of V.

90t

80t

70t

60

Improvement factor/dB

50t

-1.0 -0.5 0 0.5 1.0
------- : AEB-STAP, M=48, N=16;

----- : AEB-STAP, M=48, N=8;
---------- : FDA-STAP, M=8, N=8;

—— : FDA-STAP, M=8, N=8.

Fig. 9 Comparison of IF with variable values of N at Af =
3 000 Hz
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Note that the notches of the two methods are all widened
as N decreases. However, the performance of FDA-STAP
is still better than that of AEB-STAP.

In the presence of amplitude and phase errors, Fig. 10
shows the performance of comparison where the amplitude
error is assumed to obey the Gaussian distribution, and the
phase error is assumed to obey the uniform distribution. It
is noticed that the performance of AEB-STAP degrades as

the array error increases, while the performance of FDA-
STAP is almost unaffected, which verifies the robustness
of the proposed method to the array error.
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Fig. 10 Comparison of IF with amplitude and phase errors at
Af=3000Hzand N =8

Finally, the IFs of FDA-STAP with variable values of
Af are shown in Fig. 11. Slight differences can be ob-
served in the width of the notches. This means that the

detection performance of the slowly moving target may be
affected by the value of Af.
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Fig. 11 Comparison of IF with variable valuesof Af at M = 8
and N =8
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6. Conclusions

This paper presentes a new approach based on the FDA to
suppress the clutter in hypersonic vehicle-borne radar. The
essence is to utilize the range-dependent characteristic of
the FDA to distinguish the clutter from ambiguous ranges,
which is not accessible in the conventional phased-array.
Based on the model of the FDA beampattern and STAP
signal, the design of the FDA parameters is presented. For
clutter suppression in hypersonic vehicle-borne radar, the
seriously range-ambiguous clutter is mitigated by using the
subspace projection algorithm. Simulation results verify
that the proposed method performs better when the eleva-
tion DOF is limited. Its robustness to the array error is also
examined by analyzing the IF.

However, there are also some problems to be considered
further. First, the computational complexity of the pro-
posed method is larger than that of the traditional method.
Second, the vibration of the platform always exists in the
practical situations. It would introduce the phase errors into
the received signal, causing losses in SCNR and difficulties
in target detection [28,29]. Therefore, the algorithms for
motion compensation and clutter suppression with good
efficiency and robustness will be studied in next work.
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