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Abstract: The ground and sea clutter received by space-based early warning radar (SBEWR) has
severely range ambiguous characteristics due to its platform location, and the non-stationary factor
caused by Earth’s rotation makes the received clutter at different range ambiguous positions seriously
broaden in the Doppler dimension. The complex clutter suppression performance of SBEWR obtained
by traditional method is degraded significantly. To solve this problem and achieve better clutter
suppression performance, a novel multi-domain adaptive processing method for clutter suppression
is proposed in this paper. The proposed method introduced a range related signal processing domain
based on conventional space-time domain by using frequency diverse array phase multiple-input
multiple-output (FDA-Phase-MIMO) radar. In addition, a novel multi-domain joint dimensionality
reduction structure was designed. The novel multi-domain joint adaptive processing using the
proposed dimensionality reduction structure could not only obtain great clutter suppression perfor-
mance of SBEWR, but also minimize the requirement of the number of selected auxiliary channels.
Simulation examples show the effectiveness of the proposed method.

Keywords: space-based early warning radar (SBEWR); space-time adaptive processing (STAP);
frequency diverse array (FDA); range-ambiguous clutter suppression; multi-domain signal processing

1. Introduction

The space-based early warning radar (SBEWR) in low earth orbit (LEO) can obtain
a greater maximum detectable distance, wider early warning surveillance region, and much
longer warning time [1-3]. Especially for hypersonic targets in near space that have a small
radar cross section (RCS), the early warning radar systems on satellite platforms perform
advantages that are inimitable by traditional airborne early warning radars (AEWRs). In
general, the moving targets are detected in the power spectrum of the received signal,
but the faint targets are usually submerged in the clutter and system noise [4]. Therefore,
clutter suppression plays an important role in moving target detection [5-8]. Moreover, the
SBEWR in LEO gains the above early warning advantages due to its platform height but
also makes the received clutter more complex in actuality, which brings a series of serious
challenges to the clutter suppression assignment [9,10].

Compared with the AEWRSs, the clutter received by SBEWR is more difficult to sup-
press, mainly due to the different platforms on which they are located. The SBEWR
platform has extremely high height and fast velocity; these two factors together lead the re-
ceived clutter to have serious range ambiguity and Doppler ambiguity [11,12]. In addition,
an additional Doppler shift into the received ground-sea clutter is introduced by Earth’s
rotation. This non-stationary factor, which causes the Doppler frequencies of different
clutter receiving patches with the same incidence cone angle to no longer coincide, leads
to a severe broadening of the received clutter Doppler spectrum, which in severe cases
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even occupies the entire Doppler frequency band [13]. Spectral spreading leads to a serious
increase in the degrees of freedom (DOFs) of received clutter, making the conventional
two-dimensional (2D) space-time adaptive processing (STAP) system insufficient in its
degrees of freedom and the performance of clutter suppression and moving target detec-
tion severely degraded [14-17]. Therefore, to detect faint moving targets with small radar
cross sections (RCS) and implement the AMTI function, it is necessary to improve this
phenomenon of range ambiguous clutter heavily spreading in the Doppler dimension.

Some scholars have recently proposed many methods to improve the range ambiguity
clutter suppression performance. These former clutter suppression methods can be divided
into two main types: firstly, the severely range ambiguous clutter is suppressed by means
of pre-processing, after which the DOFs of received clutter meet the requirement of being
less than the DOFs of the adaptive system, and the adaptive clutter suppression capabil-
ity is thus improved. For example, the signal processing domains related to the range
dimension, such as the antenna elevation dimension received channel domain, the transmit
pulse phase encoding domain, and transmit carrier frequency domain, are introduced
in [18-21], respectively. The method proposed in [18-21] used different 3D cascaded pro-
cessing methods to suppress the range ambiguous clutter. These cascaded processing
methods firstly preprocess the received data by the newly introduced dimension and then
suppress the preprocessed clutter using the traditional 2D STAP method. Secondly, by
increasing the DOFs of the adaptive system, the system also could achieve better adaptive
processing performance. KeQing Duan et al. [22,23] proposed an adaptive processing
method for 3D joint dimensionality reduction. Instead of using cascaded signal processing,
this approach proposed multiple 3D joint dimensionality reduction structures, the proposed
method could obtain good non-stationary clutter suppression with sufficient DOFs and the
required number of training samples by designing a reasonable dimensionality reduction
structure. Actually, most of these past multi-domain processing methods are proposed for
non-side-looking AEWRs, while the SBEWR receives clutter with extremely high DOFs in
the elevation dimension, and the antenna elevation dimension is often very limited. The
ideal clutter suppression performance cannot be obtained by introducing 3D cascade or
joint methods in the elevation dimension channel domain.

The key to the clutter suppression method is the adequacy of the obtained clutter
information. On the basis of digital antenna technology, the frequency diverse array phase
multiple-input multiple-output (FDA-Phase-MIMO) radar is widely applied [24-26]; this
radar could use signal processing methods to obtain 3D clutter data in the transmitting
carrier frequency domain-receive array element (subarray) domain-pulse domain. In
this paper, a novel 3D joint dimensionality reduction adaptive processing method for
clutter suppression based on FDA-Phase-MIMO radar is proposed, the design method
of the 3D joint dimensionality reduction structure has also been analyzed in detail, and
a better dimensionality reduction structure is designed. The proposed method can not only
obtain great performance of severely range ambiguous clutter suppression and achieve the
desired performance of moving target detection, but also the number of training samples
required for accurate estimation of the clutter covariance matrix is about half of that of the
traditional 3D joint domain localized (JDL) structure. In addition, the DOFs of the transmit
carrier frequency domain are no longer limited by the number of channels in the elevation
dimension of the antenna, which theoretically allows the system to obtain higher DOFs for
signal processing in the range dimension.

The rest of this paper is outlined as follows. The geometric model, antenna divided
model, and the FDA-Phase-MIMO signal model of SBEWR are established in Section 2.
In Section 3, multi-domain radar signal processing methods are elucidated in detail, and
different multi-domain joint dimensionality reduction structures are proposed. Section 4
illustrates the experimental results and analysis of the performance. Finally, Section 5
concludes the article.



Remote Sens. 2022, 14, 5536

3 0f24

2. SBEWR Working Model and Problem Formulation
2.1. Geometric Model of SBEWR

A geometric model of SBEWR located in LEO is shown in Figure 1. Where, S is the
SBEWR moving along the velocity V, which is parallel to the ground, H is the orbital
altitude of satellite, O is the center of the earth, R, is the radius of the earth, B represents
the sub-satellite point, 6,; and 6, represent the azimuth and elevation angles of the beam,
respectively. The beam cone angle is defined as cos i = sin 0, cos 6,,.R; represents the slant
distance of the current clutter range cell, and Rsmax is the maximum detectable distance
of the surface that can be covered by the beam of SBEWR, limited by the curvature of
the earth.

(/)rbit
o Track of
2 sub-satellite point

Figure 1. Working geometric model of SBEWR.

Due to the extremely wide region covered by the beam, echoes from different trans-
mitted pulses are superimposed and received simultaneously, which creates severe range
ambiguity. The maximum unambiguous distance can be expressed as:

M

The number of the forward and backward range ambiguous positions of the CUT with
slant distance Ry are expressed as:

R —R
Lforward = \‘ Sma: SJ 2)
u
R;—H
Lpackward = \‘ Sr J 3)
u

The number of total range ambiguous positions N; is sz;f“iix_H ; when the orbital

altitude is 500 km and the selected pulse repetition frequency (PRF) is 5000 Hz, the total
range ambiguity number is about 66. The corresponding slant distance of the nr-th range
ambiguous position is

Rpyr = Rs+nr-ry, nr € | —Lpackward * 1 Lforward} 4)
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The elevation angle of each range ambiguous position is:

H? +2R.H + Rﬁ,) )

6 =
el nr arccos( 2(H+ Ro) Ry

According to (5), it can be found that the near-range ambiguous positions correspond-
ing to the elevation angle are discrete distribution, while the far-range ambiguous positions
corresponding to the elevation angle are densely distributed. As shown in the red region
in Figure 1, according to the J. Ward clutter receiving model [27], the surveillance region
is divided into L range cells by range resolution, and to ensure that clutter information
is accurate in the simulation, each range cell is divided into N, azimuth clutter receiving
patches, at least according to the Brennan criterion. The theoretical DOFs of sense clutter
within the CUT can be expressed as:

N = DOFcyr = (K—=1)B1 + N (6)
where VT
B = A’ 7 2’ sinf,; = Bsinf, )

refers to the Doppler foldover factor. Due to the inconsistent Doppler characteristics of each
clutter receiving patch with equal cone angle in different range ambiguous positions, their
corresponding clutter subspaces are inconsistent, which leads to a great expansion of the
DOFs of the received clutter. According to (5), it can be known that the dense distribution
of forward range ambiguous positions makes its subspace distinction obscure. Finally, the
total number of DOFs of the true clutter DOFy,,oreticar Satisfies (8). The CCM of SBEWR
is always nonsingular, and the criterion that the DOFs of the system are larger than the
DOFs needed to process clutter cannot be satisfied in the signal processing stage, which
will result in insufficient clutter suppression and reduced detection of moving targets.

\‘Rmax -

R...
NK < N, = DOFtheoretical < r mmJ
u

X DOFCUT (8)

To avoid the lack of DOFs of the system, the adaptive processing performance of the
system can be improved either by introducing new processing dimensions to enhance the
DOFs of the system or by pre-processing the signal to reduce the DOFs of real clutter. For
this purpose, the FDA-Phase-MIMO radar is used to enhance the adaptive capability by
introducing the transmitting carrier frequency domain in this paper.

2.2. Antenna Subarray Partition Model

The detailed schematic diagram of FDA-Phase-MIMO radar array element synthesis
and transceiver channel division is shown as Figure 2a. Figure 2b shows the transmitted
subarray model with array element frequency division multiplexing and transmitting
waveform ¢, by the m-th channel; unlike the conventional MIMO radar, each transmit-
ted waveform of Phase-MIMO radar can be coherently accumulated with energy at the
transmitter in the manner of phased array radar, and the transmitted beam is directional.
As shown in Figure 2¢, for signal reception, similarly, the received data of the m-th to
the m + N — M,-th array element are synthesized, where the local spatial steering vector
and Chebyshev weights are generally used as a fixed weighting method for the array
element level data; the result of the data accumulation is used as the subarray level data
of the m-th received channel for subsequent processing. Figure 2d shows the received
subarray synthesis model; the subarray level data output from each receiver channel is
output as the output power of the antenna system after weighted synthesis. The weights
used for the synthesis between subarrays can be conventional weight, adaptive weights, or
a combination of multiple weighting methods.
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Figure 2. Transceiver channel division model of FDA-Phase-MIMO radar: (a) Antenna subarray
division model; (b) Transmitting subarray model; (c) Receiving subarray model; (d) Receiving
sub-array synthesis model.

2.3. Signal Model

The transmit signal of the m-th subarray of the antenna is:

Pm(t) = Qum(t) exp(j27tfmt) )

where Qy, (t) represents the amplitude of the transmitted signal and the central frequency
is fy. The frequency of the signals transmitted by the different subarrays is stepped, and
the frequency interval is Af. According to the concept of MIMO radar, the waveforms
transmitted by different subarrays are orthogonal to each other, and the transmit waveform
vector is expressed as:

()= [pi(t) - pm()] (10)
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The echo received by the radar receiving antenna from a particular target or a clutter
received patch is a superposition of m transmitted waveforms, where the echo signal of the
k-th pulse received by the n-th array element can be expressed as:

M
?(t' lp) = mzl Amwgam (l[)) exp (_jondTm cos l[)) Qm (t - tdeuly) eXP(jZme (t - tdelay)) (11)
x exp(—jmcosyp(n —1))exp(—jrwy(k —1))
where A, represents the amplitude, wla,, (1) is the transmission gain obtained by the
transmitted phased array, dr, represents the position of the array element of the m-th
transmitted channel, ¢4/, represents the time delay of the signal, and wy is the normalized
Doppler frequency caused by the relative motion between the target and the platform.

To differentiate the echo data of different waveforms, the received signal needs to be
filtered using the matched filter 1y, (t) = Q,(f) exp(j27 fit); after matched filtering and
down-conversion, the array-pulse level echo signal of a target or clutter receiving patch
can be expressed as:

rm(r, ) = Apwiay () exp(—j3dr, cos ) exp(—jdr(m — 1)Afr/c)
x exp(—jmcosyp(n —1))exp(—jrwy(k —1)) (12)

= (Ambm () - cm(Y) - zm(r)) exp(—jmcos p(n — 1)) exp(—jmwy(k — 1))
= Amstr, (P, 1) exp(—jmcos p(n — 1)) exp(—jrnwy(k — 1))

where by, (¢),cm () and zy, (1) are assumed as (13) to (15), respectively.

b (§) = thfam(lp) (13)
en () = exp (—jzfdm cos ¢) (14)
zm(r) = exp(—jdrn(m —1)Afr/c) (15)

b(y), c(¢), and z(r) are defined as the transmission coherence accumulation vector,
the transmission waveform diversity vector, and the transmission spatial steering vector,
respectively, as shown in the following equations:

b(y) = [wiay(p) whar(p) - whian(p)]’ (16)
c(y) = [exp(—jZT”dTl cosyp) - e exp(—jZTHdTM cos gb)]T (17)
z2(r) = [1 exp(—j4nAfr/c) --- exp(—j4m(M— 1)Afr/c)]T (18)

According to (16) to (18), s7; (1, ) could be defined as the transmitting spatial steering
vector, and it can be found that the steering vector has two independent variables, which
are slant distance r and cone angle ¢, respectively.

st (,7) = b() O c(y) © 2(r) (19)

The array level data of the m-th received waveform is expressed in vector form and
can be expressed as:

O (t, ) = Awsty,, (9, Rr) - sRe () (20)

The data received by the antenna array elements are synthesized according to the
form of subarray division, and the synthesis matrix T used for data synthesis can be
expressed as:

T=[T; T» - Tu] 1)
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Each column of the synthetic matrix represents the weighting of one of the subarray
data in the following way:

4 . T
an(9) = [0 1 ey ey o)V )
T
Wi = [01xm W1 W2 - a1 On(N- M, 11)] (23)
Ty = Wi © an(P) (24)

where a,, () is the local spatial steering vector of each array element in the m-th subarray,
wy,; denotes the weight coefficient considered for the synthesis of the m-th subarray, and
Chebyshev weights are used uniformly in this paper. The vector form of the subarray level
data after pre-processing of the signal of the m-th waveform can be expressed as:

rm_sub(r/ l,b) = AmsTrm (l,l’, 1’) : THSS (l,l?) (25)

Based on the above steps to match filtering, down-conversion, and data subarray
synthesis for M transmitted waveforms, respectively, the virtual data can be expressed in
the form of vectors as follows:

o (7, @0g) = si(wq) ® ((Asr(9,7) © Tsre(y)) (26)

Due to the radar received data being a superposition of several clutter receiving
patches, moving targets, interference and noise, the received data can be expressed as:

Nr Ng N[ar
Ysup = Z Z Tsub (1’, ¥i, wd,v) + Z Tsub (1’, l,b]r wdj) +n=x.+x+n (27)
i=1i=1 j=1

3. Different Multi-Domain Signal Processing Methods Based on
FDA-Phase-MIMO Radar

Unlike the conventional phased array radar with 2D data in the received array domain-
received pulse domain, the FDA-Phase-MIMO radar introduces the transmitting carrier
frequency domain to use the coupling relationship between the stepping frequency and the
slant distance of received cell, and the data are pre-processed and converted into 3D data in
the transmitting carrier frequency domain-received element domain-pulse domain. Figure 3
represents the basic structure of the FDA-Phase-MIMO radar multi-domain processing,
where each dimension can be represented as two domains by a set of Fourier transform
relations. In this paper, the symbol “-” and symbol “&” are used for cascade processing and
joint processing, respectively. In this section, the classical multi-domain clutter suppression
methods that have been proposed to be commonly used for non-side-looking AEWRs in
the past are briefly described. Then, different 3D joint dimensionality reduction adaptive
processing methods are analyzed, and a joint dimensionality reduction structure with
performance and lower number of auxiliary channels is proposed.

Method 1: In the past, the first proposed method was the 3D conventional filtering
method, i.e., transmitted carrier frequency-received element-received pulse domain 3D
conventional filtering method (Figure 3: (1.a)-(2.a)-(3.a)).

A 3D conventional steering vector is constructed, where the received subarray equiva-
lent phase-centered spatial steering vector can be expressed as:

Seuh = {e JRp1cosy  p—jrpacosy L, ]/\pMCOSlp:| (28)
wherep,, = [p1 p2 - Pul Tis the equivalent phase center position of each subarray.
Then, the 3D conventional filter can be expressed as follows:

Wpdf(r/ ¥, wd) =S¢ (wd) ® (STr(lpf 1’) ® Ssub(w)) (29)
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The output power spectrum of method 1 can be expressed as:

y(r W, wa) = Wi (1,9, Wa) Ty (30)

Transmitted

arrier Frequen Conventional
Domain filtering
(1.a)
eceived Elemen . Received Beam
. Conventional .
Domain filterin Domain
(.a) & (2.b)
Received
Received Pulse Conventional Doppler
Domain filterin Frequency
(3.a) & Domain

(3.b)

Figure 3. Multi-domain signal processing architecture.

Method 2: In recent years, the conventional processing cascade 2D adaptive processing
for clutter suppression method has also been proposed, i.e., transmitted carrier frequency
domain 1D conventional filtering and received beam-received Doppler frequency domain
2D downscaling adaptive processing (Figure 3: (1.a)-(2.b) & (3.b)).

After pre-processing means, such as matched filtering and down-conversion, the
M?2K x 1 dimensional virtual data of the CUT cell can be expressed as:

Tsup = Xc +X¢ +1n (31)

The 3D virtual data by selecting a fixed transmitted carrier frequency domain filter
can be expressed as:

wr (¥, 1) = diag(1gx1 @ (s (¥, 7) @ Tpix1)) (32)
The processed data can be expressed as follows:
y(r) = Wi (9, )T (33)

Next, according to 7; (¢, ) = ya(,7), i =1,2,-- - , MK, the data y (¢, r) of dimension

M?K x 1is rewritten as y (1, 7). The space-time 2D adaptive weight and the output power
spectrum of the system are calculated and can be expressed, respectively, as:

Wi (Y, wg) = PRy, sst (1, wy) (34)

2(r, 9, wa) = W (9, wa)y(9,7) (35)

where s (1, wy) is the 2D steering vector for the target.
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Method 3: Transmitted beam-received beam domain-received Doppler frequency do-
main 3D joint downscaling adaptive processing (Figure 3: (1.b) & (2.b) & (3.b))
is proposed.

Instead of forming a conventional beam in the newly introduced transmitted carrier
frequency dimension, this method takes advantage of the adaptive processing approach
and uses the additional DOFs coming from the stepped carrier frequency to form an
adaptive beam. According to Figure 3, it can be seen that 3D adaptive processing of the
data can be performed in 8 combinatorial domains by means of permutations. Due to the
fact that full adaptive processing is often not feasible in reality [23,28-31], to reduce the
DOFs of the received clutter and the number of I.1.D. samples required for CCM estimation,
the received clutter data is dimensionality reduced in all three dimensions, and the data
is converted to the transmitted beam-received beam domain-received Doppler frequency
domain for signal processing, i.e., The transformation matrix for each domain is constructed
based on the principle of the selection of auxiliary channels. The result of dimensionality
reduction of the transmitted carrier frequency steering vector using the dimensionality
reduction matrix is:

u=Tfu(y,7) (36)

The result of dimensionality reduction of the received element steering vector can be
expressed as:
ss = THs; (37)
Finally, the received pulse domain is downscaled and converted to the received
Doppler frequency domain:

st = Tf's; (38)

According to (36) to (38), the dimensionality reduction matrix in three dimensions is
(39), and (40) represents the conversion relationship between the domain (1.a)-(2.a)-(3.a)
and domain (1.b)-(2.b)-(3.b):

5t ® (ﬁ@ Es) = (T{{st) ® ((Tlf’u) ® (Tgss)) =TH(s;® (u®ss)) (39)
The 3D dimensionality reduction transformation matrix can be expressed as:
T=(T:®(Tr®TR)) (40)

Based on the two commonly used dimensionality reduction structures in the 2D-STAP
method, it is first simply extended to the 3D-JDL method and 3D-generalized adjacent
multi-beam (3D-GMB) method in this paper.

Method 3.a: 3D-JDL method: The principle of selecting auxiliary channels for the
3D-JDL method is shown in Figure 4a,c—e, where the target unit and its neighboring units
are selected as auxiliary channels. This section sets the total number of auxiliary channels
to Q1 X Qre X Q¢ (in Figure 4, the number of auxiliary channels is 3%3%3). The 3D steering
vector of the target can be expressed as u(y, r+), ss(¢¢), and s; (‘Udt)/ respectively. In order
to select the appropriate auxiliary channel, the 3D reduction matrix should be expressed as:

Tr = [u(¢r,re — Ar) u(ye,re) a1+ Ar)]an (41)

TR = [ss(pr — Bp)  ss(hr)  ss(Pr +AYP)] 0 (42)
Ty = [st(wa, — Dwy)  se(wa,)  st(wa, +Dwi) ]y, (43)
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Figure 4. Auxiliary channel selection structure for different dimensionality reduction method:
(a) Method 3.a; (b) Method 3.b; (c—e) Downscaling structure in different domain of method 3.a;
(f-h) Downscaling structure in different domain of method 3.b.

The 3D dimension reduction matrix of the 3D-JDL method can be expressed as:
Tsq = [Tt @ (Tr @ Tr)] a2z (44)
And the transformational domain data can be expressed as:
xpr = Taa teu (45)

with an adequate number of training samples satisfying the I.I.D. condition, the estimated
CCM obtained using the maximum likelihood estimation method can be expressed as:

N 1&
ch = ﬁ Z XIDLpX?DLp (46)
p=1
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Method 3.b: 3D-GMB method: The principle of selecting auxiliary channels for the
3D-GMB method is shown in Figure 4b,f,h. This section sets the total number of aux-
iliary channels to Qt + Qgre + Q¢ — 2 (in Figure 4, the number of auxiliary channels is
3 + 3+ 3 — 2). To select the appropriate auxiliary channel, the 3D reduction matrix should
be expressed as:

Tsp = [s(¢r, 11, wa, ) s (e, 1e, wa, + Awq)s(Pr, e, wg, — Dwy) . ...

(47)
(1, 1 4 A1, wa,)s (Y1, 1t — Ar,wg, )8 (P + D, 11, w4, ) s (P — A, 11, wa,) | yaxer
The transformational domain data after downscaling can be expressed as:
_T. H
XgmB = Tap " Tsup (48)

In the same way as (46), the estimated CCM obtained using the maximum likelihood
estimation method can be expressed as:

PN

1 P
Rey = P Z XGMBPXgMBp (49)
p=1

In addition, there are two problems in selecting training samples for SBEWR to meet
the LLD. condition: firstly, the number of samples available in an unambiguous distance
is limited, and the SBEWR has more obvious clutter non-uniformity due to its wider
coverage region, which is prone to the problem of insufficient training samples leading
to the degradation of clutter suppression performance. Secondly, the larger the number
of training samples selected, the more the effect of non-stationary characteristics on the
accuracy of the estimation of CCM cannot be ignored. Therefore, a criterion for selecting
the number of clutter auxiliary channels is proposed in this paper, i.e., under the criterion
that the DOFs of the system is substantially larger than the DOFs of the local clutter; the
smaller the number of auxiliary channels selected, the easier the method is to implement in
practical work. Therefore, the required number of auxiliary channels between the 3D-JDL
method and the 3D-GMB method are considered, both of which are proposed in this paper,
as shown in Figure 5.

Method 3.c: The selected auxiliary channel dimension reduction structure is shown in
Figure 5a,c,e. The 2D-GMB method is applied in the received beam-received Doppler plane
where the target is located, and the 2D-JDL method is applied in two other 2D planes. The
composition of the dimensionality reduction matrix is as follows:

Ti(re) = [s(Pr,1e, wa,)s(Pr, 1, wg, + Dwy)s(Pr, 1e, wa, — Awy) ... (50)
S(lPt + Ay, T’t,wdt) S(lPt — Ay, 1y, wdt)]MZKX5

To(re + Ar) = [s(r, 1 + Ar,wg,)s (Y1, 1t + Ar, wy, + Awy) . .. (51)
(i, 1t 4 Ar,wa, — Dwg)s(Pr + AP, 1+ Ar,wa,) s(Pr — AP, 1+ A1, w04,) | pices

Ts(re — Ar) = [s(r, 10 — Ar,wg,)s (Y1, 1t — A1, wy, + Awy) ...

52

s(r, 1t — Ar,wg, — Dwa)s(Yr + D, e — Ar,wg,) s(Pr — A, 1t — A1, w04,) | g 2
The total dimensionality reduction matrix T3, can be expressed as:

T3C = [Tl (i’t — Ai’) T, (Tt) T3 (Tf + AT)] (53)

The transformational data can be expressed as:

%30 = Tac ey, (54)
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Figure 5. Auxiliary channel selection structure for different dimensionality reduction method:
(a) Method 3.c; (b) Method 3.d; (c—e) Downscaling structure in different domain of method 3.c;
(f-h) Downscaling structure in different domain of method 3.d.

Method 3.d: The selected auxiliary channel dimension reduction structure is shown in
Figure 5a,f,h. The 2D-JDL method is applied in the received beam-received Doppler plane
where the target is located, and the 2D-GMB method is applied in two other 2D planes. The
composition of the downscaling matrix is as follows:

Tr = [u(¥r, )] pr1 (55)
Tr = [ss(Pr — DY) ss(Pr)  ss(Pr +AP)] 105 (56)
Ti = [si(wa, — Awg) si(wa,) st(wa, +Awa)]y 4 (57)

The 3D dimensionality reduction matrix of the 3D-JDL method can be expressed as:

T - [Tt ® (TT ® TR)]M2K><9 (58)
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The total dimensionality reduction matrix T3, can be expressed as:
Tsq = [T s(¢rre+Ar,wg) s(Pr,re— Ar,wy,)] (59)
The transformation data can be expressed as:
%30 = Taa' tup (60)

4. Simulation Results and Discussion

In this section, some classical methods are simulated and validated, and their advan-
tages and disadvantages are demonstrated as well as their feasibility when suffering the
SBEWR clutter environment. According to the publicly available basic parameters provided
by the NASA space-based demonstration validation radar and the prior work by authors
on SBEWR [32,33], the discussion and signal processing method simulation validation of
SBEWR in this paper are based on the parameters provided in Table 1. The non-stationary
characteristics of received clutter are considered, while the clutter non-uniformity problem
due to the rapid change of clutter terrain is ignored, and this premise will not affect the
argument of the reliability of the proposed method in the experiment. The amplitude
undulations of received clutter obeyed the Weber distribution, and the moving targets were
added to the clutter data according to the parameters in Table 2.

Table 1. Basic parameters of SBEWR used in this paper.

Type Parameter Symbol Index
Orbit height H 500 km
P Orbital Inclination i 45°
arameters
Platform Velocity Vv 7612m/s
Carrier frequency fe 0.55 GHz
Bandwidth B 0.8 MHz
Signal Coherent pulse number K 32
Parameters
PRF fr 5000 Hz
Pulse Width Ty 20us
Antenna aperture D, x D, 50m *3m
Antenna Oblique angle Ooblique 0°
Beam scanning range A EL:30~68°
Antenna & rang AByy AZ:30~150°
Parameters Channel number M, x M, 16 x 1
Antenna Pitch angle Q 90°
S Ber, EL: 46°
Beam direction O AZ: 90°

Table 2. Parameters of the moving target in the simulation experiment.

No Range Bin Slant Distance Radial Velocity N]o)r(r)nalll::d RCS (m2)
) Number (km) (m/s) PP
Frequency
1 1740 761 1026 —0.5 10
2 1820 773 2590 -0.2 0.1

3 1870 780.5 —1602 —0.35 1
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The theoretical distribution of clutter receiving patches and moving targets in the
range-Doppler (R-D) output power spectrum is shown in Figure 6a. Moreover, this distri-
bution is related to the basic parameters such as SBEWR platform parameters and pulse
parameters, and not related to whether a conventional phased array radar or an FDA-
Phase-MIMO radar is used. In the absence of clutter, the simulated moving target in the
R-D output power spectrum is shown in Figure 6b.

785 - 785
780 780
8775t o775
S [
e o
m o
= C
(_% 770 ® 770
%) w
765 - No Ambiguity Position 765
Forward Ambiguous Positions
Backward Ambiguous Position
760 % Moving Target 760
-1 —0.5 0 0.5 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
Normalized Doppler Frequency Normalized Doppler Frequency

(a) (b)

Figure 6. Range-Doppler output power spectrum: (a)Theoretical spectrum of received clutter and
moving target; (b) Simulation spectrum with moving target.

In Figure 6a, the red line represents the Doppler distribution of clutter receiving
patches at different range cells within an unambiguous distance corresponding to the
center of the beam, and each of the other lines represent the Doppler distribution of clutter
receiving patches in different range ambiguous intervals. The forward range ambiguous
positions are discrete, and many backward range ambiguous positions of the clutter re-
ceiving patches in the Doppler dimension cannot be distinguished; the distribution of the
clutter Doppler dimension at different range ambiguous positions is consistent with the
distribution of the ambiguous positions in the elevation angle dimension expressed in (5).
From the distribution position information of clutter and moving targets in Figure 6a, it
can be found that the faint moving target energy is often submerged in the clutter due to
the very large amount of range ambiguous position energy of SBEWR spreading severely
in the Doppler dimension.

In this paper, only the non-stationary and range ambiguity characteristics of clutter
are considered, and in this uniform clutter scenario, the clutter received energy is inversely
proportional to the fourth power of the slant distance. Moreover, according to the rela-
tionship between the beam grazing angle and the clutter backscattering coefficient in the
clutter Morchin model, it is known that the inverse relationship between the energy of the
clutter unit at the forward ambiguous position and the clutter energy of the CUT is greater
than the fourth power of the distance. Moreover, the elevation dimensional gain direction
provided by different regime radars are different, and the clutter received cell with a slant
distance of 771 km is used as the CUT, and the ratio of different range ambiguous positions
and CUT clutter energy is shown in Figure 7.
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Figure 7. Normalized clutter power of clutter receiving units at different range ambiguous positions.

In Figure 7, the power between each range ambiguous position and CUT is shown in
the blue line. It can be found that the clutter energy of the backward ambiguous position is
much higher than the energy from the CUT. For the phased-array radars with planar arrays,
due to the modulation of the regular beam gain in the elevation dimension, the power is
shown in the green line, and for the planar array of FDA-Phase-MIMO radar, by the joint
modulation of the elevation dimensional and transmitting carrier frequency directional
gain direction, the ambiguous position power is shown in the red line.

In the past, FDA-Phase-MIMO radar uses a conventional beamforming method in
the new introduced domain, which can obtain better performance of range ambiguous
clutter compared with phased-array radar, but the energy of the clutter from the forward
ambiguous position is still high and is in the same order of magnitude as the CUT energy.
This phenomenon allows the DOF of received clutter after preprocessing to still be high,
i.e., the received CCM is often still nonsingular. Therefore, the method 1 and method
2, using cascaded signal processing illustrated in Section 3, will not obtain good clutter
suppression performance.

Figure 8 shows the R-D output power spectrum using 1D conventional filtering-2D
adaptive processing (method 2, Figure 3 (1.a)-(2.b) & (3.b)). In Figure 8a, it can be found
that part of the moving target information originally covered by ambiguous position clutter
energy can be found. However, according to Figure 8b, the target detection performance
that can be obtained is insufficient; it is still difficult to reach the threshold required for
C-FAR detection with certain detection probability and false alarm probability. Figure 9
represents the eigenvalue spectrum of the CCM, and all the eigenvalue numbers are much
higher than the order of magnitude where the noise energy is located, i.e., the CCM is
nonsingular, which will lead to the degradation of the adaptive performance.

Through the 3D dimensionality reduction joint adaptive processing method (method 3,
Figure 3((1.b)-(3.b)), the radar system could achieve great clutter suppression performance
when the auxiliary channel has been selected reasonably. In this section, the performance
obtainable by all dimensionality reduction methods is analyzed and compared.
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Figure 8. Output power spectrum for FDA-Phase-MIMO SBEWR after method 2: (a) Range-Doppler
output power spectrum; (b) Normalized output power spectrum in different Doppler channels.
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Figure 9. The eigenvalue spectrum of reduced dimensional clutter covariance matrix.

Figures 10a and 11a show the R-D output power spectrum obtained by method 3.a
and method 3.b, respectively, and Figures 10b and 11b show the eigenvalue spectrum
of the CCM when the target unit is approaching the main clutter. Compared with the
past cascaded method, 3D joint adaptive processing has better range ambiguous clutter
suppression performance. From the eigenvalue spectrum of the two CCM, it can be found
that by using method 3.a, the CCM has more small eigenvalues, i.e., extra available DOFs
for adaptive processing, compared to method 3b, which obtains a covariance matrix that
does not satisfy the criterion that the DOFs of the system are greater than the DOFs of
the clutter.
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Figure 10. (a) The range-Doppler output power spectrum after using method 3.a; (b) The eigenvalue
spectrum of the dimensionality reduction CCM.
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Figure 11. (a) The range-Doppler output power spectrum after using method 3.b; (b) The eigenvalue
spectrum of the dimensionality reduction CCM.

Figure 12 shows the normalized output power spectrum obtained by different methods
in different Doppler channels where the moving targets are located, respectively. It can
be found that using the 3D joint adaptive method can obtain better performance than
the cascade method from this figure, and that the performance improvement brought by
method 3.a is more obvious.

Next, the performance of two other joint dimensionality reduction methods with the
number of auxiliary channels between method 3.a and method 3.b is analyzed. Figures 13a
and 14a show the R-D output power spectrum obtained by method 3.c and method 3.d,
respectively, and Figures 13b and 14b show the eigenvalue spectrum of the CCM when
the dimensionality reduction structure is approaching the main lobe clutter, respectively.
From the experimental results, it can be found that method 3.c satisfies the criterion that
the DOFs of the system are larger than the DOFs of the clutter, can achieve great clutter
suppression performance, and the DOFs of the system are reduced from 27 to 15. With the
further reduction of the selected number of auxiliary channels, the DOFs of the system are
insufficient, and the clutter suppression performance is decreased by using method 3.d.
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Figure 12. Normalized output power spectrum in different Doppler channels by method 2, 3.a and
3.b: (a) Doppler channel of 1st target; (b) Doppler channel of 2nd target; (c) Doppler channel of

3rd target.
= . T ! ! ' ! ' —
785 = 40 —©— Eigenvalue of Subspace Clutter
= 20( = = =Eigenvalue of Noise Subspace | |
4 - 60
< s
780 21 -70 ’
=
E = % —20
S 775 i 80 3 40
5 L— E
o _-; -90 2 60
& B _g
» i -100 w
—100
:i =110 ~120
= -120 —140
L % 7160 1 1 1 1 1 1 1
—-0.5 0 0.5 1 2 4 6 8 10 12 14
Normalized Doppler Frequency Index

(@) (b)
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spectrum of reduced dimensional clutter covariance matrix.
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Figure 15 shows the normalized output power spectrum obtained by using different
methods in different Doppler channels where the moving targets are located, respectively.
The results can be found that the detection of three different moving targets can be achieved
by using the reduced structure proposed by method 3.c; while the number of auxiliary
channels decreases, the clutter suppression performance of method 3.d decreases, and the
moving targets are covered by clutter energy and cannot be detected.
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Figure 16 shows the comparison of the moving target detection performance of the
two better dimensionality reduction structures. Compared with method 3.a, method 3.c is
able to ensure no degradation of the moving target detection performance while signifi-
cantly reducing the DOFs of the system. In summary, in this paper, method 3.c is considered
to be a great multi-domain joint dimensionality reduction structure with comprehensive
performance, and the dimensionality structure can achieve better clutter suppression and
moving target detection performance.
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Figure 16. Normalized output power spectrum in different Doppler channels by method 3.a and 3.c:
(a) Doppler channel of 1st target; (b) Doppler channel of 2nd target; (c) Doppler channel of 3rd target.

Finally, to further illustrate the advantages of the proposed method, the clutter sup-
pression and moving target detection capabilities that could be obtained in the past by
introducing the 3D-JDL-STAP method in the elevation-dimensional channel domain are
used for comparison. The elevation-dimensional size of the antenna set up for this exper-
iment is 3 m, and the number of its elevation-dimensional channels is eight. Figure 17a

shows the R-D output power spectrum obtained by the traditional elevation-dimensional
3D-JDL-STAP method.
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Figure 17. (a) The range-Doppler output power spectrum after using traditional elevation 3D-JDL-
STAP; (b) The eigenvalue spectrum of reduced dimensional clutter covariance matrix.

It can be found through Figure 17b that since the covariance matrix of the subspace
clutter is nonsingular, which represents the lack of additional DOFs for the adaptive system
to accurately suppress the received clutter, the clutter in the near-end range ambiguous
positions is difficult to be suppressed and the overall clutter suppression performance is
reduced significantly. Figure 18 shows the output power spectrum of the Doppler channels
where different moving targets are located, respectively, and it can be seen that the faint
moving targets in the near-end range ambiguous positions and near the main lobe region
are difficult to be detected using the traditional 3D joint adaptive processing method.
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Figure 18. Normalized output power spectrum in different Doppler channels by different method:
(a) Doppler channel of 1st target; (b) Doppler channel of 2nd target; (¢) Doppler channel of 3rd target.
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In summary, the performance of moving target detection obtained by the proposed
method and former clutter suppression methods for non-side-looking AEWRs are com-
pared. After the clutter is suppressed by different methods, the detection performance
obtained by the conventional C-FAR method is shown in Table 3, where the P; and Py,
represent the probability of detection and false alarm, respectively.

Table 3. The performance of faint moving target detection by different methods.

Method Target 1 Target 2 Target 3
Threshold 11dB / /
e B R
Py, 10~4 / /
Threshold 11 dB / /
Elevation: 3D-JDL-STAP Py 50% / /
Py, 10~% / /
Threshold 25 dB 20dB 20 dB
Proposed Method (method 3.c) Py > 95% > 85% > 85%
Py, 107° 107° 107°

5. Conclusions

In this paper, the main problem faced by SBEWR clutter suppression is clarified, and
to achieve better performance of clutter suppression and moving target detection, a new
processing dimension must be introduced for severely range ambiguous clutter suppression.
The following conclusions can be found in the experimental results in Section 4:

(a) The non-stationary factors lead to serious range ambiguous clutter spreading, the
DOFs of received clutter are greatly expanded, and the clutter suppression perfor-
mance of both conventional phased array radar and FDA-Phase-MIMO radar using
cascade processing method is limited by the DOFs of the radar system.

(b) For SBEWRs, especially for higher orbits, as the number of range ambiguous positions
increases, a greater number of transmitting carrier frequencies are needed to increase
the DOFs of the adaptive system. The performance of the method of obtaining
adaptive processing dimensions using the limited elevation-dimensional channels
will be further degraded.

(c) The 3D joint dimensionality reduction method needs to satisfy the criterion that the
DOFs of the system are larger than the DOFs of the local clutter when selecting the
auxiliary channels. Otherwise, it will cause performance degradation.

(d) With sufficient DOFs of the signal processing system, the smaller number of auxiliary
channels chosen for the dimensionality reduction method, the smaller number of
training samples it requires, and the less significant the error in the estimation of the
CCM caused by non-stationary factors.

In addition, for the joint adaptive processing method, a reduced-dimensional structure
with 15 degrees of freedom of the proposed system can achieve good clutter suppression
and moving target detection performance, and according to the R.M.B. criterion, the number
of training samples required for estimating training samples is less, and the proposed
method is more suitable for space-based early warning radar.
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