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Article history: Range-ambiguous clutter suppression is challenging for airborne radar in non-sidelooking geometry. The
Available online 31 January 2023 target detection performance might degrade severely due to range ambiguity and range dependence

problems. It is proved that the frequency diverse array (FDA) is capable of resolving the range ambiguity
and is beneficial for range ambiguous clutter suppression. However, FDA uses wide coverage transmit
Phased array beampattern, which causes somewhat gain loss compared to the phased array (PA). In this paper, we
Airborne forward-looking array establish a PA-FDA dual-mode radar to maximize the advantages of PA and FDA radars to improve target
Range-ambiguous clutter detection performance in range-ambiguous clutter scenario. Firstly, the range ambiguous resolvability
Space-time adaptive processing of FDA is utilized, where range ambiguous clutters are separated by using pre-filtering before space-
time adaptive processing. Therefore, the range dependence compensation algorithms can be performed
independently to further address the range dependence problem of non-sidelooking array radar. In this
case, the clutter covariance matrix (CCM) is reconstructed by using linear combination of distinguishable
CCMs corresponding to different range regions, resulting in improved accuracy of CCM estimation.
Secondly, the enhanced CCM is applied in PA counterpart, which maximizes the high beampattern gain of
PA and range ambiguity resolvability of FDA. It is verified that the PA-FDA dual-mode radar outperforms
the PA or FDA single-mode in simultaneously narrow-beam detection and wide-angle coverage. Thus,
the proposed PA-FDA dual-mode radar can greatly contribute to searching and tracking tasks. Simulation
examples demonstrate the effectiveness of the proposed method.

© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

Airborne Early Warning has gained wide attention in the past decades, wherein the space-time adaptive processing (STAP) plays a
pivotal role in target detection under the background of strong ground clutter and jamming [1][2][3]. With the increase in the maximum
detectable range as well as the operational frequency, the contradiction between range and Doppler ambiguities becomes more and
more serious. Generally, a medium or high pulse repetition frequency (PRF) is employed to alleviate the Doppler ambiguity. In the non-
sidelooking array geometry of airborne radar, the range ambiguity and range dependence of clutter occur simultaneously, which causes
severe performance degradation of clutter suppression as well as target detection [4][5]. The Range-dependence of clutter violates the
basic assumption in STAP radar, i.e., the training samples are independent and identically distributed (IID) [6]. To handle this problem,
several range dependence compensation algorithms have been developed, including derivative-based updating [7], Doppler warping (DW)
[5], angular-Doppler compensation (ADC) [8], registration-based compensation [9], and space-time interpolation [10]. These algorithms are
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effective if there is no range ambiguity. Nevertheless, range ambiguity renders their compensation performance in vain. The reason is that
conflicts always occur during clutter compensation for different ambiguous range regions. The direct data domain (DDD) is proposed in
[11] and [12]. It can avoid the limitation of range dependence since only single snapshot under test is utilized to estimate the clutter
covariance matrix (CCM). However, it suffers the loss of space-time degrees of freedom (DOFs) and thus degrades the performance of
clutter suppression and target detection.

To mitigate the problem of range ambiguity, many approaches have been proposed to address the range-ambiguous clutter suppres-
sion problem, and they can approximately be classified into two categories, including elevation spatial filtering methods and waveforms
diversity methods. For this elevation filtering methods, the central theory is that the elevational DOFs is used to eliminate the near-range
clutter. In [13][14][15], a method of elevation filtering is developed to suppress range-ambiguous clutters by using the elevational DOFs
provided by a planar array. However, these methods require many DOFs in elevation. In [16][17], some three-dimensional (3-D) STAP
approaches are explored, which can null out range-ambiguous clutter to some extent. However, they require many IID training samples to
estimate the CCM, which is unavailable in practice. The waveforms diversity method might resolve range ambiguity through modulating
the carrier frequency, time delay, and the phase of the transmitted waveforms. The frequency diverse array (FDA) has been developed in
[18][19][20][21], which introduces a small frequency increment among adjacent array elements. Thus, the resulting beampattern serves
as a function of range, angle, and time. The frequency diverse array with multiple-input multiple-output (FDA-MIMO) radar demonstrates
some advantages in many applications. It is shown in [22][23] that, by exploiting the DOFs in the range-angle domain, both range and
angle parameters are determined. In [24][25], the problems of mainlobe deceptive jamming are addressed, where the DOFs of range
dimension introduced by increment frequency are utilized to distinguish the target and deceptive jamming. In [26][27], adaptive range-
angle-Doppler processing approaches are proposed for the FDA-MIMO radar to improve clutter suppression performance, which is capable
of distinguishing the range-ambiguous clutter. Note that the resultant multi-dimensional signal processing schemes require a great number
of training samples. A range ambiguity resolution approach for high-resolution and wide-swath synthetic aperture radar imaging by using
FDA radar is proposed in [28]. In [29], the range-ambiguous clutter is discriminated in the transmitted spatial frequency domain. However,
the number of range ambiguity that can be resolved is limited. In [30], the vertical DOFs are developed to apply the frequency diversity,
which sufficiently increases the separation performance of range-ambiguous clutters. With this method, the clutter from each ambiguous
range region can be extracted and thus the traditional STAP algorithms can be performed on each ambiguous range region. An ambiguous
clutter suppression method is proposed in [31] based on transmitted beam main lobe correction for the FDA-MIMO radar. Compared with
the traditional FDA radar, it requires no parameter design. In [32], a mainlobe clutter suppression method for blind-Doppler target detec-
tion is proposed by exploiting the Doppler-spreading effect in FDA-MIMO radar. In [33], a multi-waveform based on adaptive beamforming
in joint transmit-receive (Tx-Rx) domain is proposed for range-ambiguous clutter suppression, where statistical property of primary wave-
form in Tx-Rx domain can be directly estimated by the multi-waveform data. However, the leverage of Doppler dimensional information
is limited. In [34], a slow-time coding scheme based on FDA radar is proposed to separate transmitted DOFs, which is used to separate
range-ambiguous clutter. However, the large PRF need to be satisfied for multiple elements system. In [35], a range-ambiguous clutter
suppression method based on superimposed stepped frequency (SSF) radar is developed, where range-ambiguous clutter is separated in
the carrier frequency domain. It is noted that FDA has wide beampattern coverage compared with its PA counterpart, which results in
simultaneously power loss within identical coherent processing interval (CPI).

In this paper, we establish the PA-FDA dual-mode radar in order to maximize the advantages of high beampattern gain of PA and range
ambiguity resolvability of FDA. The dual-mode radar consists of two independent parts, i.e., PA and FDA. For the FDA part, the vertical
diversity is employed to separate the range-ambiguous clutters. In the sequel, the secondary range dependence compensation and pre-
STAP filtering are performed. As range ambiguity is resolved, the CCM corresponding to each range region can be obtained accurately. For
the PA part, the CCM corresponding to all ambiguous range regions is obtained by linear combination of CCMs calculated by FDA mode.
Moreover, a noise reduction technique is proposed for the linear combination of CCMs in order to mitigate the equivalent noise power in
the resultant CCM for PA. The adaptive weight is calculated by using the enhanced CCM in the PA part. The signal-to-clutter-plus-noise
ratio (SCNR) is improved due to improved estimation accuracy of CCM and the high beampattern gain of PA mode.

The remainder of this paper is organized as follows. Section 2 introduces the signal model of the PA-FDA dual-mode radar. The range-
ambiguous clutter suppression method is presented in Section 3. In Section 4, simulation results are provided to validate the effectiveness
of the proposed method. Finally, conclusions are drawn in Section 5.

2. Signal model of PA-FDA dual-mode radar

An airborne forward-looking planar array radar is considered in Cartesian coordinate system, as shown in Fig. 1. The height of the
platform is H and the velocity is V. K pulses are transmitted during a CPIL. 6 and ¢ denote azimuth and elevation angles of an arbitrary
scattering patch, respectively. PRF is fpgrr = 1/T, with T denoting the pulse-repetition interval. L indicates the number of range bins.
Fig. 2 shows the planar array of the dual-mode radar, where N and M stand for the numbers of columns and rows of the planar array,
respectively. The PA-FDA dual-mode radar is composed of two parts, i.e.,, PA and FDA. As shown in Fig. 2, PA part is colored in blue while
FDA part is colored in red. PA counterpart transmits M rows coherent waveforms at identical carrier frequencies, and FDA counterpart
transmits M rows orthogonal waveforms at different carrier frequencies. 2M transmit equivalent phase centers corresponding to PA and
FDA part can be obtained, which is located in the midpoints of rows, as shown in the right-hand of Fig. 2. For the receiver, N receive
equivalent phase centers situated at the midpoints of columns, as shown in the right-hand of Fig. 2 in black. Therefore, the proposed
planar array can be regarded as a cross-array, which has 2M transmit elements in vertical and N received elements in horizontal.

PA part: It is pointed that the elevation beampattern of PA is written as

M . d(m—1)(sinp—singg)
G(goo):Zeﬂ”iho 1)

m=1

where ¢o and 1o =c/ fo are the beam direction and wavelength, respectively.
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Fig. 1. Geometry of forward-looking planar array radar.
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Fig. 2. Planar array and its equivalent transmitting and receiving arrays.

FDA part: The frequency diversity is applied in vertical dimension. Therefore, each row can be treated as one unit with the equivalent
phase center positioned at the midpoints of the corresponding rows. Thus, the transmit array is vertical FDA as shown in Fig. 2, i.e., the
transmit carrier frequencies vary among equivalent array element in vertical [30], which is expressed as:

where A f is frequency increment across two adjacent rows.

Notice that the PA and FDA are operating simultaneously with orthogonal waveforms. i) The transmitted waveform of PA part is
denoted as ®g (t). ii) The transmit waveform of FDA part is denoted as @, (t) for the mth equivalent transmit element. These orthogonal
waveforms satisfy:

/ Dy (O PF (t — T)ITT A MMl — 5 (1), mon=0,1,--- .M 3)
TP

where T, and 7 are the pulse duration and time delay, respectively. ()* denotes the conjugate operation. It is pointed out that ideal
orthogonality is unrealistic and the orthogonal waveform optimization is a research topic in radar community [36][37]. In this paper, we
still take the orthogonality assumption for simplicity.

In the receive process, each column of the whole planar array is taken as receive subarray. Therefore, there are N received elements
with their equivalent phase centers at the midpoints of the corresponding columns. In Fig. 2, the N equivalent received elements are
marked as a black point.

Considering an arbitrary clutter scatter corresponding to the Ith range bin and pth ambiguous range region as shown in Fig. 1, which
is parameterized by slant range R;p, azimuth angle 6;, and elevation ¢ ,. Thus the round-trip time delay corresponding to PA part is
written as

1= T[2R,, - %45111 (6g) cos (@1,p) — (M — Dy dsin (¢, p) — (m — ) dsin (¢y,p) @
— (n—1)dsin (6g) cos (¢1,p)

c
where c is the speed of light, d is the element spacing. Notice that the reference point is taken as the first element in left-top position.
For the FDA part, the round-trip time delay is
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o2 _ 1 [ 2Ry — B Ldsin (6) cos (g1,,) — 2 (M — 1) dsin () — (m — 1 dsin (¢1,) (5)
c | —m—1)dsin(6y) cos (¢1,p)
Therefore, the receive signal of the kth pulse and nth received element corresponding to dual-mode radar can be expressed as
M
rn,k = Z Sl,p,q [ q)o (t — ‘[]) ejZﬂfo(fffl)ejZHfdg((p[.p,Qq)(kfl) ]
m=1 (6)

M
+ D Eipa { Oy (¢ — 72) /27 Im(=7%) 27 £ (91,5, 60) (=) }

m=1

where  fgo (¢1,p.05) = 2V focos (6g) cos (¢1,p) T/c represents the normalized Doppler frequency of PA. f' (¢ ,,60q) = 2V fi cos (6g) x
cos (golyp) T/c represents the normalized Doppler frequency of FDA. & 4 is the complex coefﬁcient of the gth scatter corresponding to
the Ith range bin and pth range-ambiguous region. The down-converting is performed with e/27fof which can be expressed as

M
A —j 1 —
Fuk = Zét,p,q% (t —t')e 2 fo 2327 fao(fao (¢1.p-09)) k=1)

m=1

(7)
M
+ Z &1.p.qPm (t — ‘Ez)ejZFAfteijﬂfmfzeﬂ”f(;"(fdo(‘ﬂl,p’%))(k*])
m=1
In the following, the matched filtering is implemented with h (t) = &g (t), which can be expressed as
r,’:”,;‘ =rx®h(t) = / k(T — @5 (r —dt
M
= Z El.p.qd (t— -Co)e*ﬂﬂfofleﬂﬂfdo(fdo((ﬂl,pﬂq))(k*l)
m=1
(8)

o i .
—£, qe—12n L (2R1_p—¥dsm(0q)cos(W{,p)—Md S'“(w'p))efznfdo(fdo(%pﬁq))(k—n
Ji M P
5« e~ 427 L (n=1)dsin(6g) cos(¢1,p) Z o—Jj2m & (m—D)dsin(gy )
m=1

where ® denotes the convolution operator. The narrow band approximation is used, i.e., ®g (t - rl) ~Pg(t —10) = Do (t - 2R,,p/c). Note
that the FDA signal has been removed by waveforms orthogonality, i.e.,

M
3 b p g 2T A2t g2 £ (Tio(01:60)) (=) / . (r _ tz)CD(’; (T —t)dr =0 9)
m=1

i 10 N=1 i .
—j2m 19 (2R, ,— N1 d sin(6, —Md - . . .
The constant complex term e '~ © ( Lp— 7 dsin(6g) cos(¢1,p) 5“‘(%’)) is incorporated into complex coefficient & , 4. By straightfor-

ward mathematical manipulation for (8), we can obtain the simplified received clutter signal of the particular patch corresponding to the
PA part, that is,

Ik (¢1ps0q) = .p.qG (#1p) el (01 0)(n=D-+fao (1. 00) =) (10)

where fj, (gal,p, Qq) =dsin (Qq) cos ((p,,p) /Ao is the receive spatial frequency. The received clutter signal of all N-element and K-pulse is
stacked into a vector form as

y" (¢l.p79q)=[r{),/? (¢1.p.6q) -+ r,’\’,f*,( (‘/’l,p’gq)]T
=&p.4G (#1.p) @n (fu (#1.p: 69)) ® B (fao (¢1.p,6q))

where ® is the Kronecker product. e, ( fi (¢1,p.64)) € V! and B (fao (¢1,p.0q)) € *! are the receive spatial steering vector and temporal
steering vector, respectively. They are written as

(11)

oy (fh (¢l.p7 Qq)) = [ 1 ejzﬂ’fh((/’l.pﬁq) .. ejZﬂf/I((pr,@q)(N_]) ]T (]2)

B (fuo (pip-0) = [ 1 emliolonan) ... emfap )iy ] (13)

where the superscript T denotes the transpose operator. Note that G ((pl, p) denotes the transmit gain of PA.

On the other hand, we can obtain the simplified received clutter signal of the particular patch corresponding to the FDA part. Since
FDA transmits orthogonal waveforms with each transmit element, we obtain the echoes corresponding to the mth transmit element, nth
receive element, and kth pulse as:
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rEDA (Rl,pv PLp, Qq) Zé;'l,p,qejzn[ft(Rl,px(pl,p)+Afv(‘ﬂl,p)(m_1)](m_l)ej27r[fh(‘/’l,pveq)+Afh((/)l,pﬂq)(m—u](n—l)

m,n,k : (-14)
w« 327 [fa0(¢1,p.00)+Afa(@1,p.0g) (M=1)] k=1)

where f; (Rp. ¢1p) = fr (Ri,p) + fv (¢1p) is the transmit vertical spatial frequency, f, = —2AfR;,/c and f, =dsin (¢ p) /Ao are the

range frequency and vertical spatial frequency, respectively. A fq (¢1,p,6q) =2V TA f cos (¢1,) cos (6g) /¢, Afy (¢1,p) = Afdsin (g ) /c and

Afp = Afdsin (Qq) cos ((p,, p) /c are the additional Doppler frequency, transmit spatial frequency and receive spatial frequency, respectively.

These additional frequency terms are negligible under the condition of A f « fo [30]. Thus (14) can be further expressed as

riDA (Rip. @1p.0q) = £1.p.q@ 2 Fe(Rup01.0) M=) 027 f(P1.60) (=) g2 fao (P1p.60) (k=1) (15)

Here & , 4 incorporates the whole constant exponential phase terms. Therefore, the received signal of clutter scatter in the transmit,
receive and temporal dimensions can be written as

YPA (R p, ¢1.p. 6g) = [rf,?ﬁ (Rip.@1p6g) - rlCI?IG,K (Rip. @1.p. ) ] (16)
=&1.p.q v (ft (Rip. @1.p)) ® otn (fi (¢1.p:69)) ® B (fao (#1.p-04))
where o, (f; (Ri,p, ¢1,p)) is the transmit steering vector, which can be expressed as
oy (ft (Rl,pv (pl,p)) = [] el2m fe(Rip.0ip) ... @i27 fe(Rip.01p)(M=1) ]T 17)

The transmit spatial frequency is dependent on the range parameter, indicating that FDA-MIMO radar provides additional controllable
DOFs in the range domain. This enables FDA to address range-ambiguity problem. As a summary, the total received signal of PA-FDA
dual-mode radar can be expressed as

PA—FDA = Voo %) ]
y (Rip @1p.0g) = [J’FDA (Ri,ps @1.p. 0q) "
G
=&ipq [af(f’fszl,pa ¢.p)) } S U610 B o (- 00)

Notice that the complex-valued reflection coefficients of PA and FDA differ by an exponential phase in (11) and (16). Nevertheless, the
exponential phase can be merged to G ((p;ﬁ p), which has no influence for further processing.

The ground clutter echo of the Ith range bin is the coherent summation of many scatters within the bound of the iso-range in the case
of range ambiguity, which is expressed as

Na  Nc

C[ — Z ZyPAfFDA (qup’ @l,p, oq)

p=1g=1

=303 ] S0 le,, gy | @ Ui l010:0)) 08 (i (1. 00)

p=1gq=1 %y (ff (Rl.pv DLp

(19)

where N, denotes the number of range ambiguity, N is the number of statistically independent clutter scatters within the single range
bin. Generally, the received echoes are composed by the clutter, target and noise, which is expressed as

Xx=c+s+mn (20)

where ¢;, s; and n; represent the clutter, target and additive Gaussian white noise, respectively. Considering a moving target with complex
coefficient &g, the target signal can be written as

s1=¢go¥ (Ro, 90,60, vo) = €0 [gf‘f]‘lf(Ro 90)) ] ® oty (fr (90, 60)) ® B (far (w0, b0, Vo)) (21)

where P (Ry, @0, 00, Vo) is the presumed space-time-range steering vector of the target, where Rg, 6y, ¢ and vg are the range, azimuth an-
gle, elevation angle and radial velocity of the target, respectively. Here fg: (¢o, 60, Vo) = 2 (V cos (6p) cos (¢o) + vo) T /Ao is the normalized
Doppler frequency of the target.

3. Clutter suppression scheme of dual-mode radar

In this section, a clutter suppression scheme for PA-FDA dual mode radar is presented. It is known that the conventional PA radar
suffers sufficient performance loss in range-ambiguous clutter scenario. In contrast, FDA is superior in range ambiguous clutter separation.
The proposed scheme contains two key points: i) The range-ambiguous clutters are separated by using FDA, and ii) A reconstructed CCM
is applied for range-ambiguous clutter suppression for PA.
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Fig. 3. Clutter spectrum in vertical spatial frequency-range domain for FDA radar (a) Before SRDC (b) After SRDC.

3.1. Range-ambiguous clutter separation with FDA

In the vertical FDA counterpart, the range-ambiguous clutter can be completely separated in the vertical spatial frequency domain by
introducing range frequency. To better separate and extract rang-ambiguous clutters, secondary range dependence compensation (SRDC)
and pre-STAP filtering are required [30].

The transmit vertical spatial frequency of FDA in (14) is defined as follows

2AfR dsi
e Ripotp) = 1 (Rig) + o 1) =2 R 250 (61)

2A 2A dH
Z—Tle—Tf(p—l)RLwl-

(22)

)LORl,p

where R;, =R, + (p — 1) Ry denotes the slant range of clutter located in the pth range-ambiguous region within the Ith range bin, R; is
the principal slant range, R, is the maximum unambiguous range, and sin ((pl,p) =H/Ry .

Compared with the vertical spatial frequency of traditional PA, the range frequency f; (R,,p) is an extra term due to the increment
frequency A f. We can see from (22) that the range frequency f: (R,,p) is function of the principal slant range R; and index of the range
ambiguity p. As R; is known for each range bin, the compensation vector is constructed as [30]:

T
hc(R,):[1 i IR ej47rATfRz<M—1>] (23)

After SRDC, the 3-D clutter snapshot of FDA in the range bin can be expressed as

Ng Nc

ofh = Z Zfl,p,q &y (ft (Rup.@1p)) ® e (fi (@1.p-0q)) ® B (fao (@1.p-0g)) (24)

p=1q=1

where &, (f (Ri,p. ¢1p)) = he (R) © oty (fi (Ri,p. @1p)) is the compensated transmit steering vector. The compensated vertical spatial
frequency can be expressed as

Fopogp) =220 (o 1yr, 4 450 002) (25)
c Ao
Fig. 3(a) and Fig. 3(b) depict the power spectrum of range ambiguous clutters in the vertical spatial frequency domain before and
after SRDC, respectively. Here we consider the range ambiguous number as 4. It is observed that the power spectra change evidently
with respect to slant range in Fig. 3(a) while the variation is alleviated after SRDC in Fig. 3(b). Therefore, it is possible to separate the
range ambiguous clutter in the transmit vertical spatial frequency domain by designing a series of bandpass spatial filters, referred to as
pre-STAP filters.
The pre-STAP filtering is applied to extract clutters from different range-ambiguous regions, which is express as

. . T
g,= [1 el fip.0y) ... pi27fi(pgrp)(M-1) ] (26)
Notice that low-sidelobe property is desired for the pre-STAP filters in practice. The extracted clutter corresponding to the pth range-

ambiguous region in the Ith range bin can be expressed as:

Ne Ne

clpt=2_2 &palgrav (fi (Rip. oup))] @ i (fi (1. 69)) @ B (fao (41,5 0)) (27)

p=1g=1
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It follows from (27) that the clutter in vertical spatial dimensional is filtered, i.e., gg&v (fe (Ri,p, ¢1,p))- The pre-STAP is equivalent to
beamforming in vertical dimension.

The power spectra of separated range ambiguous clutters for the airborne forward-looking array radar are plotted in Fig. 4. Here we
consider the range ambiguous number as 4. It is observed that the clutter spectrum of the first range-ambiguous region is severely spread
due to range dependence of the near-range clutter. In contrast, the range dependence of the second, third, and fourth range regions is
not so serious. Basically, the separation of range ambiguous clutters enables range dependence compensation for the first range region
independently.

In the sequel, the range dependence compensation approach can be applied, especially for the first range region echo. Here we use the
DW method [5] as an example, which is written as

R . I,p
FDA _ ,j27 (k—1)Afp CIF;[))A (28)

€l p

where A pr is the Doppler frequency difference between the Ith range cell and the cell under test (CUT) within the pth range-ambiguous
region. Therefore, the CCMs corresponding to each range regions can be estimated independently with maximum likelihood approach, that
H
AFDA\ (AFDA
IRCHIICHY

1S,
H 1
FDA ~FDA\ (AFDA N
w0 @] =
1=1,I#l

where lp is the range bin where the target dwells.

(29)

3.2. Range-ambiguous clutter suppression for PA counterpart

Recall that PA radar suffers serious performance degradation of clutter suppression due to the existence of range dependence and range
ambiguity for the forward-looking geometry. The CCM of PA part in the lpth range bin can be written as

S pa pa\" S A
Z] (C’O*P) (C’O*P) - p¥1 LA

p=

H
H Na Nqg
PA _ PA PA _ PA PA —
RPA=E [(c,o ) (c£%) } e\ Zelh) (X elh) | ¢ (30)
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Notice that it is impossible to calculate Rl’; fqp because range ambiguous echoes cannot be separated in the PA part. Nevertheless, under
specific conditions, the covariance matrix corresponding to each range bin of PA part can be represented with that of the FDA part,
because they share the same spatial and temporal structures. Fortunately, the range ambiguous clutter echoes can be separated with pre-
STAP filters and the distinct CCMs can be calculated by (29). Therefore, the accurate CCMs estimated by FDA part can be applied in the
PA counterpart to address the CCM estimation issue. By combining the PA and FDA advantages, it is possible to handle range ambiguous
clutter suppression problem for forward-looking geometry.

Basically, the CCM corresponding to the PA counterpart is represented by linearly combining the distinct CCMs of different ambiguous
range regions, that is

Na
FDA
Rfo = ZRlosP (31)
p=1

As the linear combination increases the equivalent noise power, we further applied the noise reduction method by calculating the
equivalent noise power within the reconstructed covariance matrix. The eigenvalue spectrum is utilized to analyze the noise power of the
CCM. The eigenvalue decomposition of leo is written as

NK
Rl =VAVH =) "svivf (32)
i=1
where A = diag()q Ay o ANK) is a diagonal matrix with each entry being the eigenvalue of the covariance matrix, and V =
[v1 vy -+ VNK ] is the matrix containing all the eigenvectors. The eigenvalues are organized in non-increasing order as
M >A2> - Ap > Apy R RANK (33)

where h is the clutter DOF under range ambiguous clutter scenario, which is studied in [38]. However, due to non-ideal array configuration
and system errors, the rank of clutter subspace is difficult to determine. To address this problem, a random matrix theory-minimum
description length (RMT-MDL) is applied to estimate clutter DOFs in [39]. Firstly, the density function (PDF) of the test statistics is created

as.:
2
exp [_w} ) (34)

4y2

f(teio) = ——

where t. (h) is test statistics. 6 is the maximum likelihood estimation of eigenvalue vector, and u = NK/L. Moreover, according to the
MDL criterion, the MDL of the data matrix X is expressed as

A<X|9)=—ln’f(tc(h)|é>]—I—%(h—i—l)lnL (35)

where X = [xl X - X - XL ] is data matrix. Take (35) as the cost function, the simplified clutter DOFs h estimation is expressed
as

NK
(NK—h) > a2

A 1 i=h+1 (h+1InL

h=argmin{ — —(1+uw) |+ (36)
he.NK) | 4u? NK 2 2
2 A
i=h+1
The noise power is calculated as
1 NK
2
o = = Ai 37
" NK-—h Z ’ (37)
i=h
Therefore, the reconstructed covariance matrix is updated as
Rl =R} —o;1 (38)

where I is the identity matrix, and O'nz is the estimated noise power.

We compared several different methods with RMT-MDL method in Fig. 5(a), including ideal case in [40], principal component analysis
(PCA). It is obviously observed that the power of infection point estimated by both ideal case and PCA is significant large. Therefore,
neither ideal case nor PCA method can obtain relatively accurate estimation of clutter DOFs. In Fig. 5(b), the eigenvalue curves of the
covariance matrices before and after noise reduction are plotted. Besides, the eigenvalue curves of the covariance matrices corresponding
to the first and second range regions are provided as comparison. Before noise reduction as in (31), the noise power is increased obviously.
In contrast, the noise reduction method in (38) can reduce the noise power sufficiently.

For the moving target at Ipth range bin, the adaptive optimal weight is calculated based on the minimum variance distortionless
response (MVDR) criterion, that is
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Fig. 5. Eigenvalue spectra (a) Comparison of clutter DOFs estimation (b) Eigenvalue spectra corresponding to different covariance matrices.
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Fig. 6. Procedure of target detection for PA-FDA dual mode radar.
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where £ (6o, g0, vo) = et (fi (90, 60)) ® B (fur (¥, 60, v0)) is the space-time steering of the target. et (fi (90.60)) B (far (¢0. 60, Vo)) are
the temporal and spatial steering vectors, respectively. The SCNR output corresponding to the CUT of the PA counterpart is written as

Vour = wllleI;’)A (40)
where x,’; A is the dual-mode radar data of the lgth range bin corresponding to the PA part.
Note that the FDA part can simultaneously search for the targets located in the other angle regions by employing the wide beam
coverage property when the PA part detects and tracks the mainlobe target. For the target located in the other angle region from pth
range region, the adaptive optimal weight is calculated using the CCM estimated by FDA, that is

FDAF

WA _ Ry p t(61,91,v1)

lo.p — - oA\ 1= (41)

t7 (01, 91, v1) (Rlo,p ) (01,91, v1)
where v represents the speed of target located in the other angle region. The target SCNR output is calculated as
H

FDA FDA FDA

Your = (wlo,p ) Xlo,p (42)

where le) z}"‘ stands for the data received by FDA part in the lyth range bin.

The received echo structure of the PA-FDA dual-mode radar is depicted in Fig. 6. Here we plot the echo structure after transmit
waveforms separation. The 3-D cubic data matrix is composed of upper and lower portions, where the upper part in blue is PA data and
the lower part in red is FDA data. Thus there are equivalent MN entries in element dimension corresponding to FDA part. In contrast,
there are N entries in element dimension corresponding to PA part. There are K entries in pulse dimension. Specifically, the data blocks
in yellow and green belong to the data under test from PA and FDA part, respectively.

The main procedure of moving target detection can be depicted in Fig. 6. Firstly, clutters from different ambiguous range regions are
separated in FDA part by performing SDRC and pre-STAP filtering. Secondly, accurate CCMs corresponding to ambiguous range regions are
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Table 1

Radar parameters for the simulated data.
Parameters Values
Platform height 6000 m
Platform speed 500 m/s
Array element spacing 0.075 m
Frequency increment -8750 Hz
PRF 10000 Hz
Transmitted channel of vertical FDA 17
Transmitted channel of vertical PA 17
Received channel 10
Pulse number 10
Clutter-to-noise ratio 50
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Fig. 7. Clutter spectrum compensated by DW (a) without range ambiguity (b) with range ambiguity.

estimated with further employing range dependence compensation. Thirdly, the CCM of PA part is reconstructed by linearly combining the
CCMs estimated by FDA part. Finally, the adaptive weight is computed to suppress the range-ambiguous clutter for the PA part. Moreover,
the dual-mode radar can also leverage target detection within large angular coverage as FDA has wide spatial coverage.

4. Simulation results

In this section, simulation results are provided to verify the effectiveness of the proposed method. The system parameters of the PA-FDA
dual-mode radar are listed in Table 1.

4.1. Clutter spectra of traditional PA radar in range-ambiguous clutter

The DW method is adopted to compensate clutter range dependence caused by the array geometry of non-side looking in this paper.
The clutter spectra compensated by the DW method without and with range ambiguity are presented in Fig. 7(a) and Fig. 7(b), respectively.
It is observed from Fig. 7(a) that the clutter spectrum is well focused by the DW compensation, while the clutter spectrum is severely
spread in the presence of range ambiguity, which dramatically degrades target detection performance, especially for slow-moving targets.

4.2. Analysis of clutter suppression in PA-FDA radar

The signal-to-clutter-plus-noise ratio (SCNR) loss factor is commonly employed to evaluate the detection performance of the STAP
radar. The SCNR loss factor is defined as the ratio of clutter-limited output SCNR to the noise-limited output SNR, i.e.,

wHRsw

SCNR "R o oHRw o2
SCNRjpss = Ul — 7 Remn® _ o 0 (43)
SNRout WRw " @HRcin® 62NK
o7 Ry

where R, Rq+;n and R, stand for the signal covariance matrix, clutter-plus-noise covariance matrix and noise covariance matrix, respec-
tively. @ is the space-time adaptive weight vector. 002 and 052 represent the noise and signal power, respectively.

Fig. 8(a) and Fig. 8(b) demonstrate the clutter spectra estimated by all slant range bins in the traditional PA radar and by the proposed
method in the proposed PA-FDA dual-mode radar. In addition, an ideal clutter spectrum corresponding to PA is presented as a benchmark
in Fig. 8(c). It is observed from Fig. 8(b) that the clutter spectra of near-range and far-range regions are separated similar to ideal clutter
spectrum. The focused result of clutter spectrum is better compared to the PA in Fig. 8(a).

Fig. 9 depicts the SCNR loss of different methods, including the traditional STAP method in traditional PA with and without the DW
compensation, and the proposed method in the PA-FDA dual-mode radar with and without noise reduction. Moreover, the ideal curves
are also presented as a benchmark. It is observed that the SCNR loss performance of traditional PA in range-ambiguous clutter scenario

10
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Fig. 9. SCNR loss versus normalized Doppler frequency.

is terrible since the range ambiguity and dependence cause a spread of the clutter spectrum. In the proposed PA-FDA dual-mode radar,
the performance of range-ambiguous clutter suppression is superior to the conventional single PA radars. Moreover, it is seen that the
performance of the SCNR loss is improved by using the proposed noise reduction method.

4.3. Analysis of detection performance in PA-FDA radar

In this section, the target detection performance of the proposed PA-FDA dual mode-radar is discussed in range-ambiguous clutter
scenario. In particular, the number of transmitting elements of the single-mode radar is equal to the total number of transmitting elements
of the proposed dual-mode radar for a fair comparison.

Fig. 10 shows the target SCNR output of the traditional single mode PA radar, single mode FDA radar and the proposed PA-FDA dual-
mode radar, respectively. In this simulation, the input SNR, position and target velocity are set as 0 dB, 0° and 35 m/s, respectively. It is

11
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observed that, for the traditional single mode PA radar, the target SCNR output performance is so terrible since the Doppler frequency of
the target is buried in the Doppler region occupied by the expanded clutter spectrum. Moreover, we can also see that the target can be
detected by the single-mode FDA radar, while target SCNR output is reduced by about 10 dB compared with the proposed PA-FDA dual-
mode radar. The reason is that FDA cannot form a high beampattern gain similar to PA. The target SCNR output of the proposed PA-FDA
dual-mode radar is superior to the traditional single mode PA radar and single mode FDA radar in range-ambiguous clutter scenario.

To further verify the detection performance of the proposed PA-FDA dual-mode radar, Fig. 11 compares the detection probability
performance of the above three radars with respect to the input SNR of the target, where false probability is set as 10~>. It is observed
that the detection probability of the proposed PA-FDA dual-mode radar is superior to the traditional single mode PA radar and single
mode FDA radar. Notably, under the background of range-ambiguous clutters, the proposed dual-mode radar has a 25 dB performance
improvement in moving target detection compared with the traditional PA radar. In conclusion, under the background of range-ambiguous
clutters, the target detection performance of the proposed PA-FDA dual-mode radar is better than that of the traditional single mode PA
radar and the single mode FDA radar. Therefore, the PA-FDA dual mode radar offers tremendous potential for tracking targets.

5. Conclusion

In this paper, a PA-FDA dual-mode STAP radar is established in signal-level fusion mode. A range ambiguous clutter suppression scheme
for PA-FDA dual mode radar is presented. In the proposed method, the CCM of PA part is represented by using linear combination of
distinguishable CCMs corresponding to different range regions in the FDA part. A noise power reduction method is devised to enhance the
CCM estimation accuracy. The enhanced CCM is applied in PA counterpart, which maximizes the high beampattern gain of PA and range
ambiguity resolvability of FDA. Simulation examples show that the PA-FDA dual-mode radar has a 25 dB SCNR improvement compared
with the traditional PA radar. Area for future consideration should include approaches to overcome the limit of non-zero cross-correlation
energy caused by imperfect orthogonal waveforms.
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