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Subaperture Keystone Transtform Matched Filtering
Algorithm and Its Application for Air Moving
Target Detection in an SBEWR System

Muyang Zhan

Abstract—Long-time coherent integration is an effective ap-
proach to improve detection performance for weak air moving
targets (AMTs). The range position variation and azimuth Doppler
variation will easily exceed range gate and Doppler resolution in
a long observation time, resulting in severe performance degra-
dation, especially for high maneuverability target. Besides, the
high detection performance and low computational complexity
ability are, most of times, the contradiction requirements by using
the existing long-time coherent integration algorithms. To over-
come above constraints, a novel subaperture keystone transform
matched filtering (SAKTMF) method is developed in this arti-
cle based on the conventional hybrid integration (HI) algorithm,
which can realize coherent integration both within the subaper-
ture and among subapertures, effectively improving the detection
performance of a weak moving target. Furthermore, the proposed
SAKTMF is applied for weak AMT detection in spaceborne early
warning radar, which considers serious extended clutter, range
migration, and Doppler migration problems simultaneously. Sim-
ulation experiments processing results show that the proposed
method can provide improved detection performance compared
with the conventional HI methods.

Index Terms—Air moving target (AMT) detection, keystone
transform (KT), long-time coherent integration, spaceborne early
warning radar (SBEWR).

I. INTRODUCTION

PACEBORNE early warning radar (SBEWR) can pro-
vide many advantages in continuous global coverage, anti-
stealth capabilities, and high safety features, which play a very
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important role in moving target surveillance [1], [2], [3]. With the
rapid development of aviation and aerospace technology, threats
from time-sensitive air moving targets (AMTs), such as stealth
aircraft, cruise missiles, and near space hypersonic aerocraft,
have become more frequent and difficult to be detected and
tracked [4], [5]. In addition, due to the high-speed motion of the
spaceborne platform, the observed moving targets may be easily
submerged in the broadened ground/sea clutter background,
making weak AMTs detection more challenging. To address this
problem, post-Doppler space—time adaptive processing (STAP)
techniques [6], such as extend factored approach [7], “filter-then-
adapt” [8], and joint domain localized [9] have been proven to
be effective tools to improve the output signal—clutter and noise
ratios (SCNRs) of AMTs in an SBEWR system [10].

However, for an AMT with a low radar cross-section (RCS),
the target energy is usually insufficient to exceed the expected
detection threshold. Extending the observation time is an ef-
fective way to increase the target output signal-to-noise ratio
(SNR); however, due to the high maneuverability of an AMT,
undesirable range migration (RM) and Doppler frequency mi-
gration (DFM) will appear during the long dwell time [11],
[12], resulting in a severe performance degradation in traditional
moving target detection (MTD) method. To alleviate the influ-
ences of RM and DFM, many potential solutions [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
(261, [27], [28], [29], [30], [31], [32], [33], [34], [35], [36].
[37], [38], [39], [40], [41] have been proposed in recent years,
which can be mainly categorized into three types according to
the integration modes: 1) noncoherent integration methods [13],
[14]; 2) coherent integration methods [15], [16], [17], [18], [19],
(201, [211, [22], [23], [24], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35], [36], [37], [38]; and 3) HI methods [39],
[40], [41].

The most representative noncoherent integration method is
Hough transform (HT) [13], [14], which integrates target energy
along range history in range-compression domain by discarding
phase information. However, the performance representation of
HT method is limited by the poor noncoherent integration gain
and this method may be more applicable for uniform motion
target detection.

To improve detection performance and get the utmost out of
the phase information, coherent integration methods are widely
developed [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
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(251, [26], [27], [281], [29], [301, [311], [32], [33], [34], [35], [36],
[37], which can be further subdivided into four categories, i.e.,
Radon-based methods [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], keystone transform (KT)-based methods [25],
[26], [27], [28], [29], matched filtering (MF)-based methods
[30], [31], [32], and reduced-order (RO)-based methods [33],
[34], [35], [36], [37]. The core idea of the RFT and GRFT is
that the range and Doppler phase variations are compensated
simultaneously by searching all possible target motion states.
Followed by this main idea, many novel kernel functions are
widely developed, including linear transform such as Radon-
fractional Fourier transform [17], and nonlinear transform such
as Radon-Lv’s distribution [ 18], and others kernel function tools
in [19], [20], [21], [22], [23], and [24]. In spite of the coherent
integration gain can be obtained in these methods, the ergodic
search operation in Radon-based methods will inevitably intro-
duce unbearable computational burden. To alleviate the com-
putation complexity, KT-based methods are proposed, such as
KT [25], second-order KT [26], generalized KT, generalized
dechirp process [27], and others modified KT [28], [29]. In these
KT-based methods, certain order of RM can be first removed by
KT or modified KT technique result in computation efficiency
improvement, while may not deal with high-order maneuvering
motions and high-speed target with Doppler ambiguous. Typical
MEF-based methods include KT matched filtering method [30],
two-dimensional (2-D) matched filtering method [31], and se-
ries reversion method [32]. MF-based methods handle RM and
DFM by implementing the time-domain or Doppler-domain MF
processing, which can effectively accomplish target integration
detection while still suffering from the heavy computational
complexity since the searching operation is required. The RO-
based methods [33], [34], [35], [36], [37] generally design a
particular nonlinear kernel function to reduce the phase order
of the radar returns and effectively alleviate the influence of the
RM and DFM, leading to a rapid detection strategy. Typical RO-
based methods including the adjacent cross-correlation function
(ACCF) method [33], and range frequency reversals transform
method [34]. Unfortunately, nonlinear operations may lead to
unexpected performance losses.

To achieve a compromise between the target detection perfor-
mance and real-time processing requirements, hybrid integration
(HI) methods have been proposed in [38], [39], and [40], which
joins subaperture coherent integration within subaperture and
noncoherent processing among subapertures to realize target
detection and track identification. In [38], the MTD and gener-
alized Radon transform (GRT) are combined to reach this goal,
which optimizes computational complexity with the sacrifice
of the detection performance induced by incoherent integration
among different slow-time subapertures.

Illuminated by the existing works [38], [39], [40], [41], [42],
[43], in order to recover this part of performance loss and utilize
the advantage of HI algorithm, in this article, a novel method,
named subaperture keystone transform matched filtering (SAK-
TMF) is applied to improve the detection performance of AMTs
in an SBEWR system. First, linear RM in whole-aperture
is eliminated by performing the well-known KT. Then, the
complete echo data are reasonably divided into multiple
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slow-time subapertures along the temporal dimension. Subse-
quently, a proper phase compensation function is constructed to
eliminate the unwished phase difference among subapertures.
Finally, another coherent integration operation is realized along
different subapertures. By combining the advantages of HI and
coherent integration, the proposed SAKTMF method can obtain
entire coherent integration gains with relatively high computa-
tional complexity. After that, the SAKTMF is applied for weak
AMT detection in SBEWR system as an alternative, which
considers serious extended clutter, RM, and Doppler migration
problems simultaneously. Performance analysis and simulation
results show the superiority and effectiveness of the proposed
SAKTMF method.

Relative to conventional methods, the proposed SAKTMF
method has the following characteristics:

1) Compared with the GRFT method [16], the computation
complexity is significantly degraded since searching di-
mension is reduced; in addition, the proposed SAKTMF
method free from the BSSL influences, since the velocity
ambiguity part can be compensated in advance [30].

2) Compared with the HI method in [38], the integration gain
of the proposed SAKTMF method is improved benefited
from the coherent integration gain among different sub-
apertures.

3) Compared with nonlinear kernel function based methods
in [18], [19], [20], [21], [22], [23], and [24] and [33], [34],
[35], [36], and [37], the proposed method is immune to
performance loss induced by nonlinear operation, result-
ing in applicable in low SNR environment.

4) Compared with the methods in [13] and [14], and [17],
[26], [27], [28], [28], [301, [311], [32], [33], [34], [35],
[36], [37], and [38], and modified HI methods [41], [42],
[43] which is designed for particular motion model, the
proposed method can be applied for target with arbitrary
motion order. In addition, clutter influence for SBEWR is
considered in this article.

The remainder of this article is outlined as follows. Section II
presents the conventional signal model. Section III introduces
the proposed SAKTMF method in details. Section IV describes
the application of proposed SAKTMF in an SBEWR for AMT
detection. In Section V, numerical simulations of MTD and
performance comparisons are demonstrated to validate the ef-
fectiveness of the proposed methods. In Section VI, some discus-
sions for the proposed method are introduced. Some conclusions
are drawn in Section VII to close this article.

II. CONVENTIONAL SIGNAL MODEL

Typically, a linear frequency modulated (LFM) waveform
is adopted as the transmission signal to ensure adequate time-
bandwidth product, which can be expressed as

s (t,) = rect (t,/T,) exp [j27 (fotr +7t2/2)] (D)

where rect(-) denotes the rectangle window function, symbols
ty, Tp, fc, and «y being the range fast-time variable, the pulse
duration time, the carrier frequency, and the LFM chirp rate,
respectively.
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Suppose that there is an uncooperative moving radar to be
illuminated over the entire radar observation period, different
from the methods in [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [301, [311], [32], [33], [34], [35], [36],
and [37], here the instantaneous slant-range between radar and
moving target is modeled by the arbitrary K-order polynomial,
ie.

K
R (tm) :Zﬁt’“ b € {—T“ Ta} 2)

where t,,, is the azimuth slow-time variable, x;, is the motion
parameters of k order, K denotes the maximum polynomial order,
and 71, is the dwell time.

After range pulse compression (PC) and demodulation oper-
ation, the received radar echoes signal in the range-frequency
and slow-time domain can be noted as [17]

Ss (fritm) = orect [é] rect E:ﬂ
A h)

c

<oxp |- Re| @
where f,. is the range frequency variable, o is the complex
amplitude, B is the range bandwidth, and ¢ is the speed of
light. After performing the range inverse fast Fourier transform
(IFFT), the received echoes signal can be further described as

55 (ty,t,,) = Arect [g:”} sinc {B[t, — 2R (t;,)/c]}

a

PR )] @

X exp {—
where sinc(+) denotes the sinc function and A is the wavelength
of the emission signal. From (4), it can be easily observed that
the time-varying slant-range R(¢,, ) will lead to the peak position
variation in range direction and Doppler variation in the azimuth
dimension. For a high-maneuvering target, the RM and DFM
will occur when the following conditions are satisfied:

K
xkk C
RM = S Zkgk o € 5
];k:!“>23 )

K

2 T k—1 1
DFM = — T — 6
Akzﬂ(k:—l)!“ ° T, ©)

where RM and DFM are the maximum variations in the range
and Doppler dimensions, respectively. In order to realize the
improvement of detection performance for weak targets by
extending the observation time, the above RM and DFM should
be effectively processed.

III. PROPOSED SAKTMF METHOD

In this section, the HI algorithm [38] is first introduced con-
cisely. After that, following the main idea of the HI algorithm,
the SAKTMF method is established in details based on two steps
coherent integration strategy.
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m,L

Fig. 1. Diagram of azimuth time division.

A. Review of Conventional HI Detection Algorithm

Suppose that the whole echo data in (4) is uniformly divided
into L subblocks, each of subintervals contains N, sample num-
bers and subinterval dwell time is 7. = T, /L. Then, the echo
signal in (4) can be rewritten as [38], [39], [40], [41], [42], and
[43]

tT k) tm

Zssl t’!)t’ﬂl l (7)

with the /th subaperture echo expression

a

881 (tr,tm,1) = Arect [tT } sinc {B [t, — 2R (t;m1)/c]}

4
X exp [_ j:R(th)} ®)

where  t,; € [-To 2+ (1 — V)T, —To/2+1T,), (1 =1,2,
., L) is the segmented azimuth time variable, whose partition
diagram is displayed in Fig. 1.
The principle of azimuth subaperture division is based on the
constraint that RM and DFM do not occur within the subaper-
ture, i.e.,

K
Ty
— < —

ARM = Y ATk < S ©)
k=1
2 K x

ADFM = = k__ph-1 o 1

kk:Q(k_D! ¢ _Tc (0)

where ARM and ADFM are the maximum variations along
the range and Doppler direction in a subaperture, respectively.
Under this constraint, the target can be preliminarily integrated
by performing the azimuth fast Fourier transform (FFT) in each
subaperture, one has

55 (trafm) [Ssl (trvtm,l)} (11)

where FFT _ [-] denotes performing FFT operation with respect
to t,,, and f,,, denotes Doppler frequency.

Finally, the incoherent integration among subapertures is
carried out by using GRT [38], which can be noted as

— FFT,,,

L

Hl{a} =)

=1

55, (2r<a i), f(a,ZTc))’ (12)

where a is the searching parametric space vector, r(c, IT..) and
f (e, IT,) denote the range and Doppler position corresponding
to the subaperture index [ and searching motion parameter space
a, respectively.



ZHAN et al.: SAKTMF ALGORITHM AND ITS APPLICATION FOR AMT DETECTION IN AN SBEWR SYSTEM

2265
T
1, A%

i &
'} Range history |
] ]
s .
& i

[ ] Linear RM correction ] Azimuth subaperture division
] i
i i
5 [
" u
L] =
[ =
. f
1 [
LB ]

_l—t; _l—t> !
Preliminary integration
(@ () (within subaperture) ©
A
I 74 A
_ Secondary integration Phase compensation
. (Among subpertures) “]_among subapertures N
o h h
o t, > A
: 0 r

( Compensated ‘
target trajectory
\ 7

®
Fig. 2.

N ,
Target trajectory i\
( l ; /

(© ()

Flow chart of the proposed SAKTMF method. (a) Range profile in the range-compressed domain. (b) Range profile after linear RM correction by KT.

(c) Azimuth subaperture division. (d) Preliminary integration within subaperture by MTD. (e) Phase compensation among subapertures. (f) Secondary integration
among different subapertures by subaperture FFT.

B. SAKTMF Algorithm

Conventional HI method in [38] only considers the focused
positions change among the subapertures, while discarding
the phase differences for different subapertures. Motivated by
the methods in [38], [39], [40], [41], [42], and [43], a novel
SAKTMF method is developed based on the phase relationship
derivation among subapertures, whose main steps are listed as
follows: 1) linear RM correction by the KT; 2) azimuth subaper-
ture division and preliminary integration within subaperture;
and 3) phase compensation and secondary coherent integration
among subapertures. Fig. 2 shows the flow chart of the proposed
SAKTMF method.

1) Linear Range Migration Correction: The KT with
(fr+ fe)tm = feTim is first performed on (3) to accomplish
linear RM correction [25].Then, one can obtain

Ir fe Tm
Ss(fr, Tm) =orect [ } rect |:fr T J

AT (fr+ fo) = fo \*
B ()

X exp

where 7,,, is the new azimuth time variable.

According to the Taylor series expansion around the range
frequency variable f,, we have

k
(—fc ) ~1—k fT. (14)
fr =+ fe fe
Substituting (14) in (13), one can obtain

Ss(fryTm) = orect [f } rect {fricfp Tij

X exp |:—] am (frc+ fe) $0:|

xep< dn g~ )

A e

I LT

Xexpl ) 2k f%] (15)

Clearly, the linear coupling relationship between f,. and first-
order term of 7, is effectively eliminated.

2) Azimuth Subaperture Division: To avoid the high-order
RM and DFM in each subinterval, the azimuth subaperture
division technique is subsequently adopted. And the echo signal
in (15) can be rewritten as the following summation form [38]

s
e
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[39], [40], [41], [42], [43]

5 (frsTim) (16)

ZSSI f’raTml

with /th subaperture echo given by

Ssi (fryTm,1) = orect {f ] rect [ Je Tml:|

f7+f(/ C
Ar (fr + o) }
J——Xo

X exp |—
c

[
l 2 i

x exp it 11 (17)
where 7, € [T, 2+ (I - 1)T.,—T,2+1T,), (I=1,2,
., N..) is the segmented slow-time variable after performing
the KT.
Considering that 7,,,; = 7p,,1 + 1 - T} , the relationship be-
tween the /th subaperture and reference subaperture (first sub-
aperture) echo can be expressed as

Ss1(fryTm) = Ss1 (fry Tm,1) X Der (fry Tim1)
with the phase difference given by

A‘Pl (.fra 7-m,l)

4 K (kL
k T
:eXp[ )\Z(_ Cle Tml>
K [k-1
k T r
X exp [ Z (Z Ck(lT ) 1)1
k=1 \r=0
19)
The phase relationship in (19) indicates the phase difference
among subapertures after KT and subaperture division opera-
tions, which relates to the target motion parameters and subaper-
ture index. Within the subaperture, the RM and DFM caused

by the higher order phase can be ignored and the preliminary
coherent integrated result after the range IFFT and azimuth FFT

of (18) can be expressed as

(18)

851 (tr, fm3 )

~ A’sinc {B

X sinc {Tc

47TK;E

. k k
— — (T,
])\,;Jk!( )

K
tr—2<$0—2(k

k=1

(20)

X exp [—

where A’ is integrated amplitude. It can be clearly observed that
target peak position varies with different subaperture, which is
determined by the high-order motion parameters of the target
and the subaperture index.
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3) Subaperture Coherent Integration: Based on the phase
relationship in (18), construct the following phase compensation
function to remove the phase variation among subapertures
caused by the high-order motion parameters, i.e.

Hl,comp (fr; Tm,15 i)

ol o
:exp[ Z(Z Clekr;L1>
k=1
k
xexpl (Z Ck(lT)k r :;”)]

21

k=1

where (k= 2, - - , K) denotes searching motion parameters,
and corresponding searching motion parameters vector is de-
noted by .

Suppose that searching motion parameters match the true
value well, i.e., Ty = xp(k =2, -+, K), the Ith subaperture
echo signal after multiplying with the phase compensation func-
tion in (21) can be expressed as

4
Ssl,comp (fraTm,l) =55 (fTva,l) €xXp |:_] ;xlch:| . (22)

After that, followed by the preliminary coherent integration
within subaperture by taking range IFFT and azimuth FFT on
(22), secondary coherent integration can be implemented by
subaperture FFT, whose expression is shown as follows:

SS;/,I (tTv fma fl)

~ LA’ -sinc [B (t,. - 2?)] sinc [Tc (fm + im)}

X sinc [NC (fl + ixch)] exp {jél;r (zo + xllTC)}
(23)

where f; is defined as the subaperture frequency variable with
respect to [. From (23), it can be observed that the target will
be completely focused at the corresponding range gate, Doppler
gate, and subaperture frequency gate. In addition, target energy
is coherently and fully integrated, and the proposed SAKTMF
can be concluded as

SAKTMF (t,, fm; &) = FFT, {FFT,, {IFFT;, [S,

x H, ,comp (fme 1, )]}}

where IFFT, [-], FFT, [-], and FFT;[-] represent performing
IFFT along the range frequency, and FFT along the azimuth and
subaperture direction, respectively. In the meantime, the motion
parameters can be, respectively, estimated as

(f’l‘7 Tm,l)
(24)

2
F= — 5 [argmax {SAKTMF (t,, fm; )} 25)

f m

& = arg max {SAKTMF (t,., fin; &)} . (26)
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Fig. 3. Geometry relationship between the SBEWR platform and an AMT.

IV. APPLICATIONS FOR AMT DETECTION IN AN
SBEWR SYSTEM

In this section, the SAKTMF method is applied in an SBEWR
system, so as to improve the detection performance for a weak
AMT, where the second-order motion model is considered in-
stead of arbitrary order in this scenario.

A. Signal Model for an SBEWR System

The 3-D geometry between an SBEWR platform with a height
of H and an AMT located at (xg, yg, zo) is shown in Fig. 3. In an
SBEWR system, the whole antenna aperture is usually applied to
transmit the radar signal to enhance the output energy of a weak
AMT. The azimuth receiving antenna is uniformly divided into
M subarrays in order to provide enough spatial freedom. The
distance of the mth receive channel with respect to the reference
(first) channel is d,,, = m -d,m = 0,1,..., M — 1, where d is
the physical distance between two adjacent channels. v is the
platform velocity, and v, and v, denote the target along- and
cross-track velocities, respectively. The angles 0g; ¢, Oas +,and
Ocone,+ are the elevation angle, azimuth angle, and cone angle of
this AMT, respectively.

According to Fig. 3, the equivalent self-transmitting and
self-receiving slant range between an AMT and the mth receive
channel can be calculated as

_ lw = vp) ta + (D +dn) /2 — o)
Rim (ta) \/+(y0 + vyta)Z +(H - 20)2

27)

where t, is the azimuth slow-time variable and D = M - d is
the whole azimuth size of the transmitted antenna. According
to second-order Taylor expansion and by performing a chirp
deramp by using the platform parameters [25], one can obtain

D+d . 1
=™ cos 04zt sinOp; i +veta+ faetz
(28)
where Ry = \/ 22 +y2 + (H — 29)° is the nearest slant
range, Ve = Uy SN Oaz ¢ SIN Op1 ¢ — Vyg COS Opzi e Sin Op ¢ is the
equivalent radial velocity with the relative platform ve-
locity v,y = v — vy, and e = [—200; + V2 — (V. COS Opzit

ROt,m (tll) ~ RO -
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sin Gk ¢ + vy sin Oayi ¢ sin 0r1¢)%]/Ro is the residual second-
order coefficient related to the target unknown motion parame-
ters.

After PC, the received baseband echo signal of the mth re-
ceived channel can be denoted as [10]

c

2R, ta
8S¢,m (tr,tq) = Ayrect <;f> sinc {B (tr - 0“”())}

a

X exp {‘jirR()t,m (ta)] (29)
where Ay = Pt BGr(Oazits Op1.4)G R_sub(0azit, O )20/
(47)°RAL, is the target echo amplitude calculated by the
radar equation; the symbols P, 7, B, Gr(0azit,081t).
Gr sw(0az,081,), A Ls, and o are the peak power,
pulsewidth, signal bandwidth, full aperture gain of the
transmitting antenna, subchannel gain of the receiving antenna,
wavelength, system loss, and target RCS, respectively.

In this article, we consider enhancing the target output SCNR
by prolonging the observation time; as a consequence, RM and
DFM, in virtue of target motion, should be taken into account,
where the range curvature in (29) is ignored since it is usually
less than a range resolution cell in an SBEWR [1].

B. Application of Proposed SAKTMF Method

In order to improve the detection performance for a weak
AMT, we apply the proposed SAKTMF method in SBEWR
system with some minor revisions and the processing procedures
of the proposed scheme are shown in Fig. 4. In the following
derivations, echo signal begins with completed preprocessing
steps, including clutter compensation and linear RM correction
by KT, which can be expressed as

Ta . 2R,
55¢,m (tr, Ta) = Asrect (Ta) sinc [B (tr - C”)}

4 D +dy, .
X exp [—j; (Ro - % 0 Oagi ¢ Sin Opy 4

+ VeTq + ;aeT(f)} (30)
where 7, is the azimuth time variable after performing KT.

1) Slow-Time Subaperture Division: In recent years, many
studies [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
(251, [26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37] have addressed the problem of DFM based on mo-
tion parameter searching and accomplished target refocusing
under the hypothesis that potential moving targets have been
detected. However, the existence of an AMT in SBEWR echoes
is unknown in advance; in addition, under the condition of fixed
revisit time, the real-time requirement of the SBEWR is very
urgent to realize the wide surveillance of the terrain of interest.
Therefore, the above parameter-estimation-based methods may
not be suitable for AMT detection in an SBEWR system.

To address this contradiction between the presence of a poten-
tial AMT and the real-time processing requirement, the influence
of DFM is alleviated by using slow-time subaperture division
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Fig. 4. Processing procedures of the proposed method for AMT in SBEWR.

technique. Suppose that the whole echo signal is divided into L
subintervals, which can be rewritten as

L
SSt.m (t'm Ta) = Z SSt,m,l (tra 7_a,l) (31)
=1

where 7, ; is the segmented temporal variable. In each subaper-
ture, DFM can be ignored and the AMT signal can be initially
focused by performing the azimuth FFT, i.e.

Sst,m,,l (tm fm)

= A}sinc {B (tr — 2?0” sinc{TC [fm + % (ve + aelTC)}}

27 (D +dy)

X exp [j €08 O a4 ¢ sin QEM}

X exp [—jdf (Ro + v lT, + ;aelsz)] (32)
A, =PnT.BGr(0asit, Op1,t) GR_sub(Oazi i, Op1e) 220/
(47)° R4 L is the signal amplitude and P, is the radar average
power.

2) Clutter Rejection: By using the multichannel configura-
tion, for the /th subaperture and mth azimuth channel, the echo
data of @, ;(tr0, fao) in ¢ — f, domain can be arranged into

a vector X (tr0, fa0) = [$1,l(tr07fao)7~--,iﬂM,l(fro,fao)]T,

where
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which is formulated as

HO . Xl (tr07 faO) = SSC,I (tr07 faO) + ny (tTO) faO)
Hl : Xl (tT'Oa faO) = SSt,l (t'l‘Ov faO) + SSc,l (t7‘07 faO)
+ny (tT’Oa fa()) (33)

where hypotheses Hy and H; represent the detection cell with-
out an AMT and the detection cell with an AMT, respec-
tively- SSt,l(t'f’07 faO)’ SSc,l (tTOa faO)a and n; (tr07 faO) denote
the multichannel signal components of an AMT, clutter, and
Gaussian white noise, respectively. According to (32), the mul-
tichannel AMT signal is given by

SSt,l (t7‘07 faO) :[S‘S’t,l,l (tTO) faO) P SSt,M,l (t’r'07 faO)]T~
(34)
In addition, the multichannel clutter signal can also be ob-
tained by using a similar derivation with the scatterer velocity
setting as zeros [10]. According to (34), the post-Doppler STAP
is implemented in the /th subaperture to realize clutter suppres-
sion, which can be expressed as

. H -
{“%“ W' R W, 5)

st. WHS =1

where S is the spatial-time steering vector of an AMT, W is the
clutter rejection weight vector of the /th subaperture, and Rsub,l
is the covariance matrix estimated from the adjacent / range cells
according to Rawy = 321 Xi(tro.i, fa0) X1 (troi, fao)™ /1.
tro,i (¢ =1,---,1) denotes the range time with respect to the
selected range samples.

Finally, the adaptive filter output is

le (t'r07 faO) = W({{pl’le (trUa faO) (36)

. . . |
where the optimal weight vector Wop 1 = Ry, S, and the

normalized scalar y; = S¥ R:ui 1S is the normalized scalar.

After that, the target energy is coherently synthesized in
the spatial domain but is still dispersed among the temporal
subapertures. Thus, initial CFAR detection with low threshold
Vit is performed on the reference subaperture to extract the
range-Doppler positions of the potential targets, which can be
described as

Hy
TiowThre = Y7 (t7‘07 faO) % Vir.
0

(37)

3) Subaperture  Coherent  Processing: Assume  that
ss’t7l(tr, T,,1) denotes the target echo signal after performing
the azimuth IFFT on (36), the relationship among subapertures
can be noted as

ss'u (tr, Tay) = 55;71 (tryTa1) X Ay (Ta1) (38)

with the phase difference given by

47

1
A () == 35 (0T 4 JulPTE + alTirs )
(39)
Different from (19), the phase term in (39) ignores the RM

terms since the RM has been removed by KT in a narrow-band
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TABLE I TABLE II
RADAR SYSTEM PARAMETERS AIR MOVING TARGET PARAMETERS
Parameter Value Parameter Value Range cell RCS v, v,
Carrier frequency 3 GHz Range pulse number 208 Tar 1 200 0.5 m? 100 m/s 200 m/s
LFM Bandwidth 20 MHz | Azimuth pulse number 3000 Tar2 300 0.5 m* 150 m/s 250 m/s
2
Sample frequency 30 MHz Subaperture number 50 Tar 3 400 0.5 m 200 m/s 300 m/s
Pulse duration 2 us Subaperture pulse number 60

Pulse Repetition Frequency | 1500 Hz | Coherent processing time 2s white Gaussian noise is added for evaluation of the proposed

SBEWR system. Thus, the corresponding phase compensation
function degrades into the following 1-D form, i.e.

A 1
Hj comp (Ta,15 0e) = €xp |:.])\’ <OzechTa71 + 2ael2TC2)] .

(40)
It should be noted that the computational cost in this step is
low since only a 1-D search is involved; additionally, piecewise
processing effectively reduces the data length in each search,
resulting in higher computational efficiency.
When the searched second-order coefficient matches the true
value, the final target integration results by the azimuth FFT and
the subaperture FFT can be expressed as

SSQ l (tr; fvmfl) - LAQ/SinC |:B (tr — 21%0):|
7 C

X sinc {TC (fm + iveﬂ
. 2
X sinc {Nc (fl + kveTc)]

47

X exp [j)L <R0 — g cos 04 ¢ sin 9E17t)} 41
where A} = MP,T.BG1 (s, Or1t)GRr-sub(Oazit: Or1t)
220 /(47)° RAL, is the target amplitude after implementing the
spatial domain synthesis and subaperture coherent integration.

After that, the target energy has been finally integrated by the
above steps, and thus the high threshold CFAR technique can be
utilized to accomplish the final target detection, which can be
denoted as

H,
!
Thighthre = 85 (trs frm1) 2 Var
Hy

(42)

where Vyr is the high detection threshold determined by the
specified false alarm and detection probability [43]. The above
process flows are repeated for each possible target point deter-
mined by (37). As a result, the false alarms can be effectively
removed and the true moving targets can be well extracted.

V. SIMULATION RESULTS AND ANALYSIS
A. Point Target Simulation Results

This section focuses on the effectiveness of the proposed
SAKTMF method, and the radar system parameters are given
in Table I. A moving target with second-order motion model
is used in the simulation, where the radial velocity and radial
acceleration are set as 80 m/s and 20 m/s?, respectively. The

method in the case of noise, where the range-compressed SNR
of this moving target is set as 5 dB.

The processing results of each step in the proposed SAKTMF
method are provided in Fig. 5. The range-compressed target
profiles before and after liner RM correction are shown in
Fig. 5(a) and (b), respectively. Clearly, RM of this target is
greatly relieved by using the well-known KT. Subsequently, the
whole-aperture return is divided into 60 subapertures and each
subaperture contains 50 pulses. Preliminary integration is car-
ried out by performing azimuth FFT, and the integration results
of the subaperture 10, 20, and 40 are exhibited in Fig. 5(c)—(e),
respectively. From these figures, it can be observed that the
focused positions both in range and Doppler directions varies
with different subapertures. To integrate entire target energy,
phase compensation and subaperture coherent integration are
implemented, as introduced in Section III-B. The accumulation
values vary with the searching target second motion parameter
is shown in Fig. 5(f), where the peak position corresponds to the
target second motion parameter estimation. The compensated
subaperture integration results with respect to the optimal ac-
celeration estimation of subaperture 20 and 40 are shown in
Fig. 5(g) and (h), respectively. It can be observed that peak
position variation between subapertures is eliminated. After that,
a secondary accumulation result at 132th range gate by the
proposed SAKTMF is shown in Fig. 5(i), where a distinct peak
is formed in the subaperture-frequency and azimuth-frequency
domain.

In order to make a comparison with existing methods under
low SNR environment, the GRFT method [16], HI method [38],
and ACCF method [33] are added for the comparative methods.
The SNR decreases to —20 dB, and the others simulation condi-
tions keep the same as used in Fig. 5. The accumulation results
of different methods are shown in Fig. 6, from which it can be
observed that the ACCF method and HI method are invalid in
this case since the performance loss is unacceptable in the low
SNR environment. On the contrary, the proposed method still
work well as the optimal GRFT does, in virtue of the entire
coherent integration gain without extra SNR loss.

B. Air Moving Target Detection in an SBEWR System

In this section, the simulation processing results are provided
to verify the proposed algorithm. The parameters of an L-band
SBEWR system [20] and three AMTs in this simulation are
listed in Tables II and III, respectively.

Due to the high-speed moving characteristics of the satellite
platform, the clutter spectrum is significantly broadened, as
shown in Fig. 7(a). Fig. 7(b) shows the clutter rejection results
with respect to the whole-aperture data by directly applying the
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TABLE III
L-BAND SBEWR SYSTEM PARAMETERS

Parameter Value Parameter Value
Average power 4 kW Radar altitude 506 km
Center frequency 1.26 GHz Radar speed 7609 m/s
LFM bandwidth 3 MHz Noise factor 3dB
Pulse repetition frequency 4000 Hz System loss 6 dB
Coherent processing time 400 ms Tx weighting gain | 42.1 dB
Number of channels 32 Rx weighting gain | 42.1 dB
Amplitude-phase error 0.5dB/5 Deg | Antenna length 50 m
Orbit inclination 19 Deg Antenna height 2m
Clutter type Hill Elevation angle 60 Deg
Clutter model Gamma Azimuth angle 90 Deg

extended factor approach method [7]. Obviously, these unco-
operative moving targets are significantly smeared along the
range and Doppler directions and fail to be detected. The whole
echo data are divided into eight temporal subapertures, and the
range-Doppler spectrum with the first CFAR detection (8.5 dB)
result of the reference subaperture after performing the KT and
subaperture STAP is shown in Fig. 7(c), where Tar 1-Tar 3 are
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Fig. 7. Process results by the proposed SAKTMF method. (a) SBEWR echo
spectrum before clutter suppression. (b) SBEWR echo spectrum after full
aperture clutter suppression. (c) First CFAR detection (8.5 dB) results after
subaperture clutter suppression. (d) Output amplitudes vary with searched &,
for Tar 1-Tar 3. (e) High threshold (13.2 dB) CFAR detection results.

automatically detected with the red circle; in addition, some
false alarms are also detected due to the low detection threshold.
The final target output amplitudes varying with the searched a.
for Tar 1-Tar 3 and false alarm are depicted in Fig. 7(d), from
which one can see that three peaks appear when the searched
equivalent second coefficients match their true values. As for
the false alarm point, no distinct peak is shaped, and thus they
can be removed by subsequent high threshold CFAR detection
according to (43). Finally, the second CFAR detection, with a
detection threshold of 13.2 dB (false alarm rate 107°, detection
probability 0.9), is performed with respect to the final focusing
results, as displayed in Fig. 7(e), from which it can be seen
that Tar 1-Tar 3 are effectively detected and the false alarms are
effectively removed, indicating the effectiveness of the proposed
SAKTMF method.

C. Detection Performance Analysis

In the following, a Monte Carlo simulation experiment is
performed to validate the moving detection performance of the
GRFT method, HI method [13], ACCF method [10], MTD
method, and proposed SAKTMF method. The radar system
parameters remain the same as those listed in Table I, the number
of Monte Carlo simulations is 500, and the target equivalent
radial velocity and acceleration are set as 200 m/s and 20 m/s, re-
spectively. In addition, the temporal subaperture division status
in the HI method and proposed SAKTMF method is consistent
with those used in Fig. 5.
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As depicted in Fig. 8, the detection performance of the pro-
posed SAKTMF method is very close to the optimal GRFT
method and superior to the HI method in virtue of the coherent
accumulation gain obtained from the different subapertures. The
ACCF method suffers from SNR loss induced by nonlinear oper-
ation, and this loss becomes severe as the input SNR decreases.
The MTD method without subaperture processing exhibits poor
detection performance because of severe energy loss caused by
DFM. Therefore, the proposed method can achieve a good bal-
ance between the computational complexity and target detection
performance.

VI. DISCUSSION
A. Algorithm Efficiency

The computational complexity of the proposed SAKTMF
will be analyzed in this subsection, and some conventional
algorithms, i.e., the GRFT method, HI method, and ACCF
method are employed for comparisons in term of floating-point
operations (Flops).

In this article, each time of the complex addition, complex
multiplication, and real addition occupy computational com-
plexity about 2 Flops, 6 Flops, and 1 Flops, respectively. As for
N-point FFT, 5NlogaN Flops is required [39]. Assume that M
being parameter searching grids of each order. As established in
Section III-B, the proposed SAKTMF method mainly contains
four steps: KT, preliminary integration in each subaperture,
phase compensation among subapertures, and subaperture FFT.
As for KT, it can be implemented with a fast strategy [25], which
contains four times of FFT and complex multiplication, resulting
in computation complexity with 20N, N,log, N, + 24N, N,
Flops. For the residual steps, the total parameters searching time
is M, OK ~2 and each searching process requires one-time complex
multiplication for phase compensation, N,. time N.-point FFT
and N, time N,-point IFFT are consumed in preliminary in-
tegration process, and N,N, time L-point FFT for subaperture
FFT. The computational complexities of the GRFT method, HI
method, and ACCF-based method are summarized in Table IV
for comparisons.

To clearly display the computational efficiency of above
methods, a simulation is employed for comparisons based on
Table IV, where azimuth sample number varies from 100 to
1000 and others values are set as follows: N, = 800 , L = 4,
My =5N,, and K = 2. From Fig. 9, it is clearly observed
that the GRFT method suffers from the heavy computation



2272

TABLE IV

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

COMPUTATIONAL COMPLEXITIES FOR DIFFERENT ALGORITHMS

Methods Computational complexities (Flops) Searching dimension
GRFT method 8M;'N.N, k—1 D dimension
HI method 6LN,N,_log, N, + M; " (L-1) k—1D dimension

ACCF-based method

6(K~1)N.N, +5N.N, log, N, +5N,N, log, N,

Without searching

Proposed SAKTMF method

20N, N, log, N, +24N,N, + My *L(6N,N,
+5N,N, log, N, +5N,N log, N, +5N,N, log, L)

k-2 D dimension

TABLE V
OuTPUT SNRS FOR DIFFERENT METHODS

Methods Output SNRs Remarks
GRFT method SNR iy = SNR, + G + Gy Gger =10 lOglO(Na)
HI method SNR,, = SNR,, +G,, +G,, G, =10logl0(N, )+ 101og10(JZ )

ACCF-based method

SNR ccr = SNR, + Gp + G yoep — L

s

G eer =1010g10(N, ), L, 23dB

Proposed SAKTMF method

SNRSAKW\/IF = SNRI» + GP¢ + GSAKTMF - Lo

Gy =1010g10(N, ) +1010g10(L) , L, €[0,3dB]

where SNR,, is the input SNR before pulse compression, G,, =, [TI B denote the pulse compression gain, L, and L, refer to energy loss induced by nonlinear

operation and picket fence effect in FFT.
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Fig. 9. Computational complexities comparisons for different methods.

costs because of the multidimension searching. In spite of the
computation complexity is saved in the HI method and the ACCF
method, performance degradation is acted as a cost. Compared
with these methods, the computation complexity of the proposed
SAKTMF is alleviated since searching dimension is reduced
without sacrifice of detection performance loss.

B. Output SNR Analysis

In this subsection, the output SNR of the proposed method
and existing methods are analyzed. Table V summarizes the re-
lationship between the output SNRs and input SNR for different
methods. Compared with the HI method [38], the integration
gain of the proposed SAKTMF method is improved in virtue by
the coherent integration gain among different subapertures.

In the next, another simulation is taken to demonstrate the
theoretical output SNR performance varying with subaperture
number based on Table V. Assume that a high SNR envi-
ronment is established and a set of typical values are Ly =
3dB,SNR;, + Gp. = 10dB, N, =800, N. = N, /L, Ly =

40

W
o]
T

Output SNRs (dB)
W
N

34 |—GRFT method
—Proposed SAKTMF method
HI method
1 —— ACCF-based method ‘
5 10 15 20

Azimuth subaperture numbers

Fig. 10.  Output SNRs varies with azimuth subaperture numbers for different
methods (high input SNR environment).

1.5 dB, and subaperture number L varies from 1 to 20. Accord-
ing to the simulation results exhibited in Fig. 10, it can be seen
that the output SNR of the traditional HI method is decreased
as the subaperture number increase while others not. In addition,
the output SNR of the proposed SAKTMF method is close to
that of the optimal GRFT method thanks to the integration gains
within and among subapertures.

C. Detection Threshold Settings

As for specified false alarm rate and detection probability,
the corresponding detection threshold can be calculated by the
following formula [44]:

Ve =101g ((\/—Inpfa — erfe! (2Pd)>2 - o.5> dB (43)

where Py, and Py are the false alarm rate and detection proba-
bility, respectively, and erfc(-) denotes the complementary error
function.



ZHAN et al.: SAKTMF ALGORITHM AND ITS APPLICATION FOR AMT DETECTION IN AN SBEWR SYSTEM

According to (43), the high threshold Vit can be calculated
as 13.2 dB with Py, =107% and P; = 0.9. As for the low
threshold, it can be determined by Vir = Viyr — 101log 10(L)
to ensure extract the potential targets. However, the false alarm
rate will be increased as the subaperture number increases in this
case. To avoid this phenomenon, a minimum detection threshold
(empirically, 8-9 dB) is set as the boundary value.

VII. CONCLUSION

In this article, a novel SAKTMF approach has been pro-
posed to address target RM and DFM in a long observation
time and improve detection performance for weak AMTs. The
theoretical derivation and performance analysis of the proposed
SAKTMF method are also provided. Based on the two steps
coherent integration strategy, the proposed SAKTMF approach
can achieve coherent integration both within subaperture and
among subapertures during the long observation time with high
computational efficiency.

In addition, the SAKTMEF is applied in an SBEWR system
with the AMT detection model to enhance target output SCNR
by prolonging observation time, where the cuttler influence is
taken into consideration. In this way, the potential hypothesis
that the AMTs have been detected by using the conventional
methods has been completely avoided. Benefiting from the
above advantages, the SAKTMF method is very suitable to de-
tect a high-speed and weak AMT as an alternative for SBEWR.
Simulation results of different conditions also demonstrate the
effectiveness of the proposed method.

Additional works on the statistical performance analysis and
picket fence effect analysis of the proposed SAKTMF method
and how to realize long-time coherent integration for maneuver-
ing target by utilizing low-rank and sparse characteristics [45],
[46], [47] will be under our future investigations.
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