632 A. ALMSLMANY, Q. CAO, C. WANG, HIGH SPEED DIM AIR TARGET DETECTION USING AIRBORNE ...

High Speed Dim Air Target Detection Using Airborne
Radar under Clutter and Jamming Effects

Amir ALMSLMANY’, Qunsheng CA o', Caiyun WAN G’

" College of Electronic and Information Engineering, Nanjing University of Aeronautics & Astronautics, 29 Yudao St.,
Nanjing 210016, China
% College of Astronautics, Nanjing University of Aeronautics & Astronautics, 29 Yudao St., Nanjing 210016, China

a.mslmany@nuaa.edu.cn, qunsheng@nuaa.edu.cn, wangcaiyun@nuaa.edu.cn

Abstract. The challenging potential problems associated
with using airborne radar in detection of High Speed Ma-
neuvering Dim Target (HSMDT) are high noise, jamming
and clutter effects. The problem is not only how to remove
clutter and jamming but as well as the range migration and
Doppler ambiguity estimation problems due to high rela-
tive speed between the targets and airborne radar. Some of
recently published works ignored the range migration
problems, while the others ignored the Doppler ambiguity
estimation. In this paper a new hybrid technique using
Optimum Space Time Adaptive Processing (OSTAP), Sec-
ond Order Keystone Transform (SOKT), and the Improved
Fractional Radon Transform (IFrRT) was proposed. The
OSTAP was applied as anti-jamming and clutter rejection
method, the SOKT corrects the range curvature and part of
the range walk, then the IFrRT estimates the target’ radial
acceleration and corrects the residual range walk. The
simulation demonstrates the validity and effectiveness of
the proposed technique, and its advantages over the previ-
ous researches by comparing its probability of detection
with the traditional methods. The new approach increases
the probability of detection, and also overcomes the limita-
tion of Doppler frequency ambiguity.
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1. Introduction

High speed air moving targets detection capability of
the airborne radar system has been a critical technique in
the community of radar. Brennan and Reed introduced
space-time adaptive processing (STAP) to the airborne
radar in 1973 [1], the STAP used to reject clutter, and be-
came a crucial technique for improving detection perfor-
mance of a desired target in the midst of noise, the clutter
and the manmade jamming. A vast portion of the research
effort has been devoted to the airborne STAP. Most of
them are concerned about how to reduce the number of the
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secondary data, how to enhance the capability of detecting
the slowly moving target, the computational complexity
and the sample limitation for estimating the clutter covari-
ance matrix, and so on; such as reduced-dimension (RD-
STAP) [2], [3], reduced-rank (RR) [4], time varying space-
time auto regressive filtering (TV-STAR) [5], and the ex-
tend factor approach (EFA) [6].

However, the problems of range migration compen-
sation, and the Doppler ambiguity estimation are discussed
less. Range migration means that the echoes of the moving
targets are distributed in adjacent range resolution cells in
one coherent processing interval (CPI) which occurs due to
the high relative velocity between the radar and the moving
target. Such situation may be the case of detecting the fast-
moving target in the broadside area, or the moving target in
the squint area. For high range resolution (HRR) radar, the
range migration, and Doppler ambiguity estimation of the
high speed target are more serious. Because the STAP
method usually only employs the data in the same range
bin, the detection performance for the moving target with
range migration is deceased. To improve the detection
performance in this case, the range migration, and Doppler
ambiguity estimation should be compensated efficiently
[7]. Detection methods for space moving targets include
the incoherent integration and the coherent integration [8].
For the incoherent integration methods such as radon
Fourier transform (RFT) [9], [10], and Hough Transform
(HT). However, these methods can only obtain a coarse
estimation of the target trajectory without phase infor-
mation and have a heavy computational burden. On the
other hand, the coherent integration methods such as time
frequency analysis, keystone transform (KT) [11-14], and
likelihood ratio test (LRT), have the optimal detection
performance since they make the best use of a large amount
of pulse information.

Zhou et al. in [15] combined the STAP/KT in order to
detect the ground moving targets, but they ignored the
Doppler ambiguity estimation problem, also this method is
only valid for ground moving targets where the speed is
limited and the clutter effect is lower than air targets. Jia
Qiong et al. [16-18] developed a combination technique of
KT and the STAP to detect fast air moving dim targets, and

SIGNALS



RADIOENGINEERING, VOL. 24, NO. 2, JUNE 2015

633

furthermore compensate the target’s range migration by
using a filter bank, but also ignoring the Doppler ambiguity
estimation problems. Tian et al. [19] proposed a combina-
tion of the second-order Keystone transform (SOKT) and
the fractional Fourier transform (FrFT), and (RFT) for
range migration and Doppler ambiguity compensation but
they ignored the jamming and clutter effects. Recently
G. Sun et al. [20] proposed a method that uses SOKT to
eliminate the quadratic range cell migration (QRCM) and
the modified fractional Radon transform (MFrRT) to esti-
mate the ambiguity number. They used the MFrRT to im-
prove the ambiguity estimation, but this method is limited
for only low signal to noise ratio (SNR) and ground mov-
ing targets in synthetic aperture radar (SAR) applications,
with limited speed to 150 m/s. They ignored the jamming
effect, and they didn’t discuss how they removed the clutter
(note that the clutter effect in case of detecting ground
targets is lower than its effect in case of detecting air tar-
gets).

In this paper, a new hybrid technique using Optimum
Space Time Adaptive Processing (OSTAP), SOKT, and the
Improved Fractional Radon Transform (IFrRT) has been
proposed in order to tackle all problems, and improving the
detection performance for the High Speed Maneuvering
Dim Target (HSMDT). First, we apply the OSTAP for the
clutter suppression and the anti-jamming, subsequently
employ the SOKT to correct the range migration or range
curvature, and afterwards utilize the IFrRT to estimate the
targets’ radial acceleration, and correct the Doppler ambi-
guity and residual range walk.

The new contributions from this work are, first, ap-
plying OSTAP to increase the SNR, to overcome the limi-
tation of [20] that is only applicable in lower SNR levels,
second, taking into consideration all the interference effects
(jamming, clutter, noise) not only clutter in [20], third,
using the combination of SOKT/IFrRT for range migration,
and Doppler ambiguity estimation compensation with
lower complexity than using SOKT/FrFT/RFT in [19],
fourth, the first time to apply these methods in signal pro-
cessing (monostatic radar) not only in image processing
(SAR) [19], [20]. The simulation results validate the pro-
posed method by comparing the probability of detection of
(OSTAP /SOKT/IFTRT) with the recently references,
(SOKT /MFrRT) [20], (SOKT/FrFT/RFT) [19], (RFT)
[10], (STAP) [21], and without applying any method.

The problem formulation and modeling are discussed
in Sec. 2. The complete analysis of the OSTAP for anti-
jamming and clutter suppression was demonstrated in
Sec. 3. The parameters estimation’ algorithm was clarified
in Sec.4. The simulation and result was introduced in
Sec. 5, and finally the work was concluded in Sec. 6.

2. Problem Formulation and Modeling

As illustrated in the introduction, the most significant
problems associated with using airborne radar in detecting
the HSMDT can be divided into two main parts, the first
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Fig. 1. The problem formulation architecture.

one is how to remove the environmental interferences
(noise, clutter, and jamming signals), and the second one is
how to make compensation for the range migration and
Doppler ambiguity estimation problems. Fig. 1 shows
a block diagram for clarifying the statement.

The high speed air target detection is a key problem
for airborne radar. The problem is how to compensate for
the range migration, and Doppler ambiguity estimation
problems in the presence of the midst interferences (clutter,
jamming, and noise), in order to improve the probability of
detection and the detector performance of HSMDT. We
can increase the observation time. However, the signal
energy cannot be effectively accumulated since high speed
motion induces the large range migration and the range
walk and the Doppler frequency shift in long time coherent
integration period and acceleration, these problems make it
difficult to improve the target energy and the SNR, so the
problem of range migration needs to be considered [22].

There are many approaches that have been used to
solve these problems, as discussed before. These ap-
proaches used some mathematical transformations such as
KT, RFT, FrFT, and their combinations, but these methods
ignored the presence of clutter and jamming. Other algo-
rithms combined these methods with another one for clutter
rejection, but also each method has its own limitations,
starting from this point, the author of this work proposed
anew hybrid method for high speed air target detection,
using OSTAP/SOKT/IFrRT. The following section will
discuss the modeling of the airborne radar signal, the clut-
ter, and the jamming model.

2.1 Airborne Radar Geometry and Signal
Modeling

The geometry of the airborne radar and target plat-
form, the antenna array elements mounted in the side of the
radar and in the direction of flight (N, is the number of
array element, vy is the target radial velocity) are shown in
Fig. 2.
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Fig. 2. The geometry of the target and the radar platform.

The data in the testing range bin (referred to as the
primary data) is not only comprised of the desired target
reflection, but also the returns from unwanted objects
(clutter, noise, and jammer). The data can be modeled as
[23]

Sp=A4,+A4.+4,+4, (1)

where Sp is the total returned primary data, 4, 4., A4, and
A; denote target, clutter, noise, and problem of range mi-
gration. We suppose the velocity of the target vy along
fixed direction, such as the y-axis direction shown in
Fig. 2. So the velocity vector is expressed the scalar. The
same is similar other velocity vectors.

In order to achieve a high range resolution, a wide
band pulses are used, which are assumed linear frequency
modulated (LFM) signals here [24], and vy/c << 1, where ¢
is the light speed, so the received echo signal S(#7) after
down conversion will be in the form.

Sr(t,f)=qrect(r_2;£t)/c} exp[jﬂ'}{r—zrc(t)ﬂ- ®

o _Anr(1) o (_,47[\/4)
p|—J 10 p|—J 2

where ¢t =nT (n =0,1,...,N—1) is the slow time, T is the
pulse repetition time, c is the speed of light, N is the num-
ber of coherent integrated pulses, 7 is the fast time, i.e. the
range time, o, is the backscattering coefficient of the target,
rect(x) is the window function and equal to one for
|x | <(1/2) or zero if otherwise, Tp is the pulse width, r(¢)
is the instantaneous range between the radar and the target,
A = c/f, is the wave length, f. is the carrier frequency, y is
the modulation rate. We can neglect the higher-order com-
ponents, so that the instantaneous range 7(¢) depicted in
Fig. 2 between the radar, and the target can be written as

r(t)=R, +v,7+at’ /2 3)

where Ry is the initial range from the radar platform to the
target, and ar is the radial acceleration of the target. The
received signal after range compression in the slow time-
range frequency (¢ — f) domain can be expressed as [8]

Sr(t,f)zqrect[f-l-fd /2]. exp{—j47r(f+f"+fd r(t)}.
B-f, c

exp{—jzﬂffd}.exp(—jﬂfdzj “
4 /4

where B is the signal bandwidth and f;= 2| vr| /4 denotes
the Doppler frequency. Substituting (3) into (4) yields

— SHTal2
Sr(t,f)—o;rect[ 31 ]

exp{—jém(fzfc +fd)RT}.

exp{—jém(f +ch *Ja ) th}.

oo 25)
/4

exp{_ jZ”(f+cﬁ+JZ)ath}_

exp(—j”f/j )
Y

because the high speed targets and the low pulse repetition
frequency PRF under sampling would occur. Therefore, the
velocity of the target can be expressed as.

v, =I'v, +v, Q)

where v, is the blind velocity, /" is the Doppler center am-
biguity number. It is noted that the azimuth Doppler fre-
quency ranges from (—PRF/2) to (PRF/2), v, is estimated to
be v, = APRF/2, and v,<v,/2. Substituting (6) into (5)
yields

S (6.f)=58(t.f)H, (1) ™)
where
S (t,f)=0, rect(W}.
exp —jﬂf"zj.
Y
exp| - j4ff(f+cﬂ+fd>RT ‘
p[ JLLI j
\ 4
exp —j4”(f+cf”+f")v0t
oxp| - -2”(f+fc+fd)artz}’ ®
c
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supposing that &= (f + f;) / f, and ignoring the effect of f;
on & so that & can be simplified into & = f / f,.. Thus,
equations (7), (8), and (9) can be rewritten as.

S(t.f)=8(t.f)H (t.f) (10)

where
_ SH1/2
Sl(t,f)—a,rect( B/, j

exp(—j ﬂ-i"z)

CXP:—jéer(l“‘f)}'

exp:—j“ﬂ;)ot(l+f)}.

exp_—jZEZth(l+§)}.

exp(—jznffdj, an
/4

Hl(t,f):exp[—j‘mgv"t(l+§)}. (12)

2.2 Clutter, Noise, and Jamming Modeling

Airborne radar system would suffer from ECM sce-
narios, which results in confusion on detecting and identi-
fying the true target. Methods of existing ECM can be
classified as suppressive jamming or deceptive jamming
[2], [6]. Here we supposed to generate deceptive jamming,
in which the false targets are usually formed by the digital
radio frequency memory (DRFM) which generate many
times delayed and Doppler modulated radar signal replicas
to deceive the radar system. Thus, the deceptive jamming
S can be expressed as [23]

P, Np

SJ ZZZfP,ia]v (FP,HP)®aJu(¢9P) (13)

P=l1i=1

where P, is the number of the generated false targets, Np
indicates the number of false targets generated by the p™
DRFM, &p; is the corresponding amplitude, 7» and 6p are
the range and angle parameters of the p"™ DRFM,
a,(r,0,), and a, (6,), are the jamming temporal (fast

time — slow time) steering vector, and the jamming spatial
steering vector respectively. Note that the false targets are
time delayed and Doppler modulated, thus they can be at
any range bin and any Doppler cell. We assumed that the
jammer source will send one false target as we will see in
the simulation part, its component in the received signal
can be modeled as

4,20 (9,.,.13.1) 14

where ¢/ is the complex radar cross section (RCS) of the
jamming, i ((P,-ﬁ,-,l 11, [) is a snapshot vector of jamming-

plus-noise. The noise is modeled as complex white Gauss-
ian with variance g *. The clutter can be expressed as [23]

Se = féaa(n@)mcu (6) (15)

where N¢ is the statistically independent clutter patches, &;
is the scattering coefficient of the i patch, and 7, 6; are the
range and angle parameters of the i™ patch, so the clutter
signal can be modeled as.

4. =0V (9..6,. f5.]) (16)
c

where o¢¢ is the complex RCS of the clutter,
VC((/’C:HC: fz§>1) is snapshot vector of clutter-plus-noise,

The Doppler frequency of clutter and jamming are £, f/.

3. OSTAP Algorithm

Reduced rank STAP approaches utilizing data de-
pendent transformations, such as the principal components
inverse algorithm [25], Eigen canceller algorithm [26],
[27], cross-spectral metric (CSM) [28] and multistage Wie-
ner filter (MWF) [29]. Both the CSM and MWF all have
high performances and low sampling requirements. How-
ever, the detection performance degrades rapidly as the
number of eigenvectors retained is decreased below the
rank of clutter. The penalty for underestimating the rank of
the total noise contribution can be great [7]. The most of
aforementioned literatures published on the STAP are con-
cerned about how to reduce the number of the secondary
data, how to enhance the capability of detecting the slowly
moving target, recently [30] proposed a model of STAP for
anti-jamming and clutter rejection and so on. Even though,
the problem of range migration compensation is few dis-
cussed [2].

Fig. 3 shows the construction of OSTAP and explains
the principle of removing clutter and jamming, here the
pre-filter is used to attenuate strong clutter before it can be
modulated, then it passes through the side lobes of a jam-
ming cancellation beam. Pre-filtering seeks to attenuate
such clutter before the modulation occurs. It is assumed
that the airborne radar system is a uniform linear array
composed of Ny elements with element spacing d, and the
array is placed along the flight direction. The radar trans-
mits M pulses in each CPI, x,, is the complex sample from
the n™ element at the m™ pulse [18]. The received data for
each range bin may be organized into an N x M matrix.

s]l s12 slM
S5 S;p .- Sy

.. . 17

S= Do e an
SNI SNZ SNM

The data matrix S is expressed as an NM x[ form by
stacking the columns of S. These arrays or vectors are



636 A. ALMSLMANY, Q. CAO, C. WANG, HIGH SPEED DIM AIR TARGET DETECTION USING AIRBORNE ...

: Pre-Filter
> 1 | Receiver >| Strong clutter
: ! Attenuation
Antenna \l(
elements

Space/ Fast-Time
OSTAP

Jamming rejection

7

Space/ Slow-Time
OSTAP

Clutter rejection

Detector

Pulse # = slow time

Fig.3. The OSTAP construction for clutter and jamming
cancellation.

referred as “snapshot” or “samples.” The optimum STAP
processor (OSTAP) computes weights associated with the
optimum weighted linear combination of the elements of
sample vectors to determine if a hypothetical target is pre-
sent or not. It is noted that the calculation of the optimum
weight vector needs to calculate the NMXNM space-time
interference sample correlation matrix R and its inverse
[18].

Assuming that one target is present in a single range
bin. Consequently, the detection range bin data, usually
referred to as the primary data, components S,, 4. and 4,
are the space-time snapshot of the target, the clutter and the
noise, respectively. The space-time clutter echoes from
acell in a given range are a superposition of the returns
from all the stationary scatterers within a cell [18], so the
primary data S, in (1) can be written as

SP =ba(u,,VT)+O'CV°((/’u‘9uf5’ 1)+ (18)
O'nz'i‘o-jVj (¢jsajafL{’ l)

where b is the target complex amplitude, a(u,vry) is the
space-time steering vector of the target with the normalized
spatial and temporal frequencies wu,=2nd cosf/A and
vr = 2nf,/f,, respectively, A is the wavelength, f, is the pulse
repetition frequency, 6, is the target azimuth, the steering
vector a(u,v) can be given by.

a(u,v)=a(v)®a(u) (19)
where a(v) is the temporal steering vector with size of
M x 1, av)=[1e” ... e™ ", a() is the spatial steer-
ing vector with size of N x 1, a(u)=[1¢”"... e/ D,
and (.)7 is the transpose, and & is the Kronecker product.
Similarly to [18], the data in the reference bin, which is
referred to as the secondary data, can be written as

P

S =0V (¢U,9(,,fg,z)+on2 +ajvj(goj,9j,f1§,l) (20)

The optimum-adaptive processor (OAP) of the STAP
is given by [1]

W, =uR 'a(u,,v,) €2y
where x is a constant scalar, R is the space-time covariance
matrix of the interference, which is related the clutter, the
jammer, and the noise [1], it can be written as

R=R.+R,+0°I (22)
where R, R; are the clutter and jammer covariance matri-
ces respectively, and o2 denotes the noise. Due to the
range migration and range walk problems of the HSMDT
the primary data in equation (18) can be modeled as

£, = 3(0.0)+ 0 (0.0, 1) +00 (0,6, 11)

(23)
where }?p is the primary data with range migration,
a(uq, vr) is the steering vector of the target in the presence
of range walk and range migration, and we assume for
simplicity that the clutter and the jammer have no range
walk and range migration. This will be valid when the
airborne radar platform moves with not very high speed.
The steering vector in case of range walk and range migra-
tion can be given as

a(u,vy)=2a(v)®a(u) (24)

where A(V) = [§pée™V ... Ey1eTMDYIT is the new
temporal steering vector, { is a scalar representing the
effect of the range migration and range walk on the m™
pulse.

In this case, the signal match terms a(u;, vy) in the
weight vector Wy can’t perform its function well, so the
compensation of the range walk and the range migration
must be considered. The performance of the OSTAP is
closely related with the clutter properties, whereas the
direct use of the compensation methods will affect the
clutter distribution which in turn affects the performance of
the OSTAP. So we must first apply OSTAP to remove the
interference of the clutter, the jammer, and the noise from
the echo signal. The eigenvalue decomposition of R can be
expressed as follows

NM 0 NM
R=>Auu =>Auu +0° Y uu- (25
I=1 I=1

1=0+1

The eigenvalues A ([ = 1,2’.,_,Q) come from the clut-

ter and the jamming, and the rest (NM — Q) eigenvalues
come from the noise component, (.)! is the conjugate
transpose. The eigenvectors y (/=1,2,.....,Q) are corre-

sponding to the clutter eigenvalues span the clutter sub-
space. The projection matrix orthogonal to the clutter sub-
space can be written as

Y
Pr=1-Yuu'. (26)
1=1
Now it is easy to verify that |img?>"R™ =P *. 27)

<
n—eo
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If the eigenvalues A, > 0-2(]=1,2, ,0)s and the

subspace p* =R, R is used as an approximation of Pt

to suppress the clutter and the jamming and the noise in the
received data, it is easy to calculate and to avoid the order
(0) selection of P.*. In practice, the matrix R is not known
a priori and must be estimated, and the estimated
covariance matrix is denoted as R.

4. Parameters Estimation Algorithms

Using the OSTAP method to reject the clutter, the
jamming, and the noise, the target range can be well ex-
tracted, but the problem of range migration and the Doppler
ambiguity phenomenon occurs. In this section, we intro-
duce a modified method, the hybrid of the SOKT and the
IFrRT methods, to deal with these problems. From (3), it
has observed that the range migration involves two compo-
nents, namely, the range walk and range curvature. More-
over the third term that introduces the acceleration and
Doppler ambiguity is involved. If one wants to accurately
calculate a range of a target, the range migration should be
well corrected. However, in practice, the range migration is
always difficult to be accurately compensated [22], and the
acceleration effect must be also compensated.

4.1 Range Curvature Correction using SOKT

In high signal to clutter-jamming-noise ratio (SCINR)
situations, the motion parameters can be estimated based
on the Doppler analysis and used for envelope alignment.
However, in the low SNR situation, it is difficult to detect
the motion parameters directly from the received signals.
Keystone transform (KT) [19], [14] can be applied for the
envelope alignment. The SOKT corrects the range curva-
ture and the range walk by making compensation of
a quadratic phase term.

The SOKT, which performs scaling 7= [f./f+f.]"t,
in the (#~f) domain, can be applied for the range curvature
correction. Also the SOKT is a process of resampling. It
consists of two steps [19]. First, the reconstruction of the
continuous signal from the sampled version, and the second
is the sampling of the reconstructed signal at the new sam-
pling grid. By substituting the scaling formula into (11) we
obtain

S/(t,f)=o0, rect(f-l-fd u]exp(—j”fzj.

B-f, ]
exp| ~ 0 (14.£) | e - J“’fy(f;f]/
exp —]Lm;t(f;f]/
expi—jzﬁrt"z}. exp(— j_27;f f"j’ (28)

then taking the first-order Taylor series expansion over

P
[f +/. )", it has found that.
1.

S/(t,,f)=o0, rect(W}exp(—j’fj.

[ 4nR
exXp —]/(1+§):|

A, 27,
exp| —J 7 .eXp| —J . .

2ma,t’ 2
exp —J“}.exp(—]yff‘,j.

(29)
A

Since Hi(t, )~ H(t, f) so equation (10) can be
rewritten as

S/t S) =S/ (t,. /) H, (4,1

f+f12
B-f, |

,ﬂfdzj ,47rRT[ f]
exp| —j—— |exp| —j———| 1+—|]|.
( v { AL

[ dmvgt, 2rmat)
exp —]T exp _]T .

exp —j‘mf(‘;’+l"vbjta}.

c

ol 2.1
v

From (30), it has been found that the second-order
couplings effect (range curvature) QRCM has been re-
moved. However, residual coupling (RCM) determined by
the ambiguity number, and the Doppler frequency migra-
tion (DFM) are still present [8], which corresponds to the
range walk and the Doppler Ambiguity estimation and the
acceleration. The instantaneous range between the radar
and the target can now be written as

=0, rect[

(30)

r(t)=R, +a;t* /2. (3
We can see from (31) that the term of range migration
(vr7) (the range curvature and the range walk) is removed
using the SOKT but not completely, it still has a little com-
ponent of a range walk, [(vy/2 + T'vy)z,] in (30).

4.2 Range Walk Correction and Doppler
Ambiguity Estimation using IFrRT

Although the range curvature correction and the quad-
ric phase term compensation have been performed, the
accurate estimation of parameters cannot be obtained due
to the residual range walk caused by integral multiples of
the blind velocity and half of the unambiguous velocity [8].
The RFT is an effective way to measure, which adopted
a small and discrete number of slopes exists in the (r,7) do-
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main, the slope of a straight-line [20]. Since the RFT only
uses the amplitude information, its result can be impacted
by the low SNR.

The Fraction Radon Fourier Transform (FrRFT) is
used to realize long-time coherent integration for the
HSMDT. Comparing to the RFT, the FrRFT can be greatly
extended to the range curvature and the Doppler frequency
migration effect in the integration time, and restricted by
minimizing coherent integration gain and dwell of an an-
tenna beam. From (30), there is a second-order phase term
of the slow time that can adversely influence the coherent
accumulation of the signal, so the dechirping operation [20]
is used to remove the influence and express as

IFrRT (A, target velocity : S . (t,, f)) =

27mat’
S’ (s,t). —j e gy (32)
fenon]-225 )

where 4,, is the ambiguity number, s = [2R,1(,)]/c, so,
R, (V)=R, +4 oy (33)
2T I m 2 a*

Equation (29) is the same as the definition of the
FrRFT, called the IFrRT. The difference between FrRFT
and IFrRT is of function expressed as s =f{#,), and it
doesn’t have as straight line. The estimation error in the
baseband velocity could lead to an unsatisfying result by
(31) and the expression in (32) must be modified to solve
this problem. Substituting (30) into (32) and ignoring un-
important phase terms [20], we obtain

taz}dta.

(34)

The phase terms in integral become zero. Thus, a co-
herent accumulation is realized, and the IFrRT can now
work well at low SNR condition. So that the acceleration

IFrRT (A, targetvelocity : S, (t,.f)=

. 2R, (1,) a,’—a;’
sinc| B| s ——2«2 || exp| —j2m—L—L—
J { [ ¢ ﬂ P{ ’ AR;

t//
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Reconstruction of the continuous signal
from the sampled version

|
|
I
y :
|
|
I

Sampling of the reconstructed signal at
SOKT the new sampling grid

—=T-======r

| Obtain the parameters of the target I

Fig. 4. The flow chart of the proposed algorithm.

and the Doppler ambiguity were compensated using IFrRT.
The instantaneous range between the radar and the target
can now be written as

r()=R, . (35)

From (35), it has found that the term of range migra-
tion (v7) (the range curvature and the range walk) is com-
pensated completely using the IFrRT and the acceleration
and the Doppler ambiguity (a,#*/2) was also compensated.

The flow chart shown in Fig. 4 describes the proposed
algorithm. The detailed steps are as follows:

Step 1: Implement the range compression for the received
data;

Step 2: Applying the OSTAP by estimating the space-time
interference covariance matrix to be approximated
to suppress the clutter and the jamming and the
noise from the received space time data;

Step 3: Applying the SOKT by reconstructing of the con-
tinuous signal from the sampled version and the
sampling to reconstruct a new signal at the new
sampling grid in order to implement range migra-
tion compensation;

Step 4: Applying the IFrRT to compensate the acceleration
and the Doppler ambiguity estimation compensa-
tion;

Step 5: Calculating the real range for target after the inter-

ference rejection and the range estimation compen-
sation.

4.3 Performance Improvement and Detection
Probability

From probability theory, the probability of detection
for a single radar can be calculated by [22]

oo

P, =IP(v)dv (36)

T

where P(v) is the probability density of the power of IF
target signal plus noise, and 7 is the threshold level for the
cases of swerling I-II targets with individual pulse
detection, P(v) is [31]

P(v)
so detection probability P, of the target is

P —exp| ——L |, (38)
1+ SCJNR

= exp| ——— |, (37
1+ SCJNR 1+ SCJNR

The signal-to-clutter-plus-jamming-plus-noise ratio
(SCJNR) is commonly used to assess the detection
performance of airborne radar systems. SCJNR is defined
as the ratio of clutter-plus-jamming-limited output SCJNR
to the noise-limited output SNR [23].
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SCJNR,,
SNR

out

‘VHSRt\Vs O, 2 (39)

n

SCJNR = - .
W' (Rc+R, +R,)W, 0°NK

where R is the target covariance matrix, W" is the conju-
gate transpose operator, and 0,2, 0,2 are the power of the
true target and the noise. By calculating the probability of
detection for the radar receiver in case of using the pro-
posed algorithm (OSTAP/SOKT/IFtRT) and comparing
these results with the probability of detection for the same
system but in case of using the tradition techniques (with-
out the STAP - with only the SOKT - with the IFtFT - with
only the RFT), it has been found that the probability of
detection for the proposed algorithm is higher than the
other models.

5. Simulation and Results

The parameters used in simulation are listed in Tab. 1.

Parameter Value

Carrier frequency (GHz) 10
Pulse width (us) 3

Bandwidth (MHz) 100
Sampling rate (MHz) 220
Pulse repetition frequency (KHz) 800
Number of integrated pulses (pulse) 512
Platform velocity (m/s) 150
Jammer to noise ratio (dB) 34
Clutter to noise ratio (dB) 34
Noise figure (dB) 4.5
Main antenna gain (dB) 20
side antenna gain (dB) 20

Tab. 1. Simulation parameters.

In order to remove the interference (clutter, jamming,
and noise) from the received data, the OSTAP method has
been used first. Fig. 5 shows the target echo signal before
applying the OSTAP. The target is at the range 95 km, the
jamming signal (false target) at range 160 km, and the
clutter signal power are high, also we can see clearly the
Doppler ambiguity and range migration problems.

Fig. 6 shows the target echo signal after applying the
OSTAP, the target range is 95 km. The jamming signal
(false target) is reduced, and the clutter was rejected after
applying the OSTAP, but the range migration and acceler-
ation and Doppler ambiguity are still present.

Fig. 7 shows the target echo in three-dimensional 3D
graph after applying the OSTAP. It has been found that the
jamming signal and the clutter have been reduced that will
cause an increase for the SNR, but the range migration and
the Doppler ambiguity problems are still existed. In order
to get high range accuracy measurement, the new compen-
sation technology needs to be considered.

Next, we apply the SOKT to remove part of the range
migration (range curvature) and part of the range walk, and

200
150 -~ . Real target-echo-with
B Doppler ambiguity | |40
= = 60
<100 -
= |
& | -80
50
=~ -10
= ===

50 0 50
Doppler Frequency (KHz)

Fig.5. Received echo of the target before applying the
OSTAP.
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-50 0 S0
Doppler Frequency (KHz)

Fig. 6. Received echo of the target after applying the OSTAP.
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Fig. 7. Target echo after applying the OSTAP in 3D.

then we apply the IFrRT to eliminate the residual range
walk and acceleration effect to overcome the Doppler
ambiguity.

The results of range compression and after interfer-
ence rejections are compared in Fig. 8. It can be seen that if
the SOKT is not performed so that the range of the target
jumps from range bin to another one due to range migration
problem (QRCM) that adds unwanted components to the
target real range, as shown in Fig. 8 (a). But after applying
SOKT the second-order coupling effect (range curvature)
(QRCM) has been removed so that the target range was
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detected correctly and stays in the same range bin as shown
in Fig. 8 (b). However, residual couplings (RCM) caused
by the ambiguity number and DFM are still present be-
cause of the range walk.

Fig. 9 displays the received signal after applying the
proposed algorithm (Hybrid OSTAP/SOKT/IFrRT). It has
been noticed that the interference effect has been reduced
and there are no range migration problems and the target is
in the true position. Fig. 10 shows the same results in 3D. It
shows more clarification to the effect of applying the pro-
posed algorithm.

Fig. 11 is the comparisons of the probability of detec-
tion for the radar receiver in case of using the proposed
algorithm with that of using the tradition techniques (with-
out STAP-RFT [10]-SOKT/FrFT/RFT [19]-SOKT/IFtRT
[20]). It has been found that for the same probability of
detection (0.9), the required SNR for the proposed algo-
rithm is the lowest one compared with the other methods.

Fig. 12 compares the SCINR performance of the pro-
posed method with the other methods as a relation with
Doppler frequency. In the proposed model, the interfer-
ences can be effectively suppressed, and the target detec-
tion performance is well maintained. However, in the tra-
ditional methods, the performance degrades dramatically.
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Fig. 9. Received echo of the target after applying the new
algorithm (hybrid OSTAP/SOKT/IFTRT).
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Fig. 10. Received echo of the target after applying the new
algorithm (hybrid OSTAP/SOKT/IFrRT) in 3D.
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Fig. 12. SCINR performance.

6. Conclusion

This paper has proposed a new method for HSMDT
detection in the presence of interference by using airborne
radar. The jamming and high clutter effect was added to
meet the actual environment, the OSTAP was used to sup-
press clutter and jamming, the range migration (the range
curvature and the range walk), and the Doppler frequency
ambiguity estimation problems were completely compen-
sated using SOKT/IFtRT. The simulation results showed
that the SNR was improved using OSTAP after clutter and
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jamming suppression, the performance of SCJNR was also
well enhanced. The new technique is valid for applying in
the monostatic airborne radar application for detecting high
speed air targets as well as the ground moving targets.
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