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Abstract In over-the-horizon radar (OTHR) target detedion, the
signal to clutter ratio (SCR) is very low, typically from —50 dB to -60
dB. Furthermore, for maneuvering targets, such as aircrafts and
missles, Doppler frequencies of their radar return signals may be
time-varying. In this case, the Fourier transform based techniques
and super resolution spectrum estimation techniques may not work
well since they use sinusoidal signal models. In this paper, we propose
a signal subspace dutter rejedion algorithm combined with an
adaptive chirplet transform technique for maneuvering target
detedion with OTHR. Simulation results by adding smulated
maneuvering targets into raw OTHR clutter data are presented to
illustrate the dfedivenessof the proposed algorithm. The smulation
results show that moving targetswith -53.5 dB SCR can be deteded.

1. INTRODUCTION

Over-the-horizon radar (OTHR) has been widely used in detedion
and tracking of aircraft targets and ship targets in very wide-area
surveill ance, seefor example [1-4]. The eisting OTHR algorithms
are based onthe aamption that the Doppler frequency of target is
constant during ead dwell. A two-dimensional Fourier transform
is taken to the recaved signa. Targets are detecded from
amplitude pess away from the zeo frequency. The detedion
cgability of an algorithm depends on the SCR and the Doppler
resolution. For a maneuvering target, such as an aircraft and a fast
boat, the Fourier transformation besed techniques may not work
well due to the time-varying Dopper frequency nature of the
signal. In this paper, we first propose a adaptive chirplet
transform (ACT) for Dopper processng as an aternative of the
Fourier transform, where the sinusoidal signal model is replaceal by
the chirplet signal model becaise the radar return signals from
maneuvering targets have dirp type charaderistics. With the ACT
technique, the wherent integration time (CIT) can be extended, and
therefore, the Doppler resolution may be better than that using the
Fourier transform techniques. Since the SCR is very low, abou —
50 B to —60 dB, before implementing the ACT, clutter rgjed
agorithms must be used to improve the SCR. Most existing clutter
regedion methods are integrated in signal spedrum estimation
methods in target detedion [3,9] for sinusoidal signal models, i.e.,
uniformly moving targets. Because the dutter in neighboring range
cdls have high correlation, the receved signals from neighbaring
range cdls are used to estimate the dutter covariance matrix,
clutter subspace ad signa subspace of the airrent range cel.
When the signal subspace is acarately estimated, most clutter
energy can be removed and the signal arrival from atarget is kept
after projeding the recéved signal into the signal subspace We
cdl this as subspace clutter rejection algorithm (SCRA) for
convenience The ACT is then applied to the dutter-removed
signal, with which the maneuvering target signal energy can be
focused. By using combined ACT and SCRA, our simulation
results $how that maneuvering targets with SCR at -53.5dB can be
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corredly deteded. In this paper, we dso consider the multi-path
propagation environment that causes sveral received signals from
ead target to be possbly in dfferent range, azmuth and Doppler
cdls. This may make the target detedion and tradking more
difficult. We show that our proposed algorithm is also helpful in
multi -path signal detedion because multi-path signals from a target
with similar time-frequency distributions can be eaily identified.

2. OTHR SIGNAL MODEL AND PROBLEM
DESCRIPTION

In this sdion, we first describe the OTHR signal model
presented in [4], the conventional OTHR processng for uniform
moving targets, and then the problem of interest in this paper for
maneuvering targets.

2.1 OTHR Signa Model for OTHR Processng

After the low passfiltering and sampling in the time interval, the
recaved signa s(n,m) for atarget p with ground range r is,
seefor example [4],

d
S = 5 Ay el [, M, + (@ =271 (2= To )T, 1)+

(€
where n, m,T,, Wy énm aethefast time sample index, chirp
pulse index, the minimum delay, Dopper frequency shift, and
additive noise, respedively. From (1), we find that the signal part
ins(m,n) intermsof index nisa omplex sinusoidal signal. It is
aso a sinusoidal signal in terms of index m if the Doppler
frequency w, does not change with m. In this case, a two-

dimensional discrete Fourier transform over m and n provides
the range-Doppler surface S(m',n'). For a particular OTHR
processng algorithm, the target detedion capability depends on
the SCR. Therefore, in order to improve the target detedion
performance, one can increase the range, Doppler resolution, and

the SCR. The range resolution, Ar = Z_CB , depends on the radar
system (the bandwidth B of radar), which is fixed for a fixed

radar. However, the Dopder resolution, Aw :g, depends on
c

the CIT T, which is chosen at the recaver. Targets and clutter
with a Dopper difference less than Aw are locaed in one
Dopper cdl. One Doppler cdl will be divided into k smaller
cdlsandthe SCRisthen increased by k timesif the CIT increases
k times. The ssumption here is that the target moves uniformly
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within the CIT interval, which may nat hold when the CIT is
long.

2.2 Problem Description on Maneuvering Target Detedion

For a maneuvering target, the signa Doppler frequency
Wy, in (1) due to the target motion is no longer constant but time
varying. The non-uniform motion o eledron censity distributions
in ionospheric media can aso induce the signa Doppler
frequency change [9,10]. Consider a moving target with velocity
v and accéeration a in the diredion of slant range. The Doppler

frequency wyin (1) is w,(t) =;(v+at) . The Doppler spread

length is Aw), =;aTC, and therefore, the number of Dopper

Awp _ a_TC2
22
when the target moves uniformly, i.e., a=0, the target energy
using the Fourier transform is always concentrated in a single
Dopger cdl. It is, however, different when the target moves non
uniformly, i.e,, a# 0. Asan example, let usassume a/(2A) =1.

cdls that the target energy spreals over is

In this case, the target energy spreals over Tc2 Dopger cdls. This
implies that, if the CIT T, increasses k times, the number of
Dopper cdls over which the target energy spreals increases
k2times. Therefore, in this case, the SCR in Doppler reduces

k?times compared to that in the uniform moving target case. This

tells us that, for a maneuvering target, the CIT increase does not
benefit the OTHR target detedion if the Fourier transform based
technique is used in the Doppler processng. We next propose an
adaptive chirplet transform (ACT) in the Doppler processng that
takes advantage of the long CIT no matter whether the target
moves uniformly or nat.

3. CHIRP SIGNAL DETECTION AND ADAPTIVE
CHIRPLET TRANSFORM

In OTHR, the receved signa in arange cdl is usualy a multi-
comporent signal with time-varying frequency sincethere may be
multiple targets and clutter with different velocities in a range
cdl. If the CIT is not short, the receved signad from a
maneuvering target may be alinea chirp or a higher order time-
varying frequency signal, i.e., ahigh order chirp. The ideain what
follows is quite simple, i.e., a high order chirp from a target is
expresed as a ommbination of several linea chirps over different
time intervals called chirplets introduced by Mann and Haykin
[8]. To a recaeved signd s(t), based on a given frame

{h () kDO Z}, it will be decomposed as
No
s(t) = 3 ¥ Cixchi ui (1) @
i=1 k
where C;, =[¥(t), h'k (t)y; (t)Care the frame demmposition

coefficients and fh (1), kDZ} is dual frame of {h, (t), kOZ},

M0 represents the inner product and

u; (t) :expgj (%aitz)gfor some dirp ratea; . For detail s about

(2), see [7,11]. To have an efficient frame decomposition,
{h, (t), kOZ} should include functions with different time and

frequency widths and center (mean) locaions. For example, the
foll owing moduated Gaussan functions

4 O
hk(t)=§%§yexpgvk(t—tk)2+j§w+B—2k(t—tk)% 3

are ommonly used, where there ae basicdly four indexes y,,
@, By, and t, corresponding to the evelope, phase, frequency

andtime centers, respedively.
We next present how the dirp rate parameters a;in

u () = exp@j (%aitz)g and the wrresponding h, (t) of the form

(3) are estimated. For a given signal s(t), chirp rate a,; is

obtained by seaching the largest pek in the Radon-Wigner plane
after taking the RadonWigner Transform (RWT) of the signal
s(t). We then obtain frame {u,(t)h, (t),k0Z} by moduating

frame {h,(t),k 0z} in (3) with ul(t):exp(j%tz). We next

estimate which element in the modified frame {ul(t)hI< (t),kDZ}
optimally matches the signa Sand denote the dement as
uhy, Where

(8(t), uy (Hh (O

n®=eargn i"éls(t)_ ]

l
t)h (t
OROIE

Definesignal s, as

_ ey 80, U (DR (OO

By repeding the same procedure to s;(t) as tos(t), we obtain
the following things: parameter a,is obtained by estimate the
largest chirp comporent of s (t) by the RWT and let

() = expl Z217).
[, (1), u, () hy (1) T, () hy (1) IIS, ©
I @l 3

3,0, (Ohy (OO
non OO @

Repeaing the aove procedure, signal s(t) can be expresed as
s(t) = S (t).Based on the @ove demmpostion, the

hy (1) =argmin]ls, (1) -
k0O

S (1) =si(t) -

instantaneous frequencies of the signa’s auto-terms can be
obtained and then used for the OTHR target detedion.

One ca see that the seach in (4) and (6) is in fad four
dimensional, which has ahigh computational complexity. In order
to reducethe cmplexity, a sub-optimal algorithm is given in [11]
and summarized as foll ows:

Adaptive Chirplet Transform
Step 1. Estimate dhirp ratea, and frequency c, of s(t) by RWT

(01,00, = argmaxD(a,w)|.
(a,0)
Step 2. Generate hy(t) by a narrow band filter g(t) with center
o .
frequency @, uy = exp(j—-t%) and hy(1) = g(t) o (s (1) -
Step 3. The coefficient C,, in (2) is obtained asfollows
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Cy = (1), hy (D)uy (D= [s()hy (Huy (Dt . (8)
Step 4. Let y,(t) = Cy 1y (t) uy(t) , and sy (t) =s(t) =y, (1) - (9)
Step 5. Set s(t) = s, (t). .
Step 6. Stop if energy of s(t) is smal enough, otherwise go to
Step 1.

4. CLUTTER REJECTION

As mentioned in the Introduction, the SCR is very low in the
OTHR data. A clutter rejedion algorithm is usually needed. The
available dutter rejedion algorithms [3,9] combine the aaptive
clutter rejedion and the maximum likelihood (ML) target
detedion together mainly based on the sinusoidal, uniformly
moving target, signa moddl. These dgorithms may not work well
for maneuvering target detedion becaise the target signals are
chirps. In this sdion, we present a signal subspace tutter
rejedion algorithm that can remove large amourt of clutter
energy while keep the waveforms of moving target signals. After
the dutter rgedion, ACT is applied to deted maneuvering
targets, charaderized by chirps.

Signal subspacemethodis widdly used in array signal processng
and multi-user detedion in wireless communicdions. In typicd
array signal processng, e.g., the MUSIC agorithm is applied, the
signal to noise ratio is not too low. Signal subspaceis estimated
by the singular-value demmposition of the receved signa
covariance matrix. By using the estimated signal subspace ad
noise subspace ahigh resolution signal spedrum is obtained,
which is used in targets detedion. The difference between the
OTHR applicaion and the MUSIC is that the SCRis very low in
OTHR and the desire signal frequency may be time varying.
Therefore, a high resolution spedrum estimation may not achieve
agood performance in OTHR target detedion. Becaise the SCR
in OTHR is very low (typicdly between -50dB and -60dB), it is
imposshbleto diredly estimate the signal subspacesimilar to array
signa processng. However, signas from the neighboring range
cdls are highly correlated which can be used to estimate the
clutter in an interested range cdl. Let s, (t) bethereceved signa

after range mpresson in the airrent interested range cdl,
Sp1(t),...,Spy (t) bereceved signals after range compression from

N neighboring range cédls. The cvariance matrix of clutter and
noise can be estimated by

N
R==3 5. 10

N iz
The SVD demmposition d R can be written as R=UVU " |
where U isaunitary matrix and V is a diagonal matrix. Columns
of U areeigen-vectorsof R, and the dementsin the diagona of
V are the @rresponding eigenvalues. As the dutter is much
stronger than noise and signa and is highly correlated between
range cdls wherea the signa has negligible arrelation, the
eigen-vedors u,,U,,...,uy for some M corresponding to the
largest eigenvalues are suppacsed coming from clutter. Therefore,
the subspace S, generated from u,,u,,...,uy, is the dutter
subspace If the target signal is not in the subspace S , then
Sprj (1) = (1 =P)s; , is the projedion d receved signal s(t)in

the arrent range cél i nto signal subspace where

M
P= zl uyut (12)

is the projedion operator to the dutter subspace S, - NOW the
problem is how we can determine the number M of eigen-vedors
Uy, Us,,...,Uy, that belong to clutter subspace Sy - The signa
s[arget(t) coming form a target may not be orthogona to the
clutter subspace Sy if Uy,Uy,....uy @€ not appropriately
chosen. In this case, the target signal Si,qe(t) is aso reduced or

removed when clutter is reduced. We do nd know the exad
waveforms of targets. What we can doisto use the knowledge of
estimated clutter covariance matrix to remove the dutter as much
as posdble while maintain the target signa as much as possble.
Now, let us go badk to (10), the etimated covariance R.
Because only a few neighbaring range cdls are used to estimate
R, itisrank deficient. Covariancematrix R, of clutter and roise
can be etimated asR, = R+a?l , where o?is the variance of
noise that is roughly known. R, has the following SVD

decompaosition and expresson
N —_— N
R =UVU; = Zl/\i Ga" = _zlf\i R (12)
= i=

where A is the i-th largest eigenvalue of Ry, U is its eigen-
vedor, and B is the projedion operator to the subspacegenerated
by U;. From (12), one can seethat the larger eigenvalues A; are,

the more dutter energy distributes to the subspace generated by
U; . Based on this observation, the following algorithm is used to

remove strong clutter without any knowledge of the signal

N
Sprai (1) = 2 f(A)Rs:(1) 13
where f(A;)isadeaeasing function d A;. In(11), f(A,) is
O i=1.M
=0 w (14)

In our simulations of this paper, f(A;) ischosen as f (4;) =%_ .
In this case,
N N 1 a
Sproj (1) :_Zlf(/\i)PiSc(t) =_ZM—_PiSc(t) =Rs(), (19

which is obtained before gplying the ACT. After this is
ohtained, the ACT is applied for the moving target detedion.

5.SIMULATION

In this ®dion, the performance of the proposed agorithms for
maneuvering target detedion is $own by some simulation
results. The signa data coming from maneuvering targets is
generated based onthe signal model (1) and then added to the raw
OTHR clutter data. The radar working frequency is 20MHz.
There ae 54 range cdls in the data. Coherent integration time
(CIT) is T, = 123 semnds. The velocity and acceeration o

targets in the range diredion are from 40m/s and 3 m/s?,
respedively. The signal to clutter ratio is about —-53.5 dB.

In our simulations, the following steps are implemented. For the
recaved signal, match filtering and range cmpresson are first
implemented in the range diredion. Then, for ead range cédl, 6
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neighbaring range cdls (3 range céls on ead side) are used to
estimate dutter covariance matrix of the arrent range cdl. Next,
the signal subspace tutter rejedion algorithm is used to remove
the dutter. After signal subspace tutter rejedion, the ACT is
used to the signal after the dutter rgjection for target detedion.

Fig.l1 shows the signa waveforms before and after signa
subspace tutter rejedion of the range cdl that contains a target.
We can seethat the dutter energy is suppressed by abou 15 B
by using the signal subspace #&gorithm. Fig.2 depicts the range-
Dopper reaults using the Fourier transform to deta &ter the
clutter rejedion algorithms. Even the SCR is improved after the
clutter rejedion, the target remains undetedable, because the
target energy is read by using the Fourier transform to
maneuvering targets. Instead of the Fourier transform in Fig.2,
ACT isusedin Fig.3. Thetarget can be eaily deteded in Fig.3 at
range 2250 km with Doppler frequency of abou —4 Hz. The
amplitudes of the signal in the range cel containing the target are
shown in Fig.4, Fig.5 and Fig.6 using the Fourier transform
without clutter rejedion, the Fourier transform with clutter
rejedion, and the ACT with clutter rejedion, respedively. From
Fig.4, we can seethat the dutter amplitude of the main lobe
around 0 Hz is about 20 dB higher than that of the side lobes
including the region around —5 Hz where the target is locaed. In
Fig.5, aithough the dutter amplitude of the main lobe is reduced
by abou 15 dB and the side lode is reduced by about 5 to 10 dB,
the target till can not be deteded. But in Fig.6, the target energy
isfocused, and the anplitude of the target signal becomes abou 4
dB higher than that of the dutter in target's neighboring
frequency bands.

6. CONCLUSION

In this paper, an adaptive dutter rejedion algorithm has been
proposed to maneuvering targets detedion in OTHR systems.
This algorithm can reduce dutter energy by abou 15 to 20 dB
with negligible distortion to the waveform of the signal returned
from maneuvering targets. An adaptive chirplet transform
agorithm was applied to the dutter-miti gated signal for improved
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Dopper processng. Simulation results have shown that the
proposed method substantialy enhances the target detedion
ability. Particularly, severa simulation examples have shown that
the proposed method can successfully deted weak target signals
where other methods fail .
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