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Abstract— A new method to reject ground clutter using the separate spatial and temporal processing when there is a
Amplitude and Phase EStimation APE§ method is proposed in  coupling between the clutter signal direction of arrivalA)
this paper. The theoretical approach is followed by the application - 5,4 it Doppler frequenc T APconsists in performing a joint
of this method on the rejection of such an interference in the . . o . .
frame of a bistatic passive radar using Digital Video Broadcasting Sp_atlo-_temporal optimum f"te”“_g OT the signal in order to
-Terrestrial (DVB— T) transmitters. reject interference (clutter) contributions [6], [7].
Classical STAP methods such as the Principal Components
(PC) method [7], [8], reduced rank methods such as the Joint
Domain Localized JDL) method [8], [9] or the hybridization
Radars using illuminators of opportunity are inherentlggi@e of the JDL method with the Direct Data Domai¢) method
bistatic radars. The passivity of bistatic radars offerfiniteve  [10]-[12] involve to estimate the covariance matrix of the
advantages namely low cost, low weight and enhanced ragigerferences. Their performance can suffer from the prese
cross-section for certain geometries. Moreover, stegitta>  of discrete sources of interference, the lack of homogeseou
tions are possible since the receiver is totally passive. range cells for the estimation of the covariance matrix dned t
Furthermore, noise-like signals allow unambiguous range anon-Gaussianity of the environment.
Doppler estimation and an independent control of Doppl&ve propose in this paper not to use the covariance matrix but
and range measurements. Their ambiguity function presetdsteratively reject components of the clutter using &RES
no side lobes (just noise floor), and high rate compressiarethod. This method can not be considered as adaptative
is possible. In addition, they behave very favorably agdainsut need an a priori knowledge of the clutter power spectral
Electronic CounterMeasures (Anti Radar MissikRM) and density locus.
jamming). They also exhibit better performance in Low ProbFhe paper is organized as follows. Section 2 depicts the
ability of Interception [PIl) and Exploiting [PE). In the reference signal model, namely B— T signal characteristics
ElectroMagnetic Compatibility EMC) domain, better inter- and the received signal model, made of the signal of interest
ference immunity and the possibility of using many radarshe target), clutter and noise.
simultaneously within the same area are expected. Section 3 is dedicated to the adaptation to noise-like sgna
Radars using illuminators of opportunity have already beerfi the APESmethod.
studied. Signals provided by FM radio broadcast [1], séésll Finally, section 4 describes results of the bistatic pa&ssiv
[2],digital video broadcastdVB—T) [3], and Global System detection of a simulated target added to real clutter cdeate
for Mobile communicationsGSM) base stations [4]have beenby aDVB—T transmitter of opportunity.
considered. Arguments for the selection of the transmiyiee
include spatial and time coverage, power, central-frequenNotations *, T, T, ~ represent respectively the conjugate,
and bandwidth of the emitted signal, and shape of the ambianspose, Hermitian transpose and estimate of a vectivixma
guity function. The bandwidth dictates the achievable eangThe element corresponding to the columrand linel of a
resolution and the shape of the ambiguity function is deeisimatrix M will be represented by, its line index! by M, .
in determining the detection performance of the radar. FheC first values of a vectov will be represented by, its
particular, signals from digital modulatiol6G6M DVB—T) I" element byv, , the portion of this vector between elements
have much less range and Doppler ambiguities than otheand j by v;.;.
modulations [5], which makes them more suitable for passifée identity matrix with dimensiomN will be written |, c.
radar. In this paper, we will consider DVB-T transmitters as the column vector withtC unit elements0y the column
illuminators of opportunity. They have a ubiquitous spatiavector withC null elements], is the row vector withL unit
coverage, are permanent in time and have a thumbtack li&ementsJy, is the exchange or reflection matrix (i.e., a matrix
ambiguity function due to the noise-like behavior of thef dimensionN that has ones along its anti-diagonal, and zeros
OFDM modulation used. everywhere else).
Space-Time Adaptive Processin§TAB is typically used to The Kronecker product is represented ®y the Hadamard
filter out (clutter-) interferences iItGMTI radars in order product byo. If we consider aN x M matrix A, the vec-
to detect slow-moving targetsSTAP offers a benefit over function of A is written vedA) and is obtained by stacking
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the columns to get &M x 1 vector. with the general expression for the processed part of the
reference signal:
Il. SIGNAL MODEL

Let us consider a sampled space-time sighahade of clutter,

otential target and noise, received by a sparse array rEanten 1-r 2t Ng—r\1"
b e o - () ()]
made ofNs elements, during a coherent integration tifie fs fs fs
corresponding td\y samples, so thalg = '\f'—g with fg the ) . )
sampling frequency. The inter-element spacing between th@e signal is also supposed to be made of the sigrial,
i+ 1" antenna element and the previous one is representedigyn @ target with complex amplitude and located at angle
di+1; and the carrier wavelength by 8, reduced Doppler frequenay and bistatic delay.

The various components of the received signal are defined by

their amplitude, delay compared to the direct path, reduced T

Doppler frequency and associated steering vector in the tem Yi = 0s5(0) (X(~1)osy(va))

poral domain and direction of arrival linked to the steering = a(cn®@xX' (~T)) o (s5(8) @] (Va))

vector in the spatial domain. = aX(-T)o (ss(e) ®sg(vd)) (6)

The general expression of a temporal steerin? vector in the
direction of the reduced Doppler frequeney = ¢ with f4  Noise is represented b, an ergodic, stationary and zero
the Doppler frequency is given by: mean random process.
One can see in this model that clutter is considered as a
B j2mg i2rva(Ng—1)] " finite sum of discrete contributors. Under this assumptioa,
Sa(Va) = {1,e eeer® } propose to use a spectral estimation method, nameljBteS
-1 T method, to determine the amplitude, Doppler and angle of the
- {1’2‘1 (Vd)""’igd (Vd)} (1) main contributors and to suth)ract their Egntribution f?dmet

where z, (vq) stands for the temporal phase shift from onkeCeived signal, one after the other.
sample to another due to the motion of the considered com-

ponent. I1l. GENERALIZATION OF THE APESMETHOD TO
In the case of a sparse array (specifically used for real NOISE-LIKE SIGNALS
measuremhent; pre_senti,-d n ;g'_s .paper), the spatial e the case of a bistatic radar exploiting a noise-like digna
vector in the direction of arriva Is: a way to adapt theAPES method [13]-[15] is to work on
; the mixing product defined for each rangassociated to the
(0 = {1,6"2”3”;(6)"2-1,...,ejznsmx(e) Zir\lslldi+1>i:| delayt by:
Nt ! Yo(O= Y(@ol(c, @xt (7)
_ lzsl‘o(e),zm(e),..., N zmi(e)] @ 0= Y(©o(c @x")
1=

) . . In an analog way, we will no longer consider the reference
wherez, ,; () stands for the spatial phase shift from ihe  gigna) or the noise signal but their mixed versiofy, and
1" antenna element to the previous element. By conventiqqm(T)

Z, ,(8) is chosen equal to 1. Since the contributors induce a Doppler frequency that is
The space-time steering vector is deduced from both spaiiglich smaller than the sampling frequency, the signal can be
and temporal steering vector: low-pass filtered and subsampled as suggested in [16]. The
subsampling factor will be note8l Note that this subsampling
S(6,va) =54 (Va) @5 (6) (3) does not affect the range-resolution of the radar.

The clutter signalY, is assumed to be made of the totaf N€ reduced Doppler frequency after this processing will be

contribution ofN, _ interfering range cells, creating multipathsn©€dVq = VuS. _ _ _
Each range cell is made &, contributing clutter patches Low-pass filtering and subsampling play an important role in
' [ “spatial steering the adaptation of th@PESmethod to noise-like signal. Both

Y/V;tcrloizsnzg:)e):ir?krgglltts ?E:'gh;;?}lrr s’ the demodulation, represented by the Hadamard product of a
delayed version, regarding the considered range cell, ®f th
received signal by the reference one (see equation (7)) and
v v low-pass filtering plus subsampling allow the noise-likgnsil
¢ - r;p; Crip to get closer to a Doppler shifted pulse with a low level of
N Neip amplitude fluctuations.
— z Z ar:pSs(8r) (X(—T7) OSd(Vdr;p))T (4) Thls_process_ln.g is associated to the subsampling and les-pa
=1p=1 filtering matrix:

Nr - Nr:p



cs 05 - O Nig = Mo~ Ns 1 (14)
_ Os ¢ Og Os d Ns
Svg) = e sy SN | o »
d sin(T) ' . Furthermore, we will not& the first column of the matrixT.
P This leads us to the optimization problem:
OS . . OS CS
IS T T S
= (vl ®Cs ® minjlh’Y - X of | (15)
S
The correction by the coefficiemfv,) = m is neces- with the constraint
g 2imkvg
sary to compensate the effect of subsarrsfﬁling on the temporal
steering vector. It yealds: hT(f(Msdoémsd) =1 (16)
ST (vg)sy(vy) =340 9 ’
(Va)S%s(Va) =S (Va) © h € CMsMd is the vector containing the coefficients of the filter
The mixed signal defined in equation (7), for example, wilit the frequency®,V,) for the considered range cell.
now be replaced by: Proposition 1 (Noise APES (NAPES filter)fhe solu-
tion of the optimization problem (equation (15)) under the
;((T Vg) = Yn(1)S(vy) constraint (equation(16)) is:
) - m
= 1(v)Ym(DS -
= W)Y (10) a=hwg (17)

One can see on the previous equation that it is not necessahy
to take into account a different mixed, low-pass filtered and
subsampled signa?(r,vd) for each temporal direction but to h— Mg (18)
work with Y (1) and to apply the correction. B Ts

X andN(t) would be defined in the same way frox, and (if,,dd> Q1%
Nm(T) respectively.

The number of processed blocs, made of subsampled and IQyere
pass filtered dataN@d will be notedN,.

Considering the mixed, low-pass filtered and subsampled g = ;V(y(id )* (19)
signals, the purpose, for each step of the iterative rejegtio- ||thde sd
cess, is to estimate the maximal amplituidg, corresponding
to the main contributor so that:
5 N S 1 Rt pet
Yo (1) = GripX o (s5(8p)F (Vo)) (11) Q = I%; HZW —% (20)
sd

To facilitate readers understanding, the reference toahge

cell (1) and the spatio-temporal directidi®p,Vq,,) scanned gsd =X o8, isobtained from the reference signal, mixed,

i i i Ms S
during the processing will be suppressed. lowpass filtered, subsampled and steered in the desireibspat
Applying the APE Smethod implies to work witty;,: i

temporal direction andi%; [ = L zngl\ii .
sd

Vi :vec(\?.,. . ) (12) Range cells index are processed one after the other. Once
; ifi+Mg—11:14+My—1 . . .
the Doppler, angle and amplitude of the main contributor to
and clutter in this range cell is estimated using thBE Smethod,
~ AT . . . this contribution is subtracted.
Y= [yl:l’ o Yisn Yz s yLs;Ed} (13) ' One obtain at iteration numbeg for the range celr:

The values ofM, My, Ls and Ly are chosen so thaf is o o) .
a square matrixLL, = MgNiy). In addition, the number of ~ Y{"® = ¥
antenna elements of the sparse array being siNak=(4), Mg - v

is chosen equal tdl; leading toLg =1 (Lg = Ng — Mg +1).

Once the integration time and the subsampling factor ar 5 (1 ~ . .
g Ping With YEY =¥ andaip = maxa:p.
p

chosen and usingy = Ny — My + 1, we obtain:



V. APPLICATION TO REAL DATA
This section presents the results obtained applying aativer

r

rejection thanks to th&PESmethod to real ground clutter as

where a target has been injected. Table | provides the config- *’W ”5
uration parameters of the measured ground clutter created b B B
the Eiffel TowerDVB—T emitter. B ey B

= an
20

50
F(H2) 100 o Dolay

TABLE |
CONFIGURATION PARAMETERS

Acquisition parameters £ °
Ng [74[Ns] 4 [s][2®] T [ 66ms i
Emitter -
EIRP 20kwW Central 562MHz
frequency X
Target
Signal to —40dB Direction of 2r
clutter ratio arrival (6) Fig. 1. meaxa(r,e, fq) before (a) and after (b) rejection
fq —30Hz || Range cell {fs) 50

Figure 1 (a) presents a range-Doppler diagramax (T, 6, fq))

before rejection. This position is represented by a blacksr
The effect of iterative clutter rejection is presented omrfig

1 (b). The area of rejection has been chosen between range
cell number 20 and range cell number 80. Even if data have
been collected from a ground clutter the hypothesis of iater
clutter motion has been made. The rejection was applied
between—5Hz and 31z and all over angles between9(®®

and 90. Figure 2 (a) focuses on the range cell 50 where the
target has been injected. One can see on this figure that if the
target is hidden in a sidelobe of the clutter before rejectib
appears in figure 2 (b) after clutter rejection.

V. CONCLUSION

We have shown in this paper how efficient thBE Smethod
could be in the frame of the rejection of ground clutter for a
bistatic passive radar.

Fig. 2. a(®, fq) in range cell 50 before (a) and after (b) rejection
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