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Abstract: A new method to reject ground clutter using the Amplitude and Phase EStimation (APES) method is
proposed. The theoretical approach is followed by the application of this method to the rejection of such an
interference in the frame of a bistatic passive radar using digital video broadcasting — terrestrial (DVB—T) transmitters.

1 Introduction

Radars using illuminators of opportunity are inherently passive
bistatic radars. The passivity of bistatic radars offers definitive
advantages namely low cost, low weight and enhanced
radar cross-section for certain geometries. Moreover, stealth
operations are possible since the receiver is totally passive.

Furthermore, noise-like signals allow unambiguous range
and Doppler estimation and an independent control of
Doppler and range measurements. Their ambiguity
function presents no side lobes (just noise floor), and high
rate compression is possible. In addition, they behave very
favourably against electronic counter-measures (anti-radar
missile and jamming). They also exhibit better performance
in low probability of interception and exploiting. In the
electromagnetic compatibility domain, better interference
immunity and the possibility of using many radars
simultaneously within the same area are expected.

Radars using illuminators of opportunity have already
been studied. Signals provided by FM radio broadcast [1],
satellites [2], digital video broadcasting-terestrial (DVB-T)
[3] and global system for mobile communications (GSM) base
stations [4] have been considered. Arguments for the selection
of the transmitter type include spatial and time coverage,
power, central-frequency and bandwidth of the emitted signal,
and shape of the ambiguity function. The bandwidth dictates
the achievable range-resolution and the shape of the ambiguity
function is decisive in determining the detection performance
of the radar. In particular, signals from digital modulation

(GSM, DVB-T) have much less range and Doppler
ambiguities than other modulations [5], which makes them
more suitable for passive radar. In this paper, we will consider
DVB-T transmitters as illuminators of opportunity. They
have an ubiquitous spatial coverage, are permanent in time and
have a thumbtack like ambiguity function because of the
noise-like behaviour of the orthogonal frequency-division
multiplexing (OFDM) modulation used.

Space—time adaptive processing (STAP) is typically used
to filter out (clutter) interferences in GIMTT radars in order
to detect slow-moving targets. STAP offers a benefit over
separate spatial and temporal processing when there is a
coupling between the clutter signal direction of arrival and
its Doppler frequency. STAP consists in performing a joint
spatio-temporal optimum filtering of the signal in order to
reject interference (clutter) contributions [6, 7].

Classical STAP methods such as the principal components
method [7, 8], reduced rank methods such as the joint
domain localised (JDL) method [8, 9] or the hybridisation
of the JDL method with the direct data domain method
[10-12] involve to estimate the covariance matrix of
the interferences. Their performance can suffer from the
presence of discrete sources of interference, the lack of
homogeneous range cells for the estimation of the covariance
matrix and the non-Gaussianity of the environment.

We propose in this paper not to use the covariance matrix
but to iteratively reject components of the clutter using the

Amplitude and Phase EStimation (APES) method [13-15].
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Notations: *, T, ¥, represent, respectively, the conjugate,

transpose, Hermitian transpose and estimate of a vector/
matrix.

The element corresponding to the column ¢ and row /of a
matrix M will be represented by M, its row index / by M.
The C first values of a vector v will be represented by vy,
its /th element by wv,, the portion of this vector between
elements i and j by v, ;.

The identity matrix with dimension N will be written as
I, cc is the column vector with C unit elements, 05 the
column vector with /V null elements.

The Kronecker product is represented by &, the
Hadamard product by °. If we consider a V x M matrix 4,
the vec-function of A4 is written vec(4) and is obtained by
stacking the columns to obtain an NM x 1 vector.

2 Signal model

Let us consider a sampled space—time signal ¥, made of
clutter, potential target and noise, received by a sparse
array antenna made of NNV, elements, during a coherent
integration time 7, corresponding to N samples, so that
T, = Ny/f,, with £ being the sampling frequency. The
inter-element spacing between the i + 1th antenna element
and the previous one is represented by 4, ; ; and the carrier
wavelength by A.

The various components of the received signal are defined
by their amplitude, delay compared to the direct path,
reduced Doppler frequency and associated steering vector
in the temporal domain and direction of arrival linked to
the steering vector in the spatial domain.

The general expression of a temporal steering vector in the
direction of the reduced Doppler frequency vq = f3/f;, with
/3 the Doppler frequency is given by

i) = [1, 2™, ., Piu]T

=[1, 2gg), .-, 2y w)]" (1)
where z4(v4) stands for the temporal phase shift from one
sample to another because of the motion of the considered
component.

In the case of a sparse array (specifically used for real
measurements presented in this paper), the spatial steering
vector in the direction of arrival 6 is
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where zg,, (6) stands for the spatial phase shift from the
i+1th antenna element to the previous element. By
convention, zslo(O) is chosen equal to 1.

The space—time steering vector is deduced from both
spatial and temporal steering vector

5(6, vq) = s9(vy) ® 5,(6) ®3)

The clutter signal Y, is assumed to be made of the total

contribution of NN, interfering range cells, creating
multipaths. Each range cell is made of NV,, contributing
clutter patches with complex amphtude @,,, delay

7, = r/f,, spatial steering vector s,(6,.,) linked to the angle
. The internal clutter motion is also taken into account

(vd is not necessarily equal to 0 and s4(v4 P) is not
necessarﬂy equal to ¢y Vre€[l, -+, N] and Vp €
[1,---, ’,P]) so that
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with the general expression for the processed part of the
reference signal

o[ L7) )

The signal is also assumed to be made of the contribution of
the target, Y, that is, a signal with complex amplitude & and
located at angle 6, reduced Doppler frequency v, and bistatic
delay .

Y, = as(0)(x(— ) osy(vy))"
= aley, @ (=)0 (5,(0)s] (v,)
= aX(—1)o(s,(6)si (vy)) (6)

Noise is represented by V, an ergodic, stationary and zero mean
random process. One can see in this model that clutter is
considered as a finite sum of discrete contributors. Under this
assumption, we propose to use a spectral estimation method,
namely the APES method, to determine the amplitude,
Doppler and angle of the main contributors and to subtract
their contribution from the received signal, one after the other.

3 Generalisation of the APES
method to noise-like signals

In the case of a bistatic radar exploiting a noise-like signal, a
way to adapt the APES method [13-15] is to work on the

mixing product defined for each range r associated to the
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delay 7 by

Y1) = Y()o (") ()
In an analog way, we will no longer consider the reference
signal or the noise signal but their mixed version, X, and
N, (7). Since the contributors induce a Doppler frequency
that is much smaller than the sampling frequency, the
signal can be low-pass filtered and subsampled as suggested
in [16]. The subsampling factor will be denoted §. Note
that this subsampling does not affect the range-resolution
of the radar. The reduced Doppler frequency after this
processing will be denoted V4 = vyS. Low-pass filtering
and subsampling play an important role in the adaptation
of the APES method to noise-like signal. Both the
demodulation of the received signal by the reference one
(see (7)) and low-pass filtering plus subsampling allow
the noise-like signal to get closer to a Doppler shifted pulse
with a low level of amplitude fluctuations. This processing
is associated to the subsampling and low-pass filtering matrix

[es O 0]
Og ¢ 05 - O
S(vg) = e7im(s-Dw STV
d sin(7y)
[0y - oo 05 ¢ |
= L(vd)INd/S®CS (8)

The correction by the coefficient «(vy) =1/ Zéﬁ? €

necessary to compensate the effect of subsampling on the
temporal steering vector. It yields

ST(Vd)Sd(Vd) = }d(f)d) (9)

The mixed signal defined in (7), for example, will now be
replaced by

2jmhvy is

Y(7,vg) = Y, (DS(vy)
= ()Y (DS

= (vy)Y(7) (10)

One can see on the previous equation that it is not necessary
to take into account a different mixed, low-pass filtered and
subsampled signal Y(r, vy) for each temporal direction but
to work with Y(7) and to apply the correction. X and N(7)
would be defined in the same way from X, and N (7),
respectively. The number of processed blocks, made of
subsampled and low-pass filtered data, NN;/S will be
denoted N,4. Considering the mixed, low-pass filtered and
subsampled signals, the purpose, for each step of the
iterative rejection process, is to estimate the maximal
amplitude &,., corresponding to the main contributor so that
Y, (1) =a,,X0(,0,,)5 0y ) (11)

For simplicity, the reference to the range cell (1) and the
spatio-temporal direction (6, ) Vd_ ) scanned during the

processing will be suppressed. Appfylng the APES method

implies to work with #;,

= Vec(f/i:i-&-Mr—l,/:l-i—M d_l) (12)
and

Y 2 [y, ... (13)

U 4y Uiy ony Uy 7
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The values of MS,NMC[, L, and L are chosen so that Y is a
square matrix (L Ly = M,M,). In addition, the number of
antenna elements of the sparse array being small (V, = 4),
M is chosen equal to NV, leading to L, =1 (L, =N, —
M, +1). Once the integration time and the subsampling

factor are chosen and using Ly = Ny — My, , we obtain
- Ny+1
My = 14
TN +1 4

Fl%rthermore, we will denote x the first column of the matrix
X . This leads us to the optimisation problem

min 157Y — &, g, oiLSid)Tnz (15)

with the constraint

B @y, 05nin,) =1 (16)
heCMMa i the vector containing the coefficients
of the filter at the frequency (6, y4) for the considered
range cell.

Proposition 1 (Noise APES (NAPES filter)): The
solution of the optimisation problem (15) under the
constraint (16) is

a=hg 17)
and
71~sd
h= Tt (18)
~sd )1 ~sd
Xp i, MM,
where
- 1 s
§=—75 Y& ) (19)
RN
2 1 ~ ~F o
d=—""YY -3z (20)
|
Njgl . =%y iy oSy, i1y is obtained from the reference signal,
mlxecf lowpass ﬁltered subsampled and steered in

the des1red spatio-temporal direction and ||xL i, =

Z |x/|

S

The proof of the proposition is given in the Appendix.
Range cells index 7 are processed one after the other. Once
the Doppler, angle and amplitude of the main contributor
to clutter in this range cell is estimated using the APES
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Table 1 Configuration parameters

Acquisition
parameters
N, 74 | N, 4 s{22 |71, 66ms
Emitter
EIRP 20 kW central 562 MHz
frequency
Target
signal-to- | —40 dB | direction of 22°
clutter arrival (6)
ratio
fq —30 Hz range cell 50
(71

method, this contribution is subtracted. One obtain at
iteration number p for the range cell ~

Yir,p) _ ?Er;pfl) _ ?E:r,p)
A VN ~ \WT
=¥ = a5, — 7)osy(By )T (D)
z 1;1 ~ A (- ~
with Yi '~ ¥ and & = max, &,.,.

4 Real clutter rejection using
the APES method

This section presents the results obtained applying an
iterative rejection thanks to the APES method to real
ground clutter where a target has been injected.

Table 1 provides the configuration parameters of the
measured ground clutter created by the FEiffel Tower
DVB-T emitter.

Amplitude (dB)

a0

o

fa(Hz) a0 g 2 Delay

Figure 1 Efficiency of iterative clutter rejection

a maxy aT, 0, fq) before rejection
b maxg a(T, 6, fq) after rejection
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One can see how efficient the iterative clutter rejection is
by comparing range-Doppler map (max4 a(7, 6, /7)) before,
(Fig. 1a) and after processing (Fig. 15). The position of the
target is represented by a black cross.

Figs. 2a and & offer a zoomed version of the previous

figures.

The area of rejection has been chosen between range cell
number 20 and range cell number 80 in order to prove the
feasibility of a localised clutter rejection. This possibility
can clearly be seen in Fig. 14.

The data have been collected from a static receiver and the
hypothesis of internal clutter motion has been made. The
rejection was applied between —5 and 5 Hz and all over
angles between —90° and 90°.

Fig. 3a focuses on the range cell 50 where the target has
been injected. One can see in this figure that if the target is
hidden in a sidelobe of the clutter before rejection, it
appears in Fig. 3/ after clutter rejection.

One can wonder if a lack of precision in the estimation of
the amplitude of a clutter component or the rejection of a
range sidelobe instead of a main contribution could lead to
an unwanted increase of clutter level. The number of
iterations necessary to reach the level of —16 dB, for each
range cell and for four successive iterations set is presented
in Fig. 4a. It allows to check that a single step (Fig. 44) of
cleaning is sufficient.

Fig. 5a illustrates the level after rejection as a function of
the number of iterations for the first set. Fig. 54 shows that
for the range cell number 41 where the most important
number of iterations is necessary (79 iterations whereas the
mean over the 59 other range cells is 17 iterations) 32
iterations are sufficient to reach the level of —13 dB
corresponding to a rejection in power of 52 dB.

Amplitude (dB)

50 50

fa(Hz) 1000

Delay
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uplitude (dB)

A

Figure 2 Zoomed version of Figs. 1a and b

a maxy a7, 6, fy) before rejection (zoom)
b maxg a(T, 6, fg) after rejection (zoom)

Figure 4 Number of iterations necessary to reach — 16 dB threshold

a Each range cell and four successive iterations set
b Single step of clearing
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Figure 3 Range cell 50 where the target has been injected
a a(6, fg) in range cell 50 before rejection
b a(6, fg) in range cell 50 after rejection
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nplitude (dB)

Ar

Figure 5 Level after rejection as a function of number of iterations

a For all range cells
b For range cell 41

5 Conclusion

We have shown in this paper how efficient the APES
method could be in the frame of the rejection of real
ground clutter even for a small number of iterations. The
estimation of the so-called covariance matrix associated to
most of the space—time adaptive processing is no longer
necessary but is replaced by an iterative rejection of the
main contributors to the interference, one range cell after
the other. It is not fully adaptive but it needs a preliminary
knowledge of the clutter power spectral density (PSD)
locus either thanks to a knowledge-aided process or an
initial step of estimation. It potentially suppresses the
difficulties linked to a non-homogeneous environment and
range dependence of the clutter PSD. This method
successfully applied to a ground-based bistatic and passive
scenario for a proof of feasibility should also be applicable
to a moving transmitter and/or receiver for any antenna
configuration.
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8 Appendix

Note: In the following proof the index ; will correspond to
antenna elements and the index ; to samples.

Temporal and spatial phase shifts are defined in Section 2.

The mixed, low-pass filtered and subsampled version of
the reference signal %, and the parameters L, Z,d, M, and
M are defined in Section 3. The vector u;, is also defined
in this section in (12).

Proof." Let us consider I(«, b) the quantity to be optimised
under constraint in order to estimate the amplitude of
the target « thanks to b € CMMa the vector containing the
coefficients of the filter at the frequency (6, vy) for the
considered range cell:

L L4 2
e, b) = b o]
a, u ok 2 ZSHM
i=1 /= k=0
L Zd i—1
— Py
_ZZ biuy, — axjzg l_[ Stk
i=1 /=1 —|
i—1
x (al,h— o5z 1_[ 2
b1,k
=0
L L4 L, Ly
—pt
—FYY ﬂmHZZlal 5%
i=1 /=1 =1 /=
YA ~*~—(/ 1) 1_[
ah Z Z st 1/
i=1 /=
L, Ly i—1
_ ~ ~/-1 b
@ X124 Zs,&l /euzl
=1 /=1 =0

Let us note

L, I

4
“2 Z Z Ui Uy

i=1 i=

IIII)

(22)
”xL Ly

and
L, Ly

—ZZIx/I

i=1 i=

~ 2
E

(23)

i,
=1, Zl %[
ﬂ%mzu@AWN§b+M@mmmﬁ—wﬂg—@M)
= iy PG E b+ la—bigE - 15g)
= ll%, 1, 126 (2 — g+ o — b'g)
is minimal for
a=h'g (24)

The optimal A must now be evaluated. The new optimisation
problem becomes

mbin b Cf)b (25)
under the constraint
B @) =1 (26)
with
b= g (27)

This quadratic optimisation problem with a linear equality
constraint can be solved using Lagrange multipliers. The
solution (when it exists) is

= ~sd
po b i, (28)
~sd T A ~sd
€y WPMMd

This last equation, in association with (24), provides the
optimal solution. a
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