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Abstract— Unlike classical bistatic radars, passive radars make
use of illuminators of opportunity to detect targets and to
estimate target parameters. One existing radio transmission
suitable for passive radar operation is the Global System for
Mobile Communication (GSM).

For non-cooperative bistatic configurations, one of the major
difficulties is the estimation of the reference signal which is
required to perform detection. This reference signal, a priori
unknown, can be extracted from the signal received at the
antenna array provided the direction of arrival of the direct
path signal is known.

Conventional matched-filter based Doppler filtering offers the
possibility of placing the target and interferences in a domain
where they can be separated based on Doppler shift. However,
slow moving targets residing near mainbeam clutter in the range-
Doppler diagram, remain difficult to detect. Internal Clutter
Motion (ICM) exacerbates this issue by spreading the clutter
signal power in Doppler frequency.

In this paper, we first present a method to estimate au-
tonomously the direction of the illuminating GSM base station
from measurements obtained with a two-element antenna array.
We passively detect the azimuth of the transmitter without a
priori knowledge of the environment. Spatial processing is then
employed to attenuate the direct path signal and mitigate its
influence on the target detection process.

We then propose two methods able to cope with clutter echoes
with non zero-Doppler components. We first propose an extension
of a CLEAN-like algorithm. We also propose to extend adaptive
matched filters to noise-like signals. The adapted matched filter
can be used to suppress strictly static clutter but also clutter
affected by ICM.

These methods are validated by using actual clutter measure-
ments obtained from a passive radar using a GSM base station
as illuminator of opportunity.

I. INTRODUCTION

A passive radar system is a receive-only radar system
that does not transmit electromagnetic energy on its own
[1]. Instead, it makes use of an illuminator of opportunity
already present in the environment as signal source and is thus
inherently bistatic. One of the benefits the passive radar can
offer is its total undetectability as it contains no transmitter. In
this paper, we considered non-cooperative GSM base station il-
luminators [2], [3]. The GSM system is an interesting resource
for passive radar which offers a lot of advantages [4]. One of
the benefits of the GSM signals is the digital modulation. This
is due to the fact that digital modulated signals in general,
and thus GSM signals, exhibit a noise-like behavior since

their autocorrelation function resembles a thumbtack. Indeed,
the ambiguity function of digital modulated signals exhibit
lower sidelobes than the ambiguity function of other type of
modulations [5].

The major problem encountered for the detection of ground
moving target is the strong direct path signal from the GSM
base station and the corresponding ambiguity sidelobes. This
is in addition to the surrounding vegetation and buildings
that also produce unwanted clutter returns that will seriously
degrade the target detection capability. Moreover, vegetation-
induced Internal Clutter Motion (ICM) causes a small exten-
sion of the clutter signal at non-zero Doppler frequency which
will compete with slow moving targets signals.

Furthermore, a central requirement for non-cooperative
bistatic radar is the estimation of the direct-path signal used
as reference in the coherent processing.

The global processing scheme we considered is shown on
figure 1.
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Fig. 1. Processing scheme

The reference signal can be extracted from the signal
received at the antenna array provided the direction of arrival
of the direct path signal is known. In this paper, we present a
method to estimate autonomously the direction of the illumi-
nating GSM base station from measurements obtained with a
two-element antenna array. We passively detect the azimuth of
the transmitter without a priori knowledge of the environment.
Spatial processing is then employed to attenuate the direct path
signal and mitigate its influence on the target detection process.

Classical detection involves removal of static clutter returns
for instance by using a sidelobe canceler [2]. This removes
the major contribution from the clutter and the direct path
signal. This step is then typically followed by a range-Doppler
matched filtering [6]. However, the Doppler sidelobes of the
matched filter will reduce detection performance, in particular
in presence of ICM. We propose two methods able to cope
with clutter echoes with non zero-Doppler components. The
first method is an extension of a CLEAN-like algorithm. We



also propose to extend adaptive matched filters to noise-like
signals. The adapted matched filter can be used to suppress
strictly static clutter but also clutter affected by ICM.

The paper is organized in the following manner. Section II
describes the method to perform an autonomous estimation
of the direction of the illuminator of opportunity. Section III
presents the separation of the direct path signal and the
potential target signal by using optimum beamforming. The
section IV discusses the basic echo-canceler. The extension of
the CLEAN algorithm is detailed in section V. The section VI
reviews the matched filter. The adapted matched filter applied
to noise-like signals is detailed in section VII. Finally, in
section VIII and IX we present results obtained from real GSM
signals. A conclusion is presented in section X

II. ESTIMATION OF THE DIRECTION OF THE TRANSMITTER

Typically, the passive radar system consists of two separate
directive antennas which point in different directions [7]—
[9]. One antenna points to the target and receives the signal
reflected from the target. The other points to the illuminator
of opportunity and is used to collect the direct path reference
signal neglecting the fact that target signal is also received.
Conventional methods to prevent the interception of the direct
path signal by the target antenna involve the use of low
sidelobe antennas [8] and sidelobe cancellation [9].

We propose a method to perform an autonomous estimation
of the direction of the illuminator of opportunity. This presents
a considerable operational advantage since the position of the
transmitter does not need to be known a priori. Moreover, it
makes multistatic operation possible without having to modify
the physical setup. The estimation of the direction of the
illuminator of opportunity is relatively simple if an array with a
large number of elements is used. Due to the lack of degrees
of freedom, it is much more challenging when only a two-
element array antenna is available.

Various high resolution methods have been proposed to
estimate DOA for plane-wave signal incident on an array of
sensors [10]. Several of these make assumptions on the signal
model. In the following, we propose a maximum likelihood
method to estimate the direction of the GSM base station with
a two-element array.

The proposed method consists in detecting the maximum
of the power spectral density (PSD) based on the Minimum
Variance Estimator [11] of the estimated spatial correlation
matrix R

Pyve(vs) = —sT(yS)E—ls(ys) (1)

where,

s(vg) = [Lel?™e hme eﬂ”(N—UVsr 2
is the spatial steering vector, v; = %sin(@) is the normalized
spatial frequency corresponding to the DOA 6 and d is the
distance between two adjacent sensors. N is the number of
sensors and A is the wavelength of the impinging signal. The
matrix R will be estimated from the measured data samples

by computing the sample covariance matrix. Since a large
number of training samples is available, an accurate estimation
can be achieved. This estimator represents the angular energy
distribution of the received signal. The direction in which the
maximum of the PSD is detected is selected as the direction
of the transmitter.

III. SEPARATION OF THE DIRECT PATH SIGNAL FROM THE
POTENTIAL TARGET SIGNAL

Once the direction of the illuminator of opportunity is
known, the difficulty is to extract a reference signal that would
not contain any target echo signals. The presence of target echo
signals in the reference signal will lead to ambiguities that will
obscure the targets.

Figures 2 and 3 show range-Doppler diagrams after coherent
processing with a pure reference signal and a reference signal
containing the target signal respectively. These graphs are
obtained by using true clutter measurements and by adding an
artificial target. Figure 2 depicts the range-Doppler diagram in
which the target at the Doppler frequency of 150H z is very
prominent. In figure 3, the target signal is attenuated since it
is regarded as inherent to the reference signal. Furthermore,
symmetrical to the target, an ambiguity due to processing
appears in the negative Doppler frequency. These phenomena
can make detection difficult or ambiguous. Therefore, the
elimination of the target signal in the reference signal is of
the highest importance for detection.

To extract the direct path signal, an optimum beamforming
is implemented [10], [12]

Wopt,ref = VRigis(Vra) 3)

where v is a normalization factor, 2,4, is the correlation matrix
containing the target signal and vr, is the normalized spatial
frequency corresponding to the direction of the transmitter
estimated by the method presented in the previous section.
To extract the direct path signal without mismatch, an esti-
mation of the correlation matrix without the reference signal
is required. This matrix is not measurable since the reference
signal is always present. Thus, the correlation matrix will be
synthesized based on a model containing only a target signal
and thermal noise.

The direct path reference signal is superimposed with the
target echo signals. Target detection will be easier if this direct
path signal is attenuated. This problem is solved by using
a second filter to suppress the direct path interference by
optimally filtering the direct path signal with the filter [10],
[12]

Wopt tgt = VR7as(v) )

where v is the potential direction of target, i.e., the direction
which gives the smallest ambiguity in the auto-ambiguity
function of the reference signal. The correlation matrix R,
is not known and is synthesized considering a signal arriving
from the estimated direction of the interference, the transmitter
and thermal noise.
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Fig. 2. Range-Doppler diagram obtained with a pure reference signal.
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Fig. 3. Range-Doppler diagram obtained with a reference signal containing
target signal.

IV. ECHO-CANCELER
A. Principle

An echo-canceler can be used to suppress the direct path
signal and static clutter returns in the received signal. The
received signal x can be modeled by

z(n) = Z a;iTref(n — 1) + Z bjxref(n —1;)e 7™ (5)
i J

with 2,y the direct path reference signal, a; the reflexion
coefficient of the clutter patch ¢ with 7; the corresponding
time delay and b; the reflexion coefficient of the target j
with 7; the corresponding time delay and w; its Doppler
frequency. x is thus composed of a sum of time delayed
versions of the reference signal (static clutter/multipath) and
a sum of time-frequency delayed versions of the reference
signal (moving targets). To remove static clutter and direct
path signal, optimally weighted delayed versions of the direct

path reference signal should be subtracted from the received
signal x [8]. The optimally weighted delayed versions of the
direct path reference signal can be modeled by

K
Tclutter (’I’L) = Z WZxTef (n - Z) (6)
i=—K

We assume that the signal at zero Doppler is (almost) only
caused by the direct path signal and the static clutter. We
thus neglect the fact that sidelobes of the ambiguity function
due to echoes from targets at a non-zero Doppler frequency
might also induce some energy at zero Doppler. The echo-
canceler can be implemented using a Wiener filter [10] and
can thus, under reasonable conditions [10], place a null along
the zero Doppler contribution of the clutter and reveal the
structure obscured by the ambiguity function sidelobes of the
zero-Doppler signals.

However, this classical filtering is not adequate when ICM
occurs since it is not able to cope with non-zero Doppler.

B. Application

Figures 5 and 6 show the performance of the echo-canceler.
The data used are real signal which contains the echoes of a
high-speed train and clutter. The high-speed train (HST) data
were acquired in the situation shown on figure 4. Figure 5
shows the range-Doppler diagram before using the echo-
canceler. The zero Doppler contribution of the direct path
signal and static clutter returns mask the target. In figure 6,
the signal energy at zero Doppler was completely suppressed.
The peak in the range-Doppler diagram indicates the Doppler
frequency of the moving target at v = —0.032 (—40H z) which
corresponds to a velocity of 150km/h.
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Fig. 4.

Situation for the high-speed train data

V. CLEAN ALGORITHM
A. Principle

The echo-canceler algorithm can be reworked as a de-
composition of the signal into a basis of non-orthogonal
functions, where each basis function is a time-delayed version
of the reference signal [13]. We adapted the CLEAN/SCHISM
algorithm presented in [14] to noise-like signals by considering
time-delayed and frequency-shifted versions of the reference
signal as basis functions. This can to some extend be seen as
a generalization of echo-cancellation to signals with non-zero
Doppler shifts. This last method, although able to decompose
the signal quite precisely, can only be used to some extend to
filter unwanted signal contributions [14].
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Fig. 5. Range-Doppler diagram of the signal before echo-canceler.
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Fig. 6. Range-Doppler diagram of the signal after echo-canceler.

The CLEAN algorithm consists in three steps as illustrated
in figure 7. An analysis step where the signal is decomposed
in basis functions or modes. At each iteration, the largest
contribution of the range-Doppler diagram is found and then a
portion of the amplitude of this mode is subtracted. The second
step consists in the selection of the modes of interest. (a)
Only modes within a Doppler frequency higher than a certain
threshold can been kept. (b) The modes which present the
most important energy can been conserved. (c) A combination
of these two methods can be envisaged. Typically, modes
corresponding to low Doppler frequency are left out. Finally,
the signal is reconstructed using the selected modes.

Xref
x ) .
— > Analysis Mode Synthesis ——
selection

Fig. 7. CLEAN processing schema

B. Interpretation of the basis functions

The CLEAN algorithm finds the frequency and time delay
of different contributions but these modes do not necessarily
correspond to actual targets. Indeed, two modes corresponding
to two different targets, with nearly the same frequency shift
can not be discriminated. In this case, CLEAN algorithm
will overestimate the amplitude of the basis function. After
subtracting out the corresponding basis function, residual lobes
will appear. The suppression of non-existing modes could thus
generate false alarms.

Figure 8 shows the cross-ambiguity function for a signal
which contains two modes with frequency shift of 62.5Hz
and 68.75 H z and amplitude of 7 and 5 respectively. These two
modes have not been decomposed and give a total contribution
of amplitude 10.14 and frequency shift of 651 z. After the first
iteration, a second mode with the frequency shift of almost
80H z is detected. This shows that CLEAN modes do not
necessarily reveal actual scatterers. This algorithm tends to
generate too many false alarms due to these error lobes. These
error lobes are directly due to the non orthogonality of the
basis functions. Actually, the 2-modes signal is decomposed
in many more modes. This illustrates the non linear behavior
of the decomposition since the separate decomposition of two
signals is not equivalent to the decomposition of both signals
together. Moreover, the mode selection process is also another
source of non-linearity.
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Fig. 8. CLEAN algorithm: detection of non-existing mode.

C. Application

To show the performance of the CLEAN algorithm, we
consider 30 iterations which give 30 modes and at each
iteration only 0.2 of the amplitude of each mode is removed.
We then keep the modes with Doppler frequency above 12H z
(v = 0.0096). Figure 9 shows clearly the negative Doppler
frequency of the target’s echo.

It should be noted that the contribution of the static clutter
and the contributions lower than 12Hz (v = 0.0096) were
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Fig. 9. Range-Doppler diagram after 30 iterations of CLEAN algorithm.

completely suppressed. The residue of the decomposition
was not reused in the reconstruction. This corresponds to
neglecting scatterers with a small RCS.

VI. MATCHED FILTER PROCESSING

Target detection is typically performed by computing the
correlation between the reference signal and the received echo
signals. The generalization of the correlation process is es-
sentially the complex ambiguity function [15]. The ambiguity
function corresponds to the matched filter response to the
joint time-delay and Doppler shifted version of the reference
signal. Because the target’s range and relative velocity are
unknown, it is necessary to apply a set of filters matched
to all possible range-velocity pairs. These matched filters are
conjugated time-Doppler shifted versions of the transmitted
signal [6]. This bank of filters can be implemented by using
the Fourier Transform

Xrw = FT {X0Xpet ™ (1)} @

where Xc(7) = X 0 Xper™(7) is the product of the received
signal vector x and a delayed version of the reference signal
vector Xper ™, 7 is the time offset and o denotes the Hadamar
product.

Since the Doppler frequency range that is of interest is much
lower than the sampling frequency, the mixed signal x(7) can
be downsampled as suggested in [15]. Of course, a low-pass
filtering has to be performed before the subsampling operation
in order to avoid aliasing of noise terms. The influence of this
low-pass filter in the Doppler domain is neglected in [15]. This
does not impact on detection performance. However, if precise
target RCS is to be measured, the attenuation of the low-pass
filter should be taken into account.

The use of a matched filter (the Fourier Transform) causes
very high sidelobes due to the rectangular window introduced
by the finite length of the signal. These sidelobes cause leakage
of low-Doppler clutter signal components (due to ICM for
instance) not removed by the previous echo-cancellation step.

These leakage will in turn hide the signal from low Doppler
frequency targets. Of course these sidelobe levels can be
reduced by applying a tapering window before computing the
Fourier Transform. However, the price to pay for the reduced
sidelobes is a broadening of the mainlobe [10]. A broader
mainlobe will again obscure slow targets.

VII. OPTIMUM FILTERING

The matched filtering operation can also be seen as oper-
ating directly on the mixed signal x(7). Equation (7) can
indeed be rewritten as

Xrv = lerV[FXc (T) (8)

jamy ejQTrV(M—l)]T

where wyp = [1€/2™ ¢ is one of the
Doppler filters.

We now propose an adapted matched filter to enhance
the slow moving target detection capability by reducing the
masking effect caused by ICM.

The Adapted Matched Filter can be applied as follows

X = WTAMFXC (’7—) 9)

where the scalar x ., is the output of the filter at the range 7
and the frequency v, and the Adapted Matched Filter wanw
is defined by

WAMF = 'yR;_:ns(z/) (10)

and s(v) is the steering vector at the frequency of interest v
[16]. To compute the Adapted Matched Filter, one needs the
interference-plus-noise covariance matrix defined by

(1)

where X¢;,, 1S a mixed signal assumed to contain the contri-
bution due to interference and noise only. Unlike the matched
filter, the adapted matched filter takes the environment into
account by using the interference-plus-noise covariance ma-
trix. The adapted matched filter is optimum provided the true
covariance matrix is known [10].

This interference rejection requires the estimation and the
inversion of an interference-plus-noise covariance matrix. A
good overview of the estimation method of the covariance
matrix can be found in [17]-[19]. The performance of the
AMF will depend on the accuracy of the covariance matrix
estimation obtained from real data and can be measured by a
SINR loss [18]. Figure 10 compares the SINR loss resulting
from different covariance matrix estimation methods.

Four methods are considered. (a) The sample covariance
matrix (SCM) with diagonal loading (DL) results from an
averaging of the measurements at different ranges. (b) In the
principal component (PC) method with diagonal loading (DL)
and (c) with covariance matrix taper (CMT), we conserve the
dominant modes of the covariance matrix. (d) The theoretical
covariance matrix is synthesized with only the interference.
The proposed estimation method for this paper is the SCM
with diagonal loading. As can be seen on figure 10, the
performance of the proposed method is nearly equal to that
obtained with the other methods.

Riyn = EXciyn Xan]
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VIII. APPLICATION OF THE METHODS

In order to evaluate the performance and capability of the
GSM-based passive radar and associated signal processing,
experiments were conducted using signals from an operational
GSM base station.

A. Echo-canceler and AMF

To illustrate the performance of the algorithm we will
compare the results of the processing for two signals : the first
signal contains only clutter echoes (including ICM) while the
second signal contains in addition a slow-moving target. The
clutter signal is obtained from real measurements while the
target is simulated.

The block-diagram of the processing steps involved is
shown in figure 11.

Coherent processing

Xref ¢ *
Adapted
X .
EChlo . Matched X7
cancele Filter
Fig. 11. Block-diagram of the signal processing

We first apply an echo-canceler filter which performs
a relatively simple clutter cancellation. The corresponding
range-Doppler diagram is shown in figures 12 and 13. As
can be seen, the static clutter signal returns was completely
suppressed with its ambiguity function sidelobes which could
generate too many false alarms. However, strong non-static
clutter signal remains, thus hiding the target. These two
diagrams do not show any difference although the target is
present in the signal of figure 13.

The second step of the algorithm consists in the adapted
matched filter which enhances the slow moving target detec-
tion capability by reducing the masking effect caused by ICM.

The result of the application of the adapted matched filter is
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Fig. 13. Range-Doppler diagram of the signal with target after echo-canceler.

shown in figures 14 and 15. The filter indeed attenuates non-
static clutter returns in comparison with the classical matched
filter of figures 12 and 13. The target now perfectly stands out
at 13Hz (v = 0.0216) on figure 15.

Figure 16 shows a cut at 7 = 0 in the range-Doppler
diagrams of figures 13 and 15. As can be seen, the adapted
matched filter indeed attenuates the strong clutter returns at
non-zero Doppler thus exposing the target. This result is very
revealing and shows the performance of the method.

B. CLEAN algorithm

It is interesting to compare this algorithm with the CLEAN
algorithm presented on figure 17.

Figure 18 shows the corresponding range-Doppler diagram.
As can be seen, the performance of this second algorithm is
excellent and nearly equal to that obtained with the adapted
matched filter. The CLEAN algorithm also reveals the pres-
ence of the target at 13Hz (v = 0.0216).
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Fig. 18. Range-Doppler diagram of the signal with target after CLEAN.

To compare these two methods in details, a cut at 7 = 0
in the range-Doppler diagrams of figure 18 and 15 is nec-
essary. To characterize the performance of these algorithms,
we examine the power level of the main lobe and the first
secondary lobe on the figure 19. The CLEAN algorithm en-
ables significantly improved detection performance of targets
in this scenario in presence of ICM. There is a fundamental
difference between these two methods. The adapted matched
filter is a linear filter and is optimal among the linear filters.
The CLEAN algorithm is non-linear as discussed in section V-
B and presents a higher performance than the adapted matched
filter when applied to the HST data.

IX. END-TO-END RESULTS

Once the pure direct path reference signal is separated from
the potential target signal, target detection can be implemented
by applying a coherent processing. Figure 20 shows a diagram
of the signal processing steps. x and y(6ig:, fa) represent
respectively the received signal at the antenna array and the
filtered signal after processing.

The measurement considered is the HST data. As can be
seen on figure 5, the zero Doppler contribution of the direct
path signal and static clutter returns mask the target. The result
of the echo-canceler followed by the adapted matched filter
can be seen on figure 21. The peak in the range-Doppler
diagram clearly indicates the Doppler frequency of the moving
target (high-speed train) at v = —0.032 (—40Hz). This
corresponds to a velocity of 150km/h.
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X. CONCLUSION

This paper first proposes a method to perform an au-
tonomous estimation of the direction of the illuminator of
opportunity. Optimum beamforming is then applied to extract
the critical reference signal and to provide attenuation of the
direct path signal.

An echo-canceler can typically be used to suppress the
clutter returns but is not adequate when ICM occurs. The
Adapted Matched Filter we propose is shown to be able to
detect weak slow moving target echoes when ICM occurs.
We also adapted the CLEAN/SCHISM algorithm to noise-
like signals which enables significantly improved detection
performance of targets in certain scenario’s in presence of
ICM. The performance of the adapted matched filter and
of the CLEAN algorithm are excellent and nearly equal.
Experimental results illustrate the ability of the proposed
algorithms to perform detection.
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