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Abstract
This paper proposes a simple non‐adaptive approach for the suppression of direct signal
and clutter contributions in a passive radar system based on orthogonal frequency di-
vision multiplexing transmissions, exploiting the properties of a reciprocal filter (RF). The
use of a RF allows to circumvent the limits posed by the waveform ambiguity function,
producing a data‐independent time‐invariant response to a stationary point‐like target
echo at the output of the range compression stage. This feature enables simple clutter
cancellation strategies, based on the subtraction of delayed portions of the surveillance
signal, according to the conventional moving target indication methodologies. The pro-
posed processing scheme consists of a range compression stage based on a RF, followed
by a Single Canceller. Its performance is investigated against a simulated and an exper-
imental data set, for the case of a digital video broadcasting‐terrestial‐based passive radar
scenario, and it is compared to an alternative scheme based on a conventional matched
filter and adaptive cancellation techniques. The proposed approach is shown to yield a
perfect cancellation of the clutter returns from a stationary scene under ideal conditions.
Moreover, it proves to be robust to real‐world conditions, despite its considerably limited
computational load compared to adaptive clutter cancellation techniques.
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1 | INTRODUCTION

In recent years, passive bistatic radar (PBR) systems have
attracted great interest from both the scientific and industrial
community. The advances in the computational capabilities and
signal processing techniques have made possible the real‐time
implementation of long coherent integration times, a signifi-
cant increase in the reliability and performance of the systems,
and the successful exploitation of different existing illuminators
of opportunity, [1]. Among the many available nowadays, the
illuminators based on orthogonal frequency division multi-
plexing (OFDM) modulated waveforms represent a particularly
attractive choice, due to their wide availability and useful signal
properties, [2–4].

The essential signal processing stages in a PBR are the
evaluation of the range‐Doppler map and the suppression of the
typically strong direct‐path signal and clutter interference [1].
The former can be obtained by evaluating the Cross Ambiguity
Function (CAF) between the surveillance signal and the refer-
ence signal, which is generally a computationally expensive task,
especially in the case of wide bandwidth digital signals. As a
consequence, the range‐Doppler map is typically evaluated by
exploiting a fast, suboptimum batching strategy, [1, 5]. In this
regard, the OFDM waveforms are well suited for a batch pro-
cessing architecture, as they provide an inherent fragmentation
of the signals into batches, that is, the OFDM symbols [6].

Besides, the periodical OFDM signal components (pilot
carriers, guard intervals, etc.) may result in an ambiguity
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function characterised by undesired side‐peaks and relatively
high sidelobe floor, which might be responsible for ghost tar-
gets and severe masking effect on weak target echoes [4]. To
overcome this issue, the use of a Reciprocal Filter (RF), in lieu
of a conventional matched filter (MF) in the range compression
stage, has emerged as a widely used approach, [6–11]. The RF
has been shown to effectively mitigate the undesired charac-
teristics of the signal ambiguity function, at the expense of a
limited Signal‐to‐Noise Ratio (SNR) loss.

In addition, the application of the RFmakes the response to a
stationary point‐like target data‐independent, thus providing a
time‐invariant output for the range compression stage. In prin-
ciple, this feature enables the application of simple clutter
cancellation techniques, based on the non‐adaptive subtraction of
delayed portions of the surveillance signal, similar to the con-
ventional Moving Target Indication (MTI) methodologies from
pulsed active radar. This approach has been successfully exploited
to enable the application of space–time clutter suppression al-
gorithms, such as DPCA, in passive radars systems mounted on
moving platforms, [8, 9].

The application of this concept was preliminary proposed
in Ref. [10] for the case of a stationary PBR system. Basically, a
simple scheme based on a Single Canceller (SC) approach is
applied after a range compression stage exploiting a RF.
Leveraging the characteristics of the RF, such a simple scheme
provides an ideal cancellation of the stationary clutter, thus
enabling the detection of moving targets. Furthermore, it shows
some robustness even against clutter scenarios characterised by
limited internal clutter motion (ICM) while tremendously
limiting the computational complexity with respect to adaptive
cancellation algorithms.

In this study, we extend the results in Ref. [10] by validating
the performance of the RF þ SC scheme against experimental
data from a digital video broadcasting‐terrestial (DVB‐T)‐based
passive radar. In addition, we analyse the computational
complexity of the SC and compare it with adaptive disturbance
cancellation techniques typically used in OFDM radar processing.

The paper is organised as follows. The adopted signal
model and processing scheme are presented in Section 2. In
Section 3, the scheme is tested against simulated data, showing
the key role of RF in enabling an effective clutter cancellation
by means of a simple SC. Then, the comparison with a con-
ventional adaptive cancellation algorithm is conducted in Sec-
tion 4, and an analysis of the performance in the presence of
ICM is performed in Section 5. In Section 6, the effectiveness
of the proposed scheme is demonstrated by applying it against
experimental data. Then, a comparison of the computational
cost required by the SC and other conventional adaptive
cancellation techniques is conducted in Section 7. Finally, our
conclusions are drawn in Section 8.

2 | SIGNAL MODEL AND PROCESSING
SCHEME

A passive radar system that exploits an OFDM signal of oppor-
tunity is considered. A replica of the transmitted signal, indicated
as the reference signal r[n], is assumed available, collected by a

dedicated reference antenna pointing towards the illuminator,
either used directly or after a decode/recode strategy. On the
other hand, the signal received by the surveillance channel s[n]
includes the echoes from the area of interest.

The reference signal is written as a sequence of P OFDM
symbols, each symbol being composed of NU useful samples
and a cyclical prefix (CP) of NCP samples:

r½n� ¼
XP−1

p¼0

uNS n − pNS½ �
XNU−1

k¼0

Rp½k�e
j2πk l−NCP−pNSð Þ

NU ð1Þ

In Equation (1), Rp½k� represent the complex value trans-
mitted at the k‐th sub‐carrier for the p‐th OFDM symbol,
whereas uNS½n� is a time‐windowing function of duration
NS ¼ NCP þNU samples, which extends the subsequent NU‐
points Discrete Fourier Transform (DFT) output over the
entire OFDM symbol duration.

The evaluation of the range‐Doppler map is a key pro-
cessing stage for target detection [1]. Conventionally, it is per-
formed by evaluating the Cross‐Ambiguity‐Function (CAF)
between the surveillance signal and the reference signal. In
practical situations, a direct computation of the CAF typically
involves a high computational load, especially for digital signals
that present a wide bandwidth. Therefore, the range‐Doppler
map is generally evaluated exploiting faster, suboptimal batch
implementations [1, 5].

The inherent carrier orthogonality of OFDM waveforms
can be exploited to obtain a favourable suboptimal imple-
mentation of the CAF, using a batching strategy here referred to
as OFDM fragmentation. The batches are selected to be equal
to the useful part of the OFDM symbols, after the removal of
the CP encompassing NCP samples. The Doppler frequency
shift is neglected within each batch, which separately undergoes
a range compression stage. Then, FFT is used to coherently
integrate the results from the consecutive batches within the
Coherent Integration Time (CIT). The obtained range‐Doppler
map can be expressed as

z½l;m� ≅
1
L

XP−1

p¼0
wpe−j2πmp

P
XL−1

k¼0

Sp½k�Hp½k�e
j2πkl
L ð2Þ

where:

� z[l, m] is the value of the Range‐Doppler map at the lth
range bin and mth Doppler bin;

� P is the number of OFDM symbols in the CIT;
� Sp[k] is the Discrete Fourier Transform (DFT) of the pth

batch of surveillance signal sp[n], at the kth sub‐carrier;
� Hp[k] is the range compression filter at the pth batch;
� L = Nu is the number of non‐zero sub‐carriers in the

OFDM symbol.
� wp represents a generic spectral window.

The inner summation χp½l� ¼
PL−1

k¼0
Sp½k�Hp½k�e

j2πkl
L represents

the range compression stage, performed in the frequency
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domain. While the conventional range compression filter is the
MF, which maximises the SNR at the output, the RF was
introduced as an attractive mismatched solution. The RF allows
to remove the side‐peaks and to reduce the sidelobe floor that
usually appears in the range‐Doppler map due to the periodical
structures included in the OFDM waveforms (e.g. pilot carriers)
and to its information content [6]. This is obtained at the expense
of a limited and predictable loss compared to theMF case, which
depends on the used data constellation [8]. The corresponding
filter coefficients in the frequency domain are specified as

Hp½k� ¼

R∗
p ½k� MF

1
Rp½k�

RF

8
><

>:
ð3Þ

In this study, we capitalise on an additional feature of the RF,
which is its ability to make the signal at the output of the range
compression stage data‐independent. The removal of the tem-
poral variability in the compressed radar signal batches provided
by the RF can be exploited to enable simple and cost‐effective
disturbance cancellation strategies. This feature was proven
fundamental to enable an effective clutter suppression through a
non‐adaptive DPCA approach for passive radars mounted on
moving platforms [9], where properly delayed portions of the
received signal are subtracted. In this study, an analogous
concept is applied to the case of stationary passive radar.

Let us consider a scenario with NC stationary clutter scat-
terers and NT targets. The DFT of the surveillance signal at the
pth batch, namely the pth OFDM symbol, can be modelled as:

Sp½k� ¼
XNC−1

i¼0

αiRp½k�e
−j2πkli

L þ
XNT−1

t¼0
βtRp½k�e−j2πklt

L e
j2πpmt

P þΘp½k�

ð4Þ

where the first, second, and third terms account for the clutter,
target, and noise contributions, respectively. Specifically, li and αi
represent the range bin and complex amplitude of the ith clutter
scatterer, respectively. Similarly, lt, mt and βt denote the range
bin, Doppler bin, and complex amplitude of the tth target,
respectively. Finally, Θp[k] represents the DFT of an additive
whiteGaussian noise signal. The signalmodel in (4) assumes that
theDoppler‐induced phase shift for a given scatterer within each
batch is negligible and that the maximum delay for scatterer
echoes is smaller than the cyclical prefix of theOFDMsymbol so
that a circular shift nicely represents the delayed signal.

Using (3) and (4), the range compressed signal for both MF
and RF can be obtained as

χMF
p ½l� ¼

XL−1

k¼0

XNC−1

i¼0

αi
�
�Rp½k�

�
�2e

j2πk l−lið Þ
L

þ
XL−1

k¼0

XNT−1

t¼0
βt
�
�Rp½k�

�
�2e

j2πk l−ltð Þ

L e
j2πpmt

P þ
XL−1

k¼0

Θp½k�R∗
p ½k�e

j2πkl
L

ð5Þ

χRF
p ½l� ¼

XL−1

k¼0

XNC−1

i¼0

αie
j2πk l−lið Þ

L þ
XL−1

k¼0

XNT−1

t¼0
βte

j2πk l−ltð Þ

L e
j2πpmt

P

þ
XL−1

k¼0

Θp½k�
Rp½k�

e
j2πkl
L

ð6Þ

As it is evident, the range compressed signal at the output
of the MF depends on the data content Rp[k]. Conversely, the
RF removes this dependency for the clutter and target
contribution. Consequently, the clutter term in χRF

p ½l� is inde-
pendent of p.

As a result, the application of the RF enables the use of a
simple clutter cancellation scheme based on the non‐adaptive
subtraction of delayed portions of the signal at the output of
the range compression stage. By denoting as χp–d½l� the range
compressed signal delayed by d symbols, the clutter cancella-
tion is obtained as

χSC
p ½l� ¼ χp½l� − χp−d½l� ð7Þ

For the sake of clarity, Figure 1 shows a diagram of the
resulting processing scheme. This method resembles the Single
Canceller (SC) typically used for disturbance removal in
Moving Target Indication (MTI) radar systems based on the
transmission of a train of identical pulses.

As for MTI systems, the amount of delay, namely the
number of symbols d, determines the width of the SC
cancellation notch. A high value of d produces a narrow notch
at zero Doppler frequency, while lower values increase it. This
dependence is illustrated in Figure 2, which shows the
magnitude of the frequency response of the SC for multiple
values of delay. Of course, by increasing d, the appearance of
blind velocities, that could affect the detection of targets lying
in the vicinity of the corresponding frequency values, must be
taken into account. The separation between them clearly

F I GURE 1 Sketch of the reciprocal filter (RF) þ Single Canceller (SC)
scheme.
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depends on 1/d in normalised Doppler frequency. This is a
well‐known limitation of the polynomial cancellers, which sets
a constraint on the design of an arbitrarily narrow cancellation
notch. The setting could be properly adapted according to the
specific surveillance application.

3 | TEST AGAINST SIMULATED DATA

To verify the effectiveness of the proposed scheme, we tested it
against a simulated data set, considering a DVB‐T 8k signal
modulated with a 16QAM constellation as a reference signal.
Figure 3 exhibits the resulting range‐Doppler maps.

A strong return at zero bistatic range and zero Doppler
frequency was simulated, representing the direct signal inter-
ference, together with stationary clutter echoes. The level of
direct signal contribution is set so as to control the desired
direct signal‐to‐noise ratio (DNR). The clutter contribution is
simulated as the superposition of echoes from a large number
of point‐like stationary scatterers uniformly arranged over a
range/angle grid that spans the area around the receiver
extending up to 8 km bistatic range. Specifically,

c½n� ¼
XMC

m¼1
γmr n − nm½ � ð8Þ

where nm is the delay associated to the mth clutter scatterer,
and the amplitudes γm (m = 1, …, MC) of the clutter scatterers
are assumed independent and identically distributed zero‐mean
complex Gaussian variables, constant during the CIT. Their
variance is set so as to control the overall clutter power, that is,

F I GURE 2 Single Canceller (SC) frequency response for multiple
delay values.

F I GURE 3 Range‐Doppler maps obtained after (a) matched filter (MF), (b) reciprocal filter (RF), (c) MF with Single Canceller (SC), (d) RF with SC, for a
simulated digital video broadcasting‐terrestial (DVB‐T) signal with stationary clutter, a point‐like moving target and white noise.

TRUJILLO RODRIGUEZ ET AL. - 59

 17518792, 2024, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rsn2.12480 by C

ochraneItalia, W
iley O

nline L
ibrary on [30/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Pc = E{|c[n]|2}, and hence to simulate the desired clutter‐to‐
noise ratio (CNR).

The simulated signal also includes two point‐like moving
targets, at 2 and 4 km bistatic range and 12 Hz and −9 Hz
bistatic Doppler frequency, respectively.

Finally, additive white Gaussian noise was added to the
signal.

Table 1 shows the DNR, CNR, and target SNR values for
the simulated scenario.

Figures 3a,b show the maps resulting from the application
of the MF and RF, respectively, without any clutter cancellation
stage. In contrast, Figures 3c,d display the corresponding maps
obtained when a SC is applied according to the scheme in
Figure 1, with a delay of d = 14 symbols, which provides an
approximate notch periodicity of 64 Hz. All figures have been
scaled to the noise power level, for comparison purposes, and
oversampled, to better appreciate the role played by the filters
and the cancellation stage. A Taylor window is applied in the
Doppler frequency dimension to keep the sidelobes level at
−30 dB relative to the main peak. The resulting target Signal‐
to‐Clutter‐plus‐Noise Ratio (SCNR) value has been included in
each map. The disturbance power was estimated by averaging
over an area surrounding the target peak, indicated by a rect-
angular white box.

By observing Figure 3a, we can observe that, when the MF
is applied, the relatively high level of random clutter sidelobes
(approximately 15 dB over the noise level) can easily mask
potential moving targets. Conversely, the RF achieves a sig-
nificant reduction of the random sidelobe floor (approximately
6 dB over the noise level), as visible in Figure 3b. Due to the
oversampling, the deterministic sidelobes of the zero Doppler
clutter contributions are visible, whose sinc shape is controlled
by the tapering function. The SCNR of the slower target is
largely masked by these sidelobes, while the target at 12 Hz
bistatic frequency can be easily detected against the
background.

After applying the SC, both Figures 3c,d show a clear
cancellation of the clutter returns in the vicinity of the zero
Doppler bin. However, the random sidelobe level remains at
similar levels (at approximately 15 and 6 dB over the noise
level). Specifically, when SC is applied in combination with the
MF, it fails to effectively remove the clutter components that
contribute to the random sidelobe floor, since their response is
not constant over time and dependent on the data content, as
seen in (5). For a numerical evaluation of the residual distur-
bance floor, the reader is referred to Ref. [9]. Conversely, when
the SC is applied after the RF in Figure 3d, the cancellation of
the clutter contributions is much more effective, thanks to the

normalisation of the response with respect to (w.r.t) the
waveform variability. Specifically, the deterministic sidelobe
structure visible in Figure 3b is removed, leaving all the bistatic
Range Doppler map at the level of the far residual sidelobes.
We also observe that, under ideal conditions, a perfect removal
of all the clutter contributions is achieved, resulting in a
significantly higher SCNR for the considered moving targets.

4 | COMPARISON WITH
CONVENTIONAL APPROACHES

To further investigate the performance of the RF þ SC
scheme, we conducted a comparison against a conventional
signal processing scheme commonly adopted in PBR. Specif-
ically, such scheme exploits an adaptive clutter cancellation
technique followed by the evaluation of the CAF; the latter is
obtained based on (1), namely through a cascade of a MF‐
based range compression stage applied at batch level and a
Doppler processing stage applied across batches. In PBR,
adaptive techniques from the family of Extended Cancelation
Algorithm (ECA) algorithms have proven to be effective and
robust solutions to remove the clutter and direct signal con-
tributions [12]. For the case of OFDM waveforms, a modified
version of the ECA has been proposed, referred to as the
ECA‐Carriers (ECA‐C) [13]. It operates by performing the
ECA on a sub‐carrier basis, exploiting the OFDM signal
structure, which significantly reduces the required computa-
tional cost compared to the original ECA. Moreover, the ECA‐
C computational cost can be further reduced by leveraging an
alternative processing architecture that exploits the properties
of the RF [15]. However, since in this article we compare
different schemes involving both MF and RF, the original
ECA‐C implementation is considered.

TABLE 1 Parameters for the simulated scenario.

Parameter Value

Direct signal‐to‐noise ratio (DNR) 20 dB

Clutter‐to‐noise ratio (CNR) 0 dB

Signal‐to‐Noise Ratio (SNR) −40 dB

F I GURE 4 Range‐Doppler map obtained after ECA‐Carriers (ECA‐
C) with matched filter (MF), for a simulated digital video broadcasting‐
terrestial (DVB‐T) signal with stationary clutter, a point‐like moving target
and white noise.
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Figure 4 shows the range‐Doppler map resulting from the
application of the ECA‐C followed by a MF to the same
simulated scenario considered in Figure 3. The ECA‐C algo-
rithm adaptively projects the surveillance signal into a subspace
orthogonal to the disturbance subspace. As expected, this al-
lows not only to achieve an effective cancellation of the clutter
at zero Doppler bin but also to significantly reduce the
disturbance floor, compared to the case of a MF with SC (see
Figure 3c). As a result, the targets in Figure 4 are clearly visible
with high SCNR values.

To compare the performance of the considered signal
processing schemes, Figure 5 shows the resulting target SCNR
as a function of the Clutter‐to‐Noise Ratio (CNR) measured at
the input of the overall processing chain. The ECA‐C applied
with the MF is compared with the SC operating after the MF
and the RF. It is worth mentioning that the disturbance floor is
the result of the clutter sidelobes plus noise. Therefore, low
values of input CNR result in a disturbance floor dominated by
noise, while high values of input CNR result in a disturbance
floor where the clutter sidelobes are the main contribution.

From Figure 5, we observe that, for low input CNR values,
the schemes that employ the MF for the range compression,
namely the MF þ SC and the ECA‐C þ MF, yield the highest
SCNR. This is expected since the MF maximises the SNR at
the output of the range compression stage. Therefore, it pro-
vides better performance, compared with the RF, in noise‐
limited scenarios. As the input CNR increases and the clutter
returns and sidelobes contribute more to the disturbance po-
wer level, the performance of the MF þ SC scheme starts
decreasing, since it fails to effectively remove the clutter
contribution. Conversely, the performance of the RF þ SC and
ECA‐C þ MF are not affected by the CNR increase, since
both completely cancel the clutter. The difference in the final
SCNR between them is only related to the adopted range
compression filter. Specifically, a loss of about 2.8 dB is pre-
sent, which is the expected SNR loss to be accepted when the
RF is used in lieu of the MF, for a 16QAM OFDM signal, [8].

The previous results show that the ECA‐C þ MF scheme
yields slightly better performance compared to RF þ SC.
However, the SC scheme involves a significantly lower
computational load compared to the ECA‐C algorithm, as it
achieves cancellation by simply delaying the signal and per-
forming a non‐adaptive subtraction (7). On the other hand, the
ECA‐C involves a number of complex multiplications to
adaptively estimate the filter cancellation coefficients [13]. As a
result, according to our simulation environment, the SC
required about 7 times less computation time than the ECA‐C.
This certainly represents an essential advantage, especially
when considering an implementation on extremely low‐cost
digital hardware.

To complete the analysis, it is worth observing that the
clutter cancellation based on SC heavily relies on the effective-
ness of the RF in equalising the signal spectrum at the range
compression stage. In other words, a non‐perfect reference
signal reconstruction or the use of a noisy reference signal in the
absence of a demod/remod scheme might degrade the RF
implementation and in turn the cancellation performance of the
SC. To analyse this effect, Figure 6 shows the resulting target
SCNR as a function of the SNR measured at the input of the
reference channel for different processing schemes.

As apparent, all schemes show a significant SCNR degra-
dation for low reference channel SNR values. This is expected
since the reference signal quality has a non‐negligible impact
on both the range compression stage, either based on the MF
or the RF, and the adaptive ECA‐C. For reference SNR lower
than 15 dB, the RF þ SC scheme shows the worst degradation
since the RF range compression is less robust to noisy refer-
ence signals and this in turn jeopardises the effectiveness of the
SC in clutter cancellation.

Nevertheless, for reference channel SNR values above
15 dB, the gap in SCNR between ECA‐C þ MF and
RF þ SC is only due to the well‐known SNR degradation
caused by RF range compression (~3 dB for 16QAM). In
other words, for reference channel values of SNR above
15 dB, the two approaches show the same sensitivity to the

F I GURE 5 Output target Signal‐to‐Clutter‐plus‐Noise Ratio (SCNR)
as a function of the input clutter‐to‐noise ratio (CNR), comparison between
matched filter (MF)/reciprocal filter (RF) þ Single Canceller (SC) approach
and conventional ECA‐Carriers (ECA‐C) þ MF scheme.

F I GURE 6 Output target Signal‐to‐Clutter‐plus‐Noise Ratio (SCNR)
as a function of the reference channel Signal‐to‐Noise Ratio (SNR) for an
input clutter‐to‐noise ratio (CNR) of 20 dB.
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reference signal quality so that the considerations about the
comparative analysis of the proposed scheme and conven-
tional approaches still hold.

5 | EVALUATION AGAINST CLUTTER
WITH ICM

We proceed with the analysis of the RF þ SC scheme by
testing it under non‐ideal conditions and comparing its per-
formance against conventional signal processing scheme
employing adaptive cancellation techniques based on ECA, in
the presence of disturbance affected by ICM. This is simulated
by varying with time within the CIT of the random amplitudes
of the clutter scatterers in (8), that is, γm = γm[n] (m = 1, …,
MC). To this purpose, we consider a Gaussian model for the
corresponding autocorrelation coefficient:

ρ½n� ¼ exp −2π2 σv
λf s

� �2

n2

" #

ð9Þ

where λ is the wavelength, fs is the sampling frequency, and σv
defines the resulting clutter spectral width.

For a fair comparison, we also include the ECA‐C and
Doppler shift (ECA‐CD) algorithm [14], which allows to
widen the filter notch of the ECA‐C by expanding the clutter
subspace on Doppler‐shifted replicas of the reference carrier.
As a result, the ECA‐CD presents an improved capability to
suppress disturbances with ICM compared to the ECA‐C.

Figure 7 shows the range‐Doppler maps obtained by
applying the different processing schemes against the same
scenario considered in Figure 3, with the difference that in this
case the clutter is no longer ideally stationary within the CIT
but characterised by an ICM modelled with a Gaussian power

spectrum. The assumed RMS spectral width is σv = 0.1 m/s
and σv = 0.3 m/s, respectively for the maps in the first row
(1*) and in the second row (2*). The (*a), (*b), (*c), and (*d)
columns indicate the applied processing scheme: RF with no
cancellation (*a), RF þ SC (*b), ECA‐C þ MF (*c), and ECA‐
CD þ MF (*d), respectively.

In the presence of ICM, the clutter removal strongly
depends on the specific position of the bistatic Range‐
Doppler map, and reporting specific values for a few posi-
tions would not be meaningful. Therefore, we resort to a
visual analysis of the maps and we focus the performance
analysis on the SCNR for the selected pair of targets. As
evident from Figures 7 (1a) and (2a), there is a higher clutter
spread compared to the case of no ICM in Figure 3b. In
particular, in Figure 7 (2a), the highest clutter level around
zero Doppler frequency, due to a wider clutter spectral width,
severely degrades the SCNR of the slower target. Conversely,
the SCNR of the faster target remains unchanged, compared
to the case of no ICM, since the RF still effectively reduces
the random sidelobe floor.

Figures 7 (1b) and (2b) show a significant reduction of the
clutter power, after applying the SC. However, the targets
SCNR is slightly worse compared to the case of no ICM shown
in Figure 3d. This is expected, since the cancellation capability
of the SC is reduced by the temporal variability of the clutter
disturbance. As a result, the map in Figure 7 (2b) shows lower
SCNR values, especially for the slower target. Nevertheless, by
comparing the maps on the first and second column, it is
evident that applying the SC still provides a significant
improvement in the SCNR (compared to a processing scheme
without cancellation), even in the case of a wide RMS ICM.

Similarly, Figure 7 (1c) and (2c) shows that the ECA‐
C þ MF improves the target SCNR, but its effectiveness is
drastically reduced compared to the case of no ICM shown in

F I GURE 7 Range‐Doppler maps obtained after (*a) reciprocal filter (RF) (*b) RF þ Single Canceller (SC) (*c) ECA‐Carriers (ECA‐C) þ matched filter
(MF) (*d) ECA‐C and Doppler shift (ECA‐CD) þ MF for a digital video broadcasting‐terrestial (DVB‐T) signal with two point‐like moving targets, white noise
and internal clutter motion (ICM) Gaussian clutter with (1*) σv = 0.1 m/s and (2*) σv = 0.3 m/s.
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Figure 4. As expected, the filter adaptively suppresses the
clutter at zero Doppler bin while it fails to remove the
Doppler‐spread clutter returns.

Moreover, the clutter residuals around zero Doppler fre-
quency are much higher than the RF þ SC case, resulting in a
significant SCNR degradation for the slower target, especially
in the case of σv ¼ 0:3 m=s.

Finally, Figures 7 (1d) and (2d) show the highest SCNR for
both targets since the ECA‐CD effectively removes the
Doppler‐spread clutter. To achieve this, the algorithm requires
several complex matrix multiplications and inversions to
adaptively estimate the cancellation filter coefficients. This
greatly increases its computational load compared to the ECA‐
C. In contrast, the SC represents a considerably faster non‐
adaptive approach and, although it shows a reduced perfor-
mance in the presence of ICM, it is still able to provide final
SCNR values that are only moderately lower than the ECA‐CD
case.

6 | EVALUATION AGAINST
EXPERIMENTAL DATA

The performance of the proposed RF þ SC scheme was also
tested against an experimental data set, collected by a passive
receiver exploiting a DVB‐T transmitter as the illuminator of
opportunity. The acquisition was performed along the shore of
Civitavecchia (about 70 km North of Rome), with a passive
radar receiver from the Radar and Remote Sensing Group of
Sapienza University of Rome.

The experimental setup is depicted in Figure 8. The
receiver gathered an 8K DVB‐T signal from a transmitter,
located at about 4.4 km from the receiver, through a dedicated
reference channel. In addition, a surveillance channel was
steered to the open sea with the purpose of detecting potential
maritime targets. In addition, a small cooperative boat, which is
shown in Figure 9, performed a predefined trajectory. Table 2
shows the signal and processing parameters of the experi-
mental test.

The processing steps can be described as follows. First, in a
pre‐processing stage, we identified the OFDM frame start and

used it for synchronising the surveillance and reference signal.
Then, the signals were divided into 120 CITs of 1.5 s duration
and fed into a processing chain that evaluates the range‐
Doppler map for each CIT and removes the disturbance.
Obviously, the specific algorithms and order of the processing
stages depend on the considered processing scheme (e.g.
RF þ SC, ECA‐C þ MF). Finally, targets are detected using a
square‐law Cell Average CFAR (CA‐CFAR) detector.

The range‐velocity maps obtained for all the considered
schemes when applied to a single CIT are shown in Figure 10.
Two targets of opportunity, with low and high velocity, are of
interest in the resulting maps and their SCNR values have been
explicitly reported in each figure. The disturbance power was
estimated by averaging over an area surrounding the target
peak, indicated by a rectangular white box around each target.

The disturbance contribution can be clearly seen in Fig-
ures 10a,b, which exhibit the range‐velocitymaps obtainedwhen
respectively the MF and RF are applied for range compression,
without any disturbance cancellation algorithm. As visible, the
strongest clutter echoes appear at zero Doppler velocity and
close bistatic ranges below 1 km. In addition, at those ranges, a
small clutter ICM is observed, spreading to a few Doppler bins
around zero velocity. On the other hand, for bistatic ranges
above 1 km, the clutter is weaker and its contribution is limited to
the zero Doppler bin. As expected, since the disturbance is not
removed, the SCNR values obtained for the slow target signifi-
cantly impacted for both the MF and RF. On the other hand, the

F I GURE 8 Setup for the experimental data acquisition.

F I GURE 9 Small cooperative boat.

TABLE 2 Parameters of the experimental test.

Symbol Description Value

DVB‐T signal parameters

fc Carrier frequency 690 MHz

TS OFDM symbol duration 1100 us

TU Useful part duration 896 us

TCP CP duration 112 us

C Constellation 64 QAM

Processing parameters

TCIT Coherent integrations time 1.5 s

Pfa Probability of false alarm 10−8

NCIT Number of CITs analysed 120
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SCNR of the fast target obtained for the RF is higher than the
SCNR value resulting from the MF. This is a consequence of the
higher reduction on the random sidelobe floor provided by the
RF with respect to the MF, which is clearly visible when
comparing the floor level of Figures 10a,b.

Figure 10c,d show the range‐velocity maps obtained for the
MF þ SC and RF þ SC respectively. As visible, the stationary
clutter contribution is now removed by the SC, with a cancel-
lation notch resulting from d= 10 delayed OFDM symbols with
an approximate notch periodicity of 38 m/s. As a result, in both
maps, the SCNR value observed for the slow target is increased
compared to the corresponding range compression strategies
when a disturbance cancellation stage is not implemented (see
Figure 10a,b). However, the RF þ SC scheme yields higher
SCNR values than the MFþ SC for both targets. Moreover, it is
clearly visible that the MF þ SC scheme fails to effectively
remove the clutter random sidelobes floor. This is due to the
time variability of the range‐compressed signal at the output of
the MF and confirms the results obtained against the simulated
data. Finally, it is worth noting in Figures 10c,d that there is a
slight increase in the disturbance floor for medium to high
velocities compared to Figures 10a,b. This is due to the sinu-
soidal frequency response of the SC; however, this does not
impact the SCNR since the magnitude of a target moving at
those velocities is boosted by the same amount.

Finally, Figures 10e,f show the range‐velocity maps ob-
tained when using conventional signal processing schemes
encompassing adaptive cancellation algorithms, namely ECA‐
C þ MF and ECA‐CD þ MF. Stationary clutter is removed in
both maps. However, as expected, the ECA‐CD offers
improved cancellation due to a wider notch, which spreads to

the Doppler bins adjacent to zero velocity at δv = � 0.14 m/s,
following [14]. This results in a higher SCNR, especially for the
slow target, compared to the RF þ SC.

To further compare the performance of the considered
schemes, we analysed their detection performance during the
120 CITs. Figure 11 shows the stacked detections in the range‐
velocity map obtained when the RF þ SC scheme is applied to
the whole experimental data. We have marked six targets of
interest with black rectangles and labelled them on the map. In

F I GURE 1 0 Range‐velocity maps of (a) matched filter (MF), (b) reciprocal filter (RF), (c) MF þ Single Canceller (SC), (d) RF þ SC, (e) ECA‐Carriers
(ECA‐C) þ MF, and (f) ECA‐C and Doppler shift (ECA‐CD) þ MF applied to a single Coherent Integration Time (CIT) of the experimental data.

F I GURE 1 1 Map of all the detections obtained in 120 Coherent
Integration Times (CITs) for the reciprocal filter (RF) þ Single Canceller
(SC) scheme applied to the experimental data.
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addition, colours have been used to indicate the CIT range at
which detections have been made; blue are detections made on
the first 40 CITs, red on the middle CITs between 40 and 80,
and finally green on the last 40 CITs.

It is worth mentioning that T1 represents the small
cooperative boat approaching the receiver at an approximately
constant bistatic velocity of 22 m/s. The other targets are
vessels and boats in close bistatic ranges, moving away from
the receiver at low velocities. In particular, T3 and T2
respectively correspond to the slow and fast targets appearing
in the range‐velocity maps of Figure 10.

Table 3 shows the number of CITs in which each target has
been detected DCIT using the considered processing schemes.
To better understand the results, similar targets have been
grouped according to their SCNR and bistatic velocity.

In particular, targets T1 and T2 are detected consistently
across the acquisition time by all the processing schemes. This
is because these targets produce strong echoes resulting in high
SCNR values. Moreover, they move at relatively high velocities,
thus their detection is not strongly affected by the clutter
returns, as visible for T2 in Figure 10. Therefore, even the
processing schemes without a disturbance cancellation stage,
namely the MF and RF (see first two rows of Table 3), are able
to detect these targets in most of the CITs. In other words, the
removal of clutter does not have a significant impact on the
detection performance for these targets.

In contrast, targets T3 and T4 move at slower bistatic
velocity and, consequently, their detection is affected by clutter
contributions generated around the zero Doppler. For this
reason, the MF and RF schemes, without a disturbance
cancellation stage, are unable to continuously detect these
targets during the acquisition time. In this case, the addition of
a clutter cancellation stage sensibly improves the detection rate
with all the considered approaches.

Specifically, when using the proposed scheme based on a
simple SC applied after the range compression stage, we
observe that the number of correct detections across the
observation time increases by a factor larger than 3 for both
targets if the range compression is performed based on the RF.
In contrast, the improvement reduces with the MF þ SC
scheme since the SC cannot rely on a time invariant range

compression output so that it is not effective against the
random sidelobes floor due to the clutter returns.

The conventional ECA‐C þ MF and ECA‐CD þ MF
schemes are able to provide remarkable detection performance
thanks to the effectiveness of the adaptive cancellation stage
and the limited range compression loss of the MF. Obviously,
this is paid in terms of computational complexity as detailed in
the next section. However, we observe that, at least for T3, the
ECA‐C þ MF does not offer improved performance with
respect to the proposed RF þ SC. This is due to the fact that
clutter contributions in the bistatic ranges of T3 are probably
affected by a non‐negligible ICM. As stated in Section 5, the
SC is more robust against clutter ICM than the ECA‐C, which
results in a slightly enhanced performance despite the addi-
tional SNR loss of the RF‐based range compression stage.

It is worth mentioning that the benefits of the proposed
RFþ SC approach in this particular dataset are somehow limited
by the fact that the considered experimental scenario is not
severely limited by clutter, both in terms of the clutter power
level and in terms of ICM, as for the simulated case study
considered in Sections 2–5. Therefore, based on the analysis of
the previous sections, enhanced improvements could be ex-
pected in more severe scenarios. Furthermore, in implementing
the range compression we used a non‐ideal reference signal (i.e.
that obtained from a dedicated antenna pointed towards the Tx
of opportunity, without any reconstruction). This might yield a
non‐perfect equalisation by the RF and a degradation of its
capability to reduce the random sidelobe floor. An analysis of the
impact of a non‐ideal reference signal in the range compression
will be explored in future works.

Nevertheless, we observe that the straightforward RFþ SC
processing scheme offers comparable performance with respect
to the ECA‐C þMF without requiring any adaptive estimation
of the relevant parameters, thus providing a much cheaper so-
lution. Overall, the ECA‐CD yields the best performance due to
a combination of a wide cancellation notch with a lossless range
compression based on the MF. However, as stated before, this
improvement is paid in terms of a tremendous increase in terms
of computational cost w.r.t the proposed approach which might
not be feasible if it has to be implemented in lightweight compact
PBR sensors. The comparison in terms of computational
complexity is detailed in the following section.

7 | COMPUTATIONAL COST ANALYSIS

Table 4 shows the number of complex multiplications (CM) and
complex additions (CA) required by the SC, ECA‐C, and ECA‐
CD. In addition, the analytical expression of each cancellation
technique has been included. The CM and CA are expressed as a
function of the number of OFDM symbols P and the number of
useful carriers in the OFDM symbol L = Nu.

From (7), the SC achieves cancellation by subtracting a
d OFDM symbols delayed replica of the range‐compressed
signal. As a result, it does not require any complex CM and
PL CA. On the other hand, the ECA‐C cancellation, as defined
in Ref. [13], is based on a per‐carrier projection of the

TABLE 3 Number of Coherent Integration Times (CITs) in which
each target has been detected DCIT using the different processing schemes.

Scheme

High velocity,
high SCNR

Low velocity,
low SCNR

T1 T2 T3 T4

MF 99 120 31 26

RF 101 120 23 28

MF þ SC 99 120 85 79

RF þ SC 101 120 90 87

ECA‐C þ MF 105 120 82 109

ECA‐CD þ MF 105 120 98 114

Note: ‘Green’ is used for results proving a DCIT equal or greater than 80; ‘yellow’ is used
for values of DCIT between 40 and 80; ‘red’ is used for values of DCIT smaller than 40.
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surveillance signal on a subspace orthogonal to the disturbance
subspace. This operation is represented in Table 4, where Sk
and Rk are P � 1 vectors containing the kth carrier value at
each OFDM symbol. This results in an increased number of
operations compared to the SC.

Finally, the ECA‐CD extends the clutter subspace by
considering q symmetric replicas around Doppler zero. The
resulting expression is included in Table 4, being Qk a P � W
matrix with W = 2q þ 1. As visible, the ECA‐CD requires the
inversion of a matrix which largely increases its computational
cost with respect to the ECA‐C. Obviously, this is compensated
by an improved cancellation capability against ICMdisturbances.

To extend the analysis, we estimated the number of floating‐
point operations (FLOPs) required by each cancellation tech-
nique as a function of the CIT duration. It is assumed that a CM
involves 6 FLOPs, while a CA only requires 2 FLOPs.

Figure 12, shows the results obtained based on the CM and
CAvalues of Table 4. The computational load of each algorithm
has been evaluated assuming the same parameters adopted for
the experimental test. Specifically, we consider the experimental
DVB‐T with L= 8192 useful carriers. In addition, the ECA‐CD
is set to q = 1 symmetric replicas which are used for the exper-
imental test. Moreover, to aid the analysis, the considered
TCIT = 1.5 s is represented with a black dashed line.

As visible from the figure, both the ECA‐C and ECA‐CD
require a much higher number of FLOPs than the SC as a
function of the CIT duration. In particular, at the considered
TCIT = 1.5 s, the ECA‐C requires more than 10 times the
number of FLOPs than the SC. This difference is even higher
for the ECA‐CD, which involves around 60 times more
FLOPs compared to the SC even for its most basic imple-
mentation with q = 1.

8 | CONCLUSIONS

In this study, we proposed a simple approach for clutter
cancellation in OFDM‐based passive radar systems, exploiting
the properties of the RF. It was demonstrated that the RF
produces a data‐independent signal at the output of the range
compression stage. This feature allows to implement simple
subsequent clutter cancellation strategies, based on the sub-
traction of delayed portions of the surveillance signal.

A processing scheme was presented, encompassing a range
compression stage based on RF, followed by a SC. This con-
sists in subtracting a replica of the range‐compressed signal
delayed by an integer number of OFDM symbols. Under ideal
conditions, a perfect cancellation of stationary clutter echoes,
as well as of the direct signal interference, could be achieved.

First, the performance of the scheme was evaluated in a
simulated scenario, assuming a DVB‐T‐based passive radar, and
compared with that obtained in the case of a MF. The results
showed that the SC fails to completely remove the clutter
background when a MF is used, while it achieves an effective
cancellation when applied after a RF. The performance of the
SC was also compared with a traditional adaptive cancellation
scheme, namely the ECA‐C, in terms of achievable SCNR.
The RFþ SC scheme proved to be effective and preferable over
the MF þ SC, especially in the case of high CNR. Moreover,
although the SC showed a slight loss compared to the ECA‐C
algorithm, it allows a much simpler and faster implementation.

Then, the scheme capability was tested against a distur-
bance affected by ICM. In this case, the cancellation perfor-
mance of the SC was reduced by the temporal variability of the
clutter. However, it was shown to be more robust than the
ECA‐C for slow targets, and almost as effective as the largely
more expensive ECA‐CD.

Afterwards, the results were validated by comparing the
schemes performance against experimental data from a PR
exploiting a DVB‐T illuminator of opportunity. The results
obtained were compliant with those from the simulated sce-
nario. In particular, it was shown that, for the considered
application, the RF þ SC offers a detection performance
comparable to the ECA‐C þ MF.

Finally, an extensive analysis of the computational cost and
number of FLOPs required by each cancellation technique was

F I GURE 1 2 Number of floating‐point operations (FLOPs) required
by the Single Canceller (SC), ECA‐Carriers (ECA‐C) and ECA‐C and
Doppler shift (ECA‐CD) as a function of the Coherent Integration Time
(CIT) duration.

TABLE 4 Computational cost expressed in number of complex multiplications and complex additions for the Single Canceller (SC), ECA‐Carriers
(ECA‐C), and ECA‐C and Doppler shift (ECA‐CD) cancellation algorithms.

Algorithm Expression # Complex multiplications (CM) # Complex additions (CA)

SC χp – χp–d 0 PL

ECA‐C Sk − RkR
H
k

jRk j
2 Sk 3PL 3PL

ECA‐CD Sk − Qk QH
k Qk

� �−1
QH

k Sk L 1
2W

3 þ 5
2W

2 þW2P þ 2WP
� �

L 1
2W

3 þ 1
2W

2 þW2P þ 2WPþ P
� �
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conducted. It showed that both the ECA‐C and ECA‐CD
involve a much higher number of operations than the SC
which can speed‐up the cancellation stage at least by a 10x
factor. Further work will investigate the design of polynomial
cancellers and other cancellation techniques able to exploit the
properties of a RF‐based range compression.
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