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Abstract: This study investigates the feasibility of pilot-based detection for passive coherent location (PCL) radars exploiting
digital video broadcasting-terrestrial (DVB-T) signals. The DVB-T signal is formed by two parts: a data signal and a pilot signal.
The parameters of the pilot signal are known thanks to the DVB-T standards that permit the generation (at the receiver) of the
pilot signal. The pilot recovery technique, based on the known DVB-T standard, is utilised in DVB-T based PCL systems to
reduce the number of the reception channels by considering a locally generated pilot signal as a reference signal. Consequently,
no reference channel is required, which reduces the cost and the complexity of the resulting PCL system. In this work, the
authors propose a signal processing method to achieve this goal. They consider theoretical analysis, simulations and real-data
results to validate the feasibility of such a system.

1 Introduction
The first radar systems were bistatic, where the transmitter and the
receiver are separated by a considerable distance [1]. Then, with
advances in technology, especially the creation of the duplexer in
1936, monostatic radars have dominated the radar research and
design fields. However, the interest on bistatic radars has been
reinforced due to the technology advances such as high dynamic
range analogue-to-digital converters and the computer core
technology [2], the resulting systems are called passive radars. The
essential advantages of passive radars are the spatial dislocation
between the transmitter and the receiver, and the use of the pre-
existing transmitter infrastructure [3].

Passive radar systems can exploit another radar or commercial
transmitters. The passive radar is called a hitchhiker if another
radar is exploited [1]. Otherwise, we refer as passive coherent
location (PCL) radars to the radars exploiting commercial
transmitters [4, 5]. In PCL radar systems, the exploited transmitters
are known as illuminators of opportunity (IO). With the existence
of several possibilities of IOs, the PCL concept is gaining a
growing interest. In the literature, we can find a large variety of IOs
exploited in PCL systems such as frequency modulation radio [6,
7], global system for mobile communications [8, 9], digital audio
broadcasting [10, 11] and digital video broadcasting-terrestrial
(DVB-T) [12, 13].

The selection of an illumination source is performed by
considering three key parameters, which we note in the following.
Firstly, the transmitted power of the exploited illuminator of
opportunity will define the detection coverage of the PCL system
[4]. Secondly, the bandwidth of the exploited signal will precise the
range resolution [5]. Thirdly, the ambiguity function (AF) of the
exploited signal; the AF is used to evaluate the suitability of a
waveform for radar applications. In fact, the exploited signals are
not designed for radar applications, which leads in most cases to
ambiguities in range and in Doppler, and thus results in false
alarms and ghost targets [5]. Analogue waveforms are
characterised by an AF full of ambiguities in range and Doppler,
which will disturb the PCL applications. However, digital
waveforms have a thumbtack shape AF, which is suitable for PCL
systems [8].

A PCL system requires two reception channels: a reference
channel and a surveillance channel [13]. The antenna of the

reference channel is pointed to the direction of the illuminator of
opportunity to acquire the direct-path signal. For the surveillance
channel, the antenna is steered towards the surveillance area to
collect the possible target echoes. In addition to the echoes of
interest, the surveillance signal includes a strong direct-path signal
and returns from static scatterers [13]; these unwanted
contributions are called the static clutter. In practice, the power of
the static clutter signal is several orders of magnitude larger than
the target return which reduces the detector dynamic range and
buries low-return targets [5]. In the literature, many methods have
been proposed for the static clutter suppression [14–16].

Bistatic PCL systems can determine the bistatic range by
measuring the difference in time of arrival between the reference
signal and the target echo [1]. In addition to the bistatic range, the
Doppler shift of the target echo can be retrieved. It follows that the
reference signal quality is of a great importance for the detection.
A reference signal with low signal-to-noise ratio (SNR) degrades
the detection probability [17–20]. This scenario can be noticed if
the distance separating the receiver site and the exploited IO is
considerable.

DVB-T signals are widely used for PCL systems [12, 13]. With
a transmitted power in the order of 10 kW, they can ensure medium
range coverage applications. Also, their bandwidth is 7.61 MHz,
which allows a range resolution of ∼30 m. In addition, their AF has
a thumbtack shape, which is suitable for PCL applications. Other
advantages of the DVB-T signals are related to the signal structure.
In fact, the DVB-T signal structure is known, which allows the
reconstruction of the reference signal to enhance its quality. The
signal reconstruction is performed by demodulating the received
signal and recoding the retrieved symbols to retrieve a noise-free
version of the transmitted signal [12, 13, 21, 22]. This approach is
efficient if the initial SNR guarantees a low-error demodulation of
the received signal. For low SNR values, the performance of the
signal reconstruction is limited [23, 24].

The DVB-T signal can be modelled as the sum of two
components: a data signal which depends on the content to
broadcast, and a pilot signal which is employed for synchronisation
and channel estimation purposes [25, 26]. The pilot signal can be
generated at the receiver since it is fully known [27], which results
in the possibility of using it for detection in the DVB-T based PCL
systems as a replacement of the reference signal. The resulting
system includes a single receiver, which reduces the system cost.
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In [28], a first approach has been made to exploit this
possibility, where the pilot signal is employed to replace the
reference signal in noisy scenarios. The simulation results showed
that the use of a pilot signal provides better results than using a
noisy reference signal. However, for high SNR values, using a pilot
signal provides lower performances compared to the full signal.
Moreover, the signal synchronisation and the static clutter
suppression step were not considered. In this work, we propose an
improved method for detection in DVB-T based PCL radars
employing pilot signal, which includes a static clutter suppression
stage in the spectral domain through the propagation channel
estimation [16, 29]. In addition, the synchronisation stage is
analysed and its performance are discussed. The performances of
the proposed method are verified by simulation results and
validates through the application on real data.

The paper is organised as follows. Section 2 describes the
model of the received and DVB-T signals. In Section 3, we present
the detection strategy which includes the stages of signal
synchronisation, static clutter suppression and target detection. The
results and discussions are presented in Section 4. Finally, Section
5 summarises the major retrievals of this work.

2 Signal model
In this section, we present the considered model for the received
signal and we define the DVB-T signal structure. In this work, we
consider a bistatic PCL radar based on DVB-T IO. We note s(n) the
transmitted signal with a variance of σs

2. Fig. 1 presents the
configuration of the considered system; it shows the different
components of the received signal x(n). This signal can be defined
by considering the following binary hypotheses:

H0: x(n) = ∑l = 0

L − 1 hls(n − l) + v(n),

H1: x(n) = ∑l = 0

L − 1 hls(n − l) + αs(n − κ)ej2π f dn + v(n) .
(1)

Under the null hypothesis (H0), the received signal includes direct-
path and multipath components in addition to a thermal noise. In
this model, we consider L multipath components (including the
direct-path signal defined by h0 s(n)) with complex weights hl; this
contribution is called static clutter. We note v(n) the thermal noise
of a variance σv

2 and with a centred complex Gaussian distribution.
Under the alternative hypothesis (H1), the received signal involves
a target echo in addition to static clutter and thermal noise. The
target echo is an attenuated copy of the transmitted signal time-
delayed by τ and frequency-shifted by f d. The attenuation α
includes all the effects undergone by the target echo (antenna gain,
propagation losses and target reflectivity). We define three
important parameters related to the received signal: the direct-path-
to-noise ratio (DNR), the clutter-to-noise ratio (CNR) and the SNR
of the target return, which are given by the following expressions
[13, 20]:

DNR = h0
2 σs

2/σv
2, (2)

CNR = ∑
l = 0

L − 1
hl

2

σs
2/σv

2, (3)

and

SNR = α 2 σs
2/σv

2 . (4)

The DVB-T signal is generated following a multicarrier
modulation known as orthogonal frequency division multiplexing
(OFDM). The generated signal is structured into symbols; each
symbol includes a useful part and a cyclic prefix. The useful part is
formed by a large number of orthogonal and equally spaced
subcarriers [27]. In time domain, the signal model for one DVB-T
symbol is expressed as follows:

s(n) = ∑
k = 0

K − 1
c(k)ej2π f kn, (5)

where K subcarriers are employed and each one is of a frequency
f k and modulated by a quadrature amplitude modulation (QAM)
symbol c(k). The resulting DVB-T signal, s(n), follows a complex
Gaussian distribution with zero mean and variance σs

2, i.e.
s(n) ∼ CN(0, σs

2) [30, 31].
Fig. 2 shows the structure of the DVB-T signal in the frequency

domain. Three types of subcarriers constitute the DVB-T symbols:
data subcarriers, transmission parameter signalling (TPS)
subcarriers, and pilot subcarriers. Data subcarriers transport the
useful data and TPS subcarriers convey the broadcasting
parameters. The pilot subcarriers are used for the synchronisation
of the received signal and for the propagation channel estimation. It
follows that they are transmitted at known frequencies and with
known amplitudes [27].

Table 1 summarises the main parameters of the DVB-T signal
for both 2K and 8K modes, such as the number of subcarriers for
each DVB-T symbol and the number of each carrier variant (data,
TPS and pilot) in one symbol. 

If we neglect the contribution of the TPS subcarriers, the time-
domain DVB-T signal can be considered as the sum of two
components a data signal, d(n), and a pilot signal, p(n). This can be
expressed as follows:

s(n) = d(n) + p(n) . (6)

The pilot subcarrier amplitudes are obtained through a pseudo-
random binary sequence [27]. By invoking the central limit
theorem, we can consider that the time-domain pilot signal p(n)
follows a complex Gaussian distribution with zero mean and
variance σp

2 , i.e. p(n) ∼ CN(0, σp
2). Similarly, the data subcarriers

are loaded by QAM symbols obtained from randomised binary
data. This allows to assume that the time-domain data signal d(n)

Fig. 1  Considered configuration and signal model
 

Fig. 2  DVB-T signal structure
 

Table 1 Main parameters of the DVB-T signal
Parameter 2K mode 8K mode
number of subcarriers K 1705 6817
number of data subcarriers Kd 1512 6048
number of pilot subcarriers Kp 176 701
number of TPS subcarriers KTPS 17 68
useful symbol duration TU 224 μs 896 μs
subcarrier spacing Δ f 4464 Hz 1116 Hz
signal bandwidth B 7.61 MHz 7.61 MHz
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follows a complex Gaussian distribution with zero mean and
variance σd

2, i.e. d(n) ∼ CN(0, σd
2). In addition, the data signal d(n)

and the pilot signal p(n) are statistically independent, which leads
to the following result:

σs
2 = σd

2 + σp
2 . (7)

We can define the ratio between the data signal power and that of
the pilot signal as follows:

ρ = σd
2 /σp

2 . (8)

The ratio ρ can be calculated through the parameters in Table 1. It
can be found that ρ ≃ 4.9 for both 2K and 8K transmission modes.

3 Detection strategy
The present section details the proposed signal processing strategy.
It performs the passive detection employing a locally generated
pilot signal for DVB-T based PCL systems. Fig. 3 presents this
strategy. Three main stages can be distinguished: the
synchronisation of the received signal, the suppression of the static
clutter and the target detection.

3.1 Signal synchronisation

As was mentioned in the previous section, the parameters of the
pilot subcarriers are fully known, which allows the generation of a
time-domain pilot signal at the receiver site. This signal is
generated according to the DVB-T standard [27], which can be
achieved by considering exclusively the amplitudes of pilot
subcarriers (data and TPS subcarriers are set to zero). The pilot
signal will be employed for detection as a replacement for the
reference signal. To obtain a precise target localisation, an accurate
synchronisation between the generated pilot signal and the received
signal is required. The synchronisation stage compensates the
possible time and frequency offsets between the two signals. In this
work, the synchronisation is performed between the generated pilot
signal and the direct-path component of the received signal h0 s(n).

Let us consider the following model for the received signal r(n)
with time and frequency offsets

r(n) = h0s(n − θ)ej2πϕn + vc(n), (9)

where θ is the time offset, ϕ is the carrier frequency offset (CFO),
and the term vc(n) includes the remaining terms from (1). The CFO
ϕ is formed by two parts [32, 33]

ϕ = b
TU

+ I
TU

, (10)

where −0.5 ≤ b ≤ 0.5, I is an integer, and TU is the length of the
DVB-T symbol useful part.

The signal synchronisation is a multi-stage operation, it
includes two main stages: a pre-FFT stage and post-FFT stage [34,
35] as shown in Fig. 4. The pre-FFT stage exploits the guard
interval redundancy to perform fine time synchronisation (θ

^
) and

fractional CFO estimation (b
^
). The aim of this stage is to determine

the beginning of the DVB-T symbol to align it with the generated
pilot signal. At this stage, the correlation between the received
signal r(n) and its delayed version is calculated and the resulting
maximum value is determined [34]. The correlation is performed
by considering many time delays m as follows:

γ(m) = ∑
n = m

m + NG − 1
r(n)r∗(n + NU), (11)

where NU is the number of samples of the DVB-T symbol useful
part and NG is the length of the guard interval. The maximum
likelihood (ML) estimate of the time offset θ is given by [36]

θ
^
ML = argmaxθ( γ(θ) ) . (12)

The fractional CFO (the parameter b in (10)) can be estimated
based on the retrieved value θ

^
ML as follows:

b
^
ML = −1

2π ∠γ(θ^ML) . (13)

Fig. 5 shows simulation results corresponding to (11) for a DVB-T
signal with the 8K-mode. The magnitude peaks correspond to the
beginning of the DVB-T symbols (the fractional time offset) and
their phases give an ML estimation of the fractional CFO.

The retrieved parameters θ
^
ML and b

^
ML are exploited to align the

two signals p(n) and r(n) and to compensate the fractional CFO.
From the resulting signal, the guard interval is removed and the
FFT is applied to retrieve the frequency domain version of the
signal. The second stage of synchronisation retrieves the pattern of
the pilot subcarriers for each DVB-T symbol (P^) and estimates the
integer part of the CFO (I^). To do so, the correlation between the
FFT result and the four patterns of the frequency domain pilot
signal [27] is calculated and the maximum is determined. Based on

Fig. 3  Proposed detection strategy
 

Fig. 4  Scheme of the received signal synchronisation
 

IET Radar Sonar Navig., 2020, Vol. 14 Iss. 6, pp. 845-851
© The Institution of Engineering and Technology 2020

847

Authorized licensed use limited to: Vrije Universiteit Brussel. Downloaded on October 28,2020 at 14:17:45 UTC from IEEE Xplore.  Restrictions apply. 



the maximum correlation value and its location, the two parameters
P^  and I^ are estimated.

Consequently, the generated pilot signal can be perfectly
synchronised with the received signal in time and frequency
through the estimated parameters θ

^
ML, b

^
ML, I^ and P^ .

To investigate the accuracy of the signal synchronisation (θ
^
ML),

we propose to evaluate the normalised mean square error (NMSE)
related to the time synchronisation. In Fig. 6, the NMSE of the time
offset ML estimation is presented. The results show that it is
possible to achieve an accurate time synchronisation, with an
NMSE lower than 0.01, for scenarios with DNR values greater
than −15 dB. Consequently, it is possible to obtain a precise target
detection for these scenarios.

3.2 Static clutter suppression

As was stated earlier, the static clutter is formed by the direct
signal from the exploited transmitter and the different multipaths
caused by the stationary scatterers in the area. The presence of the
static clutter reduces the detection dynamic range, which masks the
weak target echoes. Therefore, the suppression of this undesirable
contribution is required to enhance the target detection [37].
Several methods have been proposed for the static clutter
suppression in PCL radars such as the adaptive filters [37] and the
extensive cancellation algorithm (ECA) [14]. In addition, there are
other methods dedicated for OFDM waveforms like the ECA by
carrier (ECA-C) algorithm [15, 38]. The specificities of the OFDM
signals are also exploited in the method proposed in [16, 29] which
is based on the propagation channel estimation.

The method of the channel estimation for the static clutter
suppression assumes an invariant propagation channel response
during the considered experiment duration [16, 29]. It estimates the
response of the propagation channel in the frequency domain by

exploiting the pilot subcarriers [39]. Then, this estimate is
employed to generate an estimation of the static clutter which will
be subtracted from the received signal. This method is
characterised by a low complexity since no matrix inversion nor an
adaptive processing are required. However, it requires the
knowledge of the transmitted QAM data symbols to obtain an
estimation of the static clutter signal.

In this work, we propose a modified version of channel
estimation method for the static clutter suppression. In this
approach, we reject the non-pilot subcarriers of the received signal
since they will not participate in the integration gain. Then, the
static clutter suppression is only performed over the pilot
subcarriers. In the proposed method, we firstly synchronise the
received signal in time and frequency as presented in the previous
section. Then, the synchronised signal is divided into DVB-T
symbols, the cyclic prefix (CP, or guard interval) is removed and an
FFT is applied. The resulting signal is the frequency-domain
representation of the received signal. For the kth subcarrier, the
result can be expressed as follows:

X(k) = H(k)c(k) + Xt(k) + V(k), with k = 1, . . . , K (14)

where H is the propagation channel response, Xt is the target signal
in the frequency domain and V is the FFT of the thermal noise v.
Knowing the pilot subcarrier positions, we can select the
components of X which correspond to the pilot subcarriers. We
note Xp, Hp, cp, Xt, p and Vp the selected parts of the signal X. Thus,
we can note

Xp(k) = Hp(k)cp(k) + Xp, t(k) + Vp(k), with k = 1, . . . ,
Kp

(15)

The least squares estimate of the propagation channel Hp is
obtained by neglecting the target echo magnitude compared to the
static clutter signal since CNR ≫ SNR. An estimation of Hp(k) can
be obtained as follows:

H^
p(k) = Xp(k)/cp(k) with k = 1, . . . , Kp (16)

To reduce the impact of the thermal noise v, we perform an
averaging of the estimated channel response over many DVB-T
symbols. The static clutter suppression is performed in the
frequency domain as follows:

X f (k) = Xp(k) − H^
p(k)cp(k) with k = 1, . . . , Kp (17)

Then, an inverse fast fourier transform (IFFT) is applied to obtain
the time-domain filtered signal x f (n) which we can express as
follows:

H0: x f (n) = w(n),

H1: x f (n) = αp(n − κ)ej2π f dn + w(n),
(18)

The noise w(n) gathers the IFFT of Vp and the residual static
clutter. Considering an efficient static clutter suppression, the
variance of w(n) can be approximated as follows:

σw
2 ≃ σv

2

1 + ρ , (19)

3.3 Detection probability analysis

To evaluate the proposed detection strategy, we propose to analyse
the detection probability behaviour. In order to do so, we need to
calculate the statistics (mean and variance) of the cross-correlation
(CC) detector output. The CC detection is performed by
considering several values of time-delay and frequency-shifted
copies of the reference signal and the surveillance signal. In our
case, the reference signal is replaced by the generated pilot signal
p(n). The detection test is calculated as follows [20]:

Fig. 5  ML estimation of fine time and fractional CFOs
 

Fig. 6  NSME of the time-offset estimation as a function of the direct-path
quality (DNR)
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T = T̄ 2 = ∑
n = 0

N − 1
T(n)

2

≷
H0

H1
λ, (20)

where the detection statistic is noted by T̄  and the detection
threshold is λ.

The detection test is performed over all the considered range–
Doppler cells. Here, we assume that the detection test is executed
at the target cell (κ, f d). It follows that the generated pilot signal is
time-delayed by κ and frequency-shifted by f d to match with the
target echo. The instantaneous output of the CC detector is given
by

T(n) = x f
∗(n)p(n − κ)e− j2π f dn, (21)

under the alternative hypothesis (H1), we can calculate T(n) as

T(n) = α∗ p(n − κ) 2 + wp
∗(n)p(n − κ)e− j2π f dn . (22)

The mean value (under H1) of the CC detector output, T(n), is
given by

E T(n) H1 = α∗σp
2 , (23)

and its variance can be expressed as follows:

var T(n) H1 = α 2σp
4 + σw

2 σp
2 , (24)

by considering (19), we obtain

var T(n) H1 = α 2σp
4 + σv

2σp
2

1 + ρ . (25)

To obtain the mean value and the variance of T(n) under the null
hypothesis (H0), we set the parameter α to zero in (23) and (25),
respectively.

The detection statistic T̄  results from a coherent integration of
the CC detector output over N time samples. This can be expressed
as

T̄ = ∑
n = 0

N − 1
T(n) . (26)

If we consider the T(n) samples as independent and identically
distributed, the static T̄  (which is the sum of these samples) follows
a complex Gaussian distribution under both hypotheses H0 and H1
[20]. The parameters (mean and variance) of the considered
distribution can be obtained based on the parameters of T(n) as
follows:

μ0 = 0, (27)

σ0
2 = N

σw
2 σp

2

1 + ρ , (28)

μ1 = N(α∗σp
2), (29)

σ1
2 = N α 2σp

4 + σw
2 σp

2

1 + ρ . (30)

where (μ0, σ0
2) and (μ1, σ1

2) are the mean and variance of T̄  under H0

and H1, respectively.
The false-alarm probability PFA is calculated as follows [20]:

PFA = exp( − λ/σ0
2), (31)

and the detection probability for a given PFA is obtained by

PD = Q1
2 μ1

2

σ1
2 , 2σ0

2log(PFA
−1 )

σ1
2 . (32)

To evaluate the capabilities of the proposed signal processing
method, we calculate the resulting detection probability for
different SNR values. Two SNR parameters are considered: the one
of the reference signal SNRr and that of the surveillance signal
SNR. The retrieved results are compared to those of the
conventional processing method [20] (needing a reference signal)
and presented in Figs. 7 and 8. For both results, we considered a
coherent processing interval of N = 106 samples and a false-alarm
probability of 10−4.

In Fig. 7, we notice the impact of the reference signal quality on
the detection probability values. For high SNRr values
(SNRr > 10 dB), the CC detector behaviour is similar to that of a
matched filter and the detection probability is invariant for a given
SNR value of the target. However, for low SNRr values, the
detection probability decreases for the same target SNR value by
the degradation of the SNRr value.

In Fig. 8, we present the detection probability results when a
pilot signal replaces the reference signal for detection. Since no
reference signal is used, the detection probability value depends
only on the target SNR. As a result, we obtained a matched filter
like results when the proposed method is applied. Consequently,
the achieved performances (in terms of detection probability) of the

Fig. 7  Detection probability for the conventional CC detection as a
function of the signals SNR for N = 106 and PFA = 10−4

 

Fig. 8  Detection probability for the proposed CC detection as a function
of the signals SNR for N = 106 and PFA = 10−4
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proposed method are better than those for the conventional CC
detection for low SNRr values and the same for high SNRr values.

4 Real-data results
To validate the theoretical retrievals, we apply the proposed
detection strategy on real-data signals. The signals employed in
this section have been recorded during a measurement campaign
which was performed in Brussels at the Royal Military Academy
(RMA). A proximate airport (Zaventem), located at 10 km from
the receiver, offers the possibility of having echoes from low-
altitude airplanes.

Fig. 9 shows the setup used for signal recording. The recording
set-up includes a commercial Yagi antenna (MXR0012) with a gain
of about 13 dBi, a USRP B100 device and a computer using the
GNU radio software. The considered DVB-T transmitter is located
at about 2.5 km from the receiver site and transmits at a frequency
of 482 MHz with a radiated power of 10 kW. The DVB-T
transmitters constellation operates in single frequency network
mode.

Fig. 10 presents a range–Doppler diagram of a recorded signal. 
In this case, the received signal did not undergo the static clutter
suppression stage. Consequently, we can notice the presence of the

static clutter at 0 Hz. This undesirable component is masking a
target echo which can be distinguished if the static clutter is
removed.

Figs. 11 and 12 show the resulting range–Doppler diagrams
after performing the ECA-C static clutter suppression method and
the proposed method, respectively. For both diagrams, we can
distinguish one target echo located at (2.5 km, −50 Hz). However,
the proposed method enables an efficient suppression of the static
clutter, in contrast with the ECA-C method where we can remark a
considerable level of the residual static clutter. This validates the
retrieved simulation results and demonstrates the feasibility of the
proposed method in practice.

5 Conclusion
In this paper, we proposed an efficient signal processing method
for PCL radars employing DVB-T signals. In this method, the
reference signal is replaced by a locally-generated pilot signal and
thus, no reference signal is required. This method reduces the cost
and the complexity of the PCL system by using a signal reception
channel. The proposed method includes an efficient static clutter
suppression method based on the propagation channel estimation.
The simulation results showed that using a pilot signal for
detection outperforms the use of a received reference signal in low
SNR scenarios, and it has the same performances for high SNR
values. The real-data results validated the simulation results and
proved the feasibility of the proposed method.
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Fig. 9  Setup employed for signal recording
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Fig. 11  Real-data result a range–Doppler diagram obtained using a full
signal, a filtered received signal (ECA-C) and a coherent integration
interval of duration T = 0.1 s

 

Fig. 12  Real-data result a range–Doppler diagram obtained using a full
signal, a filtered received signal (the proposed method) and a coherent
integration interval of duration T = 0.1 s
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