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ABSTRACT Digital television signals are attractive illuminations of opportunity for the passive radars in the
field of low altitude and slow speed target detection. The digital television standard permits reconstruction
of a reference signal using the received signal in surveillance channel, which enables a single-antenna
digital television based passive radar (SDPR) processing. This paper investigates the practical feasibility
of a multistatic SDPR (MSDPR) for the drone detection. First, the detection range of the SDPR is analyzed
in terms of signal processing procedures involving multipath energy, extracted reference signal purity, and
receiving antenna. Second, according to the characteristics of the SDPR, the reference signal extraction is
analyzed. In addition, considering that the SDPR cannot locate and track the detected target, a novel MSDPR
processing method is proposed. The core idea of this method is to use the optimal reference signal extracted
from the receiving station with the least interference as the shared reference signal in MSDPR, which can
greatly improve the system detection capability. Finally, the small drone detection experiments using the
MSDPR are presented. The theoretical considerations are demonstrated using the experimental data.

INDEX TERMS Passive radar with a single antenna, multistatic passive radar, drone detection and tracking,
digital television signal.

I. INTRODUCTION
In recent years, the use of micro-Unmanned Air Vehicles
(UAVs) or drones has risen exponentially due to their low
costs and simple operations. These platforms can be used
for private leisure and filming, and also for applications
such as disaster response, search and rescue, and agri-
cultural/environment monitoring. However, there are many
potential misuses involving drones, such as violation of pri-
vacy, smuggling, espionage or even disrupting flights, which
may pose serious threats on public safety and air traffic [1].
Thus, drone detection, tracking and interception system grad-
ually become hot topics. The typical features of the drones
are Low altitude, Small radar cross-section (RCS), and Slow
speed (LSS). It poses great challenges for radar detection
especially in urban area.

Digital television broadcasting (digital video broadcasting–
terrestrial (DVB-T), Digital Television Terrestrial Multime-
dia Broadcasting (DTMB), and China mobile multimedia
broadcasting (CMMB)) signals with orthogonal frequency

division multiplex (OFDM) modulation are the most widely
used illuminations of opportunity for passive radars [2]–[6].
The high radiated power and omnidirectional low altitude
coverage of these signals make them easy for the detection
of the small-RCS, and low-altitude targets. In addition, con-
tinuous emission and wide bandwidth of these signals make
them possible to continuously detect slow-speed and small
targets. Therefore, it is feasible to utilize the digital television
broadcasting signals as illumination sources to detect the
UAVs [7], [8].

The conventional architecture of passive radar (PR) con-
sists of two channels: a reference channel for the reception of
the direct-path signal and a surveillance channel for the recep-
tion of the target echoes [9]–[12]. In practice, the surveil-
lance channel also inevitably collects reflections from the
static scatterers (static clutter), and a direct-path signal.
The direct-path signal (or static clutter) is usually dominant
in the surveillance channel [3], [13]. Moreover, the domi-
nant direct-path signal (or the strongest static clutter) in the
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reference channel is considered as an effective sig-
nal [14]–[18]. This makes it possible to recover the refer-
ence signal by reconstructing the surveillance signal [19].
Therefore, a new idea is proposed to utilize a compact single-
antenna receiver for the UAV detection.

Differing from the typical PR, the single-antenna digital
television based passive radar (SDPR) has only a single
receiver channel which is used as the reference and surveil-
lance channel simultaneously. For the reference channel, it is
desirable to have a high direct-path signal to interference
plus noise ratio (SINR). In contrast, for the surveillance
channel, it is desirable to avoid strong direct-path (multipath)
interference and receive the target echoes. For the passive
radar with a single receiver channel, it is obvious that a high
direct-path SINR is beneficial to extract the pure reference
signal. But the strong direct-path signal wouldmask the target
echoes and occupy the dynamic range of the receiver channel,
which severely degrades the detection performance. Thus,
it is worthy to consider how to reasonably configure the
direct-path signal energy so that the detection performance
is maximized.

The SDPR has been first studied by [19]–[22]. Refer-
ence [19] showed that the reference signal was recovered
by remodulation of the surveillance channel. Reference [20]
illustrated that a passive radar with a single channel is pos-
sible using distant transmitters, with a reference signal to
noise ratio (SNR) close to 0 dB. Reference [21] used specifi-
cally OFDM signals to detect a target through delay-Doppler
processing. Reference [22] proposed a processing scheme
including reference signal reconstruction and static clutter
suppression, and used Monte-Carlo simulations to quantita-
tively evaluate the performance against different direct-path
SNR values. At last, they presented the real-data results to
validate the feasibility of the SDPR. Nevertheless, theoret-
ical analysis of the detection performance was inadequate
and comparative experiments with the typical PR were not
reported. Besides, target locating and tracking using multi-
static SDPR (MSDPR) has not been considered.

To give insights into the SDPR, this paper tries to analyze
the detection range in terms of signal processing procedures
involving multipath energy, extracted reference signal purity,
and receiving antenna. According to the characteristics of the
SDPR, the reference signal extraction is analyzed. As there is
no way for a SDPR to locate and track the detected targets,
a novel MSDPR processing method is proposed. The core
idea of this method is to use the optimal reference signal
extracted from the receiving station with the least interference
as the shared reference signal in MSDPR, which can resist
strong interference, reduce computational burden, and also
greatly improves system detection capability. Furthermore,
the effectiveness of the proposed methods is verified by field
experiments.

This paper is organized as follows. The SDPR detec-
tion performance is analyzed in Section II. The signal pro-
cessing methods including the reference signal extraction
and MSDPR signal processing are proposed in Section III.

FIGURE 1. SDPR signal processing flow.

A description of the MSDPR for the drone detection exper-
iments and the corresponding result analyses are shown in
Section IV. Conclusions are drawn in Section V.

II. PERFORMANCE PREDICATION
The signal processing flow for SDPR is shown in Fig. 1. First,
the reference signal is extracted from the received signal after
synchronization. Second, direct-path and multipath clutter
are suppressed by the template of the extracted reference
signal. Third, 2-D cross-correlation function between the
suppressed surveillance signal and extracted reference signal
is performed. Finally, the constant false alarm rate (CFAR)
detection is applied to the range-Doppler (RD) map.

The receiving antenna of SDPR steers toward the surveil-
lance area. The direct-path signal may be received by the
sidelobe of the receiving antenna. The other multipath clutter
is received from the mainlobe. Especially in the urban envi-
ronment, the multipath clutter is even more serious, making
it more difficult to extract a pure reference signal. A stan-
dard communication performance measure like bit error rate
(BER) is not a sufficient metric for passive radar [21], [23].
Considering the coherent processing technology used in the
SDPR signal processing, it is reasonable to adopt the corre-
lation coefficient to assess how well the extracted reference
signal matches the transmitted signal.

ρ = |
E[sHref1sref ]√

E[||sref1 ||2]
√
E[||sref ||2]

|, (1)

where sref is the transmitted signal, and sref 1 is the extracted
reference signal from the receiver channel.

The extracted reference signal may not be completely
coherent with the transmitted signal (i.e., ρ < 1), the multi-
path clutter cannot be completely suppressed. Thus, the resid-
ual multipath clutter can be expressed as [3], [23], and [24]

Prc = (1− ρ2)Pc, (2)
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where Pc and Prc are the power of the multipath clutter
(including direct-path) before and after the multipath clutter
cancellation.

Then, the 2-D cross-correlation processing is performed.
The coherent integration gain G can be expressed as

G = ρ2BT , (3)

where B is the signal bandwidth and T is the coherent inte-
gration time.

Finally, the CFAR detection method is applied. When the
power of the target echo and residual multipath clutter fulfils
the following inequality [25]

PtG ≥ (Pn + Prc)Tdet , (4)

the target can be detected. Pt is the target echo power, Tdet
is the detection threshold, and Pn is the noise. Besides,
the target echo SNR can be expressed as PTSNR = Pt

/
Pn,

and the multipath clutter to noise ratio can be expressed as
PCNR = Pc

/
Pn.

The SDPR is only equipped with a single antenna. Both
the multipath and target echoes are received by this antenna.
For the SDPR system, a detectable dynamic range (DDR)
required to accommodate both the multipath clutter and the
target echoes is given by

DDR = Pc
/
Pt =

PCNR
/
PTSNR. (5)

Substituting (2)-(4) into (5), theDDR can also be expressed
as

DDR =
G
Tdet
·

PCNR
1+ (1− ρ2)PCNR

=
BT
Tdet
·

ρ2PCNR
1+ (1− ρ2)PCNR

. (6)

The DDR of the SDPR is affected by the correlation coef-
ficient ρ and the multipath clutter to noise ratio PCNR which
are coupled in practice.

To make a clear explanation between the two factors,
the DDR is quantitatively analyzed. Fig. 2 shows the values
of the DDR at the coherent integration gain BT = 67 dB,
and the detection threshold Tdet = 13 dB. The red dashed
line presents the value of the DDR for the typical PR. This
typical PR has two channels and one of the channels is
dedicated to receive the transmitted signal. It is assumed that
the transmitted signal can be completely recovered in the
typical PR (i.e., ρ = 1).

From this picture, when the ρ2 is close 1, the DDR
increases rapidly versus ρ2. When the SDPR system station is
positioned, the power of multipath clutter may be invariable.
To improve the detection performance of the SDPR, an appro-
priate method should be used to enhance the purity of the
extracted referenced signal as much as possible.

To elaborate on the detection range of the SDPR,
the bistatic radar equation is used to analyze [26]. Assuming
that the multipath clutter to noise ratio (PCNR) equals the

FIGURE 2. DDR versus ρ2 at PCNR = 32 dB (BT = 67 dB, Tdet = 13 dB).

TABLE 1. Radar parameters.

direct-path SNR (PDNR), the DDR of the SDPR is given as

DDR =
PDNR
PTSNR

= (
R1R2
R0

)2 ·
4πGRθ0L1
σGRθt L0

, (7)

where GRθ0 is the receiver antenna’s directivity gain in the
direction of the transmitter, GRθt is the receiver antenna’s
directivity gain in the direction of the target, σ is the bistatic
RCS of the target, R0 is the baseline distance between the
receiver (Rx) and the transmitter (Tx), L0 is the propagation
loss of direct-path signal,R1 is the transmitter-to-target range,
R2 is the target-to-receiver range, and L1 is the total propaga-
tion loss of the target signal from R1 to R2.
Thus, a theoretically maximal bistatic detection area is

given by the ranges R1 and R2. Substituting (6) into (7), the
detection area can be expressed as

(
R1R2
R0

)2 =
σGRθ tL0
4πGRθ0L1

·
BT
Tdet
·

ρ2PDNR
1+ (1− ρ2)PDNR

, (8)

where BT ,Tdet, σ,L0,L1 is determined by the model of the
SDPR system. From (8), the detection area of the SDPR is
determined by the receiver antenna’s directivity gain, the cor-
relation coefficient ρ, and the direct-path signal to noise
ratio PDNR.

Table 1 gives the parameters based on the following exper-
imental scenes. The receiving antenna is a yagi antenna with
a gain of 10 dB. The H-plane pattern is shown in Fig. 3.
The angle between the antenna boresight and the transmitter
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FIGURE 3. H-plane pattern of yagi antenna.

FIGURE 4. Contours of detection range for SDPR (Rx represents receiver
station, PDNR = 32 dB).

is 130◦. The estimation result is shown in Fig. 4, where the
PDNR = 32 dB, the different detection ranges are given with
ρ2 = 0.992, 0.994, 0.996, 0.998, and 1, respectively. It is
clearly indicated that the purity of the reference signal has
a significant influence on the detection range of the SDPR.
To improve the detection range, an appropriate method is
used to refine the reference signal, which will be discussed
in following section.

III. SIGNAL PROCESSING METHOD
The feasibility of SDPR for the drone detection has been ana-
lyzed from the systematic level theoretically. Since the SDPR
is equippedwith only a single receiver channel, the design and
application of such radar face great challenges. These chal-
lenges originate from the extensive multipath clutter interfer-
ence caused by the complex urban propagation environment
and the detection of the target with a small RCS and slow
speed (such as UAV). Thus, key signal processing methods
including reference signal extraction and multistatic signal
processing are analyzed.

A. SIGNAL MODEL
In the ultrahigh frequency (UHF) band, it is reasonable
approach to model the ground clutter and multipath clut-
ter as a set of stationary point scatterers. Based on this

assumption, the complex envelope of the total signal in the
receiver channel is given by

s(t) = [A0d(t)+
Nc∑
n=1

And(t − τn)+
Nt∑
m=1

Bmd(t−τm)ej2π fdmt ]

×ej2π fcd t + n(t), (9)

where d(t) is the complex envelope of the direct-path signal
(a delayed replica of the transmitted signal ); A0 is the com-
plex amplitude of the direct-path signal received via the
side/backlobe of the receiving antenna; An and τn are the
complex amplitude and the delay (with respect to the direct-
path signal) of the nth stationary scatter (n = 1, . . . ,Nc);
Bm, τm and fdm are the complex amplitude, the delay (with
respect to the direct-path signal) and the Doppler frequency
of the mth target (m = 1, . . . ,Nt ); fcd is the carrier frequency
offset (CFO) between the transmitter and the receiver; n(t) is
the thermal noise contribution at the receiver channel.

In the SDPR system, the receiving antenna steers toward
the surveillance area as shown in Fig. 1. Since the multipath
clutter may be received by the mainlobe of the receiving
antenna, especially in the urban environment, the amplitude
of the direct-path signal (A0) is not necessarily greater than
the strongest amplitude (Ai = max{A1, . . .ANc}) of the multi-
path clutter. Moreover, it is possible that the direct-path signal
is even blocked by tall buildings (A0 = 0).

When the strongest path signal is not the direct-path signal
(A0 < Ai or A0 = 0), the time synchronization may not
exactly estimate the starting position of an OFDM symbol
(i.e., unable to accurately estimate the time-of-arrival (TOA)
of the direct-path signal), which will affect bistatic range
estimation. It is not trivial to locate and track the detected
target by multiple bistatic ranges in the MSDPR system. This
problem will be studied in Section III-C.

Although the TOA of the direct-path signal may not be
accurately estimated, using the strongest path signal is still
effective for the CFO estimation and reference signal extrac-
tion due to the excellent signal structure of the digital televi-
sion broadcasting signal.

B. REFERENCE SIGNAL EXTRACTION
The reference signal extraction is a significant part of the
SDPR signal processing. For digital television broadcasting
signal, an effective approach is to reconstruct reference signal
by taking advantage of the OFDM signal’s features, which
is robust to noise and multipath clutter interferences. It is
especially important when the ‘‘reference antenna’’ steers
towards the monitoring area rather than the transmitter. The
reference signal reconstruction consists of four procedures,
namely synchronization, channel equalization, soft decoding
plus forward error correction (SDC) or hard-decision decod-
ing (HDD), and remodulation. The HDD decodes each datum
directly to the closest constellation point, which needs less
information about the transmitted signal.

Except for solving the key problems (i.e., time syn-
chronization, CFO and sampling rate offset estimation and
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TABLE 2. The profile of COST207 typical urban (TU) channel.

FIGURE 5. Correlation coefficient ρ performance under TU channel.
(a) 4-QAM. (b) 16-QAM.

compensation), we should choose a reasonable method from
the SDC and the HDD after the channel equalization to
recover the transmitted signal as much as possible. In general,
the reference signal reconstruction through SDC method can
obtain a clean transmitted signal. However, when the SINR
of the direct-path (or the strongest path) is relatively low,
utilizing the SDC method may be not appropriate, as the
equalized signal is beyond the ability of the decoding and
forward error correction. In addition, when the direct-path
SINR is relatively high, there is no need to recover the trans-
mitted signal with the tedious forward error correction, as
the transmitted signal can be obtained by the simple HDD
method efficiently. To illustrate this problem, a simulation
is conducted. The main parameters involved in the simula-
tion are listed in Table 2. 500 independent simulations are
performed against each DNRmax value, where the DNRmax
is the strongest path SNR. The simulation results are shown
in Fig. 5.

FIGURE 6. MSDPR processing flow diagram.

As analyzed in Section II, the correlation coefficient ρ is
used to evaluate which method is better to reconstruct the
transmitted signal. From Fig. 5(a), when DNRmax < 4 dB,
the reconstructed signal by HDDmethod has a closer correla-
tionwith the transmitted signal.Meanwhile, whenDNRmax >
20 dB, the HDDmethod can excellently reconstruct the trans-
mitted signal. Hence, under this simulation condition, when
DNRmax < 4 dB or DNRmax > 20 dB, the simple HDD
method is chosen. Similarly, in Fig. 5(b), when DNRmax <
8.5 dB or DNRmax > 28 dB, the HDD method is reasonable
to reconstruct the transmitted signal.

C. MSDPR PROCESSING METHOD
It is impossible to locate and track target using a single
SDPR because the SDPR can only detect target’s bistatic
range and bistatic velocity. To solve this problem, three dis-
tributed SDPR stations are needed at least [27]. Combining
with the signal structure of the digital television broadcasting
signal, an MSDPR processing method is proposed. Differing
from the conventional signal processing method that each
receiving station processes separately, including reference
signal extraction and clutter rejection, this method utilizes
the optimal reference signal restructured from the receiving
station with the least interference as the shared reference
signal for all the receiving stations. Fig. 6 depicts this process-
ing flow diagram. Through the propagation channel analysis,
the receiving station with the least multipath interference is
selected to extract the optimum reference signal. Meanwhile,
appropriate clutter rejectionmethod is chosen for each receiv-
ing station. After CFAR detection, the data of each Tx-Rx
(bistatic) pair is uploaded to the data fusion center. In the data
fusion center, data association, elliptical localization tech-
nique and Kalman filter are applied. If a real-time processing
is demanded, there is a requirement that the multistatic signal
needs to be transmitted to the signal fusion center in real time.
This requirement will be considered in our future work.

The advantages of this processing approach are mainly
reflected in following three aspects.

1) Optimum reference signal among multistation can be
obtained. It is used as multipath clutter rejection and cross-
correlation processing by all stations.
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2) System detection performance, adaptability and robust-
ness can be improved. As the reference signal is extracted
from one of receiving stations, the other receiving stations
have no need toweigh direct-path SINR and target SNR.Mul-
tipath clutter cancellation of the MSDPR is more effective by
the optimum extracted reference.

3) Computational burden can be reduced.
To accurately achieve the target locating and tracking, two

key problems of the MSDPR need to be solved.
1) Multipath clutter cancellation. Multipath clutter is sup-

pressed by the template of the extracted reference signal
with the theory of adaptive coherent subtraction. The per-
formances of the multipath clutter rejection methods based
on this theory are affected by the non-ideal factors such as
non-zeros Doppler multipath clutter, fractional time delay
of multipath clutter, CFO, sampling rate offset and so
on [13], [23], [24], [29]. The methods presented in [28]–[31]
take advantages of the OFDM modulation with a cyclic pre-
fix (CP). In [29], the method ECA-CD which has the robust-
ness to the fractional time delay of multipath clutter and the
sampling rate offset, mainly considers the non-zeros Doppler
multipath clutter rejection. The non-zeros Doppler multipath
clutter in the ‘‘surveillance channel’’ may be caused by the
inaccurate CFO compensation. However, when the delays
of multipath clutter exceed the CP of the OFDM symbol
(in this case, we name the multipath clutter as far clutter),
the multipath clutter cannot be completely suppressed by
the ECA-CD. The reason is that the far clutter cause inter-
symbol interference (ISI) and damage the orthogonality of
the subcarriers in the OFDM symbol [6], [31]. A method
in [24] is chosen in this situation. The generalized subband
cancellation method therein is carried out in time domain and
also considers these non-ideal factors.

Hence, the two methods of the clutter rejection are chosen
separately in different multipath clutter interference environ-
ments. When the multipath clutter includes the strong far
clutter, the time domain method presented in [24] is chosen.
In general, the frequency domain method ECA-CD presented
in [29] is used to suppress the multipath clutter.

2) The data of each Tx-Rx bistatic range for the target
needs to be estimated accurately. MSDPR adopts time dif-
ference of arrival (TDOA) location technique. It is necessary
to accurately measure the bistatic range of the detected target
in each SDPR. Analyzed in Section III-A, the key problem is
equivalent to accurately estimate the TOA of the direct-path
signal in each SDPR. Hence, the following two methods are
used.

One is the empirical threshold value method. In general,
compared with multipath signals, the direct-path signal is not
necessarily the strongest path, but it is the first arrival. When
the SDPR receives the direct-path signal, we can estimate the
TOA of the direct-path signal with the empirical threshold
value method, which is simply and easily implemented [32].

Another one is the calibration method, utilizing the known
target position information to compensate the fixed offset.
When the direct-path signal is blocked, or the direct-path

signal is interfered by the dense and strong multipath clut-
ter, or the sampling clock jitters in the MSDPR, the empirical
threshold value method may not accurately seize the position
of arrival of the direct-path signal. In this case, the empirical
threshold value method is used to ensure that the starting
point of the ‘‘surveillance channel’’ after each synchronous
processing is in the same position where there is a fixed offset
from the position of arrival of the direct-path signal. And
then the calibration method is used to compensate the fixed
offset. In practice, the two methods are usually used together
to ensure the accurate estimation of the bistatic range.

IV. FIELD EXPERIMENTS AND RESULTS
A. EXPERIMENTAL SCENARIO
Fig. 7 depicts the scenario of the drone detection experiment
where the MSDPR system has a multistatic configuration
with one transmitter and three receivers. The transmitter is
the Guishan tower. The three receivers, marked as Receiver
A, B, and C, are deployed in Wuhan University, Wuhan,
China. It should be noted that the receiving antenna height
(about 12m) of Receiver C is lower than the other two
receivers (about 20m). The baselines between the transmitter
and receivers are from 7.6km to 8.2km, respectively. The
receiving antennas used in three receivers are UHF-band
Yagi antennas with 10 dB nominal gain. The H-plane pattern
is shown in Fig. 3. As a cooperative target, a quadcopter
(DJI Phantom 4) is used for experimental trial. The flight
records of this quadcopter can provide ground truth for the
evaluation. For comparison, three reference antennas steering
toward the transmitter are also arranged at the three stations,
respectively. The reference antennas are the same type of
UHF-band Yagi antennas.

The MSDPR system has a central controller to control the
coordinated work via an internetwork. The sampling clocks
of the three receivers are based on GPS clock. Through mix-
ing, amplifying, and filtering in the analog front end, the sig-
nal is digitalized by the Analog to Digital Converter (ADC).
After digital down conversion, the data are uploaded to the
computer server for the data storage and offline analysis.

A series of drone detection experiments on MSDPR were
systematically conducted by Wuhan University under the
above mentioned scenario in July 2017. The experimental
results of SDPR and MSDPR are introduced in detail in the
following subsections.

B. EXPERIMENTAL RESULTS
To illustrate multipath propagation environment of the three
stations in the surveillance area, the results of channel esti-
mation are shown in Fig. 8(a). Compared with the other
two stations, Receiver C presents the most serious multipath
clutter interference. Some of clutter even exceeds the CP
of the OFDM symbol. In contrast, Receiver A has the least
multipath clutter interference. In Receiver C, The results of
channel estimation between the surveillance channel and ref-
erence channel are presented in Fig. 8(b), where there exists a
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FIGURE 7. Scenario of drone detection experiment trial.

FIGURE 8. (a) Multipath propagation in the surveillance area (Receiver A, Receiver B, and Receiver C).
(b) Multipath propagation in Receiver C (Reference and surveillance channels).

FIGURE 9. Constellation diagram. (a) Receiver A. (b) Receiver B. (c) Receiver C.

0.5 µs delay between the peak positions of the two channels.
It can also be found that Receiver A and Receiver B have
a 0.2 µs and 0.3 µs delay respectively. It demonstrates that
the strongest multipath signal is not the direct-path signal
in this experimental scenario. From Fig. 8(a) and Fig. 8(b),
the following two points can be figured out: 1) the frequency

domain method (ECA-CD) is not suitable for the multipath
clutter cancellation in Receiver C. 2) In MSDPR, Receiver A
is used to reconstruct the reference signal.

The obtained constellation diagrams of the three Receivers
at the same time after synchronization and channel equaliza-
tion are shown in Fig. 9. For Receiver A, the HDD method
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can be used to reconstruct the reference signal because the
strongest path signal SNR can be roughly estimated more
than 25 dB in Fig. 8(a). It’s not necessary to use the relatively
complicated SDC method. While with respect to Receiver B
and Receiver C, the SDC method is used to reconstruct the
reference signal than HDD. Hence, it is indicated that the
reference signal extraction method needs to be reasonably
chosen according to the surveillance area’s multipath prop-
agation environment.

To illustrate the influence of the reconstructed reference
signal purity on the detection performance of the SDPR,
we analyze the data of Receiver C, whose duration is about
3 minutes. The clutter rejection ratio (CR) is defined as
CR = Pc

/
Prc. As the transmitted signal is unknown,

the reconstructed reference signal from the reference antenna
is regarded as a clean and benchmark signal for compari-
son. The correlation coefficient ρ is the correlation strength
between the benchmark reference signal and the SDPR’s
reconstructed reference signal. The CR difference between
the benchmark reference signal and the reconstructed ref-
erence signal is named clutter rejection ratio loss CR_Loss,
namely,

CR_Loss = CR1/CR0, (10)

where CR1 is the result of utilizing the reconstructed refer-
ence signal, and CR0 is the result of utilizing the benchmark
reference signal. Fig. 10(a) shows the corresponding relation-
ship between ρ andCR_Loss, which is able to clearly indicate
that the smaller ρ is, the higher the value of CR_Loss is.
The results after CFARdetection are described in Fig. 10(b)

and Fig. 10(c). Specifically, Fig. 10(b) is the detection result
with two channels (reference and surveillance channels), and
Fig. 10(c) is the detection result with the single channel
(surveillance channel used as reference and surveillance
channel). The clutter rejection method and the parameters of
CFAR are all the same. Comparing the two pictures, the target
SNR in Fig. 10(c) is generally about 5 dB lower than that
in Fig. 10(b). Meanwhile, more weak targets and false alarms
are presented in Fig. 10(b). In general, the pure reference
signal will enhance the performance of clutter rejection,
which is beneficial to the weak target detection. Hence, for
the SDPR, when the power of received multipath clutter is
invariable, to improve the detection performance, we should
recover the reference signal as much as possible.

C. LOCATING AND TRACKING
At last, to achieve the UAV locating and tracking, the three
stations are used for joint detection. A maneuvering trajec-
tory including uniform linear motion and turning is shown
in Fig. 12(a). Fig. 11 presents the potential target detec-
tions of each receiver after CFAR detection and the GPS
records of the flight. Although there are some false alarms,
the agreement between the grey experimental results and
the red ground truth result is clearly visible. It validates the
successful detection of drone using the SDPR. The tracking
result and the GPS records of the drone in this experiment are

FIGURE 10. (a) The corresponding relationship between ρ and CR_Loss.
(b) Detection results over RD map with two receiving channels (Ref. and
Surv. channels) in Receiver C. (c) Detection results over RD map with the
single channel (Surv. channel) in Receiver C.

presented in Fig. 12(b) where the tracking trajectory almost
coincides with the ground truth. MSDPR adopts TDOA loca-
tion technique. It utilizes multiple bistatic ranges to get more
accurate target position, which is different from the previ-
ous bistatic system combining azimuth and bistatic range
to locate target. Note that the trajectory is not continuous
during the turning because it enters the clutter region of the
three receivers almost simultaneously when the drone turns.
As a result, network optimization is a key technology with
regard to the MSDPR system. In summary, the feasibility and
validity of using the MSDPR for Drone Detection is verified.

V. CONCLUSIONS AND FUTURE WORK
The paper presents the signal processing method and experi-
mental results of the SDPR and MSDPR for the drone detec-
tion. It is an interesting trial on this component version of the
passive radar. The theoretical analysis of the SDPR detection
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FIGURE 11. Detection results over the RD map. (a) Receiver A. (b) Receiver B. (c) Receiver C.

FIGURE 12. (a) Target trajectory of DJI Phantom 4 in MSDPR. (b) Track result compares with GPS.

range is reported. According to the characteristics of digital
broadcast signals, the reference signal extraction is analyzed
and a novelMSDPR processingmethod is proposed. The core
idea of this method is to use the optimal reference signal
extracted from the receiving station with the least interference
as the shared reference signal, which can greatly improve the
system detection capability.

Be that as it may, several aspects need to be further studied.
The SDPR detection performance and multipath clutter rejec-
tion needs to be researched in different experimental environ-
ments. More attention should be paid to the application for
low-altitude target detection, classification and recognition
(such as UAVs and birds). In addition, the distributed SDPR
network optimization to improve detection performance will
also be a key topic.
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