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Abstract: Passive bistatic radar detects targets by exploiting available local broadcasters and communication transmissions as
illuminators, which are not designed for radar. The signal usually contains a time-varying structure, which may result in high-level
range ambiguity sidelobes. Because the mismatched filter is effective in suppressing sidelobes, it can be used in a passive bistatic
radar. However, due to the low signal-to-noise ratio in the reference signal, the sidelobe suppression performance seriously de-
grades in a passive bistatic radar system. To solve this problem, a novel mismatched filtering algorithm is developed using
worst-case performance optimization. In this algorithm, the influence of the low energy level in the reference signal is taken into
consideration, and a new cost function is built based on worst-case performance optimization. With this optimization, the mis-
matched filter weights can be obtained by minimizing the total energy of the ambiguity range sidelobes. Quantitative evaluations
and simulation results demonstrate that the proposed algorithm can realize sidelobe suppression when there is a low-energy ref-
erence signal. Its effectiveness is proved using real data.
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1 Introduction

Passive bistatic radar (PBR) itself does not
transmit electromagnetic waves; it detects targets by
exploiting available broadcasters and communication
transmissions. Because of the silent working pattern,
PBR is not easily disturbed by a hostile radar jammer
or attacked by an anti-radiation missile. PBR usually
works at a low frequency and covers mainly low-
altitude areas, which means that the system can detect
stealth and low-altitude targets. There has been
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emerging interest in exploiting the external non-radar
transmitters for PBR. The available transmissions
include frequency modulation (FM) (Colone et al.,
2013; Martelli et al., 2018), analogue television (ATV)
(Zaimbashi, 2017; Chen et al., 2018), digital televi-
sion (DTV) (Bournaka et al., 2017; Bok, 2018), the
Global System for Mobile communication (GSM)
(Lu et al., 2007; Tabassum et al, 2016), Long-Term
Evolution (LTE) (Salah et al., 2013; Abdullah et al.,
2016), wireless fidelity (Wi-Fi) (Milani et al., 2018),
and the Global Navigation Satellite System (GNSS)
(Clemente and Soraghan, 2014; Ma et al., 2018).
These illuminators usually belong to continuous

wave signals, and the signals reflected by the target
are weak. Coherent integration is applied to increase
the energy level of the weak target echoes and thus to
improve the radar detection ability (Lv et al., 2015).
Because the transmitted signal is uncontrollable,
high-level range sidelobes may exist in the ambiguity
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function, thus degrading the performance of target
detection in PBR. Among these non-radar sources,
ATV displays typical range sidelobes in PBR. In this
study, the ATV signal is discussed in detail; note that
this method can be applied to other illuminators of
opportunity based on PBR. We choose ATV as the
illuminator of opportunity due to its high transmission
power and the typical ambiguity function.

ATV signal consists of an audio signal which is
frequency-modulated and a video signal which uses
an amplitude modulation vestigial sideband as its
modulation mode. In this study, the video signal is
discussed in detail. For convenience, the video signal
is referred to as an ATV signal. The high-level range
ambiguity sidelobes caused by the 64-ps line flyback
in ATV signals appear every 19.2 km, and are close to
the main lobe. These sidelobes have serious effect on
obtaining accurate parameters of the targets.

To suppress the range ambiguity sidelobes, a
mismatched filtering algorithm proposed by Zrnic
et al. (1998) performs well in pulse compression radar
and can be used in PBR. In this method, the optimal
filter weights are obtained by minimizing the inte-
grated sidelobe level. However, as the energy level of
the range ambiguity sidelobes decreases, the energy
level in the main lobe decreases simultaneously. To
reduce energy loss, a new mismatched filtering algo-
rithm has been proposed by Wang et al. (2011). In this
new method, an extra condition is added to restrict the
energy loss in the main lobe while maintaining the
sidelobe suppression performance. These two mis-
matched filtering algorithms are aimed at solving the
range ambiguity problem, but neither of them dis-
cusses the influence of the low signal-to-noise ratio
(SNR) in the reference signal. The reference signal is
used to obtain the mismatched filter weights. Low
SNR in the reference signal will suppress the sup-
pression performance. To solve this low-SNR prob-
lem, a robust mismatched filtering algorithm based on
worst-case performance optimization is proposed in
this study. By considering the error between the ob-
served and the true reference signals, the optimal
filter weights of the mismatched filter are obtained by
minimizing the total energy of the range ambiguity
sidelobes and the energy loss in the main lobe. Be-
cause the difference between the observed and the
true reference signals is considered, range ambiguity
sidelobe suppression can be achieved.
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2 Signal model and signal characteristics

The geometry of a PBR system is shown in
Fig. 1. Two sets of antennas are located, with the
reference antenna pointing toward illuminator’s op-
portunity and the surveillance antenna pointing to the
direction that needs to be monitored.
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Fig. 1 Passive bistatic radar geometry

The surveillance antenna is used mainly to col-
lect target echoes, but it is inevitably contaminated by
the direct signal from the transmitter antenna and by
the multipath signal reflected by the ground scatterers.
Therefore, the signal collected by the surveillance
antenna is expressed as

N(.
S (=4, d)+) Ad(t—7,)
W (1)
+ Y Ad(t—1,)e"™ +n (1),

sur
k=1

where d(f) represents the complex envelope of the
transmitted signal (The direct signal and the multipath
signal comprise the delayed versions of the transmit-
ted signals), A, the complex amplitude of the direct
signal, N,, 4., and 7. the number, complex amplitude,
and temporal delay of the ¢ stationary scatterer (c=1,
2, ..., N.), respectively, Ny, Ak, w, and f; the number,
complex amplitude, temporal delay, and Doppler
frequency of the Kt target (k=1, 2, ..., Ny), respec-
tively, and ng,(?) the additive noise in the surveillance
antenna.

The reference antenna is steered to the trans-
mitter to collect the direct signal as the reference
signal for the matched or mismatched filter.
Compared with the direct signal, the target echoes and
multipath signal received by the reference antenna are
usually weak. So, contributions of other reflected
signals such as target echoes and multipath signals
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can be negligible (Colone et al., 2009). Thus, the
signal received by the reference antenna can be ex-
pressed as

sref (t) = Arefd(t) + nref (t)7 (2’)

where A, represents the amplitude of the direct
signal and n.«?) the additive noise in the reference
antenna.

In practical PBR systems, stationary clutterers
are stronger than target echoes. To detect the target
echoes, clutter cancellation (Garry et al., 2017; Yi
et al., 2018) is required. After clutter cancellation, the
energy level of the target echoe is lower than that of
the thermal noise. A matched filter is applied to raise
the energy level of the target echoes, expressed as

A )=, 8Os, -0 dt, ()

where T is the integration time, and 7 and f are the
temporal delay and Doppler frequency, respectively.

Suppose that a digital receiving system is em-
ployed to sample the received signals with a sampling
frequency f;. This frequency satisfies the Nyquist
theorem. Then, the sampled surveillance signal is
given by

Sur =[5 (0), 5 (D, s, (N=D]', (&)

where N denotes the sample number of the signals to
be integrated.

Similarly, N samples are obtained by the digital
system from the reference signal. Thus, the sampled
reference signal is expressed as

sref = [Sref (0)9 Sref (1); T, Sref (N - 1)]T . (5)

Then the matched filter is rewritten in a discrete
form as

N-1
AL p) =Y 50, ()8 (i = De 27N (©6)
i=0

where / is the time bin and p the Doppler bin.
To evaluate the performance of the proposed
mismatched filtering method, assume that the signals
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transmitted from an ATV transmission are sampled.
The waveform and frequency spectrum of the ATV
signal collected by an experimental PBR system are
shown in Fig. 2.
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Fig. 2 Characteristics of the analogue television (ATV)
signal: (a) waveform; (b) frequency spectrum

Fig. 2a shows that the signal contains high-level
correlation of 64 ps. Meanwhile, the frequency spec-
trum of the ATV signal occupies a bandwidth of
6 MHz (Fig. 2b). However, the main energy of the
transmitted ATV signal is distributed in the 400 kHz
bandwidth, close to the central carrier frequency.
Therefore, it is feasible to use the 400 kHz bandwidth
for signal processing in practice, which will surely
lower the sampling rate and further reduce the pro-
cessing time. The frequency spectrum of the 400 kHz
bandwidth ATV signal is shown in Fig. 3.

Fig. 3 shows that the frequency spectrum of the
signal possesses high-level peaks every 15 625 Hz,
corresponding to the 64-ps line flyback of the signal.
The 64-us line flyback will cause range ambiguity
sidelobes in the ambiguity function. The ambiguity
diagram of the ATV signal is shown in Fig. 4.

From Fig. 4, it can be seen that the outputs of the
matched filter contain high-level sidelobes in the
range dimension almost as high as the main lobe.
These range ambiguity sidelobes have effect on
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exacting the range information of the targets. To deal
with this problem, a mismatched filtering method was
proposed by Wang et al. (2011), which will be intro-
duced in the next section.

3 Mismatched filtering algorithm

The mismatched filtering algorithm based on
least squares, proposed by Zrnic et al. (1998), is em-
ployed to solve the problem of sidelobes in the range
dimension, but the SNR in the main lobe is inevitably
reduced. To balance SNR loss and suppression per-
formance, a new mismatched filtering algorithm was
proposed by Wang et al. (2011). In this algorithm, the
batch version is employed to shorten the computation
time. Supposing that s.k) is the sampled and
down-converted ATV signal, the optimal mismatched
filter weights are obtained by the following cost
function:

R

minJ =(w—wy)" (w—w,)+ > cw"SKk)S" (k)w,
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where w represents the mismatched filter weight to be
obtained, wy the matched filter weight which is equal
to that of the reference signal, ¢ the weight factor
designed to adjust the sidelobe suppression perfor-
mance and SNR loss in the main lobe, and R the total
number of sidelobes to be suppressed. In addition,
S(h)y=[Sref(17k), Stef(2+k), ..., Sred NTK)].

The first part on the right-hand side of cost
function (7) is related to the SNR loss in the mis-
matched filter. The SNR loss is contrasted with that of
the matched filter. The second part on the right-hand
side of cost function (7) represents the total energy of
the ambiguity sidelobes in the range dimension. The
lower total energy of the range ambiguity sidelobes
means a better suppression performance. When the
range ambiguity sidelobes are suppressed, the SNR
loss will be significant. Thus, a trade-off between the
suppression performance and SNR loss is achieved
with the use of the weight factor c¢. The larger the c,
the better the suppression performance. Conversely,
the less the SNR loss, the smaller the c.

It is easy to prove that problem (7) is a convex
one. The optimal solution can be achieved using the
following equation:

oJ

ow'

w—w,+ Y cS(k)S" (kw=0.  (8)
k
Solving Eq. (8), the optimal solution is written as

W= (IN + ZcS(k)SH(k)J w,, Q)

where Iy is an identity matrix.

This result has been derived under the assump-
tion that the reference signal is measured with a high
SNR. However, this assumption may not always hold;
for example, when the reference antenna is distantly
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located or has a low gain, a low SNR reference signal
occurs, which will degrade the performance of the
mismatched filter. Thus, the algorithm must be im-
proved to obtain a robust solution of the mismatched
filter.

4 Robust mismatched filtering algorithm

To solve the problem of low SNR in the refer-
ence signal when a mismatched filter is applied, a
robust algorithm is proposed in this section. By this
robust method, the influence of the low SNR in the
reference signal is considered in the optimization
problem to improve the suppression performance. For
this purpose, a new cost function is designed. By this
new method, range ambiguity sidelobes can be sup-
pressed when the SNR of the reference signal is low.

Suppose that s (k) and § (k) are the ob-

served and the true reference signals, respectively.
The difference between the true and the observed
reference signals is considered in this mismatched
filtering method. The error vector e is restrained by an
obtained constant number ¢, expressed as

S () =5, (BN, =lle[L,< &, (10)
where ||e|| is the norm-2 of the error vector e.

The main element of the reference signal is
supposed to be the direct signal. Thus, the constant
number ¢ can be obtained through a singular value of
the observed reference signal. When the error vector e
is restrained by the constant number ¢, the observed
reference signal s.(k) is considered to belong to the
set A(¢), expressed as

A(e)={ala=3, () +e, |lel<e}. (11

To obtain a robust solution, ¢ is required to con-
strain the vector in A(g). Segmenting the one-
dimensional reference signal into several parts of a
matrix, ¢ is the singular value of the matrix obtained
by singular value decomposition. This constraint ¢ is
added to limit the SNR loss in the main lobe when the
mismatched filter is applied, expressed as

Iw'a|>1, a e Ae).

(12)

Then, the new cost function applied to the pro-
posed mismatched filtering algorithm is written as

min Y cw"SK)S" (K)yw st |[w'a |21, a e A(e),
L
(13)

where Z kWHS (k)S" (k)w is the total energy of the

sidelobes in the range dimension. [w'a[>1 is used to
limit the SNR loss in the main lobe.
Assuming that w is the optimal solution and

satisfies y = min |w"a [>1, there is another filter
acA(s)

weight w=w/y that satisfies

D " S(k)S  (k)yw =D ew S(k)S™ (k)w

= cw"S(k)S" (kyw/ 1. (19

At the same time, the constraint condition is
satisfied. Because w is the optimal solution, it can be
considered that y=1. So, [w"a[>1 in Eq. (13) can be
transformed into

min |w"a|=1.
acA(e)

(15)

According to Vorobyov et al. (2003), Eq. (15)
can be transformed into the following form:

W's (o= el wl, +1.

(16)

Thus, Eq. (13) can be transformed into the fol-
lowing problem:

min Y ew" S(K)S" (kyw s.t. [w's, (k) [> &l|w |+ 1.
wo
(17)

According to the principle of rotation invariance
in phase (Vorobyov et al., 2003), when w is the op-
timal solution to cost function (17), w can be rotated
in phase while keeping the value of the objective
function, so that the value w's,_ (k) is a real number.
After rotating in phase, w is satisfied with the fol-
lowing equation:



Chen and Wang / Front Inform Technol Electron Eng 2020 21(7):1074-1084 1079

{Re(w s.. (k) >0, 18

Im(w"'s, (k) =0.
Then, problem (17) can be transformed into
min Y ew"S(N)S" (yw st.w's ()= e||w,+1.
Yk

(19)
Because problems (13) and (15) are equivalent,
the optimization problem (19) can be rewritten as

min Z:cwHS(k)SH (kyw st.w's (k)—1=¢|w],
Yk

(20)
Square both sides of the constraint condition,
and we can obtain

minz w"S(k)S" (kyw s.t. [w's,_. (k)= 17=&’w''w.
Y Tk

21

This optimization problem can be solved by the

Lagrange multiplier method. The Lagrange function
of cost function (21) can be expressed as

L(w, ) =) cw" S(k)S" (kyw —A[ w's, ; (k)sl (kyw

ref ref

—wils (k)= i (kKyw+1— eszw}

(22)

By solving the conjugate gradient of the La-
grange function of w, we can obtain

ai_L” = ;cS(k)SH (kyw = A[ 8, (k)st; (kyw
— 5, (k)= &'w]|=0.

Solving Eq. (23), the optimal solution of the
problem can be expressed as

w=-1 {Z cS(k)SH (k)— isref (k)sr}:f (k)
o (24)
+ ﬂgle} s, (k).

To obtain the optimal solution of the proposed
method, 4 is a Lagrange multiplier that needs to be

further solved. Readers can refer to Vorobyov et al.
(2003) and Lorenz and Boyd (2005) to learn how to
acquire the value of /.

In PBR systems, long coherent integration time
is required to raise the energy level of the weak target
echoes. The length of the mismatched filter is large,
and the computation complexities in obtaining the
mismatched filter weights are significant. The com-
plex multiplication in solving problem (24) is O[(2R+
1)N2+N2(10g N+1)], where R is the number of range
ambiguity sidelobes to be suppressed and N is the
length of the mismatched filter. Usually, solving
problem (24) with N (whose value is tens of thou-
sands or more) requires significant calculation.

To decrease the computational cost, the batch
version of mismatched filtering was proposed by
Wang et al. (2011). Instead of solving problem (24)
directly, the batch version segments the mismatched
filter weights into »=N/Np parts, where Np is the
length of each batch of mismatched filter weights.
Thus, the total mismatched filter weights can be ex-
pressed as

T T T
W:[WBO, WB s Ty WBM]'

1

(25)

Then, each batch of mismatched filter weights is
obtained by

Wy, = —A {Z cS, (k)8 (k) = A5, ,(K)syer , (K)
k

o (26)

+Ae’l, } Sec (), i=0,1, .., b1,

where 1 Ny is an NgxNjp identity matrix, and

Si(k):[S(k+iNB), ---,S(k+NB—1+iNB)]T, 27)
St 1 (K) =[50 Ny, =+, 5,0 (Ny =1+iN,)] . (28)

Then, the complex multiplication in solving
Eq. (26) is O[(2R+1)N-Ng+N-Ng(log Ng+1)]. The
original calculation is O[(2R+1)N*+N*(logN+1)].
Usually, Ng is much smaller than N. Thus, the opera-
tion time of the batch version of the mismatched filter
will decline sharply. Then the filter weights of the
proposed algorithm are obtained.
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5 Simulation results

To illustrate the performance of the proposed
method, simulation results are presented. Suppose
that three target echoes are received by the PBR sys-
tem. The direct signal is collected by a low-gain ref-
erence antenna as a reference signal. The received
signals are sampled and down-converted. The sam-
pling frequency is 400 kHz, and the observation time
is 0.2 s. The SNR in the reference signal is 10 dB.
Parameters of the three target echoes are listed in
Table 1.

Table 1 Simulation parameters of the three target echoes

Signal SNR (dB) Range (km) Doppler frequency (Hz)
Target 1 -23 60.00 -192
Target 2 =30 90.00 166
Target 3 -15 26.25 243

Then, the matched and two mismatched methods
are employed to obtain the detection results. Simula-
tion results are shown in Fig. 5. To show the results
clearly, the Doppler frequency is shown only from
—1500 to 1500 Hz. For convenience, we call the
mismatched filtering proposed by Wang et al. (2011)
the original method and the improved method in this
study the proposed method.

It can be seen from Fig. 5a that three targets exist.

Due to range ambiguity, the range information cannot
be extracted. It can be seen from Fig. 5b that the main
lobe of the targets cannot be distinguished by apply-
ing the original mismatched filtering algorithm due to
the low energy level in the reference signal. Fig. 5c
shows that three targets are detected in the circles that

are in accordance with the parameters listed in Table 1.

Note that the mismatched filtering algorithm can
suppress the range sidelobes to a certain extent but not
fully. Thus, there are several sidelobes that are weaker
than the main lobe. Then, the information of the target
echoes can be extracted. In addition, assume that only
one target exists in a single Doppler bin. Comparing
the results of these two methods, we can conclude that
the proposed method has a better suppression per-
formance. In a PBR system, because of the low gain
of the reference antenna or distant location of the
transmitter, the reference signal may remain at a low
energy level. With the decreasing energy level in the
reference signal, the original mismatched filtering

algorithm does not do well in sidelobe suppression.
Thus, it is necessary to consider the energy level in
the reference signal to improve the suppression
performance.
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Fig. 5 Simulation results of the matched filter (a), the
original method (b), and the proposed method (c)

6 Performances

In this section, the performances of the two al-
gorithms are verified by simulation. The reference
signal used to obtain the optimal weights is collected
in a real environment. The sampling rate and obser-
vation time are 400 kHz and 0.2 s, respectively.

Due to the 64-us line flyback, the spectrum of
the ATV signal has high-level peaks every 15 625 Hz.
It can be calculated that the ambiguity sidelobes in the
range dimension are distributed the multiple of 64
us/(1/£)=25.6 (except 0) bin away from the main lobe.
Here, we suppose that =400 kHz. For convenience,
the repetition range bin of ambiguity range sidelobes
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is 26. There are many range ambiguity sidelobes that
need to be suppressed. It is almost impossible to re-
alize the algorithm in practice. Indeed, when parts of
the range ambiguity sidelobes are suppressed, others
would be suppressed accordingly. So, we consider
suppressing only four sidelobes in the range dimen-
sion to reduce the computation. Thus, the robust so-
lution of the proposed method is given by

2
wy =—A| DS, (k)S}" (k) = A5, (k)syyy (k)

k==-2
k#0

= (29)

+ ﬂgzINB sref_i (k)

The suppression performance and energy loss of
these two methods with different values of ¢ are
shown in Fig. 6. Here, the suppression performance is
defined as the energy difference of the first sidelobe
between the matched and mismatched results. Simi-
larly, the energy loss is defined as the energy differ-
ence between the matched and mismatched results.
SNR in the reference signal is set to 15 dB compared
with the energy level of the thermal noise.

Fig. 6a shows that the original method loses its
suppression ability since the suppression performance
remains unchanged with the increasing value of c.
However, the suppression performance of the pro-
posed method increases with the increasing value of c.
These results show that the proposed method does
well in ambiguity sidelobe suppression when the
reference signal is at a low energy level. It can be seen
from Fig. 6b that the energy losses of these two
methods both increase with the increasing value of ¢,
and that the values are basically the same. We can
conclude from Fig. 6 that the original method loses its
efficacy when the reference signal is at a low energy
level, while the proposed method is not influenced.

To illustrate the relationship between the sup-
pression performance and SNR in the reference signal,
100 independent trials are conducted to obtain the
detection probability with different SNRs. SNR in the
target echo is set to —20 dB and varies from 0 to 40 dB
in the reference signal, to obtain the probability of
target detection by applying two mismatched filtering
methods. In particular, for each trial, when the SNR of
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the target echo is higher than 10 dB, the target is
considered to be detected. Results are shown in Fig. 7.
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Fig. 7 Detection probability of the two methods

It can be seen from Fig. 7 that the detection
probability of the proposed method is over 0.99 when
the SNR in the reference signal exceeds 20 dB. When
the detection probability of the original method ex-
ceeds 0.99, the SNR 1is no less than 30 dB. Due to the
low SNR in the reference signal, the original method
may lose its sidelobe suppression ability. More sup-
pression is required to obtain lower sidelobe energy.
Thus, the SNR loss in the main lobe increases and the
SNR in the main lobe may be less than 10 dB. Thus,
the target cannot be detected.
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However, the proposed method can realize
sidelobe suppression when a low SNR in the refer-
ence signal occurs. Thus, there is less SNR loss in the
main lobe to obtain acceptable sidelobe energy. It can
be concluded that the proposed mismatched filtering
method has a higher detection probability than the
original method when the SNR in the reference signal
is lower than 30 dB. This proves the robustness of the
proposed method.

7 Application on real data

To further demonstrate the effectiveness of the
proposed mismatched filtering method, two methods
are applied on real data obtained from an experi-
mental PBR system. Fig. 8 shows the positions of the
PBR system and ATV station in Shaanxi Province,
China. Table 2 gives the parameters of the experi-
mental system.

PBR sysm

AP
il !

“"' >
Xi’an Xianyang
airport

Fig. 8 Positions of the PBR system and ATV station

Table 2 Specific parameters of the experimental system

Station  Longitude (°) Latitude (°) Frequency (MHz)
ATV station  108.7921 33.8564 77.25
PBR system  109.6040 34.7308
Airport 108.7642 34.4421

Through digital beam forming, 15 beams are
formed to cover the space area to be monitored. A
separate antenna with low gain is used to collect the
direct signal for clutter cancellation and mismatched
filtering. Outputs with a duration time of 26 s from
each beam are sampled by a digital receiving system
with a sampling frequency of 400 kHz. Then, clutter
cancellation is employed to remove the direct signal
and multipath from the surveillance signal. After
clutter cancellation, two mismatched filtering meth-
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ods are applied. The outputs of the two methods are
demonstrated in Fig. 9.

Before result analysis, note that the clutterers are
usually not static due to wind speed and the unsatis-
factory antenna. The clutterers usually consist of a
little extension in the frequency spectrum. Thus, the
clutterers cannot be canceled fully from the surveil-
lance signal by applying the clutter cancellation al-
gorithm. Therefore, there is clutterer residue in the
results shown in Fig. 9.
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Fig. 9 Application results on real data: (a) original
method; (b) proposed method

Fig. 9 shows that the target marked by circle is
detected by applying both the original and the pro-
posed mismatched filtering methods. However, it can
be seen from Fig. 9a that the outputs of the original
mismatched filtering method contain more ambiguity
range sidelobes. Fig. 9b shows that the ambiguity
range sidelobes are better suppressed by applying the
proposed mismatched filtering method. It can be
concluded that the ambiguity sidelobe suppression
performance becomes poor due to the low SNR in the
reference signal. Because this situation has been
considered in the proposed method, the ambiguity
sidelobe suppression performance is improved, which
verifies the effectiveness of the proposed mismatched
method.
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8 Conclusions

In this study, we focused on the ambiguity
sidelobe suppression problem in a PBR system when
a low SNR reference signal is given. To address this
problem, a robust mismatched filtering algorithm
using worst-case performance optimization was
proposed. In this proposed method, the optimal
mismatched filtering solution was acquired by mini-
mizing the sidelobe energy while limiting the SNR
loss in the main lobe. In addition, the difference be-
tween the true and the observed reference signals was
considered to obtain a robust solution. A batch ver-

sion was employed to decrease the computational cost.

Simulation results demonstrated that the proposed
method has better sidelobes suppression performance
when a lower SNR reference signal is given.
Application results based on continuous real data
also verified the effectiveness of the proposed mis-
matched filtering method. In reality, the reference
signal may remain at a low SNR level, which will

invalidate the original mismatched filtering algorithm.

To maintain the suppression performance, it is essen-
tial to consider the unpredictable energy level in the
reference signal. According to the results based on
real data, the proposed method retains its sidelobe
suppression performance, whereas the original
method loses its efficacy.

Contributors

Gang CHEN and Jun WANG designed the research. Gang
CHEN processed the data and drafted the manuscript. Jun
WANG helped organize the manuscript. Gang CHEN and Jun
WANG revised and finalized the paper.

Compliance with ethics guidelines
Gang CHEN and Jun WANG declare that they have no
conflict of interest.

References

Abdullah RSAR, Salah AA, Ismail A, et al., 2016. Experi-
mental investigation on target detection and tracking in
passive radar using long-term evolution signal. [ET Radar
Sonar Navig, 10(3):577-585.
https://doi.org/10.1049/iet-rsn.2015.0346

Bok D, 2018. Reconstruction and reciprocal filter of OFDM
waveforms for DVB-T2 based passive radar. Int Conf on
Radar, p.1-6.
https://doi.org/10.1109/RADAR.2018.8557339

Bournaka G, Ummenhofer M, Cristallini D, et al., 2017. Ex-
perimental study for transmitter imperfections in DVB-T

based passive radar. I[EEE Trans Aerosp Electron Syst,
54(3):1341-1354.
https://doi.org/10.1109/TAES.2017.2785518

Chen G, Wang J, Guo S, et al., 2018. Improved mismatched
filtering for ATV-based passive bistatic radar. /ET Radar
Sonar Navig, 12(6):663-670.
https://doi.org/10.1049/iet-rsn.2017.0476

Clemente C, Soraghan JJ, 2014. GNSS-based passive bistatic
radar for micro-Doppler analysis of helicopter rotor
blades. IEEE Trans Aerosp Electron Syst, 50(1):491-500.
https://doi.org/10.1109/TAES.2013.120018

Colone F, Cardinali R, Lombardo P, et al., 2009. Space-time
constant modulus algorithm for multipath removal on the
reference signal exploited by passive bistatic radar. /IET
Radar Sonar Navig, 3(3):253-264.
https://doi.org/10.1049/iet-rsn:20080102

Colone F, Bongioanni C, Lombardo P, 2013. Multifrequency
integration in FM radio-based passive bistatic radar. Part I:
target detection. IEEE Aerosp Electron Syst Mag, 28(4):
28-39. https://doi.org/10.1109/MAES.2013.6506827

Garry JL, Baker CJ, Smith GE, 2017. Evaluation of direct
signal suppression for passive radar. I[EEE Trans Geosci
Remote Sens, 55(7):3786-3799.
https://doi.org/10.1109/TGRS.2017.2680321

Lorenz RG, Boyd SP, 2005. Robust minimum variance
beamforming. [EEE Trans Signal Process, 53(5):1684-
1696. https://doi.org/10.1109/TSP.2005.845436

Lu Y, Tan D, Sun H, 2007. Air target detection and tracking
using a multi-channel GSM based passive radar. Int
Waveform Diversity and Design Conf, p.122-126.
https://doi.org/10.1109/WDDC.2007.4339393

Lv XY, Wang J, Wang J, 2015. Robust direction of arrival
estimate method in FM-based passive bistatic radar with a
four-element Adcock antenna array. IET Radar Sonar
Navig, 9(4):392-400.
https://doi.org/10.1049/iet-rsn.2014.0270

Ma H, Antoniou M, Stove AG, et al., 2018. Maritime moving
target localization using passive GNSS-based multi-static
radar. IEEE Trans Geosci Remote Sens, 56(8):4808-4819.
https://doi.org/10.1109/TGRS.2018.2838682

Martelli T, Cardinali R, Colone F, 2018. Detection perfor-
mance assessment of the FM-based AULOS® passive
radar for air surveillance applications. 19™ Int Radar
Symp, p.1-10.
https://doi.org/10.23919/IRS.2018.8448025

Milani I, Colone F, Bongioanni C, et al., 2018. WiFi emission-
based vs passive radar localization of human targets.
IEEE Radar Conf, p.1311-1316.
https://doi.org/10.1109/RADAR.2018.8378753

Salah AA, Abdullah RSAR, Ismail A, et al., 2013. Feasibility
study of LTE signal as a new illuminators of opportunity
for passive radar applications. IEEE Int RF and Micro-
wave Conf, p.257-262.
https://doi.org/10.1109/RFM.2013.6757261

Tabassum MN, Hadi MA, Alshebeili S, 2016. CS based pro-
cessing for high resolution GSM passive bistatic radar.



1084 Chen and Wang / Front Inform Technol Electron Eng 2020 21(7):1074-1084

IEEE Int Conf on Acoustics, Speech and Signal Pro-

cessing, p.2229-2233.

https://doi.org/10.1109/ICASSP.2016.7472073
Vorobyov SA, Gershman AB, Luo ZQ, 2003. Robust adaptive

beamforming using worst-case performance optimization:

a solution to the signal mismatch problem. /EEE Trans
Signal Process, 51(2):313-324.
https://doi.org/10.1109/TSP.2002.806865

Wang HT, Wang J, Zhong LP, 2011. Mismatched filter for
analogue TV-based passive bistatic radar. [ET Radar
Sonar Navig, 5(5):573-581.
https://doi.org/10.1049/iet-rsn.2010.0136

YiJX, Wan XR, Li DS, et al., 2018. Robust clutter rejection in

passive radar via generalized subband cancellation. /EEE
Trans Aerosp Electron Syst, 54(4):1931-1946.
https://doi.org/10.1109/TAES.2018.2805228

Zaimbashi A, 2017. Target detection in analog terrestrial
TV-based passive radar sensor: joint delay-Doppler es-
timation. /EEE Sens J, 17(17):5569-5580.
https://doi.org/10.1109/JSEN.2017.2725822

Zmic B, Zejak A, Petrovic A, et al., 1998. Range sidelobe
suppression for pulse compression radars utilizing modi-
fied RLS algorithm. IEEE 5™ Int Symp on Spread Spec-
trum Techniques and Applications, p.1008-1011.
https://doi.org/10.1109/ISSSTA.1998.722532



	Gang CHEN, Jun WANG‡
	Abstract: Passive bistatic radar detects targets by exploiting available local broadcasters and communication transmissions as illuminators, which are not designed for radar. The signal usually contains a time-varying structure, which may result in hi...
	Key words: Passive bistatic radar; Range sidelobes; Low signal-to-noise ratio; Mismatched filtering; Worst-case performance  optimization


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.3

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages false

  /CreateJobTicket false

  /DefaultRenderingIntent /Perceptual

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /Warning

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 600

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.01667

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /Warning

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 600

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 2.03333

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /Warning

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 2400

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>

    /TUR <>



    /DEU <>

    /ENU <>

  >>

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



