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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 

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-μs 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. 

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. 

 
 
 
 
 
 
 
 
 
 
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 
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where d(t) represents the complex envelope of the 
transmitted signal (The direct signal and the multipath 
signal comprise the delayed versions of the transmit-
ted signals), Asur the complex amplitude of the direct 
signal, Nc, Ac, and τc the number, complex amplitude, 
and temporal delay of the cth stationary scatterer (c=1, 
2, …, Nc), respectively, Nk, Ak, τk, and fk the number, 
complex amplitude, temporal delay, and Doppler 
frequency of the kth target (k=1, 2, …, Nk), respec-
tively, and nsur(t) 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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Fig. 1  Passive bistatic radar geometry 
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can be negligible (Colone et al., 2009). Thus, the 
signal received by the reference antenna can be ex-
pressed as 

 
ref ref ref( ) ( ) ( ),t A t t s d n                   (2) 

 
where Aref represents the amplitude of the direct  
signal and nref(t) 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 

 
0 * j2
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where T0 is the integration time, and τ 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 fs. This frequency satisfies the Nyquist 
theorem. Then, the sampled surveillance signal is 
given by 

 

 Tsur sur sur sur(0),  (1),  ,  ( 1) ,s s s N s        (4) 
 

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 
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Then the matched filter is rewritten in a discrete 
form as 
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where l is the time bin and p the Doppler bin. 

To evaluate the performance of the proposed 
mismatched filtering method, assume that the signals 

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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2a shows that the signal contains high-level 

correlation of 64 μs. 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-μs line flyback of the signal. 
The 64-μs 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  

Fig. 2  Characteristics of the analogue television (ATV) 
signal: (a) waveform; (b) frequency spectrum 
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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 sref(k) is the sampled and 
down-converted ATV signal, the optimal mismatched 
filter weights are obtained by the following cost 
function: 
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where w represents the mismatched filter weight to be 
obtained, w0 the matched filter weight which is equal 
to that of the reference signal, c 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(k)=[sref(1+k), sref(2+k), …, sref(N+k)]. 

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: 
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Solving Eq. (8), the optimal solution is written as 
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where IN 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 
 

 
 
 
 
 
 
 
 
 
 

Fig. 4  Matched filter outputs of the ATV signal: (a) two-dimensional range-Doppler frequency results; (b) zero Doppler 
cut; (c) zero range cut 

Fig. 3  Spectrum of the 400 kHz bandwidth of the ATV 
signal 
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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 ref ( )ks  and ref ( )ks  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 ε, expressed as 

 
ref ref 22

( ) ( ) || || ,k k   s s e           (10) 
 

where ||e||2 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 ε can be obtained through a singular value of 
the observed reference signal. When the error vector e 
is restrained by the constant number ε, the observed 
reference signal sref(k) is considered to belong to the 
set A(ε), expressed as 

 
 ref( ) ( ) , || || .k    A a a s e e        (11) 

 
To obtain a robust solution, ε is required to con-

strain the vector in A(ε). Segmenting the one- 
dimensional reference signal into several parts of a 
matrix, ε is the singular value of the matrix obtained 
by singular value decomposition. This constraint ε is 
added to limit the SNR loss in the main lobe when the 
mismatched filter is applied, expressed as 
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Then, the new cost function applied to the pro-
posed mismatched filtering algorithm is written as 
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k

k k w S S w  is the total energy of the 
sidelobes in the range dimension. |wHa|≥1 is used to 
limit the SNR loss in the main lobe. 

Assuming that w  is the optimal solution and 
satisfies H
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At the same time, the constraint condition is 

satisfied. Because w  is the optimal solution, it can be 
considered that χ=1. So, |wHa|≥1 in Eq. (13) can be 
transformed into 
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According to Vorobyov et al. (2003), Eq. (15) 

can be transformed into the following form: 
 

H
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Thus, Eq. (13) can be transformed into the fol-

lowing problem: 
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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 H

ref ( )kw s  is a real number. 
After rotating in phase, w  is satisfied with the fol-
lowing equation: 
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Then, problem (17) can be transformed into 
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ref 2min ( ) ( ) s.t. ( ) || 1.
k

c k k k   
w

w S S w w s w  

(19) 
Because problems (13) and (15) are equivalent, 

the optimization problem (19) can be rewritten as 
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Square both sides of the constraint condition, 

and we can obtain 
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This optimization problem can be solved by the 
Lagrange multiplier method. The Lagrange function 
of cost function (21) can be expressed as 
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By solving the conjugate gradient of the La-
grange function of w, we can obtain 
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Solving Eq. (23), the optimal solution of the 

problem can be expressed as 
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To obtain the optimal solution of the proposed 

method, λ 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 λ. 

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(log 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 b=N/NB parts, where NB is the 
length of each batch of mismatched filter weights. 
Thus, the total mismatched filter weights can be ex-
pressed as 
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Then, each batch of mismatched filter weights is 

obtained by 
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where 

BNΙ  is an NB×NB identity matrix, and 
 

 TB B B( ) ( ),  , ( 1 ) ,i k S k iN S k N iN    S  (27) 

 Tref_ ref B ref B B( ) ( ),  ,  ( 1 ) .i k s iN s N iN  s   (28) 

 
Then, the complex multiplication in solving 

Eq. (26) is O[(2R+1)N·NB+N·NB(log NB+1)]. The 
original calculation is O[(2R+1)N2+N2(log N+1)]. 
Usually, NB 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. 

 
 
 
 
 
 
 
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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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-μs 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 
μs/(1/fs)=25.6 (except 0) bin away from the main lobe. 
Here, we suppose that fs=400 kHz. For convenience, 
the repetition range bin of ambiguity range sidelobes 

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 

Fig. 5  Simulation results of the matched filter (a), the 
original method (b), and the proposed method (c) 
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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 
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The suppression performance and energy loss of 

these two methods with different values of c 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 c, 
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 

the target echo is higher than 10 dB, the target is 
considered to be detected. Results are shown in Fig. 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

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 is 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. 

Fig. 7  Detection probability of the two methods 

Fig. 6  Suppression performance (a) and energy loss (b)
with different values of c 
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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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
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-

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. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
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. 

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  

Fig. 8  Positions of the PBR system and ATV station Fig. 9  Application results on real data: (a) original 
method; (b) proposed 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. 
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