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Abstract. Passive bistatic radar belongs to passive radar systems and is a
variant of bistatic radar that exploit non-cooperative‘illuminators of opportunity’
as their sources of radar transmission. Passive bistatic radar has a lot of
advantages such as double-base system, silent acceptance, inherently low cost
and so on, and hence attractive for a broad range of applications in recent years.
The Passive GNSS-Based bistatic Radar system exploits Global Navigation
Satellite System as the illuminators of opportunity to detect the potential targets
and is inevitable affected by multipath interference due to the reflection effect of
mountains and near-earth buildings. If reference signal containing multipath
interference is directly used for matching filter processing, the range-Doppler
diagram will show the false target formed by matching multipath interference
with echo signal. In this paper, a novel blind source separation method is
proposed to recovering multipath interference from reference channel data in
Passive GNSS-Based bistatic Radar. The elementary reflection matrix is used as
a rotation matrix to transform the cumulant matrix to realize the purpose of
diagonalization. Finally the direct wave signal and multipath interference signals
were separated successfully. Both theoretical analysis and simulation result
verify multipath interference can be well suppressed by the proposed method.
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1 Introduction

For nearly twenty years, passive bistatic radar (PBR) has appealed to more and more
people to study it at home and abroad because of its unique advantages of double-base
system and silent acceptance [1]. The PBR obtains the target information by correlative
processing between the target scattering echo signal and the direct wave signal received
by non-cooperative transmitters as the illuminators of opportunity, so as to complete
the detection, location and tracking of the target. The illuminators of opportunity used
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include all kinds of wireless signals existing in space (such as FM [2, 3], civil TV [4],
mobile communication, Global Navigation Satellite System(GNSS) and other digital
video broadcast-terrestrial [5–8]), with good concealment and anti-destruction perfor-
mance [9]. These systems can realize the features of low-cost network layout [10], wide
coverage and flexible layout, and the radar of radiation sources outside the low-
frequency segment can also realize anti-stealth, low-altitude detection and anti- “radio
silence” [11].

GNSS uses one or more systems in Global Positioning System (GPS) [12], the
GLObal Satellite Navigation System (GLONASS) [13], Beidou Satellite Navigation
System [14], or Galileo Satellite Navigation System [15] for navigation and posi-
tioning. The passive GNSS-based bistatic radar system has many advantages. First, the
passive radar is a multi-base radar system, and the stealth equipment cannot absorb
microwave signals in the same direction, so passive radar has certain advantages in
anti-stealth. Moreover, the passive radar without transmitter has portability and con-
cealment and is difficult to be detected. At present, the worldwide user receives the
GNSS by spread spectrum communication signal processing and carrier modulation
signal after processing, the launch of the space at the same time, GNSS will remain on
the surface of the earth or in the near-earth space of a point to provide 24-hour
uninterrupted satellite signal to the world, based on the analysis of these signals using
can realize positioning, navigation and timing services [16]. However reference
channel of passive GNSS-based bistatic radar system is susceptible to multipath
interference. The passive GNSS-based bistatic radar system is inevitable affected by
multipath interference due to the reflection effect of mountains and near-earth build-
ings. When reference channel is affected by multipath interference, reference signals
received by reference channel include direct wave signal, multipath interference and
channel noise. If reference signal containing multipath interference is directly used for
matching filter processing, the range-Doppler diagram will show the false target formed
by matching multipath interference with echo signal. How to suppress multipath
interference in reference channel of passive GNSS-based bistatic radar has become a
difficult problem.

Because the mixed model of multipath interference and direct wave in the channel
of the passive GNSS-based bistatic radar system is very similar to the model of blind
source separation(BSS), the BSS method can be considered to separate the multipath
interference and direct wave [17]. BSS refers to the estimation of each source signal
only based on the observed signal received by the receiver when neither the source
signal nor the mixed signal can be known [10]. The elementary reflection matrix is used
as a rotation matrix to transform the cumulant matrix to realize the purpose of diag-
onalization and finally the direct wave signal and multipath interference signals were
separated successfully.

The rest of the article follows. Section 2 the Passive GNSS-Based Bistatic radar
system model is introduced. Section 3 the proposed novel multipath interference
restraint algorithm based on BSS in passive GNSS-based bistatic radar is presented in
detail. The capability of the proposed algorithm is verified by simulation results in
Sect. 4. The conclusions are provided in Sect. 5.
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2 Passive GNSS-Based Bistatic Radar System Model

The passive GNSS-based bistatic radar system model is shown in Fig. 1. The GNSS
signals are used to detect airborne targets.

Using the traditional GNSS receiver multipath interferences, GNSS direct wave
signal and channel noise are received through the reference channel. The signal
received by the target channel can be represented as [10, 18, 19]

XtarðtÞ ¼ AdsðtÞ|fflffl{zfflffl}
directpath

þ
XN
i¼1

cisðt � smiÞ
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

multipathecho

þ adsðt � sdÞej2pfd t|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
targetecho

þ ntarðtÞ|fflffl{zfflffl}
noise

ð1Þ

The signal received by the reference channel can be rewritten as

Xref ðtÞ ¼ Ad1sðtÞ|fflfflffl{zfflfflffl}
directpath

þ
XM
i¼1

disðt � spiÞ
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

multipath

þ nref ðtÞ|fflffl{zfflffl}
noise

ð2Þ

where sðtÞ is the direct wave, Ad and Ad1 are the coefficient of the direct wave signal;
PN
i¼1

cisðt � smiÞ and
PM
i¼1

disðt � spiÞ are the multipath signals, N and M are the number of

the multipath signals, ci and di are the amplitude of the multipath, smi and spi are the
time delay of the multipath signal; adsðt � sdÞej2pfd t is the echo signal, ad , sd and fd
respectively is the amplitude, the time delay and the Doppler frequency of the target
echo signal; ntarðtÞ is the noise at the target echo channel, nref ðtÞ is the noise at the
reference channel receiver antenna, ntarðtÞ and nref ðtÞ are independent and uncorrelated
of the GNSS signal.

Fig. 1. Passive GNSS-based bistatic radar system model.
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3 Multipath Interference Restraint Algorithm Based on BSS

We consider the multipath interferences suppression in the reference channel. The
spectra of the sources are heavily overlapped in the reference channel of the passive
GNSS-Based bistatic radar, so array antennas are often used to receive signals. In
general, the receiving antenna is assumed to be an arbitrarily shaped array structure.
Let’s think about the common case that the mixture model of the system is overde-
termined, namely, the number of receivers isM, and the number of sources is N (N), the
received signals can be rewritten as:

x1ðtÞ
..
.

xM�1ðtÞ
xMðtÞ

2
66664

3
77775 ¼ a1ðh1Þ; a2ðh2Þ; a3ðh3Þ; � � � ; aNðhNÞ½ �

A1sðtÞ
d1sðt � s1Þ
d2sðt � s2Þ

..

.

dN�1sðt � sN�1Þ

2
66666664

3
77777775
þ

n1ðtÞ
n2ðtÞ
..
.

nMðtÞ

2
66664

3
77775

ð3Þ

we can see that the mixed model of multipath interference and direct wave in the
channel of the passive GNSS-based bistatic radar system is very similar to the model of
BSS. Therefore, BSS method can be considered to separate the multipath interference
and direct wave.

BSS refers to the estimation of N source signal only based on theM observed signal
received by the receiver when neither the source signal nor the mixed signal can be
known [20, 21].

Suppose an instantaneous linear mixing system in the presence of noise, in which
there M�N. The signal received by the received channel can be expressed as:

xjðtÞ ¼
XN
i¼1

aijðkÞsjðtÞþ niðtÞ; j ¼ 1; 2; . . .;M ð4Þ

where xj is the j-th observed signal, si is the i-th source signal, aijðkÞ is the mixed
matrix. We assume that the system is a causal finite filter model throughout this article.
niðtÞ is the noise. Suppose SðtÞ ¼ ½s1ðtÞ; � � � ; sNðtÞ�T and XðtÞ ¼ ½x1ðtÞ; � � � ; xMðtÞ�T
respectively represent the source signals and the observed signals in matrix form.
Formula (4) can also be expressed as the matrix form.

Defining YðtÞ ¼ ½y1ðtÞ; � � � ; yNðtÞ�T represent the estimated signals in matrix form
and W is unmixing matrix. By computing the values of the matrix elements of the
unmixing matrix W an individual element is mutually independent estimate vector YðtÞ
of the source signals vector SðtÞ is computed [22, 23]. The approximate joint diago-
nalization process of the signals of received channel is the solution process of W.

The elementary reflection matrix is used as a rotation matrix to transform the
cumulant matrix to realize the purpose of diagonalization. Finally the direct wave
signal and multipath interference signals were separated successfully. Below is the
detailed process of diagonalization.
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Suppose X be made of matrices x1; x2; � � � ; xn of size n� n. The process of joint
diagonalization of X using the elementary reflection matrix can be described to min-
imize the following equation [24, 25]

H0XH ¼ min
X

X � diagðXÞk k2 ð5Þ

If s ¼ 1, the process of the joint diagonalization is the same as the process of the
normal unitary diagonalization. The solution to the matrix H is the process of joint
diagonalization of X. And then we make a somewhat rule, through which approximate
jointly diagonalizing matrix is realized.

Defining H ¼ I � 2wwT is the elementary reflection matrix, where wk k2 ¼ 1.We
can have a 0 in a vector through the elementary reflection matrix. Vector x can be
transformed into a new vector that has zero entries except for the first entry.

4 Simulation Results

Let us suppose a simplified model of three inputs and three outputs and three source
signals s1, s2, s3 is independent. s1 is the expected signal, s2, s3 is multipath reflection
of the expected signal. We artificially mix the three sources via the mixing matrix in the
following:

HðzÞ ¼
1þ 0:2z�1 þ 0:1z�2 0:5þ 0:6z�1 þ 0:3z�2 0:3þ 0:6z�1 þ 0:5z�2

0:5þ 0:6z�1 þ 0:3z�2 0:2þ 0:6z�1 þ 0:2z�2 0:2þ 0:1z�1 þ 0:4z�2

0:3þ 0:1z�1 þ 0:1z�2 0:5þ 0:2z�1 þ 0:4z�2 0:4þ 0:2z�1 þ 0:3z�2

2
64

3
75

ð6Þ

To further measure the separation capability of the proposed method, we evaluate
the separation capability of the proposed method using the comparable coefficient. The
closer the value of comparable coefficient is to one, the better the capability of the
proposed algorithm. The comparable coefficient can be defined as follows:

kij ¼ kðyi; sjÞ ¼
P

yi � sj
�� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

y2i �
P

s2j
q ð7Þ

where, sj and yi respectively represent two signal vectors; kij represents the degree of
similarity between two signal vectors.

The original signal and extracted signal are shown in Fig. 2. Figure 2(a) shows the
real part comparison of the original signal and extracted signal and Fig. 2(b) shows the
imaginary part comparison of the original signal and extracted signal.
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From the figure above we can see that the waveform of the extracted signal and the
original direct wave is very similar. We can further verify the separation capability of
the proposed method in this paper by calculating the resemble coefficient under dif-
ferent SNR. The resemble coefficient are shown in Table 1.

It can be seen from Table 1 that the direct wave signal can be extracted even at a
low SNR.

The performance of the algorithm to suppress multipath interference is further
verified by comparing the constellations of direct wave signal under different condi-
tions. For the convenience of comparison, this simulation normalizes the direct wave
signal under different conditions. When the signal modulus is constant, the signal point
trace is distributed as a standard circle with radius 1. When the signal modulus fluc-
tuates with time, the signal point trace distribution is disorganized. By comparing the
stray degree of the point trace distribution in the constellation maps, the degree of the
signal modulus floating is measured. Therefore, the signal constellation map can
directly reflect the distribution of the signal modulus. The comparison results are
shown in Fig. 3.

(a) Real part (a) Imaginary part
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Fig. 2. Original signals and extracted direct wave signal.

Table 1. Comparable coefficient.

SNR/dB −20 −15 −8 −5 0

Comparable coefficient 0.8543 0.9048 0.9439 0.9789 0.9990
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As you can see from the Fig. 3 that the stray point trace of the proposed algorithm
converges further to the constant modulus circle than the blind beamforming algorithm,
which indicating that the proposed method can better suppress multipath interferences.

5 Conclusions

A blind source separation algorithm with the statistical independence of the direct wave
signal and multipath interference signals is proposed to suppress multipath signals in
the reference channel of the passive GNSS-Based bistatic radar system in this paper.
The elementary reflection matrix is used as a rotation matrix to transform the cumulant
matrix to realize the purpose of matrix diagonalization and finally the direct wave
signal and multipath interference signals were separated successfully. The numerical
simulations have demonstrated the validity of the proposed method. Using the pro-
posed method multipath interference signals can also be suppressed at lower SNR and
the performance of multipath interference restraint of the proposed method is better
than that of the blind beamforming algorithm.

(a) Pure direct wave signal (b) Contains multipath

(c) Blind beamforming algorithm (d) BSS interference suppression algorithm

Fig. 3. Comparison of the constellation maps.
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