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ABSTRACT In order to solve the problem when the target detection of passive bistatic radar is seriously
affected by direct signal and multi-path, a clutter cancellation algorithm based on frequency domain analysis
is proposed in this paper. By analyzing and processing the frequency domain correlation between the
reference signal and the echo signal, the time delay and the amplitude of the direct signal and multipath in
the echo signal can be estimated for clutter cancellation. This method can not only reduce the computation
greatly, but also eliminate the influence of clutter echo residue on target detection. The effectiveness of the
proposed algorithm is verified by simulation and real data processing.

INDEX TERMS Correlation, interference cancellation, passive bistatic radar, radar clutter, spectral analysis.

I. INTRODUCTION

Passive bistatic radar (PBR) refers to the radar detection sys-
tem which does not transmit electromagnetic wave signal, but
relies on existing electromagnetic wave in space to realize the
function of target detection, positioning and tracking [1]-[2].
Compared with the conventional active radar system, the PBR
system based on the non-cooperative or third-cooperative
radiation source has the advantages of high concealment,
strong anti- concealment ability, rich radiation signals and
low cost, which has attracted extensive attention at home
and abroad in recent years [3]-[10]. The target detection of
PBR is realized by signal coherent processing [11]-[12]. The
coherent processing of PBR is based on dual-channel, which
means PBR system requires at least two physical receiving
channels or two equivalent receiving channels. A typical
PBR geometry is shown in Fig. 1. In PBR system, one
channel points to the position of the base station, which is
called reference channel to receive the direct signal and a
small amount of multipath reflection signal and noise sig-
nal directly irradiated by the transmitting station. And the
other channels are collectively called the echo channel which
receive signals include the target reflection, a small amount of
direct wave, multipath and noise. Due to the influence of non-
transparency, fluctuation, radiation power and target RCS
change transmitting station signal, the energy of target echo is
far lower than that of direct signal and multipath. Therefore,
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FIGURE 1. PBR system schematic.

before target detection, the clutter (including direct wave
and multipath) in the echo signal should be eliminated first.
In general, the energy of the actual target echo is still weaker
than that of the noise signal. Therefore, it is necessary to carry
out coherent processing (or range Doppler processing) for the
residual echo signal and the reference signal to improve the
detection signal-to-noise ratio of the target.

The existing methods are basically to eliminate the echo
signal directly in time domain. In reference [13], a clutter
cancellation algorithm based on sequential cancellation is
proposed. A clutter cancellation algorithm for external emit-
ter radar based on fractional delay estimation is proposed
in reference [14]. Reference [15]-[16] attempt to design a
suboptimal detector, such as the generalized likelihood ratio
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test, to detect the target. In reference [17]-[21], adaptive
filter is used to filter echo signal, so as to eliminate the
clutter and direct path signal. However, the most widely
used algorithm today is orthogonal projection algorithm. The
reference [22]-[24] presented ECA, SCA, ECA_B and other
algorithms on the basis of projecting the received signal into
sub-space orthogonal to the clutter and the pre-detection tar-
get, respectively. The extended cancellation algorithm (ECA)
in reference [22] is an open-loop scheme. The basic idea
of the scheme is to project the signal received by the echo
antenna into the subspace from the base station direct signal
and its delay expansion space. Because the target echo signal
can be regarded as orthogonal with the direct signal and
multipath of the base station, the target will not be affected
when the clutter is eliminated in the echo signal. So that the
direct wave and multi-path echo cancellation can be realized.
But ECA algorithm needs to inverse the direct signal sub-
space, so its computational complexity is greatly affected by
the cancellation order. At the same time, when the order of
cancellation is too small, there is a multipath residual of echo
signal, and false targets will be introduced.

In this paper, a clutter cancellation algorithm based on
frequency domain analysis (Abbreviated as FDACA) is pro-
posed. The multipath time delay is determined by frequency
domain analysis, and the estimated multipath amplitude is
used to suppress the multipath echo directly, which greatly
simplifies the computation. In addition, the influence of mul-
tipath echo residual on target detection can be effectively
suppressed by using frequency domain Range Doppler pro-
cessing by using the characteristic that the Doppler of multi-
path residual is zero.

The structure of this paper is shown as follows.
In Section II, signal model and the signal processing flow
of PBR have been described in detail. In Section III, the ECA
algorithm has been introduced and the FDACA algorithm is
described in detail. In Section IV, the FDACA algorithm is
simulated and analyzed using simulation data and real data
respectively, and the ECA algorithm is compared. Conclu-
sions are drawn in Section V.

Il. SIGNAL MODEL AND PROBLEM ANALYSIS

From the PBR system schematic shown in Fig.1., assume
that the reference signal in the reference antenna is pure. The
sampled reference signal was written as

x(n) = Cs(n) (1)

in (1), C is the amplitude of the reference signal. Because the
signal intensity of the direct signal is much higher than the
noise, the influence of noise is ignored. The sampled echo
signal received after sample by surveillance antenna was (2),

Ni

Fsur(n) = ZA,‘S(H — ‘les)elznf"f?
i=1

Np

+ ZBps(n —fy) +zn)  (2)

p=1
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in (2), s(n) is the transmission signal. f; is the sampling rate.
Aj, T, f; are the amplitude, time delay and Doppler shift of
each target respectively. By, 1, are the amplitude and time
delay (reference time delay is O by default) of pth interference
(including direct signal, multipath), and z(») is the noise in the
echo antenna.

—Referencer

FIGURE 2. Rang Doppler processing schematic.

Because the received target reflector signal lags behind the
reference signal, the target is in distance channel for Doppler
coherent processing. In order to obtain multipal distance
channels, Doppler Coherent processing, that is, Doppler pulse
pressure, is generally achieved by means of Range Doppler
matching filtering. Range Doppler processing schematic sits
as shown in Fig. 2. where A is a tap delay. Doppler processing
of the multiplication output of each tap achieves coherent
accumulation, so that the output of each tap is equivalent to
the Doppler distribution of different distance channels. The
output in Fig. 2. is represented by time delay and Doppler
as a two-dimensional plane, i.e. which is displayed at the
corresponding delay and Doppler positions when there are
multiple targets and fixed clutters.

However, in addition to the target reflected signal, there
are direct signal and fixed object multipath echo signals
in the echo channel, which produce signal leakage compo-
nents similar to continuous wave radar. Therefore, there is
inevitably a cluttered side lobe in Range Doppler processing.
Because the target Doppler frequency is much lower than
the sample frequency processed, the cluttered sidelobes fill
the entire desired distance Doppler plane. The related peak
of target signal will be submerged in the reference signal
and short-range clutter side lobe for the direct signal and
short-range multipath signal power being much higher than
the target reflected echo. It cannot get a better detection
performance by matching the coherent processing of filtering
only, so the clutter suppression must be used before the target
detection.

The time domain Rang Doppler processing in figure 2.
is shown as (3)

Tfs
Y@ ) = 3 ralx(n — thye PHE3)
0
where, 7, fg, is time delay and Doppler shift respectively, and
T is the accumulation time of Range Doppler processing.
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IIl. TARGET DETECTION BASED ON FREQUENCY

DOMAIN ANALYSIS

The key problem of clutter cancellation is to find out the mul-
tipath delay, and the traditional clutter cancellation algorithm
such as NLMS [14], ECA [18] etc. need to use the reference
signal to construct time delay matrix for traversing all the
time delay, which requires a higher degree of computational
complexity. Therefore, this paper puts forward the scheme of
using frequency domain related signal processing which can
estimate the multipath delay information of strong multi-path
directly, and realize the simplification of clutter cancellation.

A. EXTENDED CANCELLATION ALGORITHM(ECA)

As one of the most commonly used clutter cancellation algo-
rithm, ECA algorithm is one of the current algorithms with
lower computational complexity which is based on interfer-
ence subspace projection. Its idea is to project the echo signal
in the echo channel to the subspace opened by direct wave and
its time delay to eliminate clutter interference. The subspace
is as follows

x(1) x(2) x(3) - x(N) T
0 x(1)xQ2)--- x(N—1)

= - : )
0 0 0 -—-xN—L+1) |,

where, N is the length of direct signal data; L is the num-
ber of cancellation distance elements, [-]T indicate matrix
transposition. In the construction matrix, the first row to
Lth row represent the multipath samples with delay of 0 to
L-1 distance cells.

According to the orthogonality of subspace, the subspace
coefficients of ECA algorithm can be transformed into the
solutions of the following optimization problem.

minJ = IR - DW|? (5)

where, W is the subspace coefficient, R is the echo matrix.
This is a standard second-order convex optimization prob-
lem. Solve the conjugate gradient of the cost function and
make it 0
3J _ 9IR—DW|?
oW oW
Then,

=2D(R —DW) =0 (6)

-1
W= (DH D) DHR )
After cancellation, the residual signal can be expressed as
esur = R — DW (8)
B. FREQUENCY DOMAIN ANALYSIS
CLUTTER CANCELLATION
The process of FDACA algorithm:

Firstly, transform the reference signal and echo signal to
frequency domain. The reference signal and echo signal are
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analyzed and processed in frequency domain to eliminate the
phase effect caused by the signal itself.

Secondly, obtain the coherent peak corresponding to mul-
tipath delay by inverse Fourier transform.

Thirdly, pass the signal processed in the second step
through the threshold to get time delay and amplitude of the
multipath.

At last, based on the time delay and amplitude of the
multipath, clutter cancellation can be realized.

The specific process is as follows:

The spectrum of rg, (n) and x(n) was written as

R(k) = FFT [rgu(n)]

Ni . Np
= ZAiS(k — ]];)effifsk + ZB,,S(k)effpﬂk + N (k)

i=1 § p=1
9

X(k) = FFT[x(n)] = CS(k) (10)

in (9), (10), S(k) is the transmission signal spectrum;
FFT[-lmean Fourier transform.
Set

Y (k) = R()X*(k)
Vk) = X()X*(k)

(11)
12)

in the above (11) (12), * represents the conjugated operation.
Bring (9), (10), (12) into (11),

N.
- fl * iTifsk
Y(k) =Y A;CS(k —2)S*(k)el™h
1
+22 > B, CV (k) + CN(K)S* (k) (13)
p=1
because the V (k) is a real sequence, so

N,
Y(k) 1 — fi o
—— = —— Y ACS(k — )S*(k)el Tk
V) V) ; ( fs) ®
1 1
+3 > By Cel™ 4 mCN(k)S*(k) (14)
p=1

refer to (14), it can be found that the multipath interference
part of the signal only contains the delay term, which is
independent of the signal itself. Then

oo = 177 | YO 100 + vk 15
(k) = _m}—()—i—() (15)
i % A;CS(k — ﬁ)s*(k)e/fifsk
U(k) = IFFT V("i i=1 Js (16)
_+mCN(k)S*(k)
1 &
1) = = > Bys(k — 1fy) (17)
p=1

in above (15)—(17), IFFT[-] represents inverse Fourier trans-
form. §(-) represents shock response. In the PBR, the ampli-
tude of the strong multi-path signal is much larger than that
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of the target echo, so the larger amplitude of G(k) can be
regarded as the position of strong multi-path delay. So set

(€2, '] = sort [G(k)] = Ang (18)
I' = {k, G(k) = Ana} (19)
Q = {|G()I, G(k) = Ana} (20)

where, sort[-] represent sorting operation from large to small.
Apng mean multipath amplitude threshold. The selection of
threshold is on the basis of prior information of channel
noise, and the values are different in different cases. the 2
corresponds to the amplitude of the G(k) over the threshold,
I" corresponds to the position of the G(k) over the threshold.

N.
NA; | INK)| | Bpdk — 5fy)
G =) =+ +
~C C C
N;

A Byd(k — 1,fy)
~ N0 T T 21
l; -+ c (21)

in (21), the complex amplitude C of the direct wave is much
greater than the amplitude of the noise N (k), and the ampli-
tude B, of the multipath echo is much large than that of the
target echo energy A; and the noise N (k), so |G(k)| is taken
as the amplitude of multipath.

The delay matrix is shown in (22)
F0---0  x(1)

r (1)

0---0 x(D) x[N —T (2)]

r@ (22)

[N =T )] 7

D¢
0- -0 x(.l) x[N —.F(Np)]
L T(Vp)

N,

> Q)De(p)

p=l1

€sur = Fsur — f (23)

in the (23), eqr represent the echo residual signal.
D¢(p) represents the py;, column of the matrix Dy.

C. FREQUENCY DOMAIN RANGE DOPPLER PROCESSING
By Formula (21), the amplitude estimation of multi-path
echo will be affected by the amplitude of target echo, so the
traditional time domain Range Doppler processing will pro-
duce more zero-frequency interference. Therefore, a target
detection scheme based on frequency domain range Doppler
processing is applied to in this paper.
The echo residual signal after the clutter cancellation:

Ni
esur(n) = Y Ais(n — tify )i

i=1

Np N;
+> (ZA,) sin—tfy) + 200 (24)

p=1 \i=1
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in (24), set

Np N;i
emu(n) =y (Zm) s — Tfy) (25)

p=1 \i=1

which indicates the residual of weak multipath signal after
clutter cancellation.

Eq(k) = FFT [esu(n)]

N;
- fi
=Y AS(k — )k

( f:&‘)

i=1

Np N;
+y (ZA,) S(k)e™* + z(k)y  (26)

p=1 \i=1

The residual signal of the echo is correlated with the reference
signal, then

AT f
X(F. 1) =) CS()EL,(k + f—)effﬁk
=1 ’
= Xear(f» T) + Xmu(f, 7) 27

in (27),

T N; f f
Xar(f,T) = C Z ZAiS(k)S(k _fl 4 i

_)ei(T—Ti)fsk (28)
f=1i=1 $

fT Np N;
Xmu(f, ) =C Z Z (ZAI) S(k)S(k + ;: )ef(f—fi)fsk

f=1i=1 \i=1 s

+CS(k)Z(k + J:)efffs" (29)
s
in (24)—(26), T is the accumulation time of Range Doppler
processing. Because there is no Doppler frequency offset
in the multi-path residual, when f # 0, ymu(f, T) can be
approximately regarded as the cross-correlation of noise sig-
nals. When (f, ) = (fi, t;), the maximum value of ;- (f, 7)
is obtained. Then after the interference cancellation, the
multi-path residual energy is similar to the target echo energy,
and the xnu(f;, Ti) is far less than x(f;, i), so the target
detection can be realized.

D. CALCULATION ANALYSIS

Assuming that the length of the data is N, and the order
elimination of this paper is M and ECA cancellation order
is L. The main amount of computation of the ECA algorithm
is concentrated in calculation and inversion of the matrix
D" D. Compared with the traditional target detection scheme,
the computational complexity of the frequency domain Range
Doppler processing is basically the same as that of the time
domain Range Doppler processing. However, in the case of
clutter cancellation, the algorithm only needs two Fourier
transform, one inverse Fourier transform, MN times multipli-
cation, and 3N sub-point multiplication, and the amount of
computation is shown in the following table:
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Refer to FDACA algorithm, the computational complexity
is only related to the strong multipath number M. Generally
speaking, the strong multi-channel number is much smaller
than the cancellation order L of ECA algorithm and does not
need to carry out matrix inversion. Therefore, the algorithm of
this paper can greatly simplify the computational complexity
of clutter cancellation.
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FIGURE 3. Calculation amount comparison ((a): Calculation amount varies
with cancellation order (b): Calculation amount varies with data length).

For a more intuitive comparison of the amount of computa-
tion, the calculation simulation of Table 1 is shown in Fig.3.
The data length of the signal is 20000. From the Fig.3.(a),
the amount of computation in FDACA algorithm is linear
and is much smaller than that in ECA algorithm for the
number of operations in ECA increasing exponentially with
the order of cancellation. Meanwhile, the calculation amount
of both algorithms are linear in Fig.3.(b) with the cancellation
order is 200. But the calculation amount of ECA algorithm
is three orders of magnitude higher than that of FDACA
algorithm.
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TABLE 1. Comparison of multiplication times.

Multiplication Times

ECA O[NL* + I’ (log L +1)+2NL]

FDACA O[NM +%NlogN+3N]

IV. SIMULATION ANALYSIS

A. SIMULATION DATA PROCESSING

In this part, the results of the algorithm are verified by sim-
ulation. In simulation, the data is Gaussian white noise with
length of 20 x 103, and seven multi-path clutters with two
weak targets are added to the echo signal. In order to observe
the direct signal in the echo channel, the delay of 10 range
units is added to the direct signal. The parameters are set
as shown in Table 2. Generally speaking, the target energy
is more than 60 dB lower than direct signal energy in PBR
system.

TABLE 2. Simulation parameter settings.

Distance unit Doppler unit Amplitude (dB)

Target1 200 -150 -25
Target2 100 100 -20
Multipath 1 550 0 -10
Multipath 2 450 0 8
Multipath 3 350 0 15
Multipath 4 250 0 20
Multipath 5 150 0 25
Multipath 6 55 0 28
Multipath 7 50 0 30
Direct signal 10 0 40
noise \ \ 0

Fig. 4. shows the target detection processed by Range
Doppler in time domain after traditional ECA clutter can-
cellation with different cancellation order. It can be found
from Fig. 4. that the traditional ECA algorithm is difficult to
eliminate clutters in echo signal when the cancellation order
is smaller than the multi-path range. In the simulation, when
the cancellation order is less than 550 order, the multi-path
clutter cannot be eliminated effectively. Multipath clutter
with larger time delay will be left.

N
Apd = Z |G(l)|/N x 100

1=1

(30)

Fig. 5. is the simulation of multipath position which refer
to (12). In Fig 5., comparing with Table 2, the multipath
time delay can be estimated accurately expect Multipathl.
It is because that the multipath amplitude is less than the
noise energy, which means the multipath will be flooded
by noise. Meanwhile, it can be seen from the figure that
the pre-estimation of multipath delay in echo signal can be
realized by the large-selected scheme. In this paper, the value
of elimination threshold Ag is as follows:
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FIGURE 4. ECA cancellation & Time domain Range-Doppler processin:
(a) cancellation order is 200; (b) cancellation order is 550.
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FIGURE 5. Multipath delay estimation.

However, it can be found from Fig. 6. that there will be
a certain echo residual in cancellation due to the multi-path
amplitude estimation error in this algorithm, and there will
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FIGURE 6. FDACA cancellation & Time domain Range-Doppler processin:
(a) Range dimension; (b) Doppler dimension.

be more false peaks when the time domain Range Doppler
processing is used, which will affect the accuracy of target
detection.

In order to solve the above problems, after the multi-
path cancellation processing of frequency domain analysis,
the target detection is realized by using frequency domain
Range Doppler processing. The simulation results are shown
in Fig. 7. Since the Doppler of the echo residual signal is 0,
the influence of echo residual on target detection is sup-
pressed after frequency domain Range Doppler processing.
In addition, the Doppler transform of signal has been real-
ized in the elimination process, so the calculation quantity is
consistent with the traditional time domain Distance Doppler
processing scheme.

B. PROCESSING OF REAL DATA
The real data is the audio signal part of the digital television
signal, the center frequency of the signal is 74MHz, the accu-

mulation time of the audio signal is 1s, and the corresponding
data length is 20000.
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FIGURE 8. ECA Cancellation & Time domain Range Doppler processing
(cancellation order 400).

From Fig 8. and Fig 9., both algorithms can realized accu-
rately target detection. It can be seen from Fig. 8. that after
400 orders cancellation, there is a large near-region multipath
echo residual for the Doppler shift of some multipath in the
near part being not 0. Fig. 9. shows that the performance of the
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FIGURE 9. FDACA Cancellation & Frequency domain Range-Doppler
processing.

proposed algorithm is basically same as that of the traditional
target detection algorithm. At the same time, the computa-
tional complexity of FDACA algorithm is much smaller than
that of ECA algorithm.

C. CALCULATION ANALYSIS

The Table 3 is the operation time comparison between
the FDACA algorithm and the ECA algorithm. The pro-
cessor used in the simulation of Table 3 is Intel Core
15-6300HQ @2.30GHz. The simulation software is MATLAB
2015b. The parameters are set as shown in Table 2.

TABLE 3. Comparison of operation time.

FDACA ECA
Cancellation \ 20 200 600
order
Operation 0.0119 0.07958 0.30598 1.08057
time(s)
Cancellation 40.1627 7.6359 19.4467 40.4265
ratio(dB)

From Table 3, the operation time of this algorithm is much
smaller than that of ECA algorithm, and it is more suitable
for real time processing of radar signals. At the same time,
the cancellation ratio of FDACA algorithm is slightly lower
than that of higher order ECA algorithm, but operation time
is the far less than that of the ECA algorithm.

V. CONCLUSION

In this paper, a new clutter cancellation algorithm based on
frequency domain analysis is proposed, and the frequency
domain Range Doppler algorithm is adopted. In this paper,
the reference signal and echo signal were analyzed in fre-
gency domain for removing the phase of signal itself. Then
the multipath delay and multipath amplitude can be estimated
by inverse Fourier tansform which can be used to eliminate
the clutter. After that, in view of the problem that there is
still some residual clutter in the residual echo, frequency
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domain Range Doppler algorithm is adopted in this paper.
The residual clutter can be suppressed for its Doppler shift
being zero. The simulation result shows that the proposed
algorithm can realized the same performance with ECA algo-
rithm. Meanwhile, the FDACA algorithm can greatly simpli-
fies the computational complexity of clutter cancellation and
can suppress partial false targets caused by clutter residue.
In this paper, the result of real data also supports FDACA
algorithm. Compared with the traditional algorithm such as
ECA, this algorithm has better real time performance and can
achieve consistent target estimation performance. However,
it can be found from the formula deduction that the algorithm
in this paper is greatly affected by noise, and the estimation
performance needs to be improved at low SNR.
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