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Abstract

Extraction of reference signal is an indispensable step in the signal processing of polarization
diversity passive radar (PDPR) based on a digital television signal. A conventional reference
signal extraction method requires an additional reference antenna, which has a certain
demand for space. Single dual-polarization antenna passive radar (SDPPR) systems do not
require a reference antenna, and the radar station layout is flexible, which is suitable for a
large-scale radar network. It is a main research direction of PDPR in future. However, its ref-
erence signal extraction needs to rely on the signal reconstruction method. When the signal to
interference and noise ratio of the direct-path signal is relatively low, the signal reconstruction
method will fail. In this paper, we propose a reference signal extraction method based on sub-
carrier processing method, blind adaptive oblique projection technology, and extensive can-
celation algorithm to solve the above problem. Experimental results show that the method
proposed in this paper is a reasonable alternative after the failure of reference signal recon-
struction, and it is an effective supplement to the reference signal extraction technology.

Introduction

Passive radar or passive coherent location systems have been a hotspot globally [1–7]. Over the
decades, illuminators of opportunity used in passive radar have been expanded rapidly, using
analog signals such as frequency-modulated commercial radios [2] as well as digital video
broadcasting [4], digital audio broadcasting [5], wireless LAN signals [6], global systems for
mobile communication signals [7], and china mobile multimedia broadcasting [2] and even
LTE signals [8]. With the rapid development of 5G technology [9,10], it will inject vitality
into the development of passive radar. One difference between active radar and passive
radar is whether the reference signal is extracted. Thus, passive radar systems usually have
two types of channels: one is used to receive echo signals of targets called surveillance channel.
The other one is used to receive a direct-path signal of illuminators of opportunity called ref-
erence channel. The pure reference signal can be used to remove disturbance of the direct-path
signal and strong multi-path clutter by time-domain filtering [1] and improve the target signal
to noise ratio (SNR) by match filtering [2]. Thus, reference signal extraction is a necessary task
in passive radar signal processing flow. The reference signal extraction methods in conven-
tional passive radar based on frequency-modulated signals usually adopt multi-path suppres-
sion techniques, such as spatial beam-forming, adaptive filtering in the time domain, and so
on [11]. But the signal purity is limited by antenna directivity and the correlation between clut-
ters and direct-path signal. According to passive radar based on digital television signals, the
authors in [12–16] propose the reference signal reconstruction (RSR) method. The basic signal
reconstruction process is shown in Fig. 1.

The application of conventional passive radars may be challenged by the attributes of the
receiving antenna system in terms of size, weight, and cost. In order to reduce the strength of
the direct-path signal in the surveillance channel, the angle of the reference antenna and the
surveillance antenna need to be separated. This will increase the space requirement of the
antenna system, and makes it impossible to setup a passive radar system on certain space-
constrained platforms. Meanwhile, cost control is extremely important to realize the
large-scale network of passive radar. A single-antenna digital television-based passive radar
(SDPR) system can effectively solve the above problems [17]. In order to further improve
the anti-jamming capability of the radar system, we propose a single-antenna scheme of the
polarization diversity passive radar [18, 19] system on the basis of a slight increase in the
cost. Different from the conventional passive radar mode that extract the reference signal
from reference channel, the SDPR or the single dual-polarization antenna passive radar
(SDPPR) extracts reference signal from the surveillance channel. Fortunately, the RSR method
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is also applicable to the surveillance channel of passive radar, and
the signal can be completely recovered under certain signal to
interference and noise ratio (SINR) of the direct-path signal con-
ditions (the signal refers to direct-path signal, the interference
include multi-path clutter and target signal). However, due to
the complex propagation environment and antenna side-lobe
attenuation, sometimes SINR of direct-path signal is not ideal
in the surveillance channel. The decrease in the SINR of direct-
path signal will reduce the purity of reconstructed signal, and
even make the signal unable to be reconstructed. This will bring
challenges to the RSR method. Assuming that the RSR in surveil-
lance channel cannot be completed, SDPPR system will fail.

In this paper, a new method based on the orthogonal fre-
quency division multiplex (OFDM) modulation of the digital tele-
vision signal [3], blind adaptive oblique projection technology
[20–24], and extensive cancelation algorithm (ECA) [2] is
explored to address this difficulty. It is interesting to note that
the inter-carrier orthogonality in a multi-path environment
means that the zero-Doppler signals are coherent with each
other in each sub-carrier. The coherence feature indicates that
the direct-path signal and multi-path clutter only occupy one
degree of freedom in sub-carrier domain. This feature indicates
that the polarization state of composite clutter signal is coherently
combined in each sub-carrier. As an effective signal separation
method, the largest difference between blind adaptive oblique
projection technology and conventional oblique projection in
polarization signal processing is that it does not need to obtain
the target signal polarization state. It is possible to construct an
oblique projection operator only by the composite clutter signal
polarization state and achieve signal separation. In order to obtain
a more pure reference signal, we use the ECA to filtering the extra
multi-path clutter signals and leaving the direct-path signal only.
The experimental result shows that the proposed method can
extract the reference signal effectively and obtain well target detec-
tion effect.

The paper is organized as follows. Section “Signal model”
addresses the signal model of SDPPR in the surveillance channel.
Section “Theoretical basis” describes the principle of sub-carrier
processing, oblique projection, and ECA. Section “Multi-processing
method of reference signal extraction” proposes the multi-processing
method of the reference signal extraction. In Section “Error
analysis,” the simulation analyses prove that the method of reference
signal extraction-based multi-processing is effective. Section
“Experimental research” shows the comparative experimental results.
Section “Conclusion” draws conclusions based on the experimental
results.

Signal model

SDPPR is a single-antenna passive radar system with polarization
diversity capability. The received signal of SDPPR contains direct-
path signal, strong clutter, and target echoes.

In this paper, scalars are represented by italic letters, and vec-
tors are represented by bold letters. Suppose the received signal
noise is white Gaussian noise. The signal model of SDPPR can
expressed in the Jones vector form:

SJ =
EH
EV

[ ]
= Edh

Edv

[ ]
c1d(t)+

∑Mc

n=2

Enh
Env

[ ]
cnd(t − tn)

+
∑Mt

m=1

Emh

Emv

[ ]
amd(t − tm)e

j2pf Dm tm + wh

wv

[ ] (1)

where d(t) is the signal from transmitter. Edh, Enh, and Emh

represent direct-path signal, clutters, and targets in the horizontal
(H ) polarization component, respectively. Edv, Env, and Emv

represent direct-path signal, clutters, and targets in the vertical
(V ) polarization component, respectively. wh and wv represent
the Gaussian white noise in the H-polarized channel and
V-polarized channel, respectively. c1, cn, and αm represent the
amplitude of direct-path signal, clutters, and targets, respectively.
τn and τm represent the delay with respect to the direct-path sig-
nal. f Dm represents the Doppler frequency of the m-th target. Mc

and Mt represent the number of clutter and target, respectively.

Theoretical basis

This section will elaborate on the basic principles of sub-carrier
processing, oblique projection technology, and ECA.

Sub-carrier processing

Taking a digital television signal based on cyclic prefix
(CP-OFDM) as an example, the received signal in the useful dur-
ation at k-th sub-carrier can be expressed as [18]:

Sk = c1Q
T
k +

∑Mc

n=2

cne
−j2pfktcnQT

k

+
∑Mt

m=1

ame
−j2p( fk−f Dm )ttmUT

k,m +Wk

(2)

Fig. 1. Signal reconstruction process in passive radar.
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where Qk = [C0, k, C1, k,…, CL−1, k]
T, L is the OFDM block num-

ber used as snapshots, C1,k represent the normalized modulation
code of the l-th OFDM block in k-th subcarrier, and

Uk,l ≈ [C0,k, C1,ke
j2pf Dl Ts , . . . , CL−1,ke

j2pf Dl Ts(L−1)]T (3)

where TS is the duration of one OFDM block. It can be seen from
(2) that the samples of the direct-path signal and multi-path clut-
ters at one sub-carrier are coherent with each other, whereas tar-
get echoes are uncorrelated to the clutter signals due to phase
rotation introduced by the Doppler frequency. Therefore, all the
zero-Doppler signals as shown in the first term of the right-hand
side of (4) are integrated into a single term:

Sk = c1 +
∑Mc

n=2

cne
−j2pfktcn

[ ]
QT

k

+
∑Mt

m=1

ame
−j2p( fk−f Dm )ttmUT

k,m +Wk

(4)

Oblique projection

Oblique projection operator is an extension of the orthogonal pro-
jection operators, which has attracted much attention in the field
of signal processing [20]. Oblique projection technology has been
used to interference and clutter suppression [25, 26], direction of
arrival estimation [21, 27], target detection [28], and polarization
diversity technology [22, 24, 29]. Assume that S is a complex
matrix of size n ×m having full column rank and, likewise, that
J is a complex matrix of size n × k having full column rank.
Assume further that subspace 〈S〉 and 〈J〉 are disjoint, which
requires m + k≤ n. The H represents conjugate transpose symbols.
The well-known formula to build a projection with subspace 〈S〉 is

PS = S(SHS)−1SH (5)

where (•)H represents conjugate transposition. (•)−1 represents
inverse operation. The orthogonal projection with subspace 〈S〉⊥

is given by

P⊥
S = I− PS (6)

Now examine the matrix (S J) that is composed from the columns
of S and of J. Assume that m + k < n, and the column rank of (S J)
is less than n. The orthogonal projection onto the linear subspace
〈S J〉 is

PSJ = S J
[ ] SHS SHJ

JHS JHJ

[ ]−1
SH

JH

[ ]
(7)

We may decompose this orthogonal projection as follows:

PSJ = EJ + ES (8)

EJ = S 0
[ ] SHS SHJ

JHS JHJ

[ ]−1
SH

JH

[ ]
(9)

ES = 0 J
[ ] SHS SHJ

JHS JHJ

[ ]−1
SH

JH

[ ]
(10)

Formulas (9) and (10) may be simplified as follows:

EJ = S(SHP⊥
J S)

−1SHP⊥
J (11)

ES = J(JHP⊥
S J)

−1JHP⊥
S (12)

The subspaces 〈S〉 and 〈J〉 are disjoint, so

EJ S J
[ ] = S 0

[ ] (13)

ES S J
[ ] = 0 J

[ ] (14)

As shown in (13) and (14), the oblique projection operator EJ and
ES are orthogonal to the subspace 〈J〉 and 〈S〉, respectively. The
subspace 〈S〉 and 〈J〉 are not required to be orthogonal.

Extensive cancelation algorithm

ECA is a clutter suppression algorithm based on interference
subspace projection [2]. The algorithm is to project the echo
signals of the surveillance channel into the direct-path signal
and its time delay spread space to eliminate clutter. Construct
a subspace matrix X consisting of the reference signal as
follows:

X = Sref (1) Sref (2) · · · Sref (N)
[ ]T (15)

where Sref(n), n = 1, 2, …, N represent reference signal and (•)T

represents transposition.
The subspace projection method is used to suppress the direct-

path signal and multi-path clutter in the surveillance channel. The
orthogonal projection matrix can be represented by the subspace
matrix X formed by the reference signal

P = I− X(XHX)−1XH (16)

Projecting the echo signal of the surveillance channel to the
orthogonal subspace of the reference signal, the residual signal
SECA in the surveillance channel can be expressed as follows:

SECA = [I− X(XHX)
−1
XH]Ssurv = PSsurv (17)

After the orthogonal projection processing, the direct-path signal
and clutter in the surveillance channel are canceled, and the target
signal is retained.

Multi-processing method of reference signal extraction

The SDPPR is a special form of bistatic/multistatic radar system.
The illuminators cannot be controlled and are given priority to
cover urban areas, thus the surveillance signal contain direct-path
signal, strong clutter from environment echoes, and target echoes.
Affected by the low SINR of direct-path signal in the surveillance
channel, the RSR method is likely to fail, and the radar system will
not be able to detect target at this time. In this section, we will
introduce a multi-processing method of the reference signal
extraction.
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The ideal reference channel signal model is shown in (18):

SrefJ = Eref
dh

Eref
dv

[ ]
l1d(t)+ wref

h

wref
v

[ ]
(18)

Comparing (1) and (18), we observed that the target and multi-
path clutter must be suppressed in order to obtain the ideal refer-
ence signal in the surveillance channel. A new reference signal
extraction method is proposed in two steps.

Target suppression

It is assumed that the surveillance signal only contains direct-path
signal, target signal, and Gaussian white noise, and the polariza-
tion state vectors of direct-path signal and target signal can be
obtained by estimation, and are expressed as follows:

D = cos gd
sin gde

jwd

[ ]
(19)

T = cos gt
sin gte

jwt

[ ]
(20)

Using the method of oblique projection in Section “Theoretical
basis,” the oblique projection operator can be express as

Eop = D(DHP⊥
TD)−1DHP⊥

T (21)

Eop D T
[ ] = D 0

[ ] (22)

In (22), the target signal is suppressed. But under actual conditions,
the energy of target signal is very low, and its polarization state vec-
tor is difficult to estimate. In order to solve this problem, blind adap-
tive oblique projection technology is used for reference [20–24].

We define the surveillance signal covariance matrix as below:

Rsurv = RDT + s2I = D T
[ ] RD 0

0 RT

[ ]
D T

[ ]H+s2I (23)

where Rsurv = SsurvSHsurv , Ssurv = DsD(t)+ TsT (t)+Wsurv , sD(t) =
cd(t), d(t) is the signal from transmitter, c represents the
amplitude of direct-path signal; sT (t) = ad(t − t)ej2pf

Dt , α repre-
sents the amplitude of target, τ represents the delay with respect
to the direct-path signal, f D represents the Doppler frequency of
the target; Wsurv Wsurv = wH wV

[ ]( )
represents the Gaussian

white noise of H-polarized channel and V-polarized channel;
RDT = [DsD(t)+ TsT (t)][DsD(t)+ TsT (t)]

H , RD (RD = [sD(t)]
[sD(t)]

H) is the eigenvalue of RDT related to the direct-path signal.
RT (RT = [sT(t)][sT(t)]

H) is the eigenvalue of RDT related to the tar-
get. σ2 represents noise variance. I represents the identity matrix.

Then, we use the method proposed in [30, 31] to estimate the
noise variance σ2, and get RDT as shown below:

RDT = Rsurv − s2I = D T
[ ] RD 0

0 RT

[ ]
D T

[ ]H (24)

According to the principle of blind adaptive oblique projection,
the modified oblique projection operator as follows:

Eb−op = D(DHR+
DTD)−1DHR+

DT (25)

The symbol (•)+ represents the pseudo-inverse. We define

A = D T
[ ] (26)

B = RD 0
0 RT

[ ]
(27)

Then, we can obtain the pseudo-inverse of matrix A:

A+= (DHP⊥
TD)

−1
DHP⊥

T

(THP⊥
DT)

−1
THP⊥

D

[ ]
(28)

where P⊥
T represents the orthogonal projection matrix of T. P⊥

D
represents the orthogonal projection matrix of D. The covariance
matrix of surveillance channel signal without noise can be simpli-
fied as

R+
DT=(ABAH)+ (29)

In order to remove the target signal and extract the reference
signal, we need

Eb−op D T
[ ] = D 0

[ ] (30)

We can plug (28) and (29) into (25), and get

Eb−op = D(DHR+
DTD)−1DH(ABAH)+

= D(DHR+
DTD)−1(A+D)HB−1A+

= D(DHR+
DTD)−1 (DHP⊥

TD)−1
DHP⊥

TD

(THP⊥
DT)−1

THP⊥
DD

[ ]H

B−1 (DHP⊥
TD)−1

DHP⊥
T

(THP⊥
DT)−1

THP⊥
D

[ ]

= D(DHR+
DTD)−1 I

0

[ ]( )H

B−1 (DHP⊥
TD)−1

DHP⊥
T

(THP⊥
DT)−1

THP⊥
D

[ ]

(31)

Then, combined with (30) and (31), we can obtain

Eb−opT = D(DHR+
DTD)−1 I

0

[ ]( )H

B−1 (DHP⊥
TD)

−1
DHP⊥

TT

(THP⊥
DT)

−1
THP⊥

DT

[ ]

= D(DHR+
DTD)−1 I

0

[ ]( )H

B−1 0

I

[ ]

= D(DHR+
DTD)−1 I

0

[ ]( )H (RD)
−1 0

0 (RT )
−1

[ ]
0

I

[ ]
= 0

(32)

As shown in (32), the target signal is completely removed.
However, in the actual working process of the SDPPR, it will inev-
itably be affected by the complex and variable electromagnetic
environment. The electromagnetic wave received by the radar
will exhibit a partially polarized wave characteristic. As shown
in (1), clutter will cause random modulation of amplitude on
the direct-path signal [18].
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The composite clutter signal that contains both direct-path
signal and random scattered clutter signals is regarded as a ran-
dom amplitude modulation [18, 20]. In the presence of clutter,
the reception signal model is shown as below:

S = cos gd
sin gde

jwd

[ ]
c1d(t)+

∑MC

n=2

cos gnc
sin gnc e

jwn
c

[ ]
cnd(t − tn)

+
∑Mt

m=1

cos gmt
sin gmt e

jwm
t

[ ]
amd(t − tt)e

j2pf Dt + wh

wv

[ ] (33)

where γd and fd represent polarization angle and polarization
phase difference of the direct-path signal, respectively. gnc and
wn
c represent polarization angle and polarization phase difference

of clutter, respectively. gmt and wm
t represent polarization angle

and polarization phase difference of target, respectively.
According to (4), we rewrite (33) and get

S = (1+ bh) cos gd
(1+ bv) sin gde

jwd

[ ]
1d(t)

+
∑Mt

m=1

cos gmt
sin gmt e

jwm
t

[ ]
amd(t − tt)e

j2pf Dt + wh

wv

[ ] (34)

where ϵ represents the amplitude of the composite clutter signal,
βh represents amplitude modulation factor of H-polarized chan-
nel. βv represents channel amplitude modulation factor of
V-polarized. βh and βv follow normal distribution.

In order to avoid the influence of amplitude modulation in
(34), we will use sub-carrier processing technology. Convert
(34) into sub-carrier expression

Sk =
c1,h +

∑Mc

n=2
cn,he−j2pfktn

c1,v +
∑Mc

n=2
cn,ve−j2pfktn

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦QT

k

+
∑Mt

m=1
am,he−j2p( fk−f Dm )tm

∑Mt

m=1
am,ve−j2p( fk−f Dm )tm

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦UT

k,m + Wk,h

Wk,v

[ ]
(35)

where c1,h and c1,v represent the complex amplitude of direct-path
signal in the H-polarized channel and V-polarized channel,
respectively. cn,h and cn,v represent the complex amplitude of
the n-th stationary multi-path clutters in the H-polarized channel
and V-polarized channel, respectively. τn represents the delay of
the n-th stationary multi-path clutters. αm,h and αm,v represent
the complex amplitude of target in the H-polarized channel and
V-polarized channel, respectively. τm and f Dm are the delay and
the Doppler frequency of m-th target, respectively. Mc and Mt

represent the number of multi-path clutter and target, respect-
ively. Wk,h and Wk,v represents white Gaussian noise in the
H-polarized channel and V-polarized channel, respectively.

c1,h +
∑Mc

n=2 cn,he
−j2pfktn

[ ]
and c1,v +

∑Mc
n=2 cn,ve

−j2pfktn
[ ]

could
be viewed as the composite weight of clutters in the H-polarized
and V-polarized channels, and in each sub-carrier the composite
weight is constant.

Considering single target, (35) may be simplified as

Sk = Dcs
k 1kQ

T
k + Tt

kake
−j2p( fk−f D)tt UT

k + Wk,h

Wk,v

[ ]
(36)

Dcs
k = cos gck

sin gcke
jwc

k

[ ]
represents polarization vector of composite

clutter signal in the k-th sub-carrier. gck and wc
k represent polariza-

tion angle and polarization phase difference of composite clutter

signal. Tt
k =

cos gtk
sin gtke

jwt
k

[ ]
represents polarization vector of target

in the k-th sub-carrier. gtk and wt
krepresent polarization angle and

polarization phase difference of target. 1k and αk represent the
amplitude of the composite clutter signal and target in the k-th
sub-carrier.

The blind adaptive oblique projection operator in each sub-
carrier can be expressed as follows:

Eb−op
k = Dcs

k ((D
cs
k )

H(RDT
k )

+
Dcs

k )
−1(Dcs

k )
H(RDT

k )+ (37)
RDT
k = (AkBkA

H
k )

+ (38)

where Ak = DDT
k Tt

k

[ ]
and Bk = Rk,D 0

0 Rk,T

[ ]
.

Combining (36) and (37), we can effectively suppress the target
signal:

Sb−op
k = Eb−op

k Sk = Dcs
k ((D

cs
k )

H(RDT
k )

+
Dcs

k )
−1(Dcs

k )
H(RDT

k )+Sk

= Dcs
k 1kQ

T
k + W̃

h
k

W̃
v
k

[ ]

(39)
where W̃

h
k = Eb−op

k Wh
k and W̃

v
k = Eb−op

k Wv
k . As shown in (39), the

composite clutter signal is extracted and the target signal is
suppressed.

Reference signal purification

Performing IDFT on the data obtained in the previous step to
convert the frequency domain signal into the time domain. At
this point, the target signal has been suppressed, leaving only
the composite signal containing the direct-path wave and
zero-Doppler multi-path clutter with different time delays. In
order to obtain a purer reference signal, we need to further sup-
press multi-path clutter. Therefore, we will study in detail the use
of ECA to suppress multi-path clutter in this section.

Assume that the transmitted signal is V-polarized polarization,
the energy of direct-path signal received by the V-polarized chan-
nel is much stronger than that of the H-polarized channel in gen-
eral. Thus, we consider extracting the direct-path signal in the
V-polarized channel and construct composite signal delay sub-
space matrix Cv as follows:

Cv =

0 Svsc(1) Svsc(2) · · · Svsc(N − 1)
0 0 Svsc(1) · · · Svsc(N − 2)

..

. ..
. ..

. . .
. ..

.

0 0 0 · · · Svsc(N − K + 1)

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦

T

(40)

1158 Yucheng Yi et al.

https://doi.org/10.1017/S1759078722001222 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722001222


where Svsc(n) n = 1, 2, . . . , N represents composite signal in the
V-polarized channel. N represents the total data length. K repre-
sents the number of cancelation distance cells. In matrix Cv, the
first row to the (K− 1)-th row represent delay of one range bin
to (K− 1)-th range bin in sample signal, respectively.

According to the orthogonal characteristics of the subspace,
the orthogonal projection operator can be obtained as

Pv
sc = I− Cv(C

H
v Cv)

−1CH
v (41)

The residual signal SvECA,d in the V-polarized channel of surveil-
lance signal can be expressed as follows:

SvECA,d = [I− Cv(C
H
v Cv)

−1
CH
v ]S

v
sc = Pv

scS
v
sc (42)

where SvECA,d is the purified reference signal.
The signal processing flow of SDPPR by using the new method

of reference extraction is shown in Fig. 2.
As shown in Fig. 2, the echo signal has been received in the sur-

veillance channel by the single dual-polarization antenna. After
the echo signal is processed by sub-carrier, blind adaptive oblique
projection technology and ECA, the pure reference signal is
obtained. Then, we can suppress the direct-path signal and multi-
path clutters by employing signal processing method of [32].

Error analysis

It can be seen from (24) and (32), the estimation precision of
noise variance σ2 has an effect on target signal suppression.
Assume that there is error in estimation of noise variance in
each sub-carrier. Then, matrix B̃k can be expressed as

B̃k = Rk,D 0
0 Rk,T

[ ]
+ Dcs

k Tt
k

[ ]−1 Ds2 0
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k Tt
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where Δσ2 represents estimation error of noise variance.
Assume that
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It is assumed that the polarization state estimation of composite
clutter signal is unbiased estimation. Then, formula (32) can be
expressed as
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The suppression performance of target signal depends on the
ratio between the composite clutter signal energy (Rk,D) and the
estimation error of noise variance (Δσ2) (CENR). The simulation
parameters are shown in Table 1.

Fig. 2. Signal processing flow of combined processing method.
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The relationship between target signal residual energy and
CENR is shown in Fig. 3. With the increase of CENR in both
H-polarized channel and V-polarized channel, the target residual
energy gradually decreases.

Experimental research

In the flow of signal processing of SDPPR, the extraction of refer-
ence signal is an important step. The reference signal can improve
the SNR of target in the surveillance channel through matched fil-
tering technology and time-domain clutter suppression method.
In this section, we will verify the effectiveness of the proposed
method from an experimental perspective.

Experimental scheme

The method proposed in this paper is an effective alternative
when the SDPPR system RSR fails. In order to compare the per-
formance of the proposed method, a reference antenna was added
on the SDPPR system.

We will obtain the reference signal in two ways. (1) The refer-
ence signal is extracted from the reference channel using RSR
method. The direct-path signal with high SNR can be obtained
by using reference antenna point to the transmitting station. (2)
Reference signal extraction in SDPPR based on multi-processing
(RSMP) method. When the direct-path signal SNR of SDPPR sys-
tem surveillance channel is low, the reference signal cannot be
reconstructed, and the radar system fails. The combined process-
ing method proposed in this paper can effectively extract the ref-
erence signal and restore the working state of the radar system.

Experimental setup

The experimental system consists of reference antenna, surveil-
lance antenna, multi-channel receiver, and upper computer.
The surveillance antenna [33] is shown in Fig. 4. The whole antenna
system is composed of one pair of dual-polarization antenna and
one pair of single polarization antenna. Dual-polarization antenna
is called surveillance antenna and used to receive surveillance signal.
Single polarization antenna is used to receive reference signal and
called reference antenna. The polarization isolation of surveillance
antenna in the frequency band (710–718MHz) is >20 dB. The
gain of surveillance antenna is ∼10 dB.

As shown in Fig. 5, the green sector area represents surveil-
lance antenna beam direction. The blue sector area represents ref-
erence antenna beam direction. The yellow elliptical area
represents ground and buildings which bring clutter. The detec-
tion target was Boeing 737 plane.

Experimental analysis

The SDPPR system needs to reconstruct the reference signal from
the surveillance channel. In order to verify the effectiveness of the
method proposed in this paper, the surveillance antenna of the
SDPPR system was pointed at an angle of 120° with the transmit-
ter, so as to weaken the influence of direct-path signal on the sur-
veillance signal. In this scenario, we can obtain the surveillance
signal spectrum as shown in Fig. 6(a), and the constellation

Fig. 4. Antenna system.

Fig. 5. Experimental geometry.

Fig. 3. Relationship between target signal residual energy and CENR.

Table 1. Simulation parameters

Polarization
angle (°)

Phase
difference (°)

CENR
(dB)

Target 30 0 10:50

Composite
clutter signal

75 0
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Fig. 6. Surveillance channel data: (a) signal frequency spectrum and (b) constellation diagram.

Fig. 7. Reference channel data: (a) signal frequency spectrum and (b) constellation diagram.

Fig. 8. RD maps in the 80-th frame in RSR: (a) RD map of V channel and (b) RD map of H channel.
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diagram on surveillance signal as shown in Fig. 6(b). When using
the reference antenna to collect data, the received signal spectrum
is shown in Fig. 7(a), and the signal constellation diagram is
shown in Fig. 7(b).

In the effective bandwidth, the signal spectrum amplitude of
the reference channel is at least 10 dB stronger than that of the
surveillance channel, which also means that the SNR of the direct-
path signal in the reference channel is much stronger than that in
the surveillance channel. Therefore, the reference channel signal
constellation is more focused than the surveillance channel con-
stellation. In this scenario, the reference signal cannot be recon-
structed from the surveillance channel.

The experimental data were collected from a Boeing 737 in the
radar surveillance area. After obtaining the reference signal, we
perform time-domain filtering and matched filtering on the
V-polarized channel and H-polarized channel data, respectively.
When the reference signal is obtained from the reference
channel using signal reconstruction, the range Doppler (RD)
map of the H-polarized channel and the V-polarized channel
are shown in Fig. 8. When using the method in this paper to
obtain the reference signal from the surveillance channel, the

RD map of the H-polarized channel and the V-polarized channel
are shown in Fig. 9.

It can be seen from Figs 8 and 9, whether it is the H-polarized
channel or the V-polarized channel, the reference signal obtained
based on the reconstruction method has a better clutter suppres-
sion effect. This is because the SNR of the reference signal
extracted from the surveillance channel is lower than that
obtained from the reference channel reconstruction. However,
the target peak is still evident in Fig. 9.

The RD map data of the H-polarized and V-polarized chan-
nels were fused [34], and then the cell-average constant false
alarm rate detection was performed, and the detection results
are shown in Fig. 10. The red dots represent the target detection
points. The green line represents the target real track obtained
from the automatic-dependent surveillance broadcast system.

The detection result by using the RSRmethod as shown in Fig. 10
(a). The target detection points are very continuous between the 50th
and 100th seconds. The detection result by using the RSMPmethod
as shown in Fig. 10(b). Although the reference signal cannot be
reconstructed from the surveillance channel, the detection points
obtained by using the RSMP method are still satisfactory.

Fig. 9. RD maps in the 80-th frame in RSMP: (a) RD map in V channel and (b) RD map in H channel.

Fig. 10. Result of target detection: (a) detection result in RSR and (b) detection result in RSMP.
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In the scenario set in this paper, the statistics of the target
detection results are shown in Table 2.

In Table 2, we can clearly see that the best result is obtained by
using the reference signal reconstruction from reference channel
(RSR-RC) method, followed by the reference signal extraction in
multi-processing from surveillance channel (RSMP-SC) method.
The reference signal reconstruction from surveillance channel
(RSR-SC) method cannot obtain reference signal, and the target
detection fails. For the SDPPR system, there are only one surveil-
lance antenna and no reference antenna, so the conventional
method to obtain reference signal is signal reconstruction.
However, in urban environments, due to factors such as terrain
and interference, signal reconstruction may fail. The method pro-
posed in this paper can solve the above problems and is an effect-
ive alternative.

Conclusion

In this paper, a combined reference signal extraction method of
SDPPR system based on sub-carrier processing, blind adaptive
oblique projection technology and ECA is studied. This method
is different from the signal reconstruction method. When the
SNR of the direct-path signal is low and the reference signal can-
not be reconstructed, the reference signal can still be extracted in
the RSMP method. This can greatly improve the adaptability of
the SDPPR system in complex urban environment scenarios.
Therefore, the RSMP method can be used as an effective supple-
ment to the RSR method.
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