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DPI Suppression for Non-cooperative Bistatic Radar Based on
Direction-Preserving Orthogonality of Signal Eigenvectors

Yiduo Guo }, Jiawei Lu !, Yu Zhang !

Abstract

Non-cooperative bistatic radar, which detects and tracks targets by exploiting non-cooperative illuminators of opportunity,
has become a leading research focus in radar systems due to its superior survivability and cost efficiency. However, mitigating
intense Direct-Path Interference (DPI) remains a critical technical for reliable target detection and tracking. In this study, we analyze
the power and angular differences between DPI and target echoes, revealing that the eigenvectors corresponding to interference and
targets exhibit direction-preserving orthogonality when they do not coexist within the radar main lobe across three representative
scenarios. Leveraging these properties, we propose an eigenvector elimination method for DPI suppression. This approach ad-
dresses scenarios where DPI and target signals are fully coherent: it first achieves decoherence via Toeplitz matrix reconstruction,
then eliminates interference eigenvectors from the signal subspace, and finally uses the remaining target-associated eigenvectors to
construct the noise subspace. Target Directions of Arrival (DOA) are estimated using the subspace-based algorithms, such as Mul-
tiple Signal Classification (MUSIC) algorithm. Simulation results validate that the proposed method effectively suppresses DPI and
yields more accurate DOA estimates than conventional techniques.

Keywords Direct-Path Interference (DPI) - Non-cooperative bistatic radar - Direction of Arrival (DOA) - Multiple Signal
Classification (MUSIC).

1. Introduction

In recent years, non-cooperative bistatic radar detection systems have emerged as a significant area of research
within the radar field, driven by the demand for more cost-effective detection methods with enhanced battlefield sur-
vivability [1]. Traditional bistatic radar systems operate with coordinated receiving and transmitting stations, relying
on cooperative transmissions from the user's own side as the radiation source. In contrast, non-cooperative bistatic
radar, commonly referred to as Passive Bistatic Radar (PBR) [2-4], utilizes signals emitted by third-party sources as
opportunistic illuminators for passive target detection. This approach eliminates the need for a dedicated transmitting
station, thereby reducing costs and further improving battlefield survivability. The inherent non-cooperative nature of
external radiation sources makes their parameters uncontrollable. Currently, the most commonly used external radia-
tion sources are primarily commercial and can be categorized as follows: First, broadcast television radiation sources,
such as DVB-T [5], FM [6], and DAB [7]; second, mobile communication radiation sources, including Wi-Fi [8], GSM [9]
and 5G [10]; third, satellite radiation sources for navigation and positioning, such as signals from Galileo [11], GPS [12]
, and Beidou [13]. In addition to military applications, non-cooperative bistatic radar detection systems are increas-
ingly being adopted for civilian purposes. Notably, some international electronics enthusiasts have developed Soft-
ware-Defined Radio (SDR) platforms[14], which have significantly lowered the cost and increased the accessibility of
small passive detection systems. In 2018, a group of electronics enthusiasts developed the Kerberos SDR platform and
subsequently built a compact passive radar target detection system using this platform [15, 16] By employing DVB-T
as the external radiation source, passive detection experiments were conducted on highway vehicle targets [17] and
civil aircraft targets [18].
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Non-cooperative bistatic radar presents distinct challenges compared to traditional active radar, particularly with
regard to Direct-Path Interference (DPI) [19, 20]. Firstly, current non-cooperative bistatic radar systems predominantly
rely on external radiation sources that are concentrated within the UHF/VHF frequency bands. This reliance results in
significant multipath clutter interference within the echo channel, which often manifests as clutter originating from
the surrounding environment. Secondly, the presence of strong DPI, characterized by high energy levels, can obscure
target echoes, rendering them undetectable. In the absence of effective suppression of DPI, the detection of targets
remains problematic. Consequently, the primary technical challenge for non-cooperative bistatic radar in achieving
successful target detection lies in the suppression of both strong DPL

Currently, the most effective and widely employed methods for addressing the aforementioned issues primarily
involve spatial interference and clutter suppression, as well as temporal interference and clutter suppression. There
are three principal approaches to suppression of interference and clutter within the spatial domain. The first approach
is the design of a high-gain, low-sidelobe echo channel receiving antenna, which is oriented such that its null is di-
rected towards the source of DPI, thereby facilitating physical isolation of the interference. Alternatively, the
low-sidelobe weighting technique used in array antennas can be employed to suppress all interference signals that fall
outside the main lobe. While this method is relatively straightforward to implement in engineering applications, its
effectiveness is often limited, necessitating integration with additional filtering techniques for enhanced processing
[21, 22]. The second approach is adaptive sidelobe cancellation. This technique employs multiple auxiliary antennas to
capture direct waves or other multipath clutter interference signals. Subsequently, adaptive weighting is applied to
the received signals to effectively cancel out both DPI and strong multipath interference signals that are in proximity
to the direction of the DPI [23-25]. The third approach is adaptive beamforming. This method involves the construc-
tion of a mathematical model based on various optimization criteria to compute the optimal weighting coefficients for
each element of the array, thereby achieving effective interference suppression [26, 27]. Furthermore, a Jamming Jam
Method (JJM) [28], which uses the Direction of Arrival (DOA) of interference to construct a blocking matrix that miti-
gates these strong interferences, ultimately enhancing the Signal-to-Noise Ratio (SNR).

In the time domain, algorithms for interference and clutter suppression are primarily categorized into two
groups. The first group includes adaptive Wiener filtering algorithms, commonly referred to as Least Squares (LS)
algorithms. The algorithms utilized in passive radar comprise LS, Recursive Least Squares (RLS), Normalized Least
Mean Squares (NLMS), Variable-Step-Size NLMS (VSSNLMS), Fast Block Least Mean Squares (FBLMS), and Total
Least Squares (TLS), among others [29, 30]. The second group includes the Extensive Cancellation Algorithm (ECA),
which is widely used in passive radar for clutter interference suppression due to its superior cancellation performance
and favorable convergence characteristics. To enhance the efficiency of the algorithm, a batch processing-based im-
proved version, designated as ECA Batch (ECA-B) [31], was proposed and subsequently tested and validated using a
PBR experimental system operating in the VHF band. In light of the ECA-B algorithm's limitations in addressing
slow-moving targets within high-dynamic clutter environments, F. Colone introduced a sliding window-based en-
hanced version of the algorithm, referred to as ECA-Sliding (ECA-S) [32].

Despite the contributions of the aforementioned studies, several limitations persist. One notable limitation in cer-
tain previous studies employing space-domain approaches is the assumption that the angles of interference and mul-
tipath are known [33, 34]. However, this assumption is often unpredictable in practical scenarios. Furthermore, pre-
vious studies utilizing time-domain methodologies commonly employ a Reference Channel (RC) at the receiver to
capture the direct-path signal from the transmitter, along with a separate Surveillance Channel (SC) designated for
collecting the target echo. These studies often operate under the assumption that the SC exclusively receives the target
echo, without any contribution from the direct-path signal, and it is reasonable in many cases.

In order to address the aforementioned issues, this paper initially demonstrates, through three representative
scenarios, that the corresponding eigenvectors possess direction-preserving orthogonality when both the interference
and the target are not simultaneously within the range of the main-lobe. Building upon this foundation, a method uti-
lizing eigenvector elimination is proposed to mitigate DPI. The algorithm begins with the eigenvalue decomposition
of the data covariance matrix to exclude the eigenvectors associated with DPI from the signal subspace. Subsequently,
the remaining eigenvectors, which correspond to the target-reflected signals, are employed to define a new signal
subspace, while a noise subspace is constructed from the signal subspace. And then, the subspace-based algorithms
such as Multiple Signal Classification (MUSIC), Estimating Signal Parameters via Rotational Invariance Techniques
(ESPRIT) and Maximum Likelihood can be used to estimate the DOA of the target. To facilitate the demonstration of
the DOA estimation results, MUSIC algorithm is utilized to estimate the DOA of the target. The detailed contributions
of this paper are summarized as follows:

1) We prove that the eigenvectors corresponding to the target-reflected signals, as well as those corresponding to
the DPI, exhibit direction-preserving orthogonality when the power difference between the DPI and the tar-



get-reflected signals is large, and they are not simultaneously within the main-lobe. In this paper, three typical sce-
narios are considered, including a DPI and a reflected signal of target, multiple DPIs and a reflected signal of target,
and a DPI and multiple reflected signals of targets. It is theoretically deduced and proved that the eigenvectors have
direction-preserving orthogonality, and the existence conditions of the direction-preserving orthogonality and the
effectiveness of the theoretical derivation are verified through simulation experiments.

2) On the basis of proving that the signal eigenvector has the property of direction-preserving orthogonality, we
propose a target DOA estimation algorithm based on eigenvector elimination, which effectively suppresses the di-
rect-path interference. A significant advantage of this algorithm is that it does not require prior knowledge of the ori-
entation information related to DPI, nor does it necessitate the establishment of a RC. Consequently, the proposed
algorithm is straightforward to implement and entails minimal computational burden.

The remainder of this paper is structured as follows. In Section 2, we establish the signal model for
non-cooperative bistatic radar and provide a brief introduction to the theoretical foundations. Section 3 examines
three typical scenarios of non-cooperative bistatic radar, demonstrating that when interference and the target are not
simultaneously located within the main lobe, their corresponding eigenvectors retain direction-preserving orthogo-
nality. In Section 4, we propose an eigenvector elimination method aimed at suppressing DPI. Section 5 presents sim-
ulation and experimental results that validate the efficacy of the proposed method. Finally, Section 6 concludes the
paper and discusses considerations for future research.

2. Formulation of The Problem

2.1. Problem formulation

Consider a bistatic passive radar system, as illustrated in Fig.1. The system comprises a single non-cooperative
Illuminator of Opportunity (IO) and a receiving Uniform Linear Array (ULA) with L elements in spacing d. Assume
that the received signals contain DPIs and the reflected signals of targets [35]. Denote that the first | signals are DPI,
while the remaining M-] signals are reflected signals, and their powers and DOAs are o, 6,i=1,2,---,.J,---,M with

2 2 2 2 2
o, >0, >--->0;,0 o;,,>->0,.

Therefore, the signal collected by the receiving ULA in the presence of DPI can be expressed as follows
M
x ()= Zsl. (t)ej(lfl)“i"w’) +n, (1) €))]
i=1

where s,(¢) is the i-th unknown signal transmitted by the IO, and n,(r) is the Gaussian additive white noise at the

I-th array at time t,/=1,2,---, L. The noise is uncorrelated in both space and time, and its power is O'f .

Target

Non-cooperative IO

Receiving ULA

Figure 1. Geometry of bistatic passive radar system.

Its vector form can be expressed as follows
X(1)=A0)S(t)+N(1) )



where  4(0)=[a(6,).a(6,)..a(6,)] is an LxP matrix composed of P receive steering vectors,
S(t)=[s,(t).s,(t).,+.s,(t)] is the matrix consisting of amplitudes and phases of the P sources,
N(t)=[n,(t),n,(t),--,n,(¢)] is the matrix of the noise, a(6,) is the steering vector of the i-th source.

The covariance matrix R of the array signal is given by
R=E{XX"} = A0)PA©O)" + 0.1 3)

where P = E{S(t)SH (t)} . If the signals are uncorrelated, P = diag {[o-f,o-zz O J} )

Denote R=R-o.I as the signal covariance matrix, after performing the eigenvalue decomposition of R, the
following formula is derived according to the subspace theory

M M
Y ota(6)a(6)" =3 Aee! @)
i=1 i=1

where A,e, i=1,2,---,M is the large eigenvalue and corresponding eigenvector of R . For simplicity, a(6,) will be

abbreviated as a; in the following discussion.

2.2. Basic theory

The theory related to the eigenvectors of the signal correlation matrix, which is used in the subsequent analysis, is
summarized below [36].
(1) Characteristic beam

The projection matrix of the steering vector @, is aa,' /L. The magnitude of the projection of the eigenvector e y

onto a, can be expressed as

H H n,
naa aaq; e = |a" e/|
J L L J L

aa

©)

€;

This means that |a,.Hej|2 can reflect the size of the projection from e, to a;,, while the characteristic beam

|a“e j|2 reflects the projection of e, on the entire array manifold. The following analysis will focus on the projection
of e, onto the steering vector and even the array manifold.

2) The signal eigenvector e., j=1,2,---,M satisfies the following equation
g 8 j geq
M uoP .
Ylale [ =L i=12--M (6)
=

(3) The two large non-zero eigenvalues of the data covariance matrix and their corresponding eigenvectors in the
two-signal environment satisfy the following relationship

L(Gl2 -1-022)+\/L2 (o']2 -0 )2 +4(valo—2 )2

A= 2

: @)
1 L(O']2 +0'22)—\/L2 (0']2 —022) +4(VO'|O'Z )2
=
2
<L Elee)2
2 2\/L2 (012 -0, )2 +4’clo;

(8)

wor L Lz(af—af)—2v2012

a e| =—+

|2 ? 2 2( 2 _2)? 2 2 2
24/ L (0'1 —0'2) +4v o, o)

where v= abs(al”a2 ) )

2..3. Notation

In this paper, (-) denotes conjugate, (-) denotes transpose, (-)' denotes conjugate transpose, (-)" denotes

matrix inverse, E{} denotes expectation operator, abs{-} denotes absolute value, || denotes module value,



diag{-} denotes diagonal matrix composed of the column or row vector, I denotes identity matrix, rank{-} denotes

rank of matrix, toeplitz{-} denotes toeplitz matrix composed of the column or row vector.

3. Direction-Preserving Orthogonality of Signal Eigenvectors

If the eigenvector corresponding to the target reflected signal satisfies the following conditions:

1. It is maximally projected onto the guiding vector of the target-reflected signal;

2. It is orthogonal to the guiding vectors of other interference.

Then, the eigenvector of the signal is said to be direction-preserving orthogonal. In this case, the angular infor-
mation of the signal emitted from each target can be extracted directly from the eigenvectors, without being affected by
other interferences/clutter.

In this section, we consider the following three typical scenarios of non-cooperative bistatic radar to theoretically
demonstrate that the eigenvectors corresponding to the target-reflected signals, as well as those corresponding to the
DPI, exhibit direction-preserving orthogonality when the power difference between the DPI and the target-reflected
signals is large, and the angles are widely separated (not simultaneously within the main-lobe).

3.1. Scenario 1: a DPI and a reflected signal of target
Assuming that the power of the DPIis o;, and the power of the reflected signal from the targets is o, , the fol-
lowing relationship can be obtained from Eq.7 and Eq.8 when v=0.

A =Lot .4 =Lo; ©)
Furthermore, under the additional condition that o7 # o, the following relationship holds
|a]He] |2 =L, |afe2 ) (10)
Simultaneously, based on Equation 6, it can be derived that
|alHe2|2 =0, |a?e]|2 =0 (11)

This indicates that if the steering vectors of the two signals are mutually orthogonal and their powers are une-
qual, the eigenvector of the signal contains directional information corresponding to that signal and remains orthog-
onal to the steering vectors of other signals. In other words, the eigenvector of the signal exhibits direction-preserving
orthogonality.

However, the condition v =0lacks practical significance, as it is only valid for a limited set of specific angles.
This limitation is the primary reason for the conclusion that no correspondence exists between the signal's eigenvector
and the signal itself. In reality, this conclusion is based on the assumption that the influence of signal power is negli-
gible. When variations in signal power are considered, the direction-preserving orthogonality of the eigenvector re-
mains valid, as demonstrated in Proposition 1.

Proposition 1. Let a, and e, represent the steering vector and the corresponding eigenvector of the DPI, re-

spectively, a, and e, denote the steering vector and the corresponding eigenvector of the target reflected signal,

respectively. When o7 o, , the eigenvector e, corresponding to the target reflected signal satisfies

H 2
a1He2|2:0,andthus e, = (1_“1;1}/ (L_VLJ a,.

Proof: See Appendix A.
From the expression of e,, it can be seen that when the DPI and the target reflected signal are not simultaneously

2
H _ 2
|aje,| =2-v*/L,

a2“e2|2 ~ L. Therefore, the projection of

within the main-lobe, v becomes a relatively small value, and consequently,

the eigenvector corresponding to the target reflected signal onto its steering vector nearly reaches its maximum, im-
plying that the eigenvector of the target reflected signal exhibits direction-preserving orthogonality.

3.2. Scenario 2: mitiple DPIs and a reflected signal of target

Assuming that the powers of the DPIs are much greater than that of the target reflected signal, and that the pow-
er difference between the DPIs is negligible, a precise analysis, as in Section II.A, is not feasible due to the large
number of unknown conditions involved. Instead, the analysis will focus on estimating and examining the direc-
tion-preserving orthogonality of the eigenvector corresponding to the target reflected signal in this scenario.

If the first M —1 signals consist of DPIs, the signal covariance matrix R can be decomposed as follows



M-1

B 2 H 2 H_ b 2 H

R= E c;aa; +o,a,a,=R, +0,a,a, 12)
i=1

where RM_I denotes the signal covariance matrix of DPIs, al.z (i =12, M —1) represents the power of the ith DPI,
a,(i=12,--,M —1) denotes the corresponding steering vector, o,, represents the power of the target reflected sig-
nal, and a, denotes the corresponding steering vector.

Let A/, e (i=12,...,M —1) represent the first M —1 eigenvalues of R, , and their corresponding eigenvec-

i

tors, while 4., e, (i =12,....M —1) denote the first M —1 eigenvalues and their respective eigenvectors of R.

i

Furthermore, the following relationship holds

A=A+, 13)
Given
Re =Je i=12,...M-1 (14)
While
R, e =Ae i=12,.,M-1 (15)
Substituting Eq.12 and Eq.13 into Eq.14, we get
(R, +ora,ay)e, =(4+A4)e, (16)
Left-multiplying both sides of Eq.17 by /", we obtain
e"R, e +e"cla,a,e = ( ee, + A/I[el.'ne[) (17)
The conjugate transpose of Eq.15 is taken and then right-multiplied by e, resulting in the following
e"R, e =Ael"e, (18)

By substituting into Eq.17, the following expression is obtained

'H H
e a,a,e,
_ 2 € &,a,¢
AL =0y —0—

e e

(19)
While

YA =LY o (20)

Y A=LY o} (21)
Eq.13 is substituted into Eq.21, resulting in B N
Af(/ii’+A/1i)+/1M = Liaf (22)
By substituting Eq.20 into Eq.22, the follol;ing is obtained h
Ay =Loy, — Af A4 (23)
Finally, Eq.19 is substituted into Eq.23, yielding B
A, =L~ Mz% (24)
P .

Proposition 2. Let e, denote the eigenvector corresponding to the target reflected signal, and let

A, =[a,a,,-,a, ]. When o =---~0,_ [ o, the eigenvector e, corresponding to the target reflected signal

(I_AM—I (Aﬁ,lAMfl )_] AAI-/;—I )aM
M-1 2 )
L-Slale)
i=1

M-1
When the DPIs and target reflected signal are not simultaneously located within the main-lobe, Z|a;ei|2 as-

i=1

M-1
. . 2
satisfies |aEeM | =L-) |a,3ei
i=1

> M-1 ) °
, Zo;aiai e, =0,and e, =
i=1

Proof: See Appendix B.

2
H
aMeM| ~L.

sumes a relatively small value. In this scenario,

Based on Proposition 2, it can be concluded that in the presence of multiple DPIs and one target reflected signal,
the target reflected signal still exhibits direction-preserving orthogonality with respect to the DPIs.



3.3 Scenario 3: a DPI and Multiple Reflected Signals of Targets

Assuming that the power of the DPI is significantly greater than the power of the target reflected signals, the
power differences among the target reflected signals are relatively small, satisfying o} 0 o - ~0},.

Since A,A,,---,4, are the eigenvaluesof R,and they are also the eigenvalues of the following matrix Q

Lo}  a'a,o; - al'a,o;,
g-|%4% Lo v e (25)
ayac. aja,c. - Loy,
According to the Gershgorin circle theorem [37], the magnitude of A, must satisfy
Lo? - alac’ <4 <10’ + Y alac’ 26)
i=2 i=2

Eq.25 reveals the relationship between the large eigenvalues of the data covariance matrix and the power of in-
terference and signals. Although the exact expressions for the large eigenvalues cannot be derived, their value ranges
can be determined. In certain cases, the magnitudes of the large eigenvalues can be precisely determined using Eq.26.

From Eq.26, the eigenvalue /4, can be considered to lie within a circle on the complex plane centered at

(Lo-l2 O) .Since 4, is areal number, its possible values can be further confined to a symmetric region on the real axis

centered at Lo . The size of this region is related to the power of signals other than s, and the angles between these

M M
signals and s,. For 4, this region corresponds to ZalHac.z as ZalHaiG,z is necessarily much smaller than

i=2 Y i=2
M
Y a''ao).
i=2
When o7 [ o, ~---~0;,, and the angular separation between the target reflected signal and the direct wave, as
M
well as the multipath clutter, is sufficiently large, L>>a/'a, i,j=1,23,--,M i#j, it leads to Lo} [ Z:al“aio;2 ,
i=2
thereby resulting in A4 ~ Loy .
Based on the relationship between eigenvalues and eigenvectors, it can be concluded that
Re, = /e, (27)

M
Since R = Zo-fa[af' , substituting it along with A ~ Lo, into Eq.27 and dividing both sides by &, we obtain

i=l1

2 2
o o
(alalH +—=2a,a;) +---+—’;’aMaAH4je1 =Le, (28)
O, 1
2 2
. o, M . H
Since —,-+-,—5- — 0, it can be concluded that aa e = Le,.
O-l 1
Therefore, it can be deduced that
a
o= 29)

N

Substituting the expression for e, yields |a,.Hel |2 :|a,.Hal|2 /L. When DPI and target reflected signals do not fall

2 2
simultaneously within the main-lobe, a,.”a1| is a relatively small value, resulting in |a,.He1| ~0,i=2,---,M . Therefore,

it can be concluded that in the presence of DPI and multiple reflected signals of targets, DPI exhibits direc-
tion-preserving orthogonality with respect to the reflected signals.

4. Eigenvector Elimination Algorithm for Direct-Path Interference Suppression

4.1. Algorithm description
Since the DPIs and target reflected signals may be correlated or even coherent, for the convenience of analysis, the
worst-case scenario is considered, where all received signals are fully coherent. In this case, rank(P)=1, and the ei-

genvalue decomposition of the data covariance matrix reveals that the number of dominant eigenvalues is 1, with the
corresponding signal subspace having an eigenvector dimensionality of 1. Therefore, to ensure rank(P)=M, it is

necessary to decorrelate all signal sources.



Based on the established signal model of non-cooperative bistatic radar, for fully coherent DPIs and target re-
flected signals, the source covariance matrix can be expressed in terms of the signal power as

2
0 0,6, - 00, - 00y
2
0,0, 0, 0,0, ot 0,0y
P : : . .2 . : (30)
0,0, 0,0, - oy Tt 0,0y
2
|1Ou0, Oy0, - O0u,0, - Oy |

Substituting Eq.30 into Eq.4, the elements of the first row of the data covariance matrix R can be obtained as
R, =ca+-+o,a++0,a+0,

- B i Jb,
R, =cae™ +-+o,ae’ +-+ 0,00

G
R, = O'Iae‘/(L_l)ﬂ‘ +---+ajae"(L_1)ﬂJ +~~~+0Mae"(L_])ﬁ"
where R (i=1-,L) represents the i-th element of the first row of R, and a =(0,+--+0, +---+0,,).
Taking the conjugate of R, (i=1,---,L) and expressing it in vector form yields
R, 1 1 1
R* e’jﬂl cee e*fﬂ./ - e’fﬁM
V== : . : . : x[oa0,a0,a] +[0',f 0,-~-,0]T (32)
Rl*,L e’j(L’l)ﬂl . e*f(L’l)ﬂ./ . e*f(L’l)ﬂw
where §= [Ula oo, e aMa]T, W is an Lx1-dimensional vector with the first element equal to 1 and all
other elements equal to 0.
A new Toeplitz matrix R’ is reconstructed using V
R, R, R,
R R, - R
R' = toeplitZ(V) ="M o S =APAT + o1, (33)
R] L RI,L—] RI* 1

where P'=diag(S).

From Eq.33, it can be observed that the reconstructed Toeplitz matrix R’ ensures rank(P')=M , thereby
achieving the decorrelation of the DPIs and target reflected signals. Consequently, the i-th coherent source can be
treated equivalently as an independent source with a power of o,a,(i=1,-,J,---,M).

Since the first sources ] correspond to DPIs, and their powers satisfy o >0, >---> o, o;, >->0;,, it fol-
lows that c,a>o,a>:-->0,al] o,,a>-->0,a. Clearly, this satisfies the condition for the direction-preserving
orthogonality of the eigenvectors corresponding to the DPIs and the target reflected signals.

The eigenvalue decomposition of R’ is performed, resulting in M dominant eigenvalues
Ay Ay Ay Ay, satistying A/ >4 >--->A0 A4, >--->4;, , with their corresponding eigenvectors
e,e, e e, e, . Since the eigenvectors corresponding to the DPIs and the target reflected signals exhibit direc-

tion-preserving orthogonality, the effects of the DPIs can be eliminated by removing the first J eigenvectors.
Next, the remaining M —J eigenvectors are used to construct a new signal subspace E; corresponding to the

M —J target reflected signals, where Eg=[¢),,, -,e},]. The corresponding noise subspace is denoted as E; . Ac-

cording to the subspace principle, E;, satisfies

E\E" =1-EE}" (34)
Then, according to the MUSIC algorithm, the estimated values of the signal source's DOA are obtained as follows
0= argmin{a" (0) EE}"a(0)} = argmin{a" (0)(1 - E{E{" )a(0)} (35)

The preceding analysis and discussion are based on the assumption that the total number of DPIs, denoted as J,
is precisely known. However, in practical scenarios, prior knowledge of the number of DPI sources is typically una-
vailable. Determining the appropriate dimensionality of the subspace corresponding to the DPIs is a critical issue. If
the number of dominant eigenvalues is underestimated, the suppression of DPIs will be insufficient, significantly af-



fecting the subsequent DOA estimation of the target reflected signals. Conversely, if too many dominant eigenvalues
are selected, excessive cancellation of target signals may occur, leading to missed estimations of the target reflected
signals. In practical applications, the number of dominant eigenvalues corresponding to the DPIs can be determined
based on the variation of adjacent eigenvalues. Specifically, the number of dominant eigenvalues corresponding to the
DPIs is given by i, which satisfies Eq.36.

A A
i i+ =12L_2 36
RSO (i=1,2,--,L-2) (36)

i+l i+2

From the above analysis, it can be concluded that the larger the power of the DPIs relative to the power of the
target reflected signals, the greater the corresponding eigenvalues. As the difference between the eigenvalues corre-
sponding to the DPIs and those corresponding to the target reflected signals increases, it becomes easier to determine
the dimensionality of the subspace associated with the DPIs. Thus, the DPIs are more effectively suppressed.

4.2. Algorithm steps

Based on the above analysis, the basic steps of the algorithm can be summarized as follows

(1) The data covariance matrix R is estimated using the received array data x(k).

(2) Signal Decorrelation: The DPIs and target reflections are decorrelated using Eq.33, yielding the modified co-

variance matrix R'.
(3) Source Number Detection: The number of DPI sources J is determined through Eq.36.

(4) Subspace Processing: (1) Perform eigenvalue decomposition on R’ to obtain its signal subspace Ej. (2) Ex-

clude the J dominant eigenvectors corresponding to interference components. (3) Construct the target subspace E

r H

from the remaining M —J eigenvectors. (4) Compute the projection matrix E,E}" .

(5) The DOA estimation of the target reflected signals is achieved using Eq.35.

5. Numerical Simulations

In the simulation, it is assumed that a non-cooperative bistatic radar system is utilized, employing broadcast tele-
vision signals as the external illuminator. The receiving antenna is modeled as a uniformly spaced linear array con-
sisting of 20 elements, with the element spacing set to half a wavelength. Since the DPIs and target reflected signals
are all sourced from the same radiation emitter, all signals are considered to be coherent, and the number of sources is

calculated through Eq. 36. The SNR is defined as S/N =10log,, (o-s2 o} ) , the Interference-to-Signal Ratio (ISR) is de-
fined as 7/S =10log,, (0',2 / Gf), and the Interference-to-Noise Ratio (INR) is defined as 7/N =10log,, (0'12 / o-j), where

o’ represents the signal power, o, denotes the strong interference power, and o, refers to the noise power.

5.1. Direction-preserving orthogonality of eigenvectors corresponding to DPI and reflected signal of target
(1) A DPI and a reflected signal of target

The analysis focuses on the variation in the projection magnitude of the eigenvector associated with the target
onto the steering vector, under the influence of DPI (hereinafter collectively referred to as "interference") and the tar-
get reflected signal. The interference DOA is fixed at 10°, while the DOA of the target reflected signal ranges from 0°
to 90° in steps of 0.1°. The SNR is set to 0 dB, and the ISR increases from 0 dB to 90 dB in steps of 0.1 dB. Fig.2(a) and

Fig.2(b) display the 3D and pseudocolor 2D plots, respectively, of the projection value |a1e§|2 (i.e., the projection of
e, onto a,) versus the target DOA and ISR. Similarly, Fig.3(a) and Fig.3(b) illustrate the corresponding plots for
|a2e2H |2 .Here, a, and a, represent the steering vectors of the interference and the target reflected signal, respective-
ly, and e, denotes the eigenvector corresponding to the target.

From Fig.2 and Fig.3, it can be observed that the projection value of the target eigenvector e, onto a, is ap-
proximately zero. Moreover, the projection value of e, onto a, reaches the maximum value L =20 for most ISR
and angle conditions. It is important to note that in Fig.3, when the target angle approaches the interference angle

(10°), the projection value |a§{e2|2 =L-v*/L of e, onto a, becomes relatively small. This is because, when the beam

50.84

Ld cos 6,

is steered towards 6, =10", the main-lobe beamwidth of the radar with 20 array elements is ~5.16 . When

the target angle is within the range of [5°, 10°], both the target and the interference fall within the same beam. Conse-



quently, v=abs(a1Ha2) becomes relatively large, causing the projection value of e, onto a, to fail to reach its

maximum. This does not satisfy the direction-preserving orthogonality condition of the eigenvector corresponding to
the target. Hence, when there is a significant power difference between the interference and the target, and the two
are not within the same beam, the eigenvector corresponding to the target exhibits direction-preserving orthogonality.
The simulation results are consistent with the theoretical analysis presented in Section 3.1.
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(2) Multiple DPIs and a reflected rignal of target

This study investigates the variation in the projection magnitude of the eigenvector corresponding to the target
reflected signal onto the steering vectors of various signals, in the presence of three DPIs and a target reflected signal.
The DOAs of the DPIs are fixed at 0°, 30° and 60°, respectively. The DOA of the target reflected signal ranges from 0°
to 90° in steps of 0.1°. The SNR is set to 0 dB, and the powers of the DPIs are assumed to be equal. The ISR varies from
0 dB to 90 dB in steps of 0.1 dB. To conserve space, Fig.4 provides only the pseudocolor plots illustrating the variation
in the projection magnitudes of the eigenvector corresponding to the target onto the steering vectors as a function of
the target DOA and ISR.

In Fig.4(a), the projection value |a,ef|2 of e, onto a, is depicted, while Fig.4(b) illustrates the projection value

2 2
|a2e§| of e, onto a,. Similarly, Fig.4(c) presents the projection value |a3ef| of e, onto a,, and Fig.4(d) shows
2
the projection value |a4ef| of e, onto a,. Here, a,, a,, a,, and a, represent the steering vectors of the three
DPIs and one target reflected signal, respectively, while e, denotes the eigenvector corresponding to the target.
Fig.4 shows that the projection values of the target eigenvector e, onto the interference steering vectors a,, a,,
and a, are approximately zero. Additionally, when the target angle and the interference angles are not within the

same beam, the projection value of e, onto the target steering vector a, reaches the maximum value of L=20.



This indicates that the target eigenvector exhibits direction-preserving orthogonality, and the simulation results are
consistent with the theoretical analysis presented in Section 3.2.
10

80 80 7
8 6
< 60 < 60
S o 5
o 6 o
S S .
G 40 G 40
< 4 < 3
o o
[m)] a
2
20 2 20
1
0 0
0 20 40 60 80 0 20 40 60 80
ISR(dB) ISR(dB)
(a) (b)

80

[«2]

o
D
o

DOA of target(®)
S
o

DOA of target(°)

N
o

0 20 40 60 80 0 20 40 60 80
ISR(dB) ISR(dB)
(c) (d)

Fig. 4. Pseudocolor plots of projection magnitudes of the interference eigenvector onto steering vectors as a function of
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(3) A DPI and multiple reflected signals of targets

This section considers the case of one interference signal and three target reflected signals, analyzing how the
projection magnitudes of the interference's corresponding eigenvector onto the steering vectors of the target signals
vary with changes in the interference's DOA and ISR. In this analysis, the azimuth angles of the three target reflected
signals are fixed at 0°, 20°, and 40°, respectively, while the interference angle varies from 0° to 90° in steps of 0.1°. Ad-
ditionally, it is assumed that the SNRs of all three target reflected signals are equal and set at 0 dB, and the ISR varies
from 0 dB to 90 dB in steps of 0.1 dB. Fig. 5 illustrates the pseudocolor plots of the projection magnitudes of the inter-
ference eigenvector onto the steering vectors as a function of the target DOA and ISR. Specifically, Fig.5(a) shows the

2 2
projection magnitude |a1e1H| of ¢ onto a,, Fig.5(b) shows the projection magnitude |aze1H of ¢ onto a,,

Fig.5(c) shows the projection magnitude |a3elH|2 of e onto a,, and Fig.5(d) shows the projection magnitude |a4e]H|2
of e, onto a,.Here, a,, a,, a,, and a, correspond to the steering vectors of one DPI and three target reflected
signals, respectively, while e, represents the eigenvector of the DPIL.
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Fig.5 demonstrates that the projection value of the interference eigenvector e, onto the interference steering
vector @, remains consistently at its maximum, approximately L=20. When the target angles fall outside the beam
range of the interference angle, the projection values of e, onto the target steering vectors a,, a,, and a, are

nearly zero. Such results indicate that the interference eigenvector possesses direction-preserving orthogonality, with
the simulation outcomes fully consistent with the theoretical analysis presented in Section 3.3.

5.2. Suppression performance of DPI
(1) A DPI and a reflected signal of target

In this analysis, it is assumed that the incident angle of the DPI is 0°, the INR is 60 dB, and the SNR is 0 dB. Fig.6
presents the spatial spectrum curves before and after interference suppression using the proposed algorithm, when
the target angle is 15° (where the target and interference are not within the same beam range). Fig. 7 displays the spa-
tial spectrum curves before and after interference suppression using the proposed algorithm when the target angle is
4° (where the target and interference are within the same beam range). The red dashed line in the figures indicates the
direction of the target.
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(2) Multiple DPIs and a reflected signal of target

In this analysis, it is assumed that the incident angle of the DPI is 0°, -20° and -30°, respectively. The INRs of the
DPIs are 60 dB, 50 dB and 45 dB, respectively, while the SNR of the target is 0 dB. Fig. 8 illustrates the spatial spec-
trum curves before and after interference suppression using the proposed algorithm when the target angle is 10°
(where the target and the interference/multipath clutters are outside the same beam range). Fig. 9 depicts the spatial
spectrum curves before and after interference suppression using the proposed algorithm when the target angle is 4°
(where the target and the interference/multipath clutters are within the same beam range). The red dashed lines in the
figures indicate the direction of the target.
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(3) A DPI and multiple reflected signals of targets

The analysis assumes three target reflected signals with angles of -20°, 35°, and 45°, and corresponding SNRs of 0
dB, 5 dB, and 10 dB, respectively, while the INR is set at 60 dB. Fig.10 depicts the spatial spectrum curves before and
after interference suppression using the proposed algorithm when the interference incident angle is 5° (indicating
that the targets and interference are outside the same beam range). Fig.11 shows the spatial spectrum curves before
and after interference suppression using the proposed algorithm when the interference incident angle is 40° (indicat-
ing that the targets and interference are within the same beam range). The red dashed lines in the figures represent the

directions of the targets.
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From Fig. 6 to 11, it can be seen that in three typical scenarios, since the intensity of the DPI is much greater than
that of the target reflected signal, the target reflected signal is submerged in strong interference and it is difficult to
detect the target signal. However, by using the eigenvector elimination algorithm proposed in this paper, strong in-
terference can be suppressed. In addition, when the target and DPI are not within the same beam range, the condition



of direction-preserving orthogonality of interference/target eigenvectors is satisfied, and the proposed algorithm can
accurately estimate the DOA of the target, as shown in Fig.6(b), Fig.8(b), and Fig.10(b). When the target and DPI are
within the same beam range, the condition of direction-preserving orthogonality of interference/target eigenvectors is
not satisfied, and the target DOA estimated by the proposed algorithm has a large deviation, as shown in Fig.7(b),
Fig.9(b), and Fig.11(b).

5.3. Statistical performance of DOA estimation for targets

The following three scenarios are set for non-cooperative bistatic radar operations: 1. One DPI and one target re-
flected signal, with DOA at -10° and 15°, respectively. 2. two DPIs and one target reflected signal, with DOAs at -10°,
35° and 15°, respectively. 3. One DPI and two target reflected signals, with DOAs at -10°, 15°, and 25°, respectively.
Fig. 12 shows the comparison curves of the estimated deviation, Root Mean Square Error (RMSE), and success proba-
bility of the algorithm in this paper under three scenarios as a function of SNR. The results are the statistical results of
500 Monte-Carlo experiments (100 Monte-Carlo simulations are performed at each SNR point). During the simulation
process, the INR is set to 60 dB, and the SNR changes from -20 dB to 10 dB in steps of 1 dB.
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Fig. 12. Comparative performance curves of DOA estimation for target reflected signals in three scenarios using the
proposed algorithm. (a) Estimation error, (b) Estimation RMSE, (c) Probability of successful.

From the Monte Carlo experimental results shown in Fig. 12, it can be observed that, regardless of the scenario,
the DOA of the target can be accurately estimated by the proposed algorithm, provided that the conditions for direc-
tion-preserving orthogonality are satisfied. Furthermore, a high success rate is achieved even under low SNR condi-
tions.

To further illustrate the superiority of the proposed algorithm, a comparative analysis is performed between the
proposed algorithm and the existing CLEAN algorithm 18], JJM algorithm, the algorithm proposed in [39]. Fig.13
shows the comparison curves of estimation error, RMSE, and success probability as functions of SNR for the four al-
gorithms. The results are based on 500 Monte Carlo experiments. In the simulations, it is assumed that one DPI and
one target reflected signal are present. The DOA of the target reflected signal is set to 15°, with the SNR varying from
-20 dB to 10 dB in steps of 1 dB. The DOA of the interference is set to -10°, and the INR is fixed at 60 dB.
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As shown in Fig.13, the proposed algorithm demonstrates a lower SNR resolution threshold, smaller estimation
error, and reduced RMSE compared to the JJ]M and CLEAN algorithms, but it is almost the same as the algorithm in
[39]. This indicates that the proposed algorithm is more effective in suppressing DPI.

6. Conclusions

In this work, we demonstrate, based on three typical scenarios of non-cooperative bistatic radar, that the eigen-
vectors of the interference and the target are direction-preserving orthogonal when the power of DPI and the target
differ significantly and are not in the same beam range. On this basis, an algorithm for DPI suppression based on ei-
genvector rejection is proposed. In contrast to existed DPI suppression approaches, the proposed algorithm has the
advantage of no need to predict the orientation of DPI and no need to set the RC, which is very useful for practical
purposes. Several Monte Carlo simulation results have been to illustrate the conditions under which the direc-
tion-preserving orthogonality of interference and target eigenvectors holds and the performance of the proposed al-
gorithm, and then compare it with the CLEAN algorithm, JJM algorithm and the algorithm proposed in [39]. The re-
sults show that the proposed algorithm can effectively suppress the DPI, and has better performance than the CLEAN
and JJM algorithms when the conditions of the direction-preserving orthogonal are satisfied.

Future research track might encompass considering the scenarios with multiple interferences and multiple target
signals and solve it based on proving that the interference and target signal eigenvectors are direction-preserving or-
thogonal.
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Appendix

A. Proof of Proposition 1

Let x=o03/0? .Eq.7 and Eq.8 can be rewritten as follows

o? (L(x—l)+,/L2 (1-x)’ +4v2x)

2x
L I (1—)6)—2\/2

=4
2 N5 (1 —x)2 +4°x

However, as the power difference between the DPI and the target reflected signal increases, in the limiting case
where x — 0, applying L'Hopital's rule yields

A =Lo; ~ (A1)

late,| = (A2)

2 2
lim 2, = Los -2 (A3)
CH P v
£1_r)13a2e2| :L_f (A4)
Based on Eq.6 and Eq.A4, the following can be obtained
lim|af'e, | =0 (A5)

Eq.A4 and Eq.A5 indicate that as x — 0, where the DPI and target reflected signals exhibit significant power dif-
ferences, the eigenvector e, corresponding to the target reflected signal is orthogonal to «,. However, whether it

retains conservative orientation requires further analysis.
Substituting Eq.A3 into Eq.4 leads to

2
aae, +xaa)e, = [L - vzjxez (A6)

Let x—0, then: aa''e, =0.
From the perspective of simultaneously satisfying Eq.A6, it can be derived that

H
e, :(1—%}5 (A7)

where J is an arbitrary vector that ensures e, satisfies the normalization condition. From the standpoint of satisfy-
ing Eq.A5, it can be derived that
H
I _ alal
L

a,
v
L

e, = (A8)

Thus, the proof is complete.

B. Proof of Proposition 2

When the power of the target reflected signal is significantly lower than that of the direct wave and multipath
2

clutter, i.e., GZM — 0, by substituting Eq.19 into Eq.16 and dividing both sides by the power of the target reflected
M-1
signal, the following expression is obtained
R 2 ﬂ_’ 2 .IH H )
[—g“ + GZM a,a, ]e[ =[ R GZM & aZaMe, e (A9)
O-M—l O-M—l O-M—l O-M—l e[ ei
At this point, Eq.A9 can be rewritten as follows
R, e = Ak, (A10)
2
Thus, it can be concluded that under the condition O;M —0, e =e¢ .Consequently, Eq.24 becomes
O—M—I
M-1 2
Ay =Loy —07, Y |aye,| (A11)

i=1

Conversely



M-1

2 H 2 H _
Zdi aa’e, +o,a,a,e, =1,.¢€, (A12)
i=1

Both sides are divided by o7, ,, and Eq.A11 is then substituted in

M-1

2 H
Z o, a4,
i=1

2 2 2 M-
Oy H Ou Ou H_ |2
+ a,a, e, =|L - a,e| |e Al13
e [ - Gﬁal;IM,le (A13)
0_2
Since 2M — 0, it can be concluded that
GM*I
M-1
Y claale, =0 (A14)
i=1
It can be derived from Eq.50 that the following holds
-1
€y = |:I_AM—1 (AAI:II—]AM—I) AAI;—I :|6 (A15)

where J represents an arbitrary vector that satisfies the eigenvector normalization condition. However, it is known
that e, isunique. To determine 4, additional constraints must be imposed.

Multiply both sides of Eq.A12 by e}, from the left, and substitute Eq.A11 into it, resulting in the following

< o, 2 2w P
ZO‘I. |al. eM| =Lo,, -0y, Z|aMe,.| (Al6)
i=l i=1
Divide both sides by o7},
= l_z PR o2 a0 e
O_—2|ai eM| +|aMeM| =L- Z|aMei| (A17)
i=1 M i=1
It can be inferred from Eq.A15 that
lafe, [ =0, i=12...M~1 (A18)
Meanwhile
v, |? ASIP NG
layie, | =L- |ajel (A19)

That is, the choice of J must satisfy Eq.A19.
If we select

=
ey = a(I_AM—l (AA};—IAM—I) AAI;—I)aM (A20)

where ¢ is a constant that ensures e,, satisfies the normalization condition. Therefore

2
2 2 -1
|aAl-/11eM| :a/\l;eMe}ll_/[IaM =|0!| al\l} (I_AM—I (AZS—IAM—I) A/\l;—l)aM (A21)
Since e/ =e¢,, it can be concluded that
-l ’ ’
A, (A}\ljl—lAM—l) A/lljl—] = ESHES = E.IS:[ES (A22)
where Eg=[e],e),-,e, |, Es=[e.e,, e, ].
Substituting this into Eq.A20
e, =a(I-EJE)a, (A23)
Substituting Eq.A23 into Eq.A21
H, |? 2| H H 2 2 ASIAE ’
|aMeM| =|al |ay (I—ES ES)aM‘ =|a (L—Z|aMel.| j (A24)
i=l1
Given that « = +, it is substituted into Eq.A21, resulting in
L= |a,\}jei|2
i=1

-1
(I - AM—I (AAI_;—IAM—I ) AA};—I )aM
e, = (A24)

M-1 )
L- Z|aﬁel.|
i=1




It precisely satisfies Eq.A19 and is therefore valid.
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