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Abstract

In this study, a direct position tracking method for non-circular (NC) signals
using distributed passive arrays is proposed. First, we calculate the initial posi-
tions of sources using a direct position determination (DPD) approach; next,
we transform the tracking into a compensation problem. The offsets of the
adjacent time positions are calculated using a first-order Taylor expansion.
The fusion calculation of the noise subspace is performed according to the NC
characteristics. Because the proposed method uses the signal information from
the previous iteration, it can realize automatic data associations. Compared
with traditional DPD and two-step localization methods, our novel process has
lower computational complexity and provides higher accuracy. Moreover, its
performance is better than that of the traditional tracking methods. Numerous
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1 | INTRODUCTION

Wireless tracking is an important research topic in array
signal processing; it is widely used in radar, communica-
tion, and vehicular engineering applications [1, 2]. The
common two-step method [3], which comprises two inde-
pendent steps, is used for tracking the position of a
source. In these methods, first, the position parameters
(e.g., direction of arrival [DOA] [4], Doppler frequency
shift [5], and time difference of arrival [TDOA] [6])
of the target source are measured. Subsequently, these
parameters are used to calculate source locations, essen-
tially ignoring the fact that all receivers simultaneously
intercept the same transmitted signal. Additionally, these

simulation results support the superiority of our proposed method.

direct position determination, direct tracking, distributed passive array, non-circular signal,
subspace, Taylor expansion

methods have been shown to be suboptimal for
sensor array-based localization. Therefore, two-step local-
ization algorithms suffer from poor accuracy at low
signal-to-noise ratios (SNRs), and their computational
complexity increases geometrically with the number of
sources [7].

By contrast, the one-step direct position determina-
tion (DPD) method [8] has significant advantages
because it directly tracks sources by constructing a cost
function. By avoiding the construction of geometric
relationships, the DPD method is more adaptable to low
SNR and produces more accurate results [9]. The first
precise maximum likelihood-based DPD technique [10]
for single emitters was developed in 2004; hence, the
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application of DPD to numerous localization scenarios
has been extensively studied. Specifically, Demissie et al.
proposed a moving single-array DPD technique [11] in
2008, which obtains source locations via subspace data
fusion (SDF). Another common DPD approach is to
receive signals through multiple fixed-location stations
and transmit them to a fusion center (FC) [12, 13],
whereas the positioning procedure is performed only at
the FC. However, FC-based algorithms require higher
communication bandwidths [14]. Tirer and Weiss [15]
introduced an algorithm that does not require foreknowl-
edge of emitted signals types, which reduces computa-
tional burdens. Additionally, because the FC-based DPD
algorithm processes all receiver intercepts simulta-
neously, it exhibits more robust performance than single-
station DPD algorithms [16]. However, the drawback of
the DPD algorithm is that its complexity is so high that it
prevents real-time tracking.

Conventional DPD methods are based on circular sig-
nals. However, non-circular (NC) signals vary in terms of
the elliptical covariance. NC signals are often used in dig-
ital modulation schemes, such as binary phase shift key-
ing (BPSK) [17] and amplitude-shift keying (ASK) [18].
Therefore, the NC signal position must be estimated.
Based on the SDF algorithm, [19] proposed a DPD
method for NC signals using a uniform line array (ULA)
that provides significant improvements in emitter posi-
tion and number estimation accuracy over traditional cir-
cular signal algorithms. DPD methods for NC signals
with moving coprime and nested arrays were examined
in [20] and [21], respectively, which further improved the
performance in locating NC signals. For practical situa-
tions, [22] proposed a DPD method for NC signals using
self-calibration techniques in the presence of mutual cou-
pling. Despite the advances in DPD methods for NC sig-
nals, their complexity has not been reduced and they still
present significant shortcomings in tracking.

To better track NC signals, we developed a novel DPT
technique. Our main contributions are as follows.

1. Our proposed method for solving the position-
tracking problem of NC signals from distributed pas-
sive arrays lacks the conventional repetitive (two-step)
DOA and position estimation (DPD) methods in
which successive sets of estimates provide the tracking
trajectory. Instead, it avoids repeated calculations and
tracks both position and NC phase iteratively.

2. To realize low-complexity tracking and automatic data
associations, we use Taylor expansions to transform
tracking tasks into compensation problems to ensure
that multiple sources can be tracked by calculating
the position differences between adjacent moments.
We use multi-subspace data fusion to calculate the

differences, thus rendering this method more accurate
than traditional versions, particularly at low SNRs. An
ordinary least squares (OLS) method is used to improve
performance when the source trajectories are crossed.

3. Superiority is confirmed via complexity analyses and
comprehensive numerical results in terms of compu-
tational complexity and tracking accuracy.

The remainder of this paper is organized as follows.
Section 2 introduce the tracking model and the NC
sources. Section 3 describes the processing of the received
signal using the proposed algorithm. Section 4 presents a
performance analysis, which includes complexity and
simulation analyses. Finally, Section 5 presents the con-
cluding remarks.

Notation: (-)*, ()", ()*, and (-)" represent transposi-
tion, conjugate-transpose, conjugation-and-pseudo-inverse
operations, respectively. ) is the Kronecker product, and
E(-) represents the expanded range. || - || is the Euclidean
norm, Oy, represents a zero matrix, m x n, and J(-)
denotes a partial derivative. p represents an estimate of p.

2 | SIGNAL AND SYSTEM MODEL
As seen in Figure 1, we consider a two-dimensional
position tracking scenario. Assuming there are K far-field
narrowband moving NC signals incoherently impinging
onto L observation stations equipped with a ULA, the
position of the kth signal at time ¢ is
Pr; = Xkt yk,t)T(k: 1, 2, -, K). Observation stations are
situated at ul:(xl,y,)T(l:L 2, -+, L), and we assume
that all stations are time-synchronized. The received sig-
nal at the Ith station can be expressed as follows [23].

g Observation

station
g xS

»

Emitter

”’ T = Trajectory
.t -

Y

FIGURE 1 Tracking scenario.
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Xi(t) = Au(8)Su(t) +my(2), (1)

where t=1, 2, -, N5, and Ny is the total observation
time. A;(t) denotes the steering matrix, which is given by

A(t) = [a (1), a2 (1), -, ak (1)) (2)
The steering vector, a;x(¢), is
a(t) = [1’ eI ... e*jzgld<M71>ql,k([):|T’ (3)

where q . (£) = Ve —21) /Il (ke — 1), (Vi —¥1)|| and 4 rep-
resents the wavelength of the impinging signals. M and d
are the number of antennas and array spacings, respec-
tively. The signal matrix is

Si(t) = [s11(2), =, sik(0), =, s ()] €CX, (4)

where J is the number of snapshots, and
sii(t) =8 (t)e” e C (5)

denotes the NC signal from the kth emitter received by
the Ith station at time t. §x(¢) is the amplitude vector of
the kth signal, and ¢, is the NC phase. Thus, the signal
matrix can be written as

Si(t) =Qsi(¢), (6)
where
én 0 0
0 & 0
Q: b (7)
0 0 -

Su(t) = [S12(0), -+, Sue(t), =, S (D))" (8)

§i(t) is a matrix of real numbers, and the received signal,
x(t), can be rewritten as follows.

X)(t) = A(H)Q8,(6) +ny o). (9)

ny(t) is assumed to be uncorrelated with the white com-
plex Gaussian noise with zero mean.

3 | PROPOSED METHOD

In this section, our new direct position-tracking algo-
rithm for NC signals, which achieves position tracking
through a joint multi-station Taylor expansion approxi-
mation, is described.

3.1 | Initial position estimation

NC signals preserve more useful information than circu-
lar signals. Thus, employing the NC properties of the
received signal can significantly increase estimation accu-
racy. The received signal matrix of the Ith observation
station can be extended as follows [24].

X(t)
X/ (1)
=B()8;(¢) + (1),

Zl(t)

where the extended steering matrix is

AI(I)Q

0= | o7

}=wum,mbmu» (1)

The extended steering vector is expressed as

blk(t) - {e*jfﬂk’ e*j[z;%rd‘hk(t)*(l’k}’ . e*j%"d(M*Uqu(l)Jﬂ/’k],

ei(/)k’ e}'[a—”dquk(t)+¢k]’ = el'[z,l_”d(Mfl)qu(f)Jf(ﬂk]}T_

(12)

The complex Gaussian noise  vector s

_ n(t)
mm_{mwo

ance matrix of the received signal can be calculated as

], and its noise power is afl. The covari-

Ri(1) = E[z(0)2!(1)]. (13)

In practice, (13) is not available, and the covariance
matrix can be estimated from J snapshots, as follows.

RO~ 202, (14)

where z;;(t) indicates the ith snapshot of z(¢). The eigen-
value decomposition of covariance matrix R;(t) can be
expressed as follows.
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R)(1) = [Us(t)Upn (0)]As (1) [Us(0) Ui (0], (15)

where Us(t) and U;n(t) are the signal and noise
subspaces, respectively, of the signal received by the
Ith observation at time t. The signal subspace consists
of eigenvectors corresponding to larger K eigenvalues,
and the noise subspace is composed of the remaining
2M —K eigenvectors. A;(t) is a diagonal matrix compris-
ing the eigenvalues of Ry(t) at time t. According to the
SDF algorithm, the cost function for the NC signals
is [21]

F@.0)=Y_ U (Obi(p.0)l], (16)
=1

where p = (x, y)" denotes the coordinates of the position
in the monitoring area and ¢ is the NC phase in the
search range. The measurement positions of target
sources py, are obtained by searching the spectral peaks
of the minimum points. The NC phases of the sources
can be obtained using a one-dimensional search based on
measured positions p, , and (16).

3.2 | Taylor expansion approximation-
based DPT

Considering the low-speed movement of the sources, the
difference in positions at adjacent times is bounded.
Therefore, the source positions can be tracked by
calculating the deviation. The position of a source at time
t-+1 is related to that at time ¢, as follows.

Xiep41 =Xkt +Ex g pr1s (17)
Vi1 = Vit + €yt

where &y, and &, are the corresponding differ-
ences in coordinates. Meanwhile, we consider that the
results of the NC phase in the measurement are not
completely accurate, which implies the following.

Prpr1 = P T+ gw,k,ﬂrl’ (18)

where &, .1 is the difference between NC phases at
adjacent times. The first-order Taylor expansion of the
extended steering vector, (12), at time ¢+ 1 is as follows.

CAO ET AL.
bl’k(t + 1) ~
3bl,k(t) (gblyk(t) 8bl,k(t)
byk(t) + Tk,lgx,k,wl + Tktﬁy,kﬁl Tkt@p,k,tﬂ .
(19)

Because the noise subspace is orthogonal to the steer-
ing vector [21], we obtain

Uiy (t+ )by (t41) = Oar—x) 1 (20)

where U;y(t+1) is the noise subspace of the received
signal at the Ith observation station. In case of multiple
sources, the orthogonality can be expressed as

Uy (t+1)By(t+1) = Opng)xk- (21)

We define the three deviation matrices as follows.

_fx,l,tﬂ 0 0
E(t+1) a 0 fx,zl,t+1 0 ’ (22)
Y 0 SxK 41 ]
(&1 O 0
Ey(H-l) a 0 éy’ZjH—l 0 ’ (23)
| O 0 fy,K.,tJrl_
§¢,1,t+1 0 0
E(r1)2 0 &1 - O (24)
0 0 SoKit1

Therefore, according to (11), (19), and (21), the devia-
tion matrices satisfy the following equations.

& (t+1)
Ul (t+1)By(1) + Uy (t+1)IBy(1) | £,(t+1)

E,(t+1)
=00M-K)xK>

(25)

where the partial derivative matrix, dB(¢), is defined as
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IBy(t) IBy(t) IBy()

BO=1Zx" Ty dm

(26)

According to (21) and (25), the deviation matrices can
be expressed as

E(t+1)
E(t+1) | =—pT, (27)
E)(t+1)

where

Ul (t+1)9By(f)

ULy (t+1)9B, (1)
r= : ’ (28)

U7\ (t+1)dB (1)

UEN(tq; 1)B. (1)

Thus, offsets &y 111> §ykri1> Epkip1 CaN be calculated,
and the positions and NC phases of the sources at time
t+1 can be obtained as follows.

Xit41 =Xkt + Ex kst
Vit+1 =Vie + 5y,k,t+1’ (30)
Prpr1= P+ §<p,k,t+1'

The results are then iterated to achieve the position
tracking of multiple emitters. This method avoids data
associations and directly calculates the position without
establishing new geometric relationships. However, when
the trajectories of the sources cross, position estimates at
nearby points are commonly blurred, which is a problem
that must be overcome. To do so, we adopt an OLS
method assuming that the source position measurements
at the previous m times are Py, ... 1> Prrmizs -+ Prs
Next, we fit them to a polynomial. This polynomial is
subsequently used to predict the position of the kth target
at time ¢+ 1. If the position measurement of the proposed
method differs considerably from the predicted position,
the predicted position is used instead of the measured
position. This effectively minimizes errors.

ETRI Journal—WI LEYM

3.3 | Detailed steps for implementing
the proposed methodology

The detailed steps of the proposed method are as follows.

Step 1. Use the SDF algorithm to determine the initial
coordinates of sources and related NC phases.

Step 2. Calculate the covariance matrix, R;(t+1), of sig-
nals received by each observation station at time
t+1.

Step 3. Obtain the noise subspace, UEN(H— 1), by per-
forming an eigenvalue decomposition of the
covariance matrix.

Step 4. Perform Taylor expansion of the extended steer-
ing vector, by (t+1).

Step 5. Construct matrices g and v according to (28)
and (29), respectively.

Step 6. Determine the deviations

with (27).

Step 7. Obtain signal positions by (30).

Step 8. Repeat Steps 2-7 to achieve tracking of the sig-
nals at each time.

in accordance

4 | PERFORMANCE ANALYSIS

In this section, we analyze the Cramér-Rao bound (CRB)
of the proposed method and highlight its advantages in
terms of complexity and simulation performance.

4.1 | CRB analysis

The CRB establishes a lower bound for the variance of an
unbiased estimator and is commonly used to evaluate
algorithm performance. In this section, we analyze the
CRB at tracking time ¢. If all unknown real parameters
are represented by the vector, 7, then

Y= [pr,pyT#DT,nT,af,r, (31)
where
Py =X Xk (32)
Py= Ve yK,t]Tr (33)
D =[p;, g, (34)
n=[c], =, ¢, =, ¢, (35)
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¢ = [0}, ™ Op s ofK]T, (36) or' _[or' or (45)
ayT  |pT duT|’
where aik represents the power of the kth signal received
by the Ith observation station. Furthermore, (44) can be rewritten as follows.
For generality and ease of exposure, we define the
following. ( ar/)H ar’ ( 9r’)H ar’
;7 ) gpt \P) ot (46)
A :5 N\ H (91‘/ /\ H 31”
z,; = z,(1), (37) (%) opT (%) ot
R; = Rl(l’), (38)
Finally, the CRB, with respect to the source location,
p2 {pT pT} T (39)  can be calculated as
x’ y 9
-1
2 (@7, 47, 62]" 40 crp, =2 (2% ps, ¥ (47)
U_[ ’n’Gn] : ( ) P_J apT %QPT ’
According to [25-27], z;(i=1, ~,J) follows an  where
NC Gaussian distribution with a zero mean and a vari-
ance of R;. The logarithmic likelihood function can be pL or o\ or -1 or \ B )
expressed as 2 =2750T \GoT) ot 0T )
J -1
f =33 (nfdet(R - r(RR) ). (41 [ or
=1 ap* apy Ipy
or
All elements of the Fisher information matrix are p 8.’ (9', 8"
denoted as L L oL
apT ap; Ipy
T [ or, " or,
Iy, *QZ <(91> <(Rz)7T®(Rz)7l) (a ’) or, dr) Jry Jr)
=1 \“"p . i (42) o 0T o®T ' Jo?
’ ! r
JZL: or )\ (or ST = Do (50)
25\ ;) ar}, or, or} Jr]
duT oDT T Jo
where y, and y; represent the pth and jth elements of y,
respectively. ()" =(()"') and r,=vec{R;} and 1] is
given as
4.2 | Degree of freedom and complexity
r? _ ((Rl)iT/z®(R1)7l/2)rl, (43) analySlS

T
where (.)_T/2 _ ()—1/2 .
We define v’ = [r'lT’ r/LT]T as

J (o \"/or
=2on) o) “

where

Compared with conventional location and tracking
methods for circular signals, the degree of freedom of the
NC signal is twice as high, thus implying that under
the same conditions, the NC method can monitor more
sources. Thus, we calculate the computational complexity
of the proposed method and compare the results to two-
step-MUSIC, two-step-ESPRIT, and reduced dimension
(RD)-DPD algorithms. The two-step algorithms are based
on the contemporary MUSIC [28] and ESPRIT [29]
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algorithms, which calculate the DOA in the first step. In
the second step, both algorithms obtain the signal loca-
tion by clustering intersections. The RD-DPD algo-
rithm [30] is an improved DPD algorithm that uses NC
characteristics with an RD concept. Furthermore, the
nearest neighbor association method is used to associate
algorithmic data for comparison. We use the number of
complex multiplications as a standard measure of com-
plexity. Table 1 lists the specific complexities of these
algorithms, where Ny and N, are the numbers of search
grids for the angle and NC phases, respectively; and n is
the number of search grids on the coordinate axes of the
RD-DPD algorithm.

To intuitively demonstrate the superiority of the pro-
posed method, Figure 2 demonstrates the computational
complexity of the four algorithms with different array ele-
ment number settings, where Ng=60, L=4, J=200,
K =2, Ny=180, N, =90, and n = 1000. It is obvious that
the proposed method has a significant advantage in terms
of complexity over the two-step MUSIC and RD-DPD
algorithms because it avoids a grid search. The perfor-
mance of the proposed method was only slightly better
than that of the two-step ESPRIT algorithm because we
used the number of complex multiplications as the calcu-
lation criterion for complexity. However, in practice, the
proposed algorithm still has greater advantages than
the two-step algorithm because it requires a new mathe-
matical model to calculate intersections and clusters,
which considerably reduces the computational burden of
real-number multiplications.

4.3 | Simulation analysis

This subsection describes the experiments conducted to
simulate the DPT problem. In our experiments, we ini-
tially considered whether the proposed method could
effectively track sources under harsh conditions, such as
source trajectory crossovers and multiple sources whose
motion trajectories satisfy different models. Assuming
that source state Xi;= (X, Xk.» Xktr Vier» Vs jﬁk,t)T sat-
isfies a constant acceleration (CA) model,

TABLE 1 Complexity comparison.
Algorithms

Two-step-MUSIC

Two-step-ESPRIT

RD-DPD

Proposed method

ETRI Journal—WI LEYM
Xpt+1 = FXp s + Gvy, (51)

where X, and y, , are velocities (m/s) on the x and y axes,
respectively, and Xy, and y, , are the corresponding accel-
erations (m/s?). F is the transition matrix, which is
obtained as

Fr O
F—|: T 3><3:|’ (52)
03,3 Fr
where
1 AT AT?/2
Fr=|0 1 AT |, (53)
0 0 1

and coefficient matrix G is defined as

Gr O3
G= [ 1, (54)
031 Gr
where
-i’roposed metlllod
10"
2
g 10
&
5
O
108 L
6
10 3 4 5 6
The number of array sensors
FIGURE 2 Computational complexity of the four approaches.
Complexity

O(NsL(4M?J +8M> +NgN,, (8M> — 4M°K +4M* +2M)) )
O(NsL(4M?] +8M* + 8MK + 6MK* + 16M*K +8K?) )
O(NsL(4M?] +-8M> +n* (8M* — 4AM°K +8M> +8M +14)))
O(NsL(4M?J +8M> +16M°K + 16MK> — 9K* — 3K?))
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AT?/2
Gr=| AT |. (55)
1

AT =1s denotes the time step, and v; denotes a zero-
mean Gaussian process. Four observation stations were
placed at (0,0), (0, 1000m), (1000m, 0), and
(1000m, 1000m).

Figure 3 shows the tracking results of the proposed
method when the trajectories cross, where N is 60, the
number of array elements is M =8, the number of snap-
shots is J=200, SNR=15dB, and K=2. The initial
source target states are x;; = (108, 8,0, 792, —8, O)T,
and x;; = (108,8,0,400.1,0,0.2)T. This demonstrates that
the proposed method can effectively and accurately track
multiple sources using OLS to handle trajectory crossing.
Figure 4 illustrates the tracking results of multiple
sources satisfying different moving models, where K =4.
Evidently, the proposed method efficiently tracked multi-
ple sources that satisfied different movement models.

800 o7 ;
\ * Position, perfect
© Position, experimental
700 |
g 600 [
>
500 ¢
. :x.(-f-"""), =
400 -
300 : : : ‘ :
100 200 300 400 500 600
X/m
FIGURE 3 Tracking results when trajectories cross.
1000 i i
- Position, perfect
o Position, experimental
800 1
600 [ .
g RO s 2C0c
>
400 [ EEERE (',YV/
OEE ,f:v.\:v.y\-§'):X:(*1-1:\-1:(vI-I'(‘:%l:A:f“'"-""I"‘"')' :
EEEOEIIO0X 123300 28 o
200 [
0 ‘ ‘ : . .
100 200 300 400 500 600 700

X/m

FIGURE 4 Tracking results of multiple sources.

In the next simulations, we compare the proposed
method with several approaches, including the two-step
MUSIC algorithm, two-step ESPRIT algorithm, RD-DPD
algorithm, NC-particle filter (PF) algorithm, NC-Kalman
filter (KF) algorithm, the proposed method for circular
signals (PMC), and CRB. The NC-PF algorithm is a direct
tracking method based on the PF [31], which replaces its
own likelihood function with the cost function in the
RD-DPD algorithm. It obtains the positions of the sources
and achieves tracking via the weighted summation of
particles. The NC-KF algorithm, an improvement on the
two-step ESPRIT algorithm, optimizes the tracking trajec-
tory using the KF [32] algorithm. The root-mean-square
error (RMSE) was used to evaluate the tracking perfor-
mance. It is expressed as follows.

S 2
> lIBt, —pedl® (56)

where p; , is the estimate of p, , from the cth Monte Carlo
trial at time t. The parameters were set to K=2 and
C=100, and the initial source target states were X;; =
(100, 8, 0, 100, 8, 0)" and x, = (100, 8, 0, 400, 0, 0.2)".
The other parameters were identical to those used in the
previous simulations.

Figure 5 shows the RMSE of each algorithm at differ-
ent SNRs. The proposed method shows considerable
improvements in performance compared with the other
algorithms. Even at a low SNR, the proposed method per-
forms well and accurately tracks the sources. By leverag-
ing the unique characteristics of NC signals, the proposed
method demonstrates improved performance in terms of
accuracy, robustness, and resilience in challenging wire-
less environments. The results were combined with those
of the previous complexity analysis and clearly revealed

—e—Two-step-MUSIC
—w—Two-step-ESPRIT
RD-DPD
—s&—Proposed method | ]
—+—PMC
NC-PF
—+—NC-KF
—*—CRB

-10 —é 6 5l lb 1‘5 20
SNR/dB

FIGURE 5 Tracking performance comparisons (SNR).
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that the proposed method is superior in both aspects,
owing to the joint processing of the signal subspaces
received from multiple observation stations and the use
of information from previous iterations. Figure 6 displays
the effects of different numbers of snapshots on RMSE,
where SNR = 15dB. This shows that the proposed
method becomes increasingly effective as the number of
snapshots increases, and the proposed method has advan-
tages over the other algorithms, regardless of the number
of snapshots. Moreover, in both simulations, the pro-
posed method is the closest to CRB.

To illustrate the performance superiority of the algo-
rithm another way, we redefine the RMSE at each time
point as

1K )
RMSE(t) = &ZZHPEJ—P&H : (57)
c=1 k=1
10' | —e—Two—sltep—MUSIC |

—w—Two-step-ESPRIT
RD-DPD
—s&—Proposed method
—+—PMC
—p—NC-PF
—+—NC-KF

RMSE/m

100 L

0 200 400 600 800
Number of snapshots

FIGURE 6 Tracking performance comparison of different
snapshots.

—©—Two-step-MUSIC

—%—Two-step-ESPRIT
RD-DPD

—&—Proposed method

101 L

L

0 5 10 15 20 25 30
t/s

L

FIGURE 7 Tracking performance comparison of history
(SNR = —5 dB).
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Figures 7 and 8 show the tracking history of the
RMSE when SNR = —5 and 10 dB, respectively, where
J=200 and Ng=30s. This reveals that the proposed
method can accurately track signals every time and has
high precision at a low SNRs. A comparison with other
algorithms shows that the proposed method outperforms
them every time, and the performance does not change
significantly with a change in signal location. Therefore,
the proposed method is more robust.

For the final simulation, we considered the tracking
effects of the proposed method for different numbers of
array elements. The results are presented in Figure 9, and
the RMSE was calculated according to (56). Evidently,
the performance of the proposed algorithm improved as
the number of arrays increased. When the number of
arrays was small, an increase in the number of arrays
had a greater impact on performance, and a continued
increase in the number of arrays had a smaller impact.
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5 | CONCLUSION

In this study, we proposed a DPT method for moving NC
signals using a first-order approximation, which achieves
excellent performance and robustness. By fusing the sub-
space and transforming the tracking into first-order
approximation iterations, the problems of building a new
geometric model and grid searching were avoided,
thereby improving the accuracy of the proposed algo-
rithm compared with others. The proposed method
avoids traditional association processes and directly
resolves target signal locations, thus outperforming other
algorithms in terms of complexity. Numerous simulation
results demonstrated the advantages of the proposed
method. We plan to delve deeper into the properties of
sparse arrays to further upgrade the algorithm.
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