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1 | INTRODUCTION
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Abstract

Direct tracking problem of moving noncircular sources for multiple arrays is
investigated in this study. Here, we propose an improved unscented particle
filter (I-UPF) direct tracking method, which combines system proportional
symmetry unscented particle filter and Markov Chain Monte Carlo (MCMC)
algorithm. Noncircular sources can extend the dimension of sources matrix,
and the direct tracking accuracy is improved. This method uses multiple
arrays to receive sources. Firstly, set up a direct tracking model through
consecutive time and Doppler information. Subsequently, based on the
improved unscented particle filter algorithm, the proposed tracking model is
to improve the direct tracking accuracy and reduce computational complex-
ity. Simulation results show that the proposed improved unscented particle
filter algorithm for noncircular sources has enhanced tracking accuracy than
Markov Chain Monte Carlo unscented particle filter algorithm, Markov
Chain Monte Carlo extended Kalman particle filter, and two-step tracking
method.
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algorithms include subspace data fusion, capon, and
propagator [5].
The traditional direct location is aimed at where the

Wireless location technology is an important research
direction, while wireless positioning technology is
widely used in aviation, indoor positioning, navigation,
geological exploration, and other fields [1]. The
two-step localization method obtains the target
position through time, angle, frequency difference, and
other parameters [2]. In addition, it also brings signifi-
cant estimation errors because it has gone through
many estimation steps [3]. Direct positioning technol-
ogy can use complete information, and positioning
accuracy is more accurate [4]. Standard direct location

source remains unchanged. Now, we begin to study
moving sources with multiple stations. Passive emitter
state estimation by time delay and Doppler frequency
shift is widely used in radar, sonar, satellite positioning,
and navigation. In real time, the receiving station uses its
position and received emitter signal to calculate the target
position, velocity, and other state parameters [6]. The tra-
ditional two-step tracking algorithm first estimates the
intermediate parameters and then solves the observation
equation composed of the intermediate parameters to
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obtain the target tracking trajectory, such as arrival angle,
arrival time difference, and arrival frequency difference
[7]. It is a typical application of the intermediate parame-
ter estimation method in the two-step method, but in
the parameter estimation stage, the two-step method
ignores the connection between observation stations and
loses some position information, and the introduced
errors are superimposed and accumulated continuously
[8]. Therefore, the two-step tracking algorithm is
suboptimal.

In contrast, the direct tracking algorithm proposed in
recent years does not require parameter estimation and
location [9]. Unlike the two-step tracking method, direct
tracking does not need to estimate the time-frequency
difference parameters of the target signal but directly
establishes the observation equation based on the
received signal. The solution is calculated step-by-step
but directly estimates the target position based on the
sampled signal, which avoids the shortcomings of the
two-step tracking algorithm and can obtain a better posi-
tioning effect, which has been widely studied.

The direct tracking problem of noncircular sources is
introduced. The noncircular source is one of the most
studied signals [10, 11]. Noncircular sources are the same
phase component in amplitude with zero orthogonal
components. BPSK, ASK, AM, and PAM modulated
sources are common in modern communication and sat-
ellite systems. Therefore, the study of noncircular sources
has important practical significance for direct location
algorithms [12-14].

The particle filter has a good effect and a wide appli-
cation range, while the Kalman filter has a small amount
of calculation and is less time-consuming. Combining the
two filtering algorithms, the extended Kalman Particle
filter (EPF) and unscented particle filter (UPF) appear,
respectively. Firstly, extended Kalman filter and
unscented Kalman filter are used as the recommended
distribution function and then the PF method is used for
processing [15-18]. However, the filtering accuracy of
UPF sometimes cannot meet the requirements of high-
precision and high-dynamic target tracking. The basic
idea of the Markov Chain Monte Carlo method estab-
lishes a Markov chain with the goal of stable distribution
by defining state space variables and using the Markov
chain to obtain the samples of function. We combine the
Markov Chain Monte Carlo method and the system pro-
portional symmetry method with UPF to form the system
proportional symmetry Markov Chain Monte Carlo parti-
cle filter algorithm [19-27].

The contributions of this paper are as follows:

« We propose a direct tracking method to use multiple
observation stations to estimate the moving target posi-
tion directly, which avoids the shortcomings of the
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two-step localization algorithm and can obtain a better
localization effect.

« We introduce noncircular sources into the direct track-
ing scene. The performance of the particle filter algo-
rithm under the noncircular sources is better than that
under the circular sources.

« We propose an improved UPF (I-UPF) direct tracking
method that combines system proportional symmetry
UPF and Markov Chain Monte Carlo algorithm to
improve the positioning accuracy in direct tracking.

The structure of this paper is organized as follows. In
Section 2, we introduce the system model of the direct
tracking method. Section 3 describes the I-UPF direct
tracking algorithm. Section 4 analyzes the performance
analysis of I-UPF and other direct tracking algorithms. In
the next section, we emulate the I-UPF algorithm for
noncircular sources with multiple uniform arrays and
make a corresponding comparison under different itera-
tions and particles. Furthermore, we summarize this
paper in Section 5.

The following notations are as follows: (-)" denotes
transposition, (-) denotes conjugate transpose, and (-)
*denotes the conjugate. The symbol ||| denotes the
Euclidean norm.

2 | SYSTEM MODEL

In this section, we introduce a few notions about the
model of direct tracking, then we introduce the noncircu-
lar sources model and characteristics.

Suppose there is a uniform, straight line in each
observation station in two-dimensional space. The mov-
ing target radiates three noncircular radio sources with
bandwidth W and carrier frequency f.. Assuming that the
target of the observation station is in a fixed state, the
number of observation stations is L; each observation sta-
tion is placed with a linear array of eight uniform array
elements, and the motion state of each target at the kth
snapshot time is expressed as di=[d,, dy, dy, dyf,

which di = [d,, dy]T represents the target position com-

ponent and dk = [dx, dy]T represents the target velocity
component. The scene diagram of direct tracking is dis-
played as shown in Figure 1.

Suppose there are L fixed receiving stations in space,
Q sources, and targets, and eight array elements are
arranged on each observation station, which is
synchronous in time and frequency. The receiving station
intercepts the radiation source signal within K observation
intervals. It indicates the position coordinates of the
receiving station in the kth (k =1, 2, 3, ..., K) sampling
snapshot time and the number of sampling points vy.
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FIGURE 1 The scene diagram of direct tracking.

Set as the signal sent by the target, assuming that the
signal model is

s(t) =x(t)e, 1)

where f. is the carrier frequency and x() is the envelope
of sources. If the number of sampling points is vy, the sig-
nal received by the receiving station at the kth snapshot
time of Ith receiving station is [2].

T
zl,k(vk) :Al(p)sl,q <Vk7$) +nl(vk), vw=12, .. Vg, (2)
N

A(p) = [a1(py): - a1(Pg) ] (3)

. . T
a (pq) — |:1 e}2ndf,qusvk e)Zﬂ(Mfl)df,qusvk} , (4)

where j represents the imaginary part, T; is the sampling
period, s;x(¢) is the signal of the kth observation interval
target of the Ith observation station, n;,(f) is the general-
ized stationary complex Gaussian white noise with zero
mean, its covariance matrix is I';, = 6,21, 7/ is the time
delay of the signal reaching the Ith receiving station, and
fix is the Doppler frequency shift caused by the relative
displacement between the Ith receiving station and the
target, respectively:

[z — di

T =—"—"0, (5)

c

fe (wye— ak)Tdk
¢ ua-ad

fik= (6)

where c is the propagation speed of the signal and |||
represents the Euclidean norm. It is proposed in the liter-
ature [27] that s, (v, — 7,4/Ts) uses the discrete Fourier

transform and inverse transform to avoid introducing
quantization error through the time delay information of
the signal. Suppose that after the Fourier transform and
inverse transform of time delay information,

z,. = Ay, G" A Gs;A(p) +ny = HysiA(p) + 0y, (7)

where G represents the discrete DFT matrix, G repre-
sents the conjugate transpose of the matrix G, Ay, is the
Doppler frequency shift matrix, A;, is the time delay
matrix, and its expressions are as follows:

1 —j2rvevf
G—Vkexp< 7 ) (8)
Afl,k = diag{ exXp (jz”Tsfl,kvk) }, (9)
, —j2n
A, dlag{eXP{Vkka} }, (10)
TS
H, =A;,G"A,,G. (11)

Then the received signal observation equation of all
observation stations is expressed as follows:

z = HisiAy(p) + ng, (12)
where
T
Z = [z{k zg,k Z{,k] ’
T
n; = [n{k nj, .. nl |, (13)

H,= [H], H}, .. HE,IJT~

When the transmission signal and path propagation
attenuation coefficient are unknown, the receiving sta-
tion directly intercepts the radio signal radiated by the
moving target. It establishes the observation equation
about the target state. This paper aims to accurately esti-
mate the X-axis, Y-axis, and target velocity of the moving
target through the known nonlinear observation
information.

For noncircular sources, the covariance matrix and
elliptic covariance matrix satisfy

E[s/(k)s; (k)] =peE[si(k)s] (k)], (14)

where ¢ is the noncircular phase and p is the noncircular
rate of the value in 0 ~ 1.

The noncircular sources rate of 1 is the leading non-
circular rate source. This paper supposes that the rate of
noncircular sources is 1.
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According to Dai and others [10], noncircular sources
can be expressed as follows:

si(k) =[s11(k) sia(k) ... sp0(k)]". (15)

The noncircular sources at the kth snapshot time of the
Ith observation station can be expressed as follows:

sui(k) =si3 (ke (16)
1 (k) s e o
Sl,z(k) Sl(zz)ej(l’z Sl(zz)
sk)= . |=| " =0 |, (17)
siq(k) sio(k)ele s,o(k)
[eir 0 ... 0
0 —jo2
L , (18)
: 0
|0 0 e %
r T
s (k)= (817 (k). 813 (), - sig(R)| . (19)

Taking advantage of the fact that the elliptic covariance
matrix of a noncircular signal is not zero, the received
signal vector of the Ith observation station can be
extended to

_[al)] [ Adp) n(k)
0= | o] = a0+ gl |- @
Simultaneous all observation equations

re=[ry; 1 .. r{k}T. (21)

3 | THE PROPOSED I-UPF
METHOD

UPF algorithm essentially uses UKF filtering to obtain a
proposed distribution function and then uses this pro-
posed distribution function to replace the importance
density function p(d|d ,,ry) in the classical PF algo-
rithm. In the high-precision and dynamic direct tracking
problem, the accuracy of the UPF algorithm needs to be
improved. SPSUPF algorithm makes two improvements
based on UPF: first, the selection of Sigma sampling
points is adjusted appropriately to improve the accuracy
of UT transform. The second is to improve the

resampling algorithm in the later PF, adopt the system
resampling method, effectively solve the problem of parti-
cle degradation, and set the threshold in the resampling
process, so it is not necessary to resample all sample
points and reduce the amount of calculation.

3.1 | SPSUPF algorithm for direct
tracking

UPF has similar advantages to UKF. For example, it does
not need to calculate the Jacobian matrix of nonlinear
system measurement and state equations. However, the
estimation accuracy of the system state can reach at least
second order, which is easier to implement than EPF,
and the accuracy is higher. Furthermore, the UPF algo-
rithm uses UKF filtering to obtain a proposed distribu-
tion function and then uses this proposed distribution
function to replace the importance density function in
the classical PF algorithm.

After a set of observations is given, let the total num-
ber of particles be H, the total number of iterations be K,
the ith sampling particle in the kth iteration, and the par-
ticle weight be w. Initial sampling d}'{ is conducted, and
particles are extracted from the known initial distribution
to generate a set of sample points that obey the p(d,) dis-
tribution. In the kth iteration, the posterior probability
density function can be expressed as follows:

|4
p(difre) ~ ) " wis(die —dj). (22)

i=1

According to the theorem of large numbers, it will con-
verge to the real a posteriori probability when it is large
enough. The particle weight calculation formula is

y/i i p(rk|d}:()p-(d§(|d§(_1).
T g(dldlr)

(23)

The filter estimation and variance are calculated, and the
UKF algorithm obtains the filter estimation and the parti-
cle set. The recommended distribution density function is
as follows:

q(d|di—1,1%) :N(ak,P;{)~ (24)

In the process of generating the proposed distribution
function by SPSUPF, the proportional symmetric sam-
pling algorithm is adopted, and the selection of weight
coefficients is changed. The first-order and second-order
weight coefficients corresponding to the UT transform
[19, 20] are as follows:
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RM — {7/ (n-+7)(i=0),
i 1/2(n+7)(i # 0),

RS — {r/(n+r)+1+efﬁ2<i=0),
i = 1/2(n+y)(i # 0),

(25)

where y=p*(n+k)—n is the scale parameter, n repre-
sents the dimension of the system state, and k is a scale
parameter. In general, the semipositive nature of a
posteriori covariance should be ensured. For the case of
Gaussian distribution, when the state variable is univari-
ate, k # 0. When the status variable is multidimensional,
it is generally selected k=0. f is the scaling factor. The
distance from the Sigma point to the center point can be
adjusted by adjusting the value. Therefore, proportional
symmetric sampling can effectively solve the problem
that the distance from the sigma point to the center point
becomes farther and farther with the increased dimen-
sion of the system state vector, resulting in the nonlocal
effect of sampling. ¢ represents the prior distribution
information of the state vector and improves the covari-
ance’s approximation accuracy by combining the higher-
order terms’ dynamic differences in the covariance.
Weight normalization processing

W
= 2
Z U/k

For general resampling methods, a resampling thresh-
old needs to be set. When the adequate particle capac-
ity is less than the threshold, degradation will occur.
Therefore, resampling is introduced based on the origi-
nal importance sampling to eliminate the particles with
low weight and concentrate the particles with high
weight. To better suppress the degradation phenome-
non, the system resampling algorithm is introduced
into SYSUPF. The time complexity of system resam-
pling is equivalent to that of ordinary resampling, and
the filtering accuracy can be improved under the same
conditions.

Use the system resampling algorithm. Set the ade-
quate particle capacity Neg =1/, (y/};)zN m=N/3ifit
means that the system samples are seriously degraded. It

is necessary to resample {dk ‘/’k} i=1,2,..,N to
obtain a new particle set {dk V/k} y?i =1/N,
i=1, 2, ..., N, and the result is output

N
k Wkdk’ (27)

i=1

P = iai (d—di) (de —dk)T. (28)

i=1

3.2 | MCMC algorithm

The MCMC algorithm is used to estimate the posterior
probability distribution of the target in the sequential
iteration of the particle filter to steer clear of the problem
of particle dilution. The core idea of the MCMC
algorithm is to obtain approximately obeying p(d|ry)
random samples by establishing a Markov chain with sta-
ble distribution p(di|rr) and then use these samples for
various statistics. The Markov chain composed of the
MCMC algorithm has good convergence [23]. Since the
observation model of direct tracking is highly nonlinear,
its likelihood function can be approximately expressed as
follows:

L
p(ry|dy) mexp{——ZZIrzk—Al JHyesel|”.  (29)
n :

The expression of the generalized likelihood function
derived from the maximum a posteriori estimation
criterion is [23].

1
plrda) x exp

n

Amax ((I)k)}, (30)

where @y, is the matrix of L x L, and its expression is as
follows:

D, = (Uk)HUk, (31)

U, = (Hl,k)Hl‘l,k, ey (HL,k)HI‘L,k . (32)

3.3 | The procedure of the proposed
algorithm

We summarize several steps about I-UPF algorithms as
follows. Furthermore, Figure 2 describes the algorithm
flow chart.

Step 1. Establish a time-frequency equation of direct
tracking and adopt noncircular sources.
Initialization. The prior probability distribution
p(do) is sampled to obtain the particle set with
the number of particles {d}, 5, ..., d'}, and all
sample weights y/k are set 1/N.
Calculate the filter estimate and variance. The
UKF algorithm obtains the filter estimation and
variance of the particle set. The proportional
symmetric sampling algorithm is used to select
Sigma points, improving UT transform accuracy.

Step 2.

Step 3.
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FIGURE 2 Algorithm flow chart.
Step 4. Importance sampling, sampling from
d, — q(di|d;_,,rv) :N( ;PL) updating

particles.

Step 5. Importance weight calculation. The importance
weight of particles is calculated and normalized.

Step 6. Resampling. Calculate N, if necessary,
resample to obtain a new particle set

{a; ak} @,=1/N,i=1,2, .., N.

Step 7. State estimation dy = Y yidi.

Step 8. MCMC steps are based on the MH algorithm.

Step 9. Form improved the I-UPF direct tracking method,
combining system proportional symmetry UPF
and Markov Chain Monte Carlo algorithm.

4 | PERFORMANCE ANALYSIS

In this chapter, the computational complexity, the I-UPF
algorithm’s performance of the I-UPF algorithm, and the
spatial degree of freedom (DOF) are analyzed, and we
describe the preponderances of the I-UPF algorithm.

4.1 | Achievable DOFs

We define that M denotes the array element number. The
noncircular sources increase the number of received
sources. Therefore, the DOF of the proposed algorithm for
noncircular sources increases to 2M as shown in Table 1.

ETRI Journal—WI LEYM

TABLE 1 DOF of different sources.
Different sources DOF
Circular sources M
Noncircular sources 2M

TABLE 2 Calculation time of different algorithm.
Algorithms Time (s)
I-UPF 18.3863
UPF-MCMC 20.0362
EPF-MCMC 17.8441
PF-MCMC 13.6161
PF-TDOA 22.0924
PF 11.5436

Abbreviations: EPF, Extended Kalman particle filter; I-UPF, improved
unscented particle filter; PF, particle filter.

4.2 | Complexity analysis

It can be observed that the calculation time shows that
the improved particle filter algorithm has lower computa-
tional complexity. N represents the number of particles,
M represents array numbers, L represents the number of
observation stations, and K denotes snapshot numbers.
The complexity of the I-UPF algorithm contains several
aspects: the calculation of the initialization part O(NML),
the calculation of particle weight O(M?KL + NL), and the
calculation of state estimation O(4M>LK + ML). The total
complexity is O(NML+M?*KL+NL+4M*LK + ML).
From Table 2, the I-UPF algorithm has slightly higher
computational complexity than the EPF-MCMC and PF-
MCMC algorithms. The I-UPF algorithm has lower com-
putational complexity than UPF-MCMC and two-step
tracking algorithms, but the direct tracking performance
is greatly improved. The simulation in the next chapter
will express this in detail.

43 | Advantages
We analyze the preponderances of the proposed
algorithm with noncircular sources for direct tracking.

« We adopt a direct tracking method to estimate the tar-
get position based on the sampled signal, which avoids
the shortcomings of the two-step localization
algorithm.

« Noncircular sources for direct tracking can extend the
dimension of the received source matrix and improve
positioning accuracy.
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« We propose an improved UPF direct tracking method
that combines system proportional symmetry UPF and
Markov Chain Monte Carlo algorithm to improve the
positioning accuracy in direct tracking.

5 | SIMULATION RESULTS

In this chapter, we emulate the I-UPF algorithm for non-
circular sources, obtain the direct tracking diagram, and
compare the performance of the I-UPF algorithm with
other direct tracking algorithms. As shown in the follow-
ing Figure 3, the multitarget tracking scene is displayed.
There are four observation stations and three targets.
Each station has a linear array of eight uniform array ele-
ments. Observation stations are u; = [—600 m 100 m],
U, =[—-700 m 1000 m], u;=[1500 m 1100 m], u, =
[1400 m 120 m]. The starting speed is d = [100 m/s
100 m/s]". The target moves in a straight line and two
curve lines at a uniform speed.

The tracking estimation performance is analyzed by
calculating the root-mean-square error (RMSE), RMSE of
target position, and RMSE of speed, and it can be
denoted as

rrvse (k) = E{Hdk—akHz}, (33)

rrvse(k) = E{Hdk—akHz}, (34)

where &k is at kth snapshot time position estimation and
dy is at kth snapshot time speed estimation. Set signal-to-
noise ratios (SNR)=10 dB, Monte Carlo 500 times,

1200

TRUE
= = = [-UPF
PF

% Stations

1000 ¢

600 |

¥ (m)
g

400 - 8

200 8

500 0 500 1000 1500
x/ (m)

FIGURE 3 Multitarget tracking scene.

number of particles N, =200, and the total length of
Markov chain is 500, where the number of iterations is
set N=150.

Three moving targets and four observation stations
are in the set scene. Three moving targets and four obser-
vation stations are in the set scene. Four observation sta-
tions are u; = [—600 m 100 m], u, = [—700 m 1000 m],
uz = [1500 m 1100 m], uy = [1400 m 120 m]. Each sta-
tion has a uniform array. The RMSE results of speed
error comparison of the proposed I-UPF algorithm with
other algorithms are shown in Figure 4. As the number
of iterations increases, the performance of the I-UPF
algorithm is better than the EPF-MCMC algorithm, PF-
MCMC algorithm, and two-step tracking algorithm.

The RMSE results of error comparison of the
proposed I-UPF algorithms with other algorithms under
different SNR are shown in Figure 5 below. As SNR
increases, the performance of the I-UPF algorithm is

10? T T T T T T T T T

—&—I-UPF

——+—— UPF-MCMC

—*%—— EPF-MCMC
PE-MCMC

PF-TDOA
—8—FPF E

RMSE/ (m/s)

. . .
1075060 70 8 90 100 110 120 130 140 150

Number of iterations

FIGURE 4 The variation of speed tracking error with
iterations.

—6— I-UPF
UPF-MCMC

—*%— EPF-MCMC
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PF-TDOA
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E
=
22} \
z é;
B B
\
10° \\*
NF—%
\\J_” —h—k—k— w*
1 L L Il 1 1
10 -10 -5 0 5 10 15 20
SNR/dB
FIGURE 5 The variation of tracking error with signal-to-noise
ratio (SNR).
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FIGURE 7 Different algorithms with the number of
iterations.

better than the EPF-MCMC algorithm, PF-MCMC
algorithm, and two-step tracking algorithm.

The RMSE results of the error comparison of the
proposed I-UPF algorithms with other algorithms under
different particles and iterations are shown in Figures 6
and 7. As the number of particles and iterations
increases, the performance of the I-UPF algorithm is
better than the EPF-MCMC algorithm, PF-MCMC, PF
algorithm, and two-step tracking algorithm. Further-
more, the performance is improved a lot after adding the
MCMC algorithm. Figure 8 shows the RMSE results of
error comparison about the proposed I-UPF algorithms
with other algorithms under circular and noncircular
sources. As SNR increases, the performance of the algo-
rithms under noncircular sources is better than that
under circular sources. This is because noncircular
sources extend the dimension of the sources matrix, and
direct tracking accuracy is promoted.
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FIGURE 8 Different algorithms with circular sources and

noncircular sources.

6 | CONCLUSION

The aim of this study is to promote the accuracy of
direct tracking with particle filters. In this study, we
propose an I-UPF algorithm, and a uniform array is
introduced into the field of direct tracking, combining
system proportional symmetry UPF and Markov Chain
Monte Carlo algorithm. Noncircular sources extend the
dimension of the sources matrix, and direct tracking
accuracy is promoted. Simulation results show that the
proposed I-UPF algorithm for noncircular sources has
improved positioning accuracy than Markov Chain
Monte Carlo UPF algorithm, Markov Chain Monte
Carlo EPF, and two-step tracking method. Coprime or
nested array for direct tracking will improve the
degree of freedom and tracking accuracy. Therefore, a
sparse array for direct tracking is the focus of future
research.
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