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Abstract. In this paper, a high-resolution vehicle positioning estimation
algorithm based on existing Vehicle to Infrastructure (V2I) communications is
proposed to achieve joint estimation of vehicle target’s direction of arrival
(DOA) and time of arrival (TOA). We adopt the Estimating Signal Parameters
via Rotational Invariance Techniques (ESPRIT) algorithm based on total least
squares (TLS) to estimate the DOA and TOA, and the vehicle location can be
obtained from the estimated parameters. The TLS-ESPRIT algorithm not only
has a relatively small amount of computation to meet the real-time requirements
of vehicle localization, but also has the advantage of strong anti-noise. We also
introduce unscented Kalman filter (UKF) to further improve the localization
accuracy of the TLS-ESPRIT algorithm and to reduce the influence of noise
interference. The simulation results show that compared with the traditional 2D-
ESPRIT parameter estimation methods without UKF and the Global Positioning
System (GPS), this method has better performance of positioning parameter
estimation.

Keywords: Vehicle location - TLS-ESPRIT - Direction of arrival (DOA) -
Arrival time (TOA) - Kalman filter

1 Introduction

With the rapid development of intelligent transportation system (ITS), many emerging
application techniques appear in the Internet of Vehicles, such as traffic flow control,
road safety, automatic driving, and Vehicle queuing Network [1]. The realization of
these applications can not be separated from the accurate and reliable perception of the
vehicle position information. Currently, different positioning methods can be used for
the precise positioning of the traveling vehicle. One of the most widely used
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positioning methods is the Global Navigation Satellite System (GNSS) represented by
Global Positioning System (GPS). Its positioning error is generally about 10 m, and the
best positioning accuracy that the GPS positioning method can achieve after opti-
mization is between 3 m to 7 m, such as differential GPS [2]. However, the positioning
accuracy of GPS is affected by the use environment. For example, in an occluded urban
environment or a high-speed driving scene, due to the presence of unstable factors such
as signal multipath and target driving speed, the positioning error will be greatly
increased to 15 m [3, 4]. Therefore, in ITS, the accuracy of satellite positioning does
not satisfy the need for more precise positioning within one meter in applications such
as collaborative driving or collision avoidance [5]. However, it is also possible to use
roadside unit (RSU) positioning based on Dedicated Short-Range Communication
(DSRC) to meet the requirements of ITS positioning accuracy. Therefore, vehicle
positioning parameter estimation algorithm for obtaining a wireless positioning signal
by communicating with the RSU has the significance of research.

The RSU serves as pre-deployed road facilities and provides positioning parameters
such as Received Signal Strength (RSS), Time of Arrival (TOA) and Direction of
Arrival (DOA) through communication between the vehicle and roadside infrastructure
(V2I). For wireless access in vehicular environment (WAVE), dedicated short range
communications (DSRC) technology is one of the earliest developed and most mature
communication technology. It supports wireless access based on the IEEE 802.11p
protocol to provide high-speed, low-latency inter-vehicle and vehicle-to-infrastructure
communication services [6], and spreads orthogonal frequency division multiplexing
(OFDM) signal in its radio channel [7]. Therefore, the estimation of the positioning
parameters contained in signals such as DOA and TOA is an important research content
in vehicle positioning. Joint DOA/TOA parameter estimation has many advantages, not
only can improve the positioning accuracy through multiple roadside unit coverage, but
also can greatly reduce the number of deployment of roadside nodes compared to a
single positioning parameter estimation. Theoretically, only one roadside node can be
used to locate the target vehicle [8]. In a super-resolution channel parameter estimation
method based on a Uniform Linear Array (ULA), the ESPRIT algorithm has many
performance advantages over the Multiple Signal Classification (MUSIC) algorithm.
For example, the DOA estimation accuracy and computational complexity are signif-
icantly better than the MUSIC algorithm [9], and no two-dimensional spatial peak
search is needed. In addition, the two-dimensional matrix pencil (2D-MP) proposed in
[10] is a direct data-domain method that does not require calculation of signal
covariance matrix, but the disadvantage of this method is that three or more RSUs are
needed to provide Sufficient range reference signal.

The novelty of this paper is to propose a low-complexity ESPRIT algorithm based
on Total least squares (TLS). Joint parameter estimation of DOA and TOA is achieved
by analyzing multipath channel frequency response (CFR) of OFDM signals. In
addition, unscented Kalman filter (UKF) is also used to reduce the channel noise
interference to improve the joint parameter estimation accuracy. At low signal-to-noise
ratio (SNR), the proposed TLS-ESPRIT algorithm overcomes the disadvantages of
poor positioning accuracy of multi-signal classification and its real-time performance is
much better than the MUSIC algorithm. The precise position information of vehicle is
finally obtained by recombining the velocity components through joint observations of
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DOA and TOA. This article is organized in the following order: Sect. 2 provides a
vehicle positioning system model. The proposed calculation principles of the TLS-
ESPRIT localization algorithm and the UKF filtering algorithm are described in
Sect. 3. Section 4 discusses the performance of the algorithm and simulation results.
Finally, the Sect. 5 is the summary of this article and the discussion of the follow-up
tasks.

2 Positioning System Model

It is assumed that the roadside node units have been pre-deployed in the vehicle
positioning system beside the bidirectional lanes, and that the communication distances
of these roadside unit sets can cover the entire road, and the position information of
these roadside units is known to the vehicle. In this system, both the roadside unit and
the vehicle are equipped with DSRC terminal equipment, so the V2I communication
between the roadside unit and the vehicle is accomplished through the 802.11P pro-
tocol. A multi-antenna array is also installed at the driving vehicle to detect the fre-
quency response of the multi-path channel of the received OFDM signal. In addition,
the vehicle can also obtain the current speed vector data through the navigation or
speed sensor device carried by itself. The location scenario of driving vehicles in an
urban environment is shown in Fig. 1.

RSU

Fig. 1. RSU-based vehicle location scenario

In addition, the on-board unit is also equipped with an M antenna receiving array.
We assume that the antenna array spacing is a fixed value and is generally half of the
signal wavelength. The transmitted signal St(t) is received by the antenna array via
L propagation paths, only one of which is along the line of sight (LOS) and others are
considered as non-line-of-sight propagation. According to [11], the time domain signal
received by the mth antenna element in a uniform linear array (ULA) can be expressed
as:



300 S. Zhang et al.

- /an(m 1)sin;

Smi(t) =Y € & BiSr(t— 1)+ Nux(0) (1)

In (1), the interval of ULA isd; = d, = d3 = --- = dy—; = d. A4 is the kth subcarrier
wavelength of the OFDM signal, f; is the complex attenuation coefficient of different
paths, and St(t — 1;) is the signal transmitted by the roadside unit. 0;, t; corresponds to
DOA and TOA for different propagation paths, respectively. N,  is the zero mean
additive white Gaussian noise (AWGN) of different subcarriers on different antennas.
In [12], the complex time domain received signals of different antennas can also be
expressed as:

sin 0;

L —"27z{d(m—l) L
Sm,k = Zﬁle ! *

=1

] k—1
+fp + (k=1)fs] Tz} Novs (2>

Where fp, is the Doppler frequency shift, fs is the subcarrier frequency interval, and
k is the number of subcarriers of the OFDM signal, in the range of [1 ,---, K]. The
antenna index value m is in the range [1 ,---, M], the propagation path of the OFDM
signal is shown in Fig. 2.
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Fig. 2. Antenna array receive signal diagram

In (2),d(m—1) % denotes the phase difference between the mth antenna element

in the ULA and the reference array element due to the propagation path difference.
According to [13], we rewrite S, i into a vector form:

S=HpB, +n 3)

In (3), H denotes the transmission channel matrix, f3; is the path-dependent complex
attenuation coefficient vector, and []T denotes the transposition of the vector.

S(n) = [Sl(n)a S2(”)7S3(n)7 ) sM(”)]T
n(n) = [n1(n), na(n),n3(n), - -, naa ()]
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Then the total least squares algorithm (TLS-ESPRIT) is used to jointly estimate the
DOA and TOA of the received signal, and then use UKF to further optimize the
estimation result.

3 Parameter Estimation Algorithm

3.1 Total Least Squares Based ESPRIT Algorithm (TLS-ESPRIT)

In the parameter estimation of the received signal, it is assumed that the number of
antennas M of the ULA at the receiving end is greater than the multipath number L of
signal propagation, and the former [1: M—1] array antennas and the last [2: M] arrays in
Fig. 2 are taken respectively. The elements form two sub-antenna arrays. By default,
the first sub-array receives the signal vector S;(n), and the second sub-array receives the
signal vector S,(n). Available from (3):

Sy = [s1(n),s2(n),s3(n), - - ,sM,l(n)]Tz H\.p,+ny (4)
2 = [s2(n), s3(n), s4(n), -+, su(n)]" = Ha.By+na (5)

In (4) and (5), the matrice H;, H, are

hi1(01,11) hi2(02,12) -+ hip(O, 1)
ha,1 (01, 11) h22(02,12) < hor(Or, )
H, = . . . .
hv-11(01,71)  hw—12(02,72) -+ hy—1(00,71)
hoi(01,11)  hop(02,72) -+ hor(0p,71)
Y hoi(01,71)  hop(02,72) -+ hor(Op,1r)
2= . ) . )

i (01,711)  h2(02,72) -+ hw(0r,72)
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Thus, (5) can be written as:

Sz = Hl(pﬁl +n2 (6)
b = diag{e*hjul e L 7672njo¢L} (7)
oy =d x sinb;/ x +fy x 1, l=1,--- L 8)

The DOA and TOA of the incident multipath signal are included in the diagonal
matrix @. If the corresponding rotation-invariant relationship between the subarrays
can be obtained, the vehicle positioning information can be extracted. Combine S| and
S, into a new matrix Ss

_ S| | Hi n| _ 3 ~
53—[Sz]—[Hl.(D]ﬁl‘F{nJ—Hﬁz"‘" )
Solving the Autocorrelation Matrix of S5 in (9).
Rs, = E[S3S1] = HRg H' + &N (10)

In the above formula, (.)H represents the Hermitian transpose, Rg, = E 18, /3,H] and &°
Em—1 J

J Ewm
identity matrix, and J is a M—1 order square matrix with all subdiagonals of 1.

Solving the generalized eigenvalues of Rg; results in 4; > 1, > -+ > Ay >

Jpal = o = doy—n = 0% Let the eigenvectors of the first L corresponding large gen-
eralized eigenvalues make up the signal subspace I = [I, L,--, I ], because the col-
umns of the matrix I and the columns of the direction matrix can be expanded into the
same subspace:

is the variance of Gaussian white noise. N = [ } , Eyy—1 1s an M—1 order

span{l} = span{H} (11)
so there is a unique L X L order non-singular matrix A such that
I=HXxA (12)

decompose the signal subspace [ into two M—1 x L matrices I, I,, where
I = HiA, L = H; @A, and construct the M—1 x 2L matrix Iy, = [I, I5], from which
(112)H X I, is obtained:

i m= | g i 0a) 13

Solve the eigenvalues of the (13) and their corresponding eigenvectors, and sort the
eigenvalues from largest to smallest A; > A, > ... > A > Apy=...= A3, =0,
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corresponding the feature vectors are u, u,..., Ur,..., Urr. So (13) can also be
expressed as

(112)H><112 = UAUH (14)

In (14), A is a diagonal matrix consisting of eigenvectors. U is a 2L x 2L square
matrix and is divided into blocks as follows.

Un Un
U= 15
|:U21 Uzz] (15)
available by (15)
ATIDA = — U, Uy (16)

The eigenvalue decomposition on the right side of the equal sign of (16) results in
L eigenvalues g1, g2, -+, g.- The DOA and TOA of the target vehicle are given by the
following formula:

o —arg(8)

T = 27Tf5 (17)
~ . [—arg(8)A
0, = arcsin {72710[ ] (18)

In (18), 4 is the carrier wavelength of the received signal, so the position infor-
mation of the vehicle can be accurately measured by (17), (18). The proposed 2D-
ELSITE algorithm achieves automatic pairing by joint diagonalization of DOA and
TOA parameters, which can effectively overcome the problem of degraded estimation
performance of the 1D-ESPRIT algorithm caused by changes in the carrier frequency
offset caused by the mobility of the target vehicle [16].

3.2 Unscented Kalman Filter (UKF)

The essence of Kalman filtering is to reconstruct the state vector of the positioning
system from the measured values. According to the measurement value of the vehicle
positioning system, the noise interference is filtered out from the noise-polluted system,
and the estimated performance degradation under low SNR environment can be
overcome. Unscented Kalman filter (UKF) is a method that approximates nonlinear
distribution using sigma points and is based on UT (Unscented Transform) transfor-
mation. Compared with the extended Kalman filter (EKF), UKF does not approximate
the nonlinear function and there is no defect caused by omitting Taylor’s expansion of
higher-order terms, which increases the estimation accuracy and robustness of strongly
nonlinear systems [15]. The UKF proposed in this paper can not only reduce the
channel noise and the influence of estimation error, but also predict the DOA and TOA
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of the next moment of the vehicle through the velocity component. The UKF filtered
system equation is given by:

X(k)=FX(k—1)+Gw(k—1) (19)

Z(k) = h[X (k)] + u(k)

In (19), X(k) is N rows state column vector, Z(k) is M rows observation column
vector, w(k), u(k) are zero mean Gaussian state noise and Gaussian observation noise,
Fisan N x N state transition matrix, G is the noise input matrix of the system, and # is
a nonlinear transformation function, i.e., E¥Y*! = EM*1_If the state vector of the sigma
sample point at time k is Xg(k|k), the one-step state estimation and observation esti-
mation formula of the sample point at k—1 time is:

{Xs(kVC— 1) = Fe Xs(k—l) (20)
Zs(klk — 1) = h[Xs(k — 1)]

A one-step prediction of the system state estimation and state covariance estimation

of UKF is:
X(k‘k_ 1) = ?io WSXS(k|k_ 1) (21)
Alklk—1) = 33" Ws X'e X"

In (21), X' = X(k|k — 1) — Xs(k|k — 1), the one-step prediction of the observa-
tional estimation and observation covariance estimation is:

{Z(kk —1) = 33" Ws Zs(k[k — 1) (22)

Bklk—1) = Y3, wsZ' x 2"

In (22), Z' = Z(k|k — 1) — Zs(k|k — 1), the full state vector of UKF and the state
covariance can be expressed as:

K (k) = 5=
X(k) = X (k|k — 1) + K(k)[Z(k) — Z(k]k — 1)] (23)

A(k) = A(k|k — 1) — K(k)B(k|k — 1) KT (k)
In (23), K(k) denotes the Kalman gain. In (21) and (22), Wy denotes the weights of

different sigma points. The DOA and TOA components in the initial state vector X(0)
can be obtained by (17) and (18), we also let the UKF state vector be:

X (k) = [0(k), (k). Vx (k), vy (k)] (24)

0(k), t(k) respectively represent the DOA and TOA of the LOS path at time , and
Vx and Vy are the traveling speeds in the X and Y directions in Fig. 1, respectively.



Vehicle Localization Using Joint DOA/TOA Estimation 305

4 Simulation Results

This paper proposes that TLS-based positioning estimation algorithm needs a 2M-
2 x 2M-2 order, once 2L x 2L order and L x L order eigenvalue decomposition. In
practical applications, the computational complexity is also related to the number of
samples N in digital signal processing. It can be approximated as O(N3) [14]. In this
simulation, the proposed algorithm with and without UKF filters were simulated in the
vehicle location scenario, and GPS was added for comparison. The vehicle positioning
accuracy based on DOA and TOA estimation was studied, and the effectiveness of
parameter estimation using UKF was illustrated. The vehicle’s positioning scenario is
that the vehicle travels along a road with a length of about 1 km and a width of 10 m at
a constant speed and Simulation parameters for vehicle position estimation are shown
in Table 1.

Table 1. Simulation parameters

Parameter Numeric value
Multipath number 4

Number of receiving antennas | 12

Antenna spacing Half the wavelength
Center frequency 5.9 GHz

Bandwidth 10 MHz

Number of subcarriers 24

Speed of vehicle 30 m/s

Road length and width 1000 m/10 m

Input SNR 50 db

Vehicle tracking is achieved at the vehicle using a vehicle-mounted ULA array to
receive broadcast packets and extract the DOA/TOA of LOS through the 2D-ESPRIT
algorithm.

In the simulation, we continuously track the vehicle for more than 30 s. We record
the position information generated by the DOA/TOA parameter estimation method
with and without the UKF filter and the GPS positioning method in the Y direction and
the X direction, respectively. The evaluation criterion of the positioning simulation is
the positioning accuracy error, that is, the absolute value of the difference between the
estimated position and the actual position of the Y-X axis coordinate. The simulation
results of the Y-X axis are shown in Figs. 3 and 4 below:
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Fig. 3. Positioning accuracy of the DOA/TOA estimation method on the Y-axis
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—©— without UKF
—¥— with UKF
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X-Positioning error(m)

Fig. 4. Positioning accuracy of the DOA/TOA estimation method on the X-axis

In Figs. 3 and 4 above, the positioning error between the conventional 2D-ESPRIT
estimation algorithm without UKF, the GPS positioning and the proposed positioning
estimation algorithm in the Y and X directions are respectively shown to change over
time. As shown in Fig. 3, in the Y direction (traveling direction), the positioning error
of the conventional 2D-ESPRIT algorithm without UKF varies significantly within a
range of 3 m with time. In addition, the GPS positioning is affected by measurement
noise in various aspects and the positioning error is even up to about 5 m. While the
accuracy of the proposed positioning algorithm with UKF doesn’t fluctuate with time,
and the positioning accuracy can remain stable during the tracking period, about 1 m.
Figure 4 shows that in the X direction, the positioning accuracy of the algorithm
presented in this paper can remain stable over time, and its error reaches a decimeter
level around 0.5 m. The accuracy of the conventional estimation algorithm without
UKF in the early stage is slightly inferior to the algorithm proposed in this paper.
However, since the vehicle is far away from the RSU, accuracy loss is caused in the
later period. The accuracy loss of GPS is more obvious with time and it can no longer
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meet the application requirements. Therefore, the positioning estimation algorithm with
UKEF proposed in this paper has much better performance than the traditional two-
dimensional subspace estimation algorithm and the GPS positioning in the resolution
and stability of location accuracy.

In addition to the above criteria, this paper also uses two-dimensional Euclidean
distance to represent the estimated error of position coordinates, i.e., from which the
probability distribution of the error can be obtained. The cumulative distribution
function (CDF) of the estimated error generated by the UKEF filtering positioning
algorithm is as shown in Fig. 5.
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Fig. 5. Cumulative distribution function (CDF) generated by different localization algorithms

The above figure shows that the proposed ESPRIT estimation algorithm with UKF
has absolute advantages over traditional algorithms and GPS in terms of reliability. For
example, the proposed positioning algorithm can make the error value of the 98%
vehicle positioning sample less than 1.5 m. However, if the vehicle positioning using
the traditional 2D-ESPRIT estimation algorithm and making the estimation error within
1.5 m, the percentage can only reach 46%, and the percentage of GPS positioning to
achieve the same positioning error standard is even lower, only 6%.

5 Conclusion

We propose a vehicle location algorithm based on DOA/TOA joint estimation in this
paper. The ESPRIT algorithm utilizes the rotation invariance of the ULA received
signal and performs super-resolution estimation of the spatial spectrum through the
principle of total least squares (TLS). Different from the traditional two-dimensional
spatial spectrum estimation algorithm, the proposed algorithm also introduces the
Unscented Kalman Filter (UKF) to overcome the noise interference in the V2I com-
munication environment, which greatly improves the accuracy and reliability of DOA
and TOA estimation. Therefore, it is possible to obtain fairly accurate vehicle
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positioning information to meet the demand for high-precision positioning by the
Intelligent connected vehicle. In addition, our follow-up work will also in-depth study
of the number of ULA elements, RSU coverage dimensions and real-time constraints
and other conditions on the vehicle positioning accuracy, in order to achieve the vehicle
positioning accuracy optimization.
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