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ABSTRACT Ultra-high frequency radio frequency identification (UHF RFID) localization technique has
been considered increasingly promising in indoor positioning systems. However, conventional localization
algorithms are vulnerable in multipath and non-line of sight (NLOS) environments. To solve this problem,
this paper presents an indoor localization method based on angle of arrival and phase difference of
arrival (PDOA) using virtual stations for passive UHF RFID. We use the array antenna to distinguish
multipath signals and choose the two strongest paths according to the received signal strength to perform
localization. The angles of the two paths are obtained through the phase difference of the received signals at
different array elements, and the distances of the two paths are estimated through PDOAmeasurement. After
obtaining the angles and distances, we establish virtual stations to convert NLOS paths into LOS paths. The
possible positions of the tag are calculated through virtual stations, angle, and distance information, which
are derived from the two signal paths. Then, the weighted least squares combined with residual weighted
algorithm are proposed to calculate real position of the tag. Simulation results demonstrate that our method
achieves decimeter level accuracy and has higher precision than traditional algorithms.

INDEX TERMS AOA, PDOA, multipath, NLOS, UHF RFID, virtual stations.

I. INTRODUCTION
Indoor localization has become exceedingly important in var-
ious applications [1]. At the same time, ultra-high frequency
radio frequency identification (UHFRFID) technology is get-
ting more and more consideration to be the optimal selection
for indoor positioning systems because it is contactless, low
cost and has high accuracy [2], [3].

Due to the complex signal propagations caused by walls,
clapboard, ceiling and so on, the UHF RFID signals may
suffer from reflections, refractions and diffractions. The accu-
racy of indoor localization will be affected by the phe-
nomenon of non-line of sight (NLOS) and multipath arrivals
seriously.

The methods of indoor localization include time of arrival
(TOA) [4], time difference of arrival (TDOA) [5], received
signal strength (RSS) [6], angle of arrival (AOA) [7]–[9],

phase difference of arrival (PDOA) [10], [11] and some
combinations of these methods. However, TOA and TDOA
are quite difficult to be implemented in UHF RFID systems
because of its narrow bandwidth. The method based on RSS
is sensitive to fading and multipath effects, so its accuracy
is not very high. The accuracy of PDOA method is closely
related to multipath effect and AOA method suffers from the
effects of NLOS and multipath propagations.

To improve the accuracy of indoor localization, a robust
algorithm named residual weighted multidimensional scaling
(RWMDS) based on the multipath channel model is proposed
in [10], whereas this algorithm cannot work well in NLOS
environment. A new localization method based on joint itera-
tive phase reconstruction and weighted localization algorithm
with convex optimization has been proposed to fulfill high
accuracy in NLOS environment using RFID signals in [12],
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but the transmitted and received signals paths at the same
reader may be different which may cause large errors. A RSS
based algorithm that selects a special subset of array antennas
to performAOA estimations based on UHFRFID is proposed
in paper [13], which needsmultiple array antennas to estimate
the transponder position. Yang et al. [14] attempt to improve
localization precision of a passive RFID localization system
by using sparsely distributed RFID tags. However, the local-
ization precision is related to the distribution of RFID tags.
A two-stage positioning approach is developed to improve
position accuracy for tracking vehicles in NLOS propagation
environments in [15], which needs LOS measurements to
smooth the distance estimates. Liu et al. [14] propose a fine-
grained backscatter positioning technique using the commer-
cial off-the-shelf RFID products with detected phases. The
method in [17] tries to identify the NLOS paths from a set
of mixed LOS and NLOS measurements, which requires
LOS involved. A new tracking filter that accepts orientation
estimates as input is proposed to improve tracking accuracy in
RFID tracking systems [18]. A novel stochastic localization
algorithm called LOCUST is proposed [19], where functional
dependency between pair wise received signal strength indi-
cator (RSSI) cross correlation measured by a tag reader is
used to infer the unknown location of the RFID tags, but this
algorithm takes more computation time to increase localiza-
tion accuracy. An item-level indoor localization with passive
UHF RFID based on tag interaction analysis is presented
in [20], which needs to measure localization of reference tags
in advance.

In order to better mitigate the effects of NLOS and mul-
tipath on the accuracy of indoor localization, in this paper,
we combine AOA with PDOA methods to implement an
indoor localization method based on passive UHF RFID.
From paper [21] and [22], we know that AOA estimation can
be made only if the direction of the incoming signal is within
the radiation pattern of main beam. Therefore, we can use
the array antenna with narrow beamwidth to distinguish the
multipath signals. The angles of the two paths are obtained
through the phase difference of the received signals at differ-
ent array elements.

For AOA estimation, classical algorithms are multiple sig-
nal classification (MUSIC) and estimation of signal param-
eters via rotational invariance techniques (ESPRIT) [23].
In indoor environment, multipath signals are highly cor-
related because of reflections. MUSIC method uses spa-
tial smoothing as decorrelation technique. Instead of using
MUSIC method, in this paper, we use an algorithm called
method of direction estimation (MODE) [24] to perform the
AOA estimation. Compared with MUSIC algorithm, MODE
has a better performance for correlated or coherent sources.
The distances of the two paths are estimated through PDOA
measurement.

To mitigate the effect of NLOS path, we establish virtual
stations to convert NLOS paths to LOS paths [25]. The possi-
ble positions of the tag are calculated through virtual stations,
angle and distance information which are derived from the

two signal paths. WLS-RW algorithm is used to calculate
the real position of the tag. To evaluate the performance
of our proposed method, we derive the Cramér-Rao Lower
Bounds (CRLB) of AOA and PDOA estimation respec-
tively [26]–[28], and then calculate the CRLB of the local-
ization error based on the WLS-RW algorithm.

The rest of this paper is organised as follows: the channel
model of passive UHF RFID is introduced in Section II.
Section III presents the proposed method. Location estima-
tion algorithm and the CRLB is provided in section IV. Sim-
ulation analysis is given in Section V. Finally, Section VI
provides a concluding summary.

II. CHANNEL MODEL OF PASSIVE UHF RFID
A. CHANNEL MODEL BASED ON RSS
According to the Friis Transmission Equation [29], in free
space, for one direct path, the received signal power (or
received signal strength, RSS) is:

PR = PT (
λ

4πd
)2 (1)

where PT is the power of transmitted signal, d is the length
of direct path, λ is the wavelength of signal.
The workflow of a passive RFID system is as follows:

RFID reader transmits a modulated RF signal to a RFID tag
which consists of an antenna with an integrated circuit chip.
Then the chip receives power from the antenna. It modu-
lates and responds the signal by varying its input impedance.
We suppose that the uplink is identical to the downlink, and
in clutter indoor environment, there must be some reflection
paths, so the Friis equation can be modified as follows [30]:

PR = PT
G2
rG

2
t X

2ξL2p
ρ2α2

(2)

where Gr is gain of the reader, Gt is gain of the tag, X is the
polarization match factor, ξ is modulation factor of the tag,
α is the path loss exponent, ρ is compensation of the antenna
gain, and Lp is the path loss:

Lp = (
λ

4π
)2|

1
d0
e(−jkd0) +

N∑
i=1

0i
1
di
e(−jkdi)|2 (3)

where k = 2π/λ, d0 is the length of direct path, di is the
length of the ith reflection path, N is the total number of
reflection paths, 0i is polarization related reflection coeffi-
cient of the ith reflection path.

B. CHANNEL MODEL BASED ON AOA
We suppose there are M elements in the array antenna, and
K is the number of antenna elements and also is the number
of the far field narrowband signal. We use si(t) to represent
the signal source:

si(t) = ui(t)ej(ω0t+ϕ(t)) i = 1, 2, . . . ,K . (4)

where ui(t) is the amplitude of the signal, ω0 is the angular
frequency, ϕ(t) is the phase. After time delay τ :

si(t − τ ) = ui(t − τ )ej(ω0(t−τ )+ϕ(t−τ )) (5)
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For far field narrowband signals:{
ui(t) ≈ ui(t − τ )
ϕ(t) ≈ ϕ(t − τ )

(6)

so, we can obtain:

si(t − τ ) ≈ si(t)e−jω0τ (7)

At time t , the received signals are:

X (t) = AS(t)+ e(t) (8)

where

A = [a(θ1), a(θ2), . . . , a(θK )]T (9)

a(θi) = [e(−j2π f τ1i), . . . , e(−j2π f τMi)]T (10)

S(t) = [s1(t), s2(t), . . . , sK (t)]T is the vector of the signal
waveform, and e(t) = [e1(t), e2(t), . . . , eM (t)]T is the vector
of noise.

If the array is a Uniform Linear Array (ULA) and the
reference element is at the original point, the time delay of
the jth signal at the array element i is τij = xi sin(θj)/c,
i = 1, 2, . . . ,M , j = 1, 2, . . . ,K , where xi is the location
if the ith array element, c is the propagation velocity of the
electromagnetic wave in air.

C. CHANNEL MODEL BASED ON PDOA
We use H (f ) to represent the multipath channel response in
frequency domain:

H (f ) = α0e(−j2πτ0f ) +
N∑
i=1

αie(−j2πτif ) (11)

where α0 is the amplitude of direct path arriving at delay
τ0, αi is the amplitude of ith path arriving at delay τi, f is
the frequency of signal. To obtain the phase of arrival signal,
we can use the following equation:

1φ = arctan(
Im(H )
Re(H )

) (12)

where Im{·} and Re{·} are real part and imaginary part of a
complex number respectively.

III. THE PROPOSED METHOD
The base station (BS) is a ULA and the inter-element spacing
is half wavelength with respect to the center frequency of
UHF RFID. As shown in Fig. 1, the center of the BS is at
the origin of the two-dimensional coordinate system and the
ULA is arranged along the x axis. Because of the obstacle
there may be no LOS path and we suppose that there are two
NLOS paths.

The proposed method includes four steps:
1) Use the array antenna with narrow beamwidth to distin-

guish at least two signal paths and estimate the angle of
arrivals;

2) Measure the length of two paths through PDOA
method;

FIGURE 1. An indoor localization model in NLOS and multipath
environments based on UHF RFID. There are two NLOS paths and there is
no LOS path.

3) Establish virtual stations and find possible positions of
the tag;

4) Calculate the location of the tag with WLS-RW
algorithm.

A. AOA ESTIMATION
For AOA estimation, classical algorithms are MUSIC and
ESPRIT. In indoor environment, multipath signals are highly
correlated because of reflections. MUSIC method uses spa-
tial smoothing as decorrelation technique. Instead of using
MUSIC method with spatial smoothing, in this paper, we use
an algorithm called method of MODE to perform the AOA
estimation. Compared with MUSIC algorithm with spatial
smoothing, MODE has a better performance for correlated
and coherent sources.

The far-field region is defined by three conditions:
d � λ

d � D
d > 2D2/λ

(13)

where d is the observation distance, λ is the wavelength at the
operation frequency and D is size of the antenna.
If the central frequency fc of UHF RFID signal is 925MHz,

λ = 0.32m, the antenna size D is about 0.5m, according to
formula (13), if d is larger than 1.5m, we can approximatively
think the ULA is in the far-field region. In a far-field region,
RFID signals can be regarded as plane-waves.

For a ULA, the beamwidth can be calculated through the
following equation:

BW ≈
51◦

Dλ
(14)

where the antenna size D = (M − 1)λ/2,M is the number of
array element, λ is the wavelength at the operation frequency.
When the angle between two signal paths is larger than
beamwidth, array antenna can distinguish these two signals.
Then we can use AOA estimation algorithms to calculate
angles.
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Suppose there are M identical antenna elements in the
ULA and the distance between each element is half of the
wavelength λ; the number of the far-field narrowband signals
is K ; at time t , the received signals at the mth array element
can be expressed as:

hm =
K∑
k=1

sk (t)e(−j2π fcτmk ) + ωm m = 1, 2, . . . ,M . (15)

where ωm is the zero-mean additive white Gaussian noise
with variance σ 2, τmk is the propagation delay that a signal
need to arrive at other array elements compared with the
reference element.

Let the rightmost array element be the reference element:

τmk = λ(m− 1) cos(θk )/2c (16)

where θk is the angle between the kth signal and the positive
x axis, θk ∈ [0, π], c is the propagation velocity of electro-
magnetic wave in air.

Use a vector matrix H to represent the received signals at
the M arrary elements:

H = [h1, h2, . . . , hM ]T (17)

The covariance matrix of H is :

R = E{HHH
} (18)

where {·}H means conjugate transpose operation, and E{·} is
the expectation operator.
R can be written as follows through eigenvalue decompo-

sition:

R = Us3s(Vs)H + Un3n(Vn)H (19)

where the columns of Us ∈ CM×K contain the signal sub-
space eigenvectors, the columns of Un ∈ CM×(M−K ) con-
tain the noise subspace eigenvectors, diagonal matrix 3s =

diag{λ1, λ2, . . . λK } contains K signal subspace eigenvalues,
diagonal matrix 3n = diag{λK+1, λK+2, . . . λM } contains
(M − K ) noise subspace eigenvalues.

Define a complex vector b [24]:

b = [b0, b1, . . . , bK ]T (20)

where {bi} is defined by the following equation:

b0 + b1z+ · · · + bK zK = b0
K∏
k=1

(1− ejπ cos(θk )) (21)

where ωk = π cos(θk ). Since the polynomial on the left-
hand side of equation (21) has all its zeroes on the unit
circle, its coefficients {bi} must satisfy conjugate symmetry
constraint [31].

Let B ∈ CM×(M−K ) be a standard Toeplitz matrix [32]:

BH =

b0 · · · bK 0
. . .

. . .

0 b0 · · · bK

 (22)

Define the loss function called F(b):

F(b) = tr{P(b)UsW (Us)H } (23)

where tr{·} is the trace of a matrix. Suppose matrix B and
matrix 3s are non-singular, P(b) = B(BHB)−1BH , W =

(3s − σ
2I )23−1s , σ 2 is the estimated noise power, and σ 2

=
1

M−K tr{3n}.
To minimize the value of the function F(b), we use the

following two steps [31] :
Step 1: With the norm constraint ‖b‖2 = 1, obtain a b1

through minimizing the following function F1(b):

F1(b) = tr{BHUsWUH
s B} (24)

Step 2: With the norm constraint ‖b1‖2 = 1, obtain a b2
through minimizing the following function F2(b1):

F2(b1) = tr{(B̂H B̂)−1BHUsWUH
s B} (25)

where B̂ is made from the estimate b1 obtained in step 1,
suppose |B̂H B̂| 6= 0, | · | is the determinant of a matrix.

The angles of arrival are estimated through rooting the
polynomial with coefficients b2. Note that step 2 may be
iterated for a few times [24].

B. PDOA MEASUREMENT
Use d to represent the distance between a UHF RFID reader
and a tag.1t is the time that a signal needs to propagate from
the reader to the tag and then return to the reader:

d =
1
2
c1t (26)

φ = 2π f1t (27)

where c = 3× 108m/s, f is the frequency of the signal, φ is
the phase delay of the signal after the time 1t .

From formula (26) and (27) we can get:

d = c
φ

4π f
(28)

If φ = 2nπ + φ′:

d =
1
2
λ(n+

φ′

2π
) (29)

where n ∈ N, λ is the wavelength of the signal.
Through formula (29) we cannot get an accurate value of

distance d because there is a 2nπ phase ambiguity. Therefore,
we use two signals with different frequency f1 and f2:

φ1 = 2n1π + φ′1 =
4πdf1
c

(30)

φ2 = 2n2π + φ′2 =
4πdf2
c

(31)

We assume that n1 = n2, it means that φ1 and φ2 have the
same integral period.

Suppose f2 > f1 and subtract formula (30) from (31):
d =

c1φ
4π1f

, if φ2 > φ1

d =
c(1φ + 2π )

4π1f
, if φ2 < φ1

(32)

where 1φ = φ′2 − φ
′

1, 1f = f2 − f1.
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When a signal meets a obstacle and it is reflected, there are
reflection coefficients [17]:

R⊥ =
cos(θ )−

√
ε − sin2(θ )

cos(θ )+
√
ε − sin2(θ )

(33)

R‖ =
ε cos(θ )−

√
ε − sin2(θ )

ε cos(θ )+
√
ε − sin2(θ )

(34)

ε = εr − j60σλ (35)

where R⊥ is the vertical polarization reflection coefficient,
R‖ is the horizontal polarization reflection coefficient, θ is
the angle of incidence, εr is the normalized relative dielectric
constant of the reflecting surface, σ is the conductivity of the
reflecting surface, and λ is the wavelength of the incident ray.

Through formula (33) and formula (34), we find there are
phase changes in reflection coefficients. Suppose these phase
changes are φ′′1 and φ′′2 for f1 and f2 respectively. These phase
changes will affect the accuracy of the PDOA measurement.

However, from Fig. 2, we find that when the frequency dif-
ference1f = f1−f2 is 5MHz, the phase change differences of
the reflection coefficient φ′′2 −φ

′′

1 are only about 1×10−4rad
and 2× 10−4rad respectively. Compared with 1φ, φ′′1 − φ

′′

2
is very small.

FIGURE 2. Phase changes difference of reflection coefficients for θ = 45◦,
εr = 15 and σ = 1.

In this paper, the maximum value of 1f is 5MHz, so we
can neglect φ′′1 − φ

′′

2 :

d =
c[1φ + (φ′′2 − φ

′′

1 )]

4π1f
≈

c1φ
4π1f

if φ2 > φ1

d =
c[1φ + 2π + (φ′′2 − φ

′′

1 )]

4π1f

≈
c(1φ + 2π )

4π1f
if φ2 < φ1

(36)

where 1f = f2 − f1, in two-dimensional environment,
φ′′1 = arctan[ Im(R⊥1)Re(R⊥1)

], φ′′2 = arctan[ Im(R⊥2)Re(R⊥2)
], Im{·} and

Re{·} are real part and imaginary part of a complex number
respectively.

FIGURE 3. The comparison between PDOA measurement with reflection
coefficient equal to -1 and Fresnel reflection coefficient, 1f=5MHz.

From Fig. 3, we can observe that when reflection coeffi-
cient is Fresnel reflection coefficient, the RMSE of PDOA
measurement is nearly the same with reflection coefficient
equal to -1. It is consistent with our approximation in
formula (36).

The maximum acceptable range of PDOAmeasurement is:

Rmax =
c

21f
(37)

where 1f = f2 − f1, c = 3× 108m/s.

C. THE ESTABLISHMENT OF VIRTUAL STATION
In a real-world scenario, the wireless signal propagation has
many complicated phenomena, such as NLOS, multipath,
scatter, etc. In this paper, we only consider direct paths and
reflection paths, and we neglect penetration paths and diffrac-
tion paths.

For direct paths, there is no need to establish virtual sta-
tions. We use Xt = [xt , yt ]T to represent localization of the
tag, and use Xb = [xb, yb]T to represent localization of the
BS. d is the distance from Xt to Xb and θ is the incidence
angle, θ ∈ [0, π]. The relationship between Xt and Xb is
shown in formula (38):

Xt = Xb + [d cos(θ ), d sin(θ )]T (38)

For reflection paths, firstly, we consider one-round reflec-
tion paths to explain how to establish virtual stations.
As shown in Fig. 4, a straight line l is the reflector, Xb is the
location of BS and Xv = [xv, yv]T is the location of the virtual
station. The broken line with arrow is the signal propagation
path. θ is the angle of incidence, ψ is the angle between
positive x axis and l, θ ′ is the angle between positive x axis
and the path from Xt to Xv, θ ′ ∈ [−π, π]. α and β are the
angles between positive x axis and the lines from Xv to the
ends of the straight line l, α < β.

Let Ax + By + C = 0 represent l, the distance between
Xb and l is:

d ′ = |Axb + Byb + C|/
√
A2 + B2 (39)
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FIGURE 4. Establishment of virtual stations based on one-round
reflection paths.

The location of Xv is:

Xv = Xb + P (40)

where P = 2d ′[cos(ψ − π/2), sin(ψ − π/2)]T , when Xb is
below or on the left of l; P = −2d ′[cos(ψ − π/2), sin(ψ −
π/2)]T , when Xb is above or on the right of l, ψ is the angle
between positive x axis and l.
After we know the position of Xv, we can obtain the loca-

tion of Xt :

Xt = Xv + Q (41)

where Q = [d cos(θ ′), d sin(θ ′)]T . θ ′ is the angle between
positive x axis and the path from Xt to Xv, θ ′ ∈ [−π, π].

From the geometric relationship, we can derive:

|θ ′| = θ − 2ψ (42)

Now we analyse that under what condition reflections can
happen. Firstly, the distance measured by PDOA should be
larger than the distance between BS and the reflector; Sec-
ondly, the reflection point should be on the reflector.{

d > d ′

θ ′ ∈ (α, β)
(43)

where α and β are the angles between positive x axis and the
lines from Xv to the ends of the straight line l, α < β.
For multiple-rounds reflection paths, as shown in Fig. 5,

there are n reflectors and we use straight lines li to represent
them (to show the figure clearly, we only draw two reflectors).
Xb and Xv0 are the position of the real station. The broken line
with arrow is the signal propagation path. θ0 is the angle of
incidence. Xt3 is the position of RFID tag to be positioned.
Xt1 and Xt1 are the positions derived from the real station Xb
and the virtual station Xv1. θj is the angle between positive x
axis and the path from Xtj to Xv(j−1), αi and βi are the angles
between positive x axis and the lines from Xvi to the ends of
the straight line li respectively, αi < βi.

Aix + Biy+ Ci = 0, i = 1, 2, · · · , n. (44)

FIGURE 5. Establishment of virtual stations based on multiple-rounds
reflection paths.

For every reflector, there should be a virtual station Xvi:

Xvi = Xv(i−1) + Pi, i = 1, 2, · · · , n. (45)

where Pi = 2d ′i [cos(ψi − π/2), sin(ψi − π/2)]T , when
Xv(i−1) is below or on the left of li; Pi = −2d ′i [cos(ψi −
π/2), sin(ψi−π/2)]T , when Xv(i−1) is above or on the right of
li, ψi is the angle between positive x axis and li, Xv0 is equal
to Xb = [xb, yb]T ,

d ′i =
|Aixv(i−1) + Biyv(i−1) + Ci|√

A2i + B
2
i

(46)

The possible positions of tag can be expressed as follows:

Xtj = Xv(j−1) + Qj−1, j = 1, 2, · · · . (47)

where Qj−1 = [d cos(θj−1), d sin(θj−1)]T , θj is the angle
between positive x axis and the path from Xtj to Xv(j−1),
|θj| = θ(j−1) − 2ψj.

We should analyse every reflector from i = 1 to i = n, and
we can stop when i = n or d < d ′i or θi /∈ (αi, βi), αi and βi
are the angles between positive x axis and the lines from Xvi
to the ends of the straight line li respectively, αi < βi.

IV. LOCATION ESTIMATION ALGORITHM AND THE CRLB
A. LOCATION ESTIMATION ALGORITHM
Based on a pair of distance d and angle θ , we can obtain more
than one possible positions of the tag by using virtual stations.
Therefore, we need at least two pairs of d and θ to find the
real position of the tag.

Let X1ti = [x1ti, y1ti]T and X2tj = [x2ti, y2ti]T be the
possible positions of the tag which are derived from the
first and second signal paths respectively, i = 1, 2, · · · , n1,
j = 1, 2, · · · , n2.
If the values of d and θ have no error, there must exist i

and j that can make X1ti = X2tj, and it is the exact position
of the tag. However, noise, multiple paths propagation and
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other effects make the estimation of d and θ not very exact,
so we try to find a pair of X1ti and X2tj which have the shortest
distance:

[I , J ] = argmin
i∈[1,n1],j∈[1,n2]

f (i, j) (48)

where

f (i, j) =
√
(x1ti − x2tj)2 + (y1ti − y2tj)2 (49)

According to the formula (47), if we know the location of
X1tI and X2tJ , we can calculate X1v(I−1) and X2v(J−1).

Suppose there are N pairs of d and θ which are estimated
by the base station, Xk = [xk , yk ]T , k = 1, 2, . . . ,N is
the virtual stations corresponding to the positions of the tag
which are derived from the kth signal path; dk is the length of
the kth signal path which is measured by PDOA estimation
and dk < dk+1; θk is the angle which is derived from the AOA
estimation. Use X = [x, y]T to represent the location of the
tag to be calculated:

−2xix − 2yiy+ x2 + y2 = d2i − x
2
i − y

2
i (50)

x sin(θi)− y cos(θi) = xi sin(θi)+ yi cos(θi) (51)

Use matrixs to represent formula (50) and (51):

GZ = H (52)

where

G =



−2x1 −2y1 1
...

...
...

−2xN −2yN 1
sin(θ1) cos(θ1) 0
...

...
...

sin(θN ) cos(θN ) 0


(53)

H =



d21 − (x21 + y
2
1)

...

d2N − (x2N + y
2
N )

x1 sin(θ1)− y1 cos(θ1)
...

xN sin(θN )− yN cos(θN )


(54)

Z = [x, y, x2 + y2]T (55)

Nowwe useweighted least squares combinedwith residual
weighted (WLS-RW) algorithm to find the value of x and y.

Z1 = [x ′, y′, x ′2 + y′2]T = (GTWG)−1GTWH (56)

whereW = 1
Bdiag{d

2
N , . . . , d

2
1 , d

2
N , . . . , d

2
1 , },B =

∑N
i=1 d

2
i ,

suppose |GTWG| 6= 0, | · | is the determinant of a matrix.
We can get the position of the tag X = [x, y]T through

residual weighted algorithm:

x =
(dwN − dN )2x ′1 + . . .+ (dw1 − d1)2x ′N
(dwN − dN )2 + . . .+ (dw1 − d1)2

(57)

y =
(dwN − dN )2y′1 + . . .+ (dw1 − d1)2y′N
(dwN − dN )2 + . . .+ (dw1 − d1)2

(58)

where

dwk =
√
(x ′ − xk )2 + (y′ − yk )2 k = 1, 2, . . . ,N . (59)

X ′i = [x ′i , y
′
i]
T i = 1, 2, . . . ,N is the position of the tag

derived from the ith signal path, which can be calculated
through the formula (47) and (48).

B. THE CRAMÉR-RAO LOWER BOUNDS
In AOA estimation, consider the number of the sampling
snapshot is K and the number of array elements is M , from
formula (8), we derive the probability density function:

P = |πσ 2IM |−K e(−σ
−2∑K

t=1 ‖X (t)−AS(t)‖
2
2) (60)

where σ 2 is the variance of the noise, IM ∈ CM×M

is the identity matrix A = [a(θ1), . . . , a(θK )]T , S(t) =
[s1(t), . . . , sK (t)]T .
The log-likelihood function is:

L = −MKLnσ 2
− σ 2

K∑
t=1

‖X (t)− AS(t)‖22 (61)

Suppose |AHA| 6= 0, |·| is the determinant of amatrix, from
formula (61), we can derive the CRLBof theAOA estimation:

σθ =
σ 2

2
{

K∑
t=1

Re[3H
t D

HPD3t ]}−1/2 (62)

where

3t = diag([s1(t), s2(t), . . . sK (t)]T ) (63)

D = [d(θ1), . . . , d(θK )] (64)

d(θ ) = da(θ )/dθ (65)

P = IM − (AHA)−1AH (66)

The CRLB of the PDOA estimation is [28]:

σd =
c
2

√
1

8π2(f 21 +
W 2

4 )snrWT0
(67)

where c = 3×108m/s,W = f2−f1, f2 > f1, T0 is the duration
of time for observing the signal.

Calculate the position of the tagX = [x, y]T throughWLS-
RW with di = dsi + σdi and θi = θsi + σθ i, i = 1, 2, . . . ,N ,
CRLB of the the localization error is:

σloc =

√
(x − xr )2 + (y− yr )2 (68)

where dsi and θsi are the distance and angle value obtained
from the ray-tracing, Xr = [xr , yr ] is the real position of
the tag.

V. SIMULATION AND RESULTS
We useMatlab to simulate the proposedmethod. Fig. 6 shows
the simulation environment. We use a 10m*10m room to
establish our simulation environment, there are two reflectors
in the room. The ULA contains 10 array elements and we use
a small circle to represent each of them. To show the signal
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FIGURE 6. A Simulation environment of indoor localization using AOA
and PDOA based on passive UHF RFID.

paths clearly we only draw 5 small array elements in the
figure. The small rectangle represents a tag to be positioned.
The ULA can only receive the signals with directions from
0◦ to 180◦ and the main beamwidth is about 10◦. We use the
ray-tracing to simulate the signal propagation paths. From the
figure, we can see that there are one direct path from the tag to
reader, three one-round reflected paths and three two-rounds
reflected path. Algorithm 1 shows the steps of our proposed
method.

Algorithm 1 Indoor Localization With AOA + PDOA +
Virtual Stations
1: Distinguish the multipath signals with array antenna.
2: Choose two strongest paths according to RSS.
3: Obtain phase information of the two paths from the ULA.
4: Get H and estimate the angles with MODE algorithm.
5: Estimate the distances through PDOA method.
6: Establish virtual stations according to the location of

the BS and obstacles.
7: Calculate possible positions X1ti and X2tj of the tag.
8: Find X1tI and X2tJ , and calculate X1v(I−1) and X2v(J−1).
9: Calculate the location of the tag with WLS-RW algorithm.

A. ERROR OF LOCALIZATION
Fig. 7 shows the RMSE of localization versus SNR with
LS, WLS, LS-RW, WLS-RW algorithms and CRLB. We can
observe that, with WLS-RW algorithm, when SNR is larger
than 10dB, the RMSE is smaller than 0.6m, and when the
SNR is larger than 15dB, the RMSE is smaller than 0.2m.
Fig. 8 shows the cumulative distribution function (CDF)
of localization error. Fig. 9 shows the RMSE of localiza-
tion error versus SNR for two signal paths with different
RSS, we can observe that the localization error has the
smallest value when the two signal paths have the strongest
RSS. Fig. 10 is the CDF of localization error when array

FIGURE 7. The RMSE of localization versus SNR with LS, WLS, LS-RW,
WLS-RW algorithm and CRLB, the number of array element is 10,
the result is obtained through 500 Monte Carlo simulations.

FIGURE 8. CDF of localization error, SNR=10dB, the result is obtained
through 500 Monte Carlo simulations.

FIGURE 9. The RMSE of localization error versus SNR, with WLS-RW
algorithm, for two signal paths with different RSS.

element is 6, 9, 16. Beamwidth is calculated through equa-
tion (14). From this figure we can easily observe that when
the beamwidth is narrower, the accuracy of localization is
higher.
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FIGURE 10. CDF of localization error, with WLS-RW algorithm, when
beamwidth of the array antenna is about 20◦,13◦,7◦, SNR=10dB,
the result is obtained through 500 Monte Carlo simulations.

B. PDOA ESTIMATION
Fig. 11 shows the CDF of distance error measured by PDOA
with the frequency difference 1f=1,5,10 and 15MHz, it can
be observed that the distance error of large frequency dif-
ference is less than the distance error of small frequency
difference.

FIGURE 11. CDF of distance error with PDOA measurement, SNR=20dB,
the result is obtained through 1000 Monte Carlo simulations.

However, from Fig. 12, we can observe, as the fre-
quency difference increases, the acceptable measuring dis-
tance decreases, so in general case, we let1f equal to 5MHz
to ensure the accuracy and the acceptable range of PDOA
measurement.

C. AOA ESTIMATION
The comparison betweenMUSIC with spatial smoothing and
MODE algorithm is shown in Fig. 13. In the simulation,
we use a ULA with inter-element spacing 0.15m, and the
sampling number is 512. 100 times Monte Carlo simulations
are carried out. From the result, we can observe that the
MODE has a better performance thanMUSIC algorithm with
spatial smoothing.

FIGURE 12. Maximum acceptable range of PDOA measurement versus
frequency difference.

FIGURE 13. The comparison between MUSIC with spatial smoothing and
MODE, the number of array element is 5.

VI. CONCLUSION
UHF RFID positioning technique is more and more popular
in localization methods. In this paper, we propose an indoor
localization method based on AOA and PDOA using virtual
stations for passive UHF RFID in multipath and NLOS envi-
ronments. The array antenna with narrow beamwidth is used
to distinguish the multipath signals, and virtual stations are
established to convert the NLOS paths into LOS paths. Both
the AOA and PDOA information are used to locate the tag
with WLS-RW algorithm. Based on the simulation results,
our proposed method can achieve decimeter level accuracy
and has higher precision than some traditional algorithms. For
the future work, we will continue to study hybrid UHF RFID
localization methods to improve the accuracy and efficiency
of indoor positioning systems.
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