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Abstract—The use of radio frequency identification (RFID)
technology for the traceability of products throughout the pro-
duction chain, warehouse management, and the retail network
is spreading in the last years, especially in those industries in
line with the concept of Industry 4.0. The last decade has seen
the development of increasingly precise and high-performance
methods for the localization of goods. This work proposes a
reliable 2-D localization methodology that is faster and provides a
competitive accuracy, concerning the state-of-the-art techniques.
The proposed method leverages a phase-distance model and
exploits the synthetic aperture approach and unwrapping tech-
niques for facing phase ambiguity and multipath phenomena.
Trilateration applied on consecutive phase readings allows finding
hyperbolae as the localization solution space. Analytic calculus is
used to compute intersections among the conics that estimate the
tag position. An algorithm computes intersections quality to select
the best estimation. Experimental tests are conducted to assess
the quality of the proposed strategy. A mobile robot equipped
with a reader antenna localizes in 2-D the tags placed in an indoor
scenario and reconstructs the map of the environment through
a simultaneous localization and mapping (SLAM) algorithm.

Note to Practitioners—A localization technology based on

passive ultrahigh-frequency (UHF) radio frequency identifica-
tion (RFID) is an enabling technology for intelligent warehouses,
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logistics, and retails. For this reason, this work presents a novel
method to estimate the tag location with high accuracy. A reader
antenna is mounted on an autonomous mobile robot that can
move in an indoor or outdoor environment due to a simultaneous
localization and mapping (SLAM) algorithm. The motion of the
antenna generates a synthetic aperture. The system receives the
phase measurements from the RFID tags and generates a distance
model through phase unwrapping. In such a way, the possible
locations of the tags in the environment are generated, creating
conics. The trilateration step is performed analytically, inter-
secting the obtained conics. The resulting estimations are very
accurate and not computation expensive. Therefore, the proposed
approach can be employed in any application where localizing
objects is fundamental even when reduced computational power
is available, e.g., in warehouses where the products are at known
heights, or where the items are placed on a fixed infrastructure,
such as high-shelves logistics, to produce the inventory of the
tagged objects within each shelf.

Index Terms—Industry 4.0, mobile robot, phase unwrapping,
radio frequency identification (RFID) localization, tag localiza-
tion, warehouse logistics.

I. INTRODUCTION

ADIO frequency identification (RFID) technology in the

ultrahigh-frequency (UHF) spectrum is widely applied in
industries in line with the concept of Industry 4.0, especially
in the field of logistics and warehouse automation. In such
scenarios, the passive RFID technology, due to its capacity of
automated identification and data capture (AIDC), is suitable
for tacking track of the incoming and outcoming products
in the industry plants [1], for item-level tagging in retail
stores [2], for localizing autonomous mobile robots that move
goods in the plant [3], for autonomous robot manipulators
that perform bin picking or packing tasks [4], for identifying
materials properties [5], or as an intuitive and easy-to-operate
method to navigate an unmanned aerial vehicle [6]. Further-
more, the passive UHF-RFID systems are well appreciated for
their low cost and promising localization accuracy.

The working principle for locating a radio frequency (RF)
signal generated by passive RFID tags consists of measuring
either the received signal strength indicator (RSSI) or the phase
of its backscattering signal. Several techniques were proposed
in the literature for achieving adequate performance.
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Hightower et al. [7] introduced a trilateration method
exploiting a distance attenuation model on the RSSI. Since the
accuracy of such a method was largely affected by multipath
and reflections, Ni et al. [8] proposed the introduction of refer-
ence tags in the environment. The disadvantages of techniques
exploiting reference tags are the need for a relatively high tag
spatial-density and a full knowledge about the environment
map. Recent approaches combine RSSI and signal phase [9],
[10], but the current trend is to employ phase-only methods
due to the favorable sensitivity of the phase to distance
measurements.

Phase-based methods typically leverage the phase difference
of arrival (PDOA) [11]. One of the main approaches is based
on the angle of arrival (AOA) that can be extracted from
the PDOA [12]. However, the distance between the receiving
antennas should be lower than half wavelength to remove
phase ambiguity, and high localization accuracy requires for
large array antennas. Furthermore, strategies in which the
antenna or the tag are moved according to a synthetic aperture
radar (SAR) approach or its inverse form have been proposed
[13], [14]. SAR methods provide good localization perfor-
mance but usually require large computational costs. For this
reason, they are suitable for off-line reconstruction algorithms
[15]. Optimization techniques have been proposed especially
for grid-based algorithms [16] to overcome this issue and to
allow the online estimation of tags location even in large 3-
D scenarios. Employing a virtual antenna array, Wang and
Katabi [17] tried to solve the multipath issue by modeling
the signal profiles of nearby RFIDs employing dynamic time
warping (DTW) techniques. The antenna can be moved by a
mobile robot in the environment allowing the sorting of RFID
tags in libraries, manufacturing lines, or offices [18]. Instead,
unwrapping algorithms, previously applied in interferometric
SAR [19], image processing [20], and other fields, have been
lately introduced in RFID localization [21] to eliminate the
ambiguity of the phase cycle. Recently, Zhang et al. [22]
proposed a Bayesian filter-based algorithm and a variable
power RFID model for localizing passive UHF tags in complex
environments. Li er al. [23] proposed a system to localize
RFID tags on shelves by combining both RSSI and phase
information acquired by two moving antennas with different
orientations. The two RSSI values can be used to roughly
determine the height of the tags on the shelf and to account for
different possible orientations of the tag and surface materials
to which the tag could be placed on. The phase data history
is used to estimate the tag lateral location, by adopting a
matching function, such as in SAR techniques, which also
takes into account the quality of each phase samples in terms
of the signal-to-noise ratio. In the work presented in [24],
Bernardini et al. studied the exploitation of multiple synthetic
apertures for improving static tag localization accuracy. In fact,
in many real cases, the RFID tag could be interrogated in
different time intervals associated with different inventories,
thus having more than one available synthetic aperture to
determine its location. Di Giampaolo and Martinelli [25]
proposed an alternative model of SAR methods based on the
concept of multiple baseline synthetic arrays. The proposed
processing consecutively evaluates couples of phase samples

by resembling two-element arrays with an increasing base-
line. The goal of the method is to understand which phase
samples are severely affected by multipath interference and
exclude them from the final tag location estimation process.
Real experiments showed the advantage of this method with
respect to classical SAR processing in indoor environments.
Zhao et al. [26] presented position error compensation (PEC),
an accurate synthetic aperture RFID localization system with
aperture PEC, which has a major advantage over the classical
SAR techniques of not requiring the exact knowledge of
the antenna trajectory. The method has been applied in an
extensive experimental campaign, and results showed that it
achieves the centimeter-level accuracy with aperture position
error in noisy environments, proving its effectiveness and
robustness. Jiang et al. [27] introduced a SAR-based multi-
granularity system called RF-SML, to find the high-probability
region of the target position by reconstructing the reflection
coefficient and reducing the time-computational burden of the
localization calculation. The authors conducted real experi-
ments, and the results showed that the proposed method can
efficiently achieve the centimeter-level positioning of items.

RFID localization has also been achieved employing hyper-
bolic positioning [28] to trilaterate the positions of tags
and reader antenna. Recent studies address hyperbolic posi-
tioning as an optimization problem [29] to improve the
cost-effectiveness of positioning systems.

The work here presented discusses a methodology for
localizing passive UHF-RFID tags from a moving antenna
carried on a robot. The method employs the mobile RFID
reader antenna to form a synthetic array and uses a phase
unwrapping algorithm to remove phase ambiguity. Hyperbolic
positioning is adopted to compute tag-position candidates at
every robot (antenna) location. Unlike previous works that
employ multiple collinear antennas, a single antenna is used.
The intersection between pairs of hyperbolae is obtained with
an analytic method, and finally, an optimization criterion
computes the best estimation of tag positions. The proposed
approach achieves a centimeter-order localization error by
using online computation.

This article is structured as follows. Section II introduces
background concepts on phase measurements. In Section III,
a detailed description of the methodology is presented explain-
ing the unwrapping algorithm, the hyperbolae construction,
their intersection computation, and the final location estima-
tion. Section IV is dedicated to the experimental trial, results,
and discussions. A conclusion section closes this contribution.

II. SIGNAL MODEL

An RFID system consists of tags, a reader connected to
one or more antennas, and a host management system. The
reader antenna queries tags by sending an electromagnetic
interrogation signal, and tags send back digital data that
usually represent the electronic product code (EPC), univocally
identifying the item that the tag is attached to. The host
management system collects all the data received by the reader
from several tags into the scenario. Passive tags are powered
by energy from the reader interrogating radio waves; thus,
the read range mainly depends on the chip sensitivity.
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Fig. 1. Schematics of the RFID communication. r is the distance between

the reader and tags antennas. Orx, Orx., and Or,g depend upon the electronic
circuits and compose the phase offset ¢y.

More in detail, when an RFID reader antenna interrogates
a passive tag, an RF signal providing command and power
is transmitted to the tag, which, on activation, returns the
modulated backscattering signal to the reader. The phase of
the complex signal backscattered by the tag mainly depends
on the distance between the tag and the reader antenna but also
by the reader receiving and transmitting hardware circuits and
the tag itself (see Fig. 1). The observed phase-distance model
for the ith reading can be written as

2
¢ = (¢0 + - 2r)mod27t (1)

where 4 is the free-space wavelength of the radiated field, ¢y
is the phase offset including the effect of cables and other
reader components [30], and r is the distance traveled twice
by the RF signal during the backscattering communication.

Equation (1) shows that the observed phase value ¢; is
the remainder of the phase rotation to 27z, revealing that the
observed value wraps and repeats over the 0 — 2z inter-
val. Therefore, the same observed value could be obtained
from multiple antenna distances, depending on the number
of cycles, generating ambiguity. The process of extracting
the distance information from that observed value must take
this phenomenon into account. Furthermore, even the phase
offset, ¢, should be considered. Ma et al. [31] studied the
effect of the phase offset ¢y on SAR methods. The offset
¢o is not perfectly constant but slightly varies since the
antenna phase-center position changes according to the relative
orientation between the antenna and tag [32]. By designing a
proper calibration function for the ¢y term, the accuracy of
SAR localization methods can be increased. Another aspect
that is worth mentioning is the modeling of the thermal noise
that is usually treated as the Gaussian noise.

In Section III, the essay would discuss the methodology
adopted to extract the distance information from the phase
signal of the RFID, taking into account the issues of the
distance-model in (1).

III. METHODOLOGY
A. Phase Unwrapping

Given an agent, being a mobile robot or a vehicle, equipped
with a single reader antenna, and a tag positioned in the

surrounding environment, when the agent moves, the relative
distance r, between the tag and the antenna reader, varies
along the path. A phase history can be acquired as the tag
is interrogated multiple times by the moving reader antenna.

Considering the variations of the signal phase concerning
the value assumed at a given reference time, namely, the rel-
ative phase history of the complex signal, the constant ¢
(phase offset) can be removed from (1) since its variations are
usually small in the tag proximity during the agent motion.
The resulting equation is

2
A¢p; = (7 2Ar)mod27r 2)

where the A operator represents the difference between two
phase samples (1) collected at two positions that are Ar apart.

Before applying the phase difference, it is required to
remove the phase ambiguity to reconstruct the phase revolu-
tion. Thus, the unwrapping technique [33] has been applied
to the measured phase (1). It adjusts the phase angles by
adding multiple cycles when absolute jumps between consec-
utive phase samples are greater than or equal to the jump
tolerance 7. Naming the unwrapped phase ¢“, the procedure
is equivalent to

0 = %o 3)

di—di, 1
Y= =2k | ———— + = |. 4
¢ = ¢ —2m L s *
The constraint for the spatial sampling is chosen according

to the Shannon theorem [34] that can be formulated as follows:

A

Ar = 4 sin(% whp) )
with wp, being the half-power beamwidth of the reader
antenna. This relation guarantees that the difference between
two adjacent phase samples is lower than z, which can pre-
vent the phase unwrapping technique from failing. Successive
readings are collected with nonuniform sampling following the
EPC UHF Gen2 Air Interface Protocol Standard anticollision
protocol [35]. However, if consecutive readings satisfy (5),
the complex signal can be successfully reconstructed, and the
tag position can be estimated without ambiguity. Fig. 2 shows
an example of the unwrapped distance obtained from a phase
history as

A
phiDist; = ¢ yp (6)

B. Hyperbolae Construction

Given a general scenario in which a tag is located at position
RFid and the reader antenna is mounted on a robot moving
from position APy to position APy, as depicted in Fig. 3,
the distance between the tag and AP, can be written as r and
the distance between the tag and AP; as r + Ar. Knowing
A, it is possible to obtain Ar via unwrapping. The distance
d between AP( and AP, can be alternatively computed through
the robot odometry or a more precise simultaneous localization
and mapping (SLAM) algorithm [36]. Nevertheless, the only
unknown variable to solve the localization problem is the
distance r that will be found by circles intersection.
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Fig. 2. Unwrapped distance values obtained from the corresponding measured
phase history.

Fig. 3. Scenario depicting the antenna motion from the position APy to the
position AP{. An RFID tag is located at position RFid.

Choosing a value R as guess for r, it is possible to generate
a circle with radius R centered in APy and a circle with radius
R + Ar centered in AP;. In the most general case, the circles
will intersect in two points that are symmetric with respect to
the APyAP; segment. A unique solution would exist if 2R +
Ar = d, while no solution can be found if 2R + Ar < d.

The locus of all possible intersections can be obtained vary-
ing the value of R iteratively. The solution of this procedure
is a hyperbola by definition, and its mathematical model is
derived by analytic calculus. The reference frame is at the
center of the APyAP; segment, and the y-axis would be
orthogonal to it, as shown in Fig. 4.

The circles equations in the chosen reference frame are

d\* 2 2
X+ E +y = R @)
AN 2 2
-3 +y = (R+ Ar)~. )
Moving to polar coordinates, x and y become
x = Rcosa — — ©)
y = R sina (10)

Fig. 4. Procedure to obtain the locus of all possible circles intersection and
an exemplary hyperbola obtained from it.

and substituting them in (8), it is possible to write
R— d* — Ar?
" 2(Ar +d cosa)’

The hyperbola equation in the canonical form is formulated
as

Y

2 2
Y
gl 1. (12)
Choosing a point with coordinate y = 0 (cosa = 1), the a
parameter is obtained
L Ar (13)
a==x—!
2
Finally, using the equation of the asymptotes, which is
b
r_Z (14)
X a

and posing the denominator of (11) equal to 0, it is possible
to find the parameter b

Jd? — Ar?
5 .

b=+ (15)

C. Reference-Frame Transformations

Computing the distance d as the norm of the APyAP
segment and Ar from the phase unwrapping procedure, it is
possible to obtain the locus of the possible tag locations
that have generated such phase measurement, as depicted
in Fig. 4. Then, it is necessary to transform such a locus
on a global reference frame for performing the computation
of the intersection between a pair of hyperbolae. Such a
transformation is described in the following steps.

The first step involves the formulation of the hyperbola in
matrix form. Given a vector X = [x, y, 1], it is possible to
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Fig. 5. Hyperbola represented in the global reference frame {O}.

write a generic conic as X A X T 1In that case, the matrix A
will assume the values

— 0 0
~ 1T 16
A=, _1L 4 (16)
b2
0 0 -1

Referring to Fig. 5, the matrix A represents the hyperbola in
the reference frame {/}. The following translation is applied
to move from the reference frame {I} to the reference frame
{R}:

0
Lo (17)
0

Then, a rotation is applied to align the x R axis with the xO
axis. The rotation angle @ can be obtained as atan2(AP;, —
APy, APy, — APy, ), resulting in the rotation matrix

cos 6 sind O
Ri=|—-sinf cosd O]f. (18)
0 0 1

Finally, another translation 7 is applied to center the conic in
the reference {O}

19)

The conic expressed in the matrix form in the global reference
frame {O} is obtained multiplying the matrix transformations,
as follows:

Co=T) RI T/ AT\ R\ T>. (20)

D. Conics Intersection

Given two hyperbolas with matrices Cy and Cj, to numeri-
cally compute their intersections, it is possible to build a pencil
that contains both the conics

C, =Co+ AC,. 21)

It is worth noticing that the intersection points p = (x, y) lie
on C; for any value of 4

plCip=0 V. (22)

Furthermore, there exists a special conic of the pencil that is
represented by straight lines intersecting both the intersection
points. Such lines are a degenerate conic whose matrix deter-
minant is null (det(C;) = 0).

Equation (21) can be reformulated as follows:

C,(C))'' =21 —Cy(—Cy)~' =21 — B. (23)

In this formulation, A represents the eigenvalues of B. Solving
the characteristic polynomial det(2/ — B) = 0, 1 can be
found, and it is possible to compute the degenerate conic
C,; by substitution. Cy; can be further decomposed as the

multiplication of two lines, as follows:
Ca=11L+11. (24)

Intersecting the obtained lines with one of the two conics of
(21), (Cp or Cy), it is possible to find the intersection points

(25)
(26)

pi Co =1
P Co =1y,

E. Localization Algorithm

Starting from an initial position of the reader antenna APy
and a nominal distance phiDist, derived from the unwrapped
phase history, a new conic is generated according to the above
formulations for any movement of the robot, and hence the
antenna, greater than an assigned stride size. Concurrently,
a vector containing the current position of the reader antenna
and the current unwrapped phase distance is stored. The next
step of the algorithm performs the intersection between the
novel hyperbola and all the previously obtained hyperbolae.

Fig. 6 shows an example of multiple hyperbolae obtained
moving the antenna in seven different positions and their
intersection. The ground-truth position of the tag (red circle)
does not belong to any computed hyperbola due to the phase
measurement noise. During each step of the antenna motion,
a vector containing the (x, y) coordinates of the intersection
(posRFID), the unwrapped phase distance phiDist,, and an
estimation of the quality of the localization guess (E) would
be allocated for each resulting intersection point.

The quality estimation is computed as

N N
E=)">" O

(27)

=0 k=it
Ori = |Ari(D) — Agi(phiDist)||  (28)
Ayi(D) = Dj — Dy (29)
Ay.i (phiDist) = phiDist; — phiDist, (30)
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Fig. 6. Intersection between different conics to obtain the best estimation of
an RFID tag location. The red circle is the ground-truth tag position and the
black X the analytic hyperbolae intersections.

where D; is the distance between PosRFID and the ith position
of the antenna AP; along the trajectory, and Dy is the same
parameter by considering the kth position of the antenna, with
k # i. In particular, PosRFID denotes any generic intersection
found between a pair of hyperbolas, whereas Dy, Dy, ..., Dy
are the distances between PosRFID and all the previous reader
antenna locations (known due to SLAM or other methods), and
phiDist; are the distances derived by unwrapping the phase
samples (6). Fig. 7 gives a graphical view of all the measures
involved in the computation.

Considering, for instance, the positions AP, and AP; of the
reader antenna, it is possible to write the following equation:

€1V
(32)

D, — Dy = R + phiDist,— R — phiDist,
= phiDist, — phiDist,.
This means that, if the estimation is exact, Q1> = 0.
Therefore, the solution of the localization problem is the

best estimation of the tag position, obtained finding the point
posRFID* that minimizes the objective function E

N N
posRFID* = arg min(z Z Qk,i)

(63)€0 \120 k=it

(33)

where O is the set of all the found hyperbola intersections. We
initially considered performing the computation of an average
of the intersections to obtain the best estimation guess, but
this resulted in increased computational time and in no real
advantage on accuracy. This is due to the fact that the average
will not probably belong to any of the conics, and thus, it will
present a systematic error.

IV. EXPERIMENTS AND DISCUSSION

An extensive measurement campaign was carried out in an
indoor scenario employing a Pioneer 3-AT UGV manufactured
by MobileRobots equipped with specialized UHF-RFID hard-
ware. In particular, an Impinj Speedway Revolution R420 [37]
reader was installed on the UGV along with two circularly
polarized WANTENNAXO19 antennas by C.A.E.N. RFID
[38]. The first and second antennas have been placed at 125
and 75 cm in height, respectively. Fig. 8 shows the mobile

Fig. 7. Measurements involved in the estimation of the quality of the
localization guess PosRFID.

Antenna #1

| Antenna #2
(Optional)

Pioneer

Fig. 8.
antennas.

Experimental setup showing the mobile robot and the mounted

robot equipped with the two reader antennas. Only the first
antenna is used in the following tests.

The robot is skid-steering with a four-wheel drive and can
rotate on the place with zero radius. It has an array of 16 sonars
arranged along the four sides and a computer connected to a
microcontroller. The robot uses the microcontroller to interface
with the motors and manage the odometer update and the
obstacle detection, by using the sonar sensors. Laser data have
been captured employing a Hokuyo laser range finder (LRF)
(UTM-30LX).

Thirty-eight passive UHF-RFID tags have been placed in an
office environment within a volume of 7m x S m x 1.5 m
with different orientations, as depicted in Fig. 9. Several tag
typologies using the Impinj Monza R6 chip (with a sensitivity
of —22.1 dBm) were employed. An external multicamera
tracking system, i.e., Vicon MX [39], has been used to obtain
ground-truth measurements. The Vicon system utilizes a set
of calibrated cameras working in the infrared spectrum to
acquire, by triangulation, the space position of markers whose
surface is covered by an infrared retroreflective tape with a
maximum acquisition rate of 240 Hz. Through the use of eight
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Fig. 9.  Experimental setup where the tests have been conducted. The
positions of the RFID tags that are visible in the picture are highlighted by
red boxes.

calibrated cameras, it was possible to track the antenna motion
and determine the position of the tags with an error of less
than 1 mm. Optical markers have been placed at tag positions
to obtain their absolute location before the experimental phase.
Furthermore, a marker was also attached to each antenna for
tracking the motion of the antennas during the experiments
inside the Vicon workspace.

The reader input power was set to Prx = 27 dBm, and
the measurements were acquired at a frequency of fy =
865.7 MHz (ETSI Channel 4).

A. Single-Tag Scenario

In the following, a single tag positioned at P,y =
[—1.564, —0.569, 1.013] m is considered. The reader antenna
number 1, employed in this test, moves from point
APy = [-0.428, —1.370, 1.253] m to point APy =
[—1.960, —0.165, 1.253] m acquiring 99 readings. Fig. 10
shows the antenna 1 trajectory as reconstructed by the Vicon
system and the tag location. The corresponding synthetic
aperture is L = [1.79, 1.3] m. The corresponding measured
unwrapped phase curve (black triangular markers) is pre-
sented in Fig. 11. The theoretical unwrapped phase curve
(blue circular markers) computed as in (1) by exploiting the
ground-truth trajectory measured by the Vicon system has
also been added. All phase measurements are normalized with
respect to the first reading sample to overcome the phase offset
issue. The phase unwrapping was done through a MATLAB
function, which is suitable when the reader antenna travels
at low velocity and condition (5) is met. The difference
between the two curves is mainly due to the multipath effects.
Indeed, the oscillations present in the last part of the measured
curve clearly indicate the presence of multipath components
affecting the RFID measurements and excited by metallic
structure where the Vicon cameras were mounted, nearby
walls, ceiling, and floor.

By choosing a minimum stride of 30 cm for the conics
generation, only ten hyperbolae are generated, resulting in a
total of 42 computed intersections. Fig. 12 depicts a boxplot

Z(m)

0.5

—=— Antenna 1 trajectory
¢ RFID tag location

-0.4

a2
Y (m) 5 s 16 A4

X (m)

-1.5 4 22

Fig. 10. Trajectory performed by antenna 1 during the robot motion inside
the indoor environment and exact position of an RFID tag placed in Py =
[—1.564; —0.569; 1.013] m as reported by the Vicon system.
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Fig. 11. Measured unwrapped phase curve (black triangular markers) and

theoretical unwrapped phase curve (blue circular markers), gathered when
the antenna moves according to the trajectory of Fig. 10 while detecting the
RFID tag in Pug = [—1.564, —0.569, 1.013] m. All phase measurements are
normalized with respect to the first reading sample.

with scatter points of the estimation error for each intersection
point in the XY plane concerning the RFID tag position guess.
Among statistical data, the sample values are shown, and the
worst and best estimation guesses are highlighted. The best
estimation has been correctly selected by the proposed criteria
in (33).

It is worth noticing that all the computed intersections give
an estimation of the tag position within a 5-cm distance error.
The localization error is always computed in the 2-D plane
as the magnitude of the difference between the projection of
the real tag position (ground truth) in the xy plane (reader
antenna plane) and the best estimation of the algorithm (in
the xy plane) following the simple formula:

error = ||tag_position — posRFID*||. (34)

The ideal case is to have both the reader antenna and the tag
at the same height coordinate to reduce the effects of the error
due to the projection of the actual distance onto the antenna
plane (Fig. 13). However, the proposed method shows good
robustness capabilities concerning the projection error that is
due to the different heights between the reader antenna and the
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Fig. 13. Projection of the distance on the antenna plane seen from the side

view (z-axis up).

tags. By analytically computing the error of the measurement
of the tag position from the antenna position P;, considering
25 cm of height difference and a distance of nearly 1.5 m,
the resulting projection on the antenna plane would present a
2-cm error. Repeating such an analysis for the closest point of
the trajectory, given the smaller distance of the reader antenna
from the tag, an error of 7 cm would be obtained. Nonetheless,
the proposed localization algorithm is able to improve the tag
position estimation (reaching an error of nearly 1.3 cm) since
it basically exploits the information coming from several phase
samples.

While the method is suitable for a single antenna usage,
employing multiple antennas may allow obtaining greater
precision on the 2-D projection if the tags are located at
different heights in a warehouse or a shop (typically on
shelves). The second antenna, mounted on the robot 50 cm
lower than the first antenna, generates similar error metrics
resulting in a tag position guess of 1.6 cm.

B. Influence of the Antenna Height

To assess the influence that the antenna height has on the
algorithm accuracy, a test has been run in simulation. In this
case, no multipath effects are considered, and the generated
phase signals are combined with a zero-mean Gaussian noise
with 0.1-rad standard deviation. The simulation involves a tag
at a fixed x- and y-coordinates (3 m, 0 m) and varying its
z-coordinate between 0 and 1.5 m, at 0.25-m intervals. The
receiving antenna is supposed to move on a plane with a z-
coordinate equal to 0. This experiment is aimed to show how

X [m]

—&— 1st Trajectory
—&— 2nd Trajectory
O RFID position

Y [m]

Fig. 14.  RFID position and paths of the RFID antenna in the simulations
test as seen on the xy plane. Three trajectories are defined: from point A to
point B, from point A to point C, and from point A to point D.

the projection error affects the localization accuracy depending
on the height difference between the tag and the antenna. Two
other conditions are taken into account: these are the length
of the antenna trajectory, and the distance of the trajectory
from the tag. In the simulation, the antenna moves along
two different paths (see Fig. 14): the first path is composed
of 200 steps of 0.05 m, each covering a total length of
10 m (from A to B), while the second path is composed
of 300 steps of 0.05 m, each covering a total length of 15 m
(from A to D). The third trajectory is considered moving the
antenna on the second path but stopping after 200 steps at
point C. The resulting error for each height difference on the
three trajectories is reported in Table 1. The table reports the
mean and the standard deviation of the localization accuracy
obtained from a set of 100 Monte Carlo simulations for each
combination of the above conditions. From the results, it is
possible to analyze the change in the localization error due
to the different heights of the antennas and the influence of
the distance of the trajectory from the tag and the influence of
the trajectory length on the estimation error. Results show that
with the increase in the height difference between the antenna
and the tag, the tag 2-D estimation error increases. This result
was expected due to the influence of the projection from 3-
D coordinates to 2-D coordinates and the relative error. The
obtained results are in line with the results obtained from the
single-tag experiment (where the antennas had nearly 0.25-m
height difference with respect to the tag).

C. Influence of the Antenna Trajectory Distance and Length

Looking again at the results shown in Table I, it is possible
to state that, if the motion of the antenna occurs with an
increased distance from the tag, the error induced by the
projection is mitigated. The same consideration holds if the
trajectory of the antenna is elongated. In this sense, the final
accuracy of the localization appears more sensible to the
length, geometry, and distance of the observation path than to
the antenna-height difference. This suggests that the antenna



TRIPICCHIO et al.: SYNTHETIC APERTURE UHF RFID LOCALIZATION METHOD BY PHASE UNWRAPPING AND HYPERBOLIC INTERSECTION

TABLE I

RFID POSITION ESTIMATION ERROR (AND STD) AT VARYING HEIGHTS
WHEN THE ANTENNA MOVES ON THREE DIFFERENT TRAJECTORIES

Tag Error p (o) on Error 4 (o) on Error p (o) on
height | Trajectory (A-B) | Trajectory (A-C) | Trajectory (A-D)
Om 0.42 (0.20)cm 0.42 (0.23)cm 0.38 (0.19)cm
0.25m 1.14 (0.42)cm 0.58 (0.22)cm 0.39 (0.22)cm
0.5m 4.26 (0.47)cm 1.25 (0.26)cm 0.79 (0.37)cm
0.75m 8.98 (0.93)cm 2.66 (0.56)cm 1.62 (0.30)cm
1.0m 13.84 (0.95)cm 4.01 (1.88)cm 2.70 (0.36) cm
125m | 20.59 (1.11)cm 7.42 (0.54) cm 4.55 (0.32)cm
1.5m 23.71 (1.53)cm 9.26 (2.48)cm 5.60 (0.16) cm
noisy trajectory
0.2r ground truth

-1.8 : ' :
-2.5 -2 -1.5 -1 -0.5 0
X (m)
Fig. 15. Ground-truth trajectory of the single-tag scenario (red) compared

to a generated trajectory with added Gaussian noise N (0, 0.1) (blue).

trajectory should be planned carefully to obtain a bounded
error and a desired accuracy on the localization.

D. Influence of the Robot Position Accuracy

In the single-tag scenario, the ground-truth trajectory cap-
tured from the Vicon system has been used for robot motion
knowledge. In this paragraph, a study on how reconstruction
errors in the antenna (robot) motion could affect the accuracy
of the tag localization is presented. This discussion is benefi-
cial to understand if simple motion estimation algorithms, such
as dead reckoning or cheap sensing solutions usually embed-
ded in handheld devices, could be used as antenna localization
modules. In particular, the algorithm has been run based on
a trajectory produced by altering the ground-truth trajectory
by adding the Gaussian noise with a standard deviation of
0.1 m. To reach statistical significance, the algorithm has
been executed on 1000 different simulations. Fig. 15 shows
one exemplary trajectory compared to the ground-truth one,
while Fig. 16 shows a histogram of the resulting errors. The
median error is 6.4 cm, but the major concentration is around
5 cm. This shows that even with a large estimation error of
the antenna motion (see Fig. 17), the resulting accuracy is
bounded.

E. Multiple-Tag Scenario

A more exhaustive testing session was performed to
assess the accuracy of the presented method when varying

samples

0 0.05 0.1 0.15 0.2
Estimation Error (m)

0.25 0.3

Fig. 16. Histogram of the estimation error on 1000 Monte Carlo simulations.
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Fig. 17.  Errors between the ground-truth trajectory and the generated

trajectory shown in Fig. 15.

orientation, spatial distribution, typology, and distance of
the tags. In these tests, the entire set of 38 tags has been
employed. Tags orientations vary from 0° to 90° in all the
spatial directions (x, y, and z). They have been attached to
a planar wall, on a line on the ground, over the faces of
two carton semicolumns, and on a tight rope (see Fig. 9).
The three tags on the floor have been used as a reference to
align the Vicon system with the robot and RFID measures
and are not considered in the following location computation
statistics. The antenna mounted on the robot moved in the
environment performing almost circular trajectories around
the semicolumns and the rope, in 11 different testing sessions.
The distance of the tags from the reader antenna varied
accordingly in the range 0.12 m < R < 5.74 m. Fig. 18
shows the distribution of the tags in a 3-D graphic along with
one of the reconstructed trajectories of the reader antenna.

The robot motion and the relative trajectories of the antenna
have been computed through an SLAM algorithm that fuses
the odometry readings from the wheel-mounted encoders and
the inertial measurement unit (IMU) with a scan matching
procedure performed on laser data [40].

The problem solved by the SLAM algorithm is to simul-
taneously determine a good estimation of the vehicle pose
and represent the operating environment where the vehicle
lays with a map. The map is usually represented as a set of
landmarks or features. The choice of proper features depends
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Fig. 18. Trajectory performed by the antenna on a testing session during the
robot motion and tags placement on the environment.
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Fig. 19. Environment map and robot trajectory of a testing session
obtained from an SLAM procedure combining odometry, inertial, and laser
measurements.

on the available sensors. In the case of LRF sensors, it is
practical to select points or lines as features for describing the
environment [41].

Fig. 19 presents the result of the SLAM procedure showing
the reconstructed environment map obtained from the laser
readings and the estimated robot trajectory. The implemented
SLAM method can reconstruct the trajectory within a centime-
ter error, which is comparable to the accuracy obtained from
other techniques for localizing mobile robots that have been
proven reliable in indoor exploration and inspection scenarios
where the GPS signal is not available [42], [43]. According to
the analysis carried out in Section IV-D and considering that
the accuracy of the employed SLAM method is of centimeter
order, the robot position estimation should not worsen the
RFID location estimation.

The test environment is a portion of a larger open space
laboratory room. As can be inferred from the reconstructed
map, the office has some openings, and contextually, some
people were moving in the portion not involved in the test
during the acquisition. Nevertheless, the SLAM procedure is
robust enough to obtain good accuracy performance even in
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Fig. 20. Variation of the position estimation error considering different tags
orientations, positions, and types.

the presence of noisy inputs due to people’s motion and light
artifacts caused by daylight entering from office windows.

For what concerns the RF signals, the environment poses
severe multipath conditions due to the presence of walls,
columns, metallic structures, and desks with personal com-
puters located inside the laboratory room.

Statistics of the tag location estimation errors for the eleven
reconstructed trajectories of the robot antenna are reported
in Fig. 20. The figure shows the boxplot of the error in the
x-coordinate (X), the error in the y-coordinate (Y), and the
Cartesian error (XY = (X2 4 Y?)!/?). The slight difference
between the error in the x- and y-coordinates concerns the
distribution of the tags and the performed trajectories. Nev-
ertheless, the Cartesian error remains bounded with small
variations around the mean value.

A comparison of accuracy and computation time of the
proposed method with the state-of-the-art techniques that
use similar approaches is reported in Table II. In particular,
the timing performance measurement has been conducted on
an Intel Core i3 M380 at 2.53 GHz to be consistent with
the timings obtained by Wu et al. [21]. The rows with a
light gray background report results as they were computed
in the referenced works and are here reported to show the
most relevant results using synthetic aperture, hyperbolic posi-
tioning, and unwrapping. The last two rows present results
obtained in the discussed environment that is much larger than
in the other papers. In particular, the SARFID [15] method has
been applied using a uniform grid partitioning of 3 cm in the
bounding volume between the coordinates (—2.5, —1.5, —0.1)
and (2, 2, 1.6) m.

Results confirm that the computational time is greatly
reduced in contrast to grid-based methods with the same
dimensionality when employing the unwrapped phase-distance
model. The computational time is further reduced with respect
to iterative optimization methods by employing an analytical
approach for finding the intersection of the conics. Considera-
tion should be done on the timing of the algorithm. Although
the computational burden of matrix multiplications is relatively
small and optimized in the machine, the number of hyperbolas
and, thus, intersections could potentially explode in the case of
long trajectories. However, when the motion trajectory starts
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COMPARISON OF DIFFERENT METHODS AT THE STATE OF THE ART
CONCERNING BOTH THE 2-D LOCATION ERROR AND THE TIMING

TABLE II

PERFORMANCE (TOP). RESULTS OF METHODS APPLIED ON THE
MULTIPLE-TAG SCENARIO (BOTTOM)

Previous results

Localization error

Computational time

from Literature tzy (Ozy) (o)
SAR in [13] 10.05 cm (9.42 cm) 1120.2 ms (21.0 ms)
Hyperbolic in [29] 13.23 cm (2.23 cm) N.A.

Unwrapped in [21]

9.96 cm (9.6 cm)

14.7 ms (10.7 ms)

Methods applied
on tested Scenario

Location error
Bay (Tay)

Computation time
# (o)

SARFID [13]

10.44 cm (140.58 cm)

13.9 ms (17.0 ms)

Proposed method

1.76 cm (0.4 cm)

7.8 ms (5.3 ms)

increasing, it is possible to reduce the computational time
considering, during the intersection computation, a limited
number of hyperbolae instead of all the generated conics, thus
lowering the timing demands. The selection can be done based
on geometrical considerations (e.g., approaches similar to
GDOP [44] of GPS) or unwrapping techniques. The more the
unwrapping is unrolled, the more the phase error is reduced.
In addition, taking into consideration the lobe apertures, many
points can be directly deleted. Finally, taking advantage of
the quality estimation algorithm, it is efficiently convenient
to maintain an array of the most promising hyperbolae and
perform the computations only on them, so further lowering
the computational time.

Concerning the accuracy of the method, the difference
with previous results could be explained by the fact that
the proposed method considers all the possible N(N — 1)/2
hyperbolae being N the acquired phase readings, which cannot
be done in [28], since the number of hyperbolae is related to
the number of antennas, while, with the method in [29] with
N readings, only N — 1 hyperbolae are considered. Increasing
such a lot the number of hyperbolae leads to a method more
robust to noise and multipath phenomena. Concerning [21],
the introduction of an analytical solution leads to a method
more robust to noise and multipath.

Analyzing the results of the proposed scenario, the better
estimation with respect to the SARFID method is probably
the result of severe multipath effects in the measurements
that more affect the SARFID estimation since this method
is not properly a maximum-likelihood estimator and does not
perform well in low signal-to-noise ratio scenarios [45].

F. Limitations of the Method and Usage Guidelines

Major drawbacks for the effective usage of the proposed
method are due to phase measurements related problems.
In fact, many noise sources may combine during RFID
tag readings due to multipath or interference. During the
experiments, in some cases, the unwrapping step has been
difficult due to the low sample spatial density. Indeed, if no
holes are present and the unwrapping lasts for many samples,
the errors due to noise are mitigated. When holes break the
unwrapping in small parts that relates to small robot motions,
the measurement error (0.1 rad + positioning error) could lead
to a large estimation error that may invalidate the computed

intersections. When the robot moves slowly, usually, the phase
measurements are quite continuous. However, a few guidelines
could be followed to ensure the robustness of the proposed
system to noise measurements. First, it has been shown that
larger motion paths allow for a better estimation of the tags’
locations (see Section IV-B). In fact, longer trajectories motion
means wider acquisitions (synthetic antenna apertures) and
smaller plane projection error. A second hint is that repeating
the robot’s motion several times (in our experiments, the robot
performed some loops around the environment) allows the
system to reacquire some measurements and to discard wrong
readings in favor of better quality ones. In this context, RSSI
values can be used to select only those samples with RSSI
values greater than an assigned threshold.

G. Extension to 3-D Localization

Although most warehouse logistic applications just require
2-D localization techniques, given the knowledge of the
environments where the goods are stored, some approaches
to 3-D localization can be found in the recent literature.
Motroni et al. [46] employ synthetic apertures and a robot
platform to estimate the 3-D location of RFID tags by process-
ing the tag backscattered signal phase data collected from two
RFID reader antennas without requiring reference tags or large
phased array antennas. A reduced computational cost with
respect to classical SAR-based methods has been achieved in
real-time 3-D positioning with the application of the particle
swarm optimization in multiple-antenna SAR-based localiza-
tion methods [47]. Tzitzis et al. [48], after introducing a post-
processing phase called Phase ReLock [49], propose a novel
method for 3-D RFID tags localization deploying a single
RFID antenna on a robotic platform and forcing the robot to
follow nonstraight paths, to elegantly solve the localization
problem. Tests are performed on a planar surface and the
estimation error in the z-coordinate results larger than for
other coordinates. In a successive work [50], the same authors
obtain a mean 3-D error of 35 cm in a scenario involving tags
placed on different vertical planes. Liang et al. [51] developed
E3DinSAR as an optimized Interferometric SAR-based 3-D
localization approach for pinpointing tags rapidly and easily
with a mean locating accuracy of 18.4 cm in 3-D space.
E3DinSAR uses only one movable reader with one antenna.

Starting from the original approach here presented for 2-D
tag localization, an extension of the method to 3-D localization
that makes use of a dual antenna setup will be investigated
in future work. A possible approach could be to match the
planar intersections obtained separately from each antenna and
estimate a 3-D location.

V. CONCLUSION

This work proposed a reliable 2-D localization method that
shows robustness to the tested conditions and competitive
performances concerning existing solutions in the literature.

The proposed method combines different techniques: the
PDA based on the phase-distance model; SAR approach;
phase-unwrapping for eliminating the phase ambiguity; defin-
ition of hyperbolas as localization solution space; closed-form
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analytical expressions for computing intersection among the
conics; and SLAM to localize the antenna mounted on the
robot and to construct the map of the environment. By exploit-
ing the useful properties of each of such techniques, the pre-
sented method achieves a mean accuracy of centimeter order
and is suitable for online computation since its computation
time is under the millisecond. Those results are the outcomes
of an experimental campaign conductedina 7 mx5 mx 1.5 m
laboratory space employing different kinds of tags, located in
different positions and orientations, a reader antenna mounted
on a mobile robot, and a Vicon system used to construct the
ground truth of the experiments.
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