A fast phase and RSSI-based localization method using Passive RFID
System with Mobile Platform
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Abstract—A novel localization method is proposed and
demonstrated which exploits the phase profile combined with the
location of the moving robot to locate target tags using only a
single straight-line interrogator antenna trajectory. A system that
integrates a mobile robot with an integrated RFID reader and
antenna is used to obtain phase measurements of target tags when
the robot is moving along its trajectory. The cross-range location
of the target is obtained from the stationary point of the fitted
phase curve. The down range distance is estimated by finding the
integer number of wavelengths which fits the cross-range location
and curve shape. The proposed method could reduce the
localization error to around 12 cm which is similar to the SAR
method using a straight-line trajectory, but with much lower
computational complexity.
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[. INTRODUCTION

Many RFID applications require accurate position
information of materials and products in various scenarios such
as inventory interrogation in warehouses and automatic
manufacturing on an assembly line in factories [1, 2]. Recently,
passive Ultra High Frequency-Radio Frequency Identification
(UHF-RFID) technology has attracted increasing interest and
been widely adopted in object localization [3-5] since it has
many advantages such as contactless communication which is
essential in a complicated environment, multi-object recognition
providing the ability to track a large number of objects which is
crucial in many applications [6], and low-cost which increases
profitability and enables large-scale applications [1, 7].

There have been many methods on localization using RFID
technology such as received signal strength indicator (RSSI)-
based [8-10], angle of arrival (AoA)-based [12], time of arrival
(ToA)-based [12] and phase-based [13, 14, 20-25] techniques.
Phase-based methods have been shown to be comparatively

robust and stable in complicated indoor environments [6, 15-19].

Synthetic Aperture Radar (SAR), which exploits the
mobility of a mobile platform, is one of the most popular
algorithms to estimate the position of target tags with minimal
radio hardware [16, 17]. However, the major disadvantage of
SAR-based methods is the large computational load required to
calculate the ambiguity function over a wide area with a high
resolution. This problem becomes even greater when 3D
localisation is required.
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Other phase-based methods focus on relative localization.
Spatial-Temporal Phase Profiling (STPP) proposed a method
utilizing the “V-zone” in the phase profile to infer the order of
tags. As the phase changes between [0, 2x], the received phase
will change periodically as shown by the blue line in Fig. 1.
When the antenna moves from Locl to Loc2, the change in
distance will less than half a wavelength, the shape of received
phase during this period is like a “V” and is referred to in this
paper as the V-zone of the phase profile.
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Fig. 1. Relative motion and V-zone

In this paper, a novel approach with a low computing burden
is proposed to provide the absolute 2D location of targets. The
method exploits the V-zone of the phase profile combined with
the known antenna trajectory to estimate the location of target
tags. By fitting a curve to the phase data, both cross range (x-
coordinate) and down range (y-coordinate) can be found using
only a single straight trajectory. In order to analyse the
performance, the results of the proposed method are compared
with the SAR processing using the same data from a single
straight-line trajectory.

The remainder of the paper is organized as follows. Some
related methods are included in Section II. In Section III, the
RFID robotic system is introduced. The localization algorithm
is explained in Section IV which is followed by experimental
setup and results in Section V. The conclusion is presented in
Section VI.

II.  RELATED WORK

The most recent related work includes STPP [19],
RFScanner [4] and RLLL [6] which all exploit the concept of
the V-zone. All these methods are designed to perform the
relative localization or achieve the ordering of tags which could
be used in a library scenario. In such an environment, the
reader’s antenna follows a straight-line trajectory parallel to the
tags. By analysing the V-zone or using the symmetric shape of



the phase profile, the order of tags could be determined.
However, it is difficult to achieve absolute localization through
these methods directly.

Tzitzis et al. compared the SAR-based algorithm with their
Phase Relock method which introduces a phase-unwrapping
process eliminating local minima [21]. Both methods could
provide a localization accuracy of around 17cm. The accuracy
is affected by the error introduced by SLAM which needs
reference tags to improve localization accuracy.

Buffi et al. integrated a reader on a drone to carry out a
typical SAR method to locate target tags [20]. The mean 2D
localization error is of the order of a few tens of centimetres. In
[23], a high-accuracy vision system with uncertainty in the
order of around 1mm is employed to measure both the position
of the robot. Experimental results show that the 2D localization
error could be smaller than 10 cm. The high-accuracy vision
system could increase the performance, but the cost will also
increase. In [24], an Unmanned Grounded Vehicle (UGV) is
controlled remotely and equipped with a reader and two
antennas. The proposed method exploits the trajectory of the
UGV, which is measured by a Simultaneous Localization And
Mapping (SLAM) procedure to achieve a 2D localization for
target tags. Both the mean localization errors along two-axis are
around 9 cm. These methods [20, 23, 24] are based on the SAR
approach which needs large number of grids of the area to
achieve high accuracy localization. This will result in high
computational complexity.

The localization method proposed by Mo and Li uses 64
reference tags to localize target tags by similarity measurement
using both phase profile and RSSI [25]. In order to reduce the
number of reference tags, virtual reference tags have been
generated by natural neighbour interpolation. To mitigate the
effect of multipath, the Laiyite criterion with variable
coefficient is presented. Results show that error of 90% of tags
is within 10 cm. The localization accuracy high depends on the
number of reference tags which is one main limit of the method.

The key contribution of this paper is to demonstrate a high
accuracy localization with a low computing burden and without
using reference tags. Our method is based on the phase profile
and k-parameter estimation is proposed.

III.  SYSTEM DESIGN AND IMPLEMENTATION

The structure of the system is shown in Fig.2 [22]. It consists
of an Impinj R420 RFID reader with a linearly polarised antenna
which is mounted on a wooden pole attached to the robot, a
Turtlebot3 Waffle Pi robot, and two Raspberry Pi controller
boards. The RFID reader and the Turtlebot3 Waffle Pi are
remotely controlled, and their timestamps are synchronised by
using a WLAN (See Fig. 3) to allow alignment of robot position
data with the tag reads. The RFID reader interrogates the passive
tags and records the EPC, phase information and timestamps
offline processing. The speed of the robot is approximately 5
cm/s. A LiDAR sensor is used to determine the robot position.
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Fig. 2. RFID Robot [22] Fig.3.Diagram of the system [22]

IV. LOCALIZATION ALGORITHM

As shown in Fig.4, when the robot moves forward along the
trajectory, the distance between the tag and the robot decreases
firstly and then increases. The distance could be expressed by
Taylor series. And the high orders of Taylor series could be
ignored which makes the distance approximately a quadratic so
that the quadratic fitting could be used. As shown by the blue
line, there is a V-zone in the phase profile. The corresponding
time when the phase reaches the bottom of the V-zone represents
the time when the antenna to tag distance reaches the minimum.
By combining this time and the known trajectory of the robot,
the x-coordinate of the tag could be estimated (or the distance
along the track known as cross range in radar). The unwrapped
phase profile is also related to the y-coordinate of the tag (or
distance perpendicular to the track known as down range in
radar). Combining with the known trajectory of the moving
robot, the location of the tag can be estimated.
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Fig. 4. X-coordinate estimation by V-zone

The distance variation between reader and tag is typically
larger than half wavelength, resulting in phase wrapping and an
unknown integer number of 2n (k-parameter) in addition to the
recorded phase which varies along the path. The received phase
sequences need to be unwrapped firstly such that the unwrapped
phase plus a k-parameter which is constant over the whole
trajectory is equal to the true phase delay. The unwrapped phase
could be used to estimate the x-coordinate of the target tag.
However, as shown in Fig.5(a), one problem is the defective data
which results in defective unwrapped phase profile as shown in
Fig.5(b) which is clearly not quadratic at t>60s. A straight
forward way to solve this problem is to use only part of phase
values.

Defective data

e /'\/\/
] /

@
S

phase(rad)
N S
g
RSSI(dBm)
unwrapped phase(rad)
n S
S S

: 1

B+ [Fev——— 0

20 40 60 80 20 40 60 80
time(s) time(s)

(a) Received phase RSSI values  (b) Unwrapped results
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As shown in Fig.5(a) blue points show the phase while red
points represent RSSI. When RSSI decreases into low levels, the
phase signal becomes unreliable. This is most likely due to
smaller multipath effects having a great impact on recorded
phase over longer wireless path lengths which also have smaller
RSSI. Therefore, RSSI can be used to determine the range of
valid data. In the new method, phase data with RSSI larger than
the average of RSSI would be considered as valid data and this
valid dataset is used to estimate the location of the target tag.
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Fig. 6. Received phase values after unwrapping

Because the phase value received by the reader is affected
by noise and multipath effect, the received phase profile is not a
perfect smooth curve as shown in Fig.6. In order to find the
lowest point of the phase profile, the least squares regression is
used to calculate its fitting curve.

The coordinate system is be defined so that the x-axis of the
coordinate system is along the straight-line trajectory of the
robot to simplify the equations. After obtaining the curve fitting,
the corresponding time of the minimum of the fitting curve
would be the time when the distance between the robot and the
tag reaches the minimum. The x-coordinate of the robot, which
is measured by LiDAR, at this time is the estimated x-coordinate
for the target tag. When the x-coordinate of the target is obtained,
the y-coordinate can be calculated by following steps.

At time t, the location of the reader antenna is expressed as

q; = [m,n] (4)
The trajectory can be expressed as a vector of locations
T
Q=[qy, - qu . qr,] )

Where T is the transpose operator and each element represents
a location at which information of the phase for tags is recorded.
The location of the target tag is expressed as
A=[xy] (6)

The distance between the location of the target tag and the
location of the reader antenna at time t can be calculated by

di = (x —=m)? + (y — n)? (7
So the y-coordinate of the tag is

Ve = ’d? —(x—m)?+n, 3

The relationship between the phase and the distance can be
expressed by the following equation

4md,
Where k is an unknow integer and ¢, € [0,27] is offset
caused by equipment and cable length
This could be rewritten as
A A
de =7 (b= $0) + k5 (12)

As a result, the relationship between y-coordinate and phase is

A A
Ye= (= (@ — o) + ki)z —(x—my?+n, (13)

4m
The ¢, can be calibrated, and the only unknown number is
the integer number k. By using the equation above and multiple
measurement of the returned tag phase at different m,, a series
of estimated y-coordinates for the tag can be obtained as the
robot moves along the trajectory. The shape of y-coordinates
would be a curve if the k is not correct as shown in Fig.7(a). By
adjusting k, the shape will change and finally when the k is the
correct number which results in a static value (or nearly static
value) for y as shown in Fig.7(b). In practical cases, the real
shape of y-coordinates may not be a straight-line due to errors in
the phase measurement. The final estimated y-coordinate of the
target tag would be the average of calculated y-coordinates.
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Fig. 7. Simulated results of y-coordinate estimation with different k

V. RESULTS
Fig. 8(a) shows the setup of the experiment. The location of

the robot is estimated by placing some boards with known
locations at the edges of the area as references for LiDAR.
Using the shortest distance measured to each board, a 2D
position of the moving robot can be obtained by LiDAR. The
trajectory, which is parallel to the x-axis and around 1m away
from the nearest row of tags, is 3 m long. The distance between
each row and column of tags is 40 cm. Anechoic materials were
used in the lab to partially reduce the influence of the equipment
and metal objects as shown in Fig. 8(b).
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Fig. 8. Experiment setup

After obtaining the x-coordinate by calculating the
minimum of the fitting curve, the algorithm of adjusting the
value of k is applied to estimate y-coordinate. Fig.9 shows one
example of results with different k. By adjusting the value of k,
the curve of results becomes straighter and reaches optimal
when the k is 3. And the estimated y-coordinate will be the
average of the purple curve.
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Five tests are carried out each locating 8 tags and results are
summarized in Table I. The mean value of the five tests is
around 12 cm which is smaller than the results obtained using
SAR processing [22] and Phase Relock [21] and slightly larger
than some phase-based methods [23-25]. However, compared
with the SAR-based method which commonly requires grids,
the proposed method could locate target tags faster with much
lower computational complexity. Moreover, the proposed
method only uses one antenna and the trajectory of the antenna
is measured by LiDAR, of which the accuracy is in order of
centimeters. By using more antennas and high-accuracy system
for trajectory estimation, the localization error could be further
reduced.

TABLE L MEAN LOCALIZATION ERROR OF FIVE TESTS
Mean localization error (cm)

Test SAR [23] Proposed method
1 17.86 13.75
2 11.91 10.12
3 8.09 13.11
4 8.61 12.23
5 15.33 9.21

Mean 12.36 11.68

VI. CONCLUSION
This paper proposes a localization method requiring only a
straight-line trajectory and comparatively low computational
load. By combining the location of the moving robot and the
minimum point of the fitting curve, the x-coordinate of the target

tag could be estimated. By adjusting k-parameter, the y-

coordinate could be calculated. The localization accuracy using

this new method is around 12 cm which is similar to the accuracy
achieved by SAR-based method with lower computational
complexity.
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