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This paper explores the performance of object localization using chipless tags. We show that it is possible to localize a tag (or an
object attached to it) by measuring the phase offset between a known position and the position to estimate. This method
provides better accuracy compared to classical ones based on received signal strength indicator (RSSI) or round-trip time of
flight. We show that submillimeter precision for distance measurement and an error of less than 4 mm for localization can be
achieved. These results point the way toward new kinds of sensors and user interfaces using chipless tags which can be
contactless and 3D. This new possibility is in addition to the identification functionality which is inherent to the use of chipless tags.

1. Introduction

RFID technology is a mature technology to identify items. A
single $0.3 RFID chip contains a 96-bit electronic product
code used to uniquely identify a tag. However, classical RFID
technology suffers from its cost which is too expensive for a
large number of applications. Chipless RFID technology
offers an alternative and a complementary solution to classi-
cal RFID and can permit to drastically decrease tag costs. In
chipless RFID, tags do not include any chip to store informa-
tion, nor to modulate the backscattered signal. Instead, the
information is directly encoded inside the tag structure. It is
why in terms of targeted applications, chipless RFID is closer
to the barcode technology rather than to the classical RFID.
Compared to barcodes, chipless tags offer better discretion
(since line of sight is not required), higher read range (up
to 50cm), and a better robustness against misalignment or
misorientation [1]. Table 1 presents a comparison between
classical RFID, chipless RFID, and barcode.

A lot of effort has already been made to increase the cod-
ing capacity and the robustness of the reading [1]. With this
technology, tag cost can be reduced to 0.4 cents [2] and can

bring, for almost the same cost, additional services compared
to barcodes.

In this paper, we focus on adding new functionalities to
chipless tags. Sensing physical quantities (temperature, mate-
rial permittivity, location, ...) is one of the most promising
capabilities. Localization of a chipless tag simply using the
tag response can enable the development of new kinds of user
interfaces which can be contactless and 3D. The objective of
this paper is to localize an object on a 2D plan using a chipless
tag with high accuracy. Since the tag is attached to the object,
the problem is equivalent to find the position of a chipless tag
on a 2D plan. Localization using chipless tags has already
been investigated in the literature. In [3-5], the authors have
realized localization by using round-trip time-of-flight and
trilateration algorithms to recover the position of a tag. These
approaches use at least 3 different antennas and have been
focused on the structural mode of the tag (i.e., the early part
response of the backscattered wave) to determine the dis-
tance information. In [6], the author has used the phase of
the reflected signal to measure distance variation with sub-
millimeter accuracy along a single direction. Moreover, in
[7], the authors have determined the localization of a chipless
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TasLE 1: Comparison between classical RFID, chipless RFID, and
barcode.

RFID UHF  Chipless RFID  Barcode
Reliability Very good Good Very good
Multiread Possible Difficult Impossible
Read range 10m 50 cm 50 cm
Discretion Nonline Nonline Line

of sight of sight of sight

Cost $0.4 $0.004 <$0.0001
Rewritable Possible Possible Impossible
Sensor Possible Possible Impossible
Gesture recognition  Impossible Possible Impossible

tag using the change of the magnitude of the backscattered
signal using the information of each of the tag’s scatterer.
This latter method provides an absolute positioning but suf-
fers from a relatively low accuracy.

In this paper, we propose a new method to localize a
chipless tag on a 2D plan. This method uses a single reader
antenna and relies on the phase measurement of the antenna
mode of the tag to estimate the distance between a fixed point
and all resonators. This information is then used to precisely
localize the tag with a multilateration technique.

Last but not least, this sensing functionality does not
come at a price of a loss in the coding capacity for the iden-
tification functionality (the tag can still be used to identify
an item with the same coding capacity). Thus, the results pre-
sented in this paper could be applied to any tag operating in a
frequency domain.

Chipless RFID principles and the analytical model used
to localize a tag are presented in Section 2. Results, including
measurement bench and performance evaluation, are pre-
sented in Section 3 before concluding.

2. Concept of Phase Measurement for Chipless
Tag Localization

2.1. Chipless RFID Technology. Chipless tags operating in the
frequency domain are classically composed by multiple reso-
nators [8]. Each resonator is a simple structure, where the
resonant frequency mainly depends on a parameter (typically
its length). The combination of multiple resonant frequencies
can be used to identify a chipless tag [1]. Each resonator
backscatters power preferentially around its resonant fre-
quency; so, in order to determine the characteristics of a
given tag, a reader has to realize two different operations:
(1) on the emitter side, the reader has to transmit power
toward the tag (pulses or harmonic sweep) and (2) on the
receiving side, the reader has to estimate the magnitude of
the received signal as a function of the frequency to identify
the resonant frequencies. However, even if the magnitude
of the received signal is sufficient to identify a tag, it does
not contain all the information of the backscattered signal.
Many characteristics are also included in the phase informa-
tion. In the proposed method, the phase of the backscatter
signal is exploited to obtain information on the location of
a chipless tag.
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FiIGure 1: Channel model of the system, accounting for
displacement measurements with one chipless tag.

2.2. Analytical Model. Figure 1 presents the channel model
of the transmission between the reader and the chipless
tag [9]. The reader acting as a detection system is repre-
sented by block [M]. Blocks [T] and [R] represent the
transmitting and the receiving paths, respectively. Cou-
pling between emitting and receiving antennas is noted
as [D], and block [C] represents the chipless tag. Each
block is a matrix of the form

va th

[X] =
Xnw Xun

. (1)

Since the tag can be located at a given distance from the
antenna, block [T ] represents the phase offset due to propa-
gation [6]:

(2)

AL 0
[Te] = l ] >

0 e jkod

where d is the distance between the tag and the antenna and
ky=2m/A. From this model, one can extract the signal
received in cross-polarization at a known reference position
d, and at an unknown distance d, as [6]
d —j2kd
Mvz = Ivh + Thhcvhe / onv’ (3)

dy _ —j2kd
Mvh - Ivh + Thhcvhe IR‘I/V’

where I, is the direct coupling between antennas, also called
isolation measurement (M[j;’l =1, if there is no tag [C] in the
front of the antenna). Symbols & and v denotethe power
waves in the horizontal (h) and vertical (v) polarizations,

respectively. From [6], a distance variation can be extracted

by using only 2 measurements (sz and Mf;,) at 2 different

locations d, and d, and a background measurement I,.

Distance variation d; —d, can thus be extracted from (2)

by subtractingl,, in both equations and by dividing the

second equation by the first one. The following result can
be obtained:

d,

(d, - do)@ = _ik angle (M) . (4

2 Mv}oz(fi) _Ivh(fi)
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FIGURE 2: Measurement bench in a real environment for 2D
localization.

Note that (3) holds in cross-polarization and only at the
neighbourhood of the resonant frequency since at other fre-
quencies, power reflected by other objects surrounding the
reader can be higher than the power backscattered by the
tag [6]. Moreover if one distance is known (e.g., d,)), absolute
distance d; can thus be determined. In the following, this
position at which the distance is known is called the refer-
ence position. Finally, if the tag contains more than one
resonator, distances between each resonator and the refer-
ence position can also be determined independently. The
following section describes the measurement bench used to
localize a chipless tag.

3. Experimental Validation and Discussion

3.1. Measurement Bench. In order to validate the model, the
measurement bench has been set in a real environment as
presented in Figure 2. Tag response has been captured using
a 2-port antenna (cross-polarization measurement). This
dual-access dual-polarization Satimo QH2000 antenna is
connected to the VNA ports 1 and 2 in the horizontal and
vertical polarizations, respectively. The tag’s reference posi-
tion (0,0) has been taken when the tag is placed at broad-
side relative to the antenna. The distance between the tag
and the antenna is 19cm (see Figure 2). Then, the tag is
moved on a horizontal square of 20cm side length (red
square in Figure 2), centered on the reference position, with
a displacement step of 1cm on both axes. For each posi-
tion, 10 measurements between 2.8 GHz and 8 GHz with
201 points are recorded. In the study, we do not consider
displacement of external objects.

The chipless tag chosen for this study is a cross-
polarization tag composed of 8 resonators. In [9], the authors
have shown that this tag has a coding capacity of 19 bits.
Classical response in magnitude of this tag is presented in
Figure 3. This response has been obtained after removing
the environment response I,;, (i.e., the same measurement
but without the tag) and without using time gating. The eight
resonant frequencies, corresponding to the eight resonators,

-15
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FIGURE 3: Response of the measured tag in magnitude at the
reference position (0,0) using the measurement bench presented
in Figure 2.

are clearly visible on the magnitude response. Shorter res-
onators correspond to higher resonant frequencies. The
location of these peaks is used to realize the identification
function of the tag.

In the previous section, it has been shown that it is possi-
ble to determine theoretically the distance variations between
two positions or the absolute distance from the antenna if a
known reference position is used. In this part, the phase at
the resonant frequency of the first resonator (n°l in
Figure 3, resonating at 3.19 GHz) and last resonator (n°8 in
Figure 3, resonating at 6.78 GHz) of the received signal is
determined for each position (x and y). The obtained results
are shown in Figure 4. For comparative purposes, the plot has
been also done for frequencies outside the peak apex
(3.39 GHz and 7.70 GHz). For the two resonant frequencies,
the phase exhibits concentric patterns. Moreover, the pattern
center corresponds to the position where the given resonator
is at the closest distance to the antenna (these positions are
different because resonators are not located exactly at the
same place, as seen in Figure 4). On the other side, the phase
at nonresonant frequencies presents unpredictable behaviour
(but remains deterministic).

3.2. Distance Determination. From this result, we can now
estimate the distance variations between the reference
position and any other position into the 2D plane. To
apply (3), the phase needs first to be unwrapped by adding
multiples of +27 to compensate the variations observed in
Figures 4(a) and 4(b). This unwrapping is a complex opera-
tion since it has to be done jointly along the x and y axes.
In this paper, we have used the algorithm proposed in
[10]. 2D phase unwrapping is a critical operation for distance
determination and localization and will directly impact
the performance of our localization method when we con-
sider distance variation larger than one wavelength. In
Figures 4(e) and 4(f), errors during unwrapping are clearly
visible in the upper-left corner and upper-right corner,
respectively. Absolute distance for each resonator can thus
be estimated by adding vectorially the distance of the
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FIGURE 4: Phase variation as a function of the position on the plan, (a) for the first resonant frequency (3.19 GHz), (b) for the 8th resonant
frequency (6.78 GHz), (c) at a frequency located between the first and the second peaks (3.39 GHz), (d) at a frequency located after the 8th
peak (7.70 GHz), (e) on the phase unwrapped for the first resonant frequency (3.19 GHz), and (f) on the phase unwrapped for the 8th

resonant frequency (6.78 GHz).

reference position to the distance variations extracted by
phase measurements. Figure 5 presents the absolute dis-
tance between resonators 1, 2, 3, and 4 and the antenna
when the tag is moved along the x and y axes form 0
to 50 mm. Theoretical distance is also presented on the
same plot.

In Figure 5(a), the two lower curves correspond to the
inner resonators (n°2, 3) which are closer and located at an
equal distance from the antenna. The two upper curves cor-
respond to the two outer resonators (n°1, 4). We can also
see that the distance predicted with (3) is very close to the
theoretical distance. The same results can be observed for
the y axis (see Figure 5(b)). To estimate the accuracy of our
distance measurement, the variance of the error between
different measurements for the same location has been
computed. This variance for all resonators is less than
20 um (this result does not take into account errors due
to the tag’s position).

3.3. Localization Performance. Since distance measurement
has been validated, these results can be used to estimate the
location of the chipless tag on a 2D plan located at 19cm
from the antenna. As the relative positions between resona-
tors are known (see Figure 3) and distances between each
resonator and the antenna can be extracted as previously
shown, it is possible to localize the tag using multilateration
algorithms. Different solutions have been developed in [11,
12] but remain relatively complex. In the following, a heuris-
tic algorithm is considered to recover the x and y coordinates
of the tag in the 2D plane. These coordinates are directly
extracted from the distances between the reference position

and the unknown position by using a simple random search.
This algorithm determines the coordinates (x, y) of the tag
by minimizing the mean square error (MSE) between the 8
distances obtained with the phase measurement and a candi-
date position. At the beginning of the procedure, this candi-
date position is initialized at the reference position. For each
iteration, a small perturbation along x and y is added to the
candidate position and the MSE is computed. If the MSE
value is lower than the one computed at the previous itera-
tion, the candidate position is updated to the new position.
Thus, this search iteratively converges to the tag position.
Compared to classical methods (like Gauss-Newton algo-
rithm), this search does not require any information from
the objective function and is less sensitive to noise. Location
estimation has been computed for every position and dis-
tance error has been estimated over the entire plan.
Figure 6 presents the localization error as a function of
x and y.

We can see that localization error remains low over a
wide portion of the 2D plan. However, for some regions,
the localization exhibits a large error (more than 50 mm).
This behaviour is due to the phase unwrapping process
which wrongly modifies the phase (see Figures 4(e) and
4(f)) when the tag is no more localized in the antenna’s mean
beam. Indeed, as the 2D plan is relatively close to the antenna
and due to the high antenna directivity, low signal is sent
form directions others than the mean beam. This error thus
degrades the performance of the multilateration method.
This explains the concentric shape observed in Figure 6, as
well as the fact that the distance errors drastically increase
when the tag is shifted by 8cm from the center. Note that
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FIGURE 6: Localization error as a function of x and y.

inside this 8 cm radius, the distance error tends to be 0. In
order to avoid this type of errors, a subset of the 2D plan
formed by an 80 mm side square centered on the reference
position is considered. Figure 7 presents this study where
some chosen positions around the reference position and
the corresponding coordinates estimated by our method are
plotted. For each position, 10 coordinates are determined
corresponding to the 10 measurements. Estimated positions
are very close to the theoretical ones.

From these results, position error can be determined to
evaluate the performance of this localization technique.
Results in term of error along the x and y axes are presented
in Figure 8.

It can be seen that the error on both axes is centered
at 0 and is less than +7 mm. Mean and standard deviation
for the x error are equal to 4, = —0.7 mm and o, = 3.5 mm,
respectively (and 4, = —0.2 mm and 0, = 2.0 mm for the axis,
resp.). Average error distance can thus be extracted from

these results and is equal to 3.58 mm. Thus, the accuracy of
our proposed method is high enough to be used in
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FIGURE 7: Tag positons obtained with the proposed method (blue
cross) compared to the expected positions (red circle).

applications where the localization and the identification of
an object are required.

4. Conclusion

In this paper, we have shown that we can successfully local-
ize a chipless tag using phase measurement. This localization
can be realized without reducing the coding capacity since
all resonators are used for identification and sensing. More-
over, we have shown that the accuracy of our proposed
method is very good since distances are measured with a
millimeter precision. Finally, tag localization has been done
using a multilateration algorithm. Accuracy of our solution
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FIGURE 8: Localization error (a) along the x and (b) the y axes.

has been evaluated and is lower than 4 mm. Finally, this
method can easily be extended to determine 3D positioning
and/or orientation.
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