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ABSTRACT

Radio frequency identification (RFID) is a rapidly developing wireless communication technology for electron-
ically identifying, locating, and tracking products, assets, and personnel. RFID has become one of the most
important means to construct real-time locating systems (RTLS) that track and identify the location of objects
in real time using simple, inexpensive tags and readers. The applicability and usefulness of RTLS techniques
depend on their achievable accuracy. In particular, when multilateration-based localization techniques are ex-
ploited, the achievable accuracy primarily relies on the precision of the range estimates between a reader and the
tags. Such range information can be obtained by using the received signal strength indicator (RSSI) and/or the
phase difference of arrival (PDOA). In both cases, however, the accuracy is significantly compromised when the
operation environment is impaired. In particular, multipath propagation significantly affects the measurement
accuracy of both RSSI and phase information. In addition, because RFID systems are typically operated in short
distances, RSSI and phase measurements are also coupled with the reader and tag antenna patterns, making
accurate RFID localization very complicated and challenging. In this paper, we develop new methods to localize
RFID tags or readers by exploiting sparse signal recovery techniques. The proposed method allows the channel
environment and antenna patterns to be taken into account and be properly compensated at a low computational
cost. As such, the proposed technique yields superior performance in challenging operation environments with
the above-mentioned impairments.

1. INTRODUCTION

Radio frequency identification (RFID) is a widely used technology for electronic identification, localization and
tracking of products, assets, and personnel. Some important applications include logistics, transportations,
health-care sectors, access control, pharmaceutical industry and so forth [1,2]. Desired degree of accuracy
in RFID localization may vary among different applications. Precise localization of RFID tags or readers is
imperative, especially for real-time locating systems (RTLS) applications.

An RFID positioning system constitutes of two major functional blocks, i.e., location sensing and positioning
processing [3]. Location sensing involves sensing the location of RFID element (reader or tag) in terms of range
and/or direction-of-arrival (DOA) using proper location metrics. Range estimates may be obtained through any
of these prevailing methods — received signal strength indication (RSSI) measurements [4], round trip-of-flight
(TOF) [5], time-difference-of-arrival (TDOA) [6], and/or phase-difference-of-arrival (PDOA) measurements [7,8]
of RFID signals. DOA information is typically acquired using directional antenna, phased array, and/or smart
antenna [3,9]. The information about range, DOA, and/or the propagation characteristics is then exploited in
the positioning processing methods.

RFID positioning algorithms have been classified into five categories [3], namely, trilateration/multilateration,
triangulation, hybrid direction/range method, radio map matching method, and constraint based approach.
Trilateration/multilateration technique [10] utilizes the range information estimated at several spatially separated
reference points, whereas triangulation method [1] is based on DOA of received signal from two or more reference
points. Hybrid direction/range method is applicable when both DOA and range information are available [11].
Radio map matching or scene analysis is a two-step process that involves the deployment of extra reference tags.
First, propagation environment is assessed using the reference tags, yielding a set of fingerprints. Then, the actual
measurements are compared against the fingerprints to estimate the target’s location [12]. Constraint-based
approach [13] is based on connectivity information, by defining inclusive constraints (tags that are within the
coverage range of the reader) and exclusive constraints (tags that are out of the reader’s coverage range). A survey
of the state-of-the art related to RFID localization is presented in [14] along with the classification of different
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Figure 1. Schematics of a typical RFID reader-tags arrangement

localization methods and algorithms. Selection of appropriate sensing and positioning technique is influenced by
the resource constraints (e.g. bandwidth and power limitations), propagation conditions (e.g. indoor, outdoor),
and system limitations. In complex RF propagation environment, typically characterized by line-of-sight (LOS)
obstructions, and reflections and scattering, signal undergo severe attenuation due to shadowing and multipath
causes a rapid fluctuation in signal strength even within a fraction of a wavelength. This adversely affects
the accuracy of information, both range and DOA, acquired from the location sensing algorithms. This error
propagates through to the positioning methods resulting in inaccurate location estimation.

RSSI-based range estimation methods are widely used on account of their simplicity and effectiveness. How-
ever, like other location sensing methods, the range estimation performance from RSSI, is not robust in impaired
propagation conditions. In presence of multitude of propagation paths, RSSI is not related monotonically with
the range, causing an ambiguity [15]. Directional antenna pattern is another factor that renders significant
effects particularly in the near field measurements [16]. These two propagation phenomenon are typical to RFID
localization problems and may considerably effect the achievable accuracy in location estimation. Therefore, it
is important to devise a mechanism to compensate for these propagation impairments such that a monotonic
relationship between range and RSSI can be formulated.

In this paper, we consider the problem of precisely estimating position an RFID reader in a passive RFID
deployment in an impaired propagation environment characterized by multipath. We also consider the effect of
non-isotropic antenna radiation pattern on localization performance. We separately analyze the effects of these
two propagation impairments on the localization performance. RSSI measurement is used for range estimation
and reader position is estimated by multilaterating the range information obtained from multiple tags at known
positions. With the a priori knowledge that the problem considers localization of a single reader, we exploit
sparse signal recovery based method, which allows us to compensate for the effects of multipath and antenna di-
rectivity. Simulation results show that the proposed method effectively compensates for the effect of propagation
impairments and achieves a precise estimation of the reader position.

Notations: We use lower-case (upper-case) bold characters to denote vectors (matrices). (.)7 denotes the
transpose of a matrix or vector, || - ||lo, || - [[1 and || - ||2, respectively, denote the Iy, [; and ls norm of a vector.

2. RSSI-BASED RFID READER LOCALIZATION THROUGH MULTILATERATION

In a typical passive RFID system, as depicted in Figure 1, signal transmitted from a reader is backscattered by
tags such that the signal attenuates along the round-trip back to the reader. According to the Friis transmission
equation, the signal power received at the reader due to the signal backscattered from the ith tag is expressed
as [17]

A\
Pi;RX = PTXG%agG?eader <4’/Td> ; (1)



where Pry is the transmit power from the reader, Giag and Greader, respectively, are the directional gains of tag
and reader antennas, A is the wavelength, and d; is the range between the ith tag and the reader. The path loss
exponent, 7, varies depending upon the propagation environment. Considering that the reader has line-of-sight
with the tags, free space propagation is assumed, i.e., n is considered equal to 2. Therefore, the range between
the reader and the ith tag can be calculated from the RSSI measurements as follows,

1
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These range estimates can be used to localize the reader using the multilateration method. Range information
from at least n + 1 tags is required to unambiguously localize the reader in the n-dimensional space. Therefore,
the location of the reader in the three-dimensional (3-D) space, (z,v, z), can be determined by

(z—z:)’+(y—w)’+E—z)’=d, i=12,.,N, (3)

where N > n + 1. In this paper, the tags are assumed to be located on the floor, i.e., z; = 0, and the reader
is assumed to be at a known constant height, h. As such, the underlying problem can be analyzed in two
dimensions. Therefore, at least three range estimates (N > 3) are required to localize the reader in the two
dimensional (2-D) space with unknown reader position determined by its z- and y- axis coordinates. In this
case, equation (3) can be modified as

(x7x1)2+(y7y1)2+h2:d12ﬂ Z:17277N (4)

In matrix-vector representation, equation (4) can be written as [3]

A (z) =b, (5)
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is an (N — 1) x 1 vector. Assuming that N > 3 and the tags are not collinearly located, the (x,y) coordinates
of the RFID reader are obtained as the least-square solution of equation (5), given by

<Z> = (ATA) 'ATD. (8)

RSSI-based localization methods, thus, rely on the range estimates to localize the RFID reader. Equations
(1) and (2) reveal that the RSST measurements and, consequently, the range estimates, depend on the antenna
radiation patterns and the distance between a tag and the reader. Since RFID systems are typically operated over
short distances, the RSSI measurements are coupled with the reader and the tag antenna patterns. Therefore,
antenna patterns significantly affect the RSSI measurements. The range estimates, therefore, can be ambiguous
in presence of non-isotropic radiation patterns. Multipath propagation is another major source of error in
traditional RSSI based localization methods. The RF signals propagating along different paths are linearly
combined at the RFID reader, constructively or destructively, depending on their relative phases. This causes
significant variations in signal strength even within a fraction of a wavelength, which adds to the ambiguity in
range estimates calculated on the basis of RSSI measurements. In the following, we propose a new method that
allows the channel environment and antenna patterns to be taken into account and be properly compensated at
a low computational cost.



3. PRECISE RFID READER LOCALIZATION

In this section, we separately analyze the effects of two important propagation factors, namely, antenna radiation
pattern and multipath propagation, on the accuracy of localization. Sparsity based signal recovery method is
used to compensate for these propagation impairments. Simulation results, presented in the following section,
verify that through compensation, we are able to achieve higher precision in RFID reader positioning.

A. Precise RFID Reader Localization with Reader Antenna Directivity

Conventionally, RSSI-based localization algorithms assume isotropic radiation patterns for the reader and
the tag antennas [18]. However, in practice, the effective radiation pattern is non-isotropic; consequently, the
range estimates are biased towards the direction of high gain in the radiation pattern. In this paper, we only
consider the effect of reader antenna patterns. The tag pattern can be made orientation-independent through
the use of two orthogonal tags (called “Super” RFID tags [19]) such that the sum power from the two tags is
almost isotropic. The effect of reader antenna pattern is negligible in the far-field. However, in the near-field
case, the antenna gain depends on the relative position between the reader and the tag and, as such, the spatial
directivity has a pronounced effect on the RSSI measurements [16]. Higher RSS is obtained, even at the same
propagation range, towards the direction of high antenna gain. Consequently, the range estimations calculated
using equation (2) are inconclusive. Therefore, it is desirable to compensate for the effect of directional radiation
pattern on RSSI measurements, and subsequently on range estimation.

With the a priori information that there are sparsely located readers in operation, the underlying problem
can be solved using sparse signal recovery method. In this paper, we consider localization of a single reader from
the RSSI measurements obtained from multiple tags at known locations within the search area. The entire search
area is modeled as an N, x NN, rectangular grid and, as such, each point in the grid represents a hypothetical
reader position. Let ® of dimension NV x N, N, be the dictionary matrix representing the search grid, whose kth
column is expressed as

d)k = [(ﬁllca(bg?"v(b?\/]T’ (9)

where k = 1,..., N, N,. Element ®* represents the RSSI measurement corresponding to the kth hypothetical
reader position at (zg, yk, h) and the ith tag located at (x;,y;,0) and are calculated as

A\
k
(bi = PTXG?agG?eader (W) ) (10)
where
di = /(i — 20 + (g — yi)? + 12 (11)

Define y as the N-element vector which stacks the RSSI measurements at the actual reader position corre-
sponding to the N tags. It is noted that, out of the N tags, only a subset of tags receive sufficient energy to
respond back to the reader for valid RSSI measurements. These non-responsive tags should be removed from
evaluation. An N, N, x 1 vector u with unknown and sparse entries, which vectorizes the discretized 2-D spatial
indices, is to be estimated, such that the kth entry of u is associated with the 2-D reader position (xg,yx).
Rewriting the problem in a matrix-vector form, we have

y = ®u. (12)

For high accuracy reader localization, this is an underdetermined system of linear equations as the observation
vector y is IV x 1, whereas the estimation vector u is of dimension N,N, x 1, where NN, > N. For single
entry vector u, this can be optimally solved using the standard maximum likelihood (ML) search as

i, = arg minlly — g, (13)

where ¢, is the kth column of the dictionary matrix ® that exhibits maximum correlation to the actual RSSI
measurements and uy, is the corresponding non-zero element in the sparse vector u.
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Figure 2. Multipath Propagation

The proposed method becomes computationally exhaustive when multiple readers are involved to energize
the tags, such that a multidimensional search is required. In order to improve the computational efficiency of the
proposed algorithm and extend its applicability in such situations, we can apply sparsity based methods to solve
the underlying problem. By adding a constraint of sparsity, i.e., to minimize the number of non-zero elements
in the solution, this problem can be reformulated as a standard [g-norm minimization problem, such that

min |[ullp subject to y = ®u. (14)

Mathematically, the lg-norm minimization minimizes the number of non-zero elements in the solution and,
therefore, gives an n-sparse solution corresponding to the n reader locations. To reduce the computation cost,
sparsity based signal recovery problems are often relaxed to a convex surrogate such as [;-norm minimization,
which creates a unimodal optimization problem that minimizes the mean absolute error and practically converges
to a maximally sparse solution. Rewriting the underlying problem as the /;-norm minimization problem [20],

min [[ul|; subject to y = Pu, (15)

which can be solved using the sparse signal reconstruction algorithms such as Least Absolute Shrinkage and Se-
lection Operator (LASSO) [21], Orthogonal Matching Pursuit (OMP) [22], and Compressive Sampling Matching
Pursuit (CoSaMP) [23].

In this study, we use standard maximum likelihood search for a single reader scenario as we focus on the
localization of a single reader.

B. Precise RFID Reader Localization with Multipath Propagation

Multipath propagation, due to the presence of different reflecting and scattering objects in the propagation
scene, can be another major source of error in RFID reader localization. Rapid fluctuations in signal strength
due to fading result in inconsistent and inaccurate range estimates. For precise localization, it is imperative to
account for all significant multipath components. In this section, we consider the case where the reflector is a
flat surface with a known position. Such situations arise, for example, when the reader is mounted on a vehicle
in a warehouse with reflective surface, whereas other reflectors are distant from the vehicle. In such a situation,
signal transmitted from the reader follows at least two distinct paths: a direct path (reader-tag-reader) and
a reflection path (reader-wall-tag-reader) as illustrated in figure 2. Signals can also propagate along multiple
reflection paths; nonetheless, they are severely attenuated, and hence, can be considered negligible in the RSSI
measurement. Along the direct path, the distance between the ith tag, located at (z;,y;,0) and the reader, at
an unknown location (zg,yk, h), is defined in equation (11). Similarly, the propagation distance between the ith
tag and the reader, along the reflection path is defined as

dy i = /(@i — 2)? + (yi +ye)? + b2, (16)
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Corresponding path difference between the direct LOS path and the reflection path is
Adj = di —dy;, (17)
and the equivalent phase difference is

27TAdi.C

ABQF =
’ A

(18)

Following the ground reflection (two-ray) model, the total signal power reaching the ith tag is calculated as [24]

Pl = Prx ( ; , (19)

T,%

2
‘ \/GLO Fv GrrLexp(—jAdF)

where Gpog is the product of the reader and tag antenna field pattern in the LOS direction and Grpy, is the
product of reader and antenna field patterns in the direction of the point of reflection. Consequently, the total
instantaneous power reflected back to the reader from the ith tag can be expressed as

2 2
pri—pr (X = Prx
2 1,tag 471_ 47T
(20)

In order to incorporate the effect of multiple path propagation, the dictionary matrix ® is defined such that its
kth column stacks the power received from the ith tag as defined in equation (20).

4
*1VGros I'v/Grrrexp(—jAdkF)
dk dr .

VGros . I'v/Grrrexp(—jAdF)
dk dr .

After compensating for the impairments due to non-isotropic radiation pattern and multipath propagation,
the underlying problem can be solved using the ML estimation or one of the many /;-norm minimization methods
mentioned in the previous section.

Spatial resolution of the search grid imposes a limit on the achievable accuracy of estimation. Larger regression
matrix, ®, corresponding to a finer search grid, results in more accurate estimate. The issue of grid resolution
is critical in presence of strong multipath, particularly when the distance between the reader antenna and the
reflecting surface is small. The multipath signal components, propagating along the direct path and the reflection
path, superpose with each other forming a quasi-periodic standing wave pattern, as shown in Figure 3. Under
such conditions, a very dense spatial sampling, on the order of a small fraction of the wavelength, is required to
achieve a robust solution.
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Figure 4. RFID grid configuration

4. SIMULATION RESULTS

We consider a typical indoor passive RFID deployment with 100 uniformly distributed tags across a square search
area of 100 m?. In order to analyze the problem in 2-D, the reader antenna is assumed to be located at a constant
height of 1m above the ground while all the tags are assumed to be located on the ground. In the multipath
propagation environment, we assume a reflecting surface along one of the boundaries of the rectangular grid at
y = 0. Figure 4 illustrates the top-view of the RFID grid configuration and tags-reader distribution in relation
to the reflecting surface assumed for the simulation.

In this study, we assume a sinusoidal antenna radiation pattern for the reader antenna in order to analyze
performance of the proposed method for non-isotropic radiation pattern, such that

R(0) = sin*(0), <6<, (21)

bl 3

where 6 represents the elevation angle in radians measured between the reader and a tag under consideration.
Tag antennas are assumed to have isotropic radiation pattern. The carrier frequency is assumed to be 915 MHz,
corresponding to the center of the 902 — 928 MHz band commercially used by the RFID transmitters. The ratio
between the energy of the backscattered signal bit and the additive noise spectrum is denoted as E,/Ny. The
noise power is determined such that E,/Ny equals to 5 dB when a tag is 5 m away from the reader. Assuming
that a 96-bit frame of the backscattered signal is used for localization, the corresponding processing gain is used
to calculate Ej,/Np.

The root-mean-square-error (RMSE) of the reader position estimate is used as a performance metric to
evaluate the impacts of the propagation impairments, separately and in tandem, on the RFID reader localization.
Along the z-direction, 50 random numbers are drawn from a uniform distribution, and these values are used for
each of the 5 arbitrarily selected reader-wall distance. Reflection coefficient of the wall is assumed to be —1 for
this simulation, and accordingly, a dense search grid is defined by choosing a grid resolution of 5 cm (& \/6).

First, we evaluate performance of the proposed algorithm in two extreme environments. First, an ideal
propagation environment, i.e., no multipath and isotropic radiation pattern, is assumed. Next, we observe
performance of the proposed method under the combined effect of both impairments. These two sets of RMSE
values provide baseline for assessing performance of the proposed method in different levels of impairments. In
order to analyze the separate effects of directional antenna and multipath propagation on positioning accuracy,
the experiment is repeated for two cases of impairments: directional antenna only and multipath only. As shown
in Figure 5, the ML search yields highly accurate estimations, for a sufficiently high SNR and no propagation
impairments, whereas the estimation error is on the order of a meter when both the impairments are in effect.
The errors due to multipath and directional antenna pattern are also significantly high. These simulation results
indicate a need for mechanism to compensate for the propagation impairments to achieve a precise position
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estimation of the RFID reader. Next, we evaluate the ability of the proposed method based on sparse signal
recovery to compensation for these propagation effects and achieve a precise localization of the RFID reader.

We compare the compensated results in three different cases of impairments, i.e., multipath propagation only,
non-isotropic antenna pattern only, and both; the respective result obtained using the ML search is presented
in Figure 6. It can be observed that the position estimation error is reduced to a satisfactory level in all three
cases. This verifies the ability of the proposed method to effectively compensate for the propagation impairments.
Similar performance is obtained using LASSO with regularization parameter set to 0.1, as shown in Figure 7.

As can be observed in the simulation results, the RMSE of reader position estimates closely approaches the
ideal propagation conditions after compensation. However, in practical situations, the observation vector is likely
to be affected by measurement error, which may affect the performance of the proposed method.

5. CONCLUSIONS

In this paper, we have developed a method for localizing an RFID reader based on sparse signal recovery. The
proposed technique is based on multilateration exploiting RSSI measurements for range estimation. Existing
methods are not equipped to decouple the effects of channel impairments, multipath propagation and non-
isotropic antenna patterns, on the RSSI measurements. As a result, they fail to provide robust location estimation
under such challenging propagation conditions. The proposed method compensates for both impairments and
yields a highly precise location estimation. Simulation results are presented to verify the robustness of the
proposed method in comparison to the conventional multilateration based RFID localization method.
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