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Abstract—Precise localization is essential for enabling advanced
applications in dynamic environments, such as autonomous sys-
tems and mobile robotics. As automation technologies evolve, the
requirements for higher accuracy, reliability, energy efficiency,
rapid updates, and minimal latency in position estimation have
intensified. In this paper, we propose the exploitation of backscat-
tering from retro-directive antenna arrays (RAAs) to address
these imperatives. Two RAA-based architectures are introduced
and evaluated for a range of applications, including network lo-
calization and navigation. These architectures enable swift and
simple angle-of-arrival estimation by using signals backscattered
from RAAs. They also leverage multiple antennas to capitalize on
multiple-input-multiple-output (MIMO) gains, thereby addressing
the challenges posed by the inherent path loss in backscatter com-
munication, particularly at high frequencies. This approach en-
ables angle-based localization with remarkably low latency, making
it suitable for vehicular applications. To achieve this, ad-hoc signal-
ing and processing schemes are developed and their performance
is analytically assessed. Numerical results highlight the potential
of these schemes, delivering precise, ultra-low-latency localization
with low-complexity, energy-efficient devices.

Index Terms—Localization, MIMO backscatter, positioning,
retrodirectivity, retroreflection, self-conjugating metasurfaces.

I. INTRODUCTION

OWARD the realization of 6G, the integration of advanced
localization and sensing capabilities holds paramount im-
portance, enabling unprecedented levels of spatial awareness
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and context-driven intelligence to revolutionize communication,
connectivity, and interaction in diverse domains [1], [2].

For instance, in vehicular networks, the integration of local-
ization and sensing technologies is crucial for enhancing safety,
efficiency, and connectivity by enabling real-time awareness of
vehicle positions, and surrounding traffic dynamics [3], [4]. This
becomes even more important when it comes to autonomous
driving systems [5]: as the level of automation increases, so does
the demand for enhanced accuracy, reliability, update rate, and
reduced latency in position information delivery. In particular,
position information must be updated several times per second
(high update rate) to properly feed the control systems, and it
must be extremely up-to-date (extremely low latency) to enable
fast reactions even in high-speed contexts [6], [7], [8], [9].
Similar requirements also arise in various types of vehicular
networks, including unmanned aerial vehicles (UAVs) [10] and
those that involve mobile robots in industrial plants for optimiz-
ing operational efficiency and enhancing safety [11].

When localization demand comes together with stringent
energy efficiency and low complexity requirements, radio
backscattering represents a viable solution [12], [13], [14], [15].
Backscattering enables devices, namely tags, to transmit data
through the reflection of interrogation signals [16]. This ap-
proach offers advantages such as ultra-low power consumption
and low-complexity implementations since neither active trans-
mitters nor complete radiofrequency (RF) chains are usually em-
bedded in tags. Regrettably, the primary drawback of backscatter
radio is the significant path loss, as the signal traverses the
propagation channel twice. This results in a limited operating
range, often just a few meters, as observed in radio frequency
identification (RFID) applications [17]. Such constraints are
exacerbated with higher frequencies (mmWave/THz) [18], mak-
ing traditional backscatter schemes impractical for achieving
high-accuracy localization.

A solution to counteract the path loss is the adoption of
multiple-input multiple-output (MIMO) techniques, involving
the integration of multiple antennas on both nodes engaged in
the backscattering process (i.e., the emitter of the interrogation
signal and the backscatter radio). However, this would require
maintaining the respective beams aligned, which contradicts
the low-complexity nature of backscatter radio, in which no
channel state information (CSI) estimation can be performed.
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In dynamic scenarios involving terrestrial vehicles or UAVs,
beam alignment challenges are significantly heightened by the
movement of objects, particularly at mmWave and THz frequen-
cies due to the highly directional, pencil-like beams inherent
to these bands [19]. Consequently, adopting backscatter-based
devices with multiple antennas at high frequencies necessitates
the development of innovative beamforming strategies. These
strategies must dynamically adapt to the movement of commu-
nicating devices, minimize processing capabilities, and ideally
maintain lower complexity compared to traditional beamform-
ing approaches.

In this regard, retro-directive antenna arrays (RAAs) [20], [21]
deserve special consideration. These arrays possess a unique
property called retrodirectivity, enabling them to act as intelli-
gent mirrors that reflect incoming signals back to the source’s
direction, without requiring explicit knowledge of the source’s
location [22]. This allows for efficient exploitation of the MIMO
gain, even in backscatter radio solutions. It is worth noticing
that retrodirectivity (also known as retroreflection) can also be
obtained using the recently introduced reconfigurable intelligent
surface (RIS) technology. However, this requires the knowledge
of the source’s position to properly configure the RIS phase-
profile [23].

Actually, RAAs have undergone research attention across di-
verse applications, encompassing satellite communications [24],
[25], and terrestrial communication systems [26]. However, only
a few works considered RAAs for localization purposes, as for
example [27]. In this work, the authors present a tag designed
to achieve long-range capabilities by strategically reflecting
incident waves back toward the reader. They leverage the large
bandwidth offered by mmWave frequencies to enhance accuracy
and propose to combine Fast Fourier Transform (FFT) based
techniques and MUSIC algorithms for estimating angles and dis-
tances. The detection capability of a backscattering RAA-based
RFID system is instead investigated in [28]. Here, the authors
introduce an energy-autonomous, long-range-compatible RFID
system operating at mmWave frequencies. Additionally, they
present the results of experiments conducted to evaluate the
device’s performance and measure its detection range, showing
arange of 80 meters. In [29] a radar system exploiting an RAA
is shown. Initially emitting omnidirectional pulses, it gradually
gains directivity toward the target, improving signal quality
over successive pulses. In [30], an RAA is introduced that
receives a 40 GHz navigation signal and accurately re-transmits
a 120 GHz beam in the direction of the incoming wave, utilizing
internal local oscillators. The authors present simulation results
indicating that this antenna can track the incoming wave with a
low relative error.

Previous studies have primarily focused on the enabling
technologies and implementation aspects of RAAs, without
systematically exploring their potential in localization networks,
particularly in addressing the diverse requirements of vari-
ous applications and signal processing challenges. Further-
more, to the best of the authors’ knowledge, there remains a
lack of ad-hoc, low-complexity processing schemes that can
achieve optimal communication and localization performance in
MIMO architectures utilizing backscattering RAAs, especially
in mmWave/THz scenarios.
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In this study, we explore the use of RAAs for localization
networks involving mobile agents such as terrestrial vehicles,
UAVs, and mobile robots operating in industrial environments.
Specifically, we illustrate two strategies for enabling angle-based
localization by leveraging RAAs and narrowband signals. The
first strategy is suitable for network localization, where RAA-
equipped mobile nodes are localized by a central localization
engine. The second strategy involves fixed RAA-equipped de-
vices deployed in the environment, which mobile nodes utilize
for self-localization in navigation applications. Thus, we present
an innovative real time locating system (RTLS) architecture that
leverages MIMO ultra-low-energy backscattering from RAAs.
Unlike traditional time-based localization methods relying on
wideband signals, from example ultrawide bandwidth (UWB)-
RTLS, this approach attains precise angle-based localization
using narrowband signals and massive arrays.

To achieve this, we propose an iterative technique for au-
tomatic beam alignment between a multi-antenna transmitting
node and an RAA. This enables rapid and straightforward angle-
of-arrival (AoA) estimation, with optimal MIMO gain, enhanc-
ing both communication and estimation quality. By combining
multiple AoA estimates obtained using RAAs, localization is
finally achieved with significantly lower latency and higher
update rates compared to current RTLS systems.

Our key contributions are as follows:

® We present two narrowband, angle-based, localization ar-
chitectures leveraging RAAs in MIMO mobile wireless
networks. The first architecture enables anchors (i.e., ref-
erence nodes) to localize user equipments (UEs) (Architec-
ture 1: network localization), while the second allows UEs
to localize themselves by utilizing anchors (Architecture
2: navigation).

e We propose a blind iterative scheme that realizes optimal
beamforming and AoA estimation with extremely low
latency. This is accomplished without requiring complex
or explicit CSI estimation or beam alignment, and with no
computational burden on the RAA side, ensuring minimal
power consumption and simple hardware requirements for
anchors and UEs.

® We describe how to handle multiple nodes, including multi-
ple RAAs. According to the method proposed, frame-level
synchronization with RAAs is not required, which elim-
inates the need for dedicated signaling and significantly
reduces system complexity.

e We analytically and numerically evaluate the performance
of the proposed localization strategies and introduce an
ad-hoc solution to further reduce latency in dynamic sce-
narios. This ensures the system maintains high accuracy
and responsiveness even in the presence of node mobility.

The rest of the paper is organized as follows. In Section II, we
provide the fundamental concepts of RAAs, introduce the envi-
sioned network architectures, and discuss their key components.
Moving forward, in Section III, we demonstrate how RAAs can
be exploited to enable AoA estimation, and we present a scheme
capable of both deriving AoAs and extracting data bits from the
backscattered signal, also addressing the case of multiple users.
In Section IV, we analytically investigate the convergence of
the proposed scheme and discuss the benefits of introducing
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tracking capabilities at the channel level. Finally, in Section V,
we present the numerical results, highlighting the performance
of our solution and the main implementation challenges.

Notations and Definitions: Boldface lower-case letters are
vectors (e.g., x), whereas boldface capital letters are matrices
(e.g., H). ||x|| represents the Euclidean norm of x. H*, H' and
H' indicate, respectively, the conjugate, the transpose and the
conjugate transpose operators applied to H. The notation =~
CN(m, o?) indicates a complex circular symmetric Gaussian
random variable (RV) with mean m and variance %, whereas
x~CN (m, C) denotes a complex Gaussian random vector with
mean m and covariance matrix C.

II. LOCALIZATION USING RETRO-DIRECTIVE ANTENNA
ARRAYS

In this section, we begin by introducing RAAs, highlighting
their key features that enable effective AoA estimation and com-
munication. Next, we explore potential architectures envisioned
for their application in localization and navigation. Finally, we
conclude by outlining the fundamental building blocks required
for the successful implementation of the proposed RTLS.

A. Retro-Directive Antenna Arrays

An RAA is a particular type of antenna array that operates
based on the backscattering principle. The distinctive character-
istic of an RA A is that its backscattering direction corresponds to
the direction of the impinging signal, also denoted as interroga-
tion signal, which is thus retro-directed toward the transmitter
(retrodirectivity property). This behavior can be obtained, for
instance, by conjugating the phase of the received signal at each
antenna element of the RAA [22], using passive structures such
as Van Atta arrays [31], or self-conjugating metasurfaces [32],
[33].

Remarkably, backscattering toward the transmitter is achieved
without requiring the estimation of the AoA of the signal im-
pinging on the RAA. Unlike conventional antenna arrays that
rely on phase shifters, the RAA operates independently of such
mechanisms. This approach ensures low complexity and elimi-
nates the need for control signals between the transmitter and the
device equipped with the RAA. Additionally, by leveraging the
architecture proposed in [34], data can be embedded by the RAA
in the backscattered signal (e.g., containing the device unique
identifier (ID)), thus establishing a communication link between
the RAA-equipped device and a device that incorporates both
the transmitter of the interrogation signal and the receiver aimed
at capturing the signal reflected by the RAA. Specifically, we
assume that these transmitters/receivers are equipped with mul-
tiple antennas, therefore we refer to them as MIMO transceivers
(MIMO TRXs).

Concluding this short introduction on RAAs, it is important
to note that the localization of UEs is commonly achieved
through the deployment of a set of reference nodes, referred to as
anchors, positioned at fixed known locations. Anchors and UEs
interact to estimate the characteristics of position-dependent
signals, such as the AoA [35]. In the following, we will illustrate
how RAAs can be exploited both at the UE and anchor sides,
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Fig. 1. Localization of RAAs-equipped mobile UEs (yellow circles) by using
array-equipped anchors (blue squares). Anchors are also labelled a MIMO
transceivers (TRX).
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Fig. 2. Navigation of array-equipped mobile UEs (blue squares) through the
interaction with RAAs (yellow circles) used as anchor nodes. UEs are also
labelled MIMO transceivers (TRX).

leading to different architectural solutions, each with their own
set of advantages and disadvantages.

B. Architectures

We designate Architecture I as the configuration where RAAs
are employed on mobile UEs, while anchor nodes use conven-
tional antenna arrays (see Fig. 1), thus acting as MIMO TRXSs.
Conversely, Architecture 2 involves RAAs for anchors while
UEs are equipped with conventional antenna arrays, thus acting
as MIMO TRXs (see Fig. 2). In vehicular contexts, for instance,
RAAs could be used on board swarms of drones to be localized
(network localization application). In contrast, RAAs could
serve as reference nodes (anchors) for the self-localization of
autonomous vehicles (navigation application). In the following,
we introduce the fundamental building blocks necessary for
realizing communication and AoA estimation by leveraging the
availability of RAAs-equipped devices, either anchors or UEs,
in the scenario.
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1) Architecture I - RAA at the UE Side: Each mobile UE is
equipped with an RAA (Fig. 1), while each anchor is equipped
with a conventional array and is configured to transmit an
interrogation signal, thus being a MIMO TRX. This signal is
backscattered by the RAAs, which also embed their IDs, and
subsequently received by the same anchor. The anchor can then
estimate the AoAs of the signals received by the RAAs and
extract their IDs using the scheme introduced in the Section III.
Such information is then passed to a localization engine, which
is in charge of estimating the UEs’ positions based on the data
received by all anchors. Specifically, once a sufficient number
of AoA measurements are collected for a given RAA, the lo-
calization engine can localize the corresponding UEs, knowing
the anchors’ positions and orientations. For example, at least
two AoAs per UE are needed for unambiguous 2D localization.
Clearly, the larger the number of AoA measurements for each
UE, the better will be the localization accuracy. To deal with
measurement errors, the localization engine can fuse multiple
Ao0As estimates by leveraging, for instance, standard tools such
as least squares or particle filtering.! Simultaneous access to
UEs by different anchors can be achieved by exploiting dis-
tinct frequencies, assuming a flat frequency response of the
RAA within the signal bandwidth. The discrimination of the
backscatter components associated with different UEs, can be
accomplished leveraging the spatial selectivity of the antenna
array, as detailed in Section III-C.

This architecture is primarily tailored for network localization
applications, allowing the network to comprehensively deter-
mine the positions of all UEs within the area of interest. It
supports a wide range of use cases, including asset and personnel
tracking, logistics management, and more. A key advantage of
this architecture is the simplicity of the UEs, which require no
processing capabilities. The UE merely backscatter the incom-
ing signal via the RAA, embedding its ID into the reflected
signal. This eliminates the need for complex RF chains or
baseband components in the UEs, significantly reducing cost
and complexity. Additionally, the architecture enables the use
of energy harvesting techniques, allowing the UEs to operate
autonomously with minimal power requirements.

2) Architecture 2 - RAA at the Anchor Side: This architecture
entails equipping each anchor node with an RAA, while UEs
utilize a conventional antenna array, thus being MIMO TRXs
(Fig. 2). In contrast to Architecture 1, in this scenario, it is the an-
chor that responds to the interrogation signal emitted by the UE,
leveraging retrodirectivity. Consequently, each UE must detect
the presence of the RAA-equipped anchors, extracting their IDs,
and estimate the AoAs of the retro-directed signals relative to
its local coordinate system. A decentralized localization engine
operates within each UE, enabling the estimation of its position.

This architecture is primarily tailored for navigation purposes,
resembling GNSS-like positioning, as the position computation
takes place at the UE. In this setup, localization information
is immediately available to the UE, minimizing latency in
scenarios where rapid position awareness is critical. This is
particularly important when position data is required to feed
control systems, such as in autonomous driving applications

The reader can refer to [35].
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involving vehicles, UAVs, and mobile robots. In the context of
vehicular networks, this architecture is particularly well-suited
for the self-localization of autonomous vehicles, where onboard
systems typically do not face complexity constraints. Simple,
low-cost, and potentially energy-autonomous tags, equipped
with RAAs and deployed throughout the environment, can serve
as reference for navigation. This architecture can be further im-
proved by enabling the RAA-based devices to transmit not only
their ID but also their coordinates. This additional information
allows the UE to perform localization without requiring prior
knowledge of the anchors’ deployment layout. Moreover, in a
practical implementation, multiple anchors can be seamlessly
integrated into the system without the need to update the anchor
database on the UE side.

Different UEs can access simultaneously the RAA-based an-
chors by, for instance, utilizing different frequencies. As will be
further clarified in Section III-C, a given UE can address simul-
taneously different anchors thanks to the spatial discrimination
enabled by antenna arrays with a large number of elements and
the scheme presented below.

Notice that, in Architecture 1, the AoA estimation is per-
formed by anchor nodes that are aware of the absolute reference
system. In contrast, in Architecture 2, the orientation of the UE
may be unknown and must be estimated to determine the UE’s
absolute coordinates. In this case the UE localizes itself relative
to its own local reference system rather than the absolute one. To
map the result to an absolute reference system, the orientation
of the UE must be known, either a priori or through additional
sensors, such as an inertial sensor or a compass.

Remark: The proposed architectures enable the realization of
a RTLS by leveraging angular measurements obtained through
RAAs that operate with narrowband signals, offering improved
spectrum usage efficiency. This method shifts the focus from
the wide bandwidth typically used in UWB-based RTLSs to
an increased number of antenna elements—an approach that is
garnering significant attention, especially with the rise of meta-
surfaces. In traditional high-accuracy localization techniques,
the time-of-arrival (TOA) or time difference-of-arrival (TDOA)
of signals is estimated, with resolution tied to the bandwidth.
Achieving centimeter-level accuracy typically requires around
1 GHz of bandwidth, which limits communication throughput
when radio resources must be shared among communication
and localization. Moreover, time-based methods are highly sen-
sitive to clock mismatches between devices, making them less
suitable for Internet-of-things (IoT) applications. Our approach,
in contrast, allows for localization without relying on stringent
synchronization or bandwidth-intensive low-efficient methods
such as TOA-based two-way ranging. As a result, it reduces
the complexity and cost of the infrastructure, overcoming a
major obstacle to deploying high-accuracy positioning systems.
Additionally, the backscatter nature of the scheme simplifies the
devices and eliminates the issue of clock mismatches.

C. Building Blocks

To effectively implement the proposed architectures, specific
building blocks and dedicated methods are required. It is im-
portant to note that in both architectures, MIMO TRXs are
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Fig. 3. Geometry of the scenario. MIMO TRX equipped with a N-antennas
ULA; RAA composed of M antennas organized as ULA.

adopted. The use of multiple antennas is essential to counteract
the unfavorable path loss typical of backscatter communication
as well as to allow the estimation of the signal’s AoA. Thus, the
same antenna array can be used for transmission and reception by
exploiting a full-duplex radio implementation, as is commonly
done in monostatic radar applications [36].

The primary challenge in both architectures lies in deter-
mining the beamforming vector at the MIMO TRX to direct
the interrogation signal toward the RAA, whose direction is
unknown before AoA estimation. To address this challenge,
we propose an iterative procedure inspired by [34], leveraging
the distinctive capability of RAAs to reflect the signal in the
same direction it was received. This approach allows for the
automatic determination of the optimal beamforming vector at
the transmitter’s side without requiring explicit channel esti-
mation and signaling. Remarkably, the process of determining
the beamforming vector also yeld the AoA of the backscattered
signal, which can then be used for localization. Since a MIMO
link is finally established, the communication benefits from the
MIMO gain to mitigate the high path loss. This procedure will
be detailed in Section III.

III. AOA ESTIMATION BASED ON RAAS

In this section, we outline a procedure for the MIMO TRX to
estimate the AoA of the signal backscattered by an RAA using a
blind iterative approach. This method guides the MIMO TRX to
direct its interrogation signal toward the RAA. The procedure is
then extended to support multiple RAA-based devices, allowing
for simultaneous estimations.

A. System Model

We start by considering only two nodes, namely, a MIMO
TRX and an RAA. The MIMO TRX is equipped with a uniform
linear array (ULA) comprising N elements, capable of full-
duplex communications. The RAA isrealized as a uniform linear
array consisting of M elements, without processing capabilities
(refer to Fig. 3). Here, we focus on uniform linear arrays for
simplicity of explanation, although various array layouts can be
explored, as demonstrated in the numerical results. Both arrays
are located in the far-field region of each other, separated by a
distance d. The angle-of-departure (AoD) of the signal emitted
by the MIMO TRX, when directed toward the RAA, is denoted
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as @, while the AoA of the signal received at the RAA from the
MIMO TRX is denoted as ).

The scheme we propose involves transmitting from the MIMO
TRX to the RAA using a certain beamforming vectorx € CV*!,
ideally aligned with direction . Thanks to the retrodirectivity
capability, the signal impinging the RAA is backscattered toward
the direction of arrival (i.e., angle ). The backscattered signal
is then received by the MIMO TRX by exploiting a full-duplex
radio. This signal exchange, from the MIMO TRX to the RAA
and back, takes place iteratively, once every T' seconds corre-
sponding to the symbol time. The time axis is thus segmented
into intervals, indexed by k.

At the startup, the optimal beamforming vector is not known
by the MIMO TRX, which therefore randomly generates a
unit norm beamforming vector x[0]. As will be detailed in
Section III-B, at the end of each time interval k, with k& > 1,
the beamforming vector x[k] will be iteratively updated with
a scheme allowing convergence toward the direction ¢, finally
establishing an optimal MIMO link between the two nodes.

Let /Prx[k] € CV*! be the vector containing the signal
transmitted by the NV elements of the MIMO TRX’s antenna
array, where Pr is the transmitted power and x[k] is the unit norm
beamforming vector at the generic time interval k. At the other
end of the communication link, consider a plane wave impinging
on the RAA, the schematic representation of which is shown in
Fig. 4, with an angle 1 with respect to its normal direction. At
the m-th RAA antenna, the impinging wave accumulates a phase
shift 8,,,, with respect to the first antenna, given by

0., = 2Tﬂ-mA sin 1) (1)
form =0,1,..., M — 1, where A is the inter-antenna spacing
and X is the wavelength. By introducing the noise generated by
the RAA, which is present in case it is implemented using active
components [37], [38], the discrete-time signals at the input of
the M antennas at the k-th time interval can be expressed by the

vector

2k = alk] [1, &, ..., 1] k] )
where a[k] is the signal at the first antenna, n[k] € CM*!
is the additive white Gaussian noise (AWGN), with
nlk] ~ CN(0,0;1r). Note that o = £TyFraa W, where &
represents the Boltzmann constant, 7j = 290K denotes the
reference temperature, Fraa stands for the RAA’s noise figure,
and W indicates the signal bandwidth. Regarding the latter,

we consider a narrowband transmission, such as a resource
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block in an orthogonal frequency division multiplexing (OFDM)
communication scheme.

To realize the retrodirectivity property, the phase profile of
the reflected signal along the array must be opposite of that of
the impinging signal. Therefore, the vector r[k] representing the
signal backscattered by the RAA during the same time interval
should be [22]

r[k] = gz"[K] 3)

where ¢ is the gain of the RAA (g < 1 if passive).?

In addition to conjugating the received signal, we assume that
the RAA introduces a phase shift ¢[k] into the backscattered
signal during the k-th time interval. This phase shift conveys
information from the RAA to the MIMO TRX during that
interval. For instance, this information could include a unique
signature of the specific node, such as its ID. Note that the phase
shift ¢[k] is the same across all antennas, thereby preserving
the retrodirectivity property. The vector representing the signal
reflected by the RAA becomes therefore

r[k] = g*M 2 [k]. ©)

By denoting the channel matrix between the MIMO TRX and
the RAA with H € CM*"  the signal received by the RAA at
time instant k is given by

2lk] = v/Pr Hx[k — 1] + k] 5)
and the retro-directed signal, according to (4), is
r[k] = g ¥l 2*[k] = \/ Prge’® M H x* [k —1] + gn*[k] . (6)

Considering a free-space line-of-sight (LOS) scenario, and de-
noting with G5 and Graa the gain of each antenna element at
the MIMO TRX and RAA, respectively, the channel matrix H
takes the form

1
ZT"Asinllz

A e’
H(p,v) =+/Ga GRAAm

e—jo“(Mfl)Asindz

ﬁ(’(l))ECZWXI

X |:1 eszT"Asingo e*jo"(N*I)ASinip

VT (p)eC

— /i Cran—— ()77 () @)

drd

where we have highlighted with H((p, ) the dependence of
the channel on the AoD ¢ at the MIMO TRX and AoA 1) at
the RAA. It is worth noting that the channel matrix H(¢p, )
depends on the angles ¢ and v (i.e., on the geometry of the
scenario), regardless of whether the beamforming vector at the

2From an implementation viewpoint, the conjugation in (3) can be obtained
explicitly by means of an active circuit based on the superheterodyne princi-
ple [22], [39]. Alternatively, passive solutions can be adopted based on Van Atta
arrays [40] or ad-hoc designed metasurfaces, which yield an equivalent result in
the far-field region of the RAA [32], [33].
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MIMO TRXs side x[k] corresponds to the beam steering vector
in the direction ¢ (i.e., the optimal direction to convey power
toward the RAA) or not.

By defining the vectors u(t) = w(v))/v/M € CM*! and
v(p) = v*(¢)/V/N € CN*! it results

H(p, ) = VNMG Gran g u(@vi(e) @)

which has rank one since obtained as an outer product of two
vectors u and v*. Notice that u and v are, respectively, the top
left and right eigenvectors of matrix H(p, ) and hence give
the optimal beamforming vectors at the RAA side and at the
MIMO TRX.* We can introduce the singular-value decompo-
sition (SVD) of H(ip, 1) as H(ip, 1) = ULV where ¥ has a
singular non-zero entry

\V NMGA GRAA)\.
4rd

in its first element, U has u(¢)) as the first eigenvector (i.e.,
first column), and V has v(¢) as the first eigenvector (i.e., first
column).

Assuming channel reciprocity, at the MIMO TRX side the
received signal at time interval k, consisting of the feedback of
the signal transmitted in the last time interval, is given by*

ylk] = VPrge  H (0, 9) H (¢, 4) x" [k — 1]

(C))

g1 =

+gH (g, v) ' [k] + wlk] (10)
with ~ w[k] ~CN(0,02Iy) being the AWGN at
the receiver, and o2 = kTyFAa W, where Fj, repre-
sents the MIMO TRX’s noise figure. By defining

A(p) = VPrgH (¢, ) H(p, 9) € CVN,
(8) it results

according to

2
A(p) = V/PrgNMGaGran (43“1) v(e)vl(e) an

which depends only on the angle ¢, thanks to the retrodirec-
tivity property of the RAA. Moreover, A is proportional to the
(modified) round-trip channel H' (¢, 9)H(¢, v), rather than the
(true) round-trip channel H' (¢, 1/)H(¢, ) as in conventional
backscatter communications. Consequently, the eigenvectors of
A are identical to the right-eigenvectors of H (¢, ¥). From (10)
we have

ylk] = el A% (@) x* [k — 1] + n*[k] (12)

where we have defined n*[k] = g H' (¢, %) n*[k] + wk]. Sub-
stituting (11) into (12) we obtain (13). In case of perfect beam-
forming, i.e., x[k — 1] = v(i), the useful term y[k] in (13)
shown at the bottom of the next page, becomes

2
y[k] = /Pr g ™M MNGxGraa <4Ad> vi(p) (14
T

3Since H(y,) has rank one, u and v correspond to the only left and
right eigenvectors associated with non-zero eigenvalues. In this sense, they are
referred to as the top eigenvectors.

4For simplicity, in this model we do not consider clutter, that is, the signal
backscattered by the environment and not modulated by the RAA. The reader
can refer to [34] for a discussion concerning the modelling of the clutter and its
impact on communication.
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since v'v* = 1, thus corresponding to a plane wave of power
proportional to Pr M? N?/£*(d) impinging with AoA ¢, where

4rd\*
-(%)
is the link loss for a distance d in free space. Notice that due to
the backscattering communication type, the path loss increases
with the distance to the power of four, as happens in RFID
systems [41]. On the other hand, thanks to the adoption of
multiple antennas on both sides, such large path loss can be
compensated by increasing the number of antenna elements /N
and M atthe MIMO TRX and RAA, respectively (beamforming
gain).

In the following section, we show how the beamforming
vector x[k] at the MIMO TRX side can can be iteratively adjusted
until it converges to the channel eigenvector v(y) pointing
toward the RAA. This process enables the desired property to
be achieved without the need for explicit channel estimation.
Thanks to the estimation of the optimal beamforming vector,
the presence of the RAA can be detected, and the AoA of the
backscattered signal is inherently obtained.

L(d) (15)

B. RAA Detection and AoA Estimation

The scheme we propose for RAA detection, identification, and
AO0A estimation operates iteratively. As shown in the associated
pseudocode (Algorithm 1), to which the reader is referred, the
process starts (step 1 of the pseudocode) with the generation of
a random unitary beamforming vector x[0], which the MIMO
TRX uses at startup when the locations of RAAs are still
unknown.

The iterative procedure, which occurs with discrete time steps
indexed by k£ > 1 (step 2), can then begin with the MIMO TRX
transmitting the beamforming vector /Prx[k — 1] (step 3).
The RAA, upon receiving z[k] = /PrHx[k — 1] + n[k] (see
(5)), backscatters it in the direction of arrival, as a result of
the conjugation operation. Additionally, it introduces a phase
modulation based on the data to be transmitted to the MIMO
TRX, resulting in the reflected signal r[k] = g e??!Flz*[k] (see
(6)). The MIMO TRX then receives the retro-directed and
modulated response y|[k] = e??(Fl A*(o) x*[k — 1] + n*[k], as
described by (12) (step 4).

At the MIMO TRX, a normalized and conjugated version of
the received vector y[k] is computed (step 5) as x[k] = %
This vector will be used as the updated beamforming vector x k]
in the next iteration. This adjustment makes the beamforming
vector steer toward the RAA. In principle, the updated beam-
forming vector should immediately align with the RAA. How-
ever, due to the presence of noise and multipath, the alignment
may require more than one iteration to be completed.
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Algorithm 1: RAA Detection and AoA Estimation.
I:  Generate a random unitary norm beamforming vector

x[0]
2: fork=1,2,...,00do
3:  Transmit: /Prx[k — 1]
4:  Receive: y[k] = e??Fl A*(p) x*[k — 1] + n*[K]
5: Update the beamforming vector:
x[k] = y*[k]/lly[K] .
6:  Create the decision variable: u[k] = x'[k — 1] y*[k]
7:  Estimate the SNR: v[k] = |u[k]|?/o?,
8  if y[k] > m and y[k]/~[k — 1] < 1, then
9: k=k
10: DFT computation: q = DFT[x[k]]
11: Ao0A estimation:
p= arcsin(% argmax;c(1 5 ny{lail})
Start of ID detection
12: forj=1,2,..., K do
13: k=k+1
14: Transmit: \/Pr x[k]
15: Receive: y[k] = /] A* (o) x*[k] + n*[K]
16: Create the decision variable: u[k] = x'[k] y*[k]
17: Decode the symbol:
#[j] = demodulation(— arg{u[k]})
18: end for R
19: Extract the packet ID: {¢[j]}=12,...K
End of ID detection
20: end if
21: end for

The decision variable u[k] = x'[k — 1]y*[k], which de-
pends on e 7?¥l s then computed® (step 6) allowing also
to estimate the signal-to-noise ratio (SNR) ~[k] = |u[k]|?> /o2,
experienced in the current iteration by the MIMO TRX
(step 7). If y[k] exceeds a specific detection threshold 7, i.e.,
y[k] = |u[k]|*/o2, > m, and there is no significant increase
in received power compared to the previous iteration, i.e.,
~[k]/v[k — 1] < 12, where n; and 7, are empirically tuned
thresholds, then the RAA is detected (step 8). In fact, the first
inequality checks that a certain level of energy has been received
compared to the noise level, whereas the second one guarantees
that convergence is approximately reached.

If this is the case, the MIMO TRX assumes that the transient
interval—during which the beamforming vector is iteratively

SIn fact, in the absence of noise, it is easy to show from (12) that
ulk] = xT[k — 1] y*[k] o e 79[¥], being x{[k — 1] x[k — 1] = 1.

4rd

5 \2
ylk] =V Pryg I MING A Gran <) v*(gp)v—r(go)x* [k

149 VAN GAGran poav (o)l () K] 4 wlk] (13)

y[k]: useful term

noise term
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Fig. 5. Cyclic transmission of the RAA’s ID. Time evolution.
adjusted to point toward the RAA—is over and that the vector
is now accurately aligned with the RAA. Therefore, the current
time index k is “frozen” (step 9) and the AoA estimation is
carried out (steps 10 and 11). Specifically, the AoA estimate
of ¢ concerning the detected RAA is obtained as®

. (2

Sp:arcsm(N argmaX;c(i o . N} {qz|}> (16)
where q = {¢;} is the Discrete Fourier Transform (DFT) of the
beamforming vector corresponding to the detected RAA, that is

q=DFT [x[k]] . (17)

To identify the detected RAA, the MIMO TRX must now extract
its ID from the backscattered signal. To this end, we consider
the RAA ID encoded in a unique pseudo noise (PN) sequence
of length K symbols, which the RAA transmits cyclically by
modulating the backscattered signal. Of course, only during
the transmission of the interrogation signal from the MIMO
TRX, such PN sequence corresponds to a physical modulated
signal. In this regard, Fig. 5 shows the sequence of K symbols,
out of a binary alphabet, that corresponds to the backscatter
modulation cyclically realized at the RAA. The identification
task is performed in steps 12 to 18, where the MIMO TRX:

e transmits always using the optimal beamforming vector
x[i] (step 14);

e receives the backscattered signal carrying the ID informa-
tion in ¢[k] (step 15);

e creates the decision variable u[k] (step 16);

e finally, determines the modulation symbol conveyed by
¢[k] through a suitable demodulation scheme applied to
u[k], depending on the modulation alphabet (step 17).

Once all the K components of the ID have been collected
(step 19), the MIMO TRX can finally assign an identity to the
RAA transmitting from the direction given by the estimated
AoA. According to this scheme and thanks to the correlation
characteristic of the PN sequence, dedicated signaling for frame-
level synchronization between the MIMO TRX and the RAA is
not required.

Commentary: In the absence of noise and data, the processing
presented corresponds to the Power Method which allows to
estimate the strongest eigenvector of a square matrix A, and it
is described by the recursive relation [42]

A x[k —1]
A x[k — 1]]]

where x[0] can be either an approximation of the top (dominant)
eigenvector, if available, or a random unit norm vector. It results

x[k] = (18)

6 An array spacing A = /2 is assumed.
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Fig. 6. Communication and AoA estimation with multiple RAAs sending
packets of K bytes cyclically.

that, for & — oo, x[k] converges to the top eigenvector. Thus,
x[k] tends to the direction ¢ of the top eigenvector of the modified
round-trip channel A(y) (i.e., H'H), i.e., the estimated angle
converges to the AoA of the signal from the RAA.

In summary, the iterative process proposed here enables the
MIMO TRX to transmit according to the optimal beamforming
vector pointing toward the RAA. As a result, the AoD of the
signal from the MIMO TRX coincides with the AoA of the signal
received from the RAA, thus enabling angle-based localization.
This is achieved by exploiting the processing gain offered by
the N antennas at the MIMO TRX and the M antennas at
the RAA, but without explicit channel estimation, and utilizing
backscattering.

C. Extension to Multiple RAA-Based Devices

Let us now assume that there are P RAA-based de-
vices in the environment. These devices can either be mo-
bile UEs in Architecture 1 or fixed anchors in Architecture
2. In the same environment, there are also devices equipped
with a standard antenna array (MIMO TRX), which emit in-
terrogation signals to detect the presence of the P RAA-
based devices and estimate their corresponding AoAs (see
Fig. 6).

In LOS channel conditions, the process of detecting the pres-
ence of the P RAAs by a MIMO TRX is equivalent to determin-
ing the top eigenvectors of the P channels A®) p =1,2,..., P,
between the MIMO TRX and the P RAAs. In particular, (12)
becomes

y[k] = i (e—qu(’”)[k] AP ((p(p)))* x*[k — 1] + n*[k]

p=I
(19)
where {¢®)[k]} and (P) are, respectively, the information data
and the AoA associated with the p-th RAA.
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In this regard, the iterative scheme proposed in Section I1I-B,
which is limited to the estimation of only the top eigenvec-
tor, can be extended to estimate the P top eigenvectors of
A= 25: L AP) () as described in the following. Unfortu-
nately, the top eigenvectors of A, in general, do not correspond
exactly to the top eigenvectors of the single matrices A (?)
composing it unless the channels are orthogonal. Nevertheless,
if the RAAs are positioned at distinct angles and the number
of antennas is increased by employing massive arrays (massive
MIMO), the channels A(P) tend to become orthogonal. This
situation approaches the so-called favorable propagation [43],
which, strictly speaking, occurs when the channels A(?) are
orthogonal [44]. Under this condition, once the top eigenvec-
tor of A has been estimated, the detection of the second top
eigenvector can be achieved using the same scheme described
in Section III-B, provided that the iterative search is conducted
in a space orthogonal to that spanned by the top eigenvector.
To elaborate further, let’s consider a matrix B that collects all
the previously discovered top eigenvectors. At Step 5 of the
algorithm described in Section III-B, the following operation is
performed:

(I1- BBY)
I(T-BB)

y'[K]
y* [l
so that, before further processing, the updated beamforming
vector x[k] is adjusted to be orthogonal to B. This ensures that
the subsequent search is conducted within the null space of B,
preventing the detection of previously identified eigenvectors
(i.e., already detected RAA-based devices).

In a more general scenario where the favorable propagation
condition is not perfectly achieved, the top eigenvectors of A
may not precisely align with the top eigenvectors of A () [34],
[45]. This can result in interference among RAA-based devices
and subsequent performance degradation for demodulation and
AoA estimation. We underline, however, that this effect is con-
sidered in our numerical results. Finally, we note that this issue
is not unique to our solution. Rather, it affects conventional
multi-user MIMO systems in general.

x[k] = (20)

IV. CONVERGENCE ANALYSIS

In the following, we analyze the convergence of the proposed
iterative scheme to the optimal beamforming vector in the pres-
ence of data modulation and noise, by showing the time evolution
of the SNR at the MIMO TRX. Then, we consider a dynamic
scenario with the RAA moving along a certain trajectory, and we
discuss a channel tracking strategy to speed up the convergence
and the performance. For the sake of simplicity in notation,
we consider only one RAA-based node, although the same
results apply in scenarios with multiple RAAs, provided that the
channels are orthogonal due to favorable propagation conditions.

For convenience, let us introduce the eigenvalue decomposi-
tion of matrix A, which we consider now a generic modified
round-trip channel matrix, as

A =VAV! (1)

N
= E Aj ViV
j=1
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where A = diag(A1,A2,...,An), being A, the j-th eigenvalue
with Ay > A, > ..., > Ay, and v; is the j-th eigenvector (di-
rection) forming the j-th column of matrix V.€ CV*N_ As a
consequence, the generic vector x[k] at the k-th iteration can be
decomposed as

N
K= kv (22)
j=1
T

being x;[k] = v; x[k] the projection of x[k] onto the j-th direc-
tion v;. Similarly, the noise term can be expressed as

N
kK= n;k]v (23)
j=1
where n; ~ CN(0,073), with
rigo2
o = ol + =" (24)

VPr
In the following analysis, we assume that the noise generated by
the RAA, which is transmitted back toward the MIMO TRX, is
negligible at the receivers’ side compared to its own noise, i.e.,

sz ~ o2, Vj. This is reasonable considering it is attenuated by

the MIMO TRX-RAA channel.

A. Convergence and SNR Evolution

We now assess the SNR in the k-th iteration of the scheme
aimed at estimating the top eigenvector of the channel. This SNR
affects both the demodulation of the data symbol conveyed by
¢[k] and the estimation of the angle ¢[k].

As per Step 5 of the scheme described in Section III-B, the
beamforming vector x[k] at the k-th iteration is given by:

Y*W A e ¥Wx[k — 1] + n[K]
=Ty " A e Hx[k — 1] + n[k]] (25)
where
N
= v, (gl — e k) . @6)

Jj=1

According to step 6 in Section III-B, the decision variable u[k]
at the k-th symbol is

ulk] = x'Tk — 1] y*[k]

xi[k — 1] A e 7?Fx [k — 1] + x[k — 1] n[k]

N
= e M N "o ok — 1P +xI[k - 1]n[k]  @27)
j=1
in which the first term is the useful one, as it contains the phase
¢[k], and the second term represents the noise.

Considering that by construction |x[k]||*> = 1, the SNR in
(27) at the k-th time interval is

(S22 bl — 1F)

2
Ow

SNRyec K] (28)
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Note that |z;[k — 1]|*/||x[k — 1]||> = |z, [k — 1]|* represents
the fraction of the total power transmitted by the MIMO TRX
associated with direction v; at the discrete time k — 1. Then, at
the end of the k-th time interval, the SNR at the MIMO TRX
along the direction v; is given by

)“2 |2k — 1”

2
Ow

SNR; [k] = (29)

Therefore, we can rewrite (28) as a function of SNR; [k] as

N 2
SNR;]

Z W/SNRJmax

where SNR; max = represents the maximum possible SNR
along the direction vj, i.e., the SNR the receiver would expe-
rience if all the power were concentrated in the direction v ;.

The goal is to determine an iterative expression for SNRye. [k]
and evaluate the convergence condition of the iterative scheme
proposed. Considering (26), the fraction of the total power that
is associated with direction v at the beginning of time interval
k can be written as

S N Rdec (30)

5 A [k — 1]]* + oF,
|z[K” = =& :
Yimi (A |wilk = 1] + 07,
Then, by inverting (29) and plugging |z;[k]|* at both the left-
hand and right-hand sides of (31), we obtain the following
iterative formula for SNR; [%]

32 (SNR; [k —

€2y

1+ 1)

SNR;[k] =
o3 [, (SNRifk — 1]+ 1)]
TN 4 zizl SNRi[k —1]
for k > 2, where
SNR;[1] = SNR; max |2;[0]]> (33)

The recursive expression (32) can be numerically evaluated to
obtain the SNR evolution for each direction. Therefore, it is
of interest to investigate whether convergence toward the top
eigenvector is guaranteed, and under what conditions. Denote
by r = rank(A) the rank of matrix A, i.e., the rank of the
channel. Unfortunately, a general convergence analysis appears
prohibitive for a channel with a generic rank. As a consequence,
we derive in the following a convergence condition valid for
a rank-1 channel and show numerically that the same result
holds also for higher-rank channels. Then, assuming an ideal
free-space LOS channel for AoA estimation as in (8), we have
only Ay # 0, thus (30) is given by

(SNR [K])®
SNRl,max

with the SNR at the k-th time interval along direction v in (32)
expressed as

SNRgec[k] = (34)

SNRy [k — 1]+ 1
N+SNRk—1]

SNR]UC] == SNRI,max (35)
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This case allows an easy evaluation of the convergence
value. In fact, the solution at the equilibrium of the re-
cursive expression in (35) can be found by imposing that
SNR[k] = SNR; [k — 1] = z and solving the following second-
order equation

T+ 1
r+ N’
By considering only the positive solution, the condition on the
final convergence value is:

e If SN R1,max/N > 1, at the convergence it is
SNR;[k] ~ SNR| max  and  hence, from  (34),
SNRgec[k] 22 SNR| max. which takes the role of asymptotic
SNR corresponding to the optimal beamforming vector
for a channel with r = 1.

o If SNR| max /N < 1, we still have convergence but with
SNRgec[k] < 1 thus unable of guaranteeing a suitable data
demodulation and AoA estimation performance.

Due to the previous result, we define the value
SNR} boot = SNR| max /N as bootstrap SNR. It is worth noticing
that the convergence is always achieved to a convergence value
which depends on the condition on the bootstrap SNR above,
but it does not depend on the initial value x[0].

Assuming the MIMO transmitter and the RAA are in paraxial
LOS configuration (i.e., parallel arrays with ¢ = 1) = 0), the
first eigenvalue of A is, according to (9), A; = v/Prgo? and the
maximum and bootstrap SNRs become, respectively,

Pr g2 N2 M? GE G M

2z = SNR| max (36)

SNR| oy — (37)
b 2 (4 d)’
Prg* N M?G3 G2, 04
SNR oot = —2 ATRANT (38)
o2 (4 d)

According to the last equations, increasing /N and M is beneficial
for improving the link budget but also for the bootstrap SNR;
however, M has a higher impact than N thus, in general, it
is more convenient to increase the RAA size to improve the
performance.

1) Numerical Example: To show the convergence behavior
analyzed above, we provide a numerical example for an array at
the MIMO TRX with N = 100 elements and a rank-3 channel
with two different configurations:

® Configuration a) SNR| max = 25dB, SNRy max = 17dB,

SNR3 max = 13 dB, corresponding to SNR| poot = 5 dB;

e Configuration b) SNR; max = 15dB, SNRy max = 10dB,

SNR3 max = 5dB, corresponding to SNR| poot = =5 dB.

The initial precoding vector x[0] is randomly cho-
sen at the startup, therefore it is |z;[0]]> ~1/N and
SNR;[1] 2 SNR| max/NN. Other initial strategies will be dis-
cussed in the next section.

In Fig. 7, the evolution of SNR;[k|, j = 1,2, 3, using (32)
is shown for the 2 configurations. From the plots, it can be
noticed that when SNR| poot > 0 dB the SNR associated with the
top eigenvector (j = 1) converges to SNRj max, given by (37),
within 5-6 time intervals, whereas it converges to very low values
when SNR| poot < 0dB, as well predicted by the convergence
condition even though it has been derived assuming a rank-1
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Fig. 8. Localization of the RAA in a dynamic scenario.

channel. In fact, in any case the SNR of the components of x[k]
associated with the second and third eigenvectors, SNR; [k] and
SNR;[%], tend to negligible values, i.e., the proposed scheme
always converges to the top eigenvector but with a final SNR
depending on SNR| poor.

According to the analysis outlined above, the convergence of
the proposed scheme to SNR| max (i.e., to the largest SNR) is
ensured only if the bootstrap SNR significantly exceeds one.
Therefore, the system must be properly designed, paying partic-
ular attention to factors such as the number of antennas, trans-
mitted power, and RAA gain relative to the operating distance,
to ensure that this condition is likely satisfied.

B. Channel Tracking

Consider now the localization task in a dynamic scenario,
where one of the two nodes (e.g., the RAA) moves along a
certain trajectory (see Fig. 8). The iterative scheme described in
Section IIT is executed at specific points of the trajectory, namely,
the localization steps. Specifically, at the ¢-th localization step an
AoA estimate (after RAA detection) and a data packet consisting
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of K symbols (e.g., the node’s ID) are obtained. Referring
to Fig. 8, the RAA is observed at an angle (") with respect
to the MIMO TRX and located at a distance d*) during the
1-th localization step. Notice that, in this section, we use here
the notation () to indicate the quantities at the i-th local-
ization step, thus without accounting for multiple RAAs as in
Section III-C for the sake of simplicity. Specifically, 7 denotes
the time interval between two consecutive localization steps.
Thus, we can define the maximum localization update rate as
R = 1/7, assuming that a sufficient number of angular mea-
surements is collected at the ¢-th localization step to obtain an
unambiguous location estimate.

To speed up the convergence of the proposed iterative scheme,
rather than randomly choosing an initial beamforming vector
x()[0] at the i-th localization step, it may be more convenient to
use the last available estimated beamforming vector x*~ 1 k]
at the previous localization step (i.e., ¢ — 1), thus assuming
x(M[0] = x(~D[E]. Since, according to this choice, the esti-
mated beamforming vectors are re-used and updated iteratively
during the movement of the node, we define such a strategy as
channel tracking. In the following, we will evaluate the condi-
tions under which performing channel tracking is advantageous.

Let us now define, for further convenience, the SNR along
the first direction at the startup for the i-th localization step;
this is the key parameter determining the convergence speed of
the scheme. Specifically, we define it as startup SNR so that
SN Rgfa)n = SN Rgi) [0] for the localization step 7. We assume that
at the localization step ¢ — 1 the convergence to SNR| . was
achieved. Let us also now consider that the last beamforming
vector x(""V[K] of localization step i — 1 is used as first beam-
forming vector x(9[0] of localization step i. In such a case, the
SNR along the first direction at the startup for the localization
step ¢, which determines the convergence speed, can be written
as

SNR{, =7 SNR{' )

1,max

(39)

where ~y reflects the change in the SNR between the two positions
when adopting the previous beamforming vector. In particu-
lar, we can decompose ~ as the product of two factors, i.e.,
v = &p; the coefficient p < 1 indicates the correlation between
the channels related to the localization steps ¢ — 1 and ¢, while
13 ; 1 indicates the difference in terms of path loss. The term p
can be obtained as the cross-correlation coefficient between the

beamforming vectors corresponding to angles gp(i’l) and <p(i),
that are, v(¢~ D) and v(¢(*) as
p=|<v(e"), vt ") > (40)

The term ¢ can be written as the ratio between the path loss
at positions i — 1 and 4, thus we have & = £(d~1)/L£(d®)
according to (15) when considering a free space scenario. If

SN RY}W /N > 1 we have convergence at the maximum SNR
for the localization step 7, which is SNRYBMX =< SNRY;Q‘
The choice of using the previous convergence beamforming
vector is beneficial only if the corresponding startup SNR is
larger than that obtained with the random guess x(¥)[0] at

the ¢-th localization step. In fact, when selecting randomly
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the first beamforming vector x(Y[0], we obtain the value
SN Rgf,)mt = SNR@W /N as the starting point of the iterative
procedure. Formalizing, the choice is beneficial if

SNR{

1,max

SNRG = €0 SNRY' ) > SNR{ o = =

1,max

(41)

However, since it holds that SN Rgfznax =¢ SNRgf;;i (i.e., the
SNR obtained when considering the optimal beamforming vec-

tor at each location) the criterion (41) becomes

1
p>—.

N (42)

It is very important to underline that the convenience is experi-
enced in the number of iterations needed to reach convergence
(i.e., convergence speed); no differences are obtained in terms
of probability of convergence to the maximum SNR, since this
is determined only by the bootstrap SNR value.

From (42), it could be inferred that a large number of an-
tennas N at the MIMO TRX is beneficial for ensuring faster
convergence (i.e., that a larger number of antennas can allow to
tolerate highly decorrelated channels between localization steps
1 — 1 and 7). However, it is important to note that the correlation
coefficient p itself strongly depends on the number of antennas
N. For instance, consider a scenario where there is a small
movement of the RAA orthogonal to the MIMO TRX’s array
normal direction. In such a case, the primary source of change
in the SNR arises from the differing optimal combinations of
phase values at the two positions, leading to v ~ p. Consider
for simplicity ¢(i — 1) = 0 (i.e., RAA on the MIMO TRX’s
normal direction at localization step ¢ — 1), and the RAA moving
with constant speed v transversal to the MIMO TRX’s normal
direction. When operating with half-wavelength spaced ULAs,
we have
(-1 _

v [1,1,...1] ecM!

1
VN
(i) _ 1 |: g7 sin (%) ]‘n'(Nfl)singo(’:):| Nx1
v, = ——|l,e Ry eC
1 \/N

43)
thus we can write

N-1 ) .
1 o N (i)

n=0

(44)

In order to obtain a simple condition for determining the advan-
tage of using the previous beamforming vector in the dynamic
scenario, we can approximate the sinc function using its Tay-
lor expansion around the origin, i.e., sinc(z) = 1 — ";“fz and
consider sin (! ~ tan ¢(* = v1/d*) obtaining for (42)

T2 N2p272 1

B N 45
24 (d®)* = N )

Then, by inverting (45), we get that the choice of using the
previous beamforming vector is beneficial with respect to a
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Fig. 9. Maximum speed to make the channel tracking effective for improving
the convergence speed of the proposed scheme.

random guess to ensure faster convergence only if

_ 2d9\/6(N — 1)
WTN\/N .

When such a condition is not met, the channel variations between
localization steps ¢ — 1 and ¢ are too significant, and relying
on the previous beamforming vector proves ineffective. In such
cases, a random guess can ensure faster convergence.

According to (46), the larger the number of antennas NV, the
lower the maximum tolerated speed. In fact, a large number of
antennas causes the channel to quickly decorrelate when moving
from one position to another. Interestingly, it is worth noting that
the convergence speed is not affected by M, i.e., the number of
antennas at the RAA. Thus, this parameter can be increased
to improve the link budget without encountering convergence
constraints in dynamic scenarios.

1) Numerical Example: In order to characterize the potential
of tracking the channel by exploiting the last available beam-
forming vector, we consider a numerical example considering a
variable number NV of antennas and 7 = 100 ms. Fig. 9 shows the
maximum speed for the RAA in order to benefit from using the
previous beamforming vector according to (46). It is possible to
notice that, as the number of antennas increases, the maximum
speed decreases. Moreover, if the RAA is close to the MIMO
TRX the speed limit is lower since the channel changes faster
its angular correlation (larger variation in angle ¢ for a given
transversal movement). It is worth noticing that if the speed is
larger than that reported in Fig. 9, convergence is still guaranteed
if the bootstrap SNR satisfies SNRS(,Za)n /N > 1; however, using
a random guess would be more effective (higher startup SNR
thus faster convergence).

v (46)

V. NUMERICAL RESULTS

In this section, we investigate the performance of the proposed
localization strategies for both Architecture 1 and Architecture
2. The simulation parameters, detailed below, are identical in
both cases.
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Fig. 10.  Simulated scenario: Two users (Ul and U2) moving along the red
trajectories, and four anchors. Black circles indicate the locations corresponding
to the localization steps given a certain localization update rate R.

TABLE I
PARAMETERS USED IN THE SIMULATIONS

Parameter Symbol | Value

Carrier frequency fe 28 GHz
Bandwidth w 10 MHz

Symbol time T 190 ns

TX power Pr 0dBm

Path loss exponent B 2

MIMO TRX antenna gain Ga 0dBi (isotropic)
RAA antenna gain GRraa 0dBi (isotropic)

0dB or 10dB
3dB

RAA backscatter gain g
RAA/MIMO TRX noise figure | F

RAA antenna elements M 2020 (10.7x10.7 cm?)
MIMO TRX antenna elements N 10x10 (5.36 % 5.36 cm?)
SNR detection threshold m 30dB

SNR convergence threshold m 3dB

ID length K 40 symbols

Localization update time-step T 100 ms

Speed of UEs v 0.54m/s

UE’s trajectory length L 5.39 m

A. Simulated Scenario

Simulations are performed in the 2D scenario depicted in
Fig. 10, where two UEs (Ul and U2) move along the red
trajectories in the x — z plane. Four anchors are also positioned
in this scenario. The RAAs, whether at the UE side or the
anchor side depending on the architecture being investigated,
consist of square uniform planar arrays with 20 x 20 antenna
elements arranged in the x — y plane. MIMO TRXs consist also
of uniform planar arrays featuring 10 x 10 antenna elements,
deployed in the = — y plane.

According to the scheme outlined in Section III-B, MIMO
TRXs employ the signals backscattered by the RAAs to estimate
their AoAs. Notice that, despite localization is realized on a
plane, both fixed and mobile antennas (including RAAs) are
assumed as 2D panels; this choice does not affect the angular
resolution but improves the link budget thanks to additional SNR
gain. The parameters used in the simulations, unless otherwise
specified, are reported in Table I.

B. Localization Error Analysis - Architecture 1

Depending on the channel condition and SNR, one or more
anchors (i.e., MIMO TRXSs) in the scenario can detect the
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Fig. 11. ECDF of the absolute localization error for Architecture 1. Dashed

lines (- -) are for the free-space LOS channel; Continuous lines (-) are for the
3GPP CDL-E channel. Black lines represent the simulated effect of clutter by
applying a random beamforming vector.

presence of the RAAs (i.e., UEs) at each localization step and
obtain the associated AoA estimates. Then, the AoA estimates
are fused using a least-square approach as described in [46],
yielding an estimate p = [, Z] of the position p = [z, z], in
accordance with the geometry depicted in Fig. 10.
As a preliminary assessment of the proposed system perfor-
mance, we conducted Monte Carlo simulations with a single
UE (Ul in Fig. 10). The results are reported in Fig. 11, which
shows the empirical cumulative distribution function (ECDF) of
the absolute localization errore = |p — p|under different condi-
tions, obtained over 100 Monte Carlo iterations. Specifically, we
considered a user moving with a speed of v = 0.54m/s along
a straight trajectory of length L = 5.39m, and a localization
update rate R = 10 Hz (i.e., 7 = 100 ms), thus corresponding
to 100 discrete localization steps along the trajectory. The results
refer to various operating conditions, including:
® An ideal LOS channel (free-space) and a realistic 3GPP
CDL-E channel [47];

e The exploitation of passive (¢ =0dB) and active
(9 = 10dB) RAAs;

® The adoption of a random beamforming vector (b.v. in the
plot legends) as initialization of the proposed scheme, or
the last available beamforming vector, according to the
channel tracking strategy presented in Section I'V-B.

When focusing on the impact of the channel, it is evident from
Fig. 11 that the best performance is achieved with free-space
LOS conditions (dashed lines), owing to the absence of multi-
path propagation. In this case, deviations in the AoA estimate
from the true angle primarily result from measurement noise.
Performance deteriorates slightly when considering the 3GPP
CDL-E channel (continuous lines), due to multipath effects.
Generally, the localization error remains below 5 ¢m and 10 cm
in 90% of cases for the free-space channel (dashed lines) and
CDL-E channel (continuous line), respectively. The same figure
also illustrates the impact of path loss on performance. It is
evident that leveraging active RAAs (red/green lines) reduces
the localization error, primarily due to increased received power
and consequently more robust AoA estimation.
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Fig. 12.  ECDF of the absolute localization error for U1 (continuous lines) and
U2 (dashed lines) in Architecture 1, varying the size M x M of the RAA.

When considering the channel tracking mechanism proposed
in Section IV-B, no differences in performance are observed
for the free-space LOS channel. This is expected, as channel
tracking primarily facilitates faster convergence compared to
randomly generating the initial beamforming vector. However,
this aspect is not captured by the results shown in Fig. 11, which
concern positioning errors. Contrarily, when a realistic multipath
channel is considered, leveraging the previous beamforming
vector (i.e., utilizing the channel tracking mechanism) results in
areduction in localization error. In fact, when the beamforming
vector is randomly generated at each localization step, there is
a chance that the AoA estimator locks onto a multipath compo-
nent, potentially leading to more significant errors compared to
starting the iterative algorithm from the previous, possibly cor-
rect, AoA estimate. According to [34], the effect of clutter on the
algorithm is binary: below a certain threshold, it has no impact,
but above the threshold the algorithm fails, making the user
unobservable. Clutter intensity depends on factors like antenna
number, transmitted power, and the specific scenario, making
accurate modeling challenging. Instead of simulating clutter
directly, we characterize its effect through the introduction of
a link blockage probability p.. Fig. 11 illustrates this effect,
showing a 70% clutter probability simulated for ¢ = 0 dB and
g = 10 dB in a free-space LOS channel. As it can be observed,
even in the presence of a high probability of blockage the
localization performance degradation is limited mainly because
of the diversity offered by the 4 anchor nodes. The impact of
the array size on the AoA estimation and, consequently, on
localization accuracy is shown in Fig. 12, which depicts the
ECDF of the absolute localization error as the number of RAA
elements varies. The simulations are carried out for both users
moving along the trajectories shown in Fig. 10. Performance
improves with an increasing number of antenna elements, due
to the dual benefits of higher SNR (larger number of observations
with additional antenna elements) and a larger aperture, which
results in enhanced angular resolution.

C. Localization Error Analysis - Architecture 2

When considering Architecture 2, it is the UE that transmits
the interrogation signal, which is then backscattered by RAA-
equipped anchors. Therefore, it is the UE that estimates the AoA
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I

0.8

- - -

1
1
1
= 0.6 |,
(=) 1
@) 1
M 04
1
: =7
0.2 =1°
I — 9°
o =5°
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
error [m]
Fig. 14. ECDF of the absolute localization in Architecture 2, considering a

residual random error with variance o2 on the UE orientation. Continuous lines
(-) are for g = 0 dB; Dashed lines (- -) are for g = 10dB.

of the received signals relative to its own reference system. In
this section, we focus on Architecture 2 and we investigate the
performance of our localization strategy in the scenario depicted
in Fig. 10, concentrating on Ul. In Fig. 13, the ECDF of the
absolute angle estimation error relative to each of the 4 anchors
is shown. This figure was obtained with 100 Monte Carlo cycles
along the trajectory, varying the gain of the backscattered signal
g, with a LOS channel, and without utilizing the beamforming
vector from the previous step. Fig. 13 shows that the accuracy
of angular estimation is generally below one degree with the
proposed setup. The highest accuracy is achieved by anchors 1
and 4, which are closest to U1. As for Architecture 1, increasing
the gain g of the RAAs significantly reduces the error.
Regarding the estimation of the UE’s position in Architecture
2 according to a global reference system, we have already
pointed out that this is possible only if the UE knows the
coordinates of the anchors and its own orientation. Fig. 14 shows
the ECDF of the absolute localization error when assuming
that the UE experiences a residual random error on its own
orientation, obtained from external sensors. Specifically, this
error is modeled as Gaussian with zero mean and variance
o2. As it can be noticed, increasing the UE orientation error
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deteriorates the performance due to the mismatch between the
local and global reference systems. While higher RAA gain g
can be adopted in general to ameliorate the performance in the
absence of residual orientation error (6> = 0°), the presence of
an orientation error outweighs the benefits of the RAA gain (the
corresponding curves are overlapped for o> > 0°in Fig. 14). The
blue curves also demonstrate that the two architectures exhibit
a comparable performance.

D. Convergence Analysis

The impact of the channel tracking mechanism, introduced
in Section I'V-B, is further investigated in Fig. 15, which refers
to Architecture 1. This figure presents the ECDF of the number
of iterations required for UEs’ detection relative to Anchor 4
(located at the bottom-left in Fig. 10). The LOS free-space
channel is here considered (similar outcomes are achieved with
the 3GPP channel model).

A noticeable difference in the number of iterations required
for convergence is observed between using a random beamform-
ing vector (blue/red lines) and the last available beamforming
vector (yellow/green lines) as initialization of the proposed
estimation scheme. The results demonstrate that utilizing the
previous beamforming vector yields consistent improvement
in terms of the number of iterations needed for convergence.
This improvement is particularly significant for U2, which is
the farthest from Anchor 4, thus experiencing highly correlated
channels from one localization step to the other (as discussed in
Section IV-B). Remarkably, when exploiting the previous beam-
forming vector, the convergence time is halved for g = 0dB.

These results also offer insights into the localization update
rate R. While we set R = 10Hz in our simulations, much
higher values could have been chosen, as the lower limit on
this parameter is determined by the packet size K. In fact, the
time elapsed between consecutive localization steps must be
greater than KT (see Fig. 5), which corresponds to the duration
of the ID transmission. Depending on the number of RAAs in the
environment, to ensure the discrimination of each ID a certain
number of different PN sequences must be available. By assum-
ing, as an example, the adoption of maximum length sequences,
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a packet length of K = 1023 symbols allows discriminating 60
different RAAs, while a packet length of K = 8191 symbols
allows discriminating 630 different RAAs [13]. These values
lead to a maximum localization update rate R of roughly 10 kHz
and 1 kH z, respectively, which is larger than today’s RTLSs,
that usually provide tens of update per second. In fact, in this
case, scalability is much simpler than in time-based RTLSs,
where multiple users are usually interrogated sequentially. Since
convergence is realized in a few iterations (e.g., 10 is a typical
value according to Fig. 15) the detection/estimation time results
generally negligible with respect to the ID duration.

In addition to offering a very high localization update rate,
the proposed solution offers several advantages over currently
available solutions, such as UWB-based RTLSs; in fact, it can
work with narrowband transmissions, no synchronization is
required as for time-difference-of-arrival based systems, and no
clock drift is experienced. Consequently, UWB-based RTLSs
results in a more complex anchor localization calibration pro-
cess compared to our scheme [48]. Moreover, being the RAAS
backscattering devices, energy harvesting techniques can be
included to make them energy autonomous.

E. Implementation Challenges

Implementing the proposed localization schemes involves
addressing some challenges, mostly from the hardware design
point of view: (i) the interrogating device must operate in
full-duplex mode with suitable transmit-receive isolation; (ii) to
further increase the operating range, the adoption of active RAAs
is preferable. As an alternative, the number of antenna elements
can be increased to improve the link budget through the beam-
forming gain. To this end, the exploitation of high-frequency
bands might be beneficial to reduce the size; (iii) RAA designs
must ensure operation with wide angular ranges and provide high
symmetry between forward and backward channels. Additional
investigations and measurements must address potential risks
that come from self-interference with other sources and clutter
from other reflectors.

VI. CONCLUSION

This study introduced two network architectures for localizing
mobile devices using backscattering RAAs. An iterative scheme
is proposed for these architectures, enabling fast beamforming
and AoA estimation without requiring channel estimation. This
approach fully leverages MIMO gains, addressing the two-way
path loss challenge inherent to backscattering, particularly at
mmWave/THz frequencies. As aresult, the architectures support
simple, cost-effective, and energy-efficient devices, eliminating
the need for dedicated signaling or onboard signal processing
for RAA-equipped devices. An enhanced version of the scheme
is also introduced to track channels for mobile devices, en-
abling even faster AoA estimation when mobility remains below
an analytically-determined speed threshold. Numerical results
demonstrate the scheme’s effectiveness, achieving centimeter-
level localization accuracy with narrowband signals and a lim-
ited number of anchors. It also delivers high update rates and
ultra-low latency, meeting the stringent requirements of dynamic
environments, including vehicular scenarios.
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