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Abstract—Despite promising potential for boosting or even
simply enabling the localization capabilities of future wireless
communication networks, low-complexity reflective Reconfig-
urable Intelligent Surfaces (RISs) have recently been shown to
suffer from practical limitations, such as irregular beam patterns
and grating lobes caused by element-wise phase quantization
or hardware impairments. The latter phenomena can introduce
geometric ambiguities in the RIS-aided positioning problem,
when estimating the RIS Angle of Departure (AoD) through
beam sweeping based on downlink received power. In this context,
our paper introduces an algorithmic framework that combines
user position estimation and data association between radio
observations and underlying channel model parameters, while
still requiring the same basic RIS hardware and UE channel
estimation capabilities. Validations based on field measurements
centered around 28GHz are provided in a reference indoor
environment for different bandwidths, showing the relevance of
the proposed solution in terms of both position accuracy and
geometric disambiguation.

Index Terms—Data Association, Geometric Ambiguities, In-
door Positioning, Proof-of-Concept Validations, Reconfigurable
Intelligent Surface, Side Lobes, Wireless Localization.

I. INTRODUCTION

Reconfigurable Intelligent Surfaces (RISs), which consist
of nearly-passive, controllable devices that function as elec-
tromagnetic mirrors or lenses, are anticipated to be a pivotal
technology for beyond fifth-generation (B5G) wireless sys-
tems [1]. These surfaces can indeed enhance the performance
of wireless communication networks by manipulating the radio
propagation conditions on purpose. In particular, they can
contribute to increase throughputs, expand radio coverage or
fill dead zones, limit information leakage and unintentional
exposure to electromagnetic waves, among other benefits [2].
In the specific localization context, these RISs have theoreti-
cally demonstrated their ability to both locally boost accuracy
on demand and, even more importantly, make localization
feasible in challenging operational scenarios and/or under
constrained deployment conditions [3], [4]. For example, the
use of reflective RISs has been largely explored for parametric
multipath-aided positioning in Line-of-Sight (LoS) [5]-[9] and
non-line-of-sight (NLoS) [10]-[12] environments, assuming
both far-field or geometric near-field propagation regimes. For

performance assessment, most of these contributions still rely
on synthetic simulations using oversimplified signal models or
at best, lookup tables characterizing the addressable element-
wise complex reflection coefficients of RIS prototypes [13].

Single-BS 2D positioning through reflective RIS beam
sweeping and received power measurements at the User
Equipment (UE) was first experimentally illustrated at 60
GHz in [3], where two RISs were emulated by coupling the
receiving and transmitting blocks of distinct transceivers. An-
other RIS-assisted downlink positioning proof-of-concept was
more recently reported in [14], relying on frequency-domain
mmWave channel measurements at 26-28GHz [15] with a real
RIS hardware prototype [16]. Beyond the shown performance
gains, concrete limitations were also pointed out, regarding
the presence of grating lobes at the RIS due to 1-bit phase
element quantization and hardware impairments, but also the
effect of loose uniform discretization of the angular space
during RIS beam sweeping and too large RIS-UE distances.
The conjunction of these factors lead to the observation of
significant undesired power peaks on the receiver side, which
can be misinterpreted as resulting from the main lobe of the
RIS beam pattern (See Fig. 1). In practice, this phenomenon
imposes to select RIS Angle of Departure (AoD) candidates,
hence creating geometric ambiguities for positioning.

In this paper, we thus propose an algorithmic scheme
combining data association and positioning steps so as to solve
the power-based AoD ambiguities induced by such irregular
RIS beam patterns, while still coping with the same low-
complexity RIS hardware and basic embedded processing
capabilities at the UE. More precisely, the proposed approach
relies on the computation of the probability density of the
user position from the Bayesian perspective. The prior den-
sity is determined by the resolvable multipath component
exhibiting the shortest time delay, while the posterior density
is computed with channel parameters corresponding to other
multipath components, thanks to a data association scheme.
For performance evaluations, we leverage the same mmWave
channel measurements as that initially used in [14]. On this
occasion, we also investigate the effect of frequency bandwidth
onto the estimation performances.
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Fig. 1: Combined effects of azimuth discretization and RIS side lobes on power-based AoD estimation: (a) Idealized RIS beam scanning procedure assuming
regular beam patterns with a well-formed and dominating main lobe, showing just the impact of the azimuth space discretization when the UE lies in between
two steering directions (hence, with limited collected Rx power in comparison with the maximum possible power gain offered at the RIS); (b) Example of a
more realistic RIS beam pattern for an arbitrary steering direction k— 1, with significant side lobes (possibly well aligned with the UE direction) ; (c) Resulting
received power collected at the UE as a function of the RIS beam steering direction, for ideal vs. realistic beam patterns (circles vs. triangle), showing an

AoD ambiguity (btw. directions k — 1 and k + 1).
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Fig. 2: Layout and deployment considered in the mmWave channel mea-
surement campaign used for validation [15], including 1 BS location, 2 RIS
locations (RRIS1 in a) and RRIS2 in b)) and 5 UE locations (UE1 to UES).

II. MMWAVE MEASUREMENTS
A. Experimental Setup and Measurement Procedure

The experimental setup relies on a Vector Network Analyzer
(VNA)-based mmWave channel sounder [15]. It includes a
transmit-array [17] on the Transmitter (TX) side and a re-
flective RIS [16] between the TX and the Receiver (RX),

both with 1-bit element-wise phase control. A downlink (DL)
transmission is emulated, where the TX (resp. the RX) plays
the role of the Base Station (BS) (resp. UE). Both the
layout of the reference indoor environment and the tested
deployment configurations are represented in Fig. 2. Using
a static beam, the BS illuminated the activated RIS, which
was tested sequentially within two distinct location/orientation
configurations. For each configuration, the RIS was controlled
through a codebook to perform beam sweeping in azimuth
from -60° to +60°, by the step of 5°. For both BS and
RIS, a unique anticlockwise convention was used to define
the AoDs, using a reference angle (i.e., 0°) normal to the
surface/array. The measurement procedure above was repeated
over 5 main UE positions. For each of those positions, the RX
monopole antenna was moved over a 3x3 small-scale grid (i.e.,
considering a virtual square array in the horizontal z-y plane)
thanks to a high-precision positioner, and a frequency-domain
complex channel response between the TX and the RX was
recorded by the step of 10 MHz on each occupied small-scale
position of the grid. Note that the three involved entities (i.e.,
BS, RIS and UE) were all set at the same height of 1.6m and
hence, lying on the same 2D plane during all experiments.
Further details about measurements calibration (e.g., effects
of cables and RF components) can be found in [15].

Relying on the virtual array on the UE side, the classi-
cal Space-Alternating Generalized Expectation-maximization
(SAGE) algorithm [18] was applied to different sub-bands
(within bandwidths of 400 MHz, 2 GHz, and 4 GHz) centered
around around 28 GHz, so as to extract the parameters of the
most significant multipath components (MPCs), including the
Angle of Arrival (AoA), power gain, and absolute delay.

B. Extraction of Location-dependent Radio Features

Like in [14], we first consider a situation where the RIS
AoD would be directly determined through beam sweeping,
based on the strongest power gains of resolved MPCs!(i.e.,

Estimated AoAs were used for spatially pre-filtering out the MPCs of
interest in [14], although they could be used also for UE orientation estimation.
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Fig. 3: RP power gain over RIS beam scanning w.r.t. the first tested UE
location, as a function of steering angles ¢rrg1 with ¢pg = —35° (left) or
¢Rrrs2 with ¢ pg = 0° (right), with ground-truth angles (solid red) and AoD
angle candidates corresponding to the 3 strongest Rx power contributions at
the UE (dashed black), based on real measurements from [14].

hopefully, the RIS Reflected Path (RP)) over all possible
steering directions. Fig. 3 shows examples of such RIS AoD
estimation, for a RP with respect to the first tested UE location
(i.e., UE1) and the two distinct RIS locations. In this illus-
tration, focusing on the three strongest power contributions,
the selected angle candidates would be brrst = 25°/0°/30°
for a ground-truth angle of 24.6° (See Fig. 3 - left) and
drrs2 = 0°/35°/10° for a ground-truth angle of 31.9° (See
Fig. 3 - right). As a counterpart to simplicity, this basic
non-coherent method clearly suffers from the presence of
strong grating lobes in the RIS beam patterns, which result in
apparent local power maxima. The angular step of 5° applied
for beam scanning is also quite large compared to the RIS -3dB
beamwidth (i.e., below 3° for the considered prototype [16]).
Accordingly, grating lobes can contribute even more than the
apparent main lobe and the tested steering angle leading to
the strongest power gain does not even always coincide with
the best candidate, hence causing very large angular errors
of several tens of degrees, even at short RIS-UE distances
(See Fig. 1). These angular ambiguities motivate the need for
efficient data association procedures to be able to exploit such
measurements in positioning, while exploiting all the available
information (i.e., over both MPCs and beam steering angles).

In addition to the previous AoDs, the calibrated absolute de-
lays associated with the same MPCs extracted from SAGE (or
equivalently, to within the speed of propagation, the estimated
MPC distances traveled over-the-air) are also considered as an
input to positioning (See Sec. III-A).

III. POSITIONING APPROACHES
A. Tested Scenarios

In all the tested configurations, we assume that both the
positions and the orientations of BS and/or RIS are perfectly
known. Moreover, unlinke in [14], we herein focus only on a
single-BS RIS-aided DL positioning scenario, where the BS
illuminates one single RIS at a time and the UE can rely on
the received MPC signals after RIS reflection (i.e., incl. both
natural BS-objects (walls, scatterers...)-UE MPCs and the BS-
RIS-UE MPC controlled through RIS beam sweeping).

For RIS beam scanning, the current steering azimuth angle
is indexed by k = 1,2,..., K. For each k, the UE resolves
up to Ly MPCs indexed by l;. For each [, we collect the
corresponding tuple or parameters, composed of the MPC

power gain (i.e., a shifted version of its received signal strength
in a real system), time delay (as estimated by the SAGE
algorithm), and AoD (i.e., the current steering angle), denoted
by {P(lx),7(lx),¢(lx)}. The whole set of collected data is
thus represented as follows: {{P(lk),T(lk),¢(lk)}fki1};€{:1-

B. Compared Positioning Strategies

1) Method 1 (Shortest MPC): For each RIS beam steering
angle, k = 1,..., K, we first select the set of delay and
AoD values corresponding to the MPC exhibiting the strongest
power gain (over all the resolved components):

{7k o1} = {7 (1), 210}, (D
where I = argmax, P(l)). Then, the assumed direct path

between the BS and the UE is chosen as the MPC exhibiting
the shortest delay (over all the tested steering angles):

k = argmin, 7. )

This heuristic strategy is motivated by the empirical observa-
tion that the strongest MPC is still most often the direct one,
even when the BS is illuminating the RIS [14]. Finally, the
2D position of the UE is simply estimated as

xuE = Xps — ¢7g(9), 3)

where {7, ¢} = {71, 94}, c is the speed of propagation, and
g(+) = [cos(-),sin(-)]".

2) Method 2 (Strongest MPC): Similar to Method 1, for
k=1,..., K, we first select the set of power gain, delay, AoD
parameters associated with the MPC exhibiting the strongest
power gain (over all the resolved components):

{Prs 7 o1} = {P (1), 7(15), 6 (1) } )

where [} = argmax; P(l3). Then, we determine as the direct
path, the MPC exhibiting the strongest channel gain (over all
the tested steering angles):

k= argmaxkpk. 5

The final positioning step is similar to (3) in Method 1.
3) Method 3 (Proposed approach): The posterior density
used to estimate the UE position can be expressed as

J .
f(XUE|Z) o< f(XUE) H H f(2’ |XUE,Xi) (6)
J i={BS,RIS}

'] . . .
:f(xUE)ZH H f(Z |xug, x;,a",b7)

a,b j i={BS,RIS}
x(a’,b’), 7)

where Z = {z!,...,27,...,z7} is the set of all observations?
(i.e., over both MPCs and beam steering angles), with z’
the tuple of power gain, time delay, and beam steering angle
associated with the j-th observation, f(xyg) is the UE prior
density, f(z’|xug,x;,a’,b’) is the likelihood function for

2Note that the total number ¥ k L of extracted MPCs is not equal to the
number of observations J due to missed detections or false alarms, while the
vector b, which indicates an observation-oriented association, is of length .J.



observation j with respect to source ¢ with the association
variables a = [aB% a®S]" where a' € {1,..,J} for i =
{BS,RIS}, b =[b},...,b7]7, and 9 (a’,b’) = 1 under a valid
association between a’ and b/, or 0 otherwise (given one-to-
one mapping, i.e., that the knowledge of a’ directly provides
b). The BS and the RIS, whose positions are respectively
depicted by xps and xgjs, serve here as known static sources
(i.e., as anchors). To implement the above posterior density
needed for UE positioning while jointly handling the data
association problem, we thus adapt a set-type Simultaneous
Localization And Mapping (SLAM) algorithm from [19] to a
single snapshot, as follows:

a) Prediction Step: The UE prior follows a Gaussian
distribution f(xyg) = N (fiue, XuE), where:

e pyug is the mean, computed as (3) of Method 1;

o Xyg is the covariance, a design parameter that we em-

pirically set a priori.

b) Update Step: One can easily draw the factor graph
of (7) by modifying that of [19, Fig. 5]. Then, the messages are
computed by running the standard set-type belief propagation
algorithm onto this modified factor graph.

For algorithmic simplicity, we determine the most likely
single data association by making hard decisions via belief
propagation [19, Sec. IV.C]. Finally, the UE posterior density
computation follows the same approach as that used for the
mobile state update in the SLAM algorithm [19], [20], except
for the BS and RIS obviously.

This approach is expected to mitigate the geometric ambi-
guities that would be induced by irregular RIS beam patterns
in case of direct power-based AoD interpretation (See II-B),
by leveraging all the available MPC information over all
the tested beam steering angles. Due to space limitations,
we deliberately omit details about the underlying geometric
models and intermediary implementation steps, which can be
found in [19], [20].

IV. EXPERIMENTAL RESULTS

In Fig. 4 and Fig. 5, we show the 2D positioning errors
(in log scale) achieved with the three methods of Sec. III-A
for different bandwidths, respectively for a RIS located in
RRIS1 or RRIS2. For both tested RIS locations, the application
of a data association step between the sources (i.e., BS and
the RIS) and the MPCs (i.e., measurements) in the proposed
method thus enables to globally maintain the best possible
single-BS RIS-aided positioning performance, even in UE
location indexes 4 and 5 where other methods based on
heuristics would be significantly penalized by large RIS-UE
ranges and/or Non-Line-of-Sight (NLoS) conditions between
the BS and the UE. One second remark is that the proposed
method also gradually benefits from the better time resolution
allowed in SAGE estimation by the occupation of larger
and larger bandwidths, hence improving further positioning
accuracy accordingly, while other methods still suffer from a
much more erratic behavior caused by geometric ambiguities
and the selection of bad RIS AoD candidates, despite the
enhanced time resolution.
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Fig. 4: 2D localization error of single-BS RIS-aided positioning for a RIS in
location RRIS1, as a function of the UE location index and bandwidth.

V. CONCLUSION AND FUTURE WORK

In this paper, we account for experimental validations of a
single-BS positioning system assisted by RIS beam sweeping,
which is robust against the harmful effects caused by the
irregular beam patterns and/or grating lobes of low-complexity
reflective RIS. For this purpose, we have introduced an
algorithmic approach inspired from SLAM processing that
combines data association and positioning in a single Bayesian
framework, where the prior density is determined by the MPC
exhibiting the shortest time delay, while the posterior density
is computed with channel parameters corresponding to all
other resolved multipath components. Results based on real
frequency domain mmWave channel sounding measurements
in different bands centered around 28 GHz show that this
approach preserves the best achievable 2D accuracy in single-
BS RIS-aided DL positioning, by leveraging all the available
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Fig. 5: 2D localization error of single-BS RIS-aided positioning for a RIS in
location RRIS2, as a function of the UE location index and bandwidth.

information at the UE (i.e., over both MPCs and RIS steer-
ing angles), even in presence of ambiguous received power
readings that would cause large AoD errors when interpreted
independently within conventional approaches [14].

Leveraging both the same DL RIS beam sweeping protocol,
as well as the same experimental measurement data, future
works will focus on opportunistic sensing applications, aiming
at detecting passive objects in the UE vicinity.
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