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Abstract—This paper presents an experimental comparison of
multiple Reconfigurable Intelligent Surface (RIS)-enabled self-
localization techniques using Frequency-Modulated Continuous
Wave (FMCW) radar. The localization techniques leverage
Angle-of-Departure (AoD) and distance estimates from each
RIS to enable precise localization of a User Equipment (UE).
A dedicated millimeter-wave band demonstrator, incorporating
a TI FMCW radar as the UE and a Sivers multiantenna
transceiver to emulate RIS functionality, is used to validate
the proposed techniques. The results demonstrate the feasibility
of self-localization using a limited number of RIS in a linear
deployment. Additionally, the robustness of AoD-based and
distance difference-based methods against unknown bias errors,
introduced due to the physical limitations of the demonstrator,
is highlighted. This work identifies the potential of RIS-enabled
self-localization in future 6G wireless communication systems,
offering insights into the trade-offs between system complexity
and localization accuracy in scenarios where no base station is
utilized.

I. INTRODUCTION

Reconfigurable Intelligent Surfaces (RIS) have emerged as
a promising technology for 6G wireless systems, enabling
programmable control of electromagnetic wave reflections.
Furthermore, research and experimentation on leveraging the
future deployment of RIS worldwide to enable or assist User
Equipment (UE) localization have gained increasing attention
[1].

In context of self-localization, a single RIS reflects UE-
emitted signals across its full forward-facing angular cov-
erage. Then, the UE can process the received signals to
determine its relative direction with respect to the RIS in
Line of Sight (LoS) conditions. In the other hand, Frequency-
Modulated Continuous Wave (FMCW) radar is widely used
for high-precision distance and velocity estimation. FMCW
radar transmits chirp signals and estimates distances by mea-
suring the propagation delay through the frequency of the
reflected signals [2].

Multi-RIS configurations enable flexible UE localization
through different measurement approaches, using only Angle-
of-Departure (AoD), only Round-Time-Trip (RTT), or com-
bining both. This provides adaptability to various environ-
ments and measurement conditions. By optimally fusing
measurements across multiple RISs, the proposed approach
achieves enhanced performance compared to single-RIS so-
lutions, leveraging the benefits of measurement redundancy.
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Bulding on prior work in RIS-enabled self-localization using
FMCW radar [2] and multiple RIS-assisted positioning [3]
we presents a comparative analysis of RIS-enabled self-
localization methods using experimental data from a real
demonstrator. Our testbed implements a Texas Instruments
(TT) FMCW radar as the UE and emulates RIS functionality
using a Sivers Semiconductors phased antenna array.
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Fig. 1. Setup scheme for multiple RIS-assisted localization. The UE is located
at an unknown position (x, y), and multiple RIS are positioned along the
y-axis. The distances between the UE and each RIS are denoted as rg, 71,
ro, r3, and r4, while the angles of the lines connecting the UE to the RIS
elements with respect to the z-axis are labeled as ¢o, ¢1, P2, ¢3, and ¢4.

II. MULTIPLE RIS-ENABLED SELF-LOCALIZATION

FMCW radars are capable of creating a map of stationary
objects in the environment by continuously scanning the sur-
roundings and averaging the radar range profiles over time [2].
This map enables distinguishing between static environmental
features and dynamic objects or actively reflected signals
aimed with a RIS, even in densely cluttered scenarios. Our
framework exploits this capability to enable robust RIS-aided
localization.

A. Angle of departure estimation
AoD estimation is critical for accurate RIS-assisted local-
ization. We implement a beam-based AoD algorithm [2], [3]
through two key steps
+ Beam-Sweep Acquisition
— The FMCW radar transmits chirps while the RIS
systematically sweeps all azimuth angles.
— For each angle, M chirps are averaged to suppress
noise in the range profiles.
o Clutter Rejection
— Static environmental reflections and clutter are mit-
igated by subtracting the average range profile,



computed by averaging the range profiles across all
azimuth angles.

— The AoD is estimated as the residual range profile
with higher total energy.

Thus, the AoD estimate ¢; for the i-th RIS, where i =
1,..., N, is given by
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where P; 4(r) represents the averaged (over M chirps) range
profile when its steering angle is ¢, M;(r) is the average of
the P, 4(r) over all used values of ¢, K is the total number
of steering angles and A is the maximum distance acceptable
for our demonstrator.

B. Distance estimation

The distance r; between the UE radar and the i-th RIS
determination is achieved by analyzing the clutter-corrected
range profile at the estimated AoD ¢;. The peak detection of
this profile yields the distance measurement

P, 4,(r) = Mi(r)] 3
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C. Localization estimation

Given AoD and distance estimates for each RIS, the UE
location p = [z,y]” can be estimated using various methods,
depending on the specific measurements. In this work, we
assume a linear RIS deployment, where all RIS elements are
positioned along the y-axis. Thus, the ¢-th RIS is located at
a; = [z, ;)T = [0,v;]7. This kind of setup could be viable,
for example, in indoor applications (where the RIS is deployed
on the same wall).

The distance difference d; between RIS ¢ and RIS 0 and
its estimate d; are given by
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1) Single RIS self-localization: Given AoD and distance

estimates from a single RIS, the UE position can be estimated
by combining both measurements
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2) Self-localization with distances: This approach lever-
ages only distance measurements obtained from multiple
RISs. By employing the principle of intersecting multiple
circles, the UE position can be determined without requiring
any angle measurements. While the general case for arbitrary
RIS deployments is covered in [4, Chapter 7], our linear
deployment along the y-axis requires special consideration.

The problem begins with the Euclidean distance rela-
tionships between the UE and each RIS. Simplifying these
equations exploits the geometric constraint that all RISs share
the same x-coordinate (z; = 0), reducing the system to

depend only on y. Subtracting two equations from different
RISs yields a linear system in y:
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To solve for the y-coordinate, we rearrange the linearized
system in matrix form

(vi=r?)—(v5-rd)

Y1 — Yo 2
Y2 — Yo (3=r3)—(vi—ri)
) Y= 2 )
YN-1 — Yo (v -7k 1) (v3—r2)
3
h
b

where h and b are constructed from RIS positions and
distance measurements.
The least-squares (LS) estimate ¢ is given by

g = (h"h)"'h"b (10)

Using ¢, the z-coordinate is derived from the distance
constraints
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Each RIS contributes a candidate x-value, forming an
overdetermined system
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The LS solution simplifies to the arithmetic mean of the
candidate values
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where 1 represents a vector of ones.
3) Self-localization with Distance Differences: This

method is based on hyperbolic positioning [5] that utilizes
distance differences. In this case, our linear RIS deployment
along the y-axis again permits a simplified closed-form
solution.

The derivation begins with the hyperbolic distance-
difference equation. Expanding and simplifying these equa-
tions cancel common quadratic terms, resulting in a linear
relationship that couples the UE y-coordinate with the 0-th

RIS distance 9 = ||p — ag|| as shown below:
(di = P — aol)* = [Ip — ail? (14)
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Similar to the distance-base approach, the system is refor-
mulated in matrix notation
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where H and b now incorporate distance difference measure-
ments instead of distance measurements.

The system is solved using weighted least squares (WLS)
since there are a correlation in the measurements

(7;) = (HITW 'Hy) "HTW by (18)
Here, the weight matrix W is formulated as
W=031+11%), (19)

in which I denotes the identity matrix, and o3 is the noise
variance associated with the distance measurements.

Finally, 2 is computed from the distance constraint between
the UE and the reference RIS

fi:\/TAoQ—y%—z)Q—&-xo-

4) Self-localization with angles: This technique applies the
principle of triangulation based on AoD measurements from
multiple RISs to estimate the UE position [6, Chapter 4]. Un-
like prior methods requiring distance or difference in distance
data, this approach relies solely on angular measurements.

The formulation begins with the geometric relationship
between the UE position p, the i-th RIS location, and the
AoD ¢; under LoS conditions, following the subsequent
relationship

(20)
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In this case, rearranging into matrix form enables the
estimation of the entire UE location p at once
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we then estimate the UE location p using LS.

5) Self-localization with distance differences and angles:
In this advanced method, we aim to join distance differences
and angles techniques. This method relies on both distance
differences and AoD measurements from all RIS elements
are combined to enhance localization accuracy.

By joining system of equations presented in Equations (17)
and (23) we get a system depending on 7y, y and x.

The new matrix Hg, is computed in Matlab notation as

Hy(:, 1) 0 Ha(:,2)
Hda = < i0 Ha(:a 1) H:(:a 2)>

and vector by, is the concatenation of by and b,.

(24)

We apply LS to resolve the total system resulting in
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where o2 is the noise variance associated with the AoD

measurements.

Lastly, x is estimated as the average of Z obtained from
Equation (25) and the result of applying the new values of 7
and y to Equation (20).

III. EXPERIMENTAL SETUP AND RESULTS

To validate the proposed multiple RIS-enabled self-
localization system, we conducted experimental evaluations
using the setup illustrated in Figure 1.

The main hardware components are

« FMCW Radar as UE: The system employs the TI
AWRG6843ISK mmWave radar [7], which operates in the
frequency range of 60 GHz to 64 GHz. This radar utilizes
its onboard processing capabilities to compute the radar
range profile with 3.9 cm resolution, enabling real-time
detection and ranging of objects in its field of view.

« RIS Emulator: RIS functionality is implemented using
the Sivers Semiconductors EVK06002 evaluation kit [8],
which integrates the RF Module BFM06010. This emu-
lator supports beamsteering within an azimuth range of
—45° to +45° with a approximated steering precision of
—1.5°. It can retransmit received signals by connecting
its RX outputs to its TX inputs, effectively replicating
the behavior of a passive RIS.

The FMCW signal used is a chirp with a sawtooth modulation
pattern. The initial frequency is 60 GHz, with a frequency
slope of 20MHz/is and a ramp duration of 200us, resulting
in a total bandwidth of 4 GHz. The received down-chirped
signal is sampled using an ADC with a sampling frequency
of 2 MHz. However, due to system stabilization constraints,
only the central 384 samples are retained, instead of the full
400 samples. Additionally, the received signal is filtered using
a high-pass filter with a cutoff frequency of 175 kHz.

We used N = 5 total RISs as depicted in Figure 1 and
M = 20 chirps captures average for each range profile.

Figure 2 illustrates the process of clutter rejection from
the radar range profiles. The first plot overlays all radar range
profiles acquired for each angle of arrival of a single RIS, each
represented by a different color. The second plot shows the
difference between the radar range profiles and the stationary
object map, which is computed by averaging all radar range
profiles. It can be observed that while some angles exhibit
significant variation due to the received signal, others show
only minor variations, likely caused by noise.

Figure 3 illustrates the continuation of the estimation
process. The first plot represents the total integrated power
variation obtained for each angle. The angle of departure
(AoD) estimate is then computed by identifying the angle
corresponding to the maximum total variation, as described in
Equation (1). Finally, the distance estimation is derived using
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Fig. 2. Example of Clutter Regection Process.
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Fig. 3. Example of AoD and Range Estimation Process.

Equation (3). In this case, the results indicate a deviation of
2° in the angle estimation and a distance estimation error of
2.015 m.

The total measured error is caused by multiple factors,
such as noise and multipath propagation. However, the most
significant contributor is the delay introduced by the emulator,
which has been estimated through multiple tests to correspond
to approximately 2 m.

The results validate the effectiveness of localization using
multiple RIS elements, demonstrating a significant enhance-
ment over methods relying on a single RIS, as illustrated in
Figure 4.

IV. CONCLUSIONS

In this paper, we have presented a comprehensive analysis
of multiple RIS-enabled self-localization techniques utilizing
FMCW radar. we proposed simple yet effective methods
for AoD and distance estimation, along with a variety of
localization approaches, including single RIS-based local-
ization, distance-based localization, distance difference-based
localization, AoD-based localization, and a hybrid approach
combining AoD and distance measurements.

Our study revealed that distance-based methods are suscep-
tible to unknown bias errors, which can substantially degrade
performance. In contrast, distance difference-based methods
are immune to such errors but yield less accurate results when
bias error is known. The AoD-based method outperformed
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Fig. 4. UE position estimates obtained with different methods.

the distance difference-based approach but required precise
synchronization with the RIS devices.

The findings highlight the promising potential of RIS-
enabled self-localization for future 6G wireless communica-
tion systems, particularly in scenarios where traditional base
station infrastructure or GNSS systems are unavailable or
impractical.

Building on these results, we will focus on improving
the accuracy of distance and AoD estimation, particularly
at extended ranges, and integrating advanced signal process-
ing techniques, to further enhance localization performance.
Additionally, we will conduct extensive field testing and
simulations to evaluate the system’s performance under real-
world conditions.
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