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Abstract—In the upcoming vehicular networks, reconfigurable intelli-
gent surfaces (RISs) are considered as a key enabler of user self-localization
without the intervention of the access points (APs). In this paper, we inves-
tigate the feasibility of RIS-enabled self-localization with no APs. We first
develop a digital signal processing (DSP) unit for estimating the geometric
parameters such as the angle, distance, and velocity and for RIS-enabled
self-localization. Second, we set up an experimental testbed consisting
of a Texas Instrument frequency modulated continuous wave (FMCW)
radar for the user, and a Sivers transceiver module that emulates RIS-like
directional reflections via analog beam steering and signal loopback. While
the Sivers module is not a passive RIS, it enables a controlled emulation
of RIS behavior suitable for experimental evaluation. Our results confirm
the validity of the developed DSP unit and demonstrate the feasibility of
RIS-enabled self-localization using analog RIS emulation.

Index Terms—Channel parameters estimation, frequency modulated
continuous wave radar, localization, reconfigurable intelligent surface.

1. INTRODUCTION

Navigation, especially in unknown areas without access to global
navigation satellite systems, presents a significant challenge [1], [2].
Simultaneous localization and mapping (SLAM) offers a promising
solution by allowing a system to map and localize itself simultaneously
in real-time [3], [4]. However, traditional simultaneous localization
and mapping (SLAM) systems heavily rely on optical sensors like
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cameras or LIDAR, which are limited in vision-denied environments—
conditions such as smoke-filled rooms, darkness, or areas with poor vis-
ibility [5], [6], [7]. These are conditions commonly encountered by first
responders during rescue missions or in industrial environments [7].

To address these limitations, FMCW radar has emerged as a viable
alternative [8], [9]. Unlike optical sensors, FMCW radar can oper-
ate reliably under various weather conditions, including fog, rain, or
dust [10]. It has already been successfully adopted for autonomous
vehicles and robotics [11], making it a potential solution for SLAM in
harsh or low-visibility environments [12]. Radar odometry enhances
SLAM by analyzing features in the environment, such as static objects
like walls, through consecutive radar scans. By matching environmen-
tal features across several radar scans, radar odometry can estimate
the movement of a vehicle or robot [13]. Recent advances in RISs
have opened new possibilities for wireless positioning. In contrast to
traditional approaches that rely on natural features or fixed infras-
tructures, RISs can serve as controllable and artificial landmarks. The
RIS-assisted localization works are growing by exploring deployment
scenarios, estimation methods, and hardware assumptions. The works
such as [14], [15], [16] explored range or angle estimation using
externally observed RIS reflections, including designs that incorporate
Cramér-Rao lower bounds (CRLB)-based phase profiles [16] or RIS-
assisted sensing [15]. Techniques to mitigate inference [17] and resolve
multipath [18] have also been proposed, while the role of RIS placement
with double-bounce signals is studied [19]. RIS-enabled geometric
localization methods have been proposed, where user positions are
estimated via angle-of-arrival (AoA) and time-of-arrival (ToA) from
reflected paths [20]. The authors derive positioning bounds under CRLB
analysis [21]. Dual-RIS cascaded architectures are introduced in [22]
to improve geometric diversity, and RIS-only reflections can enable
localization in non line-of-sight (NLOS) settings [23]. A shift toward
self-localization emerges in [24], where a user transmits probing signals
and processes RIS reflections using time-domain coding. This concept
is extended in [25] to a SLAM setting, enabling user-side mapping
and positioning without APs. Additional contributions include joint
beamforming designs for localization and synchronization [26], and
tracking of RIS-equipped vehicles [27]. Meanwhile, learning-based
approaches leverage RIS fingerprints via neural networks [28], [29].
Rather than relying solely on natural features for localization, we
propose to leverage RIS as artificial landmarks to enhance radar
self-localization in SLAM as well as multi-target tracking applications.
Although RISs have been extensively studied in the context of radar-like
sensing of passive objects in monostatic [14], [15], [16], [17], [18],
[19], bistatic [20], [21], [22] and multistatic [23] configurations. Such
approaches require external infrastructure. The use in self-localization
of an active transmitting device (i.e., a full-duplex radar) remains rel-
atively under-explored, e.g., [24], [25]. To support self-localization of
active devices, recent works [24], [25] introduce RIS-aided radar archi-
tectures. RISs as artificial landmarks can be strategically placed in the
environment, offering consistent and reliable reference points for radar
systems [24], [30]. Moreover, such RIS-assisted self-localization solu-
tion obviates the need for additional costly infrastructure such as APs or
base stations (BSs) [31], [32] and provides a cost-effective strategy to
implement radio SLAM [25].While RIS-assisted self-localization has
been theoretically investigated in [24], [25], its feasibility has not been
demonstrated in a real-world experimental setup.

In this paper, we aim to bridge this gap by designing an experimental
setup for RIS-aided self-localization of a monostatic FMCW radar
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Fig. 1. Considered scenario where an FMCW radar is localized using an RIS.

(shown in Fig. 1), accompanied by algorithms for RIS beam scanning,
distance and angle-of-departure (AoD) estimation for localization,
and a simulator calibrated to match experimental results and evaluate
performance under a wide range of realistic conditions. Our specific
contributions are: (i) We develop a method tailored for RIS-aided
self-localization, allowing real-time estimation of critical geometric
parameters such as AoD, distance, and velocity in a monostatic radar
configuration; (ii) We construct a comprehensive experimental testbed,
incorporating an FMCW radar from Texas Instruments [33] to emulate
the user equipment (UE) and a transceiver from Sivers [34] to emulate
the RIS, to validate the proposed self-localization approach under
realistic conditions; (iii) We evaluate the feasibility and accuracy of
RIS-enabled self-localization through experimental data analysis, and
develop a simulator calibrated with this data to investigate system
performance under various scenarios, including changes in transmit
power, RIS sweep step size, and RIS array dimensions.

II. SYSTEM MODEL

We consider a full-duplex UE and a passive RIS. The RIS is equipped
with a uniform planar array (UPA) composed of Ngis = N¥% x Niig
radiating elements, which lies on the zz plane, and the UE is equipped
with a single antenna. Both UE and RIS are static. The UE location is
denoted by xyg. The geometric center of elements at the RIS is denoted
by xgs and the location of the n-th element is denoted by xgs.

The UE transmits the chirp signals, and the RIS reflects the signals
by controlling the RIS phases, performing a sweeping action across
the angular range. The other surrounding objects reflect the transmitted
signals. Then, the UE receives multipath due to reflection or scattering
in the propagation environment consisting of the RIS and other objects.
The analog-to-digital converter (ADC) sample, chirp, RIS sweep angle,
and signal path are respectively indexed by n, k, m, and [. The beat
signal at the intermediate frequency (IF) for the m-th RIS sweep angle
is denoted by Y ,,, whose element [Y ], x indicates the signal on the
n-th sample for each k-th chirp, given by [10]

[Y'm]n,k — ’7067j27r(570+fcu0)nTS eijTrfcuokTaT(e)ﬂnLa(e)

L
4 Z ,yle*j2W(STz+chz)nTs e iamfenikT Wh ks 1)
=1

where the index [ = 0 indicates the reflected signals from the RIS
and [ > 0 for the reflected signals from the other objects, the
total number of signal paths is L + 1, 7; is the complex path
gain, a(0) £ exp(jXs&(0)) denotes the array vector at the RIS
with @ = [0 69]" being the AoA and AoD at the RIS,'g(0) =
I [cos(6™) sin(6), sin(6%) sin(6), cos(#*)]" is the wavenumber
vector, A = ¢/ f, is the wavelength, c is the speed of light, f, is the car-

rier frequency, Xgis 2 [Xkiss - - - » XpRS], ©,,, = diag(w,y, ) is the RIS

!In monostatic systems, the AoA at an object is the same as the AoD.
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phase matrix, and w,,, £ exp(—2jXps& (@ )) is the RIS phase profile
vector whose elements lie on the unit circle with ¢,,, = [¢%, ¢<.]"
being the parameter vector corresponding to the m-th sweep angle at
the RIS. During m-th sweep angle, i.e., seen as a frame, K chirps are
transmitted, and each chirp consists of N ADC samples. Furthermore,
S = B/T denotes the chirp slope, B is the sweep bandwidth, 7" is the
chirp duration, T is the sample duration, 7; = 2d; /c is the round-trip
time delay, dj is the true distance between the UE and object producing
the [-th reflection, whose radial velocity is defined as follows: for the
RIS path (I = 0), v; = v xgy/||Xrul|, Where xgy = Xgis — Xyg; for
other paths (I # 0), v; = v xou,1/||Xo0u,1||, where xou,; = X0 — Xu.
Here, v denotes the velocity vector of the UE, and xqu ; is the location
of the object that introduces [-th signal path. Hence, v; = 2v;/c is
the corresponding Doppler shift, w,, x . ~ CN(0, 0% ) is the complex
Gaussian noise, and 0%, is the signal noise covariance.’

III. RIS-ENABLED SELF-LOCALIZATION

This section describes the signal processing at the FMCW receiver.

A. Delay and Doppler Spectrum

To jointly estimate the distance and radial velocity, we apply the
two-dimensional (2D) discrete Fourier transform (DFT) to the beat
signal (1) for the sample and chirp dimensions, generating the FMCW
delay-Doppler spectrum as described below. We first utilize windowing
on the signals

Y, =wywiOY,,, 2)

where w4 is the window vector with A samples and ® denotes the
Hadamard (element-wise) product. To increase the estimation accuracy
in 2D DFT, we adopt the zero padding

Y, = Yo

" 0(NDFT—N)XK O(NDFT—N)X(KDFT—K)

0NX(KDFr*K)

. ©))

where Nppr and Kpgr are respectively the number of DFT samples for
ADC samples and chirps. For the different RIS beam sweep angles, i.e.,
m =1,..., M, we generate the delay-Doppler map with the 2D DFT

Kppr—1 Nppr—1

Zm(Ty V) — Z Z [Y;n]nykejZTrSTnTsejZﬂfCVkT. (4)

k=0 n=0

B. Geometric Parameter Estimation

We estimate the following geometric parameters: AoD from the RIS,
distance between the UE and RIS, and Doppler shift at the UE. The
geometric parameters are estimated as follows. First, we determine the
delay and Doppler pairs for the different RIS beam sweep angles, i.e.,
m=1,...,. M,

(T, Um) = argmax |z, (7, v)|?, (5)
Second, we estimate the AoD at the RIS by RIS beam sweeping. The
received power for each beam is determined by 7in = argmax,,, Paye,m.,
where

1 Tm+A

Pave,m = E
Tm—A

E G Vm)|2d7'a (6)

2We define clutter as (i) unintended reflections that are not distinguishable as
separate signal paths, or (ii) false alarms that do not correspond to any meaningful
target. These components are absorbed into the Gaussian noise.
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Fig. 2. Experiment environment, where UE and RIS emulator are deployed:
(a) displacement of UE and RIS emulator; (b) UE; and (c) RIS emulator.

where A is a design parameter. The estimated AoD 6 £ [0, 9|7 is
the 7i-th RIS beam 6 = @, Finally, the distance and Doppler are
estimated by selecting m-th delay and Doppler pair, i.e., (7,0) =
(T4, Vi ), and the estimated distance and Doppler are determined by

d = 7c¢/2 and © = Dc/2, respectively.

C. Localization

We estimate the UE location by exploiting the estimated distance d
and RIS AoD 6. The estimated UE location is

Xyg = Xgris + cig(é), @)

where g(8) = [cos(0%) sin(#), sin(6%) sin(6), cos()] .

IV. EXPERIMENTAL AND SIMULATION SETUP

A. Experimental Testbed

Our experimental testbed for RIS-enabled self-localization is de-
picted in Fig. 2. We deploy the UE and RIS emulator in a large
hall, separated by a clear line-of-sight (LOS) path at a distance of
approximately 14 meters, as shown in Fig. 2(a). Both are facing each
other and located at the same height, indicating that the AoD at the RIS
issetto @ = [0,0] . We emulate the UE by the FMCW radar evaluation
kit (AWR6843ISK) from Texas Instruments (TI) (see, Fig. 2(b)), and
RIS by a beamforming-capable mmWave transceiver module from
Sivers (see, Fig. 2(c)) to mimic RIS beamforming capabilities. Both
operate at the frequency of 60 GHz.

To complement the radar module at the UE, we deploy the
DCA1000EVM for real-time data capture and streaming. This configu-
ration allows us to seamlessly collect radar data for further processing.
We developed an in-house DSP unit using MATLAB, which processes
the radar-captured data to extract the relevant experimental results. The
Sivers module is equipped with separate transmit (Tx) and receive (Rx)
channels, where each consists of 16 x 4 antenna elements, as illustrated
in Fig. 2(c), which allows it to receive radar chirps from the radar module
and transmit them back in a specific direction.

To emulate the RIS, we utilize the mmWave transceiver module
(Sivers), which we refer to throughout this paper as a RIS emulator.
While the Sivers module is not a passive RIS in the conventional sense,
we repurpose it as a controllable reflector without including any digital
baseband processing [35, Fig. 1]. Specifically, the module supports both
up- and down-conversion between the radio frequency (RF) (at 60 GHz)
and IF (witha 1.2 GHzbandwidth) domains. A 20 GHz local oscillator is
multiplied by a factor of three to produce a 60 GHz carrier frequency for
up- and down-conversion. This configuration enables directional ana-
log retransmissions that emulate RIS-like beam steering. Importantly,
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no de-chirping, resampling, or frequency-domain synthesis is applied
inside the SiversEVK. As a result, while the reflected bandwidth is
limited to 1.2 GHz due to the analog IF chain, the radar remains capable
of accurately estimating the target range using de-chirped signals.

This analog loopback introduces a hardware-induced delay, denoted
by 7rg. in the signal path, which is not present in a purely passive RIS.
While the signal model assumes an idealized round-trip delay 7, we
note that the actual experimental delay for the [ = 0 path includes this
additional loop-back delay. This delay is consistently accounted for in
our experimental analysis as the timing offset between the RIS beam
and the RIS body reflection, modeled as

7o = 2||xue — Xris||/c + Trs- ®)

Therefore, the estimated distance from the delay is computed by d=
(7A' — Ti RB)C / 2.

The beam-steering functionality of the RIS emulator enables direc-
tional re-transmissions within an angle range of -45 to +45 degrees
relative to its broadside, making it highly adaptable for our purposes.
During the experiment, the UE continuously transmits FMCW chirps,
which are received by the Rx channels of the RIS emulator. These
signals are then re-transmitted by the RIS emulator at varying scan
angles, covering the entire angular range ¢ from -45 to 45 degrees
in 1.5-degree increments® and ¢, = 0°. This configuration allows
directional re-transmissions that mimic RIS beam-steering behavior,
enabling the radar to associate reflected power with beam angles and
estimate the AoD for self-localization. The signal flow between the UE
and the RIS emulator proceeds as follows. The FMCW radar at the
UE transmits chirp signals. These signals are received by the Sivers
module’s Rx antenna array. The received RF signal is looped back
to the Tx path through a coaxial cable and micro coaxial connectors
(shown in Fig. 2(c)). No additional up/downconversion hardware (e.g.,
USRP) was used in the signal re-transmission. The Sivers module
handled the RF signal path entirely. The signal is re-transmitted using
the Tx array with analog beam steering, sweeping azimuth angles from
—45° to +45° in 1.5° steps. The FMCW radar at the UE receives the
re-transmitted signal.

To achieve synchronization between the RIS emulator and the UE,
we implement a pre-programmed on—off-on signaling pattern pro-
cedure, which enables proper association of the beam angle at the
RIS emulator with the received signal at the UE. While no real-time
signaling or physical connection exists between the two devices, both
follow a coordinated timing schedule. Specifically, the RIS emulator is
turned on with a broadside beam for a fixed duration, turned off briefly,
and turned on again to generate a distinct signature in the UE’s received
power profile. This pattern allows the UE to detect the start of the beam
sweep at the RIS emulator and reliably align the received signal with
the corresponding beam angle over time, as illustrated in Fig. 4.

While this process takes place, the UE captures samples of the
reflected signals at each scan angle. This experimental method allows us
to measure the average power at the radar for different beam-steering
angles, Py, of (6) in dBm. By systematically varying the angles
and recording the response of the radar, we estimate the AoD that
maximizes the average power P, ,,. Treating the RIS emulator as an
artificial landmark with a known location allows the radar to accurately

3To emulate the RIS beam-steering process with separate Tx and Rx
arrays, the Tx beamforming vector at the m-th sweep angle is wlX
exp(—jX] g(¢m)), defined with the RIS phase matrix of (1). Since the
RIS emulator is located at the boresight of the UE for maximum reception,
its receive beam is always directed toward the UE and does not change with
the Tx beam scanning. Consequently, the Rx beamforming vector is wR* =
exp(— ngxg(G)). Due to identical arrays, we have X7x = XRgy.
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Fig. 3. Three largest peaks in 2D distance and velocity spectrum with the
experiment data, obtained by (4) at the m-th sweep angle corresponding to
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Fig. 4. Example of the AoD estimation (¢» = [—3°,0°] and ¢ = [0°,0°]T
corresponding to the frames marked by the red circle (estimates) and highlighted
by the red bar (true), respectively.).

self-localize, while simultaneously generating environmental images
for mapping purposes.

B. Simulation Setup

To validate the designed signal model of (1) and the proposed
RIS-enabled self-localization method in Section III, we construct a
simulator of our experimental testbed in the MATLAB environment.
The goal is to harness the experimental results for calibrating the
simulator, which are then employed to investigate performance under
a rich set of conditions that cannot be tested with experiments. Instead
of real-time signal capturing and streaming, we artificially generate
the noisy signal data that follows the received signal model (1). The
squared amplitude of complex path gain for the targets (i.e., [ > 0) is
[71]* = PGirxShesA?/((47)3d}), where P is the transmit power, Gy
is the combined transmit and receive antenna gain, Sk is the radar
cross section (RCS) of the objects that producing the signal reflection.
As to the complex gain of the RIS loopback path (I = 0), it involves
the impact of both amplification factors due to the active nature of
the RIS [36] and the losses incurred during loopback from receive
to transmit path in the active RIS: { = Lj,aris, where agris is the
amplification factor common to all the RIS elements [36], [37] and
Ly, 1s the loopback loss, both representing unitless quantities. Hence,
the squared amplitude of the complex gain of the loopback path can be
expressed as [37], [38]

|’Y0|2 = PGtrx"VUR|2C|'YRU|27 )

where yyr and gy denote the gains of the UE-RIS path and the RIS-UE
radar path, respectively. We have [37] |yur|* = |yrul? = A2/ (47dp)?,
where d is the distance between the UE and the RIS. In the computation
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TABLE I
THE SIMULATION PARAMETERS

Parameter Value

RIS array size Nris = 64 (16 x 4)
Transmission power P =20 dBm
Combined Tx and Rx antenna gain Girx = 4.7712 dBi

RCS of the targets (for [ > 0) Sheg = 19 m?
Amplification and loss factor ¢ =45.532 dB
Number of chirps K =128
Number of ADC samples N = 600

Chirp duration T =50 ms
Sweep bandwidth B = 3.4345 GHz
IF bandwidth B = 10 MHz
Carrier frequency fe =60 GHz
Wavelength A =0.005 m

Signal noise covariance

Loop-back delay at the RIS emulator
Number of DFT samples

UE position

RIS position

0% = —63.64 dBm

TRB — 1.78 ns

Nprr = 1199, Kprr = 4793
XUE — [07 O}T

xpis = [0,13.38] 7.

of average power (6), the design parameter A of (6) is set to 0.33 ns,
the time delay corresponding to the distance 0.1 m. We utilize the
Hann window function, and the a-th sample of the Hann window
vector is w4 (a) = sin®(am/A), where A is the number of samples.
The simulation parameters are summarized in Table I. The results are
averaged over 1000 simulation runs.

V. RESULTS AND DISCUSSIONS

A. Experimental Results

Utilizing the collected experimental data in the testbed, we inves-
tigate the 2D distance and velocity spectrum, obtained by (4) at the
sweep angle corresponding to ¢,, = [0, 0], shown in Fig. 3. From the
2D spectrum, we see the first three largest peaks, where the first is the
self-interference due to the Tx antenna leakage to Rx in monostatic (co-
located) radars [39], the second by the physical reflection by the RIS
emulator, and the third by the retransmitted signal at the RIS emulator.
Therefore, we filter out the first peak and then exploit the parameter
estimation method (Section III-B).

Fig. 4 shows the average power over the frames of (6), to estimate the
AoD. The true AoD is ¢ = [0°,0°]T corresponds to the frames high-
lighted by the red bar, and estimated AoD ¢ = [—3°,0°]" corresponds
to the frames marked by the red circle. The average power fluctuates
sharply in the initial few hundred frames, then gradually increases,
and eventually gradually decreases after passing about the midpoint
of the frames. This behavior is attributed to the RIS emulator being
turned on and off repeatedly during the initial few hundred frames for
synchronization purposes, followed by the beam-steering sweep with
the angular range from -45° (starting at the 150-th frame) to 45° in
increments of 1.5°.

Itis worth noting that no baseline comparison is provided, since there
is no prior experimental realization of RIS-assisted self-localization in
a monostatic configuration.

B. Simulation Results and Extrapolation

To validate the developed DSP unit using MATLAB including the
formulated signal model (1) and the proposed geometric parameters
estimation method (Section III-B), in Fig. 5, we compare the 1D
distance profile results, at v ~ 0 and € = [0,0] . The experiment data
is analyzed by the TI mmWave radar (solid line) and by the proposed
parameter estimation method (dotted line), which is also applied to the
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by the TI mmWave kit (solid line) and by the proposed parameter estimation
method (dotted line), and simulation data by the designed signal model and
proposed estimation method (dashed line), at v =~ 0 and ¢ = [0°,0°]T corre-
sponding to the 7n-th sweep angle of the RIS emulator.
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simulation data (dashed line). In the dashed line, the first peak that
originated from the reflected signal from the UE itself is absent as this
self-interference is not modeled in the simulated data. We demonstrate
that the developed DSP is valid as the solid line matches the dotted line,
and the dashed line has the same two peaks corresponding to physical
reflection at the RIS and retransmitted signal at the RIS, as the solid and
dotted lines. In addition to the RIS beam, power fluctuations caused by
environmental scatterers located behind the RIS, can be observed in the
experimental data. These weak multipath components are not modeled
in the simulation data, which explains the deviations between the solid
and dashed lines.

18259

. 30
—©— Distance
—&— Angle X2
6 f|+:3¢- Position
120
| €3]
15 3
1107
15

0 o A/
4 X 64 4X16 4X4
The number of RIS elements

Fig. 8. MAEs of distance, angle, and position estimates with the different
number of elements at the RIS emulator.

Figs. 6— 8 show the geometric parameters and positioning estimation
errors with the different setup configurations. Fig. 6 presents the results
with the different Tx powers. The distance estimation error does not vary
for the range of Tx power values for which the peaks of the spectrum
can be resolved in the distance dimension with a fixed distance search
grid (Npgr = 1199) on the distance profile. We observe a smaller AoD
error with the larger Tx power. Due to the smaller AoD error with
the larger Tx power, while maintaining the same distance errors, the
positioning error also decreases as the Tx power increases. Fig. 7 shows
the results with various RIS beam sweep resolutions. The fine beam
leads to a smaller AoD estimation error while maintaining the distance
estimation error due to the resolvable peaks with a fixed distance search
grid on the distance profiles. Therefore, the positioning error decreases
with the fine RIS beam sweep resolution. Fig. 8 presents the results
with different number of RIS elements. The distance estimation error
also decreases with a larger number of RIS elements. This happens
because the two peaks corresponding to physical reflection at the RIS
and re-transmitted signal at the RIS are resolvable with a larger number
of RIS elements. The AoD estimation error decreases as the number
of RIS elements increases. Therefore, the positioning error decreases
with more RIS elements.

VI. CONCLUSION

In this paper, we demonstrated the feasibility of RIS-enabled self-
localization without AP intervention through both experimental and
simulation results. In the experimental testbed, we assessed the de-
veloped DSP unit by comparing the 1D distance profile with the TI
mmWave radar evaluation kit. We confirmed the validity of our designed
signal model, which adheres to the deterministic model, in the signal
propagation environment of the 60 GHz FMCW radar. For future work,
the feasibility of multiple target tracking and SLAM, with the assistance
of RISs, will be further explored. In addition, comprehensive analyses of
hardware impairments such as phase deviations (due to oscillator noise,
and nonlinearities) and unintended effects from practical beamforming
implementations (due to mutual coupling, and side-lobe interference)
are planned to be conducted in real-world scenarios.
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