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Abstract—The integration of unmanned aerial platforms into metasurface-assisted propagation using directive antennas and
future terrestrial-non-terrestrial networks motivates the experi-  controlled geometries [10], [11], and RIS-assisted links have
r_nental evaluation ofllg_htwelght and passive solutlons for wireless demonstrated improvements in system-level metrics such as
link enhancement. This paper presents an experimental char- . . .
acterization of a UAV-mounted passive metasurface acting as the S|gnal-to-N0|se Ratio (SNR) [12]. These cpncepts extend
a re ector to improve link quality. The analysis is based on !0 non-terrestrial networks (NTNs), where engineered re ect-
the measurement of the transmission coef cient %, which is ing surfaces have been considered for satellite link shaping
correlated with the UAV position during controlled and dynamic  and passive beam redirection [13], [14]. The integration of

ight conditions. From the measured scattering parameters, the o rrestrial and non-terrestrial segments is a key pillar of future
Signal-to-Noise Ratio (SNR) is derived and used as a performance 9 yp

metric to assess the metasurface-assisted link. Experimental 6G systems, as h'gh“ghFed by |n|t|at|ves_ such a_s the Ital_lan
results reveal the existence of a three-dimensional operational RESTART program and its ITA-NTN project, which investi-
region in which the UAV-mounted metasurface provides enhanced gate multi-layer architectures combining terrestrial, aerial, and
received signal quality. The proposed experimental framework satellite components [15], [16].

offers practical insights for the deployment and operation of Within this framework, UAV-mounted re ecting surfaces

passive aerial platforms in integrated terrestrial-non-terrestrial . . - .
communication scenarios. introduce spatial recon gurability, leading to the concept

Index Terms—Unmanned Aerial Vehicles, Recon gurable In- Of aerial intelligent re ecting surfaces (ARIS) [17], [18].
telligent Surface, Signal to Noise Ratio, Experimental Setup UAV-aided RIS communications have been investigated as a

promising solution for exible 6G coverage extension and
. INTRODUCTION sustainable wireless deployments [19], [20]. Beyond static
The control of electromagnetic wave propagation througRlS deployments, UAV-based relay architectures have been
engineered surfaces has emerged as a promising solutiomprigposed in ITA-NTN scenarios, where drones act as interme-
overcome coverage limitations in complex propagation endiate nodes between users and satellite-connected gateways,
ronments. Metasurfaces enable anomalous re ection and detsabling exible coverage extension and backhaul support.
ministic beam steering beyond conventional Snell's laws [1}ore generally, a UAV can operate as a terrestrial relay
[2], offering lightweight and energy-ef cient alternatives tobridging ground users and devices equipped with satellite
active architectures. In particular, passive metasurfaces pbackhaul, providing adaptive coverage in infrastructure-limited
vide stable and predictable electromagnetic behavior witharvironments. However, most ARIS-related studies remain
biasing networks or real-time control [3], while recon gurableanalytical or simulation-based, and experimental investigations
intelligent surfaces (RISs) enable dynamic channel manipulensidering system-level metrics are still limited.
tion from a communication-theoretic perspective [4]. In a previous contribution, the authors experimentally char-
Metasurfaces have been investigated to mitigate blockageterized a UAV-mounted passive metasurface under realistic
in indoor and outdoor scenarios, including non-line-of-sighight conditions, analyzing the impact of UAV pose and
coverage in corridors, urban intersections, and temporgsgsitioning errors on the measured scattering parameters [21].
deployments [5]-[9]. Experimental studies have validated This work extends that analysis to link-level performance

. _ _ evaluation. The measured transmission coef ciept 5 used
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Fig. 3. Measured transmission coef cientsS during controlled vertical
motion of the UAV-mounted metasurface. (a) Temporal evolution of 8s
the UAV changes height. (b)2% as a function of the UAV height.

UAV height corresponding to the maximum received signal
Fig. 2. Schematic representation of the experimental setup adopted for K¥€l, which is 20 dB higher than the baseline.
characterization of the UAV-mounted passive metasurface. Fig. 3 shows the measured transmission coefcient S

during a controlled vertical motion of the UAV. Fig. 3(a)

i depicts the temporal evolution of,S as the UAV ascends

all measurements, the Tx and Rx antennas remain xed, whileq gescends, highlighting a clear variation in the received
only the UAV is moved.The Tx antenna is vertically orientedigna| |evel associated with the change in altitude h. The
and radiates toy\{ard the. metasurface, which is mou_nted ffe-frequency map also shows that the response is frequency-
a UAV and positioned directly above the Tx at a height hyependent, with the strongest contribution observed around
The Rx antenna is located at a xed distance d from th@74 GHz. Therefore, operation away from this frequency
Tx and is oriented at an angle of 62 deg, corresponding {0,y reduce the ef ciency of the redirected eld, leading to
the metasurface's designed anomalous re ection direction ('18Wer S, levels. The occurrence of similar,S values at

r =28 deg). different time instants indicates good measurement stability

The metasurface is integrated onto the UAV through custorgng repeatability.
designed 3D-printed supports, ensuring a rigid attachment anq:ig_ 3b) reports the measured;Sas a function of the UAV
controlled orientation during both static and in- ight measureeight, showing that the received signal level is maximized at
ments. This planar con guration was adopted to preserve the jay height h of approximately 60 cm, with a progressive
designed phase-gradient distribution, while conformal imp'%’egradation observed as the UAV moves away from this
mentations would require a dedicated synthesis accounting &y ation. In both sub gures, the color scale represents the
curvature-induced phase and aperture variations. magnitude of .

The experimental setup relies on a synchronized mea-The analysis is then extended to UAV trajectories covering
surement architecture. The VNA performs frequency sweegshree-dimensional volume around the Tx, including random
over the X-band and measures the transmission coef cieffnt patterns. Once the UAV reaches the target altitude
S21, while the UAV pose (i.e. position and orientation) igh = 60 cm above Tx), random spatial ights are performed
continuously tracked using the Vicon motion-capture systefithin the measurement volume. During these ights, the
A Ground Control Station orchestrates the UAV controfransmission coefcient & is continuously measured and
electromagnetic measurements, and data synchronization. H?ﬁchronized with the UAV pose, enabling a spatial charac-
acquired VNA data are timestamped and logged togethgfization of the metasurface-assisted link.
with the corresponding UAV pose by a custom acquisition Fig. 4 shows the measured transmission coef cieni S
module, enabling a direct correlation between electromagnelic = 9:74 GHz during different UAV ights, projected
measurements and UAV pose. onto different spatial planes. In all sub gures, the color scale
represents the magnitude of;SSpeci cally, Fig. 4(a) reports
the projection onto the x—z plane, Fig. 4(b) onto the x—y plane,

The experimental analysis begins with the direct measu@nd Fig. 4(c) onto the y—z plane. Fig. 4(d) provides a three-
ment of the transmission coef cient,8 Initially, a refer- dimensional view of the same data, offering a comprehensive
ence con guration without the metasurface was measured representation of the measurement volume.
provide a baseline. Subsequently, a controlled measuremer®verall, the results reveal a well-de ned three-dimensional
campaign is carried out by varying only the UAV height aboveegion around the Tx in which the received signal level is
the Tx antenna (h), while keeping xed the distance betweenaximized, while a progressive degradation ef & observed
Tx and Rx (d) (i.e. d = 32 cm). This con guration reveals theas the UAV moves outside this region.

IV. RESULTS



Fig. 4. Spatial distribution of the measured transmission coef cient &

f = 9:74 GHz during representative UAV ights. Projections of the measure
data onto the (a) x—z, (b) x-y, and (c) y—z planes are reported, while (
shows a three-dimensional view of the measurement volume.

gFig- 6. Spatial distribution of the measured SNR at f = 9:74 GHz during
Jepresentative random and structured UAV ights. (a) Projection onto the x-z
pﬁane, (b) projection onto the x—y plane, (c) projection onto z—y plane, and
(d) three-dimensional representation of the explored volume.

Fig. 5 shows the SNR at f = 9:74 GHz as a function of the
UAV height during controlled vertical motion. The SNR pro le
follows the trend observed for the transmission coef ciept,S
exhibiting a clear maximum at a UAV height of approximately
60 cm. This conrms that the height maximizingySalso
maximizes the received signal quality in terms of SNR. It
should be noted that variations in the UAV position and
rheight may lead to oblique illumination of the metasurface and
modify the effective re ection path. Their impact is therefore
re ected in the experimentally measured spatial distributions

After the measured data are used to estimate the SNRo#ss,; and SNR.

a performance metric. In the proposed measurement framefig. 6 shows the spatial distribution of the SNR at f =
work, the SNR is obtained directly from scattering-parameter74 GHz during representative random and structured UAV
measurements. The noise contribution is measured using @@ts. In all sub gures, the color scale represents the SNR
VNA by acquiring the noise oor under identical instrumeninagnitude. Speci cally, Fig. 6(a) reports the projection onto
settings, yielding a noise-equivalent transmission coef cieffte x—z plane, Fig. 6(b) onto the x—y plane, Fig. 6(c) onto
S21:n (f). This approach is commonly adopted in VNA-basedhe z-y plane, while Fig. 6(d) provides a three-dimensional
SNR evaluations and avoids reliance on theoretical noiggpresentation of the same data. Overall, the SNR maps offer

Fig. 5. Measured Signal-to-Noise Ratio (SNR) at f = 9:74 GHz as a functio
of the UAV height during controlled vertical motion.

models [22]. a link-level characterization of the measured UAV-assisted
Accordingly, the SNR can be estimated as metasurface link, highlighting the three-dimensional region
iSors(f)] 2 around the Tx antenna in which the received signal quality

SNR(f) : ; (2) remains consistently high.

: —
S2in () An additional analysis was carried out by introducing
or, in logarithmic form, several SNR threshold levels, evaluated over multiple ight
. trajectories. Speci cally, in order to guarantee an SNR greater
SNRag (f) S 215(f)[dB] S 210 (f) [dB]; (3) than or equal to 10 dB, the UAV can be laterally displaced with
where $1. denotes the measured signal contribution arréspect to the nominal position along the x-axis by 44:2 cm,
S1.n represents the measured noise oor. while along the y-axis a displacement of 63:8 cm is allowed.
It is worth noting that the derived SNR includes instruFor an SNR greater than or equal to 15 dB, the maximum
ment and environmental noise contributions. Neverthelessaitowable displacement with respect to the Tx antenna is
provides a consistent and repeatable indicator for spatial linleduced to 15:8 cm along the x-axis and 19:4 cm along the
quality comparison under identical measurement conditionsaxis. When imposing a stricter threshold of SNR 20 dB,
This methodology is consistent with widely adopted experihe admissible displacement further decreases to 15:8 cm
mental practices in antenna measurements and wireless kidng the x-axis and 12:0 cm along the y-axis.
analysis [23], [24]. The results of this analysis are reported inFinally, to ensure SNR 25 dB, the UAV must remain
Figures 5 and 6. within 7:0 cm along the x-axis and 6:4 cm along the y-



axis relative to the Tx antenna.

(10]

CONCLUSIONS

This work experimentally demonstrates that a UAV-mountgai]
passive metasurface designed for anomalous re ection in the
X-band can effectively enhance link-level performance. Mea-
surements show that the UAV height maximizing the transmig=2]
sion coef cient $; also corresponds to the maximum received
SNR, with improvements of several decibels compared to
the non-assisted link. Furthermore, the spatial SNR analysis
enabled the identi cation of a three-dimensional operation&3l

region around the transmitter in which the metasurface-assisted

link maintains enhanced performance, with a progressiye]
degradation observed outside this region.

These results demonstrate the potential of UAV-mount

passive metasurfaces as exible and rapidly deployable so-
lutions for coverage enhancement in scenarios where con-
ventional infrastructure is impractical or unavailable. The
proposed experimental framework and spatial performanie]
analysis are particularly relevant for emerging non-terrestrial
network (NTN) architectures, where aerial platforms can ef-
fectively complement terrestrial connectivity.

Future work will focus on extending the experimental analt’]
ysis to electronically recon gurable metasurfaces and system-
level evaluations based on software-de ned radios.
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