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ABSTRACT In this work, we focus on the theoretical modeling and experimental evaluation of absorbing
metasurfacesmounted on unmanned aerial vehicles (UAVs) as facilitators for secure wireless communication
channels. Specifically, we present a network architecture based on UAV-mounted metasurfaces and conduct
a comprehensive analysis of its components. Furthermore, by utilizing physical optics, namely the Fresnel-
Kirchhoff diffraction formula, we develop a comprehensive path loss model that accurately calculates the
scattering of wavefronts from metasurfaces with arbitrary configurations; this model enables the quantifica-
tion of path loss and mobility effects, including pointing accuracy, misalignment, and UAV flying stability,
for both near- and far-field conditions. Finally, experimental measurements are conducted using a state-of-
the-art static absorbing metasurface and a commercial UAV in an anechoic chamber environment and close
agreement between theoretical and experimental results, down to the radiative near-field region, is illustrated.
Specifically, our findings indicate that absorbingmetasurfaces can act as notch filters withminimal impact on
pointing and positioning accuracy, exhibiting a 3 dB beamwidth of±15◦ compared to ideal static conditions.

INDEX TERMS Metasurface, reconfigurable intelligent surface (RIS), unmanned aerial vehicle (UAV),
mobility, physical optics, path loss model, diffraction, Fresnel-Kirchhoff.

I. INTRODUCTION
Metasurfaces are ultrathin artificial structures composed of
reflecting and/or refracting elements that are smaller than the
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wavelength of the electromagnetic (EM) waves with which
they interact [1]. These scattering elements, also known as
unit cells, collectively modify incoming waves by redirecting
them in specific directions or absorbing them, enabling the
metasurface to performmultiple EM functionalities [2]. How-
ever, the response of metasurfaces often exhibits significant
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spectral and angular dispersion arising from the physical
resonances in the unit cells, that may significantly affect the
performed functionality. This highlights the crucial impor-
tance of meticulous EM design and thorough characterization
of metasurfaces for their effective utilization in future wire-
less networks.

Recently, the extensive utilization of metasurfaces in
communication environments presents a paradigm shift by
transforming traditionally uncontrollable and stochastic phe-
nomena, such as fading and scattering, into system param-
eters that can be optimized alongside other variables [3]. In
addition to the EM configuration of the metasurface’s unit
cells, the precise positioning and orientation of the metasur-
face relative to the source and receiver determine the angle
at which EM waves impinge upon and scatter from the meta-
surface unit cells, influencing the overall system behavior [4].
Therefore, an accurate positioning system is required, being
able to adjust the position and orientation of the metasurface
to properly align with the incoming and intended outgoing
wavefront.

In recent years, the integration of metasurfaces into
non-terrestrial networks has been extensively investigated,
demonstrating significant enhancements in various aspects of
wireless networks [5], [6]. Specifically, the planar geometry
of metasurfaces facilitates their integration with unmanned
aerial vehicles (UAVs), thus enabling the establishment of
deterministic wireless communications based on aerial com-
ponents. In fact, by taking into account the diverse EM
functionalities that can be performed by a metasurface, along
with the remarkable versatility of UAVs, it becomes feasi-
ble to deploy UAV-mounted metasurfaces strategically and
provide distinct metasurface-enabled services, which can be
attributed to the favorable characteristics of air-to-ground
communication links [7], [8].

A. RELATED WORK
As previously noted, metasurfaces have the capacity to
deliver a variety of EM wavefront-shaping functionalities,
including beam steering, beam splitting, and absorption. In
this direction, considering the flexibility of UAVs, these
metasurfaces can be deployed via UAVs whenever and wher-
ever required to enhance communication performance. For
instance, in [9], a UAV-mounted programmable metasur-
face, reported as UAV-mounted reconfigurable intelligent
surface (RIS), was used to meet the stringent demands of
ultra-reliable low latency communications via beam steering.
Similarly, [10] explored how UAV-mounted RISs can aid
mmWave base stations in providing better coverage, while the
authors in [11] studied the performance of a solar-powered
UAV-mounted RIS that was utilized to establish communi-
cation between a base station (BS) and a network user in
an energy efficient manner. Furthermore, in the context of
internet of things (IoT) networking, [12] proposed a simulta-
neous wireless power transfer and information transmission
scheme for IoT devices with support from a beam-steering

UAV-mounted RIS, while the authors in [13] presented a
novel IoT data collection scheme based on UAV-mounted
RISs and a novel random access protocol named slotted-
ALOHA with code combining. Finally, [14] optimized the
average sum of age of information in a UAV-mounted
RIS-assisted IoT network. This optimization involved the
RIS configuration, the placement of the UAV-mounted RIS,
and the scheduling of sensor transmissions, which were
achieved through deep reinforcement learning approaches.
These methods included off-policy deep Q-network (DQN)
and on-policy proximal policy optimization (PPO), with the
latter being proved highly effective in enhancing the timeli-
ness of the transmitted information.

Regarding the beam-splitting functionality of pro-
grammablemetasurfaces, numerous studies have investigated
the performance of multi-user communication systems
employing a non-orthogonal multiple access (NOMA)
scheme based on a beam-splitting UAV-mounted RIS [15],
[16], [17]. Additionally, the authors in [18] proposed an
algorithm that optimizes the UAV deployment, RIS con-
figuration, and BS’s transmit power to enhance the energy
efficiency of a multi-user system supported by a beam-
splitting UAV-mounted RIS. Furthermore, considering a
recently emerged multiple access scheme called rate-splitting
multiple access (RSMA), the authors in [19] investigated
the outage probability, the block error rate (BLER), and the
achievable weighted sum rate of RSMA inUAV-mounted RIS
networks by jointly optimizing the RSMA parameters, the 3D
coordinates of the UAV-mounted RIS, and the induced phase
shifts from the RIS’s reflecting elements.

While the existing literature primarily focuses on
beam-steering and beam-splitting functionalities, the research
on absorbing metasurfaces remains relatively limited, par-
ticularly in the context of UAV-assisted networks. In more
detail, absorbing metasurfaces can be effectively employed
for a multitude of purposes within the communication envi-
ronment, such as reducing signal strength in directions and
regions where the presence of a malicious user is suspected,
energy harvesting, Doppler effectmitigation, and interference
reduction [20], [21], [22], [23]. Therefore, investigating such
metasurfaces is crucial to address this gap in the current
literature and align with the objective of exploring prac-
tical implementations of a fully-functional programmable
wireless environment (PWE) based on UAVs [6], [24]. Fur-
thermore, in UAV-assisted networks, the fluctuating motion
of UAVs introduces uncontrolled variations that can signifi-
cantly impact communication efficiency, as the metasurface
response is greatly influenced by the angle of arrival of
incident waves [25]. However, to the best of the authors’
knowledge, no work has been conducted to experimentally
validate the effect of UAV fluctuations on a communication
system that relies on a UAV-mounted metasurface. Thus,
to comprehensively understand and validate the mobility
effects of UAV fluctuations on a communication system
relying on UAV-mounted metasurfaces, experimental val-
idation becomes imperative since it will provide valuable
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insights into the practical implementation of UAV-mounted
metasurfaces in real-world scenarios.

B. CONTRIBUTION
In this work, we perform a comprehensive evaluation of
communication channels facilitated by UAV-mounted meta-
surfaces, considering real-world scenarios and addressing the
impact of UAV mobility on the system performance. In more
detail, our contribution is the following:

• We conduct a rigorous theoretical analysis that incor-
porates the impact of UAV mobility, including posi-
tioning, alignment, and orientation, on the performance
of the communication channel within the transmitter-
metasurface-receiver configuration.

• In contrast to the existing literature that predominantly
focuses on beam-steering metasurfaces, our study and
the applicability of our modeling extends to absorb-
ing metasurfaces, filling a gap in the current research
landscape.

• To validate the theoretical findings and demonstrate the
real-world performance of UAV-mounted metasurface-
enabled communication channels, we provide results
from a controlled experimental investigation conducted
in an anechoic chamber.

To this end, through thorough theoretical modeling and exper-
imental procedures, our work contributes to the advancement
of metasurface technology and paves the way for the
development of more efficient and versatile UAV-enabled
communication systems.

The structure of this paper is as follows: Section II
discusses the network architecture and its components, pro-
viding an in-depth analysis. Section III delves into the
application of the Fresnel-Kirchhoff diffraction theory as a
physical optics model for metasurface wavefront diffraction
and wireless links; the model is fed with the metasurface
parameters acquired by unit-cell level full-wave EM sim-
ulations. Moreover, In Section IV, the experimental setup,
parameter sensitivity analysis, and path loss measurements
are presented for monostatic scattering off a fluctuating
UAV-mounted absorbingmetasurface. Finally, Section V pro-
vides concluding remarks on our work.

II. SYSTEM ARCHITECTURE
The examined network architecture encompasses a com-
prehensive framework comprising a UAV orchestrator and
UAV-mounted static metasurfaces, which collectively con-
tribute to the establishment of robust wireless communication
links, as illustrated in Fig. 1. In more detail, Fig. 1 pro-
vides a visual representation of the key components within
the network architecture, showcasing the seamless integra-
tion of the UAV orchestrator and the static metasurfaces.
Through the orchestrated efforts of these components, the
network architecture aims to enable efficient and reliable
wireless communication, overcoming obstacles and enhanc-
ing connectivity in various scenarios and environments. It
should be mentioned that the presented architecture not only

prioritizes the reliability and efficiency of communication
but also emphasizes safety, high performance, and optimal
energy utilization.

A. UAV ORCHESTRATOR
The UAV orchestrator is a pivotal software component, con-
sisting of three main elements: the UAV Traffic Manager
(UTM), responsible for UAV placement and considering
various restrictions and feedback; the UAV Energy Man-
ager (UEM), ensuring effective power management and
recharging of UAVs; and the Network Monitor, which is
well-informed about the quality-of-service (QoS) require-
ments of each user and enables the identification of malicious
transmitters in the service area.

• UAV Traffic Manager (UTM): The UTM is the main
brain of the orchestrator. It is responsible for the
placement of the UAVs while taking into account var-
ious restrictions and feedback from other components,
such as the UAV energy requirements, the client QoS
requirements, the weather conditions, and the airspace
authorization. Moreover, it is responsible for grouping
the UAV network to allow the division of the network
for different use cases.

• UAV Energy Manager (UEM): One of the major limita-
tions in the UAV operation is their energy needs. The
UEM is responsible for preventing power outages of
UAVs and handling their recharging through charging
stations [26] or returning safely to the base. The deci-
sions made by the UEM are delivered at the UTM for
appropriate mobility actions and resource allocation.

• Network Monitor: The network monitor is aware of the
QoS needs of each specific client, as well as the needs of
the different use cases that would enable possible UAV
network synergetic procedures. Therefore, it informs the
UTM to take appropriate actions on the UAV place-
ment and UAV grouping, as well as about the existence
of malicious transmitters in the service area and their
characteristics.

B. UAV-MOUNTED METASURFACES
In the proposed network topology, to provide the required
services, a UAV swarm is licensed to operate under the com-
mand of the UAV orchestrator. Each UAV in the swarm can
dynamically carry a static metasurface, allowing for specific
wave manipulation functionalities [24]. Specifically, when
the demanded network services are determined, the UAV
orchestrator initiates the deployment of the metasurfaces at
the users’ premises, providing the necessary assistance and
communication augmentation. Following the orchestration
planning phase, a subset of UAVs in the swarm retrieves
the designated metasurface units and then moves to specific
positions dictated by the orchestrator, e.g., blocking the chan-
nel between an identified malicious transmitter (Tx) and a
network-user receiver (Rx), while respecting any positioning
limitations by the Network Monitor and the UAV Traffic
Manager. Once in position, the channels are automatically
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FIGURE 1. UAV-mounted metasurfaces operation.

deployed without the need for further deliberation. Finally,
it should be highlighted that each metasurface is carefully
mounted in each UAV, in order to not obstruct the UAV’s
propellers or significantly affect its aerodynamic properties
and hence its stability and energy efficiency; depending on
the application and its aperture relative to the drone size, the
metasurface could be placed vertically or horizontally.
Absorbing Metasurface: Within the network architecture

described above, our work focuses on enhancing commu-
nication security, particularly in the context of countering
a malicious transmitter (malicious Tx) attempting to trans-
mit harmful messages to a network user (receiver Rx). To
effectively address this challenge, we strategically deploy
UAV-mountedmetasurfaces that perform the absorption func-
tionality. These metasurfaces act as a protective barrier
between the user and the malicious Tx, preventing malicious
communication and ensuring uninterrupted and secure com-
munication between legitimate nodes [20], [27]. Compared to
scattering or deflecting plates, absorbing metasurfaces have
the advantage of spectral selectivity or large absorption band-
width (in frequency and direction of incidence), depending on
their design and the application scenario. Another envisaged
application of UAV-mounted absorbing RIS is harvesting of
directed or backscattered EMwaves, which can used to power
the UAV and/or RIS operation, thus increasing battery/flight
time.

In our approach, we utilize multifunctional metasurfaces,
manufactured with printed-circuit-board (PCB) technology
comprising three metallization layers and using lumped resis-
tor and capacitor (RC) elements to tune the absorption

resonance frequency and depth [28]. The PCB dielectric
substrate is the high-frequency graded Panasonic Megtron7N
material, characterized by a relative permittivity (ϵr ) of
3.35 and a loss tangent (tan δ) of 0.002; the dielectric thick-
ness between the patches and backplane layer, being critical
for the resonance, is 2.14 mm.

• The topmetallization layer of themetasurface structure
consists of a symmetrical arrangement of a 2 × 2 array
of square copper patches. Each patch has dimensions
of 3.95 mm × 3.95 mm, forming a square periodicity
with a lattice constant of 9 mm. This periodicity corre-
sponds approximately to λ0/7 at the frequency of 5GHz,
enabling effective control over the incident EM waves.

• The middle metallization layer serves as the meta-
surface backplane, allowing the structure to reflect the
incoming waves while minimizing transmission. This
layer plays a crucial role in blocking the signals from the
malicious Tx and preventing their propagation towards
the user.

• In the bottom metallization layer, surface-mounted
devices (SMD) or application-specific integrated cir-
cuits (ASIC), i.e., ‘chips’, can be integrated into the
metasurface board [2]. This innovative design allows the
loads to be concealed beneath the backplane without
interfering with the incident EM waves or obstructing
the aperture. The connection between the front-side
patches and back-side loads is established using through
vias, ensuring efficient electrical connections. In our
static metasurface implementation, fixed-value SMD
resistors and capacitors were used.
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FIGURE 2. Photographs of the absorbing area of the metasurface with
unit cell close-up insets, (a) front and (b) back side. (c) Schematic of the
full aperture of the metasurface treated as a non-uniformly configured
flat ‘scatterer’; the blue area corresponds to the absorbing aperture.
(d) Arrangement of the SMD loads along the board’s two principal axes,
u (long side) and v (short side).

The family of fabricated metasurface boards consists of a
rectangular array of 18 × 26 uniformly configured square
absorbing unit cells, resulting in an effective aperture size
of 162 mm × 234 mm, as illustrated in Figs. 2(a) and 2(b).
The local coordinate system of the metasurface board is uvw,
where û and v̂ are the unit vectors along the long and short
side of the board, respectively, and ŵ is the outward-pointing
normal unit vector. Differently valued RC SMD pairs are
assembled on the u- and v-slots in the bottom metallization
layer, as shown in Fig. 2(d), to achieve two distinct absorber
resonances near 5 GHz. In the absorbing board used in this
work, we selected RCu = 100 � ∥ 0.8 pF and RCv = 22 � ∥

2.7 pF, which produce absorption resonances near 5.3 and
4.7 GHz, respectively. It should be highlighted that this archi-
tecture strictly prohibits back-side transmission, minimizes
diffraction orders (cell width is considerably subwavelenth,
λ/7), and ensures independent polarization control (with neg-
ligible cross-polarization coupling) with loads placed along
the u and v principal axes of the board.

Fig.2(c) illustrates that the full PCB board is bordered
by 3.2 cm-wide regions on each of the four sides of the
absorbing aperture consisting of 18 × 26 cells. This was a
result of the fabrication technology employed and the mount-
ing considerations in the automated positioner utilized in
[28]. In the experimental setup of the current study, it was
chosen not to coat these regions with absorbing material to
avoid compromising the airflow and stability of the UAV.
However, it should be noted that these borders are reflective,
consequently reducing the absorption capabilities of the over-
all effective aperture in comparison to considering only the
absorbing aperture. Additionally, while simpler models could
have sufficed for a homogeneous metasurface aperture, the

non-uniformity introduced by these regions necessitates the
use of a more advanced model. Specifically, the full aperture
can be treated as a non-uniformly configured flat ‘scatterer’,
consisting of three types of materials:

• Absorbing metamaterial unit cells, blue color in
Fig. 2(c). For these highly dispersive regions, when
the frequency, polarization, and incidence direction are
on-resonance, full absorption occurs; otherwise, the cell
reflects with a complex nonzero coefficient.

• Copper-clad regions, brown color in Fig. 2(c). These
behave like a dispersion-less ‘short-circuit’, i.e., intro-
duce a−1 reflection coefficient (full reflection and 180◦

phase retardation) for all frequencies, directions, and
polarizations.

• Exposed metal-backed dielectric regions, beige color
in Fig. 2(c). These areas give high reflection magnitude
with a mild phase dispersion that depends on the fre-
quency, polarization, incidence direction, and dielectric
(thickness and permittivity).

To evaluate the performance of the absorbing metasur-
face in the examined communication scenario, we consider
the appropriate complex-valued scattering-matrix element,
i.e., S21 (where ports 1 and 2 correspond to Tx and Rx
antennas), where a minimum in |S21| corresponds to maxi-
mum absorption for the metal-backed reflective metasurface.
As shown in [28], the same metasurface can be used for
other functionalities, realized by different arrangements of
the SMD loads placed in each cell on its back-side. For
instance, two-beam splitting of a plane wave can be achieved
with a meta-grating 1-bit encoded patterning, i.e., selecting
two values of capacitors that introduce a reflection-phase
difference equal to π at the operating frequency. As another
example, anomalous reflection, also known as beam steering,
can be achieved with 2-bit digital coding (four phase-states)
in the unit cell reflection [29]. In all cases, the overall meta-
surface response is dictated by the ‘local’ reflection amplitude
and phase in its unit cells. It is stressed again that the latter
is highly dispersive, thus rendering the overall metasurface
board efficiency for a given functionality a function of local
metamaterial configuration (e.g., value of RC loads in each
cell), but also of frequency, direction, and polarization of the
impinging wave.

III. THEORETICAL ANALYSIS
In this section, an overview of the Fresnel-Kirchhoff diffrac-
tion theory is presented, which serves as a physical optics
(PO) model utilized for the analysis of wavefront diffraction
in the context of an arbitrarily configured metasurface. The
focus is placed on formulating the diffraction theory to accu-
rately calculate the path loss in wireless links between Tx
and Rx antennas directed towards the metasurface aperture.
Additionally, the application of PO models in wireless prop-
agation channels featuring metasurfaces is discussed, with
emphasis on capturing the effect of mobility (positioning and
orientation) of Tx, Rx, and/or the metasurface. Finally, the
calculation of parameters for the path loss model is performed
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by employing a full-wave EM simulation of the absorbing
metasurface unit cells.

A. PHYSICAL OPTICS: DIFFRACTION BY IMPERFECTLY
ABSORBING APERTURE
In the realm of microwave applications, metasurfaces can
be considered as flat scatterers with small aperture diame-
ters. However, in wireless communication links facilitated by
metasurfaces, there may exist cases where the distances can
be comparable to or even smaller than the aperture diam-
eter, necessitating a reevaluation of conventional far-field
approximations for accurate path loss calculations [30]. Par-
ticularly, when considering the network’s UAV orchestrator,
it is crucial to acknowledge that the UAV-mounted metasur-
facemay not always be situated in the EM far-field of both the
transmitter and the receiver; the radiating near-field distance
[31] is greater than a couple of wavelengths which, in these
microwave bands, is longer than the UAV size that should in
all cases be respected by the Orchestrator. Consequently, the
development of path loss models applicable to both far-field
and near field conditions becomes essential, as they will
enable a comprehensive understanding of the metasurface’s
behavior in diverse scenarios and facilitate optimal placement
decisions by the UAV orchestrator.

In the context of metasurface-assisted communications,
PO, also known as wave optics, offers a formal theory that
strikes a balance between computational complexity and
accuracy. PO serves as an intermediate solution, bridging
the gap between rigorous vector full-wave EM modeling
and simplified far-field theorems such as the Friis and
radar equations [31]. A key aspect of PO is the deriva-
tion of a complex-valued ‘‘transparency function’’ defined
on the metasurface aperture. This function establishes a
connection between the phase and amplitude of incident
and scattered fields, and is related to the local plane-wave
reflection coefficient. Homogenization techniques can fur-
ther enhance the efficiency of phase-profiled metasurfaces
[32]. To this end, by leveraging PO, our study focuses on
modeling the diffraction phenomena in arbitrarily profiled
metasurfaces, i.e., metasurfaces that may encompass regions
with absorptive and/or reflective properties. This comprehen-
sive approach allows for a thorough representation of the
metasurface’s behavior, providing valuable insights into the
interaction between incident waves and the metasurface, and
shedding light on its functionality and performance [32].
Within the framework of PO, variouswell-established tools

are employed, as outlined in [33]. These tools include the
Huygens-Fresnel principle (HFP), which treats each point
on a wavefront as a secondary source of forward-propagated
spherical wavelets; theHelmholtz-Kirchhoff integral theorem
(HKIT), derived from Green’s theory, used for evaluating
the field given its value and gradient on an arbitrary sur-
face; the Fresnel-Kirchhoff diffraction (FKD) formula, which
is a specialization of HKIT in the absence of sources and
for point-source illumination; and the Rayleigh-Sommerfeld

diffraction (RSD) formula, which addresses inconsistencies
of the FKD but is limited to flat apertures.

While these tools have been extensively employed in the
study of diffraction effects in optical lenses and metal-backed
microwave metasurfaces like reflectarrays or gratings [34],
[35], their simplicity and elegance make them suitable
for many wireless communication scenarios within the
microwave to mmWave bands. Furthermore, considerations
of vector fields can be accommodated through dyadic or
vector formulations of Green’s theorem, striking a balance
between complexity and accuracy [30], [36]. Despite the
specific conditions associated with each PO theorem, they
often converge to similar solutions, especially for planar sur-
faces, refracting or reflecting elements, and far-field antennas
located close to the broadside of the aperture, where the rays
cast from the antenna arrive at oblique angles θ < 45◦,
with θ = 0 and θ = 90◦ denoting the normal and grazing
directions, respectively.

In this study, we assume a planar UAV-mounted metasur-
face illuminated by a spherical wavefront, and we employ the
scalar Fresnel-Kirchhoff diffraction (FKD) formula to cal-
culate the scattered field amplitude. To simplify the method
employed, we will present it in a 2D case, i.e., in a meridional
cut-plane of the metasurface, which is easily extendable to
3D. Specifically, the Tx-metasurface-Rx arrangement is illus-
trated in Fig. 3 where, based on the scalar form of Babinet’s
principle [31], [33], [37], the scattering from the reflecting
metasurface is equivalent to that from a refractive aperture
in an opaque screen. This setup can be toggled between
reflection and transmission modes by mirroring the image
space at the flat metasurface plane. To compute the wireless
channel path loss, we consider two points on either side of
the metasurface as the Tx and Rx antennas, decoupled and
co-polarized with directive radiation patterns, their maximum
gain orientation defined by unit vectors α̂Tx/Rx, Fig. 3(b).
The arbitrary metasurface configuration is visualized by the
colored squares in the bottom-right hand inset in Fig. 3(b),
where different colors denote magnitude and/or phase of
the transparency function in each cell. By analyzing this
configuration, we can assess the path loss in the wireless
channel and gain valuable insights into the performance of
metasurface-assisted communication systems.

With reference to the parameters defined in Fig. 3(b), the
FKD formula for the calculation of the complex E-field at
the receiver position, ERx, is an integration of the scatter-
ing (diffraction) from all infinitesimally small regions of the
aperture. This integration can be illustrated by scanning the
auxiliary point Q across the metasurface in the xy-plane, i.e.,

ERx =
FTx
jλ

∫∫
Q@MS

(
√
GTxejφTx )(

√
GRxejφRx )

0MS × 9 ×
exp [jk(r1 + r2)]

r1r2
dxdy, (1)

where the calculated intensity |ERx|2 = PRx(4π/λ2) is
related to the effective power received at Rx, r1/2 = |r⃗1/2|
is the distance Tx-Q/Q-Rx, k = 2π/λ is the medium
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FIGURE 3. (a) Equivalence of scattered scalar fields in the ‘image space’
between reflective and transmissive cases; blue cone represents the
illuminated aperture contributing to diffraction at point Rx. (b) Schematic
configuration for Fresnel-Kirchhoff diffraction (FKD) in 2D.
Arbitrarily-oriented same-polarization Tx and Rx antennas in far-field
with known emitted field at Tx and computed received field at Rx by
sweeping auxiliary point Q across the aperture; a flat transmissive
metasurface occupies the aperture in the xy plane, which modifies the
amplitude and phase of the wavefront.

wavenumber, the constant |FTx|2 = PTx/4π is the effec-
tive isotropic radiated power (EIRP) of Tx, G and φ are
the gains and phases of the Tx/Rx antenna patterns, 0MS is
the complex-valued transmission (mirrored reflection) coef-
ficient, and 9 ∈ [0, 1] is the ‘‘obliquity factor’’ defined by
the angles between the unit vectors

9 = −
1
2
n̂ ·

(
r̂1 + r̂2

)
=

1
2

(
cos θ1 + cos θ2

)
, (2)

where n̂ is the outward-pointing unit vector of themetasurface
and r̂m = r⃗m/rm, m = {1, 2}; the maximum value of 9 → 1
is attained for θ1/2 → 0, i.e., at normal incidence.

We stress that the values of all parameters in Eq. (1) (with
the exception1 of FTx) depend on the position of the auxiliary
point Q(x, y) on the metasurface aperture and on the direction
vectors r⃗1/2, i.e., on the incident and scattered ‘‘ray’’ angles,
θ1/2, defined by the triplet Tx, Rx, and Q, which represent
points defined in 3D space. Therein lies the usefulness of
this PO model to study the mobility effect, i.e., position-
ing and pointing accuracy, in wireless channels enabled by
UAV-mounted metasurface, especially in the near-field zone.

Special note must be given to the complex-valued 0MS =

0MS(x, y; λ, θ1), in order to highlight the metamaterial’s
(i) spatial configuration and locality, i.e., the unit cell con-
figuration at the given Q(x, y) point, and (ii) frequency and
angular dispersion. In this work, 0MS is the ‘‘transparency
function’’ of the aperture, defined at the beginning of this

1The FKD formula is derived for illumination from a point-source of
power proportional to |FTx|2, producing a spherical wavefront.

section; for passive metasurfaces |0MS| ≤ 1 and for effi-
cient absorption, |0MS| → 0. Finally, do note that 0MS
is also a function of polarization, which is omitted in the
presently studied scalar case, assuming that Tx/Rx antennas
are co-polarized and with a relative orientation to the meta-
surface so that cross-polarized scattering is negligible.

B. PATH LOSS MODEL BASED ON SCALAR
FRESNEL-KIRCHHOFF DIFFRACTION
Using optics terminology, the setup depicted in Fig. 3 is a
point-object/point-image formation. Using wireless propaga-
tion terminology, Eq. (1) enables the calculation of the path
loss between far-field Tx (object) and Rx (image) antennas,
after scattering from a metasurface in free-space, which is
equivalent to a lens in an opaque aperture, i.e.,

LFKD =
PRx
PTx

=

(
λ

4π

)2

×

∣∣∣∣ERxFTx

∣∣∣∣2. (3)

The received field ERx is measured in V/m or
√
W/m, while

the transmitted field FTx is measured in V or
√
W. The

calculation is outlined in Algorithm 1.
It can be shown that the path loss using the FKD formula,

described in Eq. (3), reduces to the standard radar equation
[31] when the metasurface aperture diameter is small com-
pared to the distances r1,2 ≫

√
AMS ≫ λ. In this case,

all parameters in the integrand of Eq. (1) can be assumed
as lumped constants so that, using Eq. (3) for the path loss,
we derive

LRadar =
PRx
PTx

= GTxGRx
σ

4π

(
λ

4πr1r2

)2

, (4)

where σ is the bistatic radar cross section (RCS) of the
scatterer, e.g., σ = 4π (AMS/λ)2×|0̃MS9̃|

2. The tilde in these
expressions denotes an effective value, i.e., a spatial weight-
ing across the metasurface. Employing the stationary-phase
approximation is crucial in this spatial weighting, which
involves finite integral of a complex function with a rapidly
oscillating phase term, e.g., the Type-1 and 2 integrals in
Section III-B in [30]; for quasi-uniformly configured aper-
tures, ||∇0MS|| ≪ 1, the integral is equal to a simple average
of 0MS of the cells. For instance, in the case of a flat rectan-
gular PEC plate at normal incidence, we get |0̃MS| = |9̃| =

1 and AMS = W × H . Note that the same qualitative result
as in Eq. (4), bearing the product of squared distance in the
denominator, has been found in related works [5], [9], [13],
[38], which verifies the generality of this methodology even
further.

Finally, the Friis transmission equation can be extracted
from the radar equation invoking the method of images [31]:
By folding the optical axis in the half-distance between the
Tx/Rx antennas, so that they are co-located, we assume a PEC
sphere enclosing them at its center. This sphere is equivalent
to the scatterer of the radar equation so that its RCS is equal
to its (inner) surface, i.e., σ = 4πρ2, where ρ = d/2 =

r1 = r2 is the half-distance between the Tx-Rx antennas in
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Algorithm 1 Path Loss via FKD Formula

3D space: Define Cartesian coordinate system xyz;
Metasurface geometry: Discretize metasurface
aperture in NQ domains identified by index q and
having infinitesimal area dsq;
Parameters: Set wavelength λ;
Metasurface EM configuration: Define metasurface
configuration on each q-domain via complex
reflection coefficient 0MS,q depending on λ and
incidence direction;
Tx/Rx antennas: Define positions and 3D radiation
patterns (depends on λ); define Tx amplitude FTx;
Initialize: Total received field ERx = 0, q = 1;
while q ≤ NQ do

Assign point Q as the centroid of q-domain;
Compute vectors r⃗1/2 from points {Q,Tx,Rx} in
3D space;
Compute obliquity factor 9 using Eq. (2) from
unit vectors r̂1/2 and n̂;
Compute incidence angle θ1 from r̂1 and n̂;
Compute 0MS from Q, λ and θ1;
Compute the gain and phase, GTx/Rx and φTx/Rx
from r̂1/2 and Tx/Rx antenna patterns;
Assign B as the integrand of Eq. (1);
Compute E-field at Rx from scatterer at Q
illuminated by source at Tx:
Eq = FTx/(jλ) × B× dsq;
Add to total field ERx = ERx + Eq;
Increase q = q+ 1;

end
Result: Total ERx (complex scalar);
Compute path loss from Eq. (3).

free-space. Inserting these in Eq. (4) we get

LFriis =
PRx
PTx

= GTxGRx

(
λ

4πd

)2

. (5)

In Eq. (4) the antenna gains are assumed along the direc-
tion of the ‘‘cardinal ray’’ connecting Tx/Rx to the effective
centroid of the scatterer, e.g., the black arrow(s) connecting
Tx/Rx points in Fig. 3(a); for Eq. (5) the gains are along the
direct ray connecting Tx/Rx.

C. EXTENSIONS OF PHYSICAL OPTICS MODELING
Excluding the overarching scalar approximation in Eq. (1),
the practical limitation is that kr1/2 ≫ 1. Despite its sim-
plicity, the FKD formula provides excellent agreement with
measurements up to a moderate obliquity, 9 > 0.5; this
agreement is fair up to the radiative near field zone, r1/2 ≈ λ,
with inclusion of 1 + (1/jkr) factors in the integrand, that
were simplified under the kr1/2 ≫ 1 condition [33]. It should
be pointed out this formula makes no assumptions on the
shape of the aperture meaning that it can handle non-planar
surfaces, e.g., arced or conformally curved metasurfaces;

the only limitation is that only regions of the metasurface
(e.g., regions q in Algorithm 1) that are in line-of-sight of
both Tx and Rx are considered. The RSD formula is a more
rigorously derived version of the HKIT, but is applicable only
for flat surfaces, whereas the FKD applies to any shape and
offers comparable results.

Next, we will outline how the basic concept of the FKD
theory can be extended to different scenarios, relevant to
wireless communications, RF imaging, and holography.

1) FROM 2D SCALAR TO 3D VECTOR FORMULATION
It should be highlighted that computations with Eq. (1) can
be performed in 3D using the same variables, under the
scalar approximation. The various 2D angles and dimensions
defined in Fig. 3(b), e.g., θ1/2, served only for clarity.
Furthermore, extending the scalar FKD formula to its vec-

tor counterpart means that the polarization of the antennas
and the anisotropy in the metasurface response, i.e., in 0MS,
must be properly accounted for. To this end, the vector ver-
sion of Green’s theorem or dyadic Green’s functions can
be employed for the derivation, leading to the well-known
Stratton-Chu and Franz formulas [36]. Even though the math-
ematical expressions and the underpinning 3D vector algebra
can be daunting, it is worth pointing out that the resulting
vector expressions bear remarkable resemblance to the scalar
FKD formula of Eq. (1). For instance, the corresponding
Eq. (21) in [30], except from the antenna-coupling (first
term), includes a surface-integration across the metasurface
aperture with a complex valued integrandwhereinwe identify
the same parameters: the distances dTx/Rx ≡ r1/2 in the
phase-term and as a product in the amplitude denominator,
the complex reflection coefficient 0ref ≡ 0MS, the gains,
and even the same expression for the obliquity factor, i.e,
the last term in Eq. (23) in [30]. The core difference is the
inclusion of polarization of the Tx/Rx antennas via the factor
�ref, which tends to unity for co-polarized antennas, low
cross-polarization reflection from the metasurface, and low
obliquity (‘electrically small’ regime).

2) FROM CONTINUOUS TO DISCRETIZED APERTURES
In the case of a metasurface aperture discretized in a set of
finite-sized regions, e.g., in a grid of subwavelength-sized
unit cells, as in the right-hand inset in Fig. 3(b), the surface
integral of Eq. (1) reduces to a summation over the individual
unit cells, i.e.,∫∫

Q@MS
U (x, y) dxdy ≈

Nq∑
q=1

U (xq, yq)dsq, (6)

where U is the complex integrand and q is the index of the
cell whose aperture is centered at (xq, yq) and whose area
is dsq ≪ λ2; the cells are usually square and arranged in a
square grid in the xy-plane. Note that here lies an approxima-
tion introduced via PO, stating that the continuous function
U (x, y) in the integrand, that is ‘sampled’ to U (xq, yq), is an
effective surface-averaged quantity related to the local unit
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cell properties, i.e., to the value of 0MS(xq, yq), through a
homogenization procedure [4].

3) MOVING RX AND/OR TX ANTENNAS TO THE FAR-FIELD
In the present form of the FKD formula, Eq. (1), it is assumed
that both Tx and Rx antennas are at finite distances r1/2 which
is equivalent to assuming spherical wavefronts emitted from
Tx and received by Rx. Moreover, in most passive metasur-
face configurations, reciprocity can be invoked to swapTx/Rx
antennas, without change to the response.

Now, the FKD formula can also be used to compute the
far-field scattering pattern E(θ, ϕ) [29] and extract informa-
tion like lobe and null directions, beamwidth, side-lobe level,
etc. Therefore, Eq. (1) is used assuming that the Rx antenna is
moved to the far-field, i.e., r2 → ∞ (so that only its direction
matters), and normalizing the integrand by

√
GRxejφRx/r2.

In a similar modification, moving the Tx antenna to the
far-field, r1 → ∞, is equivalent to having a plane-wave
illuminating the metasurface from a given direction angle
pair (θ, ϕ).

4) SPOT DIAGRAMS AND HOLOGRAPHY
The FKD formula can be directly used for the computation
of the scattered electric near field, i.e., at distance r2 ≥ λ,
with reasonable accuracy. For instance, by scanning the Rx
point across a plane normal to the z-axis at z = z0 one
can evaluate the spot diagram ERx(x, y, z0). This is helpful
for focusing metasurface configurations, e.g., when a plane
wavefront is focused on the aperture of a horn antenna, or for
holographic applications, e.g., when the ‘wavefield’ scattered
from a meta-hologram (phase- and/or amplitude-encoded
metasurface) coherently diffracts in 3D space reconstructing
the ‘object’ stored in the hologram [39].

5) GENERALIZATION AND EQUIVALENCE TO HFP
From what we presented so far, the illumination is from a
point source resulting in a spherical or plane wavefront, for
finite or infinite r1, respectively. In a further extension of
the FKD formula, the illuminating source can be an arbitrary
wavefront (non-spherical) provided that its complex value is
properly defined on the metasurface aperture. In this case,
the spherical wave FTxejk0r1/r1 and the Tx antenna pattern
in Eq. (1) are replaced by Einc(x, y) in its integrand. It can
now be inferred that this is equivalent to the HFP (which can
be derived by the first RSD formula for a flat aperture [33])
that computes the field anywhere in image space as an inter-
ference of spherical ‘wavelets’ scattered from all points in the
aperture. Each one of these wavelets is equal to the local inci-
dent field weighted with the local effective complex-valued
reflection coefficient, i.e., Escat(x, y) = 0MS(x, y)Einc(x, y),
thus it stands that

ERx =
1
jλ

∫∫
Q@MS

Escat
ejk0r2

r2
cos θ2 dxdy, (7)

where an isotropic receiver has been assumed,
√
GRxejφRx =

1, and the obliquity factor 9 depends only on the scattered
angle θ2, according to the first RSD formula.

When using the HFP in the form of Eq. (7), i.e., for an
arbitrarily-shaped incident wavefront, attention must be paid
to the Einc(x, y) definition. When the impinging monochro-
matic wavefront has a sufficiently high degree of spatial
coherence (large local curvature radii), e.g., in the case of
plane waves or point sources at r1 ≫ λ, the wavefront can be
simplified to a set of geometric rays impinging on the surface.
In contrary, when the wavefront is spatially incoherent, any
interference just before the metasurface is crucial in a way
that challenges the validity of the underpinning approxima-
tions, i.e., scalar fields, subwavelength sampling to form the
equivalent transparency function 0MS(x, y), etc.

D. FULL-WAVE SIMULATION OF ABSORBING
METASURFACE UNIT CELL
In this work, given the approximations already introduced
by the scalar nature of the FKD theory and the absorp-
tive response of the metasurface, we will directly link
the effective/surface-averaged local reflection coefficient
in the centroid of each unit cell 0MS(xq, yq) to its value in
the infinite periodicity case, given by Floquet theory. Note
that the (imperfectly) absorbing metasurface studied here is
less demanding compared to an anomalous reflector in this
regard, as the low magnitude of the reflection coefficient is
of importance, and not its phase.

We simulate the absorbing unit cell, as shown in Fig. 2,
using CST Microwave Studio with their nominal RC values
as in [28], for both polarizations, and for a range of oblique
incidence directions in the two principal planes of the cell
(u and v) that are perpendicular to its surface. In a regular
desktop computer, e.g., an Intel i5-10400 CPU with 16 GB
RAM, the broadband sweep simulations for one combination
of geometric parameters of the unit-cell and for one incidence
direction (θ, ϕ)inc, conclude in a few minutes; note that the
RC loads are incorporated using S-parameter lumped ports
as described in [2], so that parametrically sweeping them
does not incur any extra delay. The results are depicted in
Fig. 4, where we witness the opposite behavior of TE and
TM polarizations with respect to oblique angle for this par-
ticular cell topology, with through-vias: for TE polarization
we have a change in the Q-factor of the resonance but the
frequency is unchanged, whereas the opposite holds for TM
(frequency changes with oblique angle, but Q-factor is rela-
tively unchanged). This observation holds for both absorption
resonances, near 4.7 and 5.3 GHz. Another interesting feature
is that the 4.7 GHz resonance leads to perfect absorption
(|STE| < −30 dB) not at normal incidence, but at an angle
θinc ≈ 20-25◦.

Most importantly, from Fig. 2 we evaluate the absorp-
tion ‘angular spectrum’ around normal incidence and con-
clude that, for both polarizations, the reflection magnitude
is −15 dB (or less) for up to θinc ≤ 30◦. This means that
our scalar/isotropic FKD model is valid up to that angle;
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FIGURE 4. Full-wave simulated reflection spectra of the absorbing unit cell for various oblique incidence angles and both
polarizations. The two lumped-load pairs, RCu and RCv in Fig. 2, produce absorption resonances near 5.3 and 4.7 GHz,
respectively. Spectra of (a) TE magnitude, (b) TM magnitude, (c) TE phase, (d) TM phase.

accounting for the vector nature of the fields (and polariza-
tion) might improve the accuracy of the path loss prediction,
but the difference will only be significant for Rx in the
radiative near field zone, where θinc is large.

The reflection from the copper-clad regions is 0MS =

−1 and the reflection from the exposed metal-backed
dielectric regions can be computed by transmission line
models [37]; it is an almost unitary reflection magnitude,
|0MS| → 1 with a phase-shift that depends on frequency,
incidence angle, polarization, and dielectric (thickness and
permittivity).

IV. EXPERIMENTAL SETUP, MODEL ANALYSIS,
MEASURED RESULTS, DISCUSSION
In this section, we first describe the considered experi-
mental setup, consisting of the monostatic scattering off a
moving/UAV-mounted absorbing metasurface. Then, we per-
form a parameter sensitivity analysis of the setup using the
FKD formula for the path loss between Tx/Rx antennas.
Finally, we perform anechoic chamber path loss measure-
ments and analyze/evaluate the results acquired.

A. EXPERIMENTAL SETUP DESCRIPTION
One intended application of UAV-mounted absorbing meta-
surfaces is as a notch filter aimed to cancel out back-reflection
from a malicious Tx, as shown in Fig. 1. An abstracted
schematic of the experimental setup used to quantify this
functionality is depicted in Fig. 5(a) and photographs of
the manually flown UAV-mounted absorbing metasurface are
depicted in Figs. 5(b) and 5(c). The setup in Fig. 5(a) is
the 3D ‘real-world’ version of the 2D abstracted setup of

Fig. 3 that was meant to introduce the variables and the
FKD formula; note that refraction is now swapped back to
reflection, as shown in the left panel of Fig. 3(a).

In our experimental setup, the two antennas are positioned
side by side with their aperture centers situated at points
‘‘Tx’’ and ‘‘Rx’’ in a plane perpendicular to the z-axis and
facing the metasurface at directions α̂Tx/Rx, respectively,
in this case approximately parallel to +ẑ. The coordinate
system’s center, denoted as ‘‘O’’, is located at the midpoint
between the antenna apertures. The metasurface is positioned
at a distance rz along the z-axis from point ‘‘O’’, with its
absorbing aperture facing the antennas in the −ẑ direction.
This configuration aims to maximize the path loss from the
Tx to the Rx antenna by leveraging absorption within the
metasurface. It is important to note that due to the dispersion
characteristics of the absorbing metasurface, as depicted in
Fig. 4, high path loss (i.e., high absorption) can only be
achieved at specific frequencies and incidence angles. Con-
trastly, the metasurface behaves as a reflector when operating
off-resonance. Lastly, in our experimental setup, we assume
that the UAV’s back-scattering is negligibly low compared to
that of the metasurface aperture, even in a high absorption
regime of 15 dB. This assumption is supported by measure-
ments indicating an RCS signature σUAV < 0.1 m2 at 5 GHz,
significantly lower than the maximum RCS of 16 m2 for a
perfect electric conductor (PEC) plate of the same aperture
size as our metasurface. The board weight is less than 1 kg.

B. MOBILITY ANALYSIS
The path loss model based on the FKD formula, described
in Eqs. (1) and (3), can be applied to the setup depicted in

79786 VOLUME 11, 2023



A. Pitilakis et al.: On the Mobility Effect in UAV-Mounted Absorbing Metasurfaces

FIGURE 5. (a) Abstracted bird’s eye view/schematic of the measurement setup for path loss from back-scattering on a flat metasurface: Two static
horns are pointed to the reference position of the metasurface; the metasurface is attached to the UAV and its xyz-position and α̂MS orientation can
change. The top-left and bottom-right insets depict the top-view and side-view of the setup, respectively, to clarify the metasurface orientation
changes. (b),(c) Photographs of the UAV-mounted metasurface in flight in the anechoic chamber. In (b) the board is forward tilted, i.e., rotated by
−20◦ deg around x̂ axis, and in (c) the distance from the antennas’ plane is rz ∼ 1 m.

Fig. 5(a). In this 3D configuration, the magenta point labeled
Q is scanned across the discrete set of unit cells, which in
our implementation are the rectangles in Fig. 2(c). Under
the superposition principle, we can compute how the overall
board coherently scatters the spherical wavefront from the Tx
antenna, by summing the scattered E-field by all the regions
(absorbing cells or copper/exposed dielectric areas) on the
location of the Rx antenna; this provides the path loss of the
channel.

To assess the impact of UAV mobility on the channel path
loss, we conduct a sensitivity analysis utilizing the FKD
model, which grants control over the positioning and orien-
tation parameters of the experimental setup. The findings of
this analysis are depicted in Fig. 6. Further discussion on each
individual parameter is provided below.

In Figs. 6(a) and 6(b), we evaluate the path loss as the
distance rz between the upright metasurface and antennas
plane is increased from the limit of the radiative near field
zone, panel (a), up to the deep far-field zone, i.e., rz = 100 m,
panel (b); in all cases, both antennas were pointed to the
centroid of the metasurface aperture. From the three curves
we observe that rigorously discretizing the full aperture of the
board and employing the FKD formula provides a different
estimation from a simple averaging of its reflection (radar
equation). Specifically, we see that even though the absorb-
ing cells each contribute to approximately 20 dB absorption
(Fig. 4) the final path loss compared to a same-aperture
reference PEC plate is only 6.5 dB lower. As discussed in
Section II-B, this is attributed to the borders of the meta-
surface board which are fully reflecting with a phase that
depends on the material, i.e., if the region has copper cladding
or exposed metal-backed dielectric. It should also be noted
that the radar equation, which is described in Eq. (4) and

assumes a surface-averaged/weighted reflectivity from all the
board, produces a 3.5 dBmore optimistic path loss prediction.
Its prediction can be corrected by applying a stationary-phase
technique for the spatial weighting [30], which however is
technically equivalent to using the FKD. Finally, we stress
that it is crucial to accurately compute the relative phase of
each individual scatterer, including the absorbing unit cells,
copper, or exposed dielectric areas on the board, otherwise an
up to 4 dB error in the path loss can be introduced, as exem-
plified by the discrepancy observed in the radar equation.

In Fig. 6(c), we study the effect of UAV movement in the
plane transverse to the z-axis, i.e., as the UAVflies over/under
or to the left/right of the point where the Tx/Rx antennas
are targeted. We choose the same scenario as the one to be
performed in the anechoic chamber, i.e., the UAV flying at a
distance of only 1 m from the antennas plane; the metasurface
is upright and results are normalized to the 33 dB path loss
from the optimal alignment in Fig. 6(a). From the contour
lines in Fig. 6(c), which are at 1 dB intervals, it can be
observed that this absorbing metasurface has a 3 dB pointing-
tolerance of 1θ ≈ 15◦. Note that this chart is practically
independent of distance rz, meaning that similarly small
transverse displacements due to UAV fluctuations, i.e., of a
few tens of cm, will lead to negligible extra losses in longer
distances compared to the ones considered here.

In Fig. 6(d), we investigate the effect of tilting of the meta-
surface around the x-axis (forward/backward) and/or around
the y-axis (sideways), whereas rotation around the z-axis
was not considered, since it can be modeled with co/cross-
polarized reflection from the metasurface (angle between the
local uv axes of the metasurface board with respect to the xy
axes of the global coordinate system). Note that the metasur-
face titling is with respect to the global coordinate system and
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FIGURE 6. FKD formula-computed path loss at 5.3 GHz for the setup depicted in Fig. 5, accounting for metasurface position and orientation changes.
Path loss vs. distance in the (a) near-field and (b) far-field zone, for accurate Tx/Rx-metasurface targeting, 1θxy = 0, and ideal metasurface
orientation, ωxy = 0. Extra loss when (c) only a lateral space-shift 1θxy or (d) only a rotation ωxy is applied to the metasurface, with reference to
∼ 33 dB path loss at rz = 1 m.

FIGURE 7. Top row, path loss measurements acquired during UAV flight; bottom row, corresponding histograms. Measurement on
(a,d) 4.7 GHz and (b,e) 5.3 GHz absorption resonances, with antennas polarized along the long and short side of the metasurface
board, respectively. (c,f) Off-resonance measurement, where the board is reflective.

each tilting, i.e., each point in Fig. 6(d), is assumed constant
during the flight; however, in a real-world scenario, mechan-
ical servo-motors mounted on the UAV could change the
forward/backward tilt of the metasurface also during flight
(sideways tilt is equivalent to the yaw of the UAV). From
the results in Fig. 6(d), where contour lines are at 0.5 dB
intervals, we observe that these absorbingmetasurface boards
have a very high 3 dB rotation-tolerance in excess of 40◦.

The reason for this is that, even though the cells absorb less at
such highly-oblique incidence angles (refer to oblique spectra
in Fig. 4), the obliqueness itself means that very little power
is back-scattered to the Rx antenna in this monostatic setup.

C. EXPERIMENTAL RESULTS AND DISCUSSION
The anechoic chamber measurement setup corresponding to
the schematic of Fig. 5(a) consisted of two static pyramidal
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horn antennas (ATM nominal 10 dB gain at 3.95−5.85 GHz,
model #187-440-6) pointed at a distance of rz = 1 m perpen-
dicular to the plane defined from their apertures, where the
metasurface should be placed; in a realistic PWE scenario,
this could be the location indicated by the UAV orcherstrator.
The path loss is measured by the |S21| scattering parame-
ter recorded via a vector network analyzer (VNA, Anritsu
37397D) in CW mode.

The metasurface board was mounted on the UAV at an
approximately vertical/upright orientation, as in Fig. 5(c).
Subsequently, the UAVwas manually flown as close as possi-
ble to the point where the antennas were targeted, (x, y, z) =

(0, 0, rz) and we measured the mobility-induced fluctuations
of the path loss. The measured time-series for three config-
urations are depicted in Figs. 7(a), 7(b), and 7(c). The first
two configurations, Figs. 7(a) and 7(b), correspond to the
resonances at the two frequencies identified in [28] and also
simulated in Fig. 4, i.e., near 4.7 and 5.3 GHz, when the horns
are polarized along the û and v̂ directions, respectively, with
reference to Fig. 2. The third configuration in Fig. 7(c) corre-
sponds to an off-resonance frequency where the metasurface
board behaves as a near-perfect reflector.

From the histograms extracted from these measurements,
illustrated in Figs. 7(d), 7(e), and 7(f), we retrieve a median
path loss value of −36.5 dB almost identical for the setups in
Figs. 7(a) and 7(b), and −29 dB for the reference reflector
setup in Fig. 7(c). There results are in line with the FKD
formula predictions for rz = 1.2 m, which are −35.5 and
−29 dB, respectively. Note that this distance is longer than
the target UAV-hover position of rz = 1 m; the agree-
ment between model and measurement would be satisfied for
a 5-10 dB deeper resonance in Fig. 4. The standard deviations
extracted from the histograms, approximately ±5 dB in all
three cases, are in line with the FKD model predictions for
the deviations of the manually-flown UAV (approximately
|δrz| < 0.3 m, 1θ < 20◦, and ω < 10◦) with reference
to Fig. 6.

An interesting feature arising from all measurements
is the asymmetry in the measured path loss distribu-
tion, with ‘tails’ trailing towards lower Lmeas in all cases,
i.e., in Figs. 7(d), 7(e), and 7(f). This feature can be
attributed to two reasons: Firstly, the manually-flown UAV
was instinctively moved farther from the antennas to avoid
damage, secondly, the static measurements we performed
indicated that this absorbing metasurface was characterized
by sharp and deep absorption resonances not expected from
the unit cell level simulations, as observed in Fig. 4(a) and
Fig. 4(b). This latter feature, observed also in the static
metasurface setup, means that a 1-2◦ change in the inci-
dence direction could lead to changes of over 10 dB to
measured |S21|. This behavior, also witnessed in [28], is rel-
evant only for near field measurements and is most likely
related to the metasurface physics in this particular topology,
e.g., backplane-penetrating through vias, and more generally
to evanescent coupling between adjacent cells and to the finite
extent of the metasurface.

V. CONCLUSION
This paper focused on the theoretical modeling and exper-
imental evaluation of UAV-mounted metasurface absorbers
for wireless communication applications. The study utilized
PO to develop a path loss model, incorporating the deriva-
tion of a transparency function to establish the connection
between the incident and scattered fields. By leveraging the
capabilities of PO, the diffraction phenomena in abstractly
profiled metasurfaces were successfully modeled, providing
valuable insights into their functionality and performance.
Emphasis was given to mobility effects, by properly incor-
porating in our model the relative positioning and orientation
of Tx/Rx antennas and metasurface aperture. The experimen-
tal measurements conducted using a state-of-the-art static
absorbing metasurface and a commercial UAV validated
the theoretical model, demonstrating excellent agreement
between theory and experiment. Finally, our work also
highlighted the importance of considering factors such as
pointing accuracy, misalignment, and UAV flying stability in
metasurface-assisted wireless communication scenarios.
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