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Abstract— A new class of Multi-Rotor Aerial Vehicles
(MRAVs), known as omnidirectional MRAVs (o-MRAVs), has
gained attention for their ability to independently control
3D position and orientation. This capability enhances robust
planning and control in aerial communication networks, en-
abling more adaptive trajectory planning and precise antenna
alignment without additional mechanical components. These
features are particularly valuable in uncertain environments,
where disturbances such as wind and interference affect com-
munication stability. This paper examines o-MRAVs in the
context of robust aerial network planning, comparing them
with the more common under-actuated MRAVs (u-MRAVs).
Key applications, including physical layer security, optical
communications, and network densification, are highlighted,
demonstrating the potential of o-MRAVs to improve reliability
and efficiency in dynamic communication scenarios.

FULL-VERSION

The full-version of this paper is available at https:
//ieeexplore.ieee.org/document/10829762.
To reference, see [1].

I. INTRODUCTION

The integration of Multi-Rotor Aerial Vehicles (MRAVs)
into wireless networks has gained significant attention due
to their agility, rapid deployment capabilities, and ability
to establish line-of-sight communication. However, most
Unmanned Aerial Vehicles (UAVs) used in communication
systems are under-actuated MRAVs (u-MRAVs), which lack
independent control over their 3D position and orientation.
This limitation poses challenges in maintaining precise an-
tenna alignment, especially for high-frequency technologies
like millimeter-wave and terahertz communications, which
require accurate beam alignment.

To overcome these challenges, omnidirectional MRAVs
(o-MRAVs) have been introduced. Unlike traditional
u-MRAVs, o-MRAVs can control both their position and ori-
entation independently, enabling enhanced communication-
aware trajectory planning and more reliable network perfor-
mance. This capability is particularly advantageous for ap-
plications such as physical layer security, Free-Space Optical
(FSO) communications, and interference mitigation. Despite
their advantages, o-MRAVs introduce additional complexity
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in terms of design, control strategies, and energy efficiency,
which must be addressed for their practical deployment in
real-world scenarios.

This paper explores the potential of o-MRAVs in enhanc-
ing aerial communication robustness in dynamic environ-
ments. It presents their unique capabilities compared to tra-
ditional UAVs and discusses the challenges and opportunities
associated with their integration into modern communication
networks.

II. SYSTEM MODEL AND CONTROL CAPABILITIES

o-MRAVs introduce a novel control paradigm in MRAV-
enabled communication networks. Unlike u-MRAVs, which
couple position and orientation, o-MRAVs possess full ac-
tuation, allowing independent 3D position and orientation
control. This capability enables robust motion planning
and precise antenna alignment, crucial for high-frequency
wireless communication technologies such as mmWave and
terahertz bands.

The actuation design of o-MRAVs relies on advanced
tilting and bidirectional propeller mechanisms, enabling pre-
cise adjustments to compensate for disturbances. In contrast
to u-MRAVs, which require movement to adjust antenna
direction, o-MRAVs can maintain optimal alignment without
altering their trajectory, ensuring consistent communication
quality. These control advantages are particularly significant
in scenarios requiring low-latency, high-reliability links, such
as aerial base stations and disaster recovery networks.

III. AERIAL COMMUNICATION APPLICATIONS

The unique control characteristics of o-MRAVs open new
avenues for robust planning and optimization in wireless
networks, enabling advancements in areas such as physical
layer security, free-space optical communications, and net-
work densification. These capabilities enhance communica-
tion reliability, interference mitigation, and adaptive network
deployment, making o-MRAVs a valuable asset in dynamic
and uncertain environments.

Physical Layer Security and Anti-Jamming. Wireless net-
work security is highly dependent on the radiation patterns
of the antennas used by the legitimate nodes. Traditional
physical layer security relies on multi-antenna systems to
implement beamforming for interference suppression and im-
prove secrecy of the communications. In contrast, o-MRAVs
can physically reorient their onboard antennas to direct
the nulls of the radiation patterns towards malicious nodes
to neutralize them while maximizing the communications
quality experienced by the legitimate users. This mechanical
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the particularity that they can either stay still in the air by
hovering, or move towards any desired destination, as long
as their dynamics constraints are not violated. In order to
move, the quad-rotor needs to tilt; its direction of movement
(p), velocity (v) and acceleration (a) depend on its Euler
angles [17]: roll (ϕ), pitch (ϑ) and yaw (ψ).

We consider a discrete-time dynamic model for the quad-
rotor; let Ts ∈ R≥0 and T ∈ R≥0 denote the UAV
sampling period and trajectory time, respectively, and let
t = [0, Ts, . . . , NTs]

> ∈ RN+1, with kt = kTs, k ∈ N≥0,
and NTs = T . We also define the state x and control u
sequences as kx = [kp(1), kv(1), kp(2), kv(2), kp(3), kv(3)]>

and ku = [ka(1), ka(2), ka(3)]>, where kp(j), kv(j), and ka(j),
with j = {1, 2, 3}, represent the vehicle’s position, velocity,
and acceleration at time instant k along the j-axis of the
inertial frame OW , respectively.

In [18], the authors present motion primitives to design
trajectories that satisfy the UAV’s dynamic constraints. This
method allows to generate feasible quad-rotor motion primi-
tives. This method provide the following splines that we will
use to account for the dynamics of the quad-rotor UAV:


k+1p(j)

k+1v(j)

k+1a(j)


 =




α
120

kt5 + β
24

kt4 + γ
6
kt3 + ka(j) kt2 + kv(j) kt + kp(j)

α
24

kt4 + β
6
kt3 + γ

2
kt2 + ka(j) kt + kv(j)

α
6
kt3 + β

2
kt2 + γ kt + ka(j)


 ,

(1)
where α, β and γ are design parameters that determine the
behaviour at the start and end points [18, Appx. A].

B. Communications System
The communications system consists of two communica-

tions links: UAV-2 →UAV-1 and UAV-1 →BS. Both UAVs
are equipped with a single antenna; we arbitrarily choose the
half-wave dipole1, but the proposed method apply to other
types of antennas. The q-th UAV antenna is located at its center
of mass pq , and is aligned to its zBq axis, see Fig. 1. The gain
experienced by the wave transmitted by the q-th UAV’s is [19]:

Gq(ϑ) =
D cos(cos(ϑ)π/2)

sin(ϑ)
, q = {1, 2}, (2)

where D is the half-wave dipole’s directivity (≈ 1.64), ϑ is
the Angle of Departure (AoD) of the radiated wave measured
w.r.t. the antenna’s axis zBq

. Note that (2) also describes
the gain experienced by the received wave, in which case ϑ
becomes the Angle of Arrival (AoA).

To highlight the effect of the coupling between the UAVs’
tilt and its antenna orientation, we perform the following
simplifications: we assume Line of Sight (LoS) for both
communications links, we neglect small-scale fading, and we
assume that the BS tracks UAV-1 using beamforming. Then,
we model the communications channels by using the free
space model and including the effect of the antennas’ radiation
pattern. Thus, the UAV-2→UAV-1 channel is modeled as:

r1 =

(
G2(ϑD2,1)G1(ϑA2,1)

‖p2 − p1‖

)
s2 + n1, (3)

1Half-wave dipole is a common type of antenna.
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Fig. 1: Multi-rotor UAV-1 as a communications relay between
the multi-rotor UAV-2 and the BS.

where r1 and s2 are the signals received and transmitted by
the UAV-1 and UAV-2, respectively; n1 is the zero-mean
complex Additive White Gaussian Noise (AWGN) with power
σ2
1 generated at the UAV-1’s receiver; ϑD2,1 and ϑA2,1 are

the AoD and AoA measured w.r.t. the axes zB2
and zB1

,
respectively. Using simple geometry, we have that:

ϑD2,1 = arctan


 h

(3)
2,1√

(h
(1)
2,1)2 + (h

(2)
2,1)2


− π

2
, (4)

ϑA2,1 = arctan


 h

(3)
1,2√

(h
(1)
1,2)2 + (h

(2)
1,2)2


− π

2
, (5)

where h(r)w,q is the r-element of the vector WRBq
(pw − pq)

with WRBq
the rotation matrix from the global (OW ) to the

q-th UAV coordinate system [17]. The UAV-1 →BS channel
is obtained by performing the following changes on the UAV-
2 →UAV-1 channel equations: (i) exchanging the subindexes
as follows 2 → 1 and 1 → 0; (ii) setting G0(ϑA1,0) = DB

for all ϑA1,0 (to model the beamforming implemented by
the BS) where DB is the directivity of the main beam tracking
the UAV-1. Finally, we denote ξ2,1 and ξ1,0 the SNRs of
the UAV-2→UAV-1 and UAV-1→BS channels, respectively.

III. PROBLEM STATEMENT & SOLUTION

While UAV-2 follows a trajectory T2 it must transmit data
to the BS. To improve the communications and extend UAV-
2’s range of action, another UAV (i.e., UAV-1) acting as a
relay is integrated to the system. We assume that UAV-2
communicates only with UAV-1 which simultaneously relays2

the data to the BS located at p0. The end-to-end channel
capacity of this system corresponds to the capacity of the
channel having the poorest SNR. Now, given T2, we want
to optimize the predetermined UAV-1 trajectory so as to
maximize the number of bits transmitted from UAV-2 to

2This can be achieved by using Frequency-Division Duplexing (FDD).

Fig. 1: Schematic of the communication relay scenario.

manipulation of the antenna radiation pattern orientation
enhances secrecy rate and mitigates intentional interference,
improving communication resilience under adversarial con-
ditions.

Free-Space Optical Communications. FSO communication
requires precise laser beam alignment between airborne
nodes. Conventional MRAVs struggle with maintaining sta-
ble optical links due to orientation drift and aerodynamic dis-
turbances. o-MRAVs improve link stability by allowing real-
time orientation control, reducing jitter and ensuring con-
tinuous high-throughput optical connectivity. This capability
is essential for low-latency, high-bandwidth applications in
MRAV-based relay networks.

Network Densification and Capacity Enhancement. In ur-
ban environments, aerial base stations deployed via MRAVs
must optimize coverage while minimizing interference.
o-MRAVs offer fine-grained spatial control, allowing direc-
tional antenna steering for beam shaping and interference
avoidance. This leads to better spectral efficiency in dense
deployments and improves the adaptability of MRAV-based
networks in dynamic conditions.

IV. CASE STUDY: OMNIDIRECTIONAL MRAV RELAY

To illustrate the impact of o-MRAVs in robust commu-
nications, a case study is presented in which an o-MRAV
functions as an aerial relay between a mobile MRAV and
a ground-based Base Station (BS). This scenario highlights
the advantages of independent position and orientation con-
trol in mitigating beam misalignment, improving network
resilience, and ensuring consistent communication quality
under dynamic conditions.

Consider a mobile MRAV (UAV-2) that must transmit
data to a ground BS while executing a mission that requires
significant maneuvering. Due to its mobility constraints the
high directionality of the antennas, maintaining a stable
link to the BS is challenging, especially when operating in
environments where obstacles or long distances introduce
signal degradation. To improve link quality, an omnidirec-
tional MRAV (UAV-1) is introduced as a relay, dynamically
adjusting its position and orientation to optimize signal
transmission between UAV-2 and the BS. The scenario is
schematically represented in Figure 1.

To ensure real-time adaptability, a Nonlinear Model Pre-
dictive Control (NMPC) strategy is designed, integrating

both robotic dynamics and communication constraints into a
predictive control framework. The NMPC problem is formu-
lated as an optimal control problem over a finite horizon N,
solving for the control inputs u that minimize communication
misalignment and ensure stable transmission:

minimize
x̄, ū

N∑

k=0

∥yd,k − yk∥2Q (1a)

s.t. x̄0 = x̄(tk), k = 0, (1b)
x̄k+1 = f(x̄k, ūk), k ∈ {0, N − 1}, (1c)
yk = h(x̄k, ūk), k ∈ {0, N}, (1d)
γ ≤ uk ≤ γ̄, k ∈ {0, N}, (1e)

γ̇ ≤ ūk ≤ ¯̇γ, k ∈ {0, N − 1}, (1f)

g(uk,xk,yd,k, T ) > 0, (1g)

where (1a) is the objective function, (1b) sets the initial state
conditions, (1c) and (1d) express the discretized dynamic
model for the MRAV and the output signals of the system,
respectively, and actuator limits (γ, γ̄, γ̇, ¯̇γ) are embedded
in (1e) and (1f). The constraints (1g) ensure that MRAV-
1 will be aligned to MRAV-2 and the BS while moving. The
variable T refers to communication parameters that need
to be taken into consideration while solving the problem.
Finally, the vectors ūk, x̄k, yd,k, and yk denote the k-
th element of vectors ū, x̄, yd, and y, respectively. The
feasibility and effectiveness of the control strategy have been
demonstrated via closed-loop simulations in MATLAB, as
discussed in [2], but are not reported here due to space
constraints.

V. CHALLENGES AND FUTURE RESEARCH DIRECTIONS

Despite their advantages, several challenges must be ad-
dressed to fully integrate o-MRAVs into robust MRAV-
enabled networks. One major concern is energy efficiency,
as the added control capabilities increase power consump-
tion, requiring optimized flight planning and power-aware
actuation strategies. Another critical challenge lies in com-
putational complexity, since real-time trajectory and orien-
tation optimization demand efficient algorithms capable of
handling nonlinear dynamics and uncertainty propagation.
Additionally, scalability in networked MRAVs remains an
issue, as coordinating multiple o-MRAVs in collaborative
aerial communication introduces difficulties in synchroniza-
tion, interference management, and distributed control. To
overcome these challenges, future research should explore
hybrid approaches that integrate mechanical and electronic
beamforming, machine learning-driven adaptive control, and
multi-agent coordination strategies, ensuring the effective
deployment of o-MRAVs in aerial wireless networks.
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