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Use case 1

Physical Layer Security
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Pose aware MRAVs for Physical Layer Security: Objective

Objective

The focus of this research is to study the performance of f-MRAVs for physical layer security. Our
objective is the joint optimization of both position and orientation to ensure secure communications in the
presence of eavesdroppers [1]

[1] D. Bonilla Licea, et al., “Harnessing the Potential of Omnidirectional Multi-Rotor Aerial Vehicles in Cooperative
Jamming Against Eavesdropping”, IEEE GLOBECOM, pp. 2052–2058, 2024.
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Pose aware MRAVs for Physical Layer Security: System Model (I)

One MRAV (MRAV-I) communicates with a ground node.
A set of N eavesdroppers.
Another MRAV (MRAV-J) that protects the privacy of communication by jamming eavesdroppers in
the region.
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Pose aware MRAVs for Physical Layer Security: System Model (II)

The radiation pattern of the o-MRAV antenna is:

G(γ) = sin2(γ),

where γ is the AoD.

We can formulate the antenna channel gains for the
signals received by the node Si as:

G(γji) = 1−
〈

pSj − pUi

∥pSj
− pUi

∥
,Υ(ηi)

〉2

.

OU

zU

xU

Υ(ηi)

Orientation of the f-MRAV. The null of the antenna
radiation pattern is aligned with Υ(ηi).
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Pose aware MRAVs for Physical Layer Security: System Model (III)

We assume that the air-to-ground channel is mainly influenced by path loss.
The distance between MRAV-i and node Sj is dij ≜ ∥pSj − pUi∥.
The Signal to Interference and Noise Ratio (SINR) at node Sj is:

Γj =
G(γIj)PId

−2
Ij

G(γJj)PJd
−2
Jj + σ2

j

, ∀j ∈ {0, . . . , N},

where Pi is the transmit power of MRAV-i, and σ2
j is the variance of additive white Gaussian noise of

node j.
The secrecy rate is given by

R(Γ) = B

[
log2(1 + Γ0)− max

j∈{1,...,N}
(log2(1 + Γj))

]+
,

where [·]+ = max(0, ·), B represents the allocated bandwidth.

D. Bonilla Licea, G. Silano, H. El Hammouti, M. Saska, M. Ghogho Communications-aware control and regulation ICUAS 2026, Corfu, Greece 7 / 24



Pose aware MRAVs for Physical Layer Security: Problem Formulation

This problem is stated as follows:

maximize
ηd
I ,pUI

,ηd
J ,pUJ

,PI ,PJ

E[R(Γ)]

s.t. z ≤ e⊤3 pUi
≤ z̄,∥∥∥∥[I2 0

]
ηi

∥∥∥∥
∞

≤ π

2
,

0 ≤ Pi ≤ P̄ ,

We tackle the optimization problem in three distinct phases which are executed iteratively: MRAV-I
orientation, MRAV-J orientation, jointly control power and position.
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Pose aware MRAVs for Physical Layer Security
Proposed Approach: Orientation of MRAV-I

MRAV-I orientation — steer max gain toward the user; maximise angular separation from
eavesdroppers
MRAV-J orientation (jammer) — lock antenna null onto the legitimate user to suppress
self-interference
Power & position optimisation — interior-point search for optimal 3D positions and transmission
powers
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Pose aware MRAVs for Physical Layer Security

(a) Interior-point method. (b) Our proposed approach.
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(c) Secrecy rate: without
uncertainty.
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(d) Secrecy rate: with uncertainty
on eavesdropper position.

Figure: Top: final 3D positions for 2 eavesdroppers. Bottom: secrecy rate vs. maximum power. Simulations are for a scenario of a
legitimate user at origin, 2 randomly placed eavesdroppers, MRAV altitudes z ∈ [80, 300]m.
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Use case 2

Free space optical communications
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Problem Statement

THE IDEA: An heterogeneous robotic network for power infrastructure inspection.

Multi-Rotor Aerial Vehicles (MRAVs) with body-fixed
optical transmitters collect data; Unmanned Ground
Vehicles (UGVs) with optical receivers act as relays to
a remote station.

A valid Free-Space Optical (FSO) link requires the
MRAV beam to stay inside the receiver’s cone.

Link quality depends on MRAV position, orientation,
and distance.

KEY CHALLENGE: Reliable FSO communication demands precise alignment, valid range, and adaptation to
dynamic motion.
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Proposed Approach

A Nonlinear Model Predictive Control (NMPC) framework that
integrates FSO communication constraints into MRAV motion
planning.

(i) Model MRAV as a Generically-Tilted Multi-Rotor, covering both
coplanar and tilted platforms.

(ii) Embed FSO constraints directly into NMPC:
- Beam alignment within receiver cone.
- Valid communication distance ensuring minimum bit rate.

(iii) Enforce actuator limits and obstacle avoidance.

(iv) Achieve simultaneous tracking, communication reliability, and
safety.

backstepping approach. The controller tracks the desired

orientation, altitude, and velocity in the plane, and is robust

to unmodeled dynamics. The authors rely on optimization

techniques to tune the controller gains. This approach is

corroborated with simulation comprising sensor noise.

Another design with tangential tilting of the AAUs can

be found in Long et al. (2012), with nu = 4 + 4, and Long

et al. (2014), with nu = 4 + 3, named Omnicopter. The lat-

ter is shown in Figure 14. In this proposed design one main

AAU (with either one or two propellers sharing the same

axis of rotation with opposed rotation directions) is signifi-

cantly bigger than the other propellers and is placed in the

center of the platform with its thrust direction aligned with

the zB axis of the body frame. The other three AAUs,

smaller in size, are distributed around the main one in a tri-

angular distribution and allowed to tilt tangentially.

Long et al. (2012)used a backstepping approach and a

PID loop to achieve decoupled tracking of both orientation

and position. The control allocation is achieved by consid-

ering a linearization of the system around the functioning

point. Long et al. (2014) proposed the same design with

only one central AAU to improve the efficiency of the

design. They apply the same control technique for the sec-

ond design and validate both designs via real experimenta-

tions on a prototype.

6.4 Tilting in S
2 designs

The following designs explore the AAUs tilting in S
2 as

illustrated in Figure 15, in order to achieve thrust vectoring

in all directions for each AAU. Note that due to the

mechanical complexity involved in such a design, most of

the presented work considering non-fixed AAUs are only

studied theoretically.

The first original design can be found in Sxenkul and

Altuğ (2013, 2014), where the authors considered a classi-

cal quadrotor with each AAU being able to tilt both radially

and tangentially. Sxenkul and Altuğ (2013) considered all

AAUs to tilt independently while rotating at the same

speed, hence nu = 1 + 8. Then the full potential of this

design is exploited in Sxenkul and Altuğ (2014), where the

authors allow independent tilting of the propellers,

nu = 4 + 8. The authors propose a cascaded PID control

loop with adaptive gains to account for the gyroscopic

effect arising from the propellers. The above two

approaches are validated with simple simulations to show

their trajectory tracking ability.

Similarly to Sxenkul and Altuğ (2013), Hua et al. (2015)

proposed to study a quadrotor tilting in S
2 as shown in

Figure 16, and such that the total thrust vectoring is

achieved by tilting each AAU equally in the same thrust

direction. This scheme allows the platform to apply unidir-

ectional thrust but in a direction that is tiltable in S
2 thus

obtaining nu = 4 + 2. The authors proposed a control

scheme that primarily tracks a reference position or velo-

city (similar to a coplanar/collinear quadrotor with fixed

propellers), then rotates the thrust direction to point in the

desired orientation. Position and orientation are proved to

be decoupled, which is validated in a simple trajectory

tracking simulation.

The same design as shown in Figure 16 was explored in

Odelga et al. (2016), with the addition of an explicit

Fig. 14. Conceptual three-dimensional kinematic representation

of the quadrotor design presented in Long et al. (2014, 2012).

The three non-central propellers are tilting about their tangential

axes independently.

Fig. 15. Conceptual three-dimensional kinematic representation

of a generic quadrotor with propellers tilting/tilted in S
2, i.e.,

about both the radial and tangential axes.

Fig. 16. Conceptual three-dimensional kinematic representation

of a quadrotor with propellers tilting/tilted in S
2 presented in Hua

et al. (2015) and Odelga et al. (2016). The locked tilting that

makes all the propellers point always in the same direction is

highlighted.
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Fig. 2: Quadrotor with optical transmitter. Zero tilt angles
{αi, βi} define a coplanar setup; nonzero values define a
tilted one [14].

TABLE I: Notation summary.

FW , FB , FT , FR World, body, transmitter, and receiver frames
p, v, η, ω, ξ, τ Pos., vel., orient., thrust, and torque (MRAV)
cξ , cτ , pm, zP , Ω Thrust/torque coeff., motor pos., axis, rotor

speed squared
Np, J, φ, ϑ, ψ Propeller count, inertia, roll, pitch, yaw
t, Ts, N , x, u, α, β Time horizon, step, state/control, tilt angles
R, T, F, M Rotation and allocation matrices
g, m, e3, x̄, ū Gravity, mass, unit vector, extended state/control
γ, γ, γ̇, ˙̄γ Rotor speed/acceleration bounds
pBT, RBT Transmitter offset and rotation (in body frame)
ψC , dC , pR, Φ1/2 Cone angle, link vector, receiver pos., half-

power bandwith
dC , dC , Itx, Irx, Trx Link range bounds, binary flags, time window
I , Ī , cδ , ċδ Connectivity metrics, mis. cosine and derivative
pO , dO , NO , dsafe Obs. pos., size, count, safety margin
x̄d, yd, y, Υ Reference state/output, desired link distance
δ, Q̄, Q, Qū, Qε, ε Misalignment angle, cost weights, slack var.

ning in aerial-ground systems with directional optical links.
The MRAV is modeled as a Generically-Tilted Multi-Rotor
(GTMR) [14], [19], enabling applicability to both coplanar
and tilted architectures. Tilted platforms offer enhanced
maneuverability, while coplanar designs remain common
for their simplicity and widespread use. Figure 2 illustrates
these configurations. The NMPC formulation embeds beam
alignment and range constraints as hard requirements and
uses soft penalties for obstacle avoidance. The result is a
unified control strategy that enforces communication relia-
bility, tracking accuracy, and safety. MATLAB simulations
validate the approach in a power infrastructure inspection
scenario, demonstrating consistent beam alignment, reliable
link quality, and feasibility under realistic operating condi-
tions.

II. SYSTEM MODELING

This section describes the dynamic model of the MRAV,
the optical transceiver geometry, and the communication
constraints. Table I summarizes the notation.

A. Multi-rotor dynamics

The MRAV is modeled as a GTMR system [14], [19],
a flexible framework that accommodates both coplanar
(under-actuated) and tilted (fully-actuated) configurations.
The discrete-time dynamics xk+1 = f(xk, uk), where xk ∈
X ⊂ Rn is the system state and uk ∈ U ⊂ Rm is the control
input at time step k. The vehicle is actuated by Np motor-

propeller pairs, each arbitrarily positioned and oriented with
respect to (w.r.t.) the body frame, as depicted in Figure 2.

The motion is described w.r.t. to the world frame FW =
{OW ,xW ,yW , zW } and the body-fixed frame FB =
{OB ,xB ,yB , zB}, with origin at the Center of Mass (CoM).
The state vector includes position p ∈ R3, velocity v = ṗ in
FW , orientation η = (φ, ϑ, ψ)⊤ ∈ R3 as Euler angles, and
angular velocity ω ∈ R3 in FB . The control input ξ ∈ RNp

collects the thrusts contributions from each rotor. Each rotor
i ∈ {1, . . . , Np} generates a thrust force ξi and torque τi, de-
fined as ξi = cξiΩizPi

and τi = (cξipmi
× zPi

+ cτizPi
) Ωi,

where Ωi is the squared rotor speed, cξi and cτi are thrust
and torque coefficients, pmi is the motor’s position in FB ,
and zPi ∈ S2 is its rotation axis [19].

Let t = (t0, . . . , tN )⊤ ∈ RN+1 be the discrete time
horizon with step size Ts > 0. The state and control
sequences are x = (p⊤,η⊤,v⊤,ω⊤)⊤ ∈ R12×N and
u = ξ ∈ RNp×N , with •k denoting the value at step k.

The continuous-time dynamics are modeled using the
Newton–Euler formulation:

ṗ = v
η̇ = T(η)ω
mv̇ = −mge3 +R(η)F(α,β)u
Jω̇ = −ω × Jω +M(α,β)u

, (1)

where m is the vehicle’s mass, g is gravity, and e3 =
[0, 0, 1]⊤. The rotation matrix R(η) maps vectors from FB

to FW , while the matrix T(η) transforms angular velocity
to Euler angle rates. The inertia matrix J ∈ R3×3 is sym-
metric and positive-definite. The force and torque allocation
matrices F(α,β) and M(α,β) depend on motor orientation
parameters {αi, βi}, as depicted in Figure 2 [19].

To account for actuator dynamics, rotor inputs are ex-
tended with a smoothness constraint. Letting x̄ = (x⊤,u⊤)⊤

and ū = u̇, the extended dynamics become ẋ = f(x̄, ū).
This enables direct enforcement of actuator limits: γ ≤
u ≤ γ̄ and γ̇ ≤ ū ≤ ˙̄γ, where the bounds define
allowable rotor speeds and accelerations. Enforcing these
constraints ensure physically valid thrust profiles and support
closed-loop NMPC stability under agile maneuvers or precise
tracking.

B. Transceiver model

To enable directional communication, the MRAV is mod-
eled as carrying a rigidly mounted optical transmitter, such
as a laser diode or LED source. The transmitter is aligned
with a local reference frame FT = {OT ,xT ,yT , zT }, with
the beam axis pointing along zT . Its fixed position and
orientation in the body frame FB are given by pBT ∈ R3

and rotation matrix RBT ∈ SO(3), respectively. This sensor-
agnostic model allows the framework to accommodate a
range of emitter types and mounting configurations. Figure 2
illustrates this configuration.

On the ground, each UGV is equipped with one or more
photodiode-based receivers, each defining a conical FoV with
aperture angle ψC , centered along the unit vector zR in its
own frame FR = {OR,xR,yR, zR}. The cone represents

GTMR model (coplanar vs tilted)

Φ1/2

yT

zT

xT OT

zR

yR

xR
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dC

dC

ψC
δ

C

Fig. 3: Transceiver geometry with idealized receiver cone.
Misalignment angle δ (see Section III-B) quantifies the
deviation between beam direction zT and receiver axis zR.

the region in which the transmitter must lie for a valid link
to be established. The UGV is assumed to have the ability to
steer its receiver axis to track the aerial transmitter, enabling
dynamic alignment. An illustration of this configuration is
shown in Figure 3.

Let pR be the position of the assigned receiver and p the
position of the MRAV, both expressed in FW . The relative
position vector is dC = p−pR. For a valid optical link, this
vector must satisfy both angular and distance constraints: the
beam emitted by the transmitter must lie within the receiver’s
acceptance cone and remain within an admissible range.
These requirements are enforced by requiring the alignment
condition z⊤

T (−dC)/∥dC∥ ≥ cos(ψC) and the distance con-
straint dC ≤ ∥dC∥ ≤ dC . The first ensures proper beam–cone
alignment, while the second bounds signal range: dC is set
by the power budget to sustain the target bit rate [7], and
dC prevents saturation or geometric misalignment. Both are
time-varying and treated as hard constraints in the NMPC
formulation.

C. Optical communication system

To determine the validity of an optical link, we define
a binary indicator I based on beam–receiver alignment. The
directional beam emitted by the transmitter has a central lobe
characterized by a half-power beamwidth Φ1/2, while the
receiver has a wider conical FoV with aperture ψC (typically
ψC ≫ Φ1/2), as depicted in Figure 3. The link status is
defined as I = ItxIrx, where the transmitter flag Itx equals
1 if z⊤

T (−dC)/∥dC∥ ≥ cos(Φ1/2), and 0 otherwise. Similarly,
the receiver flag Irx equals 1 if z⊤

R(dC)/∥dC∥ ≥ cos(ψC), and
0 otherwise.

The indicators Itx and Irx encode directional alignment:
Itx = 1 if the receiver lies within the main lobe of the
transmitter beam, and Irx = 1 if the transmitter is inside the
receiver’s acceptance cone. The condition Itx = 1 implies
precise beam alignment within the transmitter’s angular foot-
print. Given the beam’s narrow profile, partial edge overlap is
insufficient, as optical power decays rapidly outside the main
lobe. This reflects the system’s high directional selectivity.

To assess temporal link quality, we define a moving aver-
age Ī(tk) = 1

Trx

∫ tk
tk−Trx

I(ζ),dζ, where Ī ∈ [0, 1] measures
the fraction of time the link is maintained over a window of

duration Trx. High values of Ī are critical for real-time data
streams, while lower values may suffice in buffered or delay-
tolerant applications. Nonetheless, maximizing Ī is beneficial
in cluttered or dynamic environments. This formulation pro-
vides a physically grounded and computationally tractable
representation of FSO connectivity, suitable for integration
into a predictive control framework.

III. OPTIMAL CONTROL PROBLEM FORMULATION

The goal is to control a MRAV with a fixed optical
transmitter to track a moving UGV, maintain beam alignment
within the receiver’s acceptance cone, and avoid collisions,
all while satisfying actuation and communication constraints.
The controller guarantees link reliability and system feasibil-
ity over the prediction horizon. The trajectories of the UGV
and all relevant static and dynamic obstacles are assumed
known, as is realistic in structured tasks like power grid
inspection, where maps are pre-surveyed and dynamic agents
(e.g., personnel, vehicles) follow predictable paths. The UGV
path can be broadcast online via a coordination layer [20].

A. Collision avoidance

To ensure safety during inspection missions, the proposed
NMPC framework incorporates a predictive collision avoid-
ance strategy that accounts for both static and dynamic
obstacles. Each obstacle is modeled as a closed ball Oj ⊂
R3, centered at position pOj

∈ R3 and radius dOj
> 0.

Given p as the MRAV’s position, a minimum separation
distance dsafe > 0 is enforced to maintain a safety buffer
from each obstacle, requiring ∥p−pOj∥2 ≥ dOj+dsafe, ∀j ∈
{1, . . . , NO}, where NO is the total number of obstacles
considered in the scene. To preserve the problem feasibility
in environments where obstacles are densely packed or dy-
namically evolving, the hard constraint is relaxed using non-
negative slack variable εj ≥ 0, one for each obstacle. The
relaxed constraint becomes ∥p−pOj∥2 ≥ dOj + dsafe − εj .

These slack variables allow the optimization to tolerate
limited constraint violations, preventing infeasibility in edge
cases while still penalizing unsafe proximity through the cost
function. A penalty term ∥ε∥2Qε

is added to the objective,
where ε = (ε1, . . . , εNO )

⊤ and Qε is a diagonal positive-
definite matrix that scales the cost of each violation.

The position of each obstacle pOj is assumed to be known
or predictable over the planning horizon. As said, this is a
realistic assumption in structured inspection scenarios such
as power line monitoring, where static obstacles (e.g., towers,
poles, vegetation) are pre-mapped and mobile elements (e.g.,
ground vehicles or workers) follow known trajectories or
broadcast their position periodically [20]. This predictive
knowledge enables the controller to plan ahead, avoiding
reactive or overly conservative behavior.

B. Objective function

The control objective is to ensure that the MRAV tracks a
reference trajectory provided by the UGV, while maintaining
beam alignment for uninterrupted optical communication and
avoiding obstacles. The motion reference includes position,

FSO link geometry (beam and receiver cone)
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System Modeling

GTMR Dynamics
ṗ = v
η̇ = T(η)ω
mv̇ = −mge3 +R(η)F(α,β)u
Jω̇ = −ω × Jω +M(α,β)u

p: position; v: velocity; η: attitude; ω: angular rates; u: rotor thrusts;
{T, M}: allocation matrices; {R,T}: rotations; {α, β}: tilting angles.

backstepping approach. The controller tracks the desired

orientation, altitude, and velocity in the plane, and is robust

to unmodeled dynamics. The authors rely on optimization

techniques to tune the controller gains. This approach is

corroborated with simulation comprising sensor noise.

Another design with tangential tilting of the AAUs can

be found in Long et al. (2012), with nu = 4 + 4, and Long

et al. (2014), with nu = 4 + 3, named Omnicopter. The lat-

ter is shown in Figure 14. In this proposed design one main

AAU (with either one or two propellers sharing the same

axis of rotation with opposed rotation directions) is signifi-

cantly bigger than the other propellers and is placed in the

center of the platform with its thrust direction aligned with

the zB axis of the body frame. The other three AAUs,

smaller in size, are distributed around the main one in a tri-

angular distribution and allowed to tilt tangentially.

Long et al. (2012)used a backstepping approach and a

PID loop to achieve decoupled tracking of both orientation

and position. The control allocation is achieved by consid-

ering a linearization of the system around the functioning

point. Long et al. (2014) proposed the same design with

only one central AAU to improve the efficiency of the

design. They apply the same control technique for the sec-

ond design and validate both designs via real experimenta-

tions on a prototype.

6.4 Tilting in S
2 designs

The following designs explore the AAUs tilting in S
2 as

illustrated in Figure 15, in order to achieve thrust vectoring

in all directions for each AAU. Note that due to the

mechanical complexity involved in such a design, most of

the presented work considering non-fixed AAUs are only

studied theoretically.

The first original design can be found in Sxenkul and

Altuğ (2013, 2014), where the authors considered a classi-

cal quadrotor with each AAU being able to tilt both radially

and tangentially. Sxenkul and Altuğ (2013) considered all

AAUs to tilt independently while rotating at the same

speed, hence nu = 1 + 8. Then the full potential of this

design is exploited in Sxenkul and Altuğ (2014), where the

authors allow independent tilting of the propellers,

nu = 4 + 8. The authors propose a cascaded PID control

loop with adaptive gains to account for the gyroscopic

effect arising from the propellers. The above two

approaches are validated with simple simulations to show

their trajectory tracking ability.

Similarly to Sxenkul and Altuğ (2013), Hua et al. (2015)

proposed to study a quadrotor tilting in S
2 as shown in

Figure 16, and such that the total thrust vectoring is

achieved by tilting each AAU equally in the same thrust

direction. This scheme allows the platform to apply unidir-

ectional thrust but in a direction that is tiltable in S
2 thus

obtaining nu = 4 + 2. The authors proposed a control

scheme that primarily tracks a reference position or velo-

city (similar to a coplanar/collinear quadrotor with fixed

propellers), then rotates the thrust direction to point in the

desired orientation. Position and orientation are proved to

be decoupled, which is validated in a simple trajectory

tracking simulation.

The same design as shown in Figure 16 was explored in

Odelga et al. (2016), with the addition of an explicit

Fig. 14. Conceptual three-dimensional kinematic representation

of the quadrotor design presented in Long et al. (2014, 2012).

The three non-central propellers are tilting about their tangential

axes independently.

Fig. 15. Conceptual three-dimensional kinematic representation

of a generic quadrotor with propellers tilting/tilted in S
2, i.e.,

about both the radial and tangential axes.

Fig. 16. Conceptual three-dimensional kinematic representation

of a quadrotor with propellers tilting/tilted in S
2 presented in Hua

et al. (2015) and Odelga et al. (2016). The locked tilting that

makes all the propellers point always in the same direction is

highlighted.
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Fig. 2: Quadrotor with optical transmitter. Zero tilt angles
{αi, βi} define a coplanar setup; nonzero values define a
tilted one [14].

TABLE I: Notation summary.

FW , FB , FT , FR World, body, transmitter, and receiver frames
p, v, η, ω, ξ, τ Pos., vel., orient., thrust, and torque (MRAV)
cξ , cτ , pm, zP , Ω Thrust/torque coeff., motor pos., axis, rotor

speed squared
Np, J, φ, ϑ, ψ Propeller count, inertia, roll, pitch, yaw
t, Ts, N , x, u, α, β Time horizon, step, state/control, tilt angles
R, T, F, M Rotation and allocation matrices
g, m, e3, x̄, ū Gravity, mass, unit vector, extended state/control
γ, γ, γ̇, ˙̄γ Rotor speed/acceleration bounds
pBT, RBT Transmitter offset and rotation (in body frame)
ψC , dC , pR, Φ1/2 Cone angle, link vector, receiver pos., half-

power bandwith
dC , dC , Itx, Irx, Trx Link range bounds, binary flags, time window
I , Ī , cδ , ċδ Connectivity metrics, mis. cosine and derivative
pO , dO , NO , dsafe Obs. pos., size, count, safety margin
x̄d, yd, y, Υ Reference state/output, desired link distance
δ, Q̄, Q, Qū, Qε, ε Misalignment angle, cost weights, slack var.

ning in aerial-ground systems with directional optical links.
The MRAV is modeled as a Generically-Tilted Multi-Rotor
(GTMR) [14], [19], enabling applicability to both coplanar
and tilted architectures. Tilted platforms offer enhanced
maneuverability, while coplanar designs remain common
for their simplicity and widespread use. Figure 2 illustrates
these configurations. The NMPC formulation embeds beam
alignment and range constraints as hard requirements and
uses soft penalties for obstacle avoidance. The result is a
unified control strategy that enforces communication relia-
bility, tracking accuracy, and safety. MATLAB simulations
validate the approach in a power infrastructure inspection
scenario, demonstrating consistent beam alignment, reliable
link quality, and feasibility under realistic operating condi-
tions.

II. SYSTEM MODELING

This section describes the dynamic model of the MRAV,
the optical transceiver geometry, and the communication
constraints. Table I summarizes the notation.

A. Multi-rotor dynamics

The MRAV is modeled as a GTMR system [14], [19],
a flexible framework that accommodates both coplanar
(under-actuated) and tilted (fully-actuated) configurations.
The discrete-time dynamics xk+1 = f(xk, uk), where xk ∈
X ⊂ Rn is the system state and uk ∈ U ⊂ Rm is the control
input at time step k. The vehicle is actuated by Np motor-

propeller pairs, each arbitrarily positioned and oriented with
respect to (w.r.t.) the body frame, as depicted in Figure 2.

The motion is described w.r.t. to the world frame FW =
{OW ,xW ,yW , zW } and the body-fixed frame FB =
{OB ,xB ,yB , zB}, with origin at the Center of Mass (CoM).
The state vector includes position p ∈ R3, velocity v = ṗ in
FW , orientation η = (φ, ϑ, ψ)⊤ ∈ R3 as Euler angles, and
angular velocity ω ∈ R3 in FB . The control input ξ ∈ RNp

collects the thrusts contributions from each rotor. Each rotor
i ∈ {1, . . . , Np} generates a thrust force ξi and torque τi, de-
fined as ξi = cξiΩizPi

and τi = (cξipmi
× zPi

+ cτizPi
) Ωi,

where Ωi is the squared rotor speed, cξi and cτi are thrust
and torque coefficients, pmi is the motor’s position in FB ,
and zPi ∈ S2 is its rotation axis [19].

Let t = (t0, . . . , tN )⊤ ∈ RN+1 be the discrete time
horizon with step size Ts > 0. The state and control
sequences are x = (p⊤,η⊤,v⊤,ω⊤)⊤ ∈ R12×N and
u = ξ ∈ RNp×N , with •k denoting the value at step k.

The continuous-time dynamics are modeled using the
Newton–Euler formulation:

ṗ = v
η̇ = T(η)ω
mv̇ = −mge3 +R(η)F(α,β)u
Jω̇ = −ω × Jω +M(α,β)u

, (1)

where m is the vehicle’s mass, g is gravity, and e3 =
[0, 0, 1]⊤. The rotation matrix R(η) maps vectors from FB

to FW , while the matrix T(η) transforms angular velocity
to Euler angle rates. The inertia matrix J ∈ R3×3 is sym-
metric and positive-definite. The force and torque allocation
matrices F(α,β) and M(α,β) depend on motor orientation
parameters {αi, βi}, as depicted in Figure 2 [19].

To account for actuator dynamics, rotor inputs are ex-
tended with a smoothness constraint. Letting x̄ = (x⊤,u⊤)⊤

and ū = u̇, the extended dynamics become ẋ = f(x̄, ū).
This enables direct enforcement of actuator limits: γ ≤
u ≤ γ̄ and γ̇ ≤ ū ≤ ˙̄γ, where the bounds define
allowable rotor speeds and accelerations. Enforcing these
constraints ensure physically valid thrust profiles and support
closed-loop NMPC stability under agile maneuvers or precise
tracking.

B. Transceiver model

To enable directional communication, the MRAV is mod-
eled as carrying a rigidly mounted optical transmitter, such
as a laser diode or LED source. The transmitter is aligned
with a local reference frame FT = {OT ,xT ,yT , zT }, with
the beam axis pointing along zT . Its fixed position and
orientation in the body frame FB are given by pBT ∈ R3

and rotation matrix RBT ∈ SO(3), respectively. This sensor-
agnostic model allows the framework to accommodate a
range of emitter types and mounting configurations. Figure 2
illustrates this configuration.

On the ground, each UGV is equipped with one or more
photodiode-based receivers, each defining a conical FoV with
aperture angle ψC , centered along the unit vector zR in its
own frame FR = {OR,xR,yR, zR}. The cone represents

Φ1/2

yT

zT

xT OT

zR

yR

xR

OR

dC

dC

ψC
δ

C

Fig. 3: Transceiver geometry with idealized receiver cone.
Misalignment angle δ (see Section III-B) quantifies the
deviation between beam direction zT and receiver axis zR.

the region in which the transmitter must lie for a valid link
to be established. The UGV is assumed to have the ability to
steer its receiver axis to track the aerial transmitter, enabling
dynamic alignment. An illustration of this configuration is
shown in Figure 3.

Let pR be the position of the assigned receiver and p the
position of the MRAV, both expressed in FW . The relative
position vector is dC = p−pR. For a valid optical link, this
vector must satisfy both angular and distance constraints: the
beam emitted by the transmitter must lie within the receiver’s
acceptance cone and remain within an admissible range.
These requirements are enforced by requiring the alignment
condition z⊤

T (−dC)/∥dC∥ ≥ cos(ψC) and the distance con-
straint dC ≤ ∥dC∥ ≤ dC . The first ensures proper beam–cone
alignment, while the second bounds signal range: dC is set
by the power budget to sustain the target bit rate [7], and
dC prevents saturation or geometric misalignment. Both are
time-varying and treated as hard constraints in the NMPC
formulation.

C. Optical communication system

To determine the validity of an optical link, we define
a binary indicator I based on beam–receiver alignment. The
directional beam emitted by the transmitter has a central lobe
characterized by a half-power beamwidth Φ1/2, while the
receiver has a wider conical FoV with aperture ψC (typically
ψC ≫ Φ1/2), as depicted in Figure 3. The link status is
defined as I = ItxIrx, where the transmitter flag Itx equals
1 if z⊤

T (−dC)/∥dC∥ ≥ cos(Φ1/2), and 0 otherwise. Similarly,
the receiver flag Irx equals 1 if z⊤

R(dC)/∥dC∥ ≥ cos(ψC), and
0 otherwise.

The indicators Itx and Irx encode directional alignment:
Itx = 1 if the receiver lies within the main lobe of the
transmitter beam, and Irx = 1 if the transmitter is inside the
receiver’s acceptance cone. The condition Itx = 1 implies
precise beam alignment within the transmitter’s angular foot-
print. Given the beam’s narrow profile, partial edge overlap is
insufficient, as optical power decays rapidly outside the main
lobe. This reflects the system’s high directional selectivity.

To assess temporal link quality, we define a moving aver-
age Ī(tk) = 1

Trx

∫ tk
tk−Trx

I(ζ),dζ, where Ī ∈ [0, 1] measures
the fraction of time the link is maintained over a window of

duration Trx. High values of Ī are critical for real-time data
streams, while lower values may suffice in buffered or delay-
tolerant applications. Nonetheless, maximizing Ī is beneficial
in cluttered or dynamic environments. This formulation pro-
vides a physically grounded and computationally tractable
representation of FSO connectivity, suitable for integration
into a predictive control framework.

III. OPTIMAL CONTROL PROBLEM FORMULATION

The goal is to control a MRAV with a fixed optical
transmitter to track a moving UGV, maintain beam alignment
within the receiver’s acceptance cone, and avoid collisions,
all while satisfying actuation and communication constraints.
The controller guarantees link reliability and system feasibil-
ity over the prediction horizon. The trajectories of the UGV
and all relevant static and dynamic obstacles are assumed
known, as is realistic in structured tasks like power grid
inspection, where maps are pre-surveyed and dynamic agents
(e.g., personnel, vehicles) follow predictable paths. The UGV
path can be broadcast online via a coordination layer [20].

A. Collision avoidance

To ensure safety during inspection missions, the proposed
NMPC framework incorporates a predictive collision avoid-
ance strategy that accounts for both static and dynamic
obstacles. Each obstacle is modeled as a closed ball Oj ⊂
R3, centered at position pOj

∈ R3 and radius dOj
> 0.

Given p as the MRAV’s position, a minimum separation
distance dsafe > 0 is enforced to maintain a safety buffer
from each obstacle, requiring ∥p−pOj∥2 ≥ dOj+dsafe, ∀j ∈
{1, . . . , NO}, where NO is the total number of obstacles
considered in the scene. To preserve the problem feasibility
in environments where obstacles are densely packed or dy-
namically evolving, the hard constraint is relaxed using non-
negative slack variable εj ≥ 0, one for each obstacle. The
relaxed constraint becomes ∥p−pOj∥2 ≥ dOj + dsafe − εj .

These slack variables allow the optimization to tolerate
limited constraint violations, preventing infeasibility in edge
cases while still penalizing unsafe proximity through the cost
function. A penalty term ∥ε∥2Qε

is added to the objective,
where ε = (ε1, . . . , εNO )

⊤ and Qε is a diagonal positive-
definite matrix that scales the cost of each violation.

The position of each obstacle pOj is assumed to be known
or predictable over the planning horizon. As said, this is a
realistic assumption in structured inspection scenarios such
as power line monitoring, where static obstacles (e.g., towers,
poles, vegetation) are pre-mapped and mobile elements (e.g.,
ground vehicles or workers) follow known trajectories or
broadcast their position periodically [20]. This predictive
knowledge enables the controller to plan ahead, avoiding
reactive or overly conservative behavior.

B. Objective function

The control objective is to ensure that the MRAV tracks a
reference trajectory provided by the UGV, while maintaining
beam alignment for uninterrupted optical communication and
avoiding obstacles. The motion reference includes position,

FSO Communication Constraints

dC = p− pR

z⊤
T (−dC)/∥dC∥ ≥ cos(ψC), dC ≤ ∥dC∥ ≤ dC

zT : transmitter axis; dC : displacement; ψC : cone aperture.
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Optimal Control Problem

minimize
x̄,ū,ε

N∑
k=0

∥yd,k − yk∥2Q + ∥ūk∥2Qū
+ ∥εk∥2Qε

(2a)

s.t. x̄0 = x̄(t0), (2b)

x̄k+1 = f(x̄k, ūk), k = {0, . . . , N − 1}, (2c)

yk = h(x̄k, ūk), k = {0, . . . , N}, (2d)

γ ≤ uk ≤ γ̄, k = {0, . . . , N − 1}, (2e)

γ̇ ≤ ūk ≤ ˙̄γ, k = {0, . . . , N}, (2f)

dC ≤ ∥dCk∥ ≤ dC , k = {0, . . . , N}, (2g)

z⊤T (−dCk )

∥dCk∥
≥ cos (ψC), k = {0, . . . , N}, (2h)

∥pk − pOj,k
∥2 ≥ dOj + dsafe − εj,k, (2i)

εj,k ≥ 0, j = {1, . . . , NO},

OBJECTIVE FUNCTION: Minimize a weighted sum (2a) of
tracking error, control effort, and slack penalties for obstacle
avoidance.

SYSTEM CONSTRAINTS: Enforce the vehicle’s nonlinear
dynamics (2b)–(2c) and physical limits on rotor thrusts (2f)
and their rates of change (2f).

FSO COMMUNICATION CONSTRAINTS: Maintain a reliable
link by enforcing constraints on the distance to the receiver
(2g) and the beam’s angular alignment (2h).

SAFETY CONSTRAINTS: Guarantee collision avoidance (2i)
by enforcing a minimum safety distance, using slack
variables to ensure feasibility in tight spaces.
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Simulation Results

The proposed control framework was evaluated in MATLAB, with accompanying video animations1

figure/scan_me.png[height=1.3cm]https://mrs.fel.cvut.cz/nmpc-optical-comm

Scenario Environment: it includes static
obstacles (e.g., buildings) and a dynamic
obstacle (e.g., birds) to test the
framework’s robustness.

Vehicle Dynamics: a fully actuated
MRAV with full pose control, providing
high maneuverability. The NMPC works
also with coplanar MRAVs.

Core Problem: the NMPC ensures a
collision-free trajectory for the MRAV
while maintaining a stable optical link
with the mobile relay.

1https://mrs.fel.cvut.cz/nmpc-optical-comm.
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Use case 3

RIS enabled wireless networks
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Pose aware MRAVs for RIS-Enabled Wireless Networks

To describe its orientation, we use Euler angles with XY Z convention: roll (φ), pitch (ϑ), and yaw (ψ).

The orientation of the fully actuated MRAV is represented as a vector Ω = [φ, ϑ, ψ]
⊤ ∈ R3

.

A. Saliah, et, “Harnessing the Potential of Omnidirectional UAVs in RIS-Enabled Wireless Networks,”, ICASSP 2025.
D. Bonilla Licea, G. Silano, H. El Hammouti, M. Saska, M. Ghogho Communications-aware control and regulation ICUAS 2026, Corfu, Greece 18 / 24



Pose aware MRAVs for RIS-Enabled Wireless Networks
Objective

The data rate of a given user k is defined by

Rk = Bk log2

(
1 +

P0GA |gkMΘHf |2

σ2
0

)
, ∀k ∈ K,

with
H = η

B−R
arx,R

(
θAOAB−R, ξ

AOA
B−R,Ω

)
a∗tx,B

(
θAODB−R , ξ

AOD
B−R

)
,

gk = η
R−k

a∗tx,R
(
θAODR−k , ξ

AOD
R−k ,Ω

)
,

MΘ = diag({ejθi}Mi=1)
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Pose aware MRAVs for RIS-Enabled Wireless Networks
Problem Formulation

max
Ω,pR,Θ

(
min
k∈K

Rk

)
s.t. φ ∈

[
0,
π

2

]
, ϑ ∈

[
0,
π

2

]
, ψ ∈ [0, 2π) ,

θm ∈ [0, 2π], ∀m ∈ M,

pR
T ∈ [xmin, xmax]× [ymin, ymax]× [zmin, zmax] .

(3)

This problem is non-concave with a non-smooth objective function because of the min function.
We first approximate the min function using the p-norm, which provides a close approximation when
p→ −∞, ∥(R1, . . . , RK)∥p.

D. Bonilla Licea, G. Silano, H. El Hammouti, M. Saska, M. Ghogho Communications-aware control and regulation ICUAS 2026, Corfu, Greece 20 / 24



Pose aware MRAVs for RIS-Enabled Wireless Networks
Parallel Successive Convex Approximation

Problem: Let X = X1 × X2 × X3, where X1 = [0, 2π]M , X2 = [xmin, xmax]× [ymin, ymax]× [zmin, zmax],
X3 = [0, π2 ]

2 × [0, 2π]:
min

xi∈Xi, ∀i
F (x1,x2,x3) = −∥(R1, . . . , RK)∥p

PSCA (Parallel Successive Convex Approximation) solves convex subproblems in parallel at each
iteration l:

x̂i(x
l) = arg min

xi∈Xi

F̃i(xi | xl), ∀i ∈ {1, 2, 3}

where F̃i(xi | xl) is the first-order Taylor expansion of F around xl w.r.t. xi.
Update rule (repeated until convergence):

xl+1 = xl + γl
(
x̂(xl)− xl

)
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Pose aware MRAVs for RIS-Enabled Wireless Networks
Simulation Results (1/2)
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Figure: (a) Minimum rate vs iterations, (b) Average rate vs iterations.
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Pose aware MRAVs for RIS-Enabled Wireless Networks
Simulation Results (2/2)

(a) (b)

Figure: (a) Optimized positions of fully actuated MRAV, (b) Optimal RIS orientation for PLO.
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Key Takeaways
Main Message

Full-pose controllable MRAVs enable communication-aware control,
allowing communication performance to be optimized through both position and orientation.

Highlights
Full-pose regulation introduces new degrees of freedom for wireless communications.
Communication metrics can be directly incorporated into motion planning and control.
Applications include:

Physical Layer Security
RIS-assisted communications
Free-Space Optical communications

Joint optimization of mobility, orientation, and communication resources leads to significant performance gains.
Communication-aware aerial robotics represents a promising direction toward autonomous 6G-enabled aerial
networks.

Mobility + Orientation + Communications
=⇒

Communication-Aware Autonomous Aerial Systems
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