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Abstract—The deployment of unmanned aerial vehicles (UAVs)
equipped with uniform rectangular array (URA) offers a promis-
ing solution for simultaneous communication with multiple
ground base stations (GBSs) and the sensing of ground-based
target. However, designing a transmit beamforming system that
optimizes communication while maintaining high sensing ac-
curacy is challenging. In this regard, this paper proposes a
comprehensive beam pattern optimization framework tailored
for integrated sensing and communication in UAV applications,
where the beam is synthesized based on the required steering
direction, beamwidth, side lobe suppression, and nulling in
targeted areas, providing robust connectivity. This comprehensive
framework integrates sensing and communication, improving
system performance and connectivity in UAV applications.

Index Terms—Uniform Rectangular Array, phased arrays,
genetic algorithm.

I. INTRODUCTION

The integration of sensing and communication functions in
unmanned aerial vehicles (UAVs) is becoming increasingly
crucial for modern applications, ranging from surveillance and
environmental monitoring to autonomous navigation, emer-
gency response and even measurement antenna applications
[1]. Equipped with advanced communication systems and sen-
sors, UAVs must operate efficiently in complex environments,
maintaining reliable communication links with ground stations
and other airborne nodes while avoiding interference from
signals coming from the ground or even from other UAVs
[2]]. One of the key challenges in these systems is the optimi-
sation of the antenna beam pattern to simultaneously ensure
high quality communications, precise sensing capabilities and
interference mitigation, while taking into account the self-
interference of the metallic components of the UAV [3]].

Beam pattern optimization plays a pivotal role in enhancing
both the sensing accuracy and communication reliability of
UAVs. By dynamically adjusting the beam patterns, UAVs
can mitigate interference, improve signal-to-noise ratios, and
ensure broader or more focused coverage as required by the
mission [4]. In addition, a proper beam optimization allows a
better power management which is a very important aspect
in this type of application. Moreover, with the advent of

Integrated Sensing and Communication (ISAC) systems, the
demand for joint optimization of these two functionalities
has become more pronounced. In such systems, the same
hardware is often used for both radar-based sensing and
wireless communication, making beam pattern design a critical
factor in achieving optimal performance for both tasks.

Recent works have proposed different approaches to im-
prove the communications form UAV ranging from the optimi-
sation of antenna arrays installed on non-conductive unmanned
aerial vehicle [3], machine learning for beam tracking and
weight optimization [4], beam search algorithm for anti-
collision trajectory planning [5] and, finally, use of predictive
beamforming framework based on a dual deep neural network
(DNN) solution to find the optimum beamforming weights for
a joint communication and sensing problem [6].

However, previous work lacks a comprehensive investiga-
tion of a beampattern optimization framework for a joint
communication and sensing problem to evaluate its effective-
ness in a UAV-based communication network scenario. In
this paper, we demonstrate through simulations that a well-
optimised beampattern is able to provide accurate beampattern
and sensing performance.

II. SYSTEM MODEL

We consider a cellular system composed of a terrestrial
network of ground base stations (GBSs) and a single UAV
equipped with an antenna array. The UAV simultaneously per-
forms monostatic radar sensing of its surrounding environment
while maintaining communication with an associated GBS. We
assume that the UAV has access to all necessary information
to select the most appropriate GBS for communication.

The signal transmitted by the UAV may cause interference
to other nearby GBSs. For this reason, the communication
and sensing performance has to be optimized by selecting
an appropriate beam-pattern configuration for the UAV, using
an ad-hoc beam-pattern optimization technique. This approach
ensures that the UAV meets both communication and sensing
requirements.



A. System Geometry

We consider that the UAV aims to sense the presence of a
target placed at a known location ug = (g, yo, 20). The loca-
tion of the GBSs are fixed at uy = (2, yx, 2x), k=1,....K
with K being the number of deployed GBSs, (xx, yx ) denoting
the location of the kth GBS and z; = hgs, Vk. Differently
from [6]], here we focus our interest on investigating the
capabilities of the beam-pattern optimizer, so we account only
for one UAV position q = (z, y, 2).

B. Transmitted Signal Model

Let s be a (K+1)x1 vector containing the UAV transmitted
waveforms as
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where s represents the transmitted signal from the UAV to
the k-th GBS , whereas sy represents the transmitted signal
for sensing. The UAV is connected to a single GBS, and (T)
reduces to s = [so, s3]7 € C**!, where k is the chosen GBS
at a certain time instant. Also, we consider the UAV applying
beamforming techniques for communications and sensing. We
denote with W the beamforming matrix given by

W= wp, w; ] eCM*? )
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with w; € CMx1 representing the corresponding transmit
beamforming vector to the GBS, whereas wq is the beam-
forming vector used for sensing. Thus, the ith beamforming
vector, with i € Z = {0, 12:}, can be expressed as
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where o, is the mth antenna amplitude scaling factor, ¢; ,, is
the phase at the m-th antenna of the UAV array and M is the
total number of antennas. Accordingly, the overall transmitted
signal from the UAV is given by

Xj, = W0So + WS, 4)

where, according to [[6], the constraint on the maximum
transmitted power is

[woll? + [[W]|* < Prax- (5)

We consider the antenna array on board of the UAV operates
in the THz frequency bands, that offer large available band-
width for the communication and sensing needs. Due to space
limitation, we omit here the details of the THz propagation
characteristics and channel model, and we refer to [[6] for a
more detailed description.

C. Received Signal Model

The steering vector a (g, u;) towards the ith destination can
be expressed as [7|]

a(q,u;) :[eﬂﬂfcm,...,eﬂ“f”m,..

. 27 fe TAI—I] . (6)
where f. is the central frequency, 7, the inter-antenna delay,
which depends on the position p,, of the mth array antenna.

As a result, the channel vector between the UAV and the

ith destination can be written as the following M x 1 vector:

h;(q,u;) = v/PL; eﬂwfc%a(%ui)’ @)

where PL is the pathloss, d; the distance to the target, and
the received signal at the ith destination can be written as

yi = h (q,u;)x; +v; €C, ®)

where v;(n) is the additive circular complex white Gaussian
noise (AWGN) with variance o2.

Note that the time of arrival (TOA) between the mth antenna
of the UAV and the ¢th destination is approximated as

[[w; — ql
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where c is the speed of light and 7, is the propagation time
from the mth antenna to the array center located in q.

Finally, for communication purposes, we consider the ele-
vation and azimuth angles between the transmitter (UAV) and
the receiver (GBS) as

0 = acos (Z_Zi), ¢ = atan (y_%),
d; T — T

with d; = ||lu; — q||.
Note that the UAV can adapt its beamforming weights and
orientation according to communication and sensing needs.

(10)

III. PROBLEM FORMULATION

This section illustrates the joint optimization problem to
balance and find a trade-off between communication and
sensor needs. Before presenting the problem, we separately
introduce the metrics to be optimized for both functionalities.

a) Communication metric: For enhancing the communi-
cations between the UAV and the selected GBS, we consider
the Signal-to-Noise-plus-Interference Ratio (SINR) at the k-th
GBS formulated as

b (q, up)wy|?

o2 + |h{f(q, ug)wo|*

SINR(q,u;) = a1

We have considered the worst-case scenario where the receiver
cannot cancel the radar signals’ interference before decoding
its desirable information signal [S].



b) Sensing metric: A key performance metric adopted in
literature for radar signal design is the transmit beam-pattern
[9], [10]. The transmit beam pattern describes the transmit
signal power towards the target of interest. Without prior
knowledge of the target location, the transmit signal power
is pointed at any value in the range [—7 /2,7 /2] to perform a
target search in any direction. Here, we assume the target is
fixed in one position and that the position is known a priori.
In the following, we note the estimated position of the target
as 1.

Starting from [10], we can formalize the transmit beam-
pattern gain towards location ug as

B(a,uo) = (a(q,u0))” ([woll* + [w[*)a(a,u0) . (12)

We highlight that a(q,ug) is a known function of 6, defined
in (6).

Then, let B*(q, u;) denote the desired beam pattern, which
specifies the desired beamforming weights and direction. We
can then formalize a cost function C' that defines the beam-
pattern matching error as

C(a. W) = |B*(q, 1) — B(q, uo)/*. (13)

We note that, according to @, we would like to find W
under the total transmit power constraint such that the available
transmit power is used to maximize the signal power at the
locations of interest.

c) Problem formulation: Our objective is to minimize
the beam-pattern gain error, expressed in optimizing W,
subject to a connectivity constraint. Thus, our optimization
problem can be formulated as

P :min C(q, W) (14a)
Wk

s.t. 2> z; = hgs, (14b)

[woll* + 1w 1* < Prnax, (14c)

SINR(q, u;) > 7sing- (14d)

where (T4D) ensures the UAV height respects the local height
regulations, with hgg indicating the minimum required height.
Then, denotes the power constraint on the UAV, with
Phax denoting the maximum tolerable transmitted power. Fi-
nally, (T4d) ensures the minimum connectivity constraint with
the GBS.

IV. ANTENNA DESIGN

Before going into the details of antenna design, we recall
that the considered antenna array on board the UAV operates
in the THz frequency bands. Consequently, conventional an-
tennas like patch antennas are not suitable for use at such high
frequencies [[11]. Instead, we employ an open-ended waveg-
uide since this type of antenna does not use any substrate,
which will highly reduce the chance of losses. The general

radiation pattern E(r, Ely, Azg) of the open-ended waveguide
can be modeled according to

E Ji (kryp sinElg) e—3kr
E(T, ElOaAZO) — EO 1 ( rap Sin 0) e

krqp sin Elg r

(cos(Azo)é +7 sin(Azo)¢3>

where Ej is the amplitude scaling factor, J; represents the
Bessel function of first order, k = 27” is the wave number, r,,
denotes the radius of the waveguide, r indicates the distance
from the waveguide’s aperture, Ely and Az, are the elevation
and azimuthal angles, 6 and ngS are unit vectors in the polar
and azimuthal directions.

Finally, we configure the phased array antenna to provide
full control over the amplitude and phase contribution of each
antenna element. This allows us to perform phase synthesis to
steer the beam in desired directions in azimuth and elevation
(as defined in Eq. respectively) and create nulls in others.
This flexibility also enables tapering control, allowing for
precise management of the transmitted power, side lobe level
(SLL), and beamwidth.

V. BEAMFORMING ALGORITHM BASED ON DEMAND

First, we note that @]) can be considered as a beamforming
design problem. To control the constraints in (T4) while finding
the beamforming matrix, we consider a beam-pattern optimizer
[12], that lets us manage the different requirements of the
beamforming applied at the UAV. We consider a realistic
antenna and a realistic number of antenna elements to perform
the communication and sensing task and compute the inherent
footprint. Second, the direction angle, measured in azimuth
and elevation, is geometrically defined by the position of the
UAV, of the associated GBS and of the target. According
to the aforementioned considerations, the nulling operation
has to be performed in the directions of the non-attached
GBSs. Accordingly, we consider a opend-ended waveguide
that generates a cardioid radiation pattern and a maximum
number of M = 100 elements. The beamwidth is controlled
by deactivating and tapering rows and columns of the matrix
associated with the antenna array. This means that besides
applying a Chebyshev tapering the algorithm will deactivate
entire rows and columns. Then, the SLL constraint is ad-
dressed by tapering a fair number of active elements, and,
finally, the EIRP is also estimated based on the variation of
the antenna gain.

The radiation pattern optimiser works by enabling or dis-
abling the number of active rows (m,) and columns (m)
in the array and finding the correct taper by selecting the
appropriate SLL. in both planes to generate the required
Osqs in the elevation (9&323) and azimuth (9;323) planes, and
calculating the required power per element to address the
required effective isotropic radiated power (EIRP). For the
position of the UAV, both the sensor and the communication
array weight vectors are computed.



According to the previous considerations, the cost function
is composed of the sum of two sub-objectives as follows
W* Zl(ng) + ZQ(WQU)y

gu
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W,
where W, indicates the gv-th element of the beamforming
matrix, with

(W) = ( SLLE) (W) — SLLE)|
SLLA%)
| [SLLEV (W) — SLLEV|) B (6)
SLL(ED
_ EIRP(W,,) — EIRP*
Z5(W,,) = it k.

with k1 and ko being two weighting factors.

Note that Z;(W,,) computes the error between the mini-
mum desired SLL in both planes, that is, SLL(AZ),SLL(EI)
compared to their computed counterparts SLLCAZ),SLLCEI)
per beam. Z5(Wy,) reports the error between the desired
EIRP* and the calculated EIRP per beam.

VI. NUMERICAL EVALUATION

In this paper, we select an antenna aperture of 0.58\ (with

a radius 7, = 0.29)) and an inter-element spacing of 0.6\.
The total array spans a size of 6\g X 6\¢, such that it results
in 10 x 10 antenna elements arranged in a square aperture with
a rectangular lattice distribution.
To assess the performance of the proposed algorithm, we
position the UAV at an altitude of 30 meters, with coordinates
(p,A) = (49°30'21.24" N,6°8'15" E'). The GBSs positions
relative to the UAV are detailed in Tables [[] and [ Table
[ describes a non-challenging scenario where the sensing
target and the connected GBS are close in terms of azimuth
and elevation directions. Table |m instead, presents a more
complex configuration. The shorter distances between GBS,
in fact, increase the degree of complexity for the beampattern
optimizer. Both scenarios are subject to additional constraints,
including a minimum SLL greater than 18 dB and an EIRP
of 18dBm.

The resulting radiation patterns for the previous required
beams are illustrated in Figure El For the first scenario,
illustrated in Figure 3a (ISAC), 3] (Communication) , and
(Sensing), the algorithm performs well in synthesizing
the beams due to the separation of the main beams. Addi-
tionally, the required nulling, where interference from other
base stations is suppressed, is located in the correct positions.
The SLL and EIRP requirements are successfully met for
sensing, communications, and ISAC. The power allocation is
also clearly identified by analyzing the amplitude contribution
of the antennas illustrated in Figure [T}

Conversely, in the second scenario, the algorithm performs
well in synthesizing the communication (Figure 3¢) and sens-
ing ((Figure @)) beams, but it encounters difficulties when
synthesizing the required beam for the ISAC case (Figure 3d).
One of the primary challenges is that the main beams are in
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close proximity, making it difficult to define a clear half-power
beamwidth. This affects the SLL and EIRP, with the SLL
reaching 16.23 dB and the EIRP reaching 22.45 dBm. The
high EIRP results from the overlapping of the main beams,
coming from the superposition of the amplitude contributions
of the antennas in the direction where the main beams where
pointing, as illustrated in Figure 2]

TABLE I: Configuration Parameters for Scenario 1.

Sensing Scenario
(0°, 0°)

Communications Scenario
(30°, -25°)
(30°, 25.02°)
(-30.3°, -20.02°)

Parameter
(¢, 0)

(PNull; » ONully)

(PNully > ONully)

TABLE II: Configuration Parameters for Scenario 2.

Communications Scenario
(45°, -45°)
(30°, 25.02°)
(-30.3°, -20.02°)

Sensing Scenario
(30°, -30°)

Parameter
(@, 0)

(PNull; » ONully)

(PNully > ONully)

VII. CONCLUSION

In this paper, we have presented an algorithm that allows
to compute the radiation pattern of an open-ended phase
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Fig. 3: Radiation patterns generated by the beam pattern optimizer for the scenarios in Table m and @ The unit of the colormap is dBm.
The black circle indicates the main radiation HPBW lobe where most of the power is directed. The stars represent the positions of the

neighbouring GBS.

array based on required inputs like desired SLL, main beam
direction, required nulling directions, and target EIRP. The
algorithm allowed us to perform the synthesization of the
beams in three different scenarios, with requirements in terms
of communication, sensing, and both (ISAC). For all the
scenarios the synthesizing is achieved through the beamform-
ing optimzer algorithm to reduce the activation on antenna
elements as well as the surrogate algorithm to determine the
desired antenna tapering.
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