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Abstract:

One of the primary applications of sparse array antennas is direction-of-arrival (DoA) estimation, which plays a critical
role in radar, wireless telecommunications, sonar, and related domains. Recently, drone swarms have emerged as a
novel platform for implementing sparse array antennas. In such drone-based sparse arrays, each antenna element—
typically mounted on an individual drone—can dynamically reposition itself in space at any given time. In this paper,
we propose a trajectory design approach for the drones by optimizing the velocity profile of each drone using a genetic
algorithm, with the explicit goal of enhancing the accuracy of DoA estimation. Simulation results demonstrate that the
optimized flight trajectories significantly reduce the Cramér—Rao Lower Bound (CRLB) for DoA estimation, thereby
confirming that the angular estimation accuracy is effectively improved through intelligent path planning of the drone
swarm.
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1. Motivation of the work

One of the key applications of UAV swarms is in search
and rescue operations. Specifically, such swarms can be
deployed to locate individuals trapped during natural
disasters and provide timely assistance. In this work, we
address the problem of estimating the direction of arrival
(DoA) of emergency signals transmitted by stranded users
during disasters. These users are assumed to possess
communication devices that emit signals within a specific
frequency band toward the sky. A swarm of UAVs, acting
as a reconfigurable antenna array, is then employed to
estimate the DoA of these signals and thereby determine
the victims’ locations for effective rescue operations.
Using UAV swarms as sparse, adaptive antenna arrays
offers several advantages. First, it significantly reduces
the design complexity and weight burden on individual
UAVs, as each carries only a simple antenna element.
Second, the system is inherently robust to the loss or
failure of individual UAVs—a critical feature in
unpredictable and harsh disaster environments. This
resilience, combined with the flexibility to dynamically
adjust array geometry through UAV trajectories, enables
more accurate and reliable localization compared to
conventional fixed-antenna systems. Our research
leverages these benefits to enhance emergency response
capabilities through intelligent swarm coordination and
signal processing.

Given that each array element—mounted on a UAV—can
move freely at any moment, designing optimal flight
trajectories for the UAV swarm to maximize the accuracy
of direction-of-arrival (DoA) estimation is a central
problem addressed in this paper.

2. Contributions

The primary objective of this work is to enhance the
accuracy of direction-of-arrival (DoA) estimation for
emergency signals in search-and-rescue scenarios by
leveraging the unique reconfigurability of UAV swarms
as distributed antenna arrays. Unlike conventional static
or rigid antenna arrays, UAV-based arrays offer dynamic
control over element positions, enabling real-time
optimization of array geometry. The key advantage of our
approach lies in this adaptability: by intelligently
designing UAV trajectories—specifically by optimizing
their velocities—we actively minimize the Cramér—Rao
Lower Bound (CRLB), thereby improving estimation
performance.

Compared to a single UAV equipped with a uniform
linear array (ULA), our multi-UAV system provides
significantly higher degrees of freedom, leading to
superior angular resolution and robustness. Moreover, the
distributed nature of the swarm inherently mitigates
system failure risks—if one or more UAVs malfunction,
the array functionality is preserved, a critical feature in
disaster response. Another distinct advantage is reduced
onboard complexity: each UAV carries only a minimal
antenna and processing unit, lowering weight, cost, and
power consumption.

In the uncertainty analysis section, we first identified the
key sources of uncertainty and then theoretically

examined—through  mathematical  derivations—their
impact on direction-of-arrival (DoA) estimation,
specifically focusing on gain and phase errors in the
antenna elements of the UAV-based array. Subsequently,

we validated these theoretical insights through
comprehensive simulations.
As anticipated from the theoretical analysis, the

simulation results confirmed that gain and phase
uncertainties in the array elements degrade DoA
estimation accuracy. Moreover, when the UAV swarm is
configured in its optimal geometry, the detrimental effect
of these uncertainties becomes more pronounced at higher
operating frequencies. Even when the magnitude of
uncertainty is held constant across scenarios, increasing
the signal frequency leads to a noticeable reduction in
estimation accuracy. This frequency-dependent sensitivity
highlights a critical trade-off: while higher frequencies
can offer better theoretical resolution, they also amplify
the negative impact of practical hardware imperfections
in a reconfigurable UAV array. Thus, our analysis
underscores the importance of jointly considering array
configuration,  signal  frequency, and hardware
imperfections in the design of robust UAV-based
localization systems for real-world emergency response
applications

3. Procedures

This study is entirely simulation-based and involves no
human or physical subjects. Instead, the "agents" in this
research are modeled unmanned aerial vehicles (UAVS)
that operate cooperatively as a sparse, reconfigurable
antenna array to estimate the direction of arrival (DoA) of
emergency signals. Each UAV s theoretically equipped
with a simple single-antenna transceiver and is capable of
controlled motion within a defined three-dimensional
airspace.

The UAVs’ task was to estimate the DoA of narrowband
emergency signals transmitted by a ground-based source
(e.g., a distress beacon). Their flight trajectories—
specifically their velocities and initial positions—were
optimized using a genetic algorithm to minimize the
Cramér—Rao Lower Bound (CRLB) for DoA estimation.
Simulations were conducted in a controlled virtual
environment modeling free-space propagation along with
hardware impairments. Key experimental conditions
included: (1) presence or absence of gain and phase
uncertainties in the array elements, (2) variation of signal
carrier frequency (e.g., from 1 GHz to 5 GHz), and (3)
comparison of the impact of the number of UAVs on
estimation accuracy.

Each simulation scenario was executed over a short time
window (on the order of tens of seconds)—representing
the critical early phase of search-and-rescue operations.
Measured outputs included the theoretical CRLB and the
empirical DoA estimation error (obtained via Monte
Carlo trials). The primary comparison evaluated
estimation accuracy between optimized UAV-swarm
configurations and conventional or fixed array
geometries, both with and without uncertainty
considerations.
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Consequently, this study specifically assessed how
intelligent flight trajectory design in UAV swarms
influences DoA estimation performance under realistic
conditions, providing insights into the trade-offs among
mobility, signal frequency, and hardware imperfections in
emergency localization systems.

4. Findings

The major finding of this study is that optimizing UAV
trajectories—specifically their velocities and initial
positions—significantly improves direction-of-arrival
(DoA) estimation accuracy for emergency signals in
search-and-rescue scenarios. By minimizing the Cramér—
Rao Lower Bound (CRLB) through a genetic algorithm,
the UAV swarm achieves a reconfigurable antenna
geometry that outperforms both static arrays and a single
UAYV with a uniform linear array (ULA). This gain stems
from the increased spatial degrees of freedom enabled by
distributed, mobile sensing nodes.

The significance of this research lies in its intelligent
integration of mobility, estimation theory, and real-world
constraints. This work demonstrates that UAV motion—
rather than being merely a source of error—can be
leveraged as a performance-enhancing resource through
intelligent trajectory design. For search-and-rescue
operations, where localization accuracy and speed are
life-saving, this approach provides a scalable, robust, and
hardware-efficient solution. Although this study is purely
simulation-based, its results establish a solid theoretical
foundation for future hardware-in-the-loop validation and

real-world deployment of UAV-based localization
systems.
5. Conclusion

In this paper, we first reviewed the challenges and
research efforts in the field of UAV-based sparse array
antennas. Next, we formulated the problem of direction-
of-arrival (DoA) estimation accuracy based on the
Cramér-Rao Lower Bound (CRLB) theory and
introduced relevant optimization algorithms.

In UAV-based sparse array antenna systems, each array
element—mounted on a UAV—can freely move at any
given time. Accordingly, this paper addressed the design
of UAV trajectories (i.e., element positions) by
optimizing each UAV’s velocity using a genetic
algorithm to improve DoA estimation accuracy.

As demonstrated in the simulation results, optimal
trajectory  design through velocity optimization
effectively reduces the CRLB for DoA estimation,
thereby enhancing estimation accuracy. Furthermore,
employing multiple UAVs—with optimized velocities
and initial positions—yields superior DoA estimation
accuracy compared to using a single UAV equipped with
a uniform linear array, owing to the greater degrees of
freedom.

However, uncertainties in the gain and phase of the
antenna elements in the UAV swarm degrade DoA
estimation accuracy. In the optimal array configuration,
these uncertainties become more pronounced at higher

signal frequencies. Consequently, when uncertainties are
held constant, DoA estimation accuracy deteriorates as
the signal frequency increases.
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