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The evolution of Unmanned Aerial Vehicles (UAVs) from simple remote-controlled aircraft to sophisticated aerial
base stations and sensing platforms has necessitated a monumental shift in communication engineering. At the
heart of this shift lies the requirement for robust, high-bandwidth, and interference-resilient signal processing.
Specifically, the integration of Orthogonal Frequency Division Multiplexing (OFDM) within Digital Antenna
Arrays (DAA)has emerged as a cornerstone for modern Secure Wideband Networking Waveforms (WNW). As
spectral environments become increasingly congested and contested by electronic warfare (EW) elements such as
jammers, the need for advanced two-stage processing and Integrated Sensing and Communication (ISAC) has
never been more critical.

The Theoretical Framework of OFDM in Aerial Environments

Orthogonal Frequency Division Multiplexing (OFDM) is a multicarrier modulation technique that divides a high-rate
data stream into several low-rate substreams, which are then transmitted over orthogonal subcarriers. In the

context of UAVs, OFDM provides a unique advantage in managing multipath fading, which is common in low-
altitude urban or mountainous environments. By utilizing a Cyclic Prefix (CP), OFDM systems can mitigate Inter-
Symbol Interference (ISl), ensuring that the integrity of the UAV-to-Ground or UAV-to-UAV link is maintained even
under non-line-of-sight (NLOS) conditions.

However, the application of OFDM in UAVs is not without its challenges. The high mobility of UAVs introduces
significant Doppler shifts, which can destroy the orthogonality of the subcarriers. Furthermore, the limited payload
capacity of UAVs necessitates highly efficient digital processing to minimize power consumption while maximizing
throughput. Current research focuses on sparse signal reconstruction and two-stage digital processingto
overcome these physical and environmental constraints.

Architecture of Digital Antenna Arrays (DAA) for UAV Base Stations

Digital Antenna Arrays (DAA) represent a paradigm shift from traditional analog beamforming. In a DAA, the signal
from each antenna element is digitized at the radio frequency (RF) or intermediate frequency (IF) stage. This
allows for unparalleled flexibility in spatial filtering, null-steering, and multi-user MIMO (MU-MIMO) operations.
When a UAV acts as an aerial base station, the DAA allows it to focus its energy toward specific ground terminals
while simultaneously creating deep nulls in the direction of known jammers.

The Role of Spatial Covariance Matrices

In DAA systems, the processing of OFDM signals begins with the estimation of the spatial covariance matrix. This
matrix captures the spatial characteristics of the received signals, including the desired UAV telemetry, user data,
and external interference. By applying sophisticated algorithms like MUSIC (Multiple Signal Classification) or
ESPRIT, the system can identify the Direction of Arrival (DoA) for both legitimate signals and malicious jammers.

Two-Stage Digital Processing: A Deep Technical Dive



One of the most effective methods for eliminating jammer influence in UAV communications is the Two-Stage
Digital Processingmodel. This methodology is particularly relevant for Secure Wideband Networking Waveforms
(WNW), where high reliability is a non-negotiable requirement.

Stage One: Intermediate Estimation and Spatial Filtering

The first stage involves the intermediate estimation of the amplitudes and phases of the OFDM signals as they exit
the digital processing unit. During this phase, the system identifies the presence of narrowband or wideband
jammers. By analyzing the power spectral density across the OFDM subcarriers, the processor can determine
which bins have been compromised. Spatial filtering is then applied to suppress the interference before the signal
is passed to the demodulator. This "pre-processing” ensures that the subsequent FFT (Fast Fourier Transform)
operation does not spread the jammer energy across the entire frequency domain.

Stage Two: Signal Reconstruction and Error Correction

The second stage focuses on the reconstruction of the signal. If certain subcarriers are completely lost due to
jamming or deep fading, sparse reconstruction techniquesare employed. Leveraging the inherent sparseness of
the signal—specifically when dealing with OFDM-IM (Index Modulation)—the receiver can estimate the missing
target parameters. This stage utilizes iterative algorithms to fill the gaps in the data stream, ensuring that the packet
error rate (PER) remains within acceptable limits for real-time UAV control and high-definition video transmission.

Comparison of Signal Processing Methodologies

To understand the superiority of two-stage DAA processing, it is essential to compare it against traditional single-
stage and analog-based systems. The following table outlines the key metrics of these technologies.



Feature Traditional Analog Single-Stage Digital Two-Stage DAA
Beamforming Processing Processing

Jammer Suppression Low (Broad nulls) Moderate Superior (Deep, targeted
nulls)

Computational Load Low High Very High

Spectral Efficiency Fixed Dynamic Maximum (Adaptive
Subcarrier)

Application Suitability General Consumer Drones Standard 5G UAVs Military-Grade WNW &

ISAC

Integrated Sensing and Communication (ISAC) and UAV SAR Imaging

A burgeoning field in UAV technology is Integrated Sensing and Communication (ISAC). Traditionally, radar and
communication systems operated on separate hardware and frequency bands. ISAC proposes a unified system
where the OFDM waveform used for communication also serves as a radar probe for Synthetic Aperture Radar
(SAR)imaging. This is particularly effective in the sub-6 GHz range, where UAVs can be deployed as aerial base
stations to map terrain or detect targets while maintaining a high-speed data link.

Synergy Between OFDM and Radar

The wide bandwidth of OFDM makes it an excellent candidate for radar applications. Each subcarrier can be
viewed as a component of a pulse-compression radar signal. When the UAV moves, the reflections of these
subcarriers from ground objects can be processed to create high-resolution SAR images. The challenge lies in the
non-allocated subcarriers. In many LTE and 5G NR waveforms, not all subcarriers are active. Advanced solutions
now involve linear interpolationacross the subcarrier domain prior to detection, allowing for the detection of far-off
targets without sacrificing communication throughput.

Noise Suppression and Electromagnetic Impulse Mitigation

UAVs operate in electrically "noisy" environments. The motors, electronic speed controllers (ESCs), and onboard
computers generate significant electromagnetic impulse noise. To combat this, researchers have proposed a dual-
antenna noise suppression methodbased on OFDM modulation principles. This system uses one antenna as a
reference to capture the local noise floor and the second antenna to capture the composite signal plus noise. By
performing a real-time subtraction in the digital domain, the impulse noise can be filtered out, significantly
improving the signal-to-noise ratio (SNR) for long-range wireless reception.

High-Throughput UAV-to-Ground Links via FSO

While RF-based OFDM is the standard, Free Space Optics (FSO) is pushing the boundaries of UAV
communication. Investigations into UAV-to-ground FSO transmission systems have demonstrated the ability to
achieve data rates as high as 20 Gbps. In these systems, a Pseudo-Random Binary Sequence (PRBS) is
mapped onto 4-QAM symbols(2 bits per symbol). The resulting 4-QAM signal is then fed into an OFDM
modulator. The use of OFDM in FSO is vital because it helps combat atmospheric turbulence and scintillation,
which can cause severe signal fluctuations in optical links.



Technical Workflow of FSO-OFDM

1. Data Generation: Binary information is generated using a high-speed PRBS generator.

2. Mapping: Bits are mapped to 4-QAM symbols, providing a balance between spectral efficiency and noise
tolerance.

3. OFDM Modulation: The symbols undergo IFFT (Inverse Fast Fourier Transform) to create the time-domain
waveform.

4. Optical Conversion: The digital signal is converted to an optical intensity signal and transmitted via laser.

5. Detection: At the ground terminal, a photodetector captures the light, and the two-stage digital processing
begins to reconstruct the data.

Case Study: Secure Wideband Networking Waveform (WNW) Implementation

In a simulated military environment, a UAV equipped with a DAA was subjected to high-intensity narrowband
jamming. A traditional single-stage receiver failed to maintain the link as the jammer power increased. However, by
implementing the two-stage digital processing algorithm, the UAV was able to:

« Identify the jammer DoA within 5ms of activation.

e Apply a spatial null of -40dB toward the jammer.

e Use sparse reconstruction to recover data from the 15% of subcarriers that were saturated by the interference.
e Maintain a 4K video stream with zero frame drops throughout the jamming event.

This case study illustrates that the combination of DAA and intelligent OFDM processing is not merely a theoretical
exercise but a practical necessity for mission-critical UAV operations.

Algorithmic Complexity and Optimization

The primary hurdle for implementing these advanced techniques is the computational cost. Performing real-time
FFTs, spatial filtering, and sparse reconstruction requires significant processing power. Modern UAV designers are
increasingly turning to FPGA (Field Programmable Gate Arrays) and ASIC (Application-Specific Integrated
Circuits) to handle these tasks. By offloading the physical layer processing to dedicated hardware, the UAV's main
processor can focus on flight dynamics and mission logic. Furthermore, the use of Sparse Reconstruction-Based
Joint Signal Processingreduces the number of required computations by only focusing on active subcarriers,
thereby extending the battery life of the UAV.

Summary and Broader Implications

The convergence of OFDM, Digital Antenna Arrays, and ISAC technology represents the frontier of aerial
telecommunications. The ability to perform two-stage signal processing allows UAVs to operate in increasingly
hostile electromagnetic environments, ensuring that secure wideband networking remains robust against both
intentional jamming and environmental noise. As we move toward 6G and beyond, the role of the UAV will evolve
from a simple data relay to an intelligent, sensing, and self-healing node in a global mesh network. The
mathematical models and algorithmic frameworks discussed—ranging from 4-QAM mapping in FSO to linear
interpolation for radar detection—provide the technical foundation for this evolution. Future developments in sparse
signal reconstruction and electromagnetic impulse suppression will further refine these systems, making 20 Gbps
aerial links a standard reality rather than a research milestone. The integration of sensing and communication will
not only optimize spectral usage but also empower UAVs with a dual-purpose capability that is essential for both
civilian infrastructure monitoring and defense applications.
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