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CHAPTER 01

QuadRF: An Overview of Phased
Array SDR Systems
Imagine a radio system that doesn't just receive signals, but can actively "listen"

in a specific direction, spatially "see" its environment, or track moving objects

without physical movement. This is the realm of advanced Software-Defined

Radio (SDR) integrated with phased array antenna technology.

This chapter introduces the conceptual QuadRF phased-array radio system as

a learning vehicle. It's crucial to note that as of 2026-07-12, "QuadRF" appears to

be a hypothetical or internal project, as no specific public documentation or

product by this name could be found. However, the architectural principles and

capabilities discussed are firmly rooted in established RF engineering, digital

signal processing (DSP), and embedded systems design. We will explore how such

a system would likely be built, its potential capabilities, and the underlying

technical challenges and design choices.

Understanding a system like QuadRF is vital for engineers seeking to push the

boundaries of wireless communication, sensing, and surveillance. It bridges

theoretical concepts in RF and DSP with practical embedded system

implementation, offering insights into real-time signal processing, hardware-

software co-design, and the inherent tradeoffs in complex sensing platforms.

To get the most out of this chapter, a foundational understanding of Digital Signal

Processing (DSP), RF engineering basics, and at least a conceptual grasp of FPGA

programming and Linux system administration is recommended.

System Overview: The QuadRF Architecture

A phased array SDR system like the conceptual QuadRF combines multiple

antenna elements with powerful digital processing to achieve spatial selectivity.

This allows it to "point" its sensitivity in specific directions without physically

moving the antennas, or even to form multiple beams simultaneously.

The core of such a system would likely feature a hybrid architecture. It leverages

a general-purpose processor (like a Raspberry Pi 5) for high-level control and data

management, alongside a Field-Programmable Gate Array (FPGA) for high-speed,

real-time signal processing. This division of labor is a common pattern in high-

performance embedded systems.
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High-Level Architecture

At a high level, the QuadRF system is a distributed sensing platform. Multiple RF

front-ends, each connected to an antenna element, feed digitized signals into a

central processing unit.

Key Components and Their Roles:

Phased Antenna Array: This is a collection of individual antenna elements

(e.g., 4, 8, or more) arranged in a specific geometry (e.g., linear, planar).

The number of elements directly impacts spatial resolution and

beamforming capabilities.

RF Front End Units (Rx/Tx): For each antenna element, this block handles

analog RF signals. On the receive (Rx) path, it includes low-noise amplifiers

(LNAs), mixers for downconversion to an intermediate frequency (IF) or

baseband, and filters. On the transmit (Tx) path, it performs upconversion

and power amplification.

Analog-to-Digital Converters (ADCs) / Digital-to-Analog Converters

(DACs): These high-speed converters bridge the analog RF world with the

digital processing domain. High-resolution ADCs are critical for capturing

wide bandwidths and preserving signal integrity. DACs are used for

transmitting digitally generated waveforms.

FPGA (Field-Programmable Gate Array): This is the workhorse for real-

time, high-throughput signal processing. FPGAs are ideal for the massive

parallel operations required by beamforming, digital filtering, correlation,

and other DSP tasks that demand deterministic latency.

Raspberry Pi 5: This acts as the control plane and higher-level processing

unit. It manages FPGA configuration, orchestrates data flow, runs complex

algorithms (e.g., machine learning for target classification), logs data, and

provides network connectivity and a user interface.

Data Flow: The Signal Processing Pipeline

The core functionality of a phased array SDR system like QuadRF revolves around

a continuous data flow, from analog RF signals to processed digital information.

• 

• 

• 

• 

• 
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Receive Path Data Flow

RF Signal Capture: Each antenna element in the phased array receives RF

energy from the environment. These are analog signals.

Analog Front-End Processing: Each individual antenna signal passes

through its dedicated RF Front End Unit. Here, the signal is amplified (LNA),

filtered, and downconverted from its high RF frequency to a lower

intermediate frequency (IF) or directly to baseband.

Analog-to-Digital Conversion: The analog IF/baseband signals from each

RF Front End are simultaneously sampled and digitized by high-speed ADCs.

This converts the continuous analog waveform into discrete digital samples,

often as I/Q (In-phase and Quadrature) data streams.

FPGA Real-time DSP: The digitized I/Q data streams from all ADCs are fed

into the FPGA. This is where the magic of digital beamforming happens. 

Digital Downconversion (DDC): If not already at baseband, the

signals are further downconverted digitally.

Phase and Amplitude Adjustment: For each incoming digital

stream, the FPGA applies precise phase shifts and amplitude scaling.

These adjustments are dynamically calculated to steer the "listen"

direction of the array.

Summation: The phase-adjusted and amplitude-scaled signals from

all antenna elements are coherently summed together. This creates a

focused "beam" in a specific spatial direction, enhancing signals from

that direction and nulling others.

Filtering and Decimation: The beamformed signal is then filtered

and potentially decimated (sample rate reduced) to extract the

desired information and reduce data rates for downstream processing.

Data Transfer to Raspberry Pi: The processed, beamformed data (or raw

samples, depending on the mode) is transferred from the FPGA to the

Raspberry Pi 5 via a high-speed interface (e.g., PCIe, custom serial link).

High-Level Analysis and Control: The Raspberry Pi performs further

analysis, such as target classification, visualization, data logging, or sends

commands back to the FPGA to adjust beamforming parameters.

1. 

2. 

3. 

4. 
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• 
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📌 Key Idea: Digital beamforming in the FPGA allows for highly flexible and

precise spatial filtering by manipulating individual antenna element signals after

digitization.

Design Decisions: RPi 5 and FPGA Synergy

The choice to combine a Raspberry Pi 5 with an FPGA for a system like QuadRF is

a deliberate design decision driven by specific performance and flexibility

requirements.
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The Role of the Raspberry Pi 5

The Raspberry Pi 5, with its powerful ARM processor, PCIe interface, and robust

Linux environment, serves as the intelligent control and data management hub.

FPGA Configuration and Management: The RPi loads bitstreams onto

the FPGA, configures its operating parameters (e.g., center frequency,

sample rate, gain), and monitors its status.

High-Level DSP and Analytics: For tasks that are less time-critical but

computationally intensive, such as spatial spectrum estimation, target

classification using AI/ML models, or post-processing of captured raw data,

the RPi provides the necessary compute.

Data Storage and Logging: The RPi handles storing raw I/Q data streams,

processed results, or system logs to local storage (e.g., NVMe SSD via M.2)

or network-attached storage.

Network Interface and User Experience: It provides remote access,

streams processed data to other systems, integrates with cloud services,

and runs a local GUI for configuration, visualization, and interaction.

Operating System and Drivers: The Linux OS simplifies development,

offering access to a vast array of open-source libraries and frameworks

(e.g., GNU Radio, Pothos, NumPy, SciPy for Python-based DSP).

The Role of the FPGA

The FPGA is indispensable for the real-time performance of a phased array SDR.

Its parallel architecture allows it to process multiple high-speed data streams

simultaneously, a critical requirement for coherent signal combination across

many antenna elements.

High-Speed ADC/DAC Interfacing: FPGAs directly interface with high-

bandwidth converters, often using specialized SERDES (Serializer/

Deserializer) blocks to handle multi-gigabit data rates.

Digital Beamforming: This is the FPGA's core role. It applies precise phase

and amplitude adjustments to each digitized antenna element's signal and

then sums them. This operation is inherently parallel and requires

deterministic, low-latency execution, which FPGAs excel at.

Channel Equalization and Calibration: FPGAs can implement real-time

algorithms to correct for phase and amplitude mismatches inherent in the

analog RF front end and antenna elements, crucial for accurate

beamforming.

• 

• 

• 

• 

• 

• 

• 

• 
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Real-time Filtering and Decimation/Interpolation: High-rate digital

filters and sample rate converters are efficiently implemented in FPGA

hardware.

Direction Finding (DF) Algorithms: Algorithms like MUSIC (MUltiple

SIgnal Classification) or ESPRIT (Estimation of Signal Parameters via

Rotational Invariance Techniques) can be implemented in hardware for

extremely low-latency angle-of-arrival estimation.

Data Buffering and Streaming: The FPGA manages high-throughput data

buffers and streams processed data to the Raspberry Pi via high-speed

interfaces.

⚡ Real-world insight: This hybrid approach is common in professional SDRs (e.g.,

Ettus USRPs, LimeSDR) where an FPGA handles the RF-adjacent, high-rate DSP,

and a host CPU provides the flexible control and application layer.

Scalability Considerations

A system like QuadRF, designed for advanced sensing, naturally leads to

questions of scalability. Scalability here refers to expanding capabilities (e.g.,

more antennas, wider bandwidth), increasing processing power, or deploying

multiple systems.

Increasing Array Size and Performance

More Antenna Elements: Adding more antenna elements to the array

improves spatial resolution, beam sharpness, and potentially signal-to-noise

ratio. However, this directly increases the number of RF front-ends, ADCs,

and the computational load on the FPGA. A larger FPGA or multiple FPGAs

might be required.

Wider Bandwidth: Processing wider signal bandwidths requires faster

ADCs and DACs, and significantly more DSP resources on the FPGA. The

data rate between the FPGA and RPi also grows proportionally.

Higher Throughput: For applications like real-time video streaming or

high-volume data collection, the data transfer rates and storage capacity

become critical bottlenecks.

• 

• 

• 

• 

• 

• 
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Distributed Deployments

For larger coverage areas or 3D tracking, multiple QuadRF-like systems could be

deployed.

Networked Systems: Each QuadRF unit could operate independently, or

they could form a network, sharing data and coordinating beamforming or

tracking efforts. This requires robust network communication and precise

time synchronization between units.

Centralized Processing: Data from multiple distributed units might be

streamed to a more powerful central server (e.g., cloud-based) for fusion

and advanced analysis, especially for triangulation-based tracking.

Challenges of Scaling

Data Aggregation: Managing and synchronizing high-bandwidth data

streams from many ADCs and potentially multiple distributed units.

Computational Load: DSP operations scale with the number of antennas

and bandwidth. While FPGAs are parallel, there are limits to their resources.

Network Bandwidth: Transferring raw or even partially processed data

from multiple nodes to a central point can quickly saturate network links.

Power and Thermal Management: More components and higher clock

speeds lead to increased power consumption and heat dissipation

challenges.

Capabilities: Advanced Sensing Scenarios

The unique combination of phased arrays and SDR enables powerful sensing

capabilities beyond traditional radios. It's important to distinguish between what

is physically possible and what is practically achievable with specific resolutions

or ranges.

• 

• 

• 

• 

• 

• 
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"Seeing" WiFi Through Walls (RF Tomography)

The ability to "see through walls" using ambient RF signals (like WiFi) is based on 

RF tomography or passive radar principles. It's not about visually seeing an

image, but detecting disturbances in the RF field caused by objects.

How it likely works: The QuadRF system acts as a passive receiver,

capturing ambient WiFi signals across its antenna array. As these signals

propagate through an environment, they are attenuated, reflected, and

diffracted by objects, including people or furniture. The FPGA performs

highly sensitive correlation and interference cancellation. The Raspberry Pi

then analyzes the minute phase and amplitude differences of the received

signals across the array. By comparing observed signal patterns against a

baseline (e.g., an empty room), algorithms can infer the presence,

movement, and even rough shape of objects within the monitored area.

Challenges:

Resolution: Limited by wavelength and array aperture. Achieving

high-resolution "images" is extremely difficult; it's more like detecting

"blobs" or movement.

Multipath: Signals bouncing off multiple surfaces create complex

interference patterns, making interpretation challenging.

Material Penetration: Different wall materials (e.g., concrete vs.

drywall) have varying attenuation, affecting signal strength.

Computational Intensity: Sophisticated inverse problem-solving

algorithms are required, often involving machine learning.

• 

• 

• 

• 

• 

• 
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Drone Tracking (Passive Radar / Angle of Arrival)

Tracking drones involves detecting their presence and estimating their position,

often using their own RF emissions.

How it likely works:

Passive Radar: The QuadRF system listens for RF emissions from the

drone itself (e.g., its control link, video downlink, or GPS signals). By

detecting these signals and analyzing their characteristics, the system

can infer the drone's presence.

Angle of Arrival (AoA): Using the phased array, the system precisely

measures the angle from which a drone's RF emissions are arriving.

Algorithms like MUSIC or ESPRIT implemented on the FPGA can

estimate the direction (azimuth and elevation) with high precision and

low latency.

Triangulation (with multiple systems): If multiple QuadRF systems

are deployed, or if a single system can track a drone's movement over

time, triangulation or multilateration techniques can provide a more

precise 3D position.

Reflected Signals (Bistatic Radar): For drones that are not actively

emitting, the system could potentially use reflected ambient RF signals

(e.g., cell tower transmissions) in a bistatic or multistatic passive radar

configuration. The drone acts as a reflector, perturbing the field that

the QuadRF system observes.

Challenges:

Small Radar Cross-Section (RCS): Drones are often small, making

them difficult to detect via reflection.

Interference: Urban and even rural environments are noisy with

many RF sources, making drone signal isolation challenging.

Speed and Maneuverability: Rapid changes in drone direction

require very low-latency processing and tracking algorithms.

Non-Emitting Drones: Stealthy drones that don't transmit any RF

signals are harder to detect passively.

• 

1. 

2. 

3. 

4. 
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• 

• 

• 
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Tradeoffs and Operational Considerations

Designing and operating a sophisticated phased array SDR system involves

critical tradeoffs that impact performance, cost, and long-term viability.

Performance vs. Cost vs. Complexity

High Performance = High Cost: Achieving wide bandwidths, high spatial

resolution (many array elements), and low latency requires expensive high-

speed ADCs, large FPGAs, and complex RF front-end designs.

FPGA Development Complexity: FPGA programming requires specialized

hardware description languages (VHDL/Verilog) and a deep understanding of

digital logic and DSP algorithms in hardware. This often translates to higher

development costs and longer development cycles compared to software-

only solutions.

Interface Bandwidth: The data transfer rate between the FPGA and the

Raspberry Pi can be a significant bottleneck. High-speed interfaces (e.g.,

PCIe via an M.2 adapter on RPi 5, or custom high-speed serial links) are

crucial but add hardware and software complexity.

Calibration and Maintenance

Rigorous Calibration: Maintaining phase and amplitude coherence across

multiple RF chains is notoriously difficult. Temperature changes, component

aging, and manufacturing variations can introduce errors. Rigorous, often

automated, calibration procedures involving external RF sources are

essential for accurate beamforming and direction finding. This adds

significant operational overhead.

Environmental Sensitivity: The performance of RF systems can be

affected by environmental factors like temperature, humidity, and nearby

objects. Robust design needs to account for these variations.

Software and Firmware Updates: Both the Raspberry Pi's operating

system and the FPGA's bitstream will require regular updates for bug fixes,

performance improvements, and security patches. This necessitates a

robust update mechanism.

• 

• 

• 

• 

• 

• 
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Security and Ethical Implications

The advanced sensing capabilities of a phased array SDR like QuadRF raise

significant security and ethical concerns.

Potential for Misuse: Capabilities like through-wall sensing or pervasive

drone tracking could be used for unauthorized surveillance, violating

privacy. This is a primary ethical concern.

Data Security: The raw I/Q data streams contain highly sensitive

information about the RF environment and potentially individuals. Protecting

this data from unauthorized access, tampering, or exfiltration is paramount.

This requires: 

Encryption: Encrypting data at rest and in transit.

Access Control: Implementing robust authentication and

authorization for system access.

Physical Security: Securing the hardware itself from tampering.

System Integrity: Preventing malicious actors from modifying the FPGA

bitstream or the Raspberry Pi's software. Such an attack could lead to

altered functionality, data manipulation, or even weaponization of the

system. Secure boot, trusted execution environments, and regular software

updates are critical.

Regulatory Compliance: Operating such a system requires strict

adherence to regulations regarding RF power, frequency usage, and privacy

laws in various jurisdictions. Ignorance of these laws is not an excuse for

non-compliance.

⚠️ What can go wrong: A subtle phase mismatch of just a few degrees across

array elements can severely degrade beamforming performance, leading to

inaccurate direction finding or reduced signal gain.

• 

• 

• 

• 

• 

• 

• 
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Common Misconceptions

"Seeing through walls is like X-ray vision."

Clarification: RF tomography does not produce a visual image like an

X-ray. Instead, it detects changes in the RF field, inferring the presence

and movement of objects. The resolution is typically much lower than

visual or X-ray imaging, providing more of a "blob" detection than a

clear outline. It cannot differentiate fine details or reveal internal

structures.

"Phased arrays are only for military applications."

Clarification: While phased arrays are extensively used in military

radar and communication, their principles are fundamental to many

civilian technologies. Examples include 5G cellular base stations

(Massive MIMO), advanced WiFi routers (beamforming), satellite

communication, weather radar, and even some medical imaging

techniques. The commercial availability of SDRs and FPGAs makes this

technology accessible for a wide range of research and open-source

projects.

"SDR means all processing is done on the CPU."

Clarification: Software-Defined Radio implies flexibility through

software configuration, but for high-performance applications, critical

real-time processing (like high-speed filtering, modulation,

demodulation, and especially beamforming) is almost always offloaded

to dedicated hardware like FPGAs or ASICs. The "software" defines the

system's behavior and high-level control, not necessarily executing all

DSP operations on a general-purpose processor. Attempting to do so

would result in severe latency and throughput limitations.

Summary and Key Takeaways

The conceptual QuadRF phased array SDR system serves as an excellent model

for understanding how high-performance radio systems are engineered. It

demonstrates the powerful combination of a flexible general-purpose computer

like the Raspberry Pi 5 with the raw, parallel processing power of an FPGA,

underpinned by sophisticated RF engineering and digital signal processing.

1. 

• 

2. 

• 

3. 

• 
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Key takeaways from exploring such an architecture include:

Hybrid Architecture: The synergy between a CPU (RPi) for control and

high-level tasks, and an FPGA for real-time, parallel signal processing, is

crucial for achieving both flexibility and performance in advanced SDR

systems.

Beamforming Fundamentals: Electronically steering and shaping

antenna sensitivity through precise phase and amplitude manipulation is the

core principle enabling phased array capabilities.

Advanced Sensing Potential: Capabilities like through-wall sensing (RF

tomography) and drone tracking (AoA, passive radar) leverage subtle RF

propagation effects and require highly sensitive, low-latency DSP. These are

complex problems with practical limitations.

Critical Tradeoffs: Designing such a system involves balancing

performance, cost, complexity, power consumption, and thermal

management. No single choice is optimal for all use cases.

Operational Challenges: Rigorous calibration, environmental robustness,

and a robust update strategy are vital for reliable operation.

Security and Ethics: The powerful sensing capabilities necessitate robust

security measures to protect data and system integrity, alongside careful

consideration of ethical implications and regulatory compliance.

In the next chapter, we will delve deeper into the specific DSP algorithms required

for digital beamforming and direction finding, exploring how these are

implemented efficiently on an FPGA.
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CHAPTER 02

Software-Defined Radio &
Phased Array Fundamentals
Imagine a radio system that doesn't just listen, but can also see in the RF

spectrum, directing its "gaze" with precision and even peering through obstacles.

This is the promise of combining Software-Defined Radio (SDR) with phased array

antenna technology. This chapter dives into these fundamental concepts,

exploring how a system like the hypothetical "QuadRF" phased-array radio system

would likely be engineered using components like a Raspberry Pi 5 and an FPGA

to achieve advanced sensing capabilities.

Understanding these building blocks is crucial for anyone looking to design,

implement, or even just critically analyze modern wireless systems. We'll break

down the architectural choices, the underlying signal processing, and the

implications for applications ranging from communication to sophisticated

environmental sensing and surveillance.

Software-Defined Radio: The Flexible RF Canvas

At its core, a Software-Defined Radio (SDR) replaces traditional, fixed-function

analog radio hardware with software running on a general-purpose processor or

specialized digital hardware like an FPGA. This shift allows for immense flexibility:

the same hardware can be reconfigured via software to operate on different

frequencies, modulation schemes, and protocols without physical changes.

Why SDR Exists: Traditional radios are designed for specific tasks (e.g., FM

broadcast, Wi-Fi). Changing their function requires hardware modifications. SDR

solves this by digitizing the RF signal as close to the antenna as possible, then

performing all subsequent signal processing (filtering, modulation, demodulation,

channel coding) in the digital domain. This flexibility is invaluable for:

Rapid Prototyping: New wireless standards or modulation schemes can be

tested quickly.

Multi-standard Support: A single device can adapt to various

communication protocols.

Research & Education: Provides a platform for experimentation with RF

signals.

Dynamic Spectrum Access: Adapting to available spectrum in real-time.

• 

• 

• 

• 
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A typical SDR architecture involves an Analog-to-Digital Converter (ADC) for

reception and a Digital-to-Analog Converter (DAC) for transmission, coupled with

powerful digital signal processing (DSP) capabilities.

Phased Array Antennas: Steering the RF Beam

A phased array antenna is a group of individual antenna elements (e.g., dipoles,

patches) arranged in a specific geometric configuration. Unlike a traditional

antenna that has a fixed radiation pattern, a phased array can electronically steer

its main lobe (the direction of maximum sensitivity or transmission) without

physically moving the antennas.

How Phased Arrays Work: The magic of beamforming lies in precisely

controlling the phase and amplitude of the RF signal fed to (for transmission) or

received from (for reception) each individual antenna element. By introducing

tiny, calculated phase shifts between the signals at each element, the

electromagnetic waves combine constructively in a desired direction and

destructively in others. This creates a focused "beam" that can be electronically

swept across a wide angular range.

Constructive Interference: Signals arriving in phase from different

elements add up, increasing signal strength in a specific direction.

Destructive Interference: Signals arriving out of phase cancel each other

out, reducing signal strength in unwanted directions (forming "nulls").

This capability allows for:

Beam Steering: Directing the main lobe towards a target.

Null Steering: Placing nulls in the direction of interference or jammers.

Spatial Filtering: Enhancing signals from a specific direction while

suppressing others.

Direction Finding (DoA): Estimating the angle of arrival of an incoming

signal.

• 

• 

• 

• 

• 
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QuadRF System Architecture: An Inferred Design

Given the capabilities described (like "seeing WiFi through walls" and "drone

tracking"), the hypothetical "QuadRF" system would likely combine the flexibility

of SDR with the spatial control of phased arrays. Its core architecture would

involve a tight integration of analog RF front-ends, high-speed digital processing,

and a general-purpose control unit.

For a system like QuadRF, the roles of the Raspberry Pi 5 and an FPGA are distinct

and complementary, forming a powerful embedded platform.

Component Roles

RF Front-End (Analog): This highly specialized hardware handles the

initial conditioning of RF signals. For reception, it includes low-noise

amplifiers (LNAs) to boost weak signals, filters to reject out-of-band

interference, and down-conversion mixers to shift the RF signal to an

intermediate frequency (IF) or baseband that ADCs can sample. For

transmission, it performs the reverse: up-conversion, filtering, and power

amplification. Critically, each antenna element would require its own RF

front-end chain to maintain phase and amplitude coherence.

Analog-to-Digital Converters (ADCs) / Digital-to-Analog Converters

(DACs): These are the bridges between the analog and digital worlds. High-

speed, high-resolution ADCs are essential for capturing a wide bandwidth of

RF signals with minimal distortion. Similarly, DACs convert digital waveforms

back into analog RF signals for transmission. In a multi-element phased

array, multiple synchronized ADCs/DACs are required.

• 

• 
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FPGA (Field-Programmable Gate Array): The Real-time DSP Engine

The FPGA is the workhorse for high-speed, parallel, and real-time digital

signal processing. It's chosen for its ability to perform many operations

simultaneously with predictable, low latency.

Phase and Amplitude Control: The FPGA applies the precise phase

shifts and amplitude adjustments to the digital samples from each

antenna element for beamforming. This involves complex arithmetic

operations (multiplications, additions) performed at very high data

rates.

Digital Filtering and Down-conversion: After beamforming, the

FPGA might perform further digital filtering, decimation (reducing

sample rate), and digital down-conversion to extract signals of

interest.

Data Aggregation: It aggregates processed data streams before

sending them to the Raspberry Pi 5.

Timing and Synchronization: Ensures all ADCs/DACs and processing

elements are perfectly synchronized, which is critical for maintaining

phase coherence across the array.

Low Latency: FPGAs offer predictable, low-latency processing,

essential for real-time applications like drone tracking.

• 

• 

• 

• 
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Raspberry Pi 5: The Control and High-Level Processing Unit The

Raspberry Pi 5 (RPi 5) acts as the embedded controller and host processor.

Its role is complementary to the FPGA, handling tasks that don't require

nanosecond-level determinism but benefit from a full Linux environment and

general-purpose computing power.

System Control: Manages the overall system, including configuring

the FPGA, setting beamforming parameters (e.g., beam direction, null

placement), and controlling RF front-end components.

Data Logging & Storage: Stores raw or pre-processed RF data for

later analysis.

Higher-Level Signal Processing: Performs non-real-time or less

latency-sensitive DSP tasks, such as spectral analysis, demodulation of

complex signals, or application-specific algorithms.

User Interface: Hosts the user interface (e.g., a web interface, a

graphical application) for operators to interact with the system.

Networking: Handles network communication for remote control,

data transfer, or integration with other systems.

Application Logic: Runs the primary application logic, such as drone

tracking algorithms or RF tomography reconstruction.

QuadRF Data Flow: From RF to Insight

The interaction between these components defines the system's operational flow.

This diagram illustrates the likely data path for both reception (RX) and

transmission (TX).

Receive (RX) Path Data Flow

RF Antennas: Multiple antennas simultaneously capture RF signals from

the environment.

• 

• 

• 

• 

• 

• 

• 

1. 

AI VOID [https://aivoid.dev]

Software-Defined Radio & Phased Array Fundamentals 20



RF Front-End RX: Each antenna's signal passes through its dedicated

analog front-end, where it is amplified by a Low Noise Amplifier (LNA),

filtered to remove unwanted frequencies, and down-converted to an

Intermediate Frequency (IF) or baseband.

Analog-to-Digital Converters (ADCs): The conditioned analog signals are

then digitized by high-speed ADCs, converting them into a stream of digital

samples. Crucially, these ADCs must be tightly synchronized to preserve

phase coherence across the array.

FPGA (Real-time DSP): The raw digital samples are fed into the FPGA.

Here, the core, high-speed Digital Signal Processing (DSP) occurs: 

Digital Beamforming: Phase and amplitude adjustments are applied

to each antenna's data stream in real-time to electronically steer

receive beams, enhance signals from desired directions, or calculate

Angle of Arrival (AoA).

Filtering and Decimation: Further digital filtering and sample rate

reduction might occur to isolate signals of interest and reduce data

volume.

Raspberry Pi 5 (High-level Processing): The processed data (e.g.,

beamformed samples, AoA estimates, spectral data) is transferred from the

FPGA to the RPi 5. 

Application Logic: The RPi 5 executes higher-level algorithms (e.g.,

RF tomography reconstruction, drone tracking, demodulation).

Data Logging: Processed or raw data can be stored for later analysis.

User Interaction: Results are displayed via a user interface.

Transmit (TX) Path Data Flow (Inference)

User Interface / Application Logic: A user or an automated process on

the RPi 5 initiates a transmission, defining parameters like frequency,

modulation, and beam direction.

Raspberry Pi 5: Generates the digital baseband waveform or sends control

parameters to the FPGA.

FPGA: Receives the digital waveform and applies the necessary digital up-

conversion, filtering, and critically, the precise phase and amplitude shifts

for each antenna element to form the transmit beam.

Digital-to-Analog Converters (DACs): Converts the digital, phase-shifted

waveforms into analog signals for each antenna path.

2. 
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RF Front-End TX: The analog signals are up-converted to the desired RF

frequency, filtered, and amplified by a Power Amplifier (PA) for transmission.

RF Antennas: Each antenna element transmits its phase-shifted signal,

combining constructively in the desired direction to form a steered beam.

How Capabilities Likely Work

"Seeing WiFi Through Walls" (RF Tomography / Passive Radar
Inference)

This advanced capability, if realized, would likely rely on RF tomography or a

form of passive radar. It's crucial to understand this is an inference based on

general principles, not an X-ray vision.

Principle: Instead of transmitting its own signal, the system would 

passively listen to ambient RF signals, like Wi-Fi. When these signals travel

through an environment with objects (like walls or people), they are

attenuated, reflected, and diffracted.

Beamforming Role: The phased array's ability to form multiple receive

beams or rapidly scan a wide area allows it to measure the signal strength

and phase variations of ambient Wi-Fi signals at different locations and

angles.

Signal Processing: The RPi 5, using data from the FPGA, would run

sophisticated algorithms to reconstruct a "map" of the RF environment. By

analyzing how Wi-Fi signals are absorbed and scattered, it could infer the

presence and even density of objects. For example, a significant drop in

signal strength could indicate a dense object like a wall, while subtle phase

shifts might indicate movement. This is a computationally intensive task.

Challenges: This is highly susceptible to noise, requires careful calibration,

and sophisticated algorithms to distinguish objects from environmental

clutter. Accuracy depends heavily on the number of antenna elements, their

arrangement, and the complexity of the processing algorithms. The "image"

produced is an RF attenuation map, not a visual one, and its resolution is

limited by the wavelength of the RF signals.

5. 
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Drone Tracking (Angle of Arrival & Passive Radar Inference)

Tracking drones without active transmission relies on their emitted RF signals

(e.g., control links, video downlinks).

Principle: The phased array acts as a highly sensitive direction-finding

system. By analyzing the phase differences of the drone's signal as it arrives

at each antenna element, the system can precisely calculate the Angle of

Arrival (AoA).

Beamforming Role: Once the AoA is known, the system can steer a narrow

receive beam directly at the drone, maximizing signal reception and

improving tracking accuracy. Multiple simultaneous beams could potentially

track multiple drones.

Triangulation/Multilateration (Inference): For 3D position tracking, a

single phased array can determine angle but not range. To get full 3D

position, multiple QuadRF systems could communicate their AoA

measurements to a central server (potentially on one of the RPi 5s) to

triangulate the drone's position. Alternatively, if the drone's signal

characteristics (e.g., known modulation) allow for precise time-of-flight

measurements, a single system might infer range, but this is much harder

for passive systems.

Signal Processing: The FPGA would perform the real-time phase

difference calculations for AoA estimation. The RPi 5 would then process

these AoA estimates over time to track the drone's trajectory, predict its

movement, and potentially classify it based on its RF signature.

Challenges: Distinguishing drone signals from other RF noise, handling

signal fading, and maintaining tracking in complex environments are

significant challenges. The accuracy of AoA estimation is directly related to

the array's aperture size (physical span of the antennas) and the signal-to-

noise ratio.

Design Decisions and Tradeoffs

The architecture of a system like QuadRF involves several critical design decisions

and associated tradeoffs, balancing performance, complexity, cost, and power.
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FPGA vs. General-Purpose Processor (GPP) for DSP

FPGA Choice: The decision to use an FPGA for real-time DSP

(beamforming, initial filtering) is driven by the need for:

Extreme Parallelism: FPGAs can process multiple antenna streams

simultaneously, which is fundamental for phased arrays.

Deterministic, Low Latency: Critical for real-time applications like

drone tracking where microseconds matter.

High Throughput: Can handle massive data rates from multiple high-

speed ADCs.

Tradeoff: Higher development complexity (VHDL/Verilog), less flexible

for algorithm changes post-deployment without re-synthesis, higher

power consumption for complex logic compared to a low-power CPU

for certain tasks.

Raspberry Pi 5 (GPP) Choice: The RPi 5 is chosen for higher-level tasks

because of its:

Ease of Development: Linux environment, Python/C++ for rapid

prototyping of complex algorithms (e.g., tracking filters, image

reconstruction).

System Control & Connectivity: Manages the overall system,

networking, user interface, and data storage.

Tradeoff: Higher latency and less deterministic real-time performance

than an FPGA, unsuitable for direct high-speed ADC/DAC interfacing

without dedicated hardware.

Number of Antenna Elements

Benefit: More elements lead to narrower beams, better spatial resolution,

improved gain, and more accurate direction finding. This directly impacts

the precision of drone tracking and the resolution of RF tomography.

Cost: Exponentially increases hardware complexity (more RF front-ends,

ADCs/DACs), data bandwidth, FPGA processing requirements, and overall

system cost and power consumption. A balance must be struck.

Bandwidth vs. Resolution

Benefit: Wider bandwidth allows capturing more signals simultaneously,

useful for spectrum monitoring or multi-signal tracking. Higher resolution

ADCs/DACs provide better signal fidelity and dynamic range, crucial for

detecting weak signals.
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Cost: Wider bandwidth requires higher sampling rates, leading to more data

and higher FPGA processing load. Higher resolution ADCs often come with

lower maximum sample rates or higher cost and power.

Passive vs. Active Sensing

Passive Benefit: Covert operation, no interference with other systems,

leverages existing RF emissions (e.g., Wi-Fi for through-wall sensing). This is

a key design choice for applications where discretion or non-interference is

paramount.

Passive Cost: Relies on external emitters, limited control over signal

characteristics, challenging signal-to-noise ratio, harder to determine range

without multiple sensors or complex analysis.

Scalability Considerations

Scaling a QuadRF-like system can involve increasing its individual performance,

extending its coverage, or enhancing its data processing capabilities.

Scaling Up (Single Unit Performance):

More Antenna Elements: Increases spatial resolution and gain, but

hits diminishing returns on cost and complexity. Requires a larger,

more powerful FPGA and increased data bandwidth.

Higher Bandwidth/Resolution ADCs/DACs: Improves signal fidelity

and spectral coverage, but drastically increases FPGA processing load

and data rates.

Faster FPGA Fabric: Allows for more complex real-time algorithms or

higher throughput.

Dedicated DSP Accelerators (Inference): For even more

demanding post-FPGA processing, adding a compact GPU or dedicated

DSP chip alongside the RPi 5 could offload computationally intensive

tasks like RF tomography reconstruction.
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Scaling Out (Distributed Sensing):

Networked QuadRF Units: Multiple QuadRF systems deployed in

different locations can share AoA data to achieve precise 3D

triangulation for drone tracking or cover larger areas for RF

tomography.

Centralized Data Processing: A cloud-based or local server could

aggregate data from multiple RPi 5 units, perform fusion algorithms,

and provide a unified view. This introduces network latency and

synchronization challenges.

API-driven Control: Standardized APIs on the RPi 5 would allow

seamless integration and remote control of distributed units.

Data Handling Scale:

Storage: Raw RF data can be enormous. Onboard storage on the RPi

5 (SD card, SSD) is limited. For long-term or high-volume logging,

offloading data to network-attached storage (NAS) or cloud storage is

essential.

Processing Pipelines: For large-scale data analysis, the RPi 5 might

only perform initial aggregation, sending data to more powerful

backend systems for in-depth analysis or machine learning.

Operational Challenges and Failure Modes

Deploying and operating a sophisticated system like QuadRF comes with inherent

challenges that can lead to performance degradation or outright failure.

Phase and Amplitude Mismatch Errors: The most critical challenge in

phased arrays. Even tiny differences in cable length, component variations,

or temperature drift across the RF front-ends can cause signals to combine

imperfectly, leading to distorted beams, reduced gain, and inaccurate

direction finding. 

Mitigation: Rigorous factory calibration, regular field calibration

procedures, and active phase correction algorithms implemented in

the FPGA or RPi 5.
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Computational Latency: While FPGAs offer low latency, the overall

system latency (from RF capture to actionable insight) can be significant,

especially for real-time applications like drone tracking. 

Mitigation: Optimizing FPGA code, efficient data transfer protocols to

the RPi 5, and streamlined application algorithms.

Environmental Interference and Noise: Operating in complex RF

environments (urban areas, industrial zones) means dealing with numerous

unwanted signals, jamming, and background noise, which can severely

degrade signal-to-noise ratio and system performance. 

Mitigation: Advanced digital filtering, adaptive beamforming (null

steering), and robust signal classification algorithms.

Thermal Management: High-speed ADCs, FPGAs, and RF power amplifiers

generate significant heat. Inadequate cooling can lead to component failure,

performance degradation, and frequency drift.

Power Management: Especially for portable deployments, balancing

processing power with battery life is a constant challenge. FPGAs can be

power-hungry.

Software/Firmware Bugs: Bugs in the FPGA bitstream or RPi 5 software

can lead to incorrect beamforming, data corruption, or system crashes.

Robust testing and reliable update mechanisms are crucial.

Data Integrity and Storage: Ensuring that captured RF data is stored

reliably, without loss or corruption, is critical for post-analysis. SD card

failures on the RPi 5 are a common concern.

Network Reliability: If multiple QuadRF units are networked or if data is

streamed to a remote server, network connectivity and bandwidth become

critical operational dependencies.

Security and Ethical Considerations

A powerful RF sensing system like QuadRF, even if hypothetical, carries significant

security implications, both for its own protection and its potential for misuse.

System Security

Control Plane Vulnerabilities: The Raspberry Pi 5, running a Linux OS, is

susceptible to standard network and OS-level attacks (e.g., unauthorized

access, malware, denial-of-service). Securing SSH, user accounts, and

network services is paramount.
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Data Exfiltration: RF data, especially if it contains sensitive information

about environments or targets, must be protected against unauthorized

access and exfiltration. Encryption for data at rest and in transit is crucial.

Firmware Tampering: The FPGA firmware (bitstream) could be tampered

with to alter the system's behavior or introduce backdoors. Secure boot

mechanisms and firmware integrity checks are vital.

Physical Security: The hardware itself needs protection, especially if

deployed in sensitive areas, to prevent physical tampering or theft.

Ethical and Malicious Use

Unauthorized Surveillance: The ability to "see through walls" or track

objects passively raises profound privacy concerns. Such a system could

potentially monitor movement within private spaces without consent,

leading to significant ethical and legal challenges.

Eavesdropping: If configured to analyze specific RF signals, it could

potentially intercept and decode private communications.

Targeting: Precise direction-finding can be used to locate and target

specific RF emitters or individuals.

Regulatory Compliance: Operating such a system requires strict

adherence to local and international RF regulations regarding power levels,

frequency usage, and privacy laws. Ignoring these can lead to legal

penalties and ethical breaches.

Open-source development of such systems requires careful consideration of these

implications, encouraging responsible use and transparent discussion of

capabilities and limitations.
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Common Misconceptions

"Phased arrays are just for radar." While radar is a prominent

application, phased arrays are used in diverse fields like Wi-Fi (MIMO,

beamforming), cellular networks (5G massive MIMO), satellite

communication, medical imaging, and even acoustics (ultrasound). Their

core utility is spatial control of electromagnetic waves.

"SDR means all hardware is replaced by software." SDR still requires

specialized analog hardware (antennas, filters, amplifiers, ADCs/DACs) to

interface with the physical RF world. The "software-defined" aspect refers to

the configurability of the digital signal processing chain. The quality and

performance of the analog front-end are critical and often define the

system's limits.

"Seeing through walls is like X-ray vision." RF tomography using Wi-Fi

or other ambient signals does not produce a visual image in the way X-rays

do. It generates a "map" of RF attenuation and phase shifts, which can be

processed to infer object presence and movement. The resolution is

typically much lower than optical or X-ray imaging, and it's highly

dependent on the wavelength of the RF signals used. It's more akin to a

heat map of RF opacity, providing inferential data rather than direct

visualization.

"Open-source means insecure by default." Open-source hardware and

software for SDR can be highly secure if developed with security best

practices, peer-reviewed, and regularly audited. The transparency can even

aid security by allowing flaws to be identified and fixed quickly. However,

like any system, improper configuration, lack of updates, or malicious

modifications can introduce vulnerabilities.

Key Takeaways

This chapter laid the groundwork for understanding advanced RF systems by

detailing Software-Defined Radio and phased array antenna fundamentals.

SDR provides the flexibility to define radio functions in software, moving

processing from fixed analog circuits to versatile digital platforms.

Phased arrays enable electronic beam steering and spatial filtering by

manipulating the phase and amplitude of signals across multiple antenna

elements.
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A system like QuadRF would likely combine these, leveraging an FPGA for

real-time, high-speed signal processing (e.g., beamforming, AoA) and a 

Raspberry Pi 5 for higher-level control, data management, and application

logic.

Capabilities like "seeing WiFi through walls" and "drone tracking" are based

on principles like RF tomography and Angle of Arrival estimation,

requiring sophisticated DSP and addressing significant technical challenges.

Design decisions involve critical tradeoffs between FPGA/GPP roles,

number of antenna elements, bandwidth, and passive vs. active sensing.

Operational challenges include phase mismatch, latency, interference,

and thermal management, which require careful engineering to mitigate.

Security and ethical considerations are paramount, covering both

system protection and the responsible use of powerful sensing capabilities.

The integration of flexible SDR with precise phased array control opens up a vast

array of possibilities for future wireless applications, pushing the boundaries of

what's possible in sensing and communication.
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CHAPTER 03

Digital Beamforming and Real-
time Signal Processing
The ability to electronically steer radio beams without moving parts, or even "see"

RF signals through obstacles, sounds like science fiction. Yet, these are the

practical applications driven by advanced phased-array radio systems, which

combine sophisticated antenna design with powerful digital signal processing.

This chapter dives into the core architectural components and signal processing

techniques that enable such capabilities. We'll explore how a system like the

conceptual QuadRF phased-array radio might leverage an FPGA for real-time

processing and a Raspberry Pi 5 for higher-level control, enabling applications

from precise drone tracking to novel environmental sensing. Understanding these

principles is crucial for anyone looking to design, implement, or even just debug

modern wireless communication and sensing platforms.

Before proceeding, a basic grasp of RF engineering, digital signal processing

(DSP) fundamentals, and the roles of FPGAs and embedded Linux systems is

beneficial.

QuadRF System Architecture Overview (Inferred)

A sophisticated phased-array system like the conceptual QuadRF combines

specialized RF hardware with significant computational power. The design

philosophy centers on offloading high-speed, repetitive tasks to dedicated

hardware while retaining flexibility through software control. This approach

balances performance, cost, and development agility.

The core of such a system likely revolves around a multi-channel RF front-end

connected to an FPGA for real-time signal processing, all orchestrated by an

embedded single-board computer, such as a Raspberry Pi 5.

The Role of the FPGA

The Field-Programmable Gate Array (FPGA) is the workhorse for real-time, high-

throughput signal processing in a phased array. Its parallel architecture is

perfectly suited for tasks that demand deterministic latency and high sampling

rates across multiple RF channels simultaneously.
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Key FPGA Responsibilities:

Analog-to-Digital Conversion (ADC) / Digital-to-Analog Conversion

(DAC) Interface: Directly interfaces with the RF front-end's ADCs and

DACs, handling high-speed data streams.

Digital Down-Conversion (DDC) / Digital Up-Conversion (DUC):

Translates RF signals from their sampled intermediate frequency (IF) or radio

frequency (RF) down to baseband (DDC) for processing, and vice versa for

transmission (DUC). This often involves Numerically Controlled Oscillators

(NCOs) and digital filters.

Phase and Amplitude Control: Precisely adjusts the phase and amplitude

of signals from each array element for beamforming. This is critical for

accurate beam steering and shaping.

Real-time Beamforming Kernels: Implements the core mathematical

operations for digital beamforming, such as complex multiplications and

summations, often using dedicated DSP blocks within the FPGA.

Data Buffering and Streaming: Manages large volumes of raw or

partially processed sample data, buffering it before transfer to the host

processor.

Timing and Synchronization: Ensures strict phase coherence and timing

synchronization across all array elements, which is paramount for effective

beamforming.

The Role of the Raspberry Pi 5

The Raspberry Pi 5, or a similar embedded Linux system, acts as the control plane

and higher-level processing unit for the QuadRF system. While not suitable for

raw, multi-gigabit-per-second real-time RF sample processing, its powerful ARM

CPU, ample RAM, and Linux environment provide the flexibility for complex

algorithmic control, data management, and user interaction.

Key Raspberry Pi 5 Responsibilities:

FPGA Configuration and Control: Loads the FPGA bitstream, configures

its registers, and issues commands to control beamforming parameters

(e.g., beam direction, width).

High-Level Signal Processing: Performs non-real-time or less latency-

sensitive DSP tasks, such as spectral analysis, channel estimation, or

advanced spatial filtering algorithms.

Data Logging and Storage: Stores processed RF data, metadata, and

system logs to local storage or transmits them over a network.
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Network Interface: Provides connectivity for remote control, data

streaming, and integration with other systems.

User Interface (UI) / API Host: Runs a web-based UI or provides an API

for users to interact with the system, visualize data, and configure

operations.

Application Logic: Executes the overall mission logic, such as target

tracking algorithms, environmental mapping, or communication protocols.

Operating System and Drivers: Manages the underlying Linux OS, device

drivers, and system services.

QuadRF Architectural Flow (Inferred)

The interaction between these components forms a coherent system for RF

sensing and processing.

RF Antennas: Multiple individual antenna elements, precisely spaced.

RF Front-End: Amplifies, filters, and down-converts RF signals from each

antenna element to an Intermediate Frequency (IF) or directly to baseband.

Crucially, it maintains phase coherence across channels.

ADCs: Convert the analog IF/baseband signals from each channel into

digital samples at high rates.

FPGA: Receives the digital samples, performs DDC, applies phase/

amplitude shifts for beamforming, and executes other real-time DSP.

Raspberry Pi 5: Commands the FPGA, receives processed data, runs

higher-level algorithms (e.g., target tracking, visualization), and manages

system I/O.

External Systems: Cloud storage, monitoring dashboards, or other

networked devices.

Digital Beamforming Principles

Digital beamforming is the core technique that allows a phased array to

synthesize a directional "beam" in software. Instead of physically moving

antennas, the system electronically combines the signals from multiple antennas

with precise phase and amplitude adjustments.

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

Digital Beamforming and Real-time Signal Processing 33



How it Works: Phase Shifting and Summation

Signal Reception: Each antenna element in the array receives the

incoming RF signal. Due to the physical spacing of the antennas, a signal

arriving from a specific direction will reach each element at a slightly

different time, resulting in a phase difference between the signals at each

element.

Digitization: The analog signals from each element are digitized by

separate ADCs.

Phase Correction (Weighting): In the digital domain (on the FPGA), each

digitized signal is multiplied by a complex weight. This weight applies a

specific phase shift and amplitude adjustment to each channel. By carefully

choosing these weights, the system can compensate for the inherent phase

differences introduced by the signal's angle of arrival. 

For a desired direction, the weights are chosen such that the signals

from that direction arrive "in phase" at a common summation point.

Summation: All the phase-corrected signals are summed together. 

Signals arriving from the desired direction, now in phase, coherently

add up, resulting in a strong output.

Signals arriving from other directions will be out of phase after

weighting and will tend to cancel each other out, thus attenuating

interference.

This process effectively creates a virtual "listening beam" that is highly sensitive

in one direction and less sensitive in others. By changing the applied phase shifts,

the beam can be steered electronically to any desired direction within the array's

field of view.

Applications: "Seeing Through Walls" (Inferred Capability)

The phrase "seeing through walls" for RF systems typically refers to techniques

like RF tomography or passive radar. For a conceptual QuadRF system, this

capability would likely be an inferred application based on its core phased

array and DSP strengths.

Principle: By transmitting RF signals (or passively listening to ambient

signals like Wi-Fi) and analyzing how they reflect, refract, and scatter off

objects, a system can construct a "map" of the environment. Different

materials (walls, people, furniture) have distinct RF signatures.
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QuadRF's Role (Inferred):

High Angular Resolution: The phased array's ability to precisely

determine the Angle of Arrival (AoA) of reflected signals is crucial.

Multi-path Exploitation: Instead of treating multi-path (signals

bouncing off multiple surfaces) as interference, the system would

analyze these paths to infer object locations and properties.

Advanced DSP: The Raspberry Pi 5, running complex algorithms,

would process the beamformed data from the FPGA to: 

Identify changes: Detect movement behind walls by observing

subtle phase and amplitude shifts in reflected Wi-Fi signals.

Reconstruct environment: Potentially build a low-resolution

image of the environment by analyzing signal attenuation and

phase shifts from multiple angles.

Challenges: This is a computationally intensive task, highly sensitive to

noise, interference, and calibration errors. Achieving high-resolution

"images" through typical building materials is a significant engineering

challenge.

Applications: Drone Tracking (Inferred Capability)

Tracking drones, especially small, fast-moving ones, is another inferred

application for a system like QuadRF. This leverages the phased array's ability

for highly accurate direction finding and rapid beam steering.

Principle: Drones emit various RF signals (control links, video feeds, Wi-Fi,

GPS). A phased array can passively detect these emissions, determine their

direction, and then actively track the drone's movement.
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QuadRF's Role (Inferred):

Direction Finding (DF): Techniques like MUSIC (Multiple Signal

Classification) or ESPRIT (Estimation of Signal Parameters via

Rotational Invariance Techniques) can be implemented on the FPGA or

Raspberry Pi 5 to estimate the AoA of drone signals with high

precision.

Rapid Beam Steering: Once a drone is detected, the FPGA can

rapidly reconfigure its beamforming weights to point a "listening

beam" directly at the drone, enhancing signal reception and tracking

accuracy. This allows for continuous tracking even with agile targets.

Multi-target Tracking: With sufficient processing power, the system

could potentially form multiple simultaneous beams or rapidly scan to

track several drones at once.

Fusion: Data from the RF system could be fused with other sensors

(e.g., optical, acoustic) on the Raspberry Pi 5 for robust tracking.

Challenges: Drones can be small, low-power, and use frequency hopping or

spread spectrum techniques to evade detection. Environmental clutter and

interference also pose significant challenges.

How This Part Likely Works: The Signal Processing
Pipeline

Let's trace the likely data flow through the QuadRF system from signal reception

to processed output.

1. Signal Acquisition and Digitization

When RF signals hit the array, they follow a path through the RF front-end.

Antenna Elements: Each of the N antenna elements receives the incoming

RF wave.

Low-Noise Amplifiers (LNAs): The very weak RF signals are amplified to

improve the signal-to-noise ratio (SNR).

Band-Pass Filters: Unwanted frequencies outside the band of interest are

removed.

Mixers & Local Oscillators (LOs): The high-frequency RF signal is mixed

with a stable local oscillator frequency to down-convert it to a lower

Intermediate Frequency (IF). This makes subsequent digitization and

processing easier.
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Variable Gain Amplifiers (VGAs): The signal amplitude is adjusted to fit

within the dynamic range of the ADCs.

Analog-to-Digital Converters (ADCs): Each channel's IF signal is

sampled at a high rate (e.g., hundreds of MSPS or GSPS) and converted into

a stream of digital values.

2. Real-time Beamforming Pipeline (on FPGA)

The digitized samples from all N channels flow directly into the FPGA.

Digital Down-Conversion (DDC): If the ADCs sample at IF, the FPGA

performs DDC to bring the signal to baseband (I/Q components). This

involves multiplying with a digital NCO and low-pass filtering.

Calibration: Pre-computed calibration data (e.g., phase/amplitude

corrections for manufacturing variations or temperature drift) are applied to

each channel. This is crucial for maintaining phase coherence.

Complex Weighting: Each baseband I/Q sample stream is multiplied by a

complex weight (W = Amplitude * e^(j*Phase)). These weights are

dynamically updated by the Raspberry Pi 5 based on the desired beam

direction.

Summation: The weighted I/Q streams from all N channels are summed

together. This results in a single, beamformed I/Q stream that represents the

signal from the desired direction.

Output Buffering: The beamformed I/Q data is buffered and then

streamed to the Raspberry Pi 5, often via a high-speed interface like PCIe or

Gigabit Ethernet.

3. Higher-Level Processing and Control (on Raspberry Pi 5)

The Raspberry Pi 5 takes over after the real-time beamforming.

Data Reception: The Pi receives the beamformed I/Q data stream from the

FPGA.
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Advanced DSP Algorithms: Depending on the application, the Pi might

perform: 

Spectral Analysis: Fast Fourier Transforms (FFTs) to identify

frequencies present in the beamformed signal.

Modulation/Demodulation: Decoding communication signals.

Direction Finding Algorithms: If raw channel data is streamed (e.g.,

for wide-angle scanning), algorithms like MUSIC or ESPRIT are run here

to pinpoint signal sources.

Target Tracking: Kalman filters or other state estimators to track the

position and velocity of targets (e.g., drones) based on AoA data.

Application Logic: The Pi runs the primary software application,

interpreting the processed data to achieve the system's goals (e.g., display

a map of RF reflections, plot drone trajectories).

Control Loop: Based on the application's needs (e.g., "track this drone"),

the Pi calculates new beamforming weights and sends them back to the

FPGA, closing the control loop.

Data Storage & Network: Processed data, logs, and tracking results are

stored or transmitted.

Tradeoffs & Design Choices

The architecture of a system like QuadRF involves several key tradeoffs.

Benefits

Flexibility: Software-defined nature allows for rapid changes in

beamforming algorithms, operating frequencies, and application logic

without hardware modifications.

Performance: FPGAs provide the raw parallel processing power needed for

multi-channel, real-time DSP that a general-purpose CPU cannot match at

high sample rates.

Scalability (Algorithmic): The modular design allows for upgrading DSP

algorithms on the FPGA or Raspberry Pi independently.

Precision: Digital beamforming offers very fine-grained control over phase

and amplitude, leading to highly accurate beam steering and nulling.
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Multi-functionality: A single hardware platform can be reconfigured for

diverse applications (e.g., communication, radar, spectrum sensing) by

loading different FPGA bitstreams and software.

Costs and Complexity

Development Complexity: FPGA development (VHDL/Verilog) is

significantly more complex and time-consuming than traditional software

development. It requires specialized skills.

Calibration: Maintaining phase and amplitude coherence across many RF

channels is extremely challenging. Rigorous and frequent calibration is

essential, adding to operational complexity.

Computational Latency: While FPGAs are fast, the total latency from RF

input to a meaningful output (especially for complex algorithms on the Pi)

can be a limiting factor for very high-speed applications.

Power Consumption & Heat: High-performance FPGAs and multi-channel

RF front-ends can consume significant power and generate substantial heat,

requiring careful thermal management.

Cost: High-performance ADCs/DACs, RF front-end components, and large

FPGAs are expensive, increasing the overall bill of materials.

Security Surface: The combination of an embedded Linux system and a

reconfigurable FPGA presents a complex security surface, requiring careful

hardening.
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Common Misconceptions

"Phased arrays see everything instantly."

Clarification: While phased arrays can steer beams electronically,

they don't typically "see" in all directions simultaneously with high

resolution unless they are forming multiple beams or rapidly scanning.

Forming many simultaneous, high-resolution beams requires

significantly more processing power and can be limited by the array

geometry. Often, they focus their "attention" in one or a few directions

at a time.

"Seeing through walls is like X-ray vision."

Clarification: RF "vision" through walls is fundamentally different

from X-rays. It relies on detecting reflections, refractions, and

attenuations of radio waves. The resulting "image" is typically low-

resolution, showing movement or larger objects, not fine details. It's

more akin to a blurry thermal image or sonar than a photographic

image. The resolution is limited by the wavelength of the RF signals

used.

"SDR means all processing is in software."

Clarification: Software-Defined Radio (SDR) means the functionality

is defined in software, but the implementation often heavily relies on

hardware accelerators like FPGAs or DSPs for the high-speed,

repetitive tasks. A pure software implementation on a general-purpose

CPU is typically too slow for multi-channel, wideband RF processing.

The "software" defines the logic, but specialized hardware executes it

efficiently.
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Summary

A system like the conceptual QuadRF leverages an FPGA for high-speed,

real-time digital signal processing (DDC, phase/amplitude control,

beamforming) and a Raspberry Pi 5 for higher-level control, complex

algorithms, and system management.

Digital beamforming works by applying precise phase and amplitude

weights to digitized signals from multiple antenna elements and then

summing them, allowing for electronic steering of listening or transmitting

beams.

Applications like "seeing through walls" (RF tomography/passive radar)

and drone tracking are inferred capabilities, relying on the system's ability

to precisely determine the Angle of Arrival (AoA) of RF signals and rapidly

reconfigure its beams. These are complex challenges that push the limits of

DSP.

The architecture offers great flexibility and performance but comes with 

significant complexity in FPGA development, calibration, and managing

computational latency.

Security is a critical consideration, given the embedded Linux environment

and the potential for sensitive RF data.

The next chapter will delve into the software stack and API design, exploring how

applications interact with such a powerful hardware platform and how to manage

the complexity of its control plane.
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CHAPTER 04

QuadRF System Architecture:
Data Flow & Control Plane
The ability to precisely manipulate radio frequency (RF) signals in real-time

unlocks advanced sensing applications, from "seeing" through obstacles to

tracking objects with unprecedented accuracy. This chapter dissects the likely

internal architecture of a sophisticated phased-array radio system, which we'll

refer to conceptually as "QuadRF," examining how its components orchestrate

complex signal processing tasks.

Understanding such systems is crucial for engineers working on next-generation

wireless communications, radar, and sensing platforms. We'll explore the

interplay between high-speed Digital Signal Processing (DSP) on Field-

Programmable Gate Arrays (FPGAs) and the flexible control offered by a general-

purpose processor like the Raspberry Pi 5. This deep dive will illuminate the

technical underpinnings required for capabilities often presented as futuristic,

while also addressing the inherent challenges and security considerations.

System Overview: The QuadRF Architectural Concept

For the purposes of this discussion, the "QuadRF" system represents a

sophisticated, multi-channel Software-Defined Radio (SDR) platform optimized for

phased-array operations. While specific public documentation for a system named

"QuadRF" is not available as of 2026-07-12, its conceptual architecture can be

credibly inferred from established principles of advanced SDRs, phased arrays,

and embedded systems design.

The core problem such a system solves is the need for highly directional, adaptive

RF sensing and communication in real-time. This requires both immense parallel

processing power for raw RF data and flexible control for complex application

logic.

Key Architectural Components

The QuadRF system integrates several crucial hardware and software

components:

RF Front-End: This is the physical interface to the electromagnetic

spectrum, comprising multiple antenna elements and analog RF circuitry. It's

responsible for converting analog RF waves into digital signals and vice-

versa.
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FPGA (Field-Programmable Gate Array): The high-speed, low-latency

Digital Signal Processing (DSP) engine. It handles real-time operations such

as digital beamforming, filtering, and data aggregation.

Raspberry Pi 5 (or similar embedded Linux SBC): Serves as the control

plane and higher-level processing unit. It manages the FPGA, runs

application logic, handles data storage, and provides network connectivity.

This modular design leverages the strengths of each component: the RF front-end

for physical interaction, the FPGA for deterministic high-throughput DSP, and the

Raspberry Pi for flexible software control and complex algorithms.

High-Level System Block Diagram
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The RF Front-End: Antennas and Analog Chains

The RF front-end is the bridge between the electromagnetic waves in the air and

the digital domain. In a phased-array system, this involves multiple, precisely

calibrated antenna elements.

Phased Array Antennas: Instead of a single antenna, a phased array uses

an array of individual antenna elements. By controlling the relative phase

and amplitude of the RF signal at each element, the system can steer its

"beam" (its direction of maximum sensitivity or transmission) electronically

without physically moving the antennas. This is fundamental for

beamforming and direction finding.

Analog RF Circuitry: Each antenna element is connected to its own analog

chain, which typically includes: 

Low Noise Amplifiers (LNAs): Boost weak incoming signals while

minimizing added noise.

Mixers: Convert the high-frequency RF signal down to a lower

intermediate frequency (IF) or baseband for easier processing.

Filters: Remove unwanted frequencies and interference.

Analog-to-Digital Converters (ADCs): Crucially, these convert the

analog RF or IF signals into digital samples, often in the form of In-

phase (I) and Quadrature (Q) components, which represent the signal's

amplitude and phase.

Digital-to-Analog Converters (DACs): For transmission, these

convert digital signals back to analog RF.

Phase and Amplitude Coherence: Maintaining precise phase and

amplitude matching across all array elements is paramount. Even small

mismatches can degrade beamforming performance, leading to inaccurate

beam steering or reduced signal-to-noise ratio. Rigorous calibration

procedures are essential.

FPGA: The Real-time DSP Engine

The FPGA is the computational heart of an advanced SDR like QuadRF. Its parallel

architecture and reconfigurability make it ideal for the demanding, low-latency

signal processing required for phased arrays.
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Why an FPGA?

Parallelism: Unlike a CPU that executes instructions serially, an FPGA can

perform many operations simultaneously. This is critical for processing

multiple high-bandwidth RF channels in parallel.

Low Latency: Dedicated hardware logic on an FPGA can process data with

predictable, minimal latency, which is vital for real-time applications like

beamforming and radar.

Customization: The FPGA's hardware can be tailored precisely to the

specific DSP algorithms, offering significant power and performance

efficiency compared to general-purpose processors.

Core FPGA Functions

Digital Beamforming: This is a primary function. The FPGA applies

complex weights (amplitude and phase shifts) to the digitized samples from

each antenna element and sums them. By adjusting these weights, the

system can dynamically steer transmit or receive beams. 

Receive Beamforming: Enhances signals from a desired direction

while suppressing interference from others.

Transmit Beamforming: Directs transmit power towards a specific

target, increasing range and efficiency.

Filtering and Channelization: High-speed digital filters remove unwanted

noise and isolate specific frequency bands of interest. Channelization allows

the system to monitor multiple distinct frequency channels simultaneously.

Synchronization: Ensuring that samples from all antenna elements are

perfectly time-aligned and phase-coherent is critical. The FPGA handles

precise clock synchronization and alignment.

Data Interface to Raspberry Pi: The FPGA typically communicates with

the Raspberry Pi over high-speed interfaces like PCIe (if available on the RPi,

though less common for embedded) or a dedicated high-speed serial link

(e.g., Gigabit Ethernet, MIPI CSI/DSI for specialized applications, or custom

parallel buses). This link transfers raw IQ data, processed data, and control

commands.

Raspberry Pi 5: The Control and Processing Hub

The Raspberry Pi 5 (or similar powerful Single Board Computer) serves as the

brain for the QuadRF system, managing the FPGA and executing higher-level

application logic.
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Role of the Raspberry Pi 5

Operating System: Runs a full-fledged Linux distribution (e.g., Raspberry

Pi OS), providing a familiar and flexible development environment.

Control Plane: This is the primary role. The RPi configures the FPGA's

operating parameters, loads new bitstreams (FPGA programs), sets

beamforming weights, adjusts RF front-end settings (e.g., gain, frequency

tuning), and initiates calibration routines. 

⚡ Real-world insight:  In production systems, this control often

involves custom drivers and APIs (e.g., Python libraries interacting

with C/C++ native code) to communicate with the FPGA.

Higher-Level Processing: While the FPGA handles real-time DSP, the RPi

performs tasks that don't require nanosecond-level latency but benefit from

a flexible CPU: 

Data Logging: Stores raw or processed RF data for later analysis.

Visualization: Renders real-time spectrograms, beam patterns, or

tracking data for user display.

Application Logic: Implements complex algorithms like object

tracking, RF environmental mapping, or advanced classification that

can tolerate slightly higher latency.

Machine Learning: For applications like gesture recognition or

material classification based on RF signatures, the RPi could host

inference models.

Network Connectivity: Provides Ethernet and Wi-Fi for remote control,

data offloading, and integration into larger systems.

User Interface: Can host a web-based or graphical user interface for

system operation.

Data Flow and Control Plane Interaction

The QuadRF system operates on a continuous loop of data acquisition,

processing, and control. Understanding this flow is key to grasping how the

system functions in real-time.

Data Flow

The data flow describes the path of RF signals as they are captured, processed,

and consumed by the system.

RF Acquisition: Multiple antenna elements receive analog RF signals from

the environment.
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Analog-to-Digital Conversion: The RF front-end converts these analog

signals into high-speed digital IQ samples. For a multi-channel system, this

involves parallel ADCs, generating gigabytes per second of raw data.

FPGA Ingestion: The FPGA continuously streams these raw IQ samples. Its

internal logic is optimized for this high-throughput ingestion.

Real-time DSP: Within the FPGA, digital beamforming, filtering, and other

core DSP operations are performed on the incoming samples. This results in

a consolidated, "beamformed" data stream or a set of processed metrics

(e.g., signal strength, angle of arrival estimates).

Data Transfer to RPi: The processed data (e.g., beamformed IQ stream,

detected angles, signal strength measurements) or, optionally, blocks of raw

IQ data are transferred from the FPGA to the Raspberry Pi 5. This transfer is

often burst-oriented to manage the high data rates, using interfaces like a

high-speed parallel bus or a custom serial link.

Application Processing: The RPi processes this data further for

visualization, logging, or application-specific algorithms (e.g., tracking,

environmental mapping). This is where higher-level intelligence is applied.

Control Plane

The control plane orchestrates the behavior of the RF front-end and FPGA based

on user input or automated algorithms.

User Input/Automation: A user or an automated script running on the

Raspberry Pi initiates an operation (e.g., steer beam to 30 degrees, start

spectrum scan, change frequency band).

Configuration Commands: The RPi sends configuration commands and

parameters (e.g., beamforming weights, filter coefficients, frequency

settings, LNA gain) to the FPGA and the RF front-end. This is typically done

via slower control interfaces like SPI, I2C, or a dedicated register interface

exposed over the high-speed data link.

FPGA/RF Actuation: The FPGA and RF front-end hardware reconfigure

themselves based on these commands, dynamically adjusting their behavior

(e.g., changing beam direction, tuning to a new frequency).

Feedback: The FPGA can send status information (e.g., temperature, error

codes, processing load) back to the RPi, allowing for monitoring and

adaptive control.
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Unlocking Advanced Capabilities

The tight integration of a phased array, high-speed FPGA, and flexible RPi enables

capabilities beyond traditional single-antenna SDRs.

RF Tomography: "Seeing Through Walls" (Likely Capability)

The QuadRF system could be engineered for RF tomography, a technique that

allows for imaging or sensing objects behind visually opaque barriers.

Principle: When RF signals (like Wi-Fi) propagate through an environment,

they are attenuated, reflected, and diffracted by objects, including walls and

anything within them. By transmitting known signals and precisely

measuring the received signals across multiple antenna elements from

different vantage points, changes in the RF environment can be mapped. 

A common approach involves measuring the Channel State

Information (CSI) or Received Signal Strength Indicator (RSSI) between

multiple transmit and receive antennas.

Variations in these measurements, caused by a moving person or

object, can be used to reconstruct a low-resolution "image" or track

movement.

Technical Challenges:

High Sensitivity and Calibration: Detecting subtle changes in RF

signals requires extremely sensitive receivers and meticulous

calibration to account for static environmental factors.

Computational Intensity: Reconstructing a meaningful map from

complex multipath signals is computationally intensive, requiring

advanced inverse problem-solving or machine learning algorithms,

likely executed on the RPi.

Resolution Limits: The resolution is typically much lower than optical

imaging and depends heavily on frequency, bandwidth, and array size.

It's not like an X-ray or optical camera.

Multipath Interference: The very reflections that enable sensing

can also cause significant interference, making signal interpretation

difficult.
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Passive Drone Tracking (Likely Capability)

A QuadRF system could implement passive drone tracking by detecting and

localizing the RF emissions (e.g., Wi-Fi, control signals, FPV video) from drones.

Principle:

Angle of Arrival (AoA): By measuring the phase differences of a

drone's RF signal across the multiple antenna elements of the phased

array, the system can calculate the direction (angle) from which the

signal originated. Multiple such measurements from different

locations, or advanced algorithms, can pinpoint the drone's 3D

position.

Time Difference of Arrival (TDOA): If multiple QuadRF-like systems

are networked, they can measure the time difference of a signal's

arrival at each receiver. This can be used for hyperbolic localization.

Passive Radar: The system could potentially act as a passive radar,

using ambient RF sources (e.g., TV broadcasts, cellular signals) to

illuminate the drone and detect its reflections.

Technical Challenges:

Signal-to-Noise Ratio (SNR): Drone signals can be weak, especially

at a distance. Beamforming helps improve SNR for detection.

Interference: Drones operate in crowded RF spectra, requiring robust

interference rejection.

Object Discrimination: Distinguishing a drone's signal from other

Wi-Fi devices or environmental noise is critical.

Dynamic Environments: Tracking fast-moving objects in complex

environments requires rapid beam steering and processing.
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Design Decisions and Tradeoffs

Designing a system like QuadRF involves numerous engineering tradeoffs,

balancing performance, flexibility, cost, and power.

FPGA vs. GPU/CPU for DSP:

FPGA (Chosen for QuadRF): Offers superior low-latency, real-time

deterministic performance for fixed-function DSP. Excellent for parallel

processing of multiple RF channels. High initial development cost

(VHDL/Verilog) and less flexible for rapid algorithm changes.

GPU/CPU: More flexible for complex, evolving algorithms and machine

learning. Easier to program (Python, C++). Higher latency and power

consumption for equivalent real-time RF processing, making it less

suitable for the lowest-latency core DSP.

Analog vs. Digital Beamforming:

Digital Beamforming (Chosen for QuadRF): Performed after ADC.

Offers maximum flexibility, allowing multiple simultaneous beams and

adaptive nulling. Requires one ADC/DAC per antenna element,

increasing hardware complexity and cost for many elements.

Analog Beamforming: Performed before ADC/DAC using analog

phase shifters. Simpler hardware per channel, lower power. Less

flexible, typically supports only one beam at a time, and harder to

implement adaptive algorithms.

Power Consumption vs. Performance: High-speed ADCs, FPGAs, and

powerful SBCs consume significant power. This is a critical consideration for

portable or battery-powered deployments, where thermal management also

becomes a factor.

Cost vs. Capability: The number of antenna elements, the speed and

resolution of ADCs, and the size and capabilities of the FPGA directly impact

cost. Balancing desired capabilities (e.g., bandwidth, array gain, tracking

accuracy) with budget is key.

Complexity: Integrating multiple high-speed components (RF, FPGA, RPi)

and developing the necessary firmware and software is a complex

undertaking, requiring expertise in RF, digital logic, and software

engineering. This often leads to longer development cycles.

• 

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

QuadRF System Architecture: Data Flow & Control Plane 50



Scalability Considerations

Scaling a QuadRF-like system can mean several things: increasing the number of

antenna elements, handling higher bandwidths, or deploying multiple

interconnected units.

Scaling Array Elements:

Challenge: More elements mean more RF chains, more ADC channels,

and exponentially more data for the FPGA to process. This quickly hits

FPGA resource limits (logic cells, DSP blocks, memory) and data

transfer bandwidth to the RPi.

Solution: Larger FPGAs, distributed FPGA architectures, or more

aggressive on-FPGA data reduction are required.

Scaling Bandwidth:

Challenge: Higher bandwidth signals require faster ADCs and DACs,

increasing power consumption and data rates. This stresses the data

path from RF to FPGA and FPGA to RPi.

Solution: Utilizing faster communication interfaces (e.g., PCIe,

10GbE), optimizing data packing, and potentially using multiple FPGAs.

Distributed Systems:

Challenge: For very large areas or 3D localization, multiple QuadRF

nodes might be networked. This introduces challenges in inter-node

synchronization (timing is critical for TDOA), data fusion, and network

latency.

Solution: Precision timing protocols (e.g., PTP - Precision Time

Protocol), robust networking, and distributed data processing

frameworks on the RPi cluster.
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Failure Modes and Operational Challenges

Despite careful design, complex systems like QuadRF face various failure modes

and operational hurdles in real-world deployments.

Phase and Amplitude Mismatch: Even after initial calibration,

environmental factors (temperature, humidity) or component drift can cause

phase and amplitude mismatches across array elements. This degrades

beamforming performance, leading to misplaced beams or reduced signal

gain. 

⚠️ What can go wrong:  Inaccurate direction finding, poor signal-to-

noise ratio, and false detections.

Mitigation: Regular re-calibration routines, real-time phase error

estimation, and temperature compensation.

ADC Saturation/Underflow: If incoming RF signals are too strong, ADCs

can saturate, clipping the signal and introducing distortion. If signals are too

weak, they might fall below the ADC's quantization noise floor (underflow). 

Mitigation: Automatic Gain Control (AGC) in the RF front-end,

dynamically adjusted by the RPi based on signal strength feedback

from the FPGA.

Computational Latency and Bottlenecks: While FPGAs are fast, complex

DSP algorithms or very high data rates can still introduce latency or

overwhelm processing capacity. The RPi's processing of data from the FPGA

can also become a bottleneck. 

Mitigation: Optimized FPGA designs, efficient data transfer protocols,

and offloading heavy RPi tasks to dedicated co-processors or cloud

services if latency permits.

Interference and Noise: Complex RF environments are full of unwanted

signals. Without robust filtering and interference cancellation, desired

signals can be obscured. 

Mitigation: Adaptive beamforming (nulling interferers), advanced

digital filtering, and spectrum sensing to identify clear channels.

Software Bugs and Configuration Errors: Errors in the RPi's control

software or FPGA bitstream can lead to incorrect operation, system crashes,

or even damage to the RF hardware if power levels are mismanaged. 

Mitigation: Rigorous testing, version control for FPGA bitstreams,

robust error handling, and hardware-level safety interlocks.
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Environmental Factors: Extreme temperatures, humidity, or

electromagnetic interference (EMI) can affect hardware performance and

accuracy. 

Mitigation: Environmental shielding, temperature-controlled

enclosures, and robust component selection.

Security Implications and Best Practices

An advanced RF sensing system like QuadRF has significant security implications,

both in terms of protecting the system itself and considering its potential for

misuse.

System Hardening

OS and Network Security: The Raspberry Pi 5 runs Linux, which must be

secured. This includes regular updates, strong passwords, disabling

unnecessary services, firewall configuration, and secure remote access (SSH

with key-based authentication).

Firmware Integrity: The FPGA bitstream and any embedded firmware on

the RF front-end should be cryptographically signed and verified during boot

to prevent tampering or malicious code injection.

Data Protection: Raw RF data can be highly sensitive (e.g., revealing

locations, presence of people, communication content). Data at rest should

be encrypted. Data in transit (e.g., to cloud storage) should use secure

protocols (HTTPS, VPNs).

Physical Security: Preventing unauthorized physical access to the device

is crucial, as an attacker could extract sensitive data or inject malicious

hardware.

Ethical and Privacy Considerations

Surveillance Potential: Capabilities like RF tomography and passive

tracking raise significant privacy concerns. Such systems could potentially

track individuals without their consent or knowledge.

Regulatory Compliance: RF transmission and reception are subject to

strict regulations (e.g., FCC in the US, ETSI in Europe). Operating outside

these regulations can lead to legal penalties.

Responsible Development: Developers of such powerful tools have a

responsibility to consider the ethical implications of their work and

implement safeguards against misuse. This includes features like explicit

consent mechanisms, anonymization of data, and clear usage policies.
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Common Misconceptions

"Through-wall vision is easy and high-resolution."

Clarification: RF tomography is extremely challenging. It requires

specialized hardware, complex algorithms, and meticulous calibration.

The "image" is typically low-resolution, showing presence and

movement rather than detailed visual information. It's not like an X-ray

or optical camera.

"SDRs are just cheap, simple radios."

Clarification: While basic SDR dongles are inexpensive, high-

performance SDRs, especially those with multiple synchronized

channels and powerful FPGAs for phased arrays, are complex, high-

precision instruments. They involve significant engineering in RF,

analog, digital, and software domains.

"Beamforming is only for transmitting signals efficiently."

Clarification: Beamforming is equally, if not more, critical for 

receiving signals. Receive beamforming allows the system to

electronically "listen" in a specific direction, enhancing desired signals

and suppressing interference from other directions, significantly

improving the signal-to-noise ratio.

Summary: Key Takeaways

This chapter explored the likely architecture of an advanced phased-array radio

system, conceptually named "QuadRF." We've seen how a multi-channel RF front-

end, a powerful FPGA for real-time digital signal processing, and a flexible

Raspberry Pi 5 for control and higher-level applications combine to create a potent

platform. This synergy enables advanced capabilities like RF tomography ("seeing

through walls") and passive drone tracking by leveraging principles of

beamforming, AoA, and sophisticated signal analysis.

Key takeaways include:

Modular Architecture: The system relies on a clear division of labor

between the RF hardware, FPGA (real-time DSP), and Raspberry Pi (control,

application logic).

FPGA's Critical Role: FPGAs are indispensable for the parallel, low-latency

processing required for digital beamforming and multi-channel RF data.

Raspberry Pi as the Brain: The RPi manages the system, runs complex

algorithms, and provides the user interface and network connectivity.
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Advanced Sensing Principles: Capabilities like through-wall sensing and

passive tracking are based on measuring and interpreting subtle changes in

RF propagation, requiring high precision and computational power.

Tradeoffs are Inherent: Design choices involve balancing performance,

cost, power, and complexity across hardware and software.

Scalability Challenges: Expanding array size or bandwidth introduces

significant engineering hurdles related to data throughput, processing, and

synchronization.

Operational Resilience: Phase mismatches, ADC limits, and

computational bottlenecks are common failure modes that require careful

mitigation strategies.

Security is Paramount: Given the sensitive nature of RF sensing, robust

system security measures and ethical considerations are non-negotiable.

In the next chapter, we'll delve deeper into the specific signal processing

algorithms that power these advanced capabilities, including detailed discussions

on digital beamforming techniques and their practical implementation challenges.
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CHAPTER 05

Achieving Advanced
Capabilities: RF Tomography &
Drone Tracking

Achieving Advanced Capabilities: RF Tomography &
Drone Tracking

Imagine a world where you could detect movement behind walls or precisely track

small drones using radio waves. This isn't science fiction; it's the promise of

advanced Software-Defined Radio (SDR) systems combined with phased array

antennas. In this chapter, we'll dive into how a conceptual system like the QuadRF

phased-array radio leverages a blend of high-performance digital signal

processing (DSP) and embedded computing to achieve such capabilities.

We'll dissect the likely architecture of the QuadRF, focusing on the critical

interplay between a powerful FPGA for real-time signal manipulation and a

versatile Raspberry Pi 5 for control and higher-level analytics. Understanding

these components is key to grasping the core principles of RF tomography (often

described as "seeing through walls") and sophisticated drone tracking. This

knowledge is invaluable for engineers looking to design, implement, or simply

comprehend the next generation of RF sensing platforms.

To fully appreciate this chapter, a foundational understanding of SDR basics, RF

propagation, and digital signal processing principles, as covered in previous

sections, will be beneficial.

QuadRF System Overview: A Hybrid Architecture

The 'QuadRF' system, as described here, is a hypothetical yet plausible advanced

Software-Defined Radio (SDR) and phased array platform. As of 2026-07-12, no

specific public documentation for a product named 'QuadRF' was found. Its

conceptual design draws heavily from established principles in SDR, phased array

radar, and embedded systems engineering. The architecture likely balances the

need for high-speed, real-time RF processing with flexible, programmable control.
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Core Architectural Components

A system like QuadRF would integrate several key hardware and software layers

to achieve its advanced capabilities:

RF Front-End (Antenna Array & Transceivers):

Function: This is the interface to the physical world, consisting of

multiple antenna elements (e.g., 4 or more, given the 'Quad' prefix)

and associated RF transceivers. Each transceiver unit includes analog-

to-digital converters (ADCs) and digital-to-analog converters (DACs)

for converting between analog RF signals and digital baseband data.

Why it exists: To convert real-world analog RF signals into digital

data for processing and vice-versa, allowing for interaction with the

electromagnetic spectrum.

Criticality: Maintaining phase and amplitude coherence across all

channels is paramount for effective beamforming and direction

finding. Rigorous calibration is essential.
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FPGA (Field-Programmable Gate Array):

Function: The FPGA is the heart of real-time signal processing. Its

parallel processing architecture is ideal for high-throughput, low-

latency tasks such as: 

High-speed Data Acquisition: Ingesting raw digital samples

from multiple ADCs simultaneously.

Digital Down-Conversion/Up-Conversion: Shifting RF signals

to an intermediate frequency (IF) or baseband, and vice-versa.

Digital Beamforming: Applying real-time phase and amplitude

adjustments to digital samples from individual antenna elements

to steer transmit or receive beams.

Filtering and Channelization: Isolating specific frequency

bands or signals of interest.

Timing and Synchronization: Ensuring precise timing across

all RF channels.

Why FPGA?: Traditional CPUs or even GPUs struggle with the

deterministic, nanosecond-level timing and massive parallelism

required for multi-channel, real-time RF processing without significant

latency. FPGAs excel in this domain, offering hardware-level

customization for specific DSP pipelines.

📌 Key Idea:  FPGAs provide the necessary low-latency,

deterministic processing for real-time manipulation of multi-channel RF

data.

2. 

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

Achieving Advanced Capabilities: RF Tomography & Drone Tracking 58



Raspberry Pi 5 (System Controller & High-Level Processing):

Function: The Raspberry Pi 5 acts as the brain for overall system

control, data management, and higher-level algorithmic processing

that doesn't demand real-time, sample-accurate execution. Its roles

likely include: 

FPGA Configuration & Control: Loading bitstreams, managing

operating parameters (e.g., frequency, gain, bandwidth).

Data Logging & Storage: Recording processed or raw RF data

for later analysis.

User Interface (UI) & API: Providing a means for users or other

systems to interact with QuadRF.

High-Level DSP Algorithms: Implementing non-real-time

algorithms like target tracking (e.g., Kalman filters), RF

tomography reconstruction, or complex spectral analysis.

Network Connectivity: Enabling remote access, data offload,

or integration with other systems.

Why Raspberry Pi 5?: The Pi 5 offers a significant jump in processing

power over previous models, an extensive open-source ecosystem, a

Linux operating system, and a rich set of I/O (including fast USB for

data transfer to the FPGA, or potentially PCIe via an adapter) – all at a

very cost-effective price point. This makes it an excellent choice for

the control plane and less time-critical processing.

🧠 Important:  The Raspberry Pi handles the intelligence and 

flexibility, while the FPGA handles the speed and precision.

Data Flow and Interaction

The interaction between these components illustrates a clear separation of

concerns: high-speed, deterministic processing on the FPGA, and flexible,

intelligent control on the Raspberry Pi.

3. 

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

Achieving Advanced Capabilities: RF Tomography & Drone Tracking 59



This flow depicts raw RF signals being digitized and processed in real-time by the

FPGA. The FPGA then passes pre-processed data or results to the Raspberry Pi 5,

which handles further analysis, control, and interaction with the user or other

systems. The communication between the FPGA and Raspberry Pi is crucial and

would likely leverage high-speed interfaces like USB 3.0, Gigabit Ethernet, or even

a custom parallel bus depending on data rates and latency requirements.

Achieving Advanced Capabilities: RF Tomography &
Drone Tracking

With its distributed processing architecture, QuadRF can move beyond basic

signal reception to sophisticated environmental sensing.
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RF Tomography: "Seeing Through Walls"

RF tomography, or radio-frequency imaging, is the technique of using radio waves

to detect and visualize objects or changes within an environment, often through

obstacles like walls. It's not X-ray vision, but rather a method of creating a "radio

map" of a space.

How it Likely Works with QuadRF:

Signal Transmission/Reception (RF Front-End & FPGA):

The QuadRF system, through its phased array, either actively

transmits its own low-power RF signals into an area (e.g., 2.4 GHz Wi-Fi

band) or passively listens to ambient RF sources (like existing Wi-Fi

signals).

These signals propagate through the environment, interacting with

objects (reflection, absorption, diffraction).

The multiple antenna elements of the QuadRF array receive these

signals.

The FPGA digitizes these signals at high speed and performs initial

down-conversion and channelization.

Phase and Amplitude Measurement (FPGA):

The FPGA's role is critical here. It precisely measures the phase shift

and amplitude attenuation of the received signals at each antenna

element.

Changes in phase and amplitude across the array, relative to a

reference, indicate how the RF wave has been distorted by objects in

its path.

Inference: The FPGA would perform initial beamforming or direction-

of-arrival (DoA) estimation to understand where signals are coming

from or reflecting off. This pre-processing reduces the data volume

sent to the Pi.
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Data Reconstruction (Raspberry Pi 5):

The phase and amplitude data, potentially pre-processed by the FPGA,

is streamed to the Raspberry Pi 5.

The Pi 5 then runs complex inverse scattering or localization

algorithms. These algorithms build a statistical model of the

environment by analyzing the signal changes from multiple

perspectives (thanks to the phased array).

By comparing the received signal patterns to a baseline (e.g., an

empty room), the system can infer the presence, shape, and

movement of objects.

Real-world insight: This is similar in principle to how medical

imaging (like CT scans) reconstructs internal structures from X-ray

absorption data, but using RF waves instead. It's a computationally

intensive task, making the Pi's general-purpose processing suitable.

Challenges of RF Tomography:

Multipath Interference: RF signals bounce off multiple surfaces, creating

complex interference patterns that can obscure targets.

Material Properties: Different materials absorb and reflect RF differently,

requiring extensive calibration and potentially limiting penetration.

Computational Intensity: Reconstructing a meaningful image from RF

data is computationally demanding, especially for real-time applications,

requiring efficient algorithms on the Pi.

Drone Tracking: Passive and Active Approaches

Tracking drones, especially small, fast-moving ones, requires robust detection and

precise localization. QuadRF's phased array capabilities make it well-suited for

this.
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How it Likely Works with QuadRF:

Passive Detection & Direction Finding (DF) (RF Front-End & FPGA):

Listening: The QuadRF system continuously scans common drone

control frequencies (e.g., 2.4 GHz, 5.8 GHz Wi-Fi, or dedicated RF links)

and video downlink frequencies via its RF Front-End.

Angle of Arrival (AoA) Estimation (FPGA): When a drone's signal

is detected, the FPGA, using the precise phase differences across the

array elements, rapidly calculates the Angle of Arrival (AoA). This tells

the system the direction (azimuth and elevation) from which the signal

is originating.

Beam Steering (FPGA): The FPGA can then electronically steer a

narrow receive beam towards the detected drone to enhance signal

reception and improve AoA accuracy.

Inference: Advanced DF algorithms like MUSIC (Multiple Signal

Classification) or ESPRIT (Estimation of Signal Parameters via

Rotational Invariance Techniques) would likely be implemented on the

FPGA for speed, or accelerated on the Pi for flexibility.

Active Sensing (Optional - RF Front-End & FPGA):

For drones that are not actively transmitting, the QuadRF could

potentially use low-power active sensing, acting as a mini-radar.

The RF Front-End would transmit a known RF pulse, and the FPGA

would then listen for reflections from the drone. The time delay of the

reflection gives range, and AoA gives direction.

Consideration: Active transmission requires careful regulatory

compliance and higher power consumption.
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Target Tracking (Raspberry Pi 5):

The Raspberry Pi 5 receives a stream of AoA estimates (and

potentially range data from active sensing) from the FPGA.

It employs tracking algorithms, such as Kalman filters or particle

filters, to smooth these estimates, predict the drone's future position,

and maintain a consistent track even if signals are intermittent.

By fusing successive AoA measurements over time, the Pi can build a

trajectory and estimate the drone's speed and altitude.

Real-world insight: This is analogous to how air traffic control radar

systems track aircraft, but adapted for smaller, closer targets with

different signal characteristics.

Challenges of Drone Tracking:

Signal Obfuscation: Drones might use frequency hopping, spread

spectrum, or very low-power transmissions to evade detection.

Multiple Targets: Distinguishing and tracking multiple drones

simultaneously in a cluttered RF environment is complex.

Environmental Noise: Interference from other RF sources (Wi-Fi,

Bluetooth, cellular) can degrade signal quality and tracking accuracy.

Architectural Design Choices and Tradeoffs

The QuadRF's inferred architecture highlights several key engineering decisions

and their associated tradeoffs, reflecting a common pattern in advanced

embedded systems.

FPGA for Real-time DSP:

Benefit: Unmatched parallelism and deterministic low-latency

processing for multi-channel RF data, essential for precise

beamforming, digital filtering, and high-speed AoA. It ensures real-time

performance that CPUs cannot match for raw sample processing.

Cost: Higher development complexity (requiring specialized VHDL/

Verilog skills), longer development cycles, and higher initial hardware

cost compared to general-purpose processors. Limited flexibility for

rapid algorithm changes post-deployment compared to software

running on a CPU.
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Raspberry Pi 5 for Control & High-Level Analytics:

Benefit: Cost-effective, robust Linux ecosystem, vast software library

support (Python, C++), flexible for implementing complex algorithms,

easy networking, and user interaction. It allows for rapid iteration on

higher-level algorithms without re-synthesizing hardware.

Cost: Not suitable for raw, high-speed RF sample processing due to

operating system overhead, interrupt latency, and lack of

deterministic timing. Can become a bottleneck if too much data is

offloaded from the FPGA or if real-time constraints are underestimated

for higher-level tasks.

Modular Hardware and Software Design:

Benefit: Allows for independent upgrades of the RF front-end, FPGA

logic, or Pi software. Facilitates research and experimentation by

swapping modules or integrating new sensors. Promotes reusability.

Cost: Requires well-defined interfaces (e.g., AXI streams for FPGA-to-Pi

data, standard APIs) and robust communication protocols, adding

initial design overhead and interface management complexity.

Rigorous Calibration Procedures:

Benefit: Crucial for ensuring phase and amplitude coherence across

all array elements, which directly impacts beamforming accuracy and

direction-finding precision. Without it, the system's core capabilities

are severely degraded.

Cost: Adds complexity to setup, requires specialized test equipment,

and may need periodic re-calibration, especially in varying

environmental conditions (temperature, humidity). This can increase

operational overhead.
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Scalability Considerations

For a system like QuadRF to evolve or be deployed in larger-scale applications,

scalability is a key design consideration.

Increased Antenna Elements:

Challenge: Scaling from 4 to 16 or 64 elements dramatically

increases the data rate from the RF front-end and the computational

load on the FPGA for beamforming and DSP.

Solution: Requires a larger, more powerful FPGA with more DSP slices

and I/O bandwidth. The interface to the Raspberry Pi would also need

to scale (e.g., faster PCIe connection if available on an industrial Pi

variant, or dedicated high-speed links).

Wider Bandwidth / More Frequencies:

Challenge: Processing wider bandwidths or simultaneously

monitoring more frequency bands increases the raw data rate and the

complexity of DSP algorithms (e.g., more filter banks).

Solution: Faster ADCs/DACs, more DSP resources on the FPGA, and

potentially multiple FPGAs working in parallel. The Raspberry Pi might

need to offload some high-level DSP to a dedicated GPU if the

computational load becomes too high.

Distributed Deployment:

Challenge: Deploying multiple QuadRF units in a network for broader

coverage or 3D localization.

Solution: Requires robust network synchronization (e.g., NTP, PTP)

between units for coherent measurements. A central server

(potentially also a Raspberry Pi cluster or cloud-based) would

aggregate data, perform fusion algorithms, and manage the

distributed array. This introduces network latency and data

consistency challenges.
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Operational Tradeoffs and Failure Modes

Operating a sophisticated RF sensing platform introduces specific operational

considerations and potential failure points that engineers must address.

Environmental Interference:

Tradeoff: High sensitivity for detecting weak signals also means

susceptibility to noise and interference from other RF sources (e.g.,

nearby Wi-Fi, cell towers, microwaves).

Failure Mode: False positives, degraded signal-to-noise ratio (SNR),

or complete signal masking, leading to inaccurate tracking or imaging

results.

Mitigation: Robust filtering, adaptive beamforming to nullify

interference, and environmental RF surveys.

Calibration Drift:

Tradeoff: Meticulous calibration is essential, but component

characteristics can drift with temperature, humidity, or aging.

Failure Mode: Loss of phase coherence across array elements,

leading to inaccurate beam steering, poor direction finding, and fuzzy

tomographic images.

Mitigation: Regular re-calibration, temperature compensation

algorithms, and built-in self-test (BIST) routines.

Computational Latency:

Tradeoff: Real-time applications like drone tracking demand low

latency. Balancing processing complexity with response time.

Failure Mode: Delayed tracking updates, inability to follow fast-

moving targets, or real-time tomographic reconstruction falling behind

actual events.

Mitigation: Optimizing FPGA designs, streamlining data transfer to

the Pi, and using efficient DSP algorithms on both platforms.

Prioritizing critical real-time tasks.
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Software Bugs (Raspberry Pi):

Tradeoff: The flexibility of a Linux environment comes with the risk of

software bugs, memory leaks, or OS-level issues.

Failure Mode: System crashes, incorrect data logging, API failures, or

unresponsive control.

Mitigation: Robust testing, watchdog timers, containerization for

critical services, and reliable update mechanisms.

FPGA Bitstream Corruption:

Tradeoff: The FPGA's custom hardware configuration is stored in a

bitstream.

Failure Mode: If the bitstream is corrupted during loading or storage,

the FPGA will operate incorrectly or not at all, rendering the core DSP

capabilities useless.

Mitigation: Secure boot processes, checksums for bitstream integrity,

and redundant storage of validated bitstreams.

Security and Ethical Implications

The capabilities of a system like QuadRF bring significant security and ethical

considerations to the forefront, requiring careful design and responsible

deployment.

Potential for Misuse

Unauthorized Surveillance: RF tomography could potentially be used to

detect human presence or movement inside private property without

consent, raising serious privacy concerns.

Privacy Invasion: Tracking personal devices or individuals via their RF

emissions could be used for unauthorized location tracking or profiling.

Drone Interception/Jamming: While tracking is one aspect, the ability to

transmit focused RF beams could potentially be misused for disrupting

drone operations, which can have legal, safety, and national security

ramifications.
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System Security

Control Plane Vulnerabilities (Raspberry Pi): As a Linux system, the

Raspberry Pi is susceptible to typical network attacks, malware, and

unauthorized access. Securing the operating system, network interfaces,

and API endpoints (e.g., using strong authentication, encryption, firewalls) is

paramount.

Data Exfiltration: The system processes sensitive RF data (e.g., raw IQ

samples, tracking trajectories). Protecting this data from unauthorized

access or exfiltration (e.g., through insecure network connections, physical

access to storage) is critical. Encryption at rest and in transit is essential.

FPGA Firmware Integrity: Tampering with the FPGA's bitstream could

lead to malicious behavior, incorrect measurements, or even hardware

damage. Secure boot and cryptographically verified firmware updates are

essential to prevent this.

RF Security: The system's own RF emissions could potentially be exploited

to determine its location or operational status. Designers must consider

techniques to minimize detectable emissions when not actively

transmitting.

Open-Source Dilemma

Transparency vs. Risk: An open-source approach fosters collaboration,

innovation, and peer review, which can improve security by allowing wider

scrutiny. However, it also makes the underlying technology and potential

vulnerabilities more accessible, potentially lowering the barrier for malicious

actors to develop countermeasures or exploit the system.

Regulatory Compliance: Operating a powerful SDR system requires

adherence to local and international regulations regarding frequency usage,

power limits, and privacy laws. Open-source designs must clearly document

these requirements.
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Common Misconceptions

When discussing advanced SDR and phased array systems, certain

misunderstandings often arise:

"RF Tomography is like X-ray vision."

Clarification: RF tomography creates a statistical map of RF

attenuation and phase shifts, inferring object presence. It doesn't

produce a visual image of internal structures like X-rays. The resolution

is significantly lower than optical or X-ray imaging, and it's highly

dependent on environmental factors, signal processing, and the

number of antennas. It's more akin to seeing a fuzzy heat map of

movement.

"SDR systems are plug-and-play, just run some code."

Clarification: While the software aspect of SDR offers flexibility,

achieving high performance, especially with phased arrays, requires

deep knowledge of RF engineering, digital signal processing, and

meticulous calibration. Phase coherence across multiple channels is

notoriously difficult to maintain and is critical for accuracy. It's an

integration of highly specialized hardware and software.

"Phased arrays are only for large, expensive radar systems."

Clarification: While large radar arrays exist, advancements in

miniaturization and low-cost components (like those used in Wi-Fi

routers for MIMO) enable compact phased arrays for diverse

applications, including consumer electronics, automotive radar, and

portable sensing. The QuadRF concept demonstrates this shift towards

more accessible phased array technology, leveraging off-the-shelf

components like the Raspberry Pi.

Summary

This chapter explored the conceptual QuadRF phased-array radio system,

highlighting how a symbiotic relationship between an FPGA and a Raspberry Pi 5

enables advanced capabilities.
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Key takeaways include:

Hybrid Architecture: QuadRF likely employs an FPGA for high-speed, real-

time digital signal processing (beamforming, AoA) and a Raspberry Pi 5 for

higher-level control, complex algorithms (tracking, tomography

reconstruction), and user interaction. This separation of concerns is

fundamental for performance and flexibility.

RF Tomography: Achieved by analyzing precise phase and amplitude

changes of RF signals passing through an environment, enabling inference

of hidden objects or movement.

Drone Tracking: Leverages passive direction finding (AoA) and optional

active sensing, combined with sophisticated tracking algorithms (e.g.,

Kalman filters) on the Pi, to follow target trajectories.

Architectural Design Choices: The choice of FPGA and Raspberry Pi

balances raw performance, development complexity, cost, and long-term

flexibility. Calibration is critical.

Scalability: Expanding capabilities requires careful planning for increased

data rates, computational load, and distributed coordination.

Operational Challenges: Environmental interference, calibration drift, and

computational latency are common failure modes that require robust

mitigation strategies.

Security & Ethics: Advanced RF sensing capabilities necessitate careful

consideration of privacy, potential misuse, and robust system security

measures for the control plane and RF data.

Understanding systems like QuadRF provides a glimpse into the future of RF

sensing. The ability to precisely manipulate radio waves opens doors for

innovation, but also places a strong emphasis on responsible development and

deployment. In the next chapter, we will delve deeper into specific DSP

algorithms used for advanced array processing.
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CHAPTER 06

API Design, Authentication, and
System Management
How do you command a sophisticated RF system, directing its beams, configuring

its sensors, and ensuring its secure operation? This is the core challenge of API

design, authentication, and system management in platforms like the

hypothetical QuadRF phased-array radio. Without a robust and secure control

plane, even the most advanced hardware remains an inert collection of

components.

In this chapter, we'll delve into the architectural considerations for defining the

interfaces that allow users and higher-level applications to interact with QuadRF.

We'll explore the critical aspects of authenticating those interactions and

authorizing specific operations, and finally, discuss the essential practices for

managing the system's lifecycle, from configuration to monitoring and updates.

Understanding these layers is crucial for anyone looking to build, integrate, or

operate complex SDR and phased array systems effectively.

To fully grasp the concepts discussed here, a foundational understanding of

Software-Defined Radio (SDR) principles, the roles of FPGAs and embedded Linux

systems (like the Raspberry Pi 5), and basic networking concepts will be

beneficial.

System Overview: The Control Plane Architecture

The QuadRF system, as envisioned, combines a general-purpose embedded

computer (Raspberry Pi 5) with specialized high-performance RF processing

hardware (FPGA). This creates a natural division of labor and, consequently, a

layered architecture for control and data flow.

The Raspberry Pi 5 serves as the control plane host. It runs the operating

system (likely Raspberry Pi OS), hosts the high-level application logic, provides

network connectivity, and exposes the external API. Its role is to:

Manage configurations.

Handle user requests.

Process data for non-real-time tasks.

Interface with the FPGA.

Provide system management capabilities (logging, monitoring, updates).

• 

• 

• 

• 
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The FPGA (Field-Programmable Gate Array) is the real-time data plane

processor. It is directly connected to the RF front-end (ADCs, DACs, phase

shifters, amplifiers). Its role is to:

Perform high-speed digital signal processing (DSP) for beamforming,

filtering, and demodulation.

Interact directly with the RF hardware at very low latency.

Stream raw or pre-processed data to the Raspberry Pi.

This architectural separation is key to understanding how APIs, authentication,

and management are structured.

API Design for a Layered RF System

A system like QuadRF necessitates a layered API approach, separating external,

user-facing interfaces from internal, hardware-level communication.

External Control API (Inferred)

The external API is the primary interface for users, applications, or other systems

to control QuadRF. Given modern trends, a RESTful HTTP API or gRPC

interface is a plausible choice for configuration and status monitoring.

Likely Characteristics:

RESTful Design: Exposing resources such as /array/status , /

beamformers/{id}/config , /channels/{id}/gain , /tasks/{id}/

start , /data/stream/config . This allows for intuitive interaction using

standard HTTP methods (GET, POST, PUT, DELETE).

Data Formats: JSON for request/response bodies is standard for REST,

while gRPC would leverage Protocol Buffers for structured, efficient data

exchange.

Control Plane Focus: This API primarily manages the control plane –

configuring the system, initiating tasks (e.g., "start beamforming on channel

X towards angle Y"), and querying operational status.

• 
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Data Plane Separation: High-throughput data streams (e.g., raw IQ

samples from the RF front-end, processed beamformed data) are often too

large and latency-sensitive for HTTP. These would likely use a separate,

optimized protocol such as: 

UDP Streaming: For real-time, loss-tolerant data.

Custom Binary Protocols over TCP/IP: For reliable, high-bandwidth

transfers.

Shared Memory/ZeroMQ: For inter-process communication on the

same host if data needs to be passed to another local service.

Example Inferred API Endpoints:

GET /api/v1/array/status
  # Returns overall system health, temperature, power, active tasks

POST /api/v1/beamformers
  # Create a new beamforming profile
  { "name": "WiFi Scanner", "type": "digital", "frequency_hz": 2412000000, 
"direction_deg": [0, 0] }

PUT /api/v1/tasks/{task_id}/state
  # Update a task state (e.g., "running", "paused", "stopped")
  { "state": "running" }

GET /api/v1/data/stream/{stream_id}
  # Configures and provides a URL/port for a data stream (e.g., WebSocket or 
UDP)

Internal Hardware Interface (Raspberry Pi to FPGA)

The interface between the Raspberry Pi 5 (acting as the control host) and the

FPGA (for real-time DSP and RF interaction) is far more low-level and

performance-critical. This is not a typical network API but rather a hardware-

level communication mechanism.

Likely Characteristics:

Memory-Mapped I/O (MMIO): The FPGA's control registers and data

buffers are mapped into the Raspberry Pi's memory space. The RPi can then

read from or write to these memory addresses directly to configure the

FPGA or exchange small amounts of control data.

Direct Memory Access (DMA): For high-speed data transfer (e.g.,

streaming IQ samples from ADCs to RPi RAM, or processed data back to

DACs), DMA is essential. This allows the FPGA to transfer data directly to/

from RPi memory without CPU intervention, reducing latency and CPU load.

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

API Design, Authentication, and System Management 75



Custom Bus Protocols: Depending on the FPGA integration, protocols like

SPI, I2C, or even a custom high-speed serial link might be used for specific

control signals or configuration. If the FPGA is connected via a PCIe interface

(less common for RPi 5, but possible with carrier boards), then PCIe's native

DMA and memory-mapped capabilities would be leveraged.

Driver Layer: On the Raspberry Pi side, a Linux kernel module (driver)

would be responsible for abstracting these hardware interactions, providing

a clean interface (e.g., /dev/quadrf0 ) to user-space applications.

Request Flow: From High-Level Command to RF
Action

Understanding the system means tracing how a user's intent, expressed through

an API call, translates into physical RF behavior. Let's consider a scenario where

an external client wants to change the direction of a beam.

• 

• 
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In this flow:

An External Client  initiates a high-level command (e.g., PUT /api/v1/

beamformers/{id}/direction ) to the RPi Control Plane .

The Control Plane  first performs Authentication & Authorization

checks.

If Authorized? , an API Handler Service  on the RPi receives the request.

This service is responsible for validating the input and translating the high-

level concept ("set beam to 30 degrees") into a specific set of parameters

for the FPGA.

1. 

2. 

3. 
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The API Handler Service  then communicates with an FPGA Control

Service  (another local service on the RPi).

The FPGA Control Service  prepares the necessary Low-Level MMIO/DMA

Commands  or data structures.

These commands are passed to the FPGA Driver  (a Linux kernel module)

which has direct access to the FPGA hardware.

The FPGA Driver  performs Hardware Register Writes / DMA Setup  to

configure the FPGA DSP Core .

The FPGA DSP Core  then directly issues commands to the RF Hardware

(e.g., phase shifters, ADCs, DACs) to Control RF Front-End .

Finally, the RF Hardware  interacts with the RF Environment  by Emit/

Receive RF Signal  in the desired direction.

Design Decisions and Tradeoffs

The architectural choices for QuadRF's control plane are driven by a balance of

performance, usability, and security.

Layering of Control

Decision: Implement distinct external (network-based) and internal

(hardware-level) APIs.

Benefit: Decouples the user experience from hardware intricacies. External

users don't need to know FPGA register maps. Allows for different

development cycles and expertise for each layer. The RPi provides a stable,

general-purpose platform for the external API, while the FPGA handles time-

critical, specialized tasks.

Cost: Introduces complexity in translation layers (RPi software translating

high-level commands to low-level hardware instructions). Requires careful

design to avoid performance bottlenecks in the RPi-FPGA communication.

Protocol Choices

Decision: REST/gRPC for external control, MMIO/DMA for internal hardware

communication.

Benefit (External): REST/gRPC are widely adopted, well-understood, and

have extensive tooling support. They simplify integration with other

applications and services.

4. 

5. 
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Benefit (Internal): MMIO and DMA offer the lowest latency and highest

throughput for direct hardware interaction, critical for real-time SDR

operations where microsecond-level timing can be important.

Cost: Requires different skill sets (web development for external,

embedded/FPGA for internal). Bridging these different protocol paradigms

adds software overhead on the RPi.

Data Plane Separation

Decision: Separate high-bandwidth RF data streams from the control API.

Benefit: Prevents the control channel from being overwhelmed by large

data volumes. Allows for optimized, low-latency protocols (like UDP or

custom binary streams) for data, while keeping the control API responsive.

Cost: Adds complexity in managing multiple communication channels and

ensuring data integrity and synchronization between them.

Authentication and Authorization

Securing access to an RF system capable of advanced sensing (like "seeing WiFi

through walls" or "drone tracking") is paramount. Unauthorized access could lead

to misuse, data breaches, or even system damage.

External API Authentication

For the external control API, standard web authentication practices would likely

apply:

API Keys: Simplest for programmatic access. A long, randomly generated

token associated with a user or application.

OAuth2 / OpenID Connect (OIDC): If QuadRF is part of a larger

ecosystem or requires multi-user access with different identity providers.

This provides robust user authentication and delegated authorization.

Client Certificates (mTLS): For high-security, machine-to-machine

communication, where both the client and server authenticate each other

using X.509 certificates.

Authorization (What Can You Do?):
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Once authenticated, Role-Based Access Control (RBAC) is critical. Different

users or applications will have different permissions:

Viewer: Can read system status, active beam configurations, and data

stream metadata.

Operator: Can start/stop existing tasks, modify beam directions within

predefined limits.

Configurator: Can create new beamforming profiles, adjust RF parameters

(gain, frequency), and manage data stream settings.

Administrator: Full control, including system updates, user management,

and sensitive hardware reconfigurations.

Likely Implementation: The Raspberry Pi's control plane would include an

authentication service and an authorization middleware that checks tokens/

credentials and verifies permissions against a stored policy for each API request.

Internal System Security

While the RPi-FPGA interface typically doesn't have "authentication" in the

network sense, its security relies on other mechanisms:

Operating System Permissions: Access to /dev/quadrf0  (the FPGA

driver interface) would be restricted to specific users or groups on the

Raspberry Pi OS, usually requiring sudo  privileges for sensitive operations.

Physical Security: The most fundamental layer. If an attacker has physical

access to the Raspberry Pi, they can bypass most software controls.

Securing the device itself is crucial.

Secure Boot: Ensuring that the Raspberry Pi boots only trusted software

helps prevent tampering with the control plane.

Signed FPGA Bitstreams: Ensuring that only verified and signed FPGA

configurations can be loaded helps prevent malicious firmware from being

installed.

Scalability Considerations

While a single QuadRF unit is a powerful sensing platform, scalability becomes a

concern when managing multiple units or integrating with larger systems.
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Scaling the Control Plane

Centralized Management: For deployments with many QuadRF units, a

centralized management system would likely orchestrate configurations,

task assignments, and data collection. Each QuadRF unit would report to

this central system via its external API.

API Gateway: Introducing an API Gateway in front of multiple QuadRF units

could provide unified authentication, load balancing, and request routing,

simplifying client interaction.

Asynchronous Processing: For long-running tasks or configuration

changes that don't require immediate responses, using message queues

(e.g., RabbitMQ, Kafka) can decouple the API request from the actual

execution, improving responsiveness and resilience.

Data Aggregation and Processing

Distributed Data Collection: Each QuadRF unit will generate significant

amounts of RF data. A scalable data pipeline (e.g., Apache Kafka, Apache

Flink) would be needed to ingest, process, and store this data from multiple

units.

Edge vs. Cloud Processing: Decisions would need to be made on how

much data processing happens on the QuadRF unit itself ("edge") versus

offloading to a central cloud infrastructure. Real-time, low-latency

processing often stays at the edge, while archival and complex analytics

move to the cloud.

Challenges

Network Latency: Managing and synchronizing multiple distributed RF

systems introduces network latency challenges, especially for tasks

requiring coordinated beamforming or sensing.

Configuration Drift: Ensuring consistent configurations across a fleet of

devices requires robust configuration management tools and automation.

Failure Modes and Operational Challenges

Operating a complex system like QuadRF requires robust tools and processes for

management, monitoring, and maintenance. Ignoring these aspects can lead to

critical failures.
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Security Vulnerabilities

Unauthorized Access: An insecure API or weak authentication can lead to

an attacker hijacking the QuadRF system. This could enable unauthorized

surveillance (e.g., "seeing through walls" for nefarious purposes), jamming

of legitimate signals, or even damage to the RF hardware by misconfiguring

power levels.

Data Exfiltration: Sensitive RF intelligence (e.g., intercepted

communications, drone flight paths) could be exfiltrated if the data plane or

storage is not adequately secured.

Tampering: If secure boot or signed firmware is not implemented, an

attacker with physical access could install malicious software or FPGA

bitstreams.

Hardware and Software Failures

FPGA Malfunctions: Overheating, power fluctuations, or bitstream

corruption can lead to incorrect DSP, affecting beamforming accuracy or

data acquisition. Diagnosing these often requires specialized FPGA

debugging tools.

Raspberry Pi Issues: OS crashes, disk corruption, or resource exhaustion

(CPU/memory) can halt the control plane, making the QuadRF unresponsive.

RF Component Degradation: Over time, RF components like amplifiers or

phase shifters can degrade, leading to reduced performance or outright

failure. This might manifest as reduced signal strength or poor beam quality.

Operational Challenges

Configuration Drift: Manual configuration changes can lead to

inconsistencies across devices, making debugging and troubleshooting

difficult.

Real-time Processing Bottlenecks: Latency spikes or unexpected

resource usage in the FPGA or RPi-FPGA interface can impact the system's

ability to perform its core function (e.g., accurate beamforming, reliable

tracking).

Debugging Distributed Issues: When problems arise, isolating whether

the issue is in the external API, RPi software, FPGA firmware, or RF hardware

can be complex and time-consuming.
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Observability as a Defense

Comprehensive Monitoring and Observability are critical to mitigate these

failure modes:

Metrics Collection:

Hardware Metrics: CPU utilization, memory usage, disk I/O on the

Raspberry Pi. FPGA temperature, resource utilization (logic cells, DSP

blocks), power consumption.

RF Metrics: Received Signal Strength Indicator (RSSI) per antenna,

noise floor, RF power output, signal-to-noise ratio (SNR) for detected

signals.

Application Metrics: Beamforming latency, data processing

throughput, API request rates, error rates.

Logging: Detailed logs are essential for debugging and auditing. 

Operational Logs: System startup/shutdown, task initiation/

completion, configuration changes.

Error Logs: Hardware faults, software exceptions, communication

failures.

Security Audit Logs: Successful/failed authentication attempts,

unauthorized access attempts, critical configuration changes.

Alerting: Proactive notification of critical issues. Example alerts: FPGA

temperature critical, CPU utilization consistently high, RF output power

anomaly, unauthorized API access attempts.

Visualization: Dashboards (e.g., Grafana) to visualize metrics and logs,

providing real-time insights into system operation.

Likely Tools (Inferred):

Prometheus: For collecting time-series metrics from the Raspberry Pi and

potentially the FPGA (via a custom exporter).

Grafana: For visualizing Prometheus data and creating operational

dashboards.

Syslog / journald: For collecting system and application logs on the

Raspberry Pi, potentially forwarded to a centralized logging system (e.g.,

ELK stack, Loki).
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Firmware and Software Updates

Maintaining system integrity and adding new features requires a robust update

mechanism.

Over-the-Air (OTA) Updates: For the Raspberry Pi's operating system,

application software, and potentially the FPGA bitstream. This is crucial for

remote deployments.

Staged Rollouts: Deploying updates to a subset of devices first to identify

issues before a full rollout.

Rollback Mechanism: The ability to revert to a previous, known-good

version of software or firmware in case an update introduces regressions.

Signed Updates: Ensuring that all updates are cryptographically signed

and verified by the device before installation to prevent malicious code

injection.

Common Misconceptions

"API is just HTTP endpoints." While external APIs often use HTTP,

internal APIs for embedded systems (like RPi to FPGA) are fundamentally

different. They are typically hardware-level interfaces (MMIO, DMA)

optimized for performance and direct hardware control, not network

communication. The distinction is critical for performance and security.

"Physical access means no security." While physical access can bypass

many software protections, it doesn't negate the need for OS-level security

(user permissions, secure boot), signed firmware, and strong authentication.

These layers still deter opportunistic attackers and make sophisticated

attacks harder to execute, buying time for detection or response.

"Real-time processing doesn't need monitoring." On the contrary,

real-time systems often require even more rigorous monitoring. Latency

spikes, unexpected resource usage, or even slight deviations in RF

performance can indicate critical issues that impact the system's ability to

perform its core function (e.g., accurate beamforming, reliable tracking).

Without monitoring, diagnosing these issues becomes nearly impossible,

turning a "black box" into a "broken box."
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Summary: Key Takeaways

Designing, securing, and managing a sophisticated phased-array SDR system like

QuadRF involves a multi-faceted approach to its interfaces and operations.

Layered APIs: A clear distinction between high-level external APIs (REST/

gRPC for configuration) and low-level internal APIs (MMIO/DMA for hardware

control) is crucial for both usability and performance.

Request Flow: Commands traverse a carefully designed path, translating

high-level intent into precise hardware actions, with critical authentication

and authorization checks at the control plane.

Robust Security: Authentication (API keys, OAuth2) and authorization

(RBAC) protect the external control plane, while OS permissions, physical

security, and signed firmware protect the internal components.

Scalability: Managing multiple QuadRF units requires centralized control,

robust data pipelines, and careful consideration of edge vs. cloud

processing.

Failure Resilience: Comprehensive monitoring, logging, and alerting are

indispensable for detecting and diagnosing issues, while secure update

mechanisms ensure long-term reliability and maintainability.

Tradeoffs: Balancing ease of use with performance, and security with

operational complexity, is a continuous design challenge in such systems.

Understanding these principles allows engineers to build not just functional, but

also resilient, secure, and manageable advanced RF platforms.
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CHAPTER 07

Data Handling, Storage, and
Calibration Strategies
Managing the deluge of raw radio frequency (RF) data generated by a multi-

element phased array, like our hypothetical QuadRF system, is a significant

engineering challenge. Without robust data handling, efficient storage, and

rigorous calibration, even the most sophisticated hardware will fail to deliver

accurate beamforming or precise direction finding.

This chapter delves into the internal strategies a high-performance SDR system

employs to acquire, process, store, and, critically, calibrate its RF data streams.

We'll explore the roles of the FPGA and Raspberry Pi 5 in this pipeline, the

implications of high data rates, and the non-negotiable importance of maintaining

phase and amplitude coherence across all array elements. A solid grasp of these

principles is essential for anyone looking to design, operate, or troubleshoot

advanced SDR platforms.

Data Acquisition and Processing Overview

The journey of RF data in a phased array begins the moment analog signals hit

the antenna elements and are converted into digital samples. This initial stage is

heavily dependent on high-speed Digital Signal Processing (DSP) performed on

the FPGA.

Each antenna element in a phased array connects to its own RF front-end chain.

This chain typically includes low-noise amplifiers (LNAs), mixers for down-

conversion, and analog-to-digital converters (ADCs). For a system like QuadRF,

these ADCs would be high-speed, high-resolution components, often sampling in

the hundreds of Megasamples per second (MSPS).

Once digitized, the raw samples are fed directly into the FPGA. These samples are

typically complex I/Q (In-phase and Quadrature) data, representing both the

amplitude and phase of the received signal. The FPGA acts as the primary, high-

bandwidth processing engine.

Real-time Data Flow and Processing Pipeline

The QuadRF system's data pipeline is designed to handle high-throughput RF data

efficiently, leveraging the strengths of both the FPGA and the Raspberry Pi 5.
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Figure 7.1: QuadRF System Data Flow Overview (Inferred)

FPGA's Role in High-Speed Processing

The FPGA is the workhorse for real-time, high-bandwidth signal processing. Its

parallel architecture is perfectly suited for handling multiple, simultaneous data

streams from each antenna element.

Likely FPGA Processing Steps:

Digital Down-Conversion (DDC): If the ADCs sample at an intermediate

frequency (IF), the FPGA performs digital down-conversion to baseband. This

process reduces the sampling rate while preserving signal information,

typically involving digital mixing and filtering.

Filtering and Decimation: Raw RF data often contains noise and

unwanted frequencies. The FPGA applies digital filters (e.g., FIR filters) to

isolate the desired bandwidth. Decimation then reduces the sample rate to

a manageable level for subsequent processing, preventing aliasing.

Buffering: Internal FPGA memory (BRAM) and external DDR memory

connected to the FPGA are used for temporary buffering of I/Q samples

before they are passed to the Raspberry Pi or further DSP blocks.

Initial Beamforming/Correlation: For some applications, initial stages of

digital beamforming or correlation might occur on the FPGA to reduce data

volume or extract specific features before transferring data off-chip.

⚡ Quick Note:  A 4-element array, sampling at 100 MSPS with 14-bit ADCs,

generates substantial data. Even after decimation to 10 MSPS per channel

(complex I/Q, 2x14 bits), that's 4 channels * 10 MSPS * 4 bytes/sample

(I+Q) = 160 MB/s  of raw processed data. This volume necessitates efficient

handling.

Raspberry Pi 5 for Control, Buffering, and Orchestration

The Raspberry Pi 5 acts as the brain of the QuadRF system, managing the FPGA,

orchestrating data flow, and handling higher-level tasks.

FPGA Control: The RPi 5 configures and controls the FPGA, loading

bitstreams, setting parameters for DDCs and filters, and initiating calibration

sequences.

1. 
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Intermediate Buffering: With its significant LPDDR4X RAM (up to 8GB),

the Raspberry Pi 5 serves as an intermediate buffer for processed data

coming from the FPGA, holding several seconds or minutes of data

depending on the decimation rate and RAM size.

Higher-Level Processing: The RPi 5 executes more complex, non-real-

time algorithms, such as advanced tracking, machine learning models for

signal classification, or sophisticated visualization routines.

Data Storage Orchestration: It manages the storage of processed data,

logs, and calibration coefficients, deciding what to store locally and what to

offload to network storage.

Data Storage Strategies

Storing the vast amounts of RF data generated by a phased array requires a

tiered approach, balancing real-time processing needs with long-term analysis

and archival.

Short-Term Buffering and Local Storage

FPGA Memory: FPGA BRAM and external DDR are critical for buffering

samples during high-speed processing.

Raspberry Pi 5 RAM: Acts as an intermediate buffer for processed data

coming from the FPGA.

Local RPi Storage (microSD/NVMe):

System Configuration: Operating system, SDR control software,

calibration scripts.

Metadata: Event logs, detected signal parameters (e.g., frequency,

power, Angle of Arrival), timestamps.

Calibration Coefficients: Stored and loaded by the RPi into the

FPGA.

Likely Inference: Raw, high-bandwidth I/Q streams are generally not

stored here for extended periods due to I/O limitations and capacity.
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Long-Term Archival and Network Offload

For applications requiring extensive data retention or detailed post-processing,

data must move off the local RPi.

Network-Attached Storage (NAS) / Cloud Storage:

Processed RF Streams: For applications like "seeing WiFi through

walls" or detailed drone tracking, large volumes of I/Q data might be

streamed over a high-speed network (e.g., Gigabit Ethernet or Wi-Fi 6)

to a central server or cloud storage for offline analysis.

Archival: Long-term storage of specific captured events or

campaigns.

Data Reduction Techniques: To manage storage, several techniques are

employed:

Compression: Lossless or lossy compression algorithms applied to I/Q data.

Filtering: Only storing data within specific frequency bands or above

certain power thresholds.

Event-based Recording: Recording only when a signal of interest is

detected, rather than continuous streaming.

Feature Extraction: Instead of raw I/Q, storing only extracted features like

spectrograms, power spectral densities, or direction-of-arrival estimates.

Calibration: The Key to Phased Array Performance

Calibration is arguably the most critical aspect of a high-performance phased

array system. Without accurate calibration, the benefits of multiple antenna

elements and sophisticated beamforming algorithms are lost due to phase and

amplitude mismatches.

Why Calibration is Crucial

Phased arrays rely on precisely controlled phase and amplitude relationships

between the signals at each antenna element to steer beams, null interference,

or accurately determine signal direction. Any tiny variation in the electrical path

length, amplifier gain, or component response across the different channels will

degrade performance.

Common Mismatches:

Cable Lengths: Even small differences in coaxial cable lengths introduce

phase shifts.

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

Data Handling, Storage, and Calibration Strategies 89



Amplifier Gain: Variations in LNA or power amplifier (PA) gain.

Component Tolerances: Differences in filters, mixers, ADCs/DACs.

Environmental Factors: Temperature changes can affect component

characteristics.

Calibration Methods (Likely for QuadRF)

Calibration aims to measure and correct these mismatches, typically by

generating a set of complex coefficients (amplitude and phase corrections) for

each channel.

Internal Loopback Calibration:

Mechanism: A known test signal (e.g., a continuous wave tone) is

internally generated and injected into the RF path after the antenna,

often near the LNA or mixer, and routed through each channel's

receive chain.

Process: The system measures the received signal on each channel,

calculates the phase and amplitude differences relative to a reference

channel, and derives correction factors.

Benefit: Can be performed frequently and automatically, correcting

for internal electronic drift.

Limitation: Does not account for the antenna element itself or the

external environment.

External Reference Source Calibration:

Mechanism: A precisely characterized external RF source (e.g., a

signal generator with a known antenna) is placed at a known location

relative to the phased array.

Process: The array receives the signal from the external source, and

the phase and amplitude differences are measured across elements.

Benefit: Accounts for the antenna elements and their immediate

environment.

Limitation: Requires an external setup and is harder to automate

frequently.
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Over-the-Air (OTA) Calibration (Inferred for advanced systems):

Mechanism: Using known, stable environmental signals (e.g., distant

broadcast towers, GPS signals) as a reference.

Process: The system estimates the arrival direction and

characteristics of these known signals and adjusts calibration based on

expected vs. observed values.

Benefit: Full system calibration, including antennas, in the operational

environment.

Limitation: Relies on the availability and stability of suitable external

signals.

3. 
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Figure 7.2: Simplified Phased Array Calibration Flow

Calibration Data Storage and Application

The calculated calibration coefficients are typically stored on the Raspberry Pi 5.

When the system starts or requires recalibration, the RPi loads these coefficients

into the FPGA's DSP blocks. The FPGA then applies these complex corrections in

real-time to the incoming I/Q samples before any beamforming or spatial

processing occurs.

🧠 Important:  Calibration is not a one-time event. Environmental changes

(temperature, humidity), component aging, and even physical movement can

necessitate recalibration. Advanced systems often employ adaptive or periodic

calibration routines.

Design Decisions and Tradeoffs

Designing the data handling, storage, and calibration strategy involves balancing

performance, cost, and complexity.

FPGA vs. Raspberry Pi Processing Split

FPGA for Real-time: The FPGA is chosen for parallel, high-speed,

deterministic real-time tasks like ADC interfacing, DDC, fine-grained

filtering, and initial beamforming. Its hardware-level parallelism ensures low-

latency and high-throughput for raw RF data.

Raspberry Pi for Flexibility: The RPi is preferred for higher-level control,

complex algorithms (e.g., advanced tracking, machine learning), user

interface, networking, and flexible storage management. This split

leverages the RPi's ease of programming and rich ecosystem while

offloading critical real-time tasks to the FPGA.

Tradeoff: Real-time determinism and raw processing power (FPGA) versus

flexibility, development speed, and cost (RPi).

Storage Medium Selection

Internal RPi (microSD/NVMe): Cost-effective and simple for configuration

and logs. The RPi 5's PCIe interface can support NVMe drives, offering

significantly higher I/O speeds than microSD, which is crucial for temporary

buffering of larger processed datasets.
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Network Storage: Offers vast capacity and potentially higher sustained

write speeds for archival. It introduces network complexity, latency, and

potential security vulnerabilities, but is essential for capturing prolonged,

high-bandwidth events.

Tradeoff: Cost and simplicity vs. capacity, speed, and remote accessibility.

Calibration Frequency vs. Accuracy

Frequent Calibration: Maximizes accuracy and adapts to environmental

changes but consumes system resources, adds potential downtime, and

increases computational load.

Infrequent Calibration: Reduces overhead but risks degraded

performance due to component drift or environmental shifts.

Tradeoff: Maintaining peak performance vs. minimizing operational

overhead and resource consumption. The optimal frequency depends on the

application's precision requirements and environmental stability.

Data Reduction vs. Fidelity

Aggressive Data Reduction: Saves storage and bandwidth, making data

manageable for long-term storage or network transfer.

High Fidelity: Retaining raw or minimally processed I/Q data preserves

subtle signal features necessary for advanced analysis, forensic

investigation, or re-processing with new algorithms.

Tradeoff: Storage/bandwidth efficiency vs. the ability to perform detailed

post-analysis. A balance must be struck based on the specific application's

needs.

Scalability Considerations

As use cases for systems like QuadRF evolve, scalability becomes a critical design

factor.

Scaling Data Throughput

More Array Elements: Increasing the number of antenna elements

directly multiplies the raw data rate. This requires faster ADCs, larger FPGAs

with more DSP slices, and higher-bandwidth interfaces between the FPGA

and RPi (e.g., faster PCIe lanes).
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Wider Bandwidth: Processing wider RF bandwidths (e.g., for detecting

more diverse signals) increases the sample rate, again demanding more

powerful FPGAs and faster data paths.

Network Bottlenecks: Offloading massive processed datasets to network

storage can easily saturate typical Gigabit Ethernet. 10 Gigabit Ethernet or

even higher-speed optical links might be necessary for large-scale

deployments or continuous high-fidelity recording.

Computational Demands

FPGA Upgrades: For more complex real-time beamforming algorithms or

higher channel counts, larger and more advanced FPGAs (e.g., with more

logic cells, DSP blocks, and faster transceivers) are required.

Raspberry Pi Performance: While the RPi 5 is powerful, its CPU and GPU

might become a bottleneck for real-time advanced algorithms (e.g.,

machine learning inference on live data, complex spatial analysis) as the

system scales. Distributed computing or offloading some tasks to dedicated

GPUs might be necessary.

Distributed System Architecture (Inferred)

For very large-scale applications (e.g., covering a vast area for drone tracking),

multiple QuadRF units might operate in a distributed fashion.

Centralized Command and Control: A central server would coordinate

multiple QuadRF nodes, aggregate their metadata (e.g., drone tracks, WiFi

heatmaps), and issue commands.

Networked Data Fusion: Data from multiple nodes could be fused to

improve localization accuracy, track objects across larger areas, or create

more detailed RF environment maps.

Tradeoff: Increased complexity in network management, synchronization,

and data fusion algorithms vs. expanded coverage and capabilities.

Operational Resilience and Failure Modes

Operating a sophisticated SDR system requires anticipating and mitigating

potential failures to maintain performance and data integrity.
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Calibration Drift

Problem: Environmental factors (temperature changes), component aging,

or physical vibrations can cause calibration parameters to drift, leading to

degraded beamforming accuracy or incorrect direction finding.

Mitigation: Implement periodic or adaptive recalibration routines. Monitor

key performance indicators (e.g., beam pattern integrity) to detect drift.

Hardware Failures

FPGA/RF Front-End: Malfunctions in these critical components can lead to

complete data loss for a channel or an entire system.

Raspberry Pi 5: OS corruption on the microSD card (if used), power supply

issues, or CPU overheating can lead to system downtime.

Mitigation: Redundancy where critical (e.g., redundant power supplies).

Robust error detection and logging. Monitoring of component temperatures

and health. Use of more reliable storage like NVMe for the RPi OS.

Data Corruption and Loss

Problem: Errors during high-speed data transfer (FPGA to RPi, RPi to

network) or storage medium failures can corrupt or lose valuable RF data.

Mitigation: Implement checksums and error correction codes (ECC) for

data transfers. Use RAID configurations for network storage. Regular

backups of critical configuration and calibration data.

Network Bottlenecks and Disconnection

Problem: Saturated network links or disconnections can prevent the

offloading of high-bandwidth data, leading to buffer overflows on the RPi

and data loss.

Mitigation: Prioritize critical data streams. Implement robust buffering and

retry mechanisms. Monitor network utilization and latency. Consider

redundant network paths.

Security Vulnerabilities

Unauthorized Access/Tampering: Compromise of the RPi's operating

system could allow attackers to access sensitive data, inject false calibration

parameters, or disrupt operations.

Mitigation: Implement robust access controls, encryption for stored data,

and secure boot processes. Regularly patch the OS and software.
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Security of Data and Calibration

Given the sensitive nature of RF sensing applications like "seeing through walls"

or tracking, securing the QuadRF system's data and operational integrity is

paramount.

RF Data Integrity and Confidentiality

Unauthorized Access: Raw I/Q data streams, especially when capturing

sensitive information, must be protected from unauthorized network access

or local file access. Standard Linux file permissions and network security

(firewalls, VPNs) on the Raspberry Pi are crucial.

Tampering: Preventing modification of stored or live RF data is vital for

applications requiring forensic analysis or trusted measurements.

Cryptographic hashing and digital signatures can verify data integrity.

Exfiltration: High-bandwidth data streams could be exfiltrated. Monitoring

network activity on the Raspberry Pi and restricting outbound connections

helps mitigate this.

Calibration Parameter Security

Malicious Modification: If an attacker can alter calibration coefficients,

they could effectively "blind" the phased array, steer beams incorrectly, or

even spoof targets. For example, a system designed for drone tracking

could be made to ignore real drones or report false ones.

Protection: Calibration coefficients should be stored securely (e.g.,

encrypted on disk), and access to modification routines should be strictly

controlled via authentication and authorization on the Raspberry Pi. The

FPGA should only accept signed or cryptographically verified coefficient

updates (inferred for high-security systems).

Raspberry Pi OS Hardening

As the control plane for the QuadRF, the Raspberry Pi 5 requires standard

embedded Linux security best practices:

Minimalist OS: Run only necessary services.

Strong Passwords/SSH Keys: Disable password authentication for SSH.

Firewall: Configure iptables  or ufw  to restrict network access.

Regular Updates: Keep the OS and all software patched.
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Physical Security: If deployed in sensitive areas, physical access to the

RPi should be restricted.

Summary

High Data Rates: Phased arrays generate immense volumes of raw I/Q

data, necessitating a tiered approach to handling and storage.

FPGA as Real-time Engine: The FPGA is crucial for high-speed, parallel

processing tasks like DDC, filtering, and decimation to reduce data volume

and ensure low-latency performance.

Raspberry Pi for Control and Orchestration: The RPi 5 manages higher-

level processing, system control, configuration, logs, and acts as a gateway

for network storage of large RF datasets.

Calibration is Paramount: Maintaining phase and amplitude coherence

across array elements through rigorous calibration is essential for accurate

beamforming and spatial processing. This involves various methods, from

internal loopback to external reference sources.

Design Tradeoffs: Engineering decisions balance performance, cost, and

complexity, particularly in the FPGA/RPi split, storage choices, and

calibration frequency.

Scalability Challenges: Increasing array size or bandwidth introduces

significant challenges in data throughput and computational demands, often

requiring distributed architectures.

Operational Resilience: Robust systems account for calibration drift,

hardware failures, data loss, and network issues through monitoring and

mitigation strategies.

Security is Non-Negotiable: Protecting both raw RF data and critical

calibration parameters from unauthorized access or modification is vital for

system integrity and preventing misuse.

Understanding these internal mechanisms for data handling, storage, and

calibration provides a foundational perspective on the complexities and

capabilities of advanced SDR systems like QuadRF. In the next chapter, we'll dive

deeper into the advanced applications, exploring how these foundational

elements enable capabilities such as "seeing WiFi through walls" and precise

drone tracking.
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CHAPTER 08

Scaling, Resilience, and
Deployment Considerations
This chapter delves into the critical aspects of taking an advanced Software-

Defined Radio (SDR) phased-array system, like our hypothetical QuadRF, from a

standalone prototype to a robust, scalable, and resilient deployment. While

previous chapters focused on the core architecture and capabilities, a real-world

system must contend with operational challenges, including handling increased

data loads, ensuring continuous operation, and securing its distributed

components.

Understanding these considerations is vital for any engineer designing or

operating complex RF systems. It moves beyond theoretical capabilities to the

practicalities of deployment, covering how to distribute processing, manage

failures, and maintain system integrity in diverse environments.

Before proceeding, it's assumed you have a solid grasp of QuadRF's fundamental

architecture: the Raspberry Pi 5 for control and higher-level processing, and the

FPGA for real-time, low-latency signal processing and RF interfacing, as discussed

in prior chapters.

System Overview: QuadRF in a Distributed Context

A single QuadRF unit, with its Raspberry Pi 5 and FPGA, is a powerful standalone

SDR node. However, for applications requiring wider coverage, enhanced spatial

resolution, or continuous monitoring over large areas, a single unit is insufficient.

Scaling QuadRF typically involves deploying multiple such units, transforming a

solitary sensor into a distributed network.

In this distributed model, each QuadRF unit acts as an intelligent edge device. It

performs localized RF sensing, real-time signal processing (like beamforming),

and initial data reduction. These edge nodes then coordinate and report to a

central system, enabling a global view of the RF environment.
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Data Flow in a Distributed QuadRF System

The data flow in a distributed QuadRF system is designed to balance real-time

processing at the edge with centralized aggregation and analysis. The goal is to

minimize network bandwidth while maximizing the utility of collected RF

intelligence.

Edge Processing and Data Reduction

At each QuadRF node, the FPGA continuously samples raw RF data (I/Q samples)

and performs high-speed digital signal processing. This includes:

Digital Beamforming: Steering the antenna's sensitivity in desired

directions.

Filtering and Demodulation: Isolating signals of interest and extracting

information.

Initial Detection: Identifying specific RF events, such as a WiFi packet, a

drone control signal, or a radar pulse.

The Raspberry Pi 5 then takes these processed signals and performs higher-level

tasks:

Feature Extraction: Generating concise descriptors of RF events (e.g.,

frequency, power, duration, angle of arrival).

Local Classification: Using machine learning models to identify known

signal types or classify detected objects (e.g., specific drone models).

Data Aggregation: Compressing or summarizing data over short periods.

Crucially, raw I/Q samples are rarely transmitted centrally. Instead, the

nodes perform significant data reduction at the edge. They send only metadata, 

summaries, or detected events (e.g., "Drone detected at X, Y, Z coordinates with

90% confidence," or "WiFi network 'MyHome' seen at -60 dBm from bearing 45

degrees"). This strategy drastically reduces network bandwidth requirements.

Centralized Data Aggregation

Filtered data from multiple QuadRF nodes flows to a central control plane. This

central system is responsible for:

Receiving Node Data: Ingesting processed events and metadata streams

from all connected nodes.

• 
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Data Fusion: Combining information from different nodes to create a more

accurate and comprehensive picture. For example, triangulating a signal

source using angle-of-arrival data from multiple nodes, or correlating drone

tracks across a wider area.

Long-Term Storage: Storing aggregated data in databases (e.g., time-

series databases for RF event logs) for historical analysis and trend

detection.

Figure 1: Distributed QuadRF Nodes Reporting Processed Data to a Central Control

Plane.

Design Decisions for Scalability

Designing a scalable QuadRF system involves making fundamental choices about

processing location, network architecture, and control mechanisms.

Distributed SDR Nodes Architecture

The core decision is to distribute sensing capabilities. Each QuadRF unit functions

as an independent, intelligent sensor node.

Why it exists: To achieve wider geographic coverage, improve spatial

resolution, and enable multi-point observation for advanced techniques like

passive radar or RF tomography.

Problem solved: Overcomes the physical limitations of a single antenna

array and provides redundancy.

Design choice: Modular, self-contained QuadRF units that can operate

autonomously or as part of a network.
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Centralized Control Plane

A dedicated central control plane orchestrates the distributed nodes. This

component is essential for unified management and global intelligence.

Key Functions:

Configuration Management: Pushing new beamforming profiles,

frequency ranges, or detection algorithms to individual nodes.

Tasking: Assigning specific sensing tasks (e.g., "monitor this

frequency band," "track this drone ID") to appropriate nodes.

Global Analysis: Fusing data from different nodes for advanced

analysis (e.g., triangulating a signal source, correlating drone tracks).

System Health Monitoring: Tracking the operational status,

resource usage, and RF performance of each node.

Design choice: A robust, often cloud-native or containerized application,

providing APIs for node interaction and user interfaces for operators.

Edge vs. Cloud Processing Strategy

A critical design decision is where computational tasks are performed.

Edge Processing (on the RPi/FPGA):

Pros: Lower latency for real-time reactions (e.g., immediate drone

detection), reduced bandwidth usage by sending only processed data,

enhanced privacy (less raw data leaves the device).

Cons: Limited compute resources on the RPi 5, more complex to

manage and update software on many distributed devices.

Cloud/Central Processing:

Pros: Virtually unlimited compute power for complex analytics,

centralized data storage, easier management and scaling of compute

resources.

Cons: Higher latency due to network hops, potentially significant

bandwidth costs for raw data (if ever needed), potential privacy

concerns if sensitive RF data is uploaded.

Likely Hybrid Approach: For QuadRF, a hybrid model is most plausible. High-

rate DSP and initial filtering happen on the FPGA and RPi (edge). Aggregated,

filtered, or metadata-rich data is then sent to a central server or cloud for global

analysis, long-term storage, and complex AI/ML tasks. This balances real-time

needs with the power of centralized computation.
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Resilience and Failure Modes

Resilience is the ability of a system to withstand and recover from failures while

maintaining its core functionality. For an SDR system, this includes hardware

failures, software bugs, network outages, and environmental challenges.

Hardware Redundancy

RF Front-Ends and FPGAs: For mission-critical deployments, redundant

RF chains or even entire QuadRF-like modules might be deployed side-by-

side. If one fails, traffic can be switched to the backup.

Raspberry Pi 5: While the RPi 5 is robust, its operating system and

software stack can benefit from redundant configurations, such as active-

passive setups where a standby RPi can take over if the primary fails.

Power Supply: Uninterruptible Power Supplies (UPS) and redundant power

inputs are crucial for continuous operation in remote or critical locations. 

⚠️ What can go wrong:  Power outages can render nodes

inoperable, leading to coverage gaps. Redundancy mitigates this.

Software Fault Tolerance

Graceful Degradation: The system should continue operating, possibly

with reduced functionality, even if certain components fail. For example, if

one array element or an entire node fails, the beamforming or overall

coverage might degrade but not entirely cease.

Error Handling and Recovery: Robust error handling in FPGA firmware

and RPi software, with automatic restart mechanisms for crashed processes

or modules. This prevents minor glitches from causing full system outages.

Configuration Rollbacks: Ability to quickly revert to previous, stable

software configurations if an update introduces issues. 

⚡ Real-world insight:  Production systems use blue/green

deployments or canary releases for software updates to minimize

impact.

Network Resilience

Redundant Network Paths: Using multiple network interfaces or diverse

routing paths to ensure connectivity even if one path fails.

Link Aggregation: Combining multiple physical links to increase

bandwidth and provide failover.
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Quality of Service (QoS): Prioritizing critical control and data traffic over

less time-sensitive data, ensuring commands reach nodes even under

network stress. 

⚠️ What can go wrong:  Network partitions or congestion can isolate

nodes, preventing them from reporting data or receiving commands.

Environmental Factors

RF systems are highly susceptible to environmental interference, which can cause

both physical damage and signal degradation.

Shielding and Grounding: Proper enclosure design to minimize

electromagnetic interference (EMI) and ensure stable ground references.

Temperature Management: Active or passive cooling solutions for FPGAs

and Raspberry Pis, especially in outdoor deployments, to prevent

overheating and performance throttling.

Weatherization: Protecting outdoor units from rain, dust, and extreme

temperatures to ensure hardware longevity. 

🧠 Important:  Environmental resilience is often overlooked but

critical for long-term outdoor deployments.

Deployment and Operational Considerations

Deploying advanced SDR systems involves decisions about where processing

occurs, how systems are managed, and how their health is monitored.

Remote Management and Updates

Managing a fleet of distributed QuadRF nodes requires robust remote capabilities.

Over-the-Air (OTA) Updates: Securely pushing firmware updates to

FPGAs and software updates to the Raspberry Pi OS. This is critical for

patching vulnerabilities, deploying new features, and correcting bugs

without physical access.

Remote Access: Secure shell (SSH) or VPN access for diagnostics and

troubleshooting.

Configuration Management Tools: Using tools like Ansible, Puppet, or

even custom scripts to automate configuration changes across many nodes.
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Observability

Understanding the health and performance of distributed SDR nodes is

paramount.

Metrics: Collecting system metrics (CPU, memory, network usage on RPi),

FPGA resource utilization, and RF-specific metrics (SNR, received power,

beamforming performance). These are typically scraped and stored in a

time-series database (e.g., Prometheus).

Logging: Centralized log aggregation from all nodes to identify issues,

security events, and operational anomalies. Tools like ELK stack or Grafana

Loki are commonly used.

Alerting: Setting up alerts for critical conditions, such as node offline

status, high error rates, or significant changes in RF environment

parameters, to notify operators proactively.

Distributed Tracing (Inferred): For complex multi-node interactions, a

lightweight tracing system (e.g., OpenTelemetry) could help understand

latency and data flow across the distributed components, though this is

more advanced for embedded systems.

Security in Distributed Deployments

Security is a multi-layered concern for SDR systems, especially when distributed.

Secure Communication: Encrypting all data and control traffic between

nodes and the central control plane (e.g., TLS/VPN).

Device Authentication: Strong authentication mechanisms (e.g., client

certificates, API keys) to ensure only authorized nodes can connect to the

central system and vice-versa.

Access Control: Implementing role-based access control (RBAC) for

managing and configuring the system, limiting who can perform specific

actions.

Physical Security: Protecting deployed hardware from tampering or theft,

especially in remote locations. This might include tamper-evident seals or

GPS tracking.

Software Integrity: Ensuring that all software and firmware running on the

devices is cryptographically signed and verified to prevent malicious code

injection (e.g., secure boot, measured boot). 

🧠 Important:  A compromised SDR system could be used for

unauthorized surveillance, data exfiltration, or even malicious

interference, making security a foundational requirement.
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Tradeoffs in Scaling Phased-Array Systems

Scaling any complex system involves inherent tradeoffs. For QuadRF-like systems,

these are particularly pronounced.

Cost vs. Performance

Benefit: Deploying more nodes can dramatically increase coverage,

resolution, and processing power.

Cost: Each QuadRF unit represents a significant hardware investment

(FPGA, RF components, RPi). Scaling linearly with capability can quickly

become cost-prohibitive. Choosing where to invest (e.g., higher-performance

FPGAs vs. more nodes) is a critical decision based on budget and

requirements.

Latency vs. Throughput

Benefit: Distributed processing can improve overall system throughput by

parallelizing tasks, allowing more data to be processed concurrently.

Cost: Inter-node communication introduces network latency. For

applications requiring extremely low-latency responses (e.g., real-time

jamming, certain drone countermeasures), this can be a bottleneck. Edge

processing helps mitigate this, but global coordination still incurs latency.

Complexity vs. Maintainability

Benefit: A distributed architecture provides flexibility and resilience,

making the overall system more robust against single points of failure.

Cost: Managing a fleet of heterogeneous devices (RPi OS, FPGA firmware,

RF configurations) across a network introduces significant operational

complexity. Debugging issues that span multiple nodes and network

segments is challenging. Robust tooling for deployment, monitoring, and

updates becomes essential to keep maintenance costs manageable.

Common Misconceptions about SDR Deployment

"Just Add More Hardware"

Clarification: While more hardware can increase capability, scaling is rarely

linear. It introduces challenges in synchronization, data fusion, network

management, and software coordination. Simply adding more QuadRF units
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without a well-designed distributed architecture can lead to chaos rather than

improved performance. Calibration across multiple units for phase coherence, for

instance, is a non-trivial task that scales with the number of nodes.

"Software Fixes All Hardware Flaws"

Clarification: Software-defined radios offer immense flexibility, but they do not

negate the laws of physics or the importance of good RF engineering. Poor

antenna design, insufficient shielding, phase and amplitude mismatches between

array elements, or noisy RF front-ends cannot be fully compensated by software.

Rigorous hardware design, precise calibration, and environmental hardening

remain paramount for achieving desired performance. Software can mitigate, but

not eliminate, fundamental hardware limitations.

"Security is an Afterthought"

Clarification: For any deployed system, especially one with sensing capabilities,

security must be baked into the design from day one. This includes physical

security, network security, software integrity, and data privacy. A compromised

SDR system could be used for unauthorized surveillance, data exfiltration, or even

malicious interference, making security a foundational requirement, not an

optional add-on that can be bolted on later.

Summary

Scaling an advanced SDR phased-array system like QuadRF involves a careful

balance of architectural design, operational strategy, and a deep understanding

of tradeoffs.

Key Takeaways:

Distributed Architecture: Leverage multiple QuadRF-like units as

intelligent edge nodes for wider coverage and enhanced capabilities.

Hybrid Processing: A combination of edge processing (on RPi/FPGA) and

central server processing is optimal for balancing latency, bandwidth, and

compute power.

Data Flow: Nodes perform significant data reduction at the edge,

transmitting only processed events and metadata to a centralized control

plane.

Resilience: Implement hardware redundancy, software fault tolerance, and

network resilience to ensure continuous operation and graceful degradation.

• 
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Operational Excellence: Robust remote management, comprehensive

observability (metrics, logs, alerts), and strong security measures are critical

for distributed SDR deployments.

Tradeoffs: Be aware of the inherent compromises between cost,

performance, latency, throughput, and system complexity when designing

for scale.

Beyond Software: Good RF engineering and meticulous hardware design,

including environmental hardening and precise calibration, are as crucial as

advanced software algorithms for successful deployment.

The journey from a powerful prototype to a scalable, resilient, and secure

deployed system is complex, but by adhering to these principles, engineers can

build robust platforms that unlock the full potential of advanced SDR and phased-

array technologies.
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CHAPTER 09

Security, Observability, and
Ethical Implications

Introduction

Understanding the intricate architecture and advanced capabilities of a phased-

array radio system, such as our hypothetical QuadRF, is foundational. However,

true engineering excellence extends beyond functionality to encompass the

critical dimensions of security, observability, and ethical responsibility. When

dealing with a platform that can potentially "see through walls" using ambient

WiFi signals or precisely track drones, these non-functional requirements become

paramount.

This chapter is designed to equip you with the essential mental models for

navigating the complex security landscape of RF and digital systems, designing

for robust monitoring and debugging, and grappling with the profound ethical

implications of deploying such powerful sensing technologies. We'll explore these

aspects through the lens of the QuadRF's architecture, leveraging a Raspberry Pi

5 for control and an FPGA for high-speed signal processing.

Building on the previous discussions of QuadRF's hardware and software, our

focus now shifts to safeguarding the system from malicious actors, ensuring its

reliable operation, and making informed decisions about its societal impact.

System Overview: QuadRF Architecture Context

To frame our discussion on security, observability, and ethics, let's briefly recap

the core components of the QuadRF system. This system is envisioned as a

sophisticated Software-Defined Radio (SDR) platform centered around a phased

array antenna.

The architecture comprises:

RF Front-End: Multiple antenna elements connected to Analog-to-Digital

Converters (ADCs) and Digital-to-Analog Converters (DACs), responsible for

converting RF signals to digital and vice-versa.

• 
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FPGA (Field-Programmable Gate Array): The high-speed processing

core, handling real-time Digital Signal Processing (DSP) tasks like

beamforming, channelization, and initial data filtering. It directly interfaces

with the ADCs/DACs.

Raspberry Pi 5: The control plane and host processor. It manages the

FPGA, runs higher-level applications (e.g., Python/C++ control software),

stores configuration and data, and provides network connectivity.

Software Stack: Includes Linux OS on the Raspberry Pi, FPGA bitstreams

(VHDL/Verilog), control libraries, application logic, and potentially data

analysis tools.

This division of labor—FPGA for raw RF processing, Raspberry Pi for control and

higher-level logic—creates distinct security and observability domains.

Data Flow and Operational Context

Understanding the data flow within QuadRF highlights critical points for security

and observability.

• 
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RF Capture: Antennas receive RF signals, which are conditioned by the RF

front-end (amplification, filtering).

Digitization: ADCs convert analog RF signals into digital streams, often

with high sample rates (e.g., hundreds of MSPS).

Real-time Processing (FPGA): The FPGA performs critical, time-sensitive

DSP operations. This includes phase alignment, digital beamforming,

filtering, and decimation. For "seeing through walls," this might involve

correlation algorithms or RF tomography processing. For drone tracking, it

could be Angle of Arrival (AoA) estimation.

1. 

2. 

3. 
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Data Transfer: Processed or raw (if requested) digital data is transferred

from the FPGA to the Raspberry Pi 5 via a high-speed interface (e.g., PCIe,

high-speed Ethernet, custom parallel bus).

Control and Analytics (Raspberry Pi 5): The RPi 5 orchestrates the

FPGA, configures operating parameters (frequencies, beam directions), logs

data, performs higher-level analysis, and manages user interaction and

network communication.

Each stage in this flow presents unique security vulnerabilities and requirements

for monitoring.

Security Considerations for Advanced SDR Systems

Security in a system like QuadRF is multi-layered, spanning hardware, firmware,

operating system, network, and application code. Given the platform's direct

interaction with the RF spectrum, the stakes are particularly high.

Control Plane Security (Raspberry Pi 5)

The Raspberry Pi 5, serving as the control plane, is a general-purpose Linux

computer and thus inherits common cybersecurity risks.

Operating System Hardening:

Problem: Default Linux installations often have weak passwords,

unnecessary services, and open ports. An attacker gaining access to

the RPi can fully compromise the SDR.

Solution: Disabling SSH root login, enforcing strong passwords, using

key-based authentication, firewalling (e.g., ufw  to restrict ports),

regular patching, and removing unused software packages. This

reduces the attack surface significantly.

API and Network Access:

Problem: The Python/C++ control APIs, if exposed, could allow

unauthorized users to manipulate beamforming parameters,

frequency, or data capture, potentially leading to misuse or system

disruption.

Solution: Implementing robust authentication (e.g., OAuth2, API

keys), authorization (role-based access control), and secure

communication (TLS/SSL for all network endpoints). Network

segmentation (e.g., placing the RPi on a dedicated management

VLAN) further isolates it.

4. 

5. 
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Data Storage:

Problem: Captured RF data, configuration files, and calibration data

might contain sensitive information or be critical for system operation.

Unauthorized access could lead to data exfiltration or system

malfunction.

Solution: Encrypting sensitive data at rest (e.g., LUKS for disk

encryption), ensuring proper access controls on filesystems, and

secure logging practices that redact sensitive information.

Data Plane Security (FPGA and RF Front-End)

The FPGA and RF front-end are responsible for high-speed signal processing. Their

security is paramount for system integrity.

Firmware Integrity:

Problem: Malicious FPGA bitstreams could be loaded, leading to

incorrect beamforming, data manipulation, or even hardware damage.

A corrupted bitstream could cause the system to transmit (if it had TX

capabilities) outside legal limits, or process data incorrectly.

Solution: Implementing secure boot mechanisms for the FPGA (if

supported by the specific FPGA model), cryptographic signing of

bitstreams, and integrity checks during loading. The RPi should verify

the FPGA's loaded configuration.

RF Signal Integrity:

Problem: An attacker could attempt to inject false RF signals

(spoofing), jam legitimate signals, or intercept signals intended for the

QuadRF. This directly impacts the accuracy and reliability of the

sensing capabilities.

Solution (Inferred): Implementing robust Digital Signal Processing

(DSP) algorithms for anomaly detection (e.g., detecting signals outside

expected parameters), source verification (e.g., cryptographic

authentication for known transmitters, if applicable), and anti-jamming

techniques (e.g., advanced filtering, spatial nulling, spread spectrum

processing). These are largely defensive measures for a receiver.
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Physical Tampering:

Problem: Direct physical access to the hardware could allow an

attacker to bypass software controls, extract sensitive keys, or modify

components.

Solution: Enclosures with tamper-detection switches, secure boot

processes that verify hardware state, and operating in physically

secure environments. Hardware Security Modules (HSMs) could protect

cryptographic keys.

Data Exfiltration and Privacy

The ability to "see WiFi through walls" implies processing detailed RF propagation

data, which could inadvertently or intentionally capture private information.

Problem: Raw RF data or derived insights (e.g., movement patterns,

occupancy) could be exfiltrated by an attacker, revealing sensitive

information about building layouts, occupancy patterns, or communication

activities.

Solution: Strict data retention policies (minimizing how long data is kept),

anonymization techniques for collected data (e.g., aggregating data to

prevent individual identification), and robust access controls for any data

storage or processing pipelines. Data should be encrypted both at rest and

in transit.

🧠 Important: Least Privilege Principle

Apply the principle of least privilege across the entire system. The Raspberry Pi 5

should only have the necessary permissions to control the FPGA and access

required data. Similarly, network services should only expose minimum necessary

APIs. This reduces the blast radius of any single compromise.

Observability for Phased Array Systems

Observability is crucial for understanding the internal state of a complex system

from its external outputs, enabling debugging, performance tuning, and proactive

issue detection. For QuadRF, this extends beyond traditional IT metrics to critical

RF parameters.
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Why Observability Matters

Performance Tuning: Optimizing beamforming algorithms, data

throughput, and processing latency directly impacts the system's

effectiveness (e.g., accuracy of drone tracking).

Anomaly Detection: Identifying unexpected RF interference, hardware

degradation (e.g., a failing antenna element), or software errors before they

lead to critical failures.

Debugging: Pinpointing the root cause of issues, whether in the RF chain,

FPGA logic, or control software, which can be notoriously difficult in SDRs.

Compliance: Verifying adherence to regulatory limits (e.g., internal

oscillator leakage, if any) and ensuring the system operates as intended

without causing interference.

Key Observability Metrics

RF Chain Metrics:

Received Signal Strength Indicator (RSSI): Per antenna element,

crucial for monitoring individual element health and detecting

localized interference.

Phase and Amplitude Coherence: Critical for accurate

beamforming. Deviations indicate calibration issues, temperature drift,

or hardware faults.

Noise Figure/SNR: Indication of RF environment quality and receiver

performance.

Spectrum Analysis: Real-time visualization of received frequencies

and power levels, essential for understanding the RF environment and

system output.

FPGA Metrics:

Resource Utilization: Logic cells, DSP blocks, memory usage,

indicating potential bottlenecks or overloads.

Processing Latency: Time taken for specific signal processing

pipelines, crucial for real-time applications.

Throughput: Data rates from ADCs to processing blocks and out to

the Raspberry Pi, identifying data flow issues.

Error Counts: CRC errors, buffer overflows, synchronization issues

within the FPGA fabric.
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Raspberry Pi 5 System Metrics:

CPU/Memory Utilization: For control software, data logging, and

higher-level analytics.

Disk I/O: For saving raw or processed RF data, indicating potential

storage bottlenecks.

Network Throughput: For data transfer to remote analysis systems

or cloud storage.

Application Logs: Errors, warnings, operational events from Python/

C++ control software.

Observability Pipeline

An effective observability strategy for QuadRF would likely integrate multiple tools

to collect, process, and visualize data:

• 
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Logging: Structured logs from the Raspberry Pi's control software, system

events, and FPGA status messages (relayed via RPi) sent to a centralized log

aggregator (e.g., ELK Stack, Loki).

Metrics: Time-series data (CPU, memory, custom RF/FPGA metrics)

collected by an agent (e.g., Node Exporter, custom Python scripts) and

stored in a time-series database (e.g., Prometheus, InfluxDB).

Dashboards and Alerting: Visualization of metrics and logs in tools like

Grafana, with alerts configured for critical thresholds (e.g., high phase error,

FPGA overload, sudden drop in RSSI).

• 
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RF Spectrum Monitoring: Dedicated tools or custom software to visualize

the RF environment, crucial for understanding external interference and

verifying system output.

⚡ Real-world insight: Calibration as Observability

In phased array systems, regular and precise calibration is a form of active

observability. Monitoring calibration drift over time, and the system's ability to

maintain phase coherence, is a key performance indicator. While initial

characterization uses specialized tools like Vector Network Analyzers (VNAs),

continuous in-situ self-calibration routines are essential for maintaining long-term

accuracy and providing continuous feedback on system health.

Design Decisions for Security and Observability

The architectural choices for QuadRF directly influence its security and

observability posture.

FPGA for Real-time Processing:

Why: Provides deterministic, high-throughput processing critical for

beamforming and high-speed data acquisition. This offloads the RPi,

allowing it to focus on control.

Security Impact: Requires secure bitstream loading and integrity

checks. A compromised FPGA is hard to detect without deep internal

monitoring.

Observability Impact: Requires custom logic within the FPGA to

expose internal state (e.g., buffer levels, error flags, DSP block

outputs) to the RPi for monitoring.

Raspberry Pi 5 for Control:

Why: Offers a flexible, cost-effective Linux environment for higher-

level control, networking, and application logic.

Security Impact: Inherits all standard Linux OS vulnerabilities,

necessitating rigorous hardening. It's the primary attack surface for

remote compromise.

Observability Impact: Provides a standard platform for running

monitoring agents, log aggregators, and integrating with common

observability tools.
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Modular Software Design:

Why: Separating control logic, DSP algorithms, and data processing

into distinct modules improves maintainability and allows independent

updates.

Security Impact: Limits the impact of vulnerabilities to specific

modules. Easier to apply "least privilege" to individual components.

Observability Impact: Each module can expose specific metrics and

logs, providing granular insight into its operation.

Scalability of Security and Observability

While a single QuadRF unit might be manageable, deploying multiple units or

scaling its capabilities introduces new challenges for security and observability.

Centralized Management: For multiple QuadRF units, a centralized

management plane becomes essential for pushing secure updates,

managing configurations, and aggregating security events and metrics. This

implies a secure cloud or on-premise infrastructure.

Data Volume: As more RF data is collected, the volume of logs and metrics

can grow exponentially. Scalable logging and metrics platforms (e.g., cloud-

native solutions, distributed databases) are required to handle ingestion,

storage, and querying.

Threat Intelligence: Sharing threat intelligence across a fleet of devices

can help identify coordinated attacks or new vulnerabilities quickly.

Automated Response: Scaling security often involves automated

responses to detected threats, such as isolating compromised devices or

deploying emergency patches.
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Failure Modes and Operational Resilience

Understanding how QuadRF can fail is crucial for designing a resilient and

observable system.

RF Front-End Degradation: A single antenna element failing, an amplifier

degrading, or phase shifters drifting can severely impact beamforming

accuracy. 

Detection: Monitoring individual RSSI, phase/amplitude coherence

metrics.

Mitigation: Redundant elements (if designed), self-calibration

routines, gracefully degrading performance.

FPGA Logic Errors/Overload: Incorrect bitstream loading, computational

bottlenecks, or thermal issues can lead to corrupted DSP outputs or system

freezes. 

Detection: FPGA resource utilization, error counts, processing latency

metrics.

Mitigation: Watchdog timers, robust error handling in bitstream

design, thermal management, redundant processing blocks.

Raspberry Pi 5 Software Crashes/Compromise: Operating system

instability, application bugs, or a security breach can lead to loss of control,

data corruption, or malicious operation. 

Detection: Standard OS metrics (CPU, memory), application logs,

network traffic monitoring, intrusion detection systems.

Mitigation: High availability configurations (if multiple RPi units),

automated restarts, secure coding practices, regular security audits.

Network Connectivity Loss: If the RPi loses connection to remote

management or data storage, critical updates might fail, or data might be

lost. 

Detection: Network reachability checks, metrics on data transfer

rates.

Mitigation: Local data buffering, robust retry mechanisms, redundant

network paths.
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Ethical Implications and Responsible Use

The capabilities attributed to a QuadRF-like system, such as "seeing WiFi through

walls" (RF tomography) and "drone tracking" (passive radar/angle of arrival),

bring significant ethical responsibilities.

Privacy Concerns

Surveillance Capabilities:

Problem: Using WiFi signals to detect movement or infer human

forms through walls raises profound privacy questions. This technology

could be used for unauthorized surveillance in homes, offices, or public

spaces without consent.

Solution: Strict ethical guidelines for deployment, clear consent

mechanisms, and robust legal frameworks that define permissible use.

Technical measures like anonymization, data aggregation, and limiting

resolution could mitigate some risks, but the fundamental capability

remains potent.

Location and Tracking:

Problem: Precise drone tracking or even tracking WiFi-enabled

devices (like phones) without consent could lead to unwanted

monitoring, stalking, or industrial espionage.

Solution: Implementing "privacy by design" principles, which means

incorporating privacy protections from the earliest stages of

development. This includes data minimization (collecting only

necessary data), pseudonymization, and strong access controls.

Misuse Potential

Unauthorized Interception/Jamming:

Problem: While primarily a receiver, understanding the RF

environment so intimately could facilitate targeted jamming or

spoofing attacks against other RF systems if combined with a transmit

capability. Even as a passive system, it could aid in identifying

vulnerabilities in communication protocols.

Solution: Restricting the system to receive-only modes, implementing

robust internal controls, and adhering to strict regulatory guidance.
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Weaponization:

Problem: The core technologies (precise direction finding, advanced

signal processing) could be adapted for military or intelligence

applications, potentially contributing to autonomous weapon systems

or enhanced surveillance tools.

Solution: Open-source development must carefully consider dual-use

technologies and promote discussions around responsible innovation.

Export controls and national security regulations would apply to any

commercial variants.

Regulatory Compliance

RF Spectrum Usage:

Problem: Even as a receiver, a powerful SDR system can

inadvertently interfere with other licensed spectrum users if not

designed and operated correctly (e.g., due to local oscillator leakage

or spurious emissions). Any future transmit capabilities would require

strict licensing.

Solution: Adhering to national and international regulations (e.g., FCC

in the US, ETSI in Europe) regarding spurious emissions, frequency

bands, and power limits. Regular testing and certification are typically

required.

Data Protection Laws:

Problem: Collecting and processing data that could identify

individuals (even indirectly through movement patterns) falls under

data protection regulations like GDPR or CCPA.

Solution: Ensuring compliance with all relevant data privacy laws,

including requirements for consent, data minimization, right to be

forgotten, and data security.

Open-Source Dilemmas

Open-sourcing hardware designs and software for advanced SDRs fosters

innovation and collaboration. However, it also means the technology becomes

widely accessible, potentially for unintended or malicious uses.

Problem: Balancing the benefits of open innovation with the risks of

misuse.

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

AI VOID [https://aivoid.dev]

Security, Observability, and Ethical Implications 122



Solution: Engaging in ethical discussions within the open-source

community, developing codes of conduct, and educating users on

responsible deployment. Some projects opt for "responsible disclosure" or

delayed public release for sensitive capabilities for critical components.

Tradeoffs in Security, Observability, and Ethical
Design

Implementing robust security and observability measures, alongside ethical

considerations, always involves tradeoffs in system design and operation.

Performance vs. Security: Encrypting data, running intrusion detection

systems, or performing cryptographic checks adds computational overhead

and latency. For real-time applications like high-speed beamforming, this

can be a critical constraint, potentially reducing the effective sample rate or

response time.

Cost vs. Resilience: Investing in redundant hardware, advanced security

features (e.g., hardware security modules), or enterprise-grade observability

platforms significantly increases development and operational costs. These

decisions must be weighed against the potential impact of failure or breach.

Complexity vs. Maintainability: Highly secure or observable systems can

become very complex, making them harder to develop, debug, and

maintain. This can inadvertently introduce new vulnerabilities (due to

complexity) or reduce operational efficiency.

Privacy vs. Capability: The more detailed and pervasive the sensing

capability (e.g., high-resolution through-wall imaging), the greater the

potential for privacy infringement. This requires more stringent controls,

ethical oversight, and potentially limits on the system's inherent capabilities

to ensure responsible use.

Openness vs. Control: The benefits of open-source development

(community contribution, transparency) must be balanced against the loss

of control over how a powerful technology is used. This is a continuous

ethical dilemma for creators of dual-use technologies.

Engineering decisions must carefully balance these tradeoffs based on the

specific application, threat model, and regulatory environment.
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Common Misconceptions

"SDRs are inherently secure because they're software-defined."

Clarification: Software-defined means flexible, not secure. The

flexibility to change functionality via software also means an attacker

can easily reconfigure a compromised system for malicious purposes.

The underlying hardware and software stack still needs rigorous

security measures, just like any other computer system.

"Observability is just about collecting logs."

Clarification: Logs are one component, but true observability requires

a holistic view, combining metrics (quantifiable data over time), traces

(end-to-end request flows), and structured logs. For SDRs, crucial RF-

specific metrics (phase, amplitude, SNR, spectral purity) are often far

more indicative of system health and performance than just software

application logs.

"Ethical concerns are abstract and not an engineering problem."

Clarification: Ethical implications are deeply intertwined with

engineering design. Decisions made in system architecture, data

collection, and processing directly impact privacy, fairness, and

potential for harm. "Privacy by design" and "security by design" are

engineering paradigms that actively address these ethical concerns by

baking them into the system from the outset.

Key Takeaways

This chapter has highlighted the critical importance of security, observability, and

ethical considerations for advanced SDR and phased array systems like QuadRF.

Multi-layered Security: Protecting QuadRF demands a comprehensive

approach, securing the Raspberry Pi 5 control plane from common IT

threats, safeguarding the FPGA data plane from firmware tampering and

signal manipulation, and rigorously protecting sensitive RF data.

Holistic Observability: Essential for understanding system health,

performance, and debugging. It involves collecting and analyzing RF-specific

metrics, FPGA utilization, and standard system logs and metrics, often

visualized in integrated dashboards.
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Profound Ethical Implications: The advanced sensing capabilities raise

significant privacy concerns, potential for misuse, and necessitate strict

adherence to regulatory compliance and responsible development practices.

Inherent Tradeoffs: Implementing robust security and observability

always involves balancing performance, cost, complexity, and ethical

considerations. These tradeoffs are central to system design.

Scalability Challenges: As systems grow, so do the complexities of

managing security, monitoring data volume, and maintaining operational

resilience across a fleet of devices.

As engineers, our responsibility extends beyond building functional systems to

ensuring they are secure, reliable, and used ethically. Understanding these crucial

dimensions is paramount for deploying powerful technologies responsibly and

effectively.
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CHAPTER 10

Exploring QuadRF: A Phased
Array SDR System Architecture
Guide

Understanding Advanced RF Systems: The QuadRF
Model

Modern wireless technology increasingly relies on sophisticated radio frequency

(RF) systems capable of not just transmitting and receiving, but actively shaping

and interpreting the RF environment. This guide explores the internal architecture

and operational principles of a system modeled after the concept of a "QuadRF

phased-array radio." While the specific "QuadRF" system is presented as a

conceptual model for learning, the underlying principles of Software-Defined

Radio (SDR), phased arrays, and advanced signal processing are fundamental to

many real-world applications.

Why Study a System Like QuadRF?

Studying a system like QuadRF offers a practical lens into several critical areas of

modern engineering:

Complex System Integration: It demonstrates how high-performance RF

hardware (phased array, RF front-end) integrates with real-time processing

units (FPGA) and general-purpose computing (Raspberry Pi 5) to achieve

advanced functionality.

Real-time Signal Processing: You'll gain insight into the demands of

processing massive amounts of RF data in real-time, highlighting the

necessity of specialized hardware like FPGAs.

Distributed Sensing and Communication: The ability to electronically

steer beams and perform spatial filtering is crucial for applications ranging

from 5G/6G communication to advanced radar and environmental sensing.

Architectural Tradeoffs: Understanding such a system exposes the

practical tradeoffs between computational power, latency, power

consumption, and system complexity.
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This guide aims to equip you with the mental models to reason about the design,

implementation, and operational challenges of advanced SDR and phased array

systems, preparing you for roles in RF engineering, embedded systems, and

distributed computing.

Navigating the QuadRF Architecture: Facts vs. Inference

It is important to clarify that, as of 2026-07-12, specific public documentation for

a system named "QuadRF phased-array radio" is not readily available. Therefore,

this guide approaches "QuadRF" as a hypothetical yet plausible system

designed to illustrate the architectural patterns and engineering challenges

common in advanced SDR and phased array deployments.

Known Facts (General Principles): The discussions on Software-Defined

Radio, phased array theory, digital beamforming, FPGA capabilities,

Raspberry Pi 5 features, RF propagation, and security best practices are

based on established engineering principles and publicly documented

technologies.

Likely Inference (QuadRF Specifics): The specific architectural choices,

data flows, and implementation details attributed to "QuadRF" within this

guide are engineering inferences. They represent plausible design decisions

and integrations that an expert team would likely make when building such

a system, drawing from best practices in the field. We will clearly label these

distinctions throughout the guide.

Core Architectural Focus Areas

Our exploration of QuadRF will center on several interconnected components and

concepts:

Phased Array Antenna Elements: The fundamental building blocks for

spatial manipulation of RF signals.

RF Front-End: Analog components responsible for amplification, filtering,

and frequency conversion.

FPGA (Field-Programmable Gate Array): The powerhouse for high-

speed, parallel, real-time digital signal processing, including digital

beamforming and data acquisition.

Raspberry Pi 5: The embedded Linux host, managing control plane

operations, higher-level processing, data logging, and user interface/API

exposure.

Interconnects and Data Paths: How high-bandwidth RF samples move

between the RF front-end, FPGA, and Raspberry Pi.
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Software Stack: Control software, signal processing libraries, and

application-level logic.

Advanced Capabilities: How principles like RF tomography enable "seeing

through walls" and how Angle of Arrival (AoA) or passive radar techniques

facilitate "drone tracking."

Operational Considerations: Scaling, resilience, calibration, security, and

ethical implications.

Learning Path: A Structured Approach

This guide is structured to build your understanding from foundational concepts to

advanced architectural considerations.

QuadRF: An Overview of Phased Array SDR Systems

Learners will understand the high-level purpose and architecture of the

hypothetical QuadRF system, identifying its core components (Raspberry Pi 5,

FPGA) and distinguishing between general principles and inferred specifics of its

design.

Software-Defined Radio & Phased Array Fundamentals

Learners will grasp the foundational principles of Software-Defined Radio (SDR)

architecture and the basic theory behind phased array antennas, including phase

shifting, beamforming, and key RF parameters.

Digital Beamforming and Real-time Signal Processing

Learners will explore the detailed mechanisms of digital beamforming algorithms

and the critical role of FPGAs in performing high-speed, real-time signal

processing tasks essential for spatial filtering and direction finding.

QuadRF System Architecture: Data Flow & Control Plane

Learners will analyze the end-to-end data flow within the QuadRF system, from RF

input to the Raspberry Pi 5, and understand how the control plane orchestrates

the FPGA and RF front-end through software-hardware interaction.

Achieving Advanced Capabilities: RF Tomography & Drone Tracking

Learners will understand the underlying signal processing and beamforming

principles that enable 'seeing WiFi through walls' (RF tomography) and 'drone

tracking' (AoA, passive radar), critically assessing technical challenges and the

distinction between theoretical and practical implementation.
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API Design, Authentication, and System Management

Learners will examine how the QuadRF system exposes its capabilities through

APIs, implementing robust authentication and authorization mechanisms for

secure control and configuration management of both the Raspberry Pi and FPGA

components.

Data Handling, Storage, and Calibration Strategies

Learners will learn how the QuadRF system manages high-volume RF data

streams, implements storage strategies, and performs rigorous calibration to

maintain phase and amplitude coherence across its array elements for optimal

performance.

Scaling, Resilience, and Deployment Considerations

Learners will explore strategies for scaling the QuadRF system, ensuring resilience

against interference and failures, and understand various deployment scenarios,

including edge computing and potential cloud integration for broader applications.

Security, Observability, and Ethical Implications

Learners will understand the critical security measures required for an advanced

SDR system like QuadRF, how to implement observability for monitoring system

health, and the ethical considerations and regulatory compliance for its use in

sensing and tracking applications.

References

Software-Defined Radio (SDR) Basics - Analog Devices

Phased Array Antenna Handbook - Artech House

Xilinx FPGA Documentation - AMD

Raspberry Pi 5 Documentation - Raspberry Pi Foundation

Introduction to Digital Beamforming - National Instruments

RF Tomography: Imaging with Wireless Signals - MIT Technology Review
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