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# 1 Al-Powered Cyber Weapons: The Dawn of Autonomous Malware

Artificial intelligence is turbocharging the cybercrime
landscape. Hackers are not just using Al as a fancy new tool;
they are building autonomous attack agents that run 24/7
with little or no human oversight. According to a new
Malwarebytes report, researchers have already demonstrated
proof-of-concept Al “bots” like ReaperAl and AutoAttacker
(threatdown.com). These Al agents can automatically scan
networks for vulnerabilities, choose targets, and even write
and launch exploits, all at machine speed. For example, an Al
bot might scan thousands of systems in minutes, identify
unpatched software, and deploy a custom exploit, vastly
outpacing human-driven attacks. In fact, the report warns
this will usher in a world of “far more frequent, sophisticated,
and difficult-to-detect cyberattacks” driven by Al
(threatdown.com). Imagine malware that evolves in real
time: if one method fails, it rewrites itself on the fly or
switches to a new target. In tests, Google’s experimental
BigSleep Al agent independently found a real zero-day
vulnerability in software, showing how Al can discover new
exploits on its own (threatdown.com). A zero-day
vulnerability is a previously unknown software flaw that
hackers can exploit before it's patched, making it particularly
dangerous. Unlike human criminals, Al never sleeps or burns

out, so attackers could flood defenses continuously.

Illustration of a futuristic Al hacker

There are already ominous hints of what Al attackers can do.
For example, malwarebytes researchers recount a January
2024 incident where an employee was fooled by an entirely
Al-generated deepfake phone call of their CEO, ultimately
transferring $25 million under false pretenses
(threatdown.com). Deepfake technology uses Al to create
realistic but fake audio or video, enabling sophisticated
social engineering attacks. Criminals have also chained Al
prompts to slip past safeguards: in 2023, researchers tricked
ChatGPT into writing functioning ransomware code
(threatdown.com). These are early shots across the bow:
today's cybercriminals also use generative Al to craft ever-
more convincing phishing emails and malware variants with
minimal human effort. As one security analyst notes,
generative Al has lowered the barrier for crime, enabling
attackers to do in minutes what took experts hours (or to
succeed where amateurs would have failed). In other words,
generative Al is making every part of an attack easier (email
writing, code generation, voice cloning), so layering it on top
of autonomous agents could supercharge threats.

AI—Driven'Autonomous Weapons
in Military Strategy:
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All this points to an accelerating Al arms race in cyberspace.
Fully autonomous “cyber-weapons”, sometimes called
MAICAs (Military-Al Cyber Agents) could soon become a
reality. A recent academic analysis warns that MAICAs “create
a credible pathway to catastrophic risk,” because swarms of
Al bots could coordinate attacks on critical infrastructure or
military systems (arxiv.org). Imagine dozens of Al agents
continuously probing a power grid; if one finds a weakness, it
could automatically craft an exploit and strike before anyone
can respond. At scale, such an assault could cripple utilities
or data centers faster than humans can analyze the threat.
As Malwarebytes put it, Al may be “no longer just a tool for
attackers but Al [becoming] the attacker, operating at scale,
24/7, and at speeds human defenders may struggle to
match” (threatdown.com). These concerns are driving
experts to call for preemptive action before frontier Al
models give rise to entirely new classes of digital weapons
(arxiv.org; threatdown.com).

Responding to the Threat: With Al-powered cyberattacks
looming, defenses must evolve. Organizations are urged to
double down on basics: tightly limit and monitor attack
surfaces, segment and “harden” critical networks, and patch
supply-chain vulnerabilities proactively (since Al attackers
will scan everything relentlessly) (threatdown.com).
Continuous monitoring and anomaly detection become vital
when attacks can morph autonomously. On the policy side,
governments are starting to adapt too. For example, the new
U.S. federal Al strategy (2025) explicitly calls for specialized
cyber threat information sharing around Al, proposing an Al-
focused ISAC (Information Sharing and Analysis Center),and
guidance for securing Al systems against hacking
(cybersecuritydive.com; cybersecuritydive.com). In short,
national plans recognize Al as a dual-use technology that
needs cybersecurity guardrails. Internationally, leaders are
discussing norms for “cyber arms control” to prevent out-of-
control Al weaponization. Some experts even suggest built-
in Al “kill switches” or strict verification of Al use cases to
ensure rogue agents can't run wild.

In conclusion, the emergence of Al-powered malware is
urgent proof that defenders cannot wait. This is the new
front line: cyberdefense strategies must now treat Al as both
tool and threat. By proactively shaping governance (from
industry best practices to international agreements) and
beefing up our technical resilience, we can hopefully tame Al
before it spawns an uncontrollable cyberwar. Organizations
should adopt Al-specific security measures, such as real-time
threat detection and regular Al system audits, to stay ahead
of autonomous malware threats. The message is clear: fail to
prepare, and attackers’ bots will win.
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# 2 Legal and Ethical Challenges in Wideband SDR Monitoring

Wideband SDR systems today can capture gigahertz-wide
swaths of spectrum in real-time, which is an unimaginable
jump in the domain of analysis of interferences, disaster
response, and RF intelligence work. But at the same time,
there has been a rise in legal and ethical tensions because of
technical sophistication.

Here is the thing: the Baltimore Police Department used
“Hailstorm”/Stingray cell-site simulators more or less 4,300
times between 2007 and 2015, which, most of the time, was
without any form of judicial oversight or transparency.
Frequent warrantless metadata collection demonstrates
how advanced RF tools can be repurposed for mass
surveillance.

This article explores the jurisdictional gaps, consent
deficiencies, and data governance challenges that wideband
SDRs now force us to confront.

Escalating Capabilities, Evolving Legal

Landscape

Wideband SDR platforms such as Per Vices Cyan, which
simultaneously support up to 16 GHz capture, have
revolutionized RF monitoring by enabling simultaneous
multi-channel recording with immense throughput (e.g.,

40 Gbps per channel). This leap poses novel legal challenges:

Mass surveillance and personal data

Wideband SDRs intercept all signals, cellular, Wi-Fi, UWB,
and even those of a private IoT. Under GDPR or CCPA,
capturing data that can be re-identified (e.g., device MAC or
IMSI info) without consent is regulated. Violations imply
heavy fines (up to 4 % of global turnover under GDPR).

Export-control sensitivities

In the U.S., the DOJ's new rule (effective October 2025) bans
bulk transmission of “sensitive personal data” to listed
countries. Using SDR monitoring that transfers non-
consensual U.S. personal data abroad could breach this rule

Wiretap and “Stingray” Jurisprudence

1. IMSIs & interception devices

SDR-based Stingray devices (IMSl-catchers) mimic mobile
towers to capture subscriber identity. Interception must be
warranted by a legal framework such as the U.S. Wiretap Act
and the EU Privacy Directive. Deployments without judicial
oversight have triggered major lawsuits.

2. Legal ambiguity in wideband use

Courts have begun applying wiretap laws to digital tracking:
e.g., California’s CIPA is being tested against web
tracking/email “spy pixels” with jury trials hinging on what
constitutes “‘communication”. By analogy, wideband SDRs
that tune into multiple channels could also be construed as
intercepting “communications in transit” if users can be
identified.

Legal Synergies and Challenges

Metadata vs. Content

In most legal jurisdictions, metadata interception (e.g.,
timing, source/destination frequencies) and content
interception are considered separate. The metadata may,
however, be used to profile (e.g. find UWB tags in hospitals),
which puts privacy at risk. Wideband SDRs can aggregate
innocuous metadata at scale into pattern-of-life profiles, an
emerging legislative blind spot.

Compressed Sensing and Storage Ethics
Sub-Nyquist techniques allow efficient spectrum sensing
with minimal data. Yet, reconstructing original waveforms
post-capture can legally convert metadata into content.
Standards bodies (e.g., IEEE) are now discussing technical
safeguards like encryption or thresholding at the sensor
edge.

Data Retention and Minimization

Best practices from network measurement research (like the
MASTS project) use anonymization, encryption, and limited
retention to comply with privacy statutes. SDR monitoring
needs similar lifecycle governance roll-offs, cryptographic
protections, audit logs, and categorical deletion triggers.
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# 2 Legal and Ethical Challenges in Wideband SDR Monitoring

Policy Recommendations for Deployers
1.Assess Legal Jurisdiction: Clarify which set of privacy
regulations should be adhered to (e.g., GDPR in the EU,
CCPA in California), and how the technology must fit the
regulations.

2.Code Oversight Into Design: Privatize designs:
encrypting streams at rest, anonymizing metadata, and
auto-deleting. Engage legal counsel or DPOs for red flag
reviews.

3.0btain Informed Consent or Legal Authorization: For
research, use REC-approved protocols (e.g., RADAR-AD
model). For intelligence: secure warrants or ministerial
approval per wiretap statutes.

4 Restrict use-cases to be codified: Specify why, how,
and under which conditions use-cases can be monitored
(e.g., to detect interference, broadcast compliance), but
not at will.

5.Transparency of Release Reports: publish top-level
reports on data acquired, retention schedules, legalized
intercepts, and review exercises.

Case Study: Military-Grade Interference
Monitoring & the Road Ahead

A compelling military-grade example comes from
implementing wideband SDRs, specifically the USRP X310
platform for real-time interference detection across 160 MHz
spans. Researchers demonstrated accurate channel power
(CP) and complementary cumulative distribution function
(CCDF) analyses of live 4G+, 5G, and 802.11ax signals,
achieving measurements within 1dB of benchmark
spectrum analyzers under dynamic operational conditions.

This technical prowess enables defense organizations to
identify jamming or unauthorized transmissions with high
fidelity, but also raises jurisdictional and ethical questions:
what constitutes legal “signal ownership” in contested or
allied zones?

Conclusion

Wideband SDR monitoring offers unmatched technical
power, but without robust legal and ethical guardrails, it risks
becoming a tool for unchecked surveillance. Studies like the
USRP X310 real-time monitoring system demonstrate how
SDRs can record accurate CP and CCDF in the 160 MHz
range of 4G, 5G, and Wi-Fi, almost equal to the conventional
analyzers.

To effectively use this potential responsibly, the practitioners
must incorporate compliance-by-design, introduce oversight,
and control data through informed consent, proportionality,
and accountability. These will contribute to making SDRs
more than just mechanisms of innovation; they will also be
used to train by example of ethical spectrum stewardship.
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# 3 Machine Learning Approaches to Spectrum Prediction in SDR

Research has suggested that spectrum usage can seldom
account for more than 14% under normal circumstances,
which indicates the huge potential for better use. In this
context, Software-Defined Radio (SDR) systems and their
programmable front-ends and runtime flexibility appear to
be powerful resources to realize the predictive Models.

The dynamic transmission strategies can be used to increase
the spectral efficiency of SDR systems, since machine
learning can be used to predict frequencies where
transmission is needed and where it is unneeded.

This article examines the modern ML approaches to
spectrum prediction in SDR, including state-of-the-art
models, data techniques, and deployment experience.

Framing Spectrum Prediction in SDR

Spectrum prediction refers to predicting the occupancy of
frequency bands in terms of binary or continuous states over
future timestamps. Smart dynamic spectrum access (DSA)
using it allows for the reduction in conflicts with licensed
users and maximizes use.

Prediction in SDR architectures is one of the components of
the processing pipeline. Information, which may be energy
measurements, cyclostationary characteristics, or uncoded
IQ samples, is collected, preset, and transferred to ML
models. These models can run fully on board (e.g, on
embedded FPCA or GPU on SDR) or on neighbouring
edge/cloud systems and direct real-time channel selection.

Multidimensional Models: Capturing
Spatiotemporal Correlations

Spectrum environments that are modern are characterized
by temporal bursty behaviours as well as spatially varying
transmissions due to user mobility, as well as the dynamic
nature of network conditions. Reliable prediction of the
spectrum used in SDR systems needs precise capture of
these spatiotemporal correlations.

A proven method is to use Bi-directional Convolutional LSTM
(Bi-ConvLSTM) models that independently learns features in
the temporal and frequency domains. By being combined
with sequence-to-sequence (Seq2Seq) architectures, such
models have proven to be capable of accurate prediction,
with measures of 6.15% Mean Absolute Percentage Error
(MAPE), close to 0.775 Mean Absolute Error (MAE), and 1.10
Root Mean Square Error (RMSE) on applied datasets.

Subsequent developments are ViTransLSTM, which
integrates vision-based self-attention systems with LSTM
models. It is an efficient method to capture local
spatiotemporal dependencies that effectively predict the
multi-band spectrum occupancy patterns compared with
conventional LSTM models.

Besides, the usage of hybrid CNN-LSTM is gaining popularity,
where convolution layers deal with spectral features
extraction and LSTM layers with sequencing. These models
have demonstrated improved detection capabilities at
greater detectability and robustness in SDR system
environments, and also with lower signal-to-noise conditions.

Feature Engineering vs. End-to-End Learning
Traditional spectrum prediction methods depended heavily
on manual feature extraction—using energy detection,
cyclostationary analysis, and 1/Q transformations, which
required significant domain expertise. In contrast, end-to-
end learning approaches, such as CNNs trained directly on
raw |Q data or spectral images, automate feature discovery
and eliminate the need for handcrafted inputs.

Multi-feature fusion models like SenseNet further enhance
performance by combining diverse spectral statistics into a
unified tensor, achieving approximately 59% sensing
accuracy at -20dB. In SDR applications where
computational efficiency is critical, end-to-end models
simplify processing pipelines and offer faster, more adaptive
spectrum sensing.
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Data Generation and Augmentation

To build super-examiner machine learning models on the
spectrum prediction setting, the dataset size and diversity
are large, with real-world relabelling are necessitated. The
SDR platforms, especially the ones that utilize USRP, have
the capability to support the real-life spectrum trace
collection in diverse frequency bands, to capture the realistic
occupancy patterns.

To overcome the data shortage, generative adversarial
networks (GANs) are in increasing use to synthesize training
samples, in order to simulate and train in a variety of signal
environments, and also assist domain adaptation when
conditions vary.

SDR Real-Time Implementation

In real-time SDR systems, machine learning models like
CNN-LSTM have been deployed on USRPs using GNU Radio
to detect FM, GSM, and OFDM signals more accurately than
traditional methods.
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Some solutions, such as DeepRadio, run deep learning
directly on SDR hardware for fast, low-power signal
classification.

When SDR devices lack processing power, they can send key
data to nearby servers for running heavier models without
slowing down operations.

Key Challenges
The field has shown great progress, yet several challenges
remain:

e Scalability Problems: Models usually cannot be
generalized to other frequency bands, geographic
locations, or devices based on SDR. Domain adaptation
and transfer learning are under investigation as a means
to do so.

« Data Labeling Issues: It would take a long time to label
the data, which is expensive due to labor costs. This
burden is mitigated by semi-supervised learning and the
generation of synthetic data.

e Model Efficiency: Striking a balance of model accuracy
and SDR hardware constraints would involve building
lightweight structures such as quantized CNNs and
distilled LSTMs.

¢ Security Vulnerabilities: This is still important as models
must be able to detect spoofing, jamming, and any other
attack.

e Cross-Band and Multi-Device Learning: Federated
learning has the ongoing challenge of moving beyond
single-band models to the cooperative, multi-node
systems.

Conclusion

Machine learning is making spectrum prediction in SDR
systems faster and more accurate than older methods. But
challenges like data shortages, security risks, and hardware
limits remain. Future progress depends on creating
lightweight, secure models that work across devices and
bands, helping radios manage and use spectrum more
intelligently.
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# 4 EU Cyber Resilience Act Officially Enforced

The Cyber Resilience Act came into force on 10 December
2024. It applies to nearly all connected hardware and
software sold in the European Union.

That includes operating systems, smart devices, firmware,
mobile apps, and industrial software. The regulation
introduces a single set of cybersecurity rules that apply
across all EU member states. It replaces national gaps with
uniform conditions for entering the EU market.

Timelines and Reporting

Most requirements will apply from 11 December 2027. That
date marks the end of the three-year transition window.
After that, companies must meet the Act’s full obligations or
face product bans and fines.

Some parts of the law start earlier. From 11 June 2026,
member states must appoint assessment bodies. From 11
September 2026, manufacturers will need to report serious
cybersecurity incidents and product vulnerabilities to ENISA
within 24 hours.

Product Scope and Categories

The law affects a wide range of goods. It applies to anything
with a digital element that can connect to other systems.
Most products fall under the default category.

These only need internal checks and documentation. Higher-
risk products fall under either “important” or “critical.” These
require deeper analysis or third-party audits before entering
the market.

The Act does not apply to non-commercial open-source
software. Projects maintained by volunteers, without a
commercial link, are excluded.

What Companies Must Do

Manufacturers must follow a set of rules. They must assess
product risks during design, build in security features, and
maintain updates throughout the product’s support period.
Technical documentation must be available for at least 10
years. Products must display the CE mark, confirming
compliance.

Security updates must be separated from feature updates
where possible. Any vulnerability that creates a known risk
must be reported quickly. A 24-hour reporting deadline
applies once the company is aware of the problem.

Penalties and Enforcement

Companies that break the rules face clear penalties. The law
allows fines of up to €15 million, or 2.5 percent of global
annual turnover. Authorities can also pull unsafe or non-
compliant products from sale in the EU.

The rules apply to companies based inside and outside the
European Union. Even online sellers that ship to the EU must
comply if their products meet the covered definitions.
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Changes for Open-Source Developers

Earlier drafts of the law drew criticism from open-source
communities. Developers warned that unpaid contributors
could not handle the same obligations as commercial
vendors.

The final law makes room for this concern. It exempts non-
commercial open-source work and introduces the concept
of an open-source steward. This role helps manage
compliance for collaborative software projects. The Eclipse
Foundation has taken the lead in helping these groups
prepare.

What Comes Next

The enforcement date is now fixed. The reporting deadlines
are in place. Companies should act now if they want to keep
selling in the EU. Those building connected products need
to map their inventory against the law’s categories. They
should begin writing technical files, reviewing their update
policies, and planning for audits if needed.

The clock is ticking. Any product released after 11 December
2027 must meet these new requirements. The EU has set the
rules. The time for preparation has begun.




# 5 Reverse Engineering Proprietary Drivers with Kernel Debuggers

Reverse engineering is commonly conceived as an exclusive
skill practiced by hackers and security researchers, but it is
crucial to the analysis and protection of proprietary software,
especially device drivers.

Proprietary drivers hide key information regarding how they
interact with hardware and the kernel, making them prime
targets in advanced security analysis.

The Binary Ninja 2024 Reverse Engineering Survey suggests
that approximately 56% of survey participants did reverse
engineering on a regular basis in the context of their duties.
This fact indicates the importance of such practices to
modern cybersecurity.

Why Reverse Engineer Proprietary Drivers?
Proprietary drivers are the essential element that runs
privileged kernel-mode code and that interact with
hardware devices and kernel operating systems. Because of
their exclusive privileges, any imperfections or weak points in
these drivers can cause severe security threats as well as
stability problems in a system.

Reversal of proprietary drivers can give useful information
about the hardware-software interaction and could be used

to optimize or fix various bugs that are hard to pinpoint. Also,

it enables security researchers to find out possible
vulnerabilities, unknown exploits, or even backdoors,
therefore improving the system's security greatly.

Other important applications of reverse engineering are the
compatibility of proprietary hardware with an open-source
operating system such as Linux or FreeBSD. The legal
allowance to produce reverse engineering to meet
compatibility, interoperability, or security analysis needs
generally is not controlled by fair-use rules, although
multiple jurisdictions may vary widely on the point of
illegality.

It is thus very important to pay close attention to local laws
and regulations before making any progress with reverse
engineering.

Choosing the Right Kernel Debugger

Kernel debugging is the process of accessing the kernel of
the memory and examining the running system states. In
reverse engineering of drivers, common kernel debugging
programs are WinDbg (Windows), KGDB (Linux kernel
debugger), and LLDB/GDB (used generally in Unix-like
systems).

1.WinDbg (Windows): Prohibitively advanced both in its
scripting features and ease of use, and far more
thoroughly integrated with Windows internals, this is the
debugger of choice among security researchers.

2.KGDB (Linux): It is embedded with the Linux kernel
source tree, so no additional module has to be loaded; it
provides live debugging of the entire kernel, including
proprietary drivers.

3.LLDB/GDB (Unix-like systems): Quite handy in reverse
engineering in Unix-based OS, where breakpoints can be
set, code can be stepped through section by section, and
variables can be monitored at the kernel level.

Every debugger needs a profound knowledge of the
operating system construction, memory management, and
access to the device.
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# 5 Reverse Engineering Proprietary Drivers with Kernel Debuggers

Methodology: Reverse Engineering Drivers
Step-by-Step

Reverse engineering proprietary drivers with kernel
debuggers requires meticulous preparation, involving several
critical stages:

1. Environment Setup and Isolation

Never attempt kernel-level debugging on a production
system. Establish an isolated virtual environment or use
dedicated hardware to minimize data loss or instability risks.

2. Symbol Acquisition

Symbols make debugging feasible by mapping memory
addresses to human-readable function names. Proprietary
drivers rarely ship with full debugging symbols, but
Windows, for instance, provides symbol repositories through
Microsoft's Symbol Server, significantly enhancing
debugging efficacy.

3. Initial Exploration

Examine and obtain the drivers loaded, e.g., with DriverView
(Windows) or Ismod (Linux). Use breakpoints at strategic APIs
of the kernel (loCreateDevice, DeviceloControl, and so on) in
order to monitor driver entry points.

4. Runtime Analysis with Kernel Debugger

Actively monitor interactions by setting breakpoints on key
kernel APIs to observe runtime behavior. For example, using
WinDbg, one might execute:

bp nt!loCreateDevice
bp drivername!DeviceloControlHandler

This helps map out the control flow and identify the data
pathways between user and kernel modes.

5. Code Path Identification

Trace execution paths through the debugger, observing API
calls, memory manipulations, and register states. Note
suspicious or undocumented function calls or memory
addresses, often indicative of hidden driver functionalities.

Advanced Techniques: Kernel-Mode Code

Injection and Hooking

Kernel hooking enables an analyst to intercept internal
functions in the system by replacing core system functions
with hooks. For instance, modifying the system service
descriptor table (SSDT) allows you to catch calls like
NtOpenProcess or loControl, giving real-time insight into
how a driver communicates with the kernel.

Virtualization-based debugging uses a hypervisor (like
KVM/QEMU) beneath the guest operating system to monitor
kernel activity from outside. The guest OS runs as usual,
while debugging happens invisibly at the hypervisor level.
This external approach remains hidden from the driver
under test, making it ideal for stealthy observation.

Conclusion

The use of kernel debuggers to reverse engineer proprietary
drivers gives greater power to advanced users, security
people, and developers to comprehend undocumented
relationships between software and hardware.

Analysts are able to achieve this by dissecting proprietary
software in a systematic way at the kernel level and enact
better security, interoperability, and stability. Nevertheless,
responsibility, due diligence, and tech savvy remain
conditions for proper reverse engineering.
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# 6 Securing SDR Infrastructure Against RF Replay and Injection Attacks

Flexible and adaptable, Software-Defined Radio (SDR)
infrastructure has become part and parcel of state-of-the-art
wireless communications, including military operations and
industrial 10T, to satellite communications. This
programmability, however, presents huge vulnerabilities,
especially to Radio Frequency (RF) replay and injection
attacks.

These vulnerabilities target the air interface, and therefore
bypass many network-layer security mechanisms and alter or
disrupt communications. This article explores the advanced
methods of protecting SDR infrastructure against this type of
attack.

Challenges in SDR Security

SDRs are more easily exploited due to the inherent flexibility
of their use of software to describe waveforms and protocols.
Contrary to traditional radios that have fixed hardware, SDRs
can be reprogrammed to reproduce legitimate signals or
inject some spurious signals.

A 2021 ScienceDirect review noted that the perception layer
of 10T systems, often reliant on SDRs, is the most vulnerable
due to hardware limitations and protocol heterogeneity.
Attackers can use low-cost tools like RTL-SDR dongles to
execute replay attacks, as demonstrated in a 2024 study
where car key fobs were unlocked by capturing and
retransmitting static codes.

Advanced Countermeasures for Securing
SDR Infrastructure

Here are some advanced countermeasures:

1. Robust Encryption and Authentication

SDR systems have to carry out very good encryption and
authentication methods to avoid replay and injection
attacks. One method of secure garage door openers is
rolling-code, where each transmission uses a new code
(making captured transmissions irrelevant).

A 2019 TrendMicro study on automotive systems emphasized
that advanced encryption techniques, such as AES-256 with
time-based nonces, significantly reduce the risk of replay
attacks in key fob systems. For SDRs, integrating
cryptographic signatures into RF packets ensures that only
authenticated signals are processed, thwarting injection
attempts.

2. Machine Learning and Signal Fingerprinting

Detection

Defensive signal fingerprinting is an approach to
distinguishing authorized transmissions and
spoofed/replayed ones based on RF channel constancy.
Adalm Pluto SDRs can be used to implement federated
learning frameworks that permit base stations to jointly train
models that identify anomalies in flag permissions inspired
by injecting.

Anomaly detection based on ML is applicable to RF-sensing

settings, too; spoofing or perturbation attacks to Wi -Fi, LoRa,
RFID, and mmWave systems have been detected in detailed
security surveys.

3. Frequency Hopping and Spread Spectrum
Frequency hopping spread spectrum (FHSS) techniques can
prevent attackers from capturing or injecting signals on a
fixed frequency. By rapidly switching channels in a pseudo-
random pattern, FHSS makes it difficult for adversaries to
synchronize their attacks.
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space checks as well as the fingerprinting of a signal. Also, in

GNSS spoof-protected receivers (which can increase the

ongoing cost processing burden) and multilateration can
improve integrity. Layered defenses at both airborne and
ground nodes are critical to secure aviation data against

SDR-based interference.

5. RF Control Time-based One-Time Tokens
Adapting OTP models, RF one-time control tokens based on
time (carried in frame payloads, or out-of-band) will ensure
such replayed commands are thrown out unless presented
within a small time frame. The method is especially
applicable in types of command-and-control systems like
UAVs or industrial automation.
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Challenges and Future Research

o Computational load: Physical-layer ML and coherent
phase tracking stress SDR CPU/DSP, especially in
embedded contexts. Solutions like federated learning
help distribute workload, yet require model consistency
and privacy frameworks

o Interoperability constraints: Updating radio stacks,
especially on legacy platforms, is often slow and
coordination-heavy (e.g., ADS-B upgrades).

o Adversarial ML threats: Attackers may poison training
pipelines or craft subtle adversarial RF inputs that evade
detection.

¢ Hardware tampering & supply-chain risk: SDR endpoints
remain vulnerable to firmware Trojans and malicious
injection devices improperly audited.

Engineering Implementation

Recommendations

1.Deploy preamble authentication for OFDM systems to
prioritize urgent updates in Wi-Fi, vehicular networks, and
mission-critical backhaul.

2.Enable SDR-based spectrum watchdogs using directional
and occupancy anomaly detection.

3.Collaborate in federated ML networks, especially among
remote nodes with limited data volume.

4.Harden SDR firmware with secure boot, encrypted config
stores, anti-tamper protections, and rigorous OTA
validation.

5.Conduct regular fuzzing assessments (e.g.,
AirSecAnalyzer-style) to identify emerging RF injection
flaws.

Incorporate adversarial robustness in ML pipelines. Adopt
certifiable ML frameworks to resist evasion and poisoning
attacks.

Conclusion

Protecting SDR infrastructure against RF replay and injection
requires more than encryption—it demands full-stack
defenses: from physical-layer fingerprinting to intelligent
spectrum monitoring, authenticated preamble strategies,
firmware hardening, and robust anomaly detection.

Integrating these layered defenses, while remaining agile
and collaborative through federated deployments and threat
sharing, will be critical as SDR ecosystems underpin next-
generation wireless infrastructures.
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