The Invisible Bottleneck:

Why RF Is Becoming the Next
Scaling Constraint for Al
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Al, cloud, and wireless leaders keep asking the same question: If RF matters this much, why
has it not shown up on our radar as a bottleneck?

The answer is timing, not an awareness. The industry did not ignore RF, it delayed it.

For years, wireless systems have leaned on digital fixes—predistortion, calibration, interference mitigation—
combined with material tweaks and brute-force power to mask RF inefficiency. These techniques worked
because system margins were wide enough to tolerate delay, inefficiency, and excess power. Digital could afford
to be slower than the electromagnetic world it was correcting. That approach bought time, at the cost of rising
heat, power, and complexity. That tradeoff is now breaking.

Al change the equation. Sustained, latency-critical, bandwidth-dense traffic collapses the margin that digital
correction depends on. RF inefficiency can no longer be corrected after the fact or hidden behind software,
DSP, or calibration without triggering unacceptable power consumption and thermal runaway. What used to
be a background inefficiency has become a first-order system constraint. This is not a software problem. Itis a
speed-of-physics problem.

This paper explains why this bottleneck is surfacing now, why existing approaches do not scale and how
QuantalRF’s new RF architecture unlocks the next performance curve for Al-era Wi-Fi systems.

Why the RF Bottleneck is Appearing Now

In many real-world systems, especially at the edge and in enterprise environments, wireless performance today
is no longer constrained by compute power, software, or networking stacks. It is constrained by the RF front-
end: the most fundamental part of the wireless link budget, and the part that has improved the least over the
past two decades.

Wi-Fi Standard

That constraint shows up in familiar ways: Spec

Excess heat and thermal throttling under load Future Wi-Fi 9
Faster battery drain in mobile and edge devices
Capped and unstable throughput, especially in

dense environments Wi-Fi 7
g ona . q Wi-Fi 4 Existing
Increasing fragility as traffic and interference technologies
grOW 2030
2007 2024

At the same time, Wi-Fi has quietly become the backbone of global data traffic, carrying the majority of
consumer and enterprise data - including an increasing share of the traffic that enables Al systems to function in
the real world. Al makes the RF bottleneck unavoidable.

Digital systems operate orders of magnitude slower than the electromagnetic dynamics they are attempting to
correct. They do not interact with RF behavior in real time; they sample, estimate and react after the fact, with

every digital correction loop burdened by quantization, latency, and power overhead. As bandwidth increases
and modulation density rises, this gap becomes insurmountable to close.

Worse, digital systems are fundamentally blind to instantaneous electromagnetic behavior. It cannot
continuously interact with the RF waveform itself; it can only analyze outcomes after disturbances have already
occurred. As Al workloads push toward tighter latency, higher duty cycles, and sustained throughput, the delay
between RF disturbance and digital correction becomes fatal rather than tolerable.
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To remain effective at modern wireless and Al-driven data rates,
digital correction would need to run 10-15x faster than today,
driving power consumption and thermal load to untenable levels,
starving the rest of the system and collapsing overall performance.

Raising digital clock speeds further does not solve the problem. It accelerates thermal collapse, makes RF
compensation the dominant workload rather than a background function and forces the system to spend more
energy fixing RF inefficiency than delivering useful computation.

This is why digital “bandages” no longer hold. More software, faster DSPs, or more aggressive calibration
do not solve the problem; they accelerate thermal collapse and complexity without addressing the root
cause. Software cannot outrun physics. The solution is intelligent, self-contained analog RF - architectures
that interact with electromagnetic behavior in real time, at the speed of physics, without waiting for digital
intervention - and that are intrinsically more power-efficient than any digital correction.

Why the Industry Wants the Outcome but Struggie to
Move

Every major player wants the same result: lower power, lower cost, higher performance, and more reliable
wireless links. Almost none move decisively to achieve it.

The reason simple and uncomfortable: RF is hard, and most organizations are not equipped
to confront it.

RF sits at the collision point of nonlinear mathematics, device physics, materials science, and constantly
changing real-world environments. Small errors do not degrade gracefully, they surface as thermal runaway,
instability, or systemic failure. Worse, these issues often do not appear in simulation. They surface in silicon, late
in development when schedules are locked and capital is already spent.
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That reality makes RF development slow, capital-intensive, and unforgiving. Teams routinely discover
fundamental flaws late in the cycle, forcing restarts that cost years and burn millions of dollars. Unsurprisingly,
most organizations retreat to “safe” ground:

Incremental tweaks instead of architectural change
More digital compensation instead of better RF
Brute-force margins, and material workarounds.

Those approaches buy time, but they do not scale. They avoid architectural risk and, in doing so, lock in
architectural stagnation.

The result is a set of unavoidable tradeoffs. Push range and sensitivity, and systems become fragile and
interference prone. Push robustness, and power and cost explode. As data rates climb, these compromises
became increasingly brittle. Rather than addressing the RF architecture itself, the industry chose to manage
symptoms. Faced with this complexity, the industry defaulted to incremental improvements and digital
compensation, rather than addressing the RF architecture itself.
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Why Massive RF Investments Failed to Break Through

From roughly 2007 onward, the RF industry made a sustained push to move RF front-ends into silicon (CMOS),
attracted by the promise of dramatically lower cost versus incumbent GaAs and SiGe. The incentive was
obvious; execution path was not.

Companies invested heavily—hundreds of engineers and, in aggregate, roughly billions of dollars—attempting
to force legacy RF architectures, designed for GaAs and SiGe, into CMOS processes. The dominant approach
was hardware-first and debug later, relying on incremental tuning rather than first-principles system
understanding.

That strategy failed because transistor physics and real-world RF behavior do not scale linearly into
CMOS under legacy architectures. Without a unifying mathematical framework to predict system behavior
under modulation, thermal stress, and interference, development became trial-and-error silicon. Block-by-
block design methods could not predict real-world RF interactions or deliver repeatable, manufacturable
performance.

The result was almost inevitable: massive investments, long development cycles, and minimal structural
progress. The economic promise of silicon remained out of reach - not because the prize was small, but
because the architecture and the problem framing were wrong.

How QuantalRF Took a Different Path

QuantalRF exists because a fundamentally different path was taken—technically, intellectually, and
organizationally.

The origin of this work does not come from consumer wireless. It comes from space. Dr. Forrest Brown, one

of QuantalRF’s founders, spent more than three decades developing space-grade RF systems for NASA and
revisited regenerative and super-regenerative RF architectures - concepts developed over a century ago and
largely abandoned by the semiconductor industry.

These architectures are known for two competing properties: extraordinarily power efficiency and sensitive,
yet notoriously unstable, highly nonlinear, and mathematically intractable. Early radio and scientific
instrumentation leveraged them, but for modern ICs, broadband operation, and complex digital modulation,
they were considered unusable. They are inherently narrowband, extremely sensitive to operating conditions,
and prone to instability. As RF systems evolved toward wide bandwidths and dense modulation, the industry
abandoned these ideas—not because the physics was wrong, but because they could not be predicted,
controlled, or scaled with the tools available at the time.

Dr. Brown demonstrated something the industry had quietly stopped believing orders-of-magnitude
improvements in sensitivity, robustness, and efficiency were still possible in analog RF if the architecture
is rethought. His work proved the physics and is protected by foundational patents. Initially, it worked only in
narrow, controlled contexts - receivers,
laboratory instruments, and early space

systems, not in broadband transmitters, Industry default QuantalRF
mass production, or modern wireless
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industry’s most persistent unsolved problem: RF power amplifiers (PA) in silicon. This single bottleneck
prevented leading RF companies from achieving silicon-scale RF performance and economics. Legacy PA
architectures fundamentally conflicted with CMOS physics under real modulation and thermal stress., and
countless well-funded attempts failed.

In 2021, the QuantalRF team broke that deadlock with an architectural breakthrough, not an incremental
one. Instead of suppressing nonlinearity with brute force, guard bands, or excess power headroom, the team
introduced a multi-feedback RF architecture based on fully derived mathematical countermodels of
nonlinearity - effectively “anti-equations” of RF nonlinearity. Using controlled electromagnetic coupling,
distortion cancellation, and adaptive RF feedback loops, the system actively counteracts nonlinear behavior
rather than tolerating it. Power is conserved because the architecture with the underlying physics rather than
fighting it.

Crucially, this was not heuristic tuning. The feedback structures were mathematically derived, not empirically
patched. Frequency tracking was added so the feedback loops dynamically adapt across operating bands

and conditions, keeping the system to stable, efficient, and predictable under real-world loads—even across
bandwidths that historically made regenerative concepts impractical.

The final step was unification, QuantalRF built in-house tools to simulate the entire RF front-end as a single
nonlinear system—power amplification, dynamic behavior, filtering, and control—rather than as loosely
coupled blocks. Instead of designing components and hoping they would behave together in silicon, the team
optimized the architecture as a whole. This made RF behavior predictable, adaptive, and controllable in real
time, bringing intelligence into the analog domain and establishing a defensible moat.

All of this is implemented monolithically in CMOS, the industry’s long-sought “holy grail”. While the underlying
principles apply to SiGe, GaAs, and GaN, QuantalRF deliberately chose CMOS to prove that first-principles
physics and rigorous mathematics can overcome silicon’s historical RF limitations, delivering a step-function
improvement in cost, integration, and scalability.

Others iterated components within the constraints of exotic materials. QuantalRF rebuilt the architecture to
work with silicon constraints and eliminate their historical limitations.

Compatibility by Design: Plug-and-Play Disruption
Many breakthroughs fail not because they do not work, but because they are too disruptive to adopt.
QuantalRF was deliberately designed to avoid that trap. Its solutions are pin-compatible and electrically

interface-compatible and integrate at a configuration level rather than requiring a full system redesign.
For OEMs, integration looks more like a drop-in solution plus a configuration change, than a hardware overhaul.

This substantially reduces integration risk, shortens qualification cycles, and allows customers to evaluate real
performance gains without committing to architectural upheaval. It is the difference between a technology that
isadmired in labs and one that is deployed at scale.

Importantly, this is a strategic choice, not a technical limit. QuantalRF’s roadmap includes deeper architectural
optimizations that can unlock even higher performance. But the fastest path to market leadership is plug-and-
play disruption first, followed by deeper integration once trust and volume are established.

That combination—architectural reset with low-friction adoption—is what allows QuantalRF to move faster
than incumbents and new entrants.
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Why QuantalRF Has the Right to Win

Our position is grounded in architecture,

hot just execution. 224 Total Patents

QuantalRF holds 200+ patents that map directly
to previously untouched architectural whitespace
in analog RF. These are not defensive filings
around incremental improvements. They reflect
first-principles work on how RF systems can be
designed, modeled, and controlled in silicon.
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For more than a decade, the industry largely
stopped pushing analog RF forward. The
problems were considered too hard, the risk too
high, and the tools insufficient. Progress stalled Rty ,

not because the limits were reached, but because 6 \?le'crf]l:izsues &
the cost and risk of meaningful innovation Filter Methods
became prohibitive.

QuantalRF chose a different route. By rebuilding the RF front-end as a unified, mathematically driven system
rather than a collection of loosely coupled blocks, the company unlocked a new performance and efficiency
curve in CMOS that others never accessed.

Proof That the Market Is Catching Up

The renewed focus on heat and thermal

management is one of the clearest signs that the Dynamic Current Consumption

RF bottleneck has become visible at the product @© 3.8V for MCST1 160MHz

level. A prominent example is leading smartphone

OEM elevating thermals from engineering detail 180 Gahs Linear FEM

to headline product feature in its latest flagship — ORF CMOS Linear /
generation, introducing a vapor-chamber cooling 550 FEM (2nd Gen)

system that circulates deionized water to transport
heat away from the chip and then condense in a
continuous cycle designed to improve thermal
performance. While vapor chambers are not new,
such OEMs rarely add this level of complexity unless
a constraint has become unavoidable, signaling that
heat now materially limits performance, battery life,
and user experience.
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Vapor-chamber cooling illustrates the industry’s
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generated, rather than reducing heat at its source.

Physics does not allow heat to disappear; it can Output Power (dBm)

only be redistributed. In a sealed, fanless device,
moving heat away from one component means spreading it into the chassis and surrounding structure. This is
mitigation, not resolution.

QuantalRF tackles the problem earlier in the stack, at the RF front-end where the heat is generated. By reducing
RF power loss and inefficiency, the system produces less heat before it propagates through the system. This

is fundamentally different from downstream thermal spreading and enables sustained performance without
relying on complex mechanical workarounds.



Why Now

For the first time, the RF bottleneck is visible to both end users and system owners. Unstable Wi-Fi, rising
battery drain, thermal throttling, and inconsistent real-world performance have become everyday experience
rather than edge cases. What was once tolerated is now noticed.

Al accelerates this shift. Al workloads are sustained, latency-sensitive, and bandwidth-intensive. They cannot
tolerate unstable links, thermal throttling, or RF inefficiency masked by digital correction. As Al moves from
bursty inference to continuous operation at the edge and across enterprises, RF becomes a primary constraint.

RF design cycles are long—typically 18 to 24 months—so the decisions and validations happening now will
define the next generation of wireless systems. Once RF architectures are locked, there is no fast-follow path,
late entrants cannot “catch up” with incremental tuning.

This is the inflection point. QuantalRF is positioned to win this cycle because it is not reacting to symptoms.
The company rebuilt the RF front-end at the architectural level to work with the real constraints of silicon,
power, and heat, removing inefficiency at the source instead of compensating for it downstream.

That combination—architectural reset, compatibility-first adoption, and timing aligned with Al-driven
demand—is rare. It is also why this opportunity may look unfamiliar at first glance, even as it becomes the
decisive bottleneck for Al-era systems.
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