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ABSTRACT

The sudden advent of Al-driven platforms and smart cyber-physical systems has placed
ever-greater demands on hardware frameworks capable of delivering quantum-inspired
processing, secure cryptographic processing, and efficient signal processing, all at once.
Conventional VLSI architectures are constrained by deterministic logic models that do not
reflect the probabilistic characteristics of the quantum-inspired algorithms and advanced
cryptographic models. To fill this gap, this work introduces a single quantum-inspired VLSI
optimised to implement secure signal processing in next-generation Al hardware. The sug-
gested system will combine approximate probabilistic computing blocks, reversible-logic
embedded datapaths, and lightweight quantum-state emulation units to aid in increasing
security, decreasing power usage, and supporting parallel cryptographic transformations.
The optimization methods based on machine learning are applied to explore architec-
tures, allowing reconfiguration of cryptographic workloads, neural inference workloads,
and signal-processing workloads dynamically. The use of 5 nm and 7 nm technology nodes
leads to simulation studies that show great improvement in throughput-per-watt, encryp-
tion latency, and resistance to side-channel vulnerabilities. The architecture also mini-
mises signal-processing overhead and significance of cryptographic diffusion properties,
which are important to edge Al deployments. The given work provides an addition of
a scalable quantum-inspired design model that can bridge the gap between traditional
VLSI and new postquantum computing requirements and provide secure, energy-efficient,
Al-operated hardware systems that can support defense, autonomous infrastructures, and
future Internet of Things.
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INTRODUCTION

The new Al-enabled hardware architectures are in
demand to compute secure cryptographic tasks as
well as challenging signal-processing tasks in real time.
Applications such as autonomous vehicles, defence
communications, and smart loT infrastructure require
energy-efficient hardware platforms that can run
high-throughput inference pipelines and provide a high
level of security against cyberattacks. The customary
VLSI designs to support deterministic logic and the more
orthodox encryption designs tend to fail to provide com-
putational efficiency as well as the cryptographic resil-
ience at current technology nodes. With the decrease
in the size of devices to quantum-relevant scales, quan-
tum-inspired design approaches provide fresh prospects
in terms of security and leakage reduction and overall
efficiency of cryptographic signal processing.

Cryptographic transformations based on quantum-
inspired logic components such as probabilistic bit tran-
sitions, reversible computation, and quasi-superposition
data encoding can be much more robust to a differential
power analysis attack and timing-based attack. Likewise,
obfuscated switching patterns in nonclassical logic
structures are useful in secure signal processing, e.g.
encrypted convolution or obfuscated feature extraction.
The features of these architectures are also consistent
with current developments in Al accelerators, which are
adopting more and more of the architecture of approxi-
mate computing, stochastic arithmetic, and flexible par-
allelism to minimise computational overhead.

According to previous studies, machine learning has
been used in signal processing, secure embedded sys-
tems, and the development of next-generation hard-
ware.l"3 Quantume-inspired computation has also been
demonstrated to be useful for refining cryptographic
primitives, increasing randomness generation, and mak-
ing high-entropy state transitions that increase security
robustness. Meanwhile, Al hardware accelerators are
being developed with new parallelization tools, flexible
compute fabrics, and high-throughput dataflow archi-
tectures.[*'% These tendencies signify the creation of an
integrated design space in which Al-based optimization,
cryptographic computation, and quantum-inspired com-
putation converge in state-of-the-art VLSI design.

Nevertheless, with such technological innovations, there
are still gaps in integrated architectures that can be used
to conquer power efficiency, cryptography strength,
and real-time signal processing needs at the same time.
The growing sophistication of Al-based systems creates
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the need to change paradigm to quantum-inspired VLSI
design methods, including reversible logic, stochastic
switching models, and physically unclonable computa-
tional states. The gap in this paper is filled by suggesting
a generalized quantum-inspired hardware design that
combines secure cryptographic signal processing with
Al-centered workload adaptability.

RELATED WORK

The field of quantum-inspired computing has had many
impacts on secure signal processing and cryptographic
hardware. They have been used in VLSI systems with bet-
ter energy performance, increased randomness behav-
ior, and better resistance to side-channel leakage.["”
Signal processing using machine learning approaches still
shows some improvement in never-before-seen levels of
denoising, feature extraction, and real-time adaptive fil-
tering, which is setting a basis to incorporate intelligent
optimization into hardware consumption.t! In the same
manner, model-driven embedded system design is based
on the significance of systematic, architecture-level
abstraction to integrate cryptographic and Al workloads
into monolithic platforms.

The innovation in autonomous Al systems highlights
the importance of small, secure, and high-performance
compute platforms that can be used to make decisions
in the face of uncertainty.®! Al hardware accelerators
have advanced over time, and the new plans of archi-
tecture intend to streamline the movement of memory,
the level of computations, and inference throughputs.!®
Such inventions are naturally generalized to quantum-
inspired VLS| systems where stochasticity, reversible
logic elements, and energy-efficient switching behavior
can be made to provide better cryptography security.

Lightweight VLSI architecture has been applied in cryp-
tographic hardware to balance power consumption and
security through approximation arithmetic, resource
sharing, and algorithm-specific hardware pipelines. Such
methods complement quantum-inspired logic primitives,
enabling greater integration between secure hardware
modules. Moreover, Al-based optimization techniques
assist architectural codesign in cryptographic, neural,
and signal processing architecture.[”]

The recent advances in power electronics, smart grid
security, embedded VLSI, and Al-driven optimization
provide even more reasons to employ quantum-in-
spired and Al-enhanced design philosophy in the pres-
ent-day hardware systems.!'”22 Although this has been
achieved, there is very little research on the design
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of integrated VLS| systems that integrate quantum-
inspired computing, safe cryptography processing, and
Al-informed signal-processing functions.

METHODOLOGY

Here, one can find the description of the architectural
principles, the cryptography signal processing pipeline,
the reinforcement-learning optimization engine, and the
unified dataflow mechanism, which form the core of the
proposed quantum-inspired VLSI system.

Quantum-Inspired Logic Layer and Reversible
Computing (Expanded)

The architecture is based on a quantum-inspired logic
layer that incorporates reversible logic primitives, mostly
Toffoli, Fredkin, and Peres gates, into the datapath.
These reversible gates are chosen because they limit
the amount of information that is lost and decrease the
amount of entropy that is created during switching pro-
cesses. Contrary to classical CMOS operations that nec-
essarily lose information even when changing logic state,
reversible computations maintain input states and hence
can be used to implement low-energy, low-leakage secure
processing. Landauer has a principle of the minimum the-
oretical energy dissipation of information erasure:

E_.. =KTln (2),
Boltzmann constant and absolute temperature are
denoted as k and T, respectively. By approaching a
reversible-logic state, the architecture achieves a sub-
stantial decrease in dissipation to this minimal state.

As shown in Figure 1, the core reversible logic layer
has reversible substitution blocks and quantum-inspired
nonlinear operators serving the cryptographic engines
and DSP pipelines, respectively. It has been designed
to allow quasi-superposition bit encoding such that
dynamic masking of intermediate values can be done,

Quantum-Inspired Inputs

and that side-channel leakage resistance is enhanced.
The reversible layer is also useful in creating low-
entropy-switching patterns that hide traces of power
when sensitive operations like key mixing, filtering, and
convolution are being done.

Secure Cryptographic Signal Processing Pipeline

The secure signal processing pipeline combines
quantum-inspired primaries as well as the reversible
data transformations with the traditional DSP oper-
ations. The four large components that make up the
pipeline include:

1. Pseudo-random sequence generators driven by
quantum physics (Q-PRNGs).

These modules make use of probabilistic switch-
ing and reversible logic perturbation to generate high-
entropy bitstreams to be used as key expansion, nonce
generation, and activity masking. They are unpredict-
able and have good hardware efficiency, and that is
because they are stochastic.

2. S-box transformations that are reversible.

The reversible S-box is based on structured revers-
ible networks; unlike standard lookup-based S-boxes, it
is bijective and has less leakage of intermediate values.
In this design, cryptographic diffusion is enhanced, and
the resistance to linearity is enhanced.

3. Database masking with noise.

Noise injections are made on intermediate transi-
tions of datapaths in such a way that they do not cause
any correlation between sensitive values and mea-
surable side-channel signatures. This is to ensure that
switching behaviour is consistent between DSP and cryp-
tographic operations.

4. Convolution and transform units that are encrypted.
DSP units such as FIR filters, FFT engines, and con-
volution blocks are encased by reversible encryption

( N
Secure DSP Units: Encrypted

/ Convolution, FFT, FIR
. J

Reversible Gate Network -
Toffoli, Fredkin, Peres

T~ Q-Inspired

/-b[ Reversible S-Box J—b[ Reversible Encryption ]

- N
\ Cryptographic Units: Key

Mixing, Cipher Rounds

. J

Fig. 1: Quantum-inspired reversible logic layer for secure VLSI processing
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operators to maintain data confidentiality throughout.
An average encrypted convolution can be expressed as
follows:

M-
y[n] =Y E(x[n—K]-E(h[K]),
k=
where E(-) is a reversible encryption transformation.

The functional structure of these modules is given in
Table 1, detailing their functions and cryptographic
advantages. The reversible logic and encrypted arith-
metic coupled with the DSP-crypto integration make
both the data and intermediate signal characteristics
secure to the adversarial observation.

Al-Driven Hardware Optimization Engine

The architecture uses a reinforcement learning (RL)-
based hardware optimizer to run structural parame-
ters in real time so that it can support both the varying
workloads and the changing cryptographic constraints.
The variables manipulated by the RL agent include:

« reversible logic depth

» masking density

e Q-PRNG activation frequency

» DSP/crypto pipeline parallelism
 operating mode scheduling

» power-gating and dataflow throttling

The agent is rewarded in some manner:

R= %Ssecurity + 72Pefficiency - }/3Llatency ’

where cryptographic robustness, energy efficiency, and
real-time latency have the weights 7,, 7,, 7.

Optimization Workflow

Such Al-based optimization allows the architecture
to dynamically respond to workload requirements and
provides moderated performance in the neural, cryp-
tographic, and DSP spaces and also with high security
assurances.

Algorithm 1: outlines the process:

1. State Extraction
Hardware metrics (PE activity, entropy lev-
els, switching energy, leakage estimates) are
collected.

2. Action Selection
The agent modifies architectural knobs mask-
ing intensity, reversible substitution patterns,
pipeline scheduling, and operand grouping.

3. Evaluation Phase
The system simulates encrypted DSP workloads
or executes them on hardware emulators to
profile throughput, leakage, and power.

4. Reward Computation
The RL engine computes reward based on
measured latency, energy, and cryptographic
noise profiles.

5. Policy Update
The agent updates its decision strategy
(Q-learning or PPO) and initiates the next
iteration.

Table 1. Functional structure of the secure cryptographic signal processing
pipeline and associated cryptographic advantages.

Pipeline Module Functional Description

Cryptographic Advantage

Quantum-inspired

generator (Q-PRNG)
generation, and activity masking.

Generates high-entropy stochastic bitstreams
pseudo-random sequence | using probabilistic switching and reversible
logic perturbations for key expansion, nonce

High unpredictability, resistance to statistical
attacks, improved entropy quality, and efficient
hardware realization with low deterministic
leakage.

Reversible S-box
transformation
of lookup tables.

Implements a bijective, reversible substitution
network using structured reversible logic instead | diffusion, strong nonlinearity, and resistance to

Reduced side-channel leakage, enhanced

linear and differential cryptanalysis.

Noise-injected database
masking

Injects controlled noise into intermediate
datapath transitions to decorrelate sensitive
values from observable switching activity.

Mitigation of power and electromagnetic side-
channel attacks through consistent switching
behavior across cryptographic and DSP
operations.

Encrypted convolution
and transform units

inputs and coefficients.

Encases DSP blocks such as FIR filters, FFT
engines, and convolution units with reversible
encryption operators operating on encrypted

End-to-end data confidentiality during signal
processing, protection of intermediate signal
characteristics, and resistance to adversarial
observation or inference.

o [
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Unified Dataflow Architecture

On the system level, the unified dataflow controller
coordinates reversible logic, crypto-DSP units, and quan-
tum-inspired operators. The controller does operand
routing, reversible gate activation synchronisation, and
bandwidth allocations in encrypted pipelines.

The throughput in the data flow is controlled by

T — Nops
t -E ’

cycle overhead

Nops is operation count, cycle is cycle latency, and
Eoverhead is reversible and encryption switching
overhead.

The prominent characteristics of the unified architec-
ture are as follows:

Datapaths between non-reversible logic and cryp-
tographic transforms as well as Al-based DSP units.

Encryption modes that can be configured to permit
reversible convolution, masked FFT, or secure filtering
with no context switching.

Single-operand queues and clusters of PEs can be
used to execute mixed workloads with low latency.

Scheduling which is entropy-aware, i.e. Q-PRNG
modulation patterns are paralleled with DSP activity to
enhance masking performance.

This single flow of data makes the routing very less
complex and eliminates the redundant functional units.
Consequently, the architecture has been found to attain
secure real-time performance, which can be used on
edge-based Al systems and high-assurance cryptography.

RESULTS AND DISCUSSION

Throughput Evaluation Across Quantum-Inspired,
DSP, and Cryptographic Workloads

The results of the proposed quantum-inspired VLSI
architecture were tested on detailed workloads of DSP
computing, reversible-logic-enhanced  cryptography
kernel computing, and hybrid Al-based signal-process-
ing pipeline computing. The architecture, as shown in
Figure 2: throughput across DSP, Crypto, and Q-Inspired
Workloads, is always superior to the classical nonrevers-
ible designs in all the areas studied. There are up to
27% throughput improvements, achieved mainly by the
decrease in switching overhead, pipelines of reversible
gates being optimized, and entropy-sensitive sched-
uling policies. In particular, these gains are observed
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with encrypted convolution and nonlinear substitution
workloads, where reversible logic eliminates redundant
transitions and balances the reuse of operands. Notably,
the unified dataflow controller also brings better oper-
and parallelism to DSP workloads like FFT and FIR filter-
ing meaning that the architecture can maintain higher
operations-per-cycle with mixed security constraints.
The obtained throughput improvements justify the ben-
efit of deploying reversible logic in cryptographic signal-
processing circuits with no loss of computational density.
These findings support the architectural argument that
quantum-inspired logic can be used to help in improving
security in addition to demonstrating a detectable per-
formance benefit when operating in realistic 5 nm and
7 nm operating conditions. Therefore, Figure 2 is a solid
indication that the offered architecture is successful in
balancing between throughput improvement and safe-
gate level transformations.

Energy Consumption Reduction Through Reversible
Logic and Quantum-Inspired Switching

The effect of reversible operations, probabilistic switch-
ing, and masked datapaths on the overall power con-
sumption was analysed at all workloads to measure the
influence of reversible operations, probabilistic switch-
ing, and masked datapaths. As demonstrated in Figure 3,

660
645

Throughput (GOPS)
w w w o [+)} [=)]
N w ~ o N w
wv o w o wv o
o
5

w
o
o

Baseline
=&— Proposed
C 1

S
~
v

DSP Crypto Q-Inspired

Workload Type

Fig. 2: Throughput across DSP, crypto, and Q-inspired
workloads
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Fig. 3: Energy consumption reduction
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Table 2: Performance comparison (baseline vs proposed)

g QT e = Metric Baseline | Proposed
8 el T Throughput (GOPS) 520 660
g L Energy (pJ/op) 19 14
g osl Leakage Score 0.62 0.36
50_4 xWx"% Table 3: Latency across key operations
o5 . )Kxx%“’” Operation Baseline (ns) | Proposed (ns)
o 0.50 055 0.60 0.65 0.70 0.75 AES Encrypt 145 110
Baseline Leakage Score Q-insp PRNG 88 63
Fig: 4: Cryptographic leakage analysis DSP Convolution 123 97

energy consumption reduction, quantum-inspired logic
blocks with inclusion would result in a phenomenal 2331%
of energy consumption reduction over traditional VLSI
architectures. This has been achieved through reduced
entropy dissipation in reversible gates, reduced capaci-
tive switching, and reduced leakage through stochastic
operand patterns. The single dataflow architecture also
lowers the frequency of accessing memory, allowing a
greater number of operations to be performed locally in
the networks of reversible substitution or encrypted fil-
ter units. The summary of the comparative performance
measures as presented in Table 2, as indicated in this
context, is the quantitative support behind the trends
depicted in Figure 3. In particular, Table 2 shows that
energy-per-operation reduces from 19 pJ/op in the base-
line to 14 pJ/op in the proposed design, which supports
the energy-beneficial effects of the model in the meth-
odology. These findings substantiate the idea that the
reversible logic with the assistance of the entropy-con-
scious scheduling and Al-assisted tuning proves useful
in closing the gap between high-performance DSP com-
putation and the secure cryptographic transformation.
Therefore, Figure 3 and Table 2 together depict that the
architecture has a high computational throughput and
has significantly reduced its energy footprint.

Cryptographic Leakage, Side-Channel Resistance, and
Latency Evaluation

The conduct of security-related performance was eval-
uated by the examination of cryptographic leakage
conduct and execution times in blocks of core revers-
ible-logic-enabled. Cryptographic leakage analysis
shows that the leakage variance is reduced by a high
42%, which means that a high level of resilience against
side-channel attacks like power analysis and timing
extraction (Figure 4). This increased security is due
to the noise-induced datapath masking and reversible
S-box transformations and the pattern of entropy-rich

o [

Q-PRNG activation, which add noise and reduce the sen-
sitivity of intermediate states. As a supplement to this
analysis, latency across key operations gives a quanti-
tative comparison of execution times of the main work-
loads, that is, AES encryption, pseudo-random number
generation, and DSP convolution (Table 3). Efficient
reversible logic-to-programme mapping and unified-
purpose scheduling methods manage to achieve latency
improvements of between 17 and 28%. The two aspects
of reversible computing as revealed by these results
prompt the enhancement of cryptographic security
and efficiency in execution in mixed-signal systems.
Together with the results of Figure 4 and Table 3, the
proof that the suggested architecture is effective for the
proposed low-leakage, real-time, secure computation
appropriate to high-assurance Al and embedded systems
is established.

CONCLUSION

This is a detailed quantum-inspired VLSI that is a uni-
fied execution of reversible logic, secure cryptographic,
and Al-engineered signal-processing functions that
would be incorporated in intelligent hardware systems
on the next generation. The architecture design by
integrating reversible gates like the Toffoli and Fredkin
minimizes switching entropy alongside improving side-
channel resilience according to the theoretical limits
by Landauer. Secure DSP pipeline can utilize encrypted
convolution and reversible S-box transformations to
provide a high level of cryptographic performance and
still provide real-time throughput. Moreover, the rein-
forcement-learning engine manages the architectural
parameters in real time and optimises the energy con-
sumption, security needs, and latency limits of the var-
ious workloads. Figures 2, 3 and Tables 2 and 3, which
are supported by experimental outcomes at 5 nm and
7 nm nodes of technology, showed significant enhance-
ment in throughput, energy efficiency, and leakage
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resilience. The architecture is very well suited to the
new demands of secure Al, autonomous systems, and
mission critical loT infrastructures, hence these capabil-
ities. Further effort will focus on the more challenging
problems of emulating more quantum-state-controlled
systems, accelerating post-quantum cryptography, and
hardware-software codesign of fully integrated secure Al
systems.
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