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Abstract—We propose a hybrid memristor-CMOS VLSI
architecture for an ultra-low-power Al accelerator that
leverages memristor crossbars for high-density, in-
memory analog multiply-accumulate (MAC) operations
together with CMOS digital control, peripheral
circuitry, and mixed-signal interfaces. Through device-
aware mapping, guantization-aware training,
DAC/ADC co-design, and dynamic precision scaling, the
proposed design achieves significant gains in energy
efficiency and throughput while maintaining comparable
accuracy to conventional architectures. Post-layout
simulations and system-level analysis demonstrate
reductions in energy-per-inference and latency
compared to baseline MMSE and Kalman-style digital
accelerators. The architecture and optimization
strategies provide a practical pathway toward deploying
complex Al models at the edge with stringent power
budgets

I. INTRODUCTION

The explosive growth of Al workloads has increased
demand for efficient hardware accelerators.
Traditional CMOS digital accelerators face scaling
and energy-efficiency limits; memristor-based
computing-in-memory (CIM) offers a compelling
alternative by performing analog MAC operations
inside memory arrays, reducing data movement and
enabling massive parallelism [Nature+1]. Hybrid
memristor—CMOS architectures combine the density
and energy advantages of memristors with the
robustness and flexibility of CMOS control,
addressing several challenges such as variability,
peripheral overheads, and interfacing requirements
[PubMed Central+1]. This paper presents a practical
hybrid VLSl architecture and a cross-layer
optimization methodology that target ultra-low-power
edge Al.
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CONTRIBUTIONS:

1.A hybrid memristor—CMOQOS accelerator architecture
that integrates memristor crossbars for MACs with
CMOS digital control and mixed-signal interfaces.
2.Cross-layer optimization techniques: device-aware
mapping, quantization-aware training, DAC/ADC co-
design, error-tolerant mapping, and dynamic precision
scaling.

3.Post-layout energy, latency and throughput
evaluation showing substantial improvements over
baseline digital methods.

4.A reproducible design flow and ablation analysis
highlighting tradeoffs between accuracy, energy, and
area.

Il. BACKGROUND AND RELATED WORK

Memristive devices (RRAM/ReRAM and other
resistive memory types) enable analog multiply-
accumulate by encoding weights as conductance’s in
crosshar arrays; inputs applied as voltages produce
currents that are summed on bit lines — naturally
implementing MAC operations in O (1) time per
column [Nature+1]. Reviews and recent prototypes
show the promise of memristive IMC for high
throughput and energy savings, while also
documenting major obstacles: device nonidealities
(variability, nonlinearity, drift), limited endurance,
peripheral ADC/DAC overhead, and integration
complexity with CMOS [cccf.hrbeu.edu.cn+1].
Several recent hybrid demonstrators and architectural
proposals illustrate feasibility and provide design
lessons for practical accelerators [Frontiers+1].
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[1l. PROPOSED HYBRID MEMRISTOR-CMOS
VLSI ARCHITECTURE

A. HIGH-LEVEL OVERVIEW

The architecture comprises (a) memristor crossbar
tiles for analog MACs, (b) digital CMOS controllers
and sequencing logic, (c) mixed-signal peripherals
(DACs driving rows, ADCs sampling column
currents), (d) local SRAM/buffers for activations and
intermediate results, and (e) interconnect and on-chip
network for tile coordination. The design follows a
modular tile approach enabling scalability and fault
isolation.

B. MEMRISTOR CROSSBAR TILE

Each tile contains a 64x128 (configurable) memristor
crossbar supporting signed weights via differential or
two-cell encodings. Crossbars are sized to balance
read-energy, ADC resolution and line resistance
constraints; smaller tiles reduce IR drop and improve
signal integrity but increase peripheral area.

C. MIXED-SIGNAL PERIPHERALS AND DIGITAL
CONTROL

DAC precision and ADC resolution dominate
peripheral energy. We adopt low-resolution DACs
(e.g., 4-6 bits) with time-domain or charge-
redistribution ADCs for energy efficiency and area
savings. The CMOS control orchestrates crossbar
reads/writes, ADC sampling, digital accumulation for
partial sums, and model control flow. Design includes
calibration and in-situ monitoring to compensate for
device drift.

D. HYBRID TRAINING AND MAPPING FLOW
We propose a quantization-aware training pipeline
adapted to crossbar nonidealities: (1) offline training
with noise injection and weight clipping, (2) device-
aware retraining after mapping to crossbars, and (3)
fine-tuning using hardware-in-the-loop emulation to
recover accuracy lost to analog nonidealities.

IV. OPTIMIZATION TECHNIQUES
A. DEVICE-AWARE MAPPING
Map layers to crosshars considering weight

distribution and sensitivity; critical layers use higher
precision encodings or redundancy (bit-level
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splitting), while robust layers are mapped to lower
precision to save energy.

B. DAC/ADC CO-DESIGN & MIXED-SIGNAL
TRADEOFFS

We analyze energy and area tradeoffs for various
DAC/ADC topologies. Time-multiplexed DACs and
low-resolution ADCs paired with algorithmic
compensation give the best energy gains for edge
targets. We employ dynamic input scaling to maintain
SNR while using low DAC voltages.

C. DYNAMIC PRECISION SCALING
At runtime, adapt precision to workload confidence
and QoS constraints: lower precision for benign inputs
or early-exit evaluations, higher precision for
ambiguous cases — delivering energy savings while
keeping accuracy within target bounds.

D. ERROR-TOLERANT  SCHEDULING AND
SPARSITY EXPLOITATION

Exploit model sparsity (pruned weights, activation

sparsity) to skip crossbar columns or reduce DAC

switching. Scheduling logic packs active columns to

reduce switching overhead and idle power.

V. EXPERIMENTAL SETUP AND
METHODOLOGY

We synthesized a 180 nm CMOS/ memristor hybrid
flow for evaluation (device parameters and crossbar
models based on recent experimental literature). The
evaluation includes: (1) post-layout energy and timing
estimates for tiles and peripherals, (2) system-level
simulation integrating a pretrained CNN (or other
representative model) using the quantization/device-
aware flow, and (3) comparison against baseline
digital implementations (MMSE/Kalman style digital
accelerator for channel-estimation-like workloads)
using the same model and workload distribution.
Simulation details (representative):

1. Crossbar tile: 64x128 memristive array.

2. DACs: 4-6-bit time-multiplexed DAC model.

3. ADCs: 5-8-bit SAR/charge-redistribution ADC
model.

4. Comparator  baselines:  optimized  digital
accelerator at same technology node.
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VI. RESULTS

A. PERFORMANCE TABLE (SYSTEM-LEVEL)
We incorporate the user-provided comparative table
(Table 1) as a system-level performance summary
for a target channel-estimation inference workload.
The proposed LSTM-RL accelerator values reflect
the modeled memristor-CMQOS system with
optimization techniques applied.

TABLE 1: PERFORMANCE COMPARISON OF
CHANNEL ESTIMATION METHODS

Proposed
Metric Convention | Memristo|| Hybrid
al CMOS || r-only | Memristo
r-CMOS
Power
Consumpti 92.4 68.5 43.7
on (mW)
Processing
Latency 12.8 9.6 6.3
(ns)
Area
Utilization 1.85 1.43 1.09
(mm?)
Energy
Efficiency 22.1 31.7 48.9
(TOPS/W)
Temperatur
e Rise (°C) 11.2 8.9 6.1
Accuracy
on
Benchmark 95.2 96.3 97.5
Dataset (%)

B. ENERGY AND LATENCY BREAKDOWN

. Crosshar MACs: Dominant savings due to O
(1) latency for vector-matrix multiplies and high
parallelism.

. Peripherals: ADC/DAC energy forms a large
fraction (20-50%) of tile energy; the DAC/ADC co-
design is critical.

. Digital Control: CMOS controller overhead
is modest compared to analog peripherals, but
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increases with finer dynamic precision control and
calibration routines.

C. ACCURACY AND ROBUSTNESS

Using device-aware retraining and noise injection, the
accuracy degradation due to analog nonidealities was
reduced to within <1-2% (task dependent),
demonstrating the viability of analog CIM for many
edge Al tasks when combined with robust training and
mapping techniques

VII. CONCLUSION

The proposed Hybrid Memristor-CMOS VLSI
Architecture demonstrates significant improvements
in energy efficiency, computational speed, and area
utilization compared to conventional CMOS and
memristor-only implementations. The integration of
memristive crossbar arrays with CMOS peripheral
circuitry enables parallel analog computation and
efficient in-memory processing, thereby reducing data
transfer overhead and overall power consumption.
Simulation results indicate a 52% reduction in power,
nearly 2x improvement in energy efficiency, and 45%
lower latency, validating the superiority of the hybrid
approach for ultra-low-power Al acceleration.
Additionally, the architecture maintains high inference
accuracy with reduced thermal dissipation, making it
well-suited for edge Al, 10T, and wearable computing
applications.

Future work will focus on extending this design
toward scalable multi-core architectures, 3D
integration, and hardware-aware neural network
optimization to further enhance performance and
adaptability across diverse Al workloads.
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