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Abstract— LLMs increasingly strain memory bandwidth and
compute resources as CMOS scaling plateaus. Emerging tech-
nologies such as atomic-scale computing with silicon dan-
gling bonds (DBs) promise ultra-dense, low-power logic, yet
application-level validation still lacks an executable, clock-
driven hardware emulation framework. To address this gap,
this work introduces a cross-layer flow that compiles register-
transfer level (RTL) Verilog to a clock-driven, Verilator-based
emulator exposed to Python via a co-simulation hardware
abstraction layer (HAL). DB-aware RTL rules formalized in
this work ensure representative emulation across the full systolic
array, while allowing the same RTL to drive logic synthesis
through fiction, a technology-specific EDA toolkit, to yield dot-
accurate DB layouts. As a representative use case, a ternary
DB matrix multiply unit (MXU) is designed in Verilog to
target BitNet b1.58 acceleration, achieving up to 34× area
reduction compared to prior DB MXUs and generating LLM
tokens under cycle-accurate software emulation while matching
GPU-baseline outputs. This bridges layout-centric studies and
workload-driven evaluation, enabling reproducible, cross-layer
accelerator design for this emerging technology.

I. INTRODUCTION

At a time when LLMs push compute and energy demands
to unprecedented levels, efforts to miniaturize CMOS are
increasingly stifled by engineering and economic headwinds.
This tension motivates the exploration of emerging technolo-
gies that offer alternative means to scale computational den-
sity while maintaining reasonable power envelopes. Atomic-
scale computing, which realizes digital logic by positionally
encoding bit information in quantum dots made of silicon
dangling bonds (DBs) on hydrogen-terminated silicon [1],
[2], offers a potential path to higher device densities un-
der strict locality and clocking constraints. As a member
of the broader field-coupled nanocomputing (FCN) family,
atomic-scale computing encodes and manipulates informa-
tion through local electrostatic interactions and propagates
signals under the clocking effects of nearby electrodes [3],
[4], resulting in strictly local switching activity. This shifts
the dominant energy dissipation from CMOS’s through-
current conduction to the adiabatic clocking network, en-
abling low-power operation [1], [4].

The experimental demonstration of a DB OR gate mea-
suring just 5 × 6 nm2 [1] catalyzed the development of
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CAD tools such as SiQAD [3] and specialized EDA frame-
works such as fiction [5]–[7], enabling DB logic research
from the gate and circuit level [8] to the application-design
level [9]–[11]. Notably, [11] implemented a quantized matrix
multiply unit (MXU) in register-transfer level (RTL) Ver-
ilog and demonstrated a semi-automated pipeline capable
of synthesizing it to a dot-accurate DB layout ready for
fabrication, bringing the field closer to validating DB-based
ML accelerators. However, open questions remain about the
practicality and benefits of developing and integrating DB
accelerators into existing CMOS fabrics, in part because
practical hardware emulation is lacking, leaving crucial gaps
in quality assurance, validation under real workloads, and
application-level hardware co-design.

To this end, a workflow is proposed that compiles RTL
to a clock-driven software emulator using Verilator [12]
and integrates it with practical ML inference tasks. A set
of DB-aware RTL design rules is formalized to ensure
adherence to four-phase clocking constraints and nearest-
neighbor pipeline connectivity, enabling the same RTL to
serve emulation and synthesis. As a representative workload,
BitNet b1.58 [13] is targeted, employing ternary weights
w ∈ {−1, 0, 1} and quantized integer activations to achieve
significant reductions in hardware complexity [13]–[15]. Its
arithmetic and data-flow patterns map naturally to the deeply
pipelined operations of atomic-scale computing. Beyond its
hardware fit, BitNet b1.58 offers competitive LLM accu-
racy at substantially lower compute and memory bandwidth
than higher-precision baselines, with publicly available pre-
trained models and reference code enabling reproducible,
application-level evaluation. Coupled with an RTL-to-DB
synthesis flow from [11] and optimizations to the placement-
and-routing algorithm contributed by this work, the same
Verilog is used to seed an end-to-end stack for the first time
in atomic-scale computing: BitNet b1.58 inference is driven
through a low-overhead co-simulation hardware abstraction
layer (HAL) via Python bindings atop a Verilator-generated
C++ model, and dot-accurate DB layouts are generated via
Yosys [16], ABC [17], and the fiction framework [5].

II. BACKGROUND

This section reviews foundational background topics, in-
cluding the rapidly evolving CAD and EDA ecosystem for
DB logic and an introduction to BitNet b1.58 LLMs.

A. Atomic-Scale Computing with Silicon Dangling Bonds

Silicon DBs are atomic-scale quantum dots fabricated with
a scanning tunneling microscope on a hydrogen-passivated
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Fig. 1. Logical encoding and gate implementation in the DB platform,
experimentally demonstrated in [1] and recreated using SiQAD [3].
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Fig. 2. A four-phase clocking scheme for DB circuits. A full cycle over
four zones corresponds to one logical pipeline stage. Adapted from [6].

silicon surface [2]. Each DB can be negatively, neutrally, or
positively charged, forming the basis for computation [1].
Logical bits are encoded in binary-dot logic (BDL) pairs,
where the position of a shared negative charge between two
proximal DBs represents 0 or 1 (Fig. 1a) [1]. Wires and logic
gates are formed from arrangements of BDL pairs (Fig. 1),
whose complex electrostatic interactions can be modeled and
validated using CAD tools like SiQAD [3].

To enable sequential logic and directed data flow, DB
circuits are partitioned into clock zones controlled by un-
derlying electrodes [3], [4] (Fig. 2). A four-phase clocking
scheme, driven by oscillating voltages, creates a propagating
electrostatic field that ensures unidirectional signal flow. Due
to electrostatic constraints, adjacent zones cannot simulta-
neously hold and latch distinct data, requiring intermediate
buffer zones. This physical requirement imposes a key archi-
tectural rule: a full sequence of four clock zones is required
to advance a signal, which directly translates to one logical
pipeline stage at the RTL boundary. Interfacing with CMOS
logic is also handled electrostatically: inputs are written by
CMOS-controlled electrodes [4], and outputs are read by
single-electron transistors that detect the output state [18].

B. Electronic Design Automation

A fundamental EDA tool for atomic-scale computing
is the fiction [5] framework, which provides technology-
independent algorithms for logic synthesis, placement, rout-
ing, clocking, and verification. Standard tile libraries such
as the Bestagon [6] gate library enable technology-specific
implementations for DBs, while notable physical design
algorithms include the scalable heuristic ortho [19] for fast
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Fig. 3. Full adder design flow: a behavioral Verilog description is
synthesized and technology-mapped to a logic network using only gates
available in the Bestagon library [6], placed and routed as a gate-level layout,
and realized by replacing each gate with its Bestagon implementation.

layout generation, the multiobjective graph-oriented layout
design (gold) [20] algorithm for A∗-guided placement and
routing, post-layout optimization (PLO) [21] techniques for
layout refinement, and hexagonalization [7] for technology
transformation between different FCN implementations. As
an example, Fig. 3 illustrates the generation of atomic-scale
layouts using fiction: a Verilog full adder description is
synthesized to the gate level, a hexagonal layout is placed and
routed, and the gates are replaced with their cell-level im-
plementations from the Bestagon library. Importantly, not all
stages are performed by fiction: Yosys [16] typically performs
the initial high-level synthesis of behavioral Verilog, and
subsequent logic optimizations and technology mapping are
carried out with mockturtle and ABC [17], which fiction also
offers as a callback; the mapped netlist is then consumed by
fiction for the application steps of technology-specific phys-
ical design, verification, and cell-library application. One
design constraint is that fiction supports only combinational
layout synthesis [5].

C. BitNet b1.58 LLMs

Beyond the DB technology reviewed above, this paper
employs a recently proposed LLM, BitNet b1.58. Higher-
precision quantized accelerators (e.g., 8 bit) are widely de-
ployed in production [22], delivering latency and energy
gains; by contrast, BitNet b1.58 constrains layer weights to
the ternary set {−1, 0,+1} with integer activations quantized
to 8 bit [13], [14] or 4 bit [15]. Because each elementwise
product w · a collapses to {−a, 0,+a}, dot-products re-
quire only additions/subtractions/skips with integer accumu-
lation. Simplified arithmetic reduces both memory bandwidth
and multiply-accumulate (MAC) energy consumption. The
arithmetic and data flow patterns map naturally to deeply
pipelined, clocked DB logic. Compared to a 16 bit floating
point baseline at 700 M parameters, BitNet b1.58 uses 2.6×
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Fig. 4. A systolic array MXU with activations (a), weights (w), control
signals (cw), and partial sums (s). In a PE, there is a MAC unit and memory
controller on the forward path, and a delay-line memory on the return path.

less memory and ≈ 71× lower arithmetic energy on a 7 nm
energy model with minimal accuracy loss [13]. In this work,
BitNet b1.58 therefore serves as a representative, publicly
available workload that both stresses the proposed MXU and
enables end-to-end reproducibility.

III. RELATED WORK

The advent of specialized EDA tools and frameworks has
lowered the barrier to DB logic research. Within the DB
literature, much of the prior work still emphasizes gate- and
circuit-level designs [8], with comparatively fewer studies
at the system level. At somewhat higher abstraction levels,
related FCN workflows have been explored in nanomag-
netic logic, where ToPoliNano maps VHDL descriptions to
clocked layouts and FUNCODE derives HDL netlists from
custom layouts for simulator-based analysis [23], [24], but
since those methods target a different device technology
altogether, they do not address DB-specific device and clock-
ing constraints. Against this backdrop, early application-
scale analyses of DB systems relied on hand-crafted DB
building blocks to extrapolate area and latency [9], [10].
In particular, [10] presented an MXU for matrix-vector
multiplication (MVM) using quantized 8 bit weights and
activations (W8A8) implemented as a 2-D systolic array of
identical PEs (Fig. 4). The array operated in two phases: a
load phase that streamed weights downward for storage, and
a compute phase that streamed activations left-to-right while
accumulating partial sums column-wise. The PE micro-
architecture organized signals into a forward and return path
(Fig. 4). The forward path performed MAC, multiplying the
weight and activation and accumulating the product with the
incoming partial sum to yield an updated partial sum, and
controlled a local weight delay-line; the return path time-
aligned activations for the neighbor and closed the delay-
line loop for weight storage. The design embraced deep
pipelining to reflect DB clocking constraints and suggested
that multiple payloads could be interleaved across pipeline
stages for high utilization; however, comprehensive array-
level validation remained an open question.

Working within fiction’s combinational synthesis capabil-
ities, a subsequent study [11] partitioned the MXU design
in [10] into hierarchical RTL Verilog definitions, including:

1) A combinational core in which the forward-path logic
is a single block, including MAC and state/memory
control, for Verilog-to-DB synthesis; and

2) A clocked shell that wraps the core, implements forward
and return pipelines via registers, and provides a self-
contained PE interface for systolic-array integration.

In that work, the authors validated the clocked shell using
Verilog testbenches and synthesized the combinational core
to a physical DB layout with the following flow:

1) The RTL was synthesized to an and-inverter graph
(AIG) using Yosys [16] and optimized using ABC [17].

2) The optimized AIG was loaded into fiction [5].
3) Technology mapping was used to rewrite the network

with Boolean gates available in the Bestagon library [6].
4) The network was placed and routed onto a Cartesian

grid using the ortho algorithm [19].
5) PLO reduced the size of the layout [21].
6) The layout was remapped onto a hexagonal grid [7].
7) The Bestagon gate library was applied to the layout [6],

producing a dot-accurate DB layout.
Collectively, the hierarchical Verilog provided a single source
of truth, producing DB layouts for the physical design
flow and enabling PE-level logical validation. However, the
implementation was confined to the PE layer and did not
include a full systolic array, leaving full MVM validation
incomplete. In addition, the W8A8 netlist exceeded the
scaling limits of fiction’s recent placement-and-routing al-
gorithms, such as gold [20], precluding their use and the
associated improvements in area and routability. Prior work
likewise did not articulate DB-aware RTL design rules that
reflect four-phase clocking at register boundaries or provide
scheduling mechanisms at the systolic-array level for parallel
MVM jobs. Finally, the absence of a cycle-accurate emulator
hindered integration with real inference pipelines, preventing
systematic end-to-end evaluation. This gap is particularly
notable when compared to parallels in the mature CMOS
domain, such as the Gemmini generator, where synthesizable
RTL for systolic-array accelerators can be coupled with Veri-
lator simulation [25]. However, the present work targets DB-
specific hardware requirements and a fiction-focused RTL
flow, limiting the overlap. These shortcomings are addressed
in the following section.

IV. PROPOSED METHODOLOGY

This section presents the primary contribution: a clock-
driven emulation and co-simulation framework for BitNet
b1.58 on DB logic. It covers the hardware architecture and
DB-aware RTL design rules, an adapted RTL-to-DB flow,
and a co-simulation HAL atop a Verilator model [12] that
schedules interleaved MVM jobs and enables end-to-end
BitNet b1.58 LLM inference on the emulated hardware.

A. BitNet b1.58 Accelerator Design

Following the design methodology established in the lit-
erature [10] and reviewed in Section III, the accelerator for
BitNet b1.58 MVM adopts a 2-D systolic array of homoge-
neous PEs organized as a hierarchical RTL structure [11].



Compared with W8A8, BitNet b1.58 requires PE changes
for ternary weights. Signed 8 bit weights are replaced with
a two-bit encoding, and the MAC no longer uses a multiplier:
for each weight-activation pair, the weight either applies a
sign to the activation (w = ±1) or suppresses the product
(w = 0) before accumulation with the partial sum. Other-
wise, the PE architecture remains consistent with the W8A8
counterpart [10]: the forward path implements arithmetic and
control logic, and the return path aligns signals.

The pipelined nature of DB logic (Section II) means that
the PE’s forward and return paths must be split into balanced
pipelines. The total pipeline depth P = Pforward+Preturn must
be informed by the synthesized physical path length together
with the four-phase rule (four clocking zones per logical
stage per Section II-A). Pforward is therefore estimated to be

Pforward =

⌈
Hf +Hr

4 pe

⌉
, (1)

with Hf the synthesized forward-path height, pe the inter-
electrode pitch, and Hr an allowance for additional routing
at the PE level (pin escape to PE edges and spacing between
forward/return paths). With balanced paths, P = 2Pforward.

Above the clocked PE shell, a clocked systolic array
module is defined to set the array dimensions and nearest-
neighbor inter-PE links. Inputs and outputs are time-aligned
to enable interleaving of multiple payloads across pipeline
stages; each interleaving position is termed a job slot. With
a PE pipeline depth of P , the array exposes P concurrent
job slots for MVM operations. This systolic array module
completes the BitNet b1.58 MXU hardware with config-
urable rows, columns, and P , validated by unit- and system-
level testbenches. The array-level RTL is then compiled with
Verilator [12] to a C++ model for clock-driven emulation.

This hierarchy supports design rules that carry through
to both flows: pipeline registers partition long paths to
mirror the clock-driven behavior of DB logic; commu-
nication is restricted to fixed row-wise and column-wise
nearest neighbors; and pipeline stages are carefully aligned
to enable highly parallel, interleaved operation. Under these
constraints, the same PE RTL compiles to dot-accurate
DB layouts and yields a faithful, clock-driven model. The
approach extends to broader FCN applications, establishing
an end-to-end, reusable, and scalable design framework.

B. RTL-to-DB Synthesis

Adopting a synthesis workflow similar to [11] and re-
viewed in Section III, the simpler PE for the BitNet b1.58
MXU enables optimizations not applicable in that setting.
In the prior MXU, the W8A8 multiplication requires full-
precision multipliers and more complex weight-memory con-
trol, whereas the ternary operator eliminates explicit mul-
tipliers and simplifies control. This sufficiently shrinks the
netlist generated by Yosys [16] and ABC [17] to fall within
the practical problem size of fiction’s gold [20] algorithm
for placement and routing, which previously could not scale
to the W8A8 design. Consequently, this work explored the
use of gold in place of ortho [19] for A∗-guided placement
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Fig. 5. Overview of the RTL-to-emulation workflow for BitNet b1.58.
Arrows indicate the call direction at runtime.

and congestion-aware routing with the goal of achieving
improved routability and reduced area.

Despite the smaller netlist from the BitNet MXU, initial at-
tempts to place and route using gold resulted in a high failure
rate, with no valid solutions achieved within the preset time
limit. This work extends the algorithm with a configurable
primary-input (PI) spacing option to spread inputs and reduce
local wire congestion, improving routability. The inter-PI
spacing can be randomized, allowing more diverse placement
strategies to be explored and potentially yielding higher-
quality layouts. The improvements increase the probability
of finding routable layouts at the expense of a temporarily
larger area footprint, which can be subsequently compensated
by PLO. These combined adjustments were employed in
placement-and-routing experiments in Section V-A.

C. Co-simulation of BitNet b1.58 with LLMs

In Section IV-A, a clock-driven C++ model of the sys-
tolic array was established by translating the RTL via
Verilator [12]. However, using the raw model directly re-
quires applications to orchestrate clocked pushes and reads.
Therefore, a low-overhead co-simulation HAL is introduced
that abstracts the clocking protocol and exposes a concise
application-programming interface for MVM, enabling prac-
tical co-simulation with existing LLM inference pipelines.
An overview of the workflow is provided in Fig. 5. Simulator
lifetime and the array’s clocking lifecycle are managed by the
HAL, which issues pre- and post-clock actions for clocked
data ingress and egress, and advances the clock once required
actions in every pipeline state of all PEs are accounted
for. To maximize utilization, a queue of MVM jobs is
maintained, and job slots are filled as they become available.
Access to job slots is time-aligned based on a monotonically
increasing global clock. This alignment-driven scheme keeps
slots continuously occupied under realistic loads without
exposing low-level scheduling mechanics to the caller.

Beyond scheduling, the HAL provides integration con-
veniences for application codebases. Because real work-
loads often present matrix-vector shapes that differ from
the compiled array dimensions, problems of arbitrary size
are automatically decomposed into jobs that fit within the
configured systolic array, and their output partial sums are
aggregated into the final outputs. A pybind11 wrapper is
also created to expose the HAL to Python callers, enabling



TABLE I
EVALUATION OF SYNTHESIS APPROACHES.

EXPERIMENT ALG. w × h = A DB COUNT

W8A8 [11] ortho + PLO 515 × 1043 = 537 145 1 645 777
BitNet b1.58
(This work)

ortho 154 × 372 = 57 288 263 431
ortho + PLO 98 × 233 = 22 834 178 778
gold 87 × 190 = 16 530 133 882
gold + PLO 86 × 184 = 15 824 132 041

w = width, h = height, A = resulting area (in tiles) of the layout.

inference workloads to redirect MVM calls to the wrapper for
direct emulation. To maintain a single source of truth across
layers, an automated build process propagates configuration
parameters—such as array dimensions and pipeline depth—
from Verilog through the generated C++ model and the HAL
to the Python bindings, ensuring consistent binaries.

An open-weight BitNet b1.58 repository providing pre-
trained checkpoints and reference scripts by 1bitLLM [26]
serves as the starting point for this work’s implementation.
When the emulator backend is selected, the repository’s
MVM and quantization primitives are replaced by the Python
wrapper over the co-simulation HAL; CPU or GPU execution
continues to use the original PyTorch-based inference path.
Whereas the reference simulates quantization in float and
then applies a floating-point MVM followed by bias addition,
the co-simulation keeps arithmetic in the integer domain
on the emulator via the HAL. In this arrangement, yint is
computed within the HAL and passed to Python, which then
applies dequantization and bias to obtain yfp. Concretely,
with 8 bit activations xq and ternary weights Wq , together
with an activation scale sx and a weight scale sw:

yint = Wq xq ∈ Zm, yfp =
1

sx sw
yint + b. (2)

This is algebraically equivalent to the reference while keep-
ing the emulator strictly integer.

Together, the RTL design rules, improved RTL-to-DB
synthesis tooling, and a clock-driven, Verilator-based emu-
lator with a co-simulation HAL are key contributions that
enable, for the first time, a unified path from RTL to dot-
accurate layouts and clock-driven, end-to-end BitNet b1.58
LLM inference. The contribution is therefore methodological
rather than predictive: this work provides the infrastructure
into which future, better-calibrated device- and system-level
energy models and interfaces can be integrated to enable
quantitatively grounded, production-oriented evaluation.

V. EXPERIMENTS AND DISCUSSION

This section evaluates the proposed methodology, covering
synthesis of the PE core into DB layouts, the BitNet b1.58
emulation configuration, and co-simulation runtime.

A. RTL-to-DB Synthesis Results

Using the optimized synthesis workflow proposed in Sec-
tion IV-B, multiple DB layouts were synthesized using
various combinations of placement-and-routing algorithms.
The synthesis results of the BitNet b1.58 MXU are presented

in Table I, which details key metrics for each algorithm used.
For consistency with the present methodology, the W8A8
MXU metrics from [11] were recomputed and included.

Across equivalent settings, the BitNet b1.58 accelerator
synthesizes to substantially smaller DB layouts than the prior
W8A8 MXU with a 23.4× area reduction when placed-
and-routed with ortho + PLO. Importantly, while the W8A8
MXU exceeded gold’s tractable problem size, BitNet b1.58’s
lean arithmetic requirements (Section IV-A) produce a suf-
ficiently small netlist for gold’s scaling regime. Together
with PLO, the area reduction increases to 34×, yielding a
substantially smaller clocked layout footprint.

B. BitNet b1.58 Emulator Setup

With the established physical DB layout, the experimental
configuration and evaluation protocol for clock-driven co-
simulation of LLM inference are described next. Per Sec-
tion IV-C, the key configurable parameters for the BitNet
b1.58 MXU are: 1) systolic array dimensions; and 2) PE
pipeline depth. Accordingly, arrays from 16×16 to 128×128
are evaluated, covering reported configurations [22], [25].
Using Eq. (1), by setting Hf = 2407 nm (minimum synthe-
sized height achieved), pe = 53.76 nm in alignment with [10]
and consistent with 14 nm fabrication rules, and Hr = 0 due
to the current lack of a procedure for routing the PE’s pins
to its outer boundaries, the resulting pipeline depth for a
full PE is P = 24. Clock-driven emulation at this depth was
found to be computationally intensive; therefore, experiments
use P = 8 for tractable validation. This choice maintains
deeply pipelined operation and exercises the interleaved job-
slot scheduler, which suffices to validate correctness and
parallelism while keeping runtimes tractable.

All experiments used the BitNet b1.58 700M checkpoints
from 1bitLLM [26] (Section IV-C). End-to-end validation
of the emulator used a curated set of short text-completion
prompts consisting of single-clause stems of roughly 3–
6 tokens targeting simple facts and arithmetic (e.g., “The
capital of France is”). Each benchmark decodes 4 new tokens
per prompt for runtime considerations, with greedy decoding
and deterministic seeding applied to ensure consistency.
Three backends were evaluated: a GPU reference, a CPU
reference, and the Verilator-generated model driven through
the co-simulation HAL described in Section IV-C.

C. BitNet b1.58 Co-simulation Evaluation

Table II summarizes the collected metrics for the tested ar-
ray sizes averaged across all benchmark prompts. Within the
emulation workflow, a text-match accuracy of 100% relative
to the GPU baseline was achieved across all prompts, validat-
ing functional equivalence for the tested cases. Performance-
wise, femul decreases with array size, as expected from
the larger simulated state. An inverse relationship between
jobs per token and array size is also observed, as smaller
arrays require finer segmentation of the workload. Thus,
ttoken lies in the ≈1–4 hour range depending on array size,
achieving functional validation and hardware–software co-
design within tractable runtimes.



TABLE II
HOST-SIDE CO-SIMULATION METRICS FOR BITNET B1.58.

CASE femul[kHz] JOBS/TOKEN ttoken[s] twall[s]

GPU – – 0.09 0.35
CPU – – 7.51 30.04

Emulator Array
16× 16 20.89 2 654 208 5416.71 21 666.82
32× 32 19.15 663 552 3435.02 13 740.07
64× 64 4.90 165 888 6384.47 25 537.89
128× 128 0.97 41 472 14 217.98 56 871.93

Metrics are averaged across prompts; emulator rows report Verilator host runtimes;
femul = effective emulated clock rate; ttoken = per-token decoding latency, twall =
end-to-end wall time; an AMD Ryzen 9 9950X3D CPU and an Nvidia GeForce
RTX 5090 GPU were used.

Overall, the synthesized MXU layouts and end-to-
end LLM inference on the HAL-driven emulator confirm
application-level validation and compact, dot-accurate lay-
outs. The evaluation is methodological, not a full-system
power, fabrication/yield, or larger-model study. Combined
with the abstraction of the clock-driven protocol and prac-
tical guidance on pipeline depth and job interleaving, this
capability is expected to move DB logic research beyond
isolated case studies toward reproducible, workload-driven
system design. The source code for the implementation is
available in the public repository [27].

VI. CONCLUSION

Application-level validation for atomic-scale computing
has been limited by the lack of executable, clock-driven mod-
els for real workloads. This work establishes a reproducible
cross-layer path from synthesizable RTL to a Verilator-based,
HAL-driven emulator and dot-accurate DB layouts, while
preserving a single source of truth through DB-aware RTL
design rules. Text completions on BitNet b1.58 matched the
GPU baseline for the tested cases, validating functional be-
havior for hardware–software co-design, and improvements
to gold produced layouts up to 34× smaller than prior W8A8
MXU designs. Future work on feedback-path synthesis and
calibrated energy models can extend this framework and help
move DB accelerator research from isolated layouts toward
reproducible, workload-driven system design.
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