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Abstract

Traditional FPGAs suffer from long reconfiguration latencies, rang-
ing from milliseconds to seconds, which significantly limits their
usage in applications that require rapid multi-context switching
and dynamic partial reconfiguration. To overcome this barrier, we
propose vertical FPGA (vVFPGA), a novel 3D FPGA and packaging co-
design methodology that leverages advanced packaging to achieve
sub-ps full-chip reconfiguration, while maximizing the on-chip
storage capacity for multiple configuration contexts. In vFPGA, we
partition a 2D FPGA die into two dies: a bottom die with the conven-
tional programmable fabric, and a top die with memory banks and
control logic to store multiple configuration contexts. These two
dies are interconnected face-to-face through high density, vertical
connections, such as micro bumps, Cu pillars, or hybrid bonding,
which enable high-throughput, parallel programming paths that
rapidly reconfigure the bottom die. Using the OpenFPGA frame-
work with GlobalFoundries (GF) 22nm FDSOI process technology,
we design both dies and conduct a comprehensive design space
exploration (DSE) in light of packaging technology scaling. Our
DSE focuses on the co-design of the pitch and dimensions of verti-
cal interconnects, logic fabric partitioning, scan-chain partitioning,
and memory bank selection and layout, with the objective of mini-
mizing reconfiguration latency. In the physical implementation of
3D die-to-die integration, we also address critical signal integrity
issues including clock synchronization and electrostatic discharge
(ESD), along with power delivery challenges. Our simulation results
demonstrate that, with 22nm dies and 45pm Cu pillar pitch, our new
3D FPGA achieves a sub-ps reconfiguration latency, independent
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of the FPGA die size, yielding a 1,000% faster reconfiguration over
traditional 2D FPGAs. Moreover, with hybrid bonding as vertical
interconnects, we achieve sub-10 ns reconfiguration latency.
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1 Introduction

Field-Programmable Gate Arrays (FPGAs) are reconfigurable semi-
conductor devices composed of programmable logic blocks, config-
urable interconnects, and heterogeneous resources such as block
RAMs (BRAMs), digital signal processing (DSP) units, and high-
speed I/Os [12]. They have become a versatile computing platform
across cloud infrastructure, embedded systems, networking, adap-
tive deep learning, and scientific computing [1, 5, 14, 29, 37, 43].
Their post-fabrication programmability bridges the gap between
the flexibility of software and the efficiency of application-specific
integrated circuits (ASICs) [12]. This adaptability allows FPGAs
to deliver efficient hardware acceleration, rapid prototyping, and
long-term support for evolving application requirements. FPGAs
further exploit massive fine-grained parallelism through thousands
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Figure 1: 2D FPGA to 3D vFPGA. (a) Conventional 2D FPGA fabrics integrate configuration memory and logic with long serial
scan chains. (b) Disaggregation separates memory and logic into distinct dies, introducing localized, partitioned scan chains. (c)
Proposed vFPGA vertically stacks memory and logic dies using high-density VIs, enabling scalable and parallel reconfiguration.

of concurrently active logic elements and custom data paths, deliv-
ering high-throughput and energy-efficient execution without the
overheads of general-purpose processors [30, 31].
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Figure 2: Conventional 2D FPGAs incur ms-scale reconfigu-
ration latency that increases with CLB count, while the pro-
posed vFPGA sustains sub-us latency independent of area.

Despite these advantages, FPGA reconfigurability introduces
substantial configuration overhead that limits fast context switch-
ing and partial reconfiguration (PR) [12, 36]. Programming an FPGA
requires loading a bitstream into distributed storage cells, typically
flip-flops or SRAM, embedded within configurable logic blocks
(CLBs), switch blocks (SBs), and connection blocks (CBs) [7, 36, 43].
Conventional devices rely on a global serial shift-register chain
(SRC) that loads one bit per clock cycle, causing full-chip reconfigu-
ration to span milliseconds (ms) to seconds depending on bitstream
size and interface bandwidth. Figure 2 illustrates that reconfigura-
tion latency increases linearly with the effective die area for both
homogeneous (CLB-only) and heterogeneous (CLB + DSP/BRAM)
2D island-style fabrics, and remains in the millisecond range even
at high programming frequencies. Both fabrics were generated
with fixed layout dimensions using OpenFPGA [34], with die area
estimated from the corresponding homogeneous fabrics synthe-
sized in GF22. In this setup, heterogeneous fabrics replace 50% of
CLB columns with DSP/BRAM tiles without altering the physical
footprint, isolating the impact of architectural heterogeneity on
bitstream size and reconfiguration latency.

To address long reconfiguration times, FPGA vendors and re-
searchers have explored architectural optimizations [42] such as
parallel scan chains and frame-based programming, which provide
programming throughput and support PR. Yet, these approaches

incur significant I/O, routing, and area overheads [13], and their
benefits diminish as bitstream sizes scale with device capacity.

Complex applications within heterogeneous workloads often re-
quire rapid switching or reconfiguration across multiple algorithms
or workload phases, including real-time multi-model Al inference,
multi-step robotics navigation and planning, and data-adaptive
high-frequency trading (HFT). For instance, robotic workloads fol-
low the sequential sense—plan-act paradigm but must adapt compu-
tation across perception, localization, planning, and control layers,
each with considerable algorithmic variability requiring high-speed
PR [26]. Even in domains where FPGAs provide substantial speedup
over CPUs and improved energy efficiency compared with GPUs,
such as video analytics, long configuration latencies remain a major
bottleneck for rapid run-time reconfiguration (RTR) [38]. Similar
constraints arise in HFT, where sub-ps responsiveness is required to
adapt to market dynamics without disrupting active pipelines [27].
Modern Al workloads also increasingly rely on multiple specialized
models. Hierarchical inference frameworks such as Super-Sub [40]
first run a lightweight classifier to identify a superclass and then in-
voke a fine-grained model for subclass prediction [43]. Supporting
such multi-model pipelines requires fast, selective context switch-
ing and the ability to activate many hardware configurations with
minimal overhead. Together, these trends motivate the need for
FPGA architectures that achieve sub-ps reconfiguration, support
efficient multi-context (MC) storage, and enable scalable PR.

To address these requirements, we propose a vertical FPGA (vF-
PGA) that overcomes the limitations of 2D FPGAs without incurring
substantial planar silicon area or footprint overhead. The vFPGA
employs a novel 3D FPGA and packaging co-design methodology
that leverages advanced packaging technologies to achieve sub-ps
full-chip reconfiguration while maximizing on-chip storage for mul-
tiple configuration contexts. As shown in Figure 1, the proposed
architecture partitions a traditional 2D FPGA into two stacked dies:
a bottom logic die (LD) containing the programmable fabric, and
a top memory die (MD) integrating dense configuration memory
banks and control circuitry. The two dies are connected face-to-face
using high-density vertical interconnects (VIs), such as p-bumps,
copper (Cu) pillars, or hybrid bonding [17, 20, 22, 24, 32], provid-
ing high-throughput, parallel configuration paths that replace long
serial scan chains (Figure 1c) with localized partitions and signifi-
cantly reduce reconfiguration latency. The LD is partitioned into
independent regions aligned with corresponding MD partitions (Fig-
ure 3), enabling coarse-grained static PR. Moreover, the MD stores
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multiple configuration contexts, allowing rapid context switching
without the silicon area and latency overheads associated with 2D
memory-based FPGA designs. By co-optimizing VI pitch, memory
organization, and 3D integration parameters, the vFPGA achieves
sub-ps full-chip reconfiguration and efficient multi-context opera-
tion with improved runtime adaptability. To enable scalable sub-ps
multi-context reconfiguration in vFPGAs, this work makes the fol-
lowing key contributions:

e Proposes a two-tier 3D FPGA and packaging co-design
methodology that partitions a traditional 2D FPGA into
stacked programmable logic and memory dies.

e Develops a 2D-to-3D bitstream mapping algorithm that
segments a 2D bitstream into tile-aligned parallel scan-chain
segments, enabling high-bandwidth vertical reconfiguration.

o Introduces a scalable, partitioned reconfiguration scheme
with independent clock and control domains across aligned
inter-die regions, supporting both coarse-grained static par-
tial reconfiguration and synchronous full-chip programming.

e Designs memory bank organization and selection strate-
gies that maximize multi-context capacity while minimizing
latency and preserving design simplicity.

e Performs comprehensive DSE, demonstrating sub-ps full-
chip reconfiguration, independent of FPGA size, achieving
up to a 1,000x speedup over conventional 2D FPGAs.

e Analyzes and addresses critical 3D integration challenges,
including clock synchronization, ESD protection, and power
delivery in face-to-face die stacking.

The remainder of this paper is organized as follows. Section
2 reviews background and related work. Section 3 describes the
vFPGA architecture and associated DSE. Section 4 presents 3D
circuit-level design considerations, while Section 5 outlines 3D
programming methodologies. Section 6 reports implementation
details and experimental results, and Section 7 concludes the paper.

2 Background and Related Work

This section reviews 2D FPGA reconfiguration mechanisms, ad-
vances in 2.5D and 3D integration, and prior 3D FPGA architectures,
and identifies the limitations that motivate the proposed vFPGA.

2.1 2D FPGA Reconfiguration

FPGA reconfiguration latency is the time required to load a con-
figuration bitstream, determined primarily by bitstream size and
available configuration bandwidth. Over time, FPGA configura-
tion mechanisms have evolved to balance flexibility, performance,
power, and area. Early devices relied on SRC configuration, in
which bits propagate sequentially through distributed flip-flops. Al-
though SRC offers simplicity and minimal area overhead, it scales
poorly, resulting in high reconfiguration latency. Modern commer-
cial FPGAs instead employ SRAM-based frame configuration, where
addressable volatile memory frames enable faster access, parallel
loading, and PR, but at the cost of higher static power, larger silicon
area, and reliance on external non-volatile storage [23]. Despite
these advantages, scan-chain based approaches remain attractive
for semi-custom or resource-constrained FPGAs where area and
leakage power are critical [13, 23]. Advanced techniques such as
PR allow selective runtime updates to FPGA regions, improving
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hardware reuse and dynamic adaptability, but are limited by tools,
routing constraints, and floorplanning complexity [36, 43]. Multi-
context FPGAs, in contrast, provide near-instant switching between
multiple stored configurations, enabling cycle-level reconfigura-
tion with a limited number of contexts, but incurring significant
area and energy overheads even with architectural optimizations
[11, 35]. As modern applications including adaptive signal pro-
cessing, cryptography, high-performance computing, and AI/ML
demand increasingly dynamic behavior, 2D FPGAs face growing
bottlenecks due to limited configuration bandwidth and the large
area footprint required for on-chip MC storage.

2.2 3D Packaging Technologies

Advanced packaging methods have enabled 2.5D and 3D hetero-
geneous integration of large-scale systems with improved data
movement and energy efficiency. Several bonding approaches have
progressively reduced the pitch of VIs. Early methods relied on
solder bumps at coarse pitches greater than 100 pm, but these
structures scale poorly at finer dimensions. Copper pillar-based
p-bumps were introduced to overcome this limitation, consisting
of a cylindrical Cu column topped with a solder cap. They are fab-
ricated by electroplating Cu, followed by solder deposition; during
reflow, the solder forms intermetallic compound (IMC) bonds, en-
abling robust face-to-face or face-to-back stacking [18]. Hybrid
bonding eliminates solder entirely and instead forms direct Cu-Cu
contacts embedded within dielectric-to-dielectric bonded layers.
This method requires chemical mechanical planarization (CMP) to
ensure intimate wafer or die surface contact [4, 16]. Scaling trends
show that p-bump pitch has reduced from ~80 pum pitch in early
flip-chip designs to ~40-20 pm today, with research targeting 10 pm
and below [10]. Hybrid bonding has advanced from ~10 pm down
to sub-5 pm, with roadmaps projecting 1-2 pm for dense 3D IC
integration [17, 20, 24, 32]. Compared with p-bumps, hybrid bond-
ing supports finer pitch, lower parasitics, and higher interconnect
density, at the cost of increased process complexity. In this work,
we consider the scaling capabilities of both p-bumps and hybrid
bonding in the context of vVFPGA integration and DSE.

2.3 3D Design and 3D FPGAs

As conventional 2D FPGA fabrics approach scaling limits, researchers
have increasingly explored 3D integration to address density, per-
formance, and interconnect bottlenecks. Commercial devices em-
ploying 2.5D integration, such as Xilinx Virtex-7 [42] and Intel
Stratix-10 [19], place multiple chiplets on passive interposers and
integrate them to increase logic capacity. While effective for capac-
ity scaling, these designs suffer from limited inter-die bandwidth
and increased latency due to long interposer routing. True 3D stack-
ing enabled by through-silicon vias (TSVs) or face-to-face bonding
offers significantly higher interconnect density, lower latency, and
improved power efficiency. Unlike 2.5D systems, which are con-
strained by edge-based interconnects, fully stacked 3D designs can
exploit dense Cu interconnects distributed across the entire die
surface. Prior work has explored both logic-on-logic stacking and
logic-on-heterogeneous integration, supported by modeling and
evaluation frameworks for 3D FPGA architectures [6, 9, 39, 44].
These studies examine trade-offs among stacking multiple FPGA
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Figure 3: Overview of the proposed vFPGA architecture: (a) logic die (LD) and memory die (MD) stacked using Cu pillars, (b)
tile-level layout of the baseline FPGA fabric on LD, showing CLBs, CBs, SBs, and I/Os, with partitioned domains, (c) homogeneous
MD with domain-aligned configuration memories, (d) heterogeneous MD incorporating BRAM and memory banks.

fabrics to expand logic capacity, integrating logic with memory
or ASIC accelerators for heterogeneous systems, and embedding
configuration memory within back-end-of-line layers using mono-
lithic 3D approaches to improve area efficiency, power, total wire
length and critical path delay relative to 2D FPGAs, but not full-
chip MC reconfiguration latency. Recent demonstrations further
highlight the potential of fine-pitch 3D integration [2, 18, 41]. For
example, [33] prototyped a 3D ASIC system-on-chip in TSMC 7nm
using hybrid bonding with sub-2 pm pitch, achieving substantial
improvements in on-chip capacity and performance for augmented
reality workloads within the same area footprint. Their design ad-
dresses critical 3D challenges such as clock forwarding, clock-tree
synthesis (CTS) balancing, power delivery, and IR-drop analysis,
underscoring the maturity of 3D integration for high-performance
systems. In contrast, commercial multi-die FPGAs primarily adopt
2.5D or multi-die integration to scale logic capacity rather than to
accelerate reconfiguration. Rapid context switching in these devices
is typically achieved through logic duplication and output multi-
plexing, trading area for ns-scale switching latency, but supporting
only a limited number of contexts. Collectively, these observations
motivate fully stacked 3D integration with dense die-to-die VIs as
a promising direction to enable high-bandwidth reconfiguration
and scalable MC operation, and sub-ps latency, while preserving
the benefits of 2D FPGA fabrics with minimal design refactoring.

3 Architecture Exploration and Definition

Modern heterogeneous workloads such as multi-model Al inference,
robotics, and HFT, require rapid RTR with minimal system disrup-
tion, motivating a holistic 3D FPGA co-design of 2D architectures
and packaging technologies. In particular, reducing RTR requires
careful selection of VI density, partitioning of signal and power VIs,
and memory organization on the MD to maximize MC capacity. To
guide these design choices, we conduct a comprehensive DSE that
evaluates the trade-offs among these parameters.

3.1 Baseline 2D FPGA and Fabric Generation

We adopt an island-style homogeneous, tileable FPGA architecture
as the baseline for exploration. A simplified 3x3 instance of this
fabric is shown in Figure 3b to illustrate the organization of CLBs,
CBs and SBs; in our study the architecture is scaled to a 23x23 grid

of CLBs, each containing ten 6-input look-up tables (LUTs), with
programmable routing implemented via CBs that connect routing
tracks to CLB inputs and SBs that provide inter-track connectiv-
ity. The device contains 1.1 X 10° configuration bits, programmed
serially through a single scan chain, resulting in full-chip reconfig-
uration latencies of 3.6 ms and 2.18 ms at frequencies of 300 MHz
and 500 MHz, respectively. This baseline provides a foundation
for evaluating VI pitch, memory organization, and programming
methodologies prior to detailed circuit- and system-level design.
We use the open-source OpenFPGA framework [34], built on the
Versatile Place and Route (VPR) tool [28], to generate 2D FPGA
fabrics with different architectural configurations using a flexible
CAD flow. OpenFPGA takes as input the VPR architecture XML,
OpenFPGA-specific architectural annotations, benchmark RTLs,
timing and design constraint files, switching activity data, and op-
tional verification or optimization settings. The framework supports
FPGA-Verilog and FPGA-Bitstream subflows, enabling automated
generation of 2D fabric RTLs, SDC files, and native bitstream. Our
experiments employ both homogeneous and heterogeneous FPGA
fabric templates derived from VPR architecture definitions, with
key parameters including fabric dimensions (auto or fixed), rout-
ing channel width (auto or fixed), heterogeneous block placement,
and configuration protocols. Figure 4 illustrates the overall flow.
Because the VPR flow automatically scales fabric size and routing
channel width based on RTL benchmark requirements, resulting in
variable bitstream sizes, we enforce a fixed fabric size and channel
width across all RTL benchmarks. This ensures consistent bitstream
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Figure 4: OpenFPGA-based design flow illustrating the gener-
ation of 3D-aware vVFPGA RTLs, bitstreams, and testbenches.
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sizes and enables fair evaluation of multi-context bitstreams across
different benchmark circuits, which is essential for analyzing verti-
cal and multi-context RTR in vFPGA. The generated RTL fabrics
are synthesized in GF22 FDSOI technology to obtain area and tim-
ing estimates, which are used to derive VI counts across different
pitches and corresponding 3D reconfiguration latencies.

3.2 VI pitch and Reconfiguration Latency

The VI pitch directly influences reconfiguration latency by deter-
mining the density of parallel programming links between LD and
MD. To quantify this, we analyze three key parameters: program-
ming frequency, signal-link allocation, and configuration bit density.
Our initial analysis assumes linear scaling of the memory bit-cells
and peripheral circuitry with the logic fabric, and sufficient memory
bandwidth to fully utilize available signal links at fine VI pitches.

3.2.1 Across Programming Frequencies. We begin by assuming a
CLB pitch of 140 pm derived from synthesis results. The total num-
ber of VIs within this area is evenly partitioned between signal
and power links (50% each), consistent with common practices in
3D integration analysis [45]. Figure 5a illustrates the impact of
VI pitch on reconfiguration latency across different programming
frequencies, assuming fixed bit density and a 50/50 signal-power
VI partition. As VI pitch decreases, interconnect density increases,
enabling higher programming parallelism and reduced reconfig-
uration latency. The observed quadratic trend arises because the
number of VIs scales inversely with the square of pitch, while re-
configuration latency scales inversely with the available VI count.
For coarse pitches above 50 pm, reconfiguration latency remains
above the sub-ps regime even at higher programming frequencies.
In contrast, pitches below 30 pm consistently achieve sub-ps recon-
figuration across evaluated frequencies. At 500 MHz, sub-ps latency
is also attainable with pitches below 50 pm using Cu pillars, mak-
ing this frequency-pitch combination a practical near-term design
point (shaded region in Figure 5a). Overall, increasing programming
frequency from 200 to 500 MHz yields modest latency reductions
compared to the substantial gains achieved through aggressive VI
pitch scaling. With advanced integration such as 1 pm pitch hybrid
bonding, latency can be reduced to sub-10 ns range, underscoring
the potential of fine-pitch VIs for future vFPGA designs.

3.2.2  Signal VI Allocation. Figure 5b evaluates the impact of signal-
link allocation on reconfiguration latency, with programming fre-
quency fixed at 500 MHz and configuration bit density held constant.
Based on the prior analysis, VI pitches below 50 pm were identified
as a practical operating region, and are therefore retained here for
further exploration. As the fraction of VIs allocated to signal links
increases, programming throughput improves, leading to reduced
reconfiguration latency. At a 35% signal-link allocation, program-
ming latency is highest, with several configurations exceeding 1 s
once the pitch approaches ~40 um. Increasing the allocation to 44%
reduces latency and allows sub-ps operation to persist up to 45 pm.
These results reinforce the earlier observation that both program-
ming frequency and VI partitioning strongly influence reconfigura-
tion latency. While higher programming frequency and increased
signal-link allocation extend the sub-pis operating envelope, pitches
of 50 um and above generally transition into the multi-pis regime
regardless of link allocation. This behavior underscores the impor-
tance of aggressive VI pitch scaling in combination with sufficient
signal-link provisioning to achieve low-latency reconfiguration.

3.2.3 Impact of Configuration Bit Density. Figure 5c shows the
effect of configuration bit density on reconfiguration latency across
VI pitches, assuming a fixed 44% signal-link allocation and a pro-
gramming frequency of 500 MHz. Bit density is derived from the
baseline design by scaling the CLB pitch from 140 pm to 105 pm,
capturing area scaling trends expected in advanced technology
nodes and custom FPGA implementations. As bit density increases,
reconfiguration latency becomes increasingly sensitive to VI pitch.
At coarse pitches (40-45 pm), latency rapidly exceeds the sub-ps
target with increasing bit density, whereas finer pitches (<35 pm)
consistently sustain sub-ps reconfiguration. At the extreme of 1 pm
hybrid bonding (shaded region in Figure 5c), latency theoretically
approaches the nanosecond regime, enabling near single-cycle full-
chip reconfiguration that is effectively independent of bit density.

The combined analysis establishes clear design guidelines for
vFPGAs. The VI pitches of <30 pm consistently achieve sub-ps
reconfiguration across programming frequencies, signal-link allo-
cations, and bit densities, rendering latency largely insensitive to
other parameters. For VI pitches up to 50 pm, a 500 MHz program-
ming frequency with ~44% signal links provides a practical balance
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that sustains sub-ps reconfiguration under moderate increases in bit
density. Building on these insights, we next examine memory scal-
ing and bank organization, which are critical for sustaining sub-ps
performance and enabling scalable multi-context reconfiguration.

3.3 Memory Scaling and Bank Organization

While VI density sets the upper limit of inter-die reconfiguration
bandwidth, memory scaling and bank organization determine how
efficiently this bandwidth is utilized by the memory die at fine VI
pitches to achieve lowest possible reconfiguration latency and high
multi-context capacity. In 3D FPGAs, the memory die must there-
fore support both dense context storage and fast, parallel access
to the logic die, making careful bank partitioning, alignment with
logic regions, and inter-bank organization critical for sustaining
high context capacity. We use GF22 SRAM memories to evaluate
the selection of different memory bank sizes under different parti-
tioning granularities and study their impact on achievable context
capacity and operating frequency in the slow-slow (SS) corner.

We consider five partitioning granularities: per tile, per half re-
gion, per one region, and across two and three regions. As shown
in Figure 3b, a tile comprises CLBs, SBs, and CBs. A sub-region
corresponds to half the tiles within a region, one region spans one
full row of tiles, and multi-region configurations cover two or three
complete rows. The architecture scales accordingly across these
partitioning levels based on architectural choices. The scan-chain
partitioned regions on the LD are aligned with corresponding mem-
ory partitions on the MD, as illustrated in Figure 3c for homoge-
neous fabrics and Figure 3d for heterogeneous fabrics incorporating
BRAMs. These scalable partitioning strategies enable static PR at
multiple granularities and can be naturally extended to support dy-
namic PR. Fine-grained partitions, such as tile-level regions, require
smaller memory banks to reconfigure localized portions of the logic
die, whereas coarser partitions spanning multiple regions allow the
use of larger memory banks with higher bandwidth to reconfigure
multiple tiles concurrently. From a scaling perspective, multiple
small memory banks incur higher area overhead per bit due to
the peripheral circuitry, whereas fewer, larger banks reduce area
cost but typically operate at lower frequencies, introducing poten-
tial performance constraints. This analysis therefore examines the
trade-offs among bank size, operating frequency, and architectural
partitioning to quantify their impact on supported context capacity
and overall MC reconfiguration efficiency.

Figure 6 illustrates the trade-offs between the normalized area
per bit and achievable clock frequency (SS corner) for different
memory partitioning granularities aligned with scan-chain regions
on the LD (Figure 3). Fine-grained partitions (tile or sub-region
level) sustain high operating frequencies but incur substantial area
overhead due to a larger fraction of peripheral circuitry, which
limits the number of storable contexts and constrains the ability to
drive all signal VIs at finer pitches (<20 pm). As partitioning scales to
multiple larger banks spanning one to three regions, area efficiency
improves substantially, enabling higher context capacity. However,
operating frequency degrades and falls below the 500 MHz target
when banks span three or more regions; this trade-off is acceptable
at fine VI pitches below 30 pm, where reconfiguration latency is
largely insensitive to programming frequency.
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These results underscore a fundamental design trade-off: finer-
grained partitioning with smaller banks sustains higher access
frequencies but incurs area overhead penalties, whereas larger
banks improve area efficiency at the cost of reduced operating
frequency. Balancing these factors is critical for maintaining sub-ps
reconfiguration while supporting scalable multi-context storage.
For VI pitches in the 30-50 pm range, partitioning at the one-region
or two-region level provides a practical balance, with the final
choice guided by specific design requirements, including PR.

3.4 Balancing Context Capacity and PR

As illustrated in Figure 6, memory bank partitioning directly influ-
ences both context capacity and the granularity of static or dynamic
PR. Fine-grained partitioning at the tile or sub-region level offers
flexible reconfiguration of small fabric regions but limits the num-
ber of pre-stored contexts, as configuration memory is fragmented
across many small banks. In contrast, coarser partitioning at the one-
or two-region level supports higher context capacity by amortizing
peripheral overhead, at the expense of reduced PR granularity. This
trade-off is further influenced by VI overhead, since finer-grained
partitioning requires additional clock and control VIs. Although
smaller VI pitches help mitigate this overhead by providing more
routing density, the fundamental balance between PR granularity
and context storage remains. For VI pitches in the 30-50 pm range,
partitioning at the one- or two-region level offers the most practi-
cal compromise, enabling high context capacity while supporting
coarse-grained PR with manageable interconnect overhead.

3.5 Heterogeneous Architecture Exploration

In OpenFPGA-generated heterogeneous 2D fabrics, architectural
variation is introduced by replacing selected CLB tile columns with
specialized IP blocks such as BRAMs, DSP units, or adder chains.
Relative to homogeneous fabrics, this substitution reduces the ef-
fective configuration bit density on the LD, which correspondingly
lowers reconfiguration latency when extended to proposed vFPGA.
Heterogeneous resources can also be placed on the MD (Figure 3d),
increasing the logic density on the LD but imposing additional de-
mands on VI allocation and reducing available context capacity. In
such cases, VIs must be provisioned not only for configuration data
delivery but also for access to associated memory banks and hetero-
geneous resources. Although finer VI pitches increase the available
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Figure 6: Area—frequency trade-off across memory bank par-
titioning levels, from fine- to coarse-grained PR.
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inter-die connectivity, careful VI allocation is required to balance
reconfiguration bandwidth, context capacity, and heterogeneous
resource connectivity. Effectively managing these trade-offs enables
denser heterogeneous fabrics that preserve the performance and
flexibility advantages of these FPGA architectures while sustaining
low reconfiguration latency and scalable multi-context support.

4 3D FPGA Circuit Design Analysis

This section analyzes key circuit-level challenges in implementing
the proposed vFPGA with fine-pitch 3D integration, focusing on
ESD reliability, power delivery, and inter-die clock synchronization.

4.1 ESD Considerations

Electrostatic Discharge (ESD) remains a critical reliability challenge
in 3D IC packaging as die stacking and fine-pitch VIs become in-
creasingly prevalent. The shrinking VI pitch significantly constrains
the available I/O footprint, limiting the integration of conventional
pad-based ESD protection structures. This concern is more severe
in advanced technology nodes, where reduced gate-oxide thickness
lowers breakdown voltage thresholds and increases susceptibility
to ESD-induced oxide failure. Traditional ESD protection circuits
with diode networks and RC-clamp paths are effective in planar
ICs with sufficient pad pitch; however, in 3D ICs they incur exces-
sive silicon area overhead and introduce parasitic capacitance that
degrades high-speed I/O signaling. Moreover, standard ESD models
such as the human body model (HBM) and charged device model
(CDM), which involve the application of high-voltage pulses to
external pads or internal nodes, do not fully capture ESD discharge
mechanisms in stacked-die environments, where VIs are embedded
within the die. Recent studies indicate that wafer-to-wafer (W2W)
hybrid bonding offers natural ESD mitigation through a voltage
suppression effect, whereby elevated inter-wafer capacitance can
reduce electrostatic potential by up to 98% [25]. When combined
with the inherent series resistance of metal routing, this capaci-
tance significantly attenuates discharge currents, reducing the need
for dedicated ESD devices. In such assemblies, CDM events dur-
ing stacking dominate, while HBM events are largely irrelevant.
In contrast, die-to-die bonding does not benefit from comparable
capacitive suppression and therefore requires more careful design

and reliance on interconnect resistance for current damping [15].
Although the RC characteristics of interconnect structures remain
largely invariant with decreasing pitch generations [15], the in-
trinsic series resistance of metal routing and interconnects plays
a pivotal role in attenuating peak discharge currents. For larger
voltage transients, this necessitates reliance on foundry-level clean-
room integration practices to ensure safe 3D die stacking and to
minimize the likelihood of ESD events during prototype fabrication.
Thus, in this work, ESD robustness during face-to-face stacking is
ensured through reliance on foundry-level cleanroom practices.

4.2 vFPGA Power Considerations

Power delivery is a critical challenge in face-to-face stacked archi-
tectures where the top die relies on VIs from the bottom die for
power supply. In vVFPGA, this challenge is amplified because the
finite number of VIs within a given die area must be shared between
power delivery and signal connectivity for parallel programming,
clock distribution, and control. Allocating a larger fraction of VIs
to power delivery directly reduces the available signal VIs, thereby
constraining achievable reconfiguration latency, especially for VI
pitches in the 30-50 pm range, as observed in the DSE (Figure 5b).
Consequently, accurate characterization of the power requirements
of both LD and MD, along with a careful choice of die stacking
order, is essential to balance power delivery integrity and reconfig-
uration performance. Figure 7a illustrates the VI requirements for
power delivery as a function of chip power under different IR-drop
limits. The shaded region represents the power envelope of the 2D
LD, which scales with CLB count, while the MD’s power demand,
derived from activity-driven analysis of SRAM bank operations, is
significantly lower. The fraction of VIs allocated to power delivery
increases with the total chip power of the die placed on top, as main-
taining a voltage drop within 2-6% of Vpp requires progressively
more power VIs. These requirements are estimated by modeling
IR drop across the Cu pillar and via stack in GF22. Stricter IR-drop
constraints (2-4%) drive power VI requirements beyond 40-60% at
higher chip power levels, while relaxed limits (6-8%) reduce the
power VI demand but at the expense of power integrity margins.
Placing the MD on top is therefore advantageous, as its lower
power demand consumes fewer power VIs, leaving a larger fraction
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for signal routing and enabling sustained sub-ps reconfiguration or
even lower latency at finer pitches, provided that memories can sup-
ply sufficient bandwidth. Once sub-ps reconfiguration is achieved,
additional VIs can be reassigned to power, to further strengthen
the power delivery network without impacting latency, depending
on design requirements. Increasing the number of power VIs ben-
efits both dies by reducing current density per interconnect and
improving overall supply robustness. In contrast, placing the LD
on top, significantly increases power VI requirements due to its
higher power consumption, reducing the number of signal VIs and
limiting reconfiguration flexibility for pitches above 30 pm. Conse-
quently, stacking the lower-power MD on top minimizes contention
between power and signal VIs while providing greater opportunity
to reinforce power integrity and sustained fast reconfiguration.

4.3 Clock Distribution and Skew Management

To address timing challenges in 3D circuits, we implement a high-
speed source-synchronous inter-die clocking architecture in which
the bottom die serves as the primary timing reference (Figure 7c).
The source-synchronous method is preferred for high-speed 3D
ICs as it mitigates the impact of uncorrelated process variations
between stacked dies [3, 21, 33]. In vVFPGA, each die is synthesized
with an independent clock tree to support local operations. The
cross-die synchronization is achieved by forwarding the bottom-
die clock to the top die, which uses this to launch return data.
The bottom die then samples the returning data using a locally
delayed capture clock. This capture clock is explicitly calibrated to
compensate for the worst-case round-trip RC latency, accounting
for both the forward clock path and the return data path across Cu
pillars. This methodology minimizes the skew accumulation and is
critical for ensuring timing closure during parallel 3D programming,
enabling robust, sub-ps reconfiguration in vFPGA architectures.

5 3D FPGA Programming Methodologies

In this section, we present a bitstream segmentation algorithm
that converts a 2D bitstream generated by OpenFPGA into a 3D
bitstream for vFPGA. The resulting bitstream is stored on the top
MD and delivered to the bottom LD via VIs that drive multiple
short, parallel scan chains, significantly reducing reconfiguration
latency compared to a single long scan chain. The algorithm re-
quires three categories of inputs. The bitstream inputs include the
2D binary configuration bitstream (fabric_bitstream.bit) and the
structural mapping of bits to FPGA tiles extracted from the XML
netlist (fabric_bitstream.xml). The DSE inputs specify the total
number VIs (L3p) within the die area and the percentage of signal
links range (R;). The design inputs describe the physical layout
of the FPGA fabric and the corresponding 2D scan-chain routing.
The algorithm outputs the generated 3D bitstream and the total
number of reconfiguration clock cycles for both the core and pe-
riphery (Cyc_reconfig_core, Cyc_reconfig_peri). A key feature of
the algorithm is that scan-chain partitioning is performed at tile
granularity rather than uniformly slicing the bitstream across sig-
nal VIs. This enables scalable and repeatable tile blocks across the
layout, simplifying hardware generation, RTL design and program-
ming workflows. Separating the bitstream into core and peripheral
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Algorithm 1 2D Bitstream Segmentation for 3D vFPGA

: Bitstream Inputs: 2D bitstream (bit,;), XML netlist (xml)

: DSE Inputs: Total VIs (Lsp), % Signal VIs range (R;)

: Design Inputs: Physical layout, 2D scan-chain route

: Outputs: 3D bitstream, Total reconfiguration clock cycles for
core (Cyc_reconfig_core) and periphery (Cyc_reconfig_peri)

[N R

: Step 1: Define groups

: Read xml and bit,yy

. Extract Nyjjes, Nperi» Nio from layout

. split_loc « I_O_tile_last from xml

: Group 1: Nbit_peri « |bit4[0 : split_loc]|

10: Group 2: Nbit_core « |bityq[split_loc+1 : end]|
11: Nbits_tile « max; (|bityq[core_tile_i_indices]])

o ® I o W

12: Step 2: Balanced Link Allocation
13: Lrgnge < {1,..., [Rs * Lsp|}; prev_imbalance < oo
14: for L € Lygnge do

. L+Nbit_peri . .
15: L_perl — Lmj, L_core < Lsp — L_perl
. Nbit i i
16: imbalance « | Hperi Nb”*wre|

L_peri L_core

17: end for

18: Store and select the L_core and L_peri with minimal imbalance
Nbit_core

19: Acore — "I core

Nbit_peri

20: /lperi - L_peri

21: Step 3: Core Tile Assignment
Nbits_tile-]

22: L_per_tile_core =[ Toors

. Nbits_tile
23: Cyc_reconfig_core = fm]

24: Execute Algorithm 2 to segment the core 2D bitstream

25: Step 4: Peripheral Assignment

26: Assign one link per periphery tile

27: Cyc_reconfig_peri «— max(|bityq[peri_tile_i_indices]|)
28 Lip l—Z(\bitzd[io_i_indices]\)-|

Cyc_reconfig_peri
29: Pad smaller tiles with zeros as specified in Algorithm 2

30: Step 5: Validation
31: Lyoral < L_per_tile_core * Nyjjes + 1 % Nperi + Lip * 1
32: if Lyozqr > max(Lyange) then

33: Rechoose the next-optimal configuration (Line 18)
34: (Lcores Lperi) and repeat Steps 3-5
35: end if

Algorithm 2 Step 3: Split the 2D core bitstream into tile segments

1: L « links_per_core_tile
2: segments[1..L] « €

3: for all ¢ in core_tile do
4: base « [Acore/L]; rem «— Acore mod L
5 seg_len « base + 1 > length of the longer segments
6: fork=1toL do
7
8

> per-link streams (empty)

segments[k] < next (base + 1) if k < rem else next base bits
Pad segments[k] with zeros to seg_len > pad shorter segments
9: end for
10: end for
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groups provides two additional advantages: (i) the core can be parti-
tioned into evenly sized regions to support balanced PR or flexibly
adapted to design requirements, and (ii) peripheral I/O tiles can be
programmed independently, which is beneficial for static PR requir-
ing stable I/O contexts during dynamic updates. The scan-chain
segmentation begins by partitioning the 2D bitstream into periph-
eral (Group 1) and core (Group 2) regions using the XML file. As
shown in Step 1 of Algorithm 1, the split point is defined by the last
/O tile entry (I_O_tile_last). In this step, the maximum number
of bits across all core tiles (Nbits_tile) is identified. Under parallel
scan-chain programming, this value determines the total number of
reconfiguration clock cycles, and therefore directly sets the recon-
figuration latency. In Step 2, the average number of configuration
bits per VI, for the core and periphery (Acore and Aper;) is evaluated
over a range of signal-link fractions (R;s). The signal-link allocation
that minimizes the imbalance between core and peripheral bits is
selected. Guided by the DSE results in Section 3, R; is constrained
to the range of 44-50%. The core tile assignment is performed in
Step 3. The core 2D bitstream is traversed tile by tile (Figure 7d)
and divided into tile-level segments. For each tile containing Acore
bits and assigned Lcore links, bits are distributed as uniformly as
possible across the links, with any remainder allocated to a subset
of links, as given in Algorithm 2. To enable synchronous shifting
across parallel scan chains, shorter segments are right-padded with
zeros so that all links associated with a tile shift an equal number
of bits. The total number of reconfiguration cycles for the core
(Cyc_reconfig_core) is computed as Nbits_tile/L_per_tile_core.
Step 4 assigns VIs for peripheral tiles. Since peripheral tiles contain
fewer configuration bits than core tiles, dedicated links (one link
each) are assigned to the bottom-left, bottom-edge, and left-edge
tiles. The remaining I/O and corner tiles share a common link pool
sized to match the maximum peripheral programming cycle count
(Figure 7d). This maximum is determined by the peripheral tile
with highest number of configuration bits, and padding is applied
as needed to equalize cycle counts across all peripheral links. Fi-
nally, Step 5 validates the total number of assigned links does not
exceed the available VI budget. If this constraint is violated, the
next optimal signal-link allocation from Step 2 is selected and the
subsequent steps are repeated. Overall, the algorithm partitions the
2D bitstream into multiple parallel short scan-chains driven by VIs
from MD, enabling efficient and scalable vVFPGA reconfiguration.

6 Results and Implementation

Through our exploration, we derive a set of design principles that
guide scalable vFPGA architectures. Our DSE shows that VI pitch is
the dominant factor governing reconfiguration latency, with pitches
<30 um consistently achieving sub-ps operation across evaluated
parameters. Although advanced hybrid bonding at 1-10 pm pitch
can theoretically enable sub-10 ns switching, practical implementa-
tions are constrained by memory scaling, where peripheral circuitry
overhead limits the number of ports available per tile or region, pre-
venting full utilization of the increased signal VI count. As a result,
the primary bottleneck shifts from VI density to memory periphery
scalability, which limits the achievable configuration bandwidth
despite abundant signal VIs. Therefore, for hybrid-bonded vFPGAs,
architectures that jointly balance sub-ps reconfiguration latency,
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multi-context storage, and partial reconfiguration, while allocating
remaining signal VIs to support high-performance heterogeneous
FPGA fabrics, represents a practical and scalable design strategy.
At intermediate pitches of 30-50 um, a 500 MHz programming
frequency with ~44% signal-link allocation provides a practical
operating point, sustaining sub-ps reconfiguration even under mod-
erate increases in configuration density for semi-custom designs.
Memory scaling further introduces trade-offs among operating fre-
quency, area efficiency, and multi-context capacity, with one- or
two-region memory partitioning offering the most effective balance
between coarse-grained PR and context storage. Collectively, these
results define cohesive guidelines for achieving fast, scalable, and
power-aware reconfiguration in future vFPGAs.

6.1 VvFPGA Implementation
We implement a vFPGA prototype guided by insights from the DSE.

6.1.1 Prototype Architecture, Partitioning, and Clocking. A 12x38
tileable island-style homogeneous 2D FPGA fabric is generated
using OpenFPGA. Using the proposed 2D-to-3D bitstream mapping
algorithm, signal VIs are optimally allocated, and the bitstream is
partitioned into peripheral and core groups, with further segmenta-
tion at inter- and intra-tile granularity to form multiple short scan
chains on the LD. The vFPGA RTLs are designed for the MD, inte-
grating SRAM banks and control logic, and for the LD, incorporating
scan-chain partitioning and control logic to support two-region
static PR. Only minimal modifications to the original 2D FPGA RTLs
are required, enabling a practical extension of existing architectures
to vFPGA. For testing purposes, the prototype supports both 2D
and the proposed 3D parallel programming modes. The vFPGA is
synthesized in GF22 using a 45 pm Cu pillar pitch and implements
a 10 X 6 CLB fabric (Figure 9a). The peripheral and core groups are
divided into seven regions, which are combined into three static
PR domains by grouping two core regions per domain, while the
peripheral region forms a separate static PR domain. Each domain
can be reconfigured independently without affecting the others.
This capability is enabled through distributed multi-clock architec-
ture, in which separate on-chip clocks drive individual PR domains
under a centralized clock control block driven from the on-chip
global clock. Synchronous full-chip reconfiguration is supported
by activating all clocks simultaneously. In this prototype, three
core PR domains operate synchronously, while the peripheral PR
domain is asynchronous and completes earlier. This design choice
reduces padding overhead during bitstream partitioning. Figure 9d
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illustrates the multi-clock tree synthesis on the LD, with the same
clocking strategy mirrored on the MD to ensure inter-die domain
alignment. The MD supports 27 pre-loaded configuration contexts
using ping-pong operation, provisioned with three 4K X 100 SRAM
banks per core PR domain and three 2880 x 18 banks for the pe-
ripheral domain. The prototype employs four parallel 100 Mbps
shift-register scan chains, achieving an on-chip SRAM fill time of
~0.44 ms per context from off-chip DRAM. A custom multi-port
shift-register scan-chain interface is designed to support this off-
chip to on-chip data transfer. The top two metal layers (IA and IB)
handle signal redistribution to VIs, minimizing routing impact on
each die. Computation results are stored in LD’s on-chip memory
and read out off-chip through serializers.

6.1.2 VI Allocation, RTR, Power Analysis. The VI budget is parti-
tioned such that 43% support parallel RTR, while approximately
55% are allocated to power delivery for the top MD. The remain-
ing VIs are used for distributing clocks and control signals to the
MD. Within the core, each tile is provisioned with five signal VIs
(Figure 9b). In the Cu pillar bump map, power and ground VIs are
prioritized near the periphery, close to inline wire-bonding pads on
the bottom die, while ensuring that signal VIs are surrounded by
sufficient power and ground bumps. During vertical programming,
inactive regions are clock-gated. This VI allocation strategy scales
naturally to larger fabrics. With these design choices, the vVFPGA
achieves a RTR of 0.83 ps at a 500 MHz programming frequency.
As shown in Figure 10, reconfiguration latency decreases with in-
creasing frequency for the allocated signal VIs. Power analysis indi-
cates that the logic-die clock network dominates total consumption
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Figure 10: RTR versus programming clock frequency, with a
power distribution breakdown of 12x8 vFPGA design.

(~74.4%), due to dense scan-chain flip-flops distributed within each
tile and across the die. These results underscore the importance of
balanced VI allocation, power-aware bump mapping, and optimized
clocking. Once reconfiguration latency targets are met, reallocating
additional VIs to power and clock distribution offers an effective
path toward improved reliability in larger-scale implementations.

6.1.3  Functional Verification and Comparison. We perform RTL
simulations by integrating both dies into a top-level module to
validate RTR of pre-loaded multi-contexts using customized test-
benches and bitstreams generated by the mapping algorithm. Bench-
marks include a 16-bit MAC, a 16-bit multiplier, a 128-bit counter,
and an 8-bit reconfigurable processing element supporting both
MAC and FFT operations. In all cases, the vFPGA reconfigures cor-
rectly and produces the expected outputs, confirming functional
correctness across diverse multi-context workloads.

For context, [8] demonstrated a 3D multi-context FPGA in UMC
90 nm using 10 pum Cu-Cu bonding, reporting 8.42 ps RTR with
DRAM-based configuration storage. By comparison, the proposed
vFPGA in GF22 achieves 0.83 ps RTR using SRAM-based multi-
context storage with no tile-area overhead at a 45 pm Cu-pillar
pitch. Based on our DSE, extrapolating the vFPGA to a 10 pm pitch
reduces RTR to ~0.04 ps, independent of fabric size.

7 Conclusion

In this work, we present a two-tier 3D FPGA and packaging co-
design methodology that partitions logic and memory dies to enable
scalable, high-speed RTR. Through memory bank optimization, par-
titioned reconfiguration, and a comprehensive DSE, the proposed
vFPGA architecture achieves sub-ps full-chip reconfiguration, and
an up to 1,000x speedup over 2D FPGAs. By jointly addressing
inter-die clocking, ESD robustness, and power delivery in face-to-
face stacking, this work establishes a practical balance between
latency, multi-context capacity, and system reliability, providing
a scalable foundation for future 3D FPGA architectures targeting
adaptive and complex heterogeneous computing systems.
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