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ABSTRACT

RTL-3D enables early-stage cross-tier timing analysis and opti-
mization in 3D ICs. The framework utilizes a Transformer-based pre-
synthesis timing analysis model to directly steer its core partitioning
method, which features differentiable register tier partitioning. This
creates a tight feedback loop between timing prediction and physical
implementation, closing the loop for co-optimization. The experi-
mental evaluation demonstrates that RTL-3D achieves significant
improvements in sign-off timing metrics by a 59.3% reduction inWNS
and a 75.4% reduction in TNS compared to state-of-the-art methods.

1 INTRODUCTION
State-of-the-art 3D physical design often relies on commercial 2D

physical design tools [1]. However, this methodology struggles with
the unique complexity of 3D structures, which intensifies the diffi-
culty of timing optimization. To achieve accelerated timing closure,
early and dedicated cross-tier timing analysis and optimization are
essential for fully leveraging the performance potential of 3D ICs.

Tier partitioning, the critical step of assigning circuit elements
across tiers in 3D ICs, directly determines the physical properties
of cross-tier interconnections and thereby affects timing. In the pre-
synthesis stage, the design retains maximal flexibility. A wide range
of partitioning strategies can be applied to improve timing metrics.
Therefore, optimizing the tier partitioning with efficient timing anal-
ysis during the pre-synthesis stage is necessary.

However, the primary challenge in realizing this potential is to
accurately estimate the timing of different partitioning choices di-
rectly from RTL descriptions. Without effective timing information
that reflects the 3D physical design, it is difficult to make informed
partitioning decisions in the pre-synthesis stage. In the 2D IC domain,
numerous studies have successfully employed machine learning (ML)
techniques to enable pre-synthesis timing prediction [2–5]. However,
their methods exclusively focus on 2D physical features, lack the
capacity to capture critical 3D cross-tier characteristics, rendering
them ineffective for accurate timing analysis in 3D ICs.

Another significant challenge is performing partitioning optimiza-
tion amid incomplete information at the pre-synthesis stage. There
are many explorations to optimize tier partitioning [6, 7]. However,
these approaches are constrained by their dependence on detailed
post-synthesis netlists and physical information, effectively restrict-
ing tier partitioning optimization to a late stage. Consequently, these
approaches cannot leverage the flexibility offered in the pre-synthesis
stage to make timing-driven partitioning decisions. As shown in Fig.
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Figure 1: Comparison of different tier partitioning methods.
(a) Tier partitioning without early stage timing guidance, re-
sulting in WNS/TNS=-14/-23ps. (b) The timing-critical register
can be specified in the pre-synthesis stage, optimizing tier par-
titioning result with WNS/TNS=-12/-22ps.

1, the previous tier partitioner cannot recognize the priority of reg-
isters, resulting in a partitioning scheme with unbalanced timing
paths of Fig. 1(a). Due to efficient pre-synthesis timing analysis, we
can make tier partitioning with better total negative slack (TNS) and
worst negative slack (WNS) in Fig. 1(b).

To address the aforementioned challenges, this paper proposes
RTL-3D, the first framework that enables pre-synthesis cross-tier
timing prediction for 3D IC partitioning using a Transformer-based
approach. Built upon this predictive model, our method decomposes
the tier partitioning problem into two distinct stages: register-level
partitioning and combinational logic cell partitioning. Unlike pre-
vious works that either overlook or are incapable of early-stage
planning, RTL-3D facilitates tier partitioning decisions directly at
the RTL stage, long before physical implementation, to accelerate
timing closure for 3D ICs. Our main contributions are listed below:

• We present RTL-3D, a 3D tier partitioning methodology that
leverages pre-synthesis timing analysis to facilitate rapid timing
closure in 3D ICs.
• We develop a differentiable register tier partitioning method
for fast, pre-synthesis optimization. The partitioning method
is powered by a Transformer-based timing model that delivers
accurate path-level predictions, enabling seamless design closure.
• We integrate a backward net weight propagation methodology
into the K-means-based logic cell partitioning algorithm, lever-
aging pre-synthesis timing information.
• Experimental results show that we achieve 59.3%/75.4% 3D full-
chipWNS/TNS reduction over the SOTA tier partitioner TP-GNN
[7], demonstrated on four industrial designs.
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Figure 2: Using pre-synthesis timing analysis, the timing clo-
sure iterations can be greatly accelerated.

2 PRELIMINARIES
2.1 3D ICs Tier Partitioning

Most existing tier partitioning methods for 3D ICs utilize con-
ventional algorithms or modern ML techniques. [8] employed simu-
lated annealing to optimize wire-cost for cell-on-cell designs, leverag-
ing high-density inter-die connections. [9] adopted a folding-based
methodology using commercial 2D tools with full 3D backend anal-
ysis. More recently, TP-GNN [7] applied an unsupervised Graph
Neural Network (GNN) to holistically comprehend technology and
design parameters, showing significant quality improvements. While
effective, these approaches fundamentally rely on post-synthesis
netlists, confining optimization to a late stage where architectural
flexibility is substantially reduced, thereby missing the opportunity
for early-stage timing-driven tier partitioning strategy analysis.

2.2 Pre-synthesis Timing Analysis
The significant gap between early design representations and sign-

off results makes ML well-suited for pre-synthesis timing prediction.
The key challenges are extracting meaningful information from HDL
code and transforming it into ML-suitable features. For the first
challenge, graph-based representations like SOG [3, 5] and BOG
[4] have emerged as effective solutions. These graphs, constructed
through pseudo logic synthesis, create structural netlist analogs that
are more amenable to ML. However, the intricate structure of 3D ICs
introduces substantial timing prediction challenges, precluding the
direct application of 2D predictors.

2.3 Tier Partitioning with Pre-synthesis Timing
Pre-synthesis timing analysis provides essential timing guidance,

enabling the identification of critical paths and registers, which di-
rectly inform and optimize the partitioning strategy for improved
sign-off timing performance. Therefore, it is crucial to break through
the timing bottleneck of conventional 3D design flows. On the other
hand, performing this timing-driven partitioning early in the design
flow is highly efficient. It allows for rapid design space exploration
and significantly accelerates the timing closure loop, all while the
design architecture retains maximum flexibility for substantial modi-
fications. As shown in Fig. 2, RTL-3D enables designers obtain the
sign-off timing directly from tier partitioning but not after 3D place-
ment and routing. This combination of performance improvement
and accelerated closure is unattainable at later, more constrained
design stages.

3 METHODOLOGY
3.1 Overview

Pseudo-3D methodologies [1], in contrast to academic true 3D
approaches [11, 12], construct 3D ICs by leveraging commercial 2D
design tools. This strategy ensures the resulting designs meet com-
mercial standards for power, performance, and area (PPA) and are
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Figure 3: SOTA pseudo 3D physical design flow Compact-2D
[6] & Pin-3D [10] vs. our timing-aware partitioning flow RTL-
3D, which introduces additional pre-synthesis register tier
partitioning and post-synthesis logic cell partitioning.

manufacturing-ready in the GDSII format. The core principle in-
volves using these tools to determine the optimal (𝑥,𝑦) placement
for standard cells, while the 𝑧-coordinate is decided through explicit
tier assignments. Fig. 3(a) illustrates a conventional flow integrating
the Compact-2D design [6] with the Pin-3D optimizer [10]. Based
on this design flow, we propose RTL-3D, a timing-aware tier par-
titioning framework designed for versatile integration into exist-
ing 3D physical design methodologies. As shown in Fig. 3(b), the
RTL-3D components (highlighted in orange) augment the baseline
through pre-synthesis timing-aware register tier partitioning and
post-synthesis logic cell tier partitioning.

The complete RTL-3D workflow is depicted in Fig. 4, which com-
prises four main stages: 1) Pre-synthesis processing for feature ex-
traction from the RTL design and PDK; 2) 3D timing analysis, which
employs a Transformer-basedMLmodel to predict the sign-off timing
metrics of a given register tier partitioning scheme; 3) Differentiable
register tier partitioning to optimize the tier assignment of registers;
and 4) Post-synthesis logic cell partitioning, which partitions the
remaining non-register cells after 2D placement.

3.2 Pre-synthesis 3D Timing Analysis
Accurate pre-synthesis timing prediction is challenging due to the

difficulty in extracting predictive features directly from RTL code. To
bridge this abstraction gap, we employ the Simple Operator Graph
(SOG) [4], which constructs a netlist-like graph through pseudo logic
synthesis while preserving structural fidelity and offering significant
speed advantages over conventional logic synthesis [3].

Since timing analysis fundamentally relies on timing paths, and the
SOG provides a structural representation amenable to such analysis,
we extract register-to-register paths from the SOG that resemble
critical paths in the sign-off layout. Specifically, for each register in
the SOG, we extract the 𝐾 worst timing paths using the STA tool.
The selection of 𝐾 involves a critical trade-off: excessively large 𝐾
values introduce noise, while insufficiently small 𝐾 values result in
loss of optimal training data. To determine the optimal 𝐾 value, we
consider the startpoint matching ratio between the SOG and the
layout. Fig. 5(a) illustrates a matching example where 𝐾 < 3 fails
to capture critical register R3. Fig. 5(b) shows the matching ratio
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reg [7:0] R1;
reg [7:0] R2;
reg [7:0] R3;
wire [7:0] W1;
assign W1 = R1 & R2;
...
always @(posedge clk)

R3 <= W1;
...
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Figure 4: The process of RTL-3D. The flow begins with SOG construction. The 3D timing analysis model predicts the register-wise
slack by design feature and path feature from the constructed SOG for a given register tier partitioning scheme. Considering
TNS, WNS, and tier balance, we adopt gradient descent to find the optimal register tier partitioning result. By backward net
weight propagation, we apply weighted min-cut on the 2D design to partition the rest of the logic cells.
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Figure 5: Correlation of startpoint register matching ratio and
𝐾 . (a) An example of startpoint matching between SOG and
layout. Matching fails when 𝐾 < 3, while 𝐾 = 3 succeeds. (b)
The growth of the startpoint matching ratio as 𝐾 increases.
Note that there is an 8.5% improvement from 𝐾 = 4 to 𝐾 = 5.

Table 1: Summary of features used in RTL-3D.

Type Feature Description

Design
frequency Design frequency
num regs Number of registers
num cells Number of SOG cells

Path

AT SOG Path arrival time on SOG
path level Path level
type cells Numbers of each type of gates
fanout Statistics of fanout
cap Statistics of capacitance

3D tier reg 𝑧-location of register
tier same Whether start and end reg in same tier

between SOG paths and layout paths across varying 𝐾 values on the
AES design. Our analysis reveals diminishing improvements beyond
𝐾 = 5, justifying our selection of 𝐾 = 5 for optimal performance with
a 74.5% matching ratio.

However, the SOG remains essentially a 2D graph. We there-
fore augment our feature set by extracting 3D characteristics from
Compact-2D [6] tier partitioning results to enable more precise pre-
dictions. Table 1 details the complete set of input features, categorized
into: design features from RTL or SOG, path features after SOG path
selection, and 3D features from tier partitioning results. The integra-
tion of 3D-specific features enables the model to capture the unique
timing characteristics of vertical interconnects. The corresponding
labels are derived from sign-off register-level slack values. We adopt a
Transformer architecture [13] for its superior capability in capturing
complex feature interactions. The self-attention mechanism explic-
itly models relationships between heterogeneous features, including
2D structural characteristics and 3D physical features, enabling the
model to learn how these factors collectively influence timing.

Formally, our timing analysis model is defined as 𝑆 = 𝐹 (𝑃,𝐺),
where 𝑃 = {𝑝𝑖 |1 ≤ 𝑖 ≤ |𝑃 |, 𝑝𝑖 ∈ {0, 1}} represents the input register
tier partitioning scheme,𝐺 is the SOG generated from RTL code, and
𝑆 = {𝑠𝑖 |1 ≤ 𝑖 ≤ |𝑆 |} denotes the predicted register-wise slack.

3.3 Differentiable Register Tier Partitioning
The development of our timing analysismodel enables pre-synthesis

timing prediction, but effectively utilizing this predictive capability
for tier partitioning presents significant algorithmic challenges. Con-
ventional partitioners operate post-synthesis, where the complete
netlist and accurate timing information are available. However, at the
pre-synthesis stage, we lack the final netlist and must make critical
tier assignment decisions based on the structurally different SOG
representation. To overcome this challenge, we reformulate register
tier partitioning as a continuous optimization problem, leveraging
the differentiability of our timing model. The core insight is that by
relaxing discrete tier assignments to continuous probabilities, we
can employ gradient-based optimization to efficiently navigate the
solution space while considering complex timing objectives.

Formally, given the SOG 𝐺 of a design, we seek the optimal regis-
ter 𝑧-location assignment 𝑃∗ that minimizes a comprehensive cost
function 𝐶 (𝑃), which integrates three essential objectives through a
weighted combination:
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𝐶 (𝑃) = 𝛼 ·𝐶𝑡 (𝑃) + 𝛽 ·𝐶𝑤 (𝑃) + 𝛾 ·𝐶𝑏 (𝑃). (1)
Smooth TNS cost approximation. The TNS component 𝐶𝑡 (𝑃)
provides a differentiable approximation of the traditional TNS met-
ric, which sums the magnitudes of all negative slack violations. We
formulate this using a smooth logarithmic barrier function:

𝐶𝑡 (𝑃) = −
1
𝜏

|𝑃 |∑︁
𝑖=1

ln(exp(−𝜏 · 𝑠𝑖 ) + 1). (2)

For registers with positive slack (𝑠𝑖 > 0), the term exp(−𝜏 · 𝑠𝑖 ) ap-
proaches zero, making𝐶𝑡 (𝑃) negligible. Conversely, for registers with
negative slack (𝑠𝑖 < 0), the term dominates and 𝐶𝑡 (𝑃) approximates∑
max(0,−𝑠𝑖 ). The temperature parameter 𝜏 controls the sharpness

of this smooth approximation. Mathematically, as 𝜏 →∞, the approx-
imation converges to the exact TNS function, while smaller values
of 𝜏 provide smoother gradients that facilitate stable gradient-based
optimization. We select 𝜏 through cross-validation to balance approx-
imation accuracy and convergence properties.
Differentiable worst negative slack formulation. The WNS com-
ponent 𝐶𝑤 (𝑃) approximates the maximum timing violation through
a log-sum-exp formulation:

𝐶𝑤 (𝑃) = −
1
𝜏
ln
|𝑃 |∑︁
𝑖=1

exp(−𝜏 · 𝑠𝑖 ). (3)

The smooth maximum operation effectively captures the worst-case
timing scenario while maintaining differentiability. As 𝜏 →∞,𝐶𝑤 (𝑃)
converges to −max𝑖 𝑠𝑖 , accurately representing the traditional WNS
metric. This formulation ensures that registers with the most neg-
ative slacks receive the highest gradient magnitudes, directing the
optimization to prioritize critical timing paths.
Balance-aware regularization. The balance component 𝐶𝑏 (𝑃) en-
forces equitable distribution of registers across tiers through a qua-
dratic penalty term:

𝐶𝑏 (𝑃) =
(∑ |𝑃 |

𝑖=1 𝑝𝑖

|𝑃 | − 0.5
)2
. (4)

The balance term prevents degenerate solutions where all registers
are assigned to a single tier, which could occur if only timing objec-
tives were considered.
Gradient-based optimization. The complete gradient of the cost
function with respect to tier assignment probabilities is computed
through the chain rule:

∇𝑃𝐶 (𝑃) = 𝛼 · ∇𝑃𝐶𝑡 (𝑃) + 𝛽 · ∇𝑃𝐶𝑤 (𝑃) + 𝛾 · ∇𝑃𝐶𝑏 (𝑃), (5)

where the gradients incorporate the timing model’s Jacobian 𝐽𝐹 (𝑃):

∇𝑃𝐶𝑡 (𝑃) =
[

exp(−𝜏 · 𝑠𝑖 )
1 + exp(−𝜏 · 𝑠𝑖 )

] |𝑃 |
𝑖=1
· 𝐽𝐹 (𝑃), (6)

∇𝑃𝐶𝑤 (𝑃) =
[

exp(−𝜏 · 𝑠𝑖 )∑
𝑗 exp(−𝜏 · 𝑠 𝑗 )

] |𝑃 |
𝑖=1
· 𝐽𝐹 (𝑃), (7)

∇𝑃𝐶𝑏 (𝑃) =
2
|𝑃 |2

(∑︁
𝑝𝑖 −

|𝑃 |
2

)
. (8)

The Jacobian matrix 𝐽𝐹 (𝑃) captures the sensitivity of timing predic-
tions to tier assignment changes, which is efficiently computed via

Algorithm 1: Differentiable register tier partitioning
Input: SOG𝐺 , timing model 𝐹
Output: Optimal tier assignment 𝑃∗

1 Initialize 𝑃 ∼ Uniform(0, 1)𝑁 ;
2 Set learning rate 𝜂, convergence threshold 𝜖 ;
3 repeat
4 𝑆 ← 𝐹 (𝑃,𝐺 ) ;
5 𝐶𝑡 ← − 1

𝜏

∑𝑁
𝑖=1 ln(exp(−𝜏 · 𝑠𝑖 ) + 1) ;

6 𝐶𝑤 ← − 1
𝜏
ln

∑𝑁
𝑖=1 exp(−𝜏 · 𝑠𝑖 ) ;

7 𝐶𝑏 ←
( ∑𝑁

𝑖=1 𝑝𝑖
𝑁

− 0.5
)2
;

8 𝐶 (𝑃 ) ← 𝛼 · 𝐶𝑡 + 𝛽 · 𝐶𝑤 + 𝛾 · 𝐶𝑏 ;
9 Compute ∇𝑃𝐶 (𝑃 ) via automatic differentiation;

10 𝑃 ← 𝑃 − 𝜂 · ∇𝑃𝐶 (𝑃 ) ;
11 until ∥∇𝑃𝐶 (𝑃 ) ∥2 < 𝜖 or maximum iterations reached;
12 𝑃∗ ← {I[𝑝𝑖 > 0.5] | 𝑖 = 1, . . . , 𝑁 };
13 return 𝑃∗;
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D3

(a)

(b)(c)

Propagation direciton

(d)

Signal direction

D6

D7

D4

D5

D8

Figure 6: The backward net weight propagation process. Net
weights are computed following the order of (a), (b), (c), (d).

automatic differentiation. This enables our optimization to intelli-
gently navigate the solution space by understanding how register
placements affect overall timing.

We relax the discrete tier assignment 𝑝𝑖 ∈ {0, 1} to continuous
probabilities 𝑝𝑖 ∈ [0, 1], transforming the combinatorial optimization
into a continuous problem amenable to gradient methods. As illus-
trated in Fig. 4, our flow begins with RTL code and PDK, constructing
the SOG for 2D feature extraction. For new designs without ground-
truth tier partitioning, we initialize 𝑃0 with random values in [0, 1].
Algorithm 1 formalizes our differentiable partitioning approach.

3.4 Post-synthesis Logic Cell Partitioning
Following the pre-synthesis register tier partitioning, we proceed

to determine the z-location of logic cells based on the established
register partitioning and corresponding timing information. A funda-
mental observation guiding our approach is that for timing-critical
nets, maintaining 2D connectivity is generally preferable to 3D inter-
tier connections, as the latter introduce significant timing overhead
due to inter-die connection delays.

Unlike the bin-based min-cut algorithm employed in Compact-2D
[6], we introduce a net weighting strategy that incorporates both
register timing criticality and tier assignment information shown in
Fig. 4. To evaluate the timing importance of registers, the register
priority 𝑞𝑟 is computed as
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𝑞𝑟 = exp
(
− 𝑠𝑟 − 𝑠min
𝑠max − 𝑠min

)
, (9)

where 𝑠min and 𝑠max represent the minimum and maximum slack
values across all registers. This formulation ensures that registers
with worse slack values receive exponentially higher priorities while
maintaining normalized scaling across different designs.

To efficiently compute net weights that incorporate tier partition-
ing awareness, we employ a layered dynamic programming approach.
The weight propagation employs a bitmask-based approach in which
each register is mapped to a unique bit position. The algorithm is ini-
tialized by setting bits corresponding to directly connected registers
in each net’s bitmask. The core propagation operates through itera-
tive frontier expansion: at each level, net bitmasks are aggregated to
fan-in cells, then redistributed to nets of the next level. This iteration
flow ensures comprehensive reachability analysis while maintaining
computational efficiency through bit-level operations.

As illustrated in Fig. 6, the propagation follows a structured se-
quence from (a) to (d). Phase 1 (net-to-cell aggregation) accumulates
reachability information at intermediate logic cells, like nets from
(a) to cells in red. Phase 2 (cell-to-net propagation) disseminates this
information to the nets of the next level, like gates in red to nets in
(b). The process iterates until no new register bits can be propagated,
ensuring all reachable register dependencies of (a), (b), (c), and (d)
are captured in the final net weights.

The final net weight𝑤𝑛 is computed directly from its bitmask 𝑏𝑛
and the tier assignment 𝑃∗ using:

𝑤𝑛 =

(
1 + 𝛼 ·

∑
𝑖∈𝑏𝑖𝑡 (𝑏𝑛 ) I[𝑝∗𝑖 =mode(𝑏𝑛)]

bitcount(𝑏𝑛)

)
·

∑︁
𝑖∈𝑏𝑖𝑡 (𝑏𝑛 )

𝑞𝑖 , (10)

where bit(𝑏𝑛) indicates that the set of registers contained in 𝑏𝑛 ,
mode(·) denotes the most frequent tier assignment among reachable
its bitmask, and bitcount(∗) is the number of bits. This formulation
rewards nets whose reachable registers predominantly belong to the
same tier, as such configurations minimize inter-tier connections and
associated timing penalties.

With the computed net weights, we perform logic cell partitioning
using a two-stage approach. Since bin-based layout partitioning is
cell-independent and lacks adaptive clustering capability, we first
apply K-means clustering to group cells based on spatial proximity
and connectivity patterns. The value of clusters is decided by the
design complexity to ensure a stable partitioning performance. Subse-
quently, within each cluster, we employ Fiduccia-Mattheyses min-cut
[14] partitioning that incorporates the net weights as cutting costs.
Different from the directly applied min-cut algorithm, our weighted
min-cut focuses on timing criticality, but not the inter-die connec-
tions. Finally, all logic cells are efficiently partitioned into 2 tiers to
finish the tier partitioning.

4 EXPERIMENTAL RESULTS
We evaluate the RTL-3D flow using ground truth data generated

by state-of-the-art pseudo-2D and 3D design flows, Compact-2D
(C2D) [6] and Pin-3D [10], on four industrial designs: LDPC, AES,
VGA, and JPEG. The SOG is constructed following the method in
[4]. All benchmarks are synthesized with an in-house predictive 3nm
technology node using Synopsys Design Compiler [15], assuming
face-to-face 3D hybrid bonding. We utilize Synopsys ICC2 [16] for
pseudo-2D and 3D placement and routing, while sign-off timing

Table 2: Model performance comparison between RTL-timer
[4] and RTL-3D on sign-off register-wise slack, TNS, andWNS.

Metric Method 𝑅 𝑅2 MAPE (%) RRSE

Register slack RTL-timer [4] 0.88 0.77 10.2 0.42
RTL-3D 0.94 0.89 8.17 0.38

TNS RTL-timer [4] 0.85 0.72 56.3 0.11
RTL-3D 0.98 0.96 13.2 0.05

WNS RTL-timer [4] 0.61 0.37 66.9 0.64
RTL-3D 0.96 0.92 12.9 0.56

Table 3: Detailed comparisons of sign-off 3D timing results
between Compact-2D [6], the state-of-the-art tier partitioning
flow TP-GNN [7], and our RTL-3D over four industrial bench-
marks in an in-house predictive 3nm technology node. Fmax
denotes the maximum effective frequency. Note that all flows
are run with Pin-3D [10] optimizer for 3D optimization. The
best performance in each column is colored in green.

Method
WNS TNS Fmax #Timing Wirelength Partition
(ps) (ps) (GHz) violations (m) time (s)

AES (3.3GHz, #cells: 119354, register area ratio: 33.2%)
C2D [6] -5.09 -13.63 2.98 6 0.258 90

TP-GNN [7] -2.75 -3.42 3.27 3 0.246 1006
RTL-3D 0.22 0 3.30 0 0.247 27

LDPC (2.5GHz, #cells: 52727, register area ratio: 12.7%)
C2D [6] -23.8 -202.44 2.02 42 0.174 24

TP-GNN [7] -5.76 -47.90 2.36 20 0.176 261
RTL-3D -3.04 -9.04 2.42 6 0.173 14

VGA (3.3GHz, #cells: 52122, register area ratio: 57.8%)
C2D [6] -6.51 -95.55 3.07 38 0.095 27

TP-GNN [7] -6.87 -75.07 3.06 34 0.095 524
RTL-3D -2.60 -4.08 3.21 8 0.084 115

JPEG (2.5GHz, #cells: 325336, register area ratio: 37.6%)
C2D [6] -36.71 -857.10 1.93 78 0.588 716

TP-GNN [7] -5.05 -18.58 2.38 7 0.590 3826
RTL-3D -4.05 -13.77 2.40 7 0.591 163

bottom tier top tier

C2D

Ours

Figure 7: Placement and routing layout of Compact-2D vs. ours
on LDPC@2.5GHz.

analysis is assessed using Synopsys PrimeTime SI [17] with back-
annotated parasitics. The Transformer model and tier partitioning
are implemented in Python with PyTorch and PyTorch Geometric.

4.1 Pre-synthesis Timing Prediction Accuracy
To train the register-tier partitioning timing analysis model de-

scribed in Section 3.2, we build the dataset using C2D tier partitioning
results, with 20% reserved for testing. Each design is synthesized at
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Figure 8: The slack distribution comparison of Compact-2D
[6], TP-GNN [7] and RTL-3D on LDPC benchmark.

Table 4: Comparison of WNS and TNS between RTL-3D with
pre-synthesis register tier partitioning and RTL-3D with post-
synthesis tier partitioning. Logic cells are partitioned after 2D
placement in both flows.

Design Pre-synthesis reg. tier par. Post-synthesis reg. tier par.
WNS (ps) TNS (ps) WNS (ps) TNS (ps)

AES 0.22 0.00 -1.86 -2.35
LDPC -3.04 -9.04 -6.82 -33.60
VGA -2.60 -4.08 -2.72 -5.07
JPEG -4.05 -13.77 -8.83 -18.57
Avg. 0.38 0.45 1.00 1.00
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Figure 9: Runtime breakdownofRTL-3Dwith runtime compar-
ison of timing closure between Compact-2D [6] and RTL-3D.
Runtime is listed as the proportion of the full 3D design flow.

three different frequencies to enhance the model’s generalizability.
Multiple metrics are employed to fully evaluate our 3D timing an-
alyzer: correlation coefficient (𝑅), coefficient of determination (𝑅2),
mean absolute percentage error (MAPE), and root relative squared
error (RRSE). We compare our timing analysis model with RTL-timer
[4], a SOTA 2D RTL timing prediction flow. For fair comparison, we
train RTL-timer [4] on the same designs and PDK. Note that our
timing predictions are derived from register tier partitioning result
without ground-truth tier information. As shown in Table 2, RTL-
3D achieves higher correlation coefficients of 0.98 for TNS and 0.96
for WNS compared to RTL-timer [4]. Additionally, it attains MAPE
values of 13.2% for TNS and 12.9% for WNS, with a lower RRSE.

4.2 Tier Partitioning Performance
We validate RTL-3D on four industrial designs, LDPC, JPEG, AES,

and VGA, comparing it with C2D and TP-GNN [7], a SOTA GNN-
based tier partitioning method. These benchmarks cover a wide range
of design complexities and register area ratios, comprehensively

demonstrating our method’s effectiveness across different design
types. Detailed results are presented in Table 3. Notably, RTL-3D
consistently outperforms both C2D and TP-GNN regarding timing
metrics across all designs. On average, it achieves improvements
of 59.3% in WNS and 75.4% in TNS savings compared to TP-GNN.
Consequently, the RTL-3D flow enables higher effective frequencies
and fewer timing violations than both C2D and TP-GNN. The run-
time of RTL-3D partitioning is calculated by post-synthesis logic cell
partitioning, since register tier partitioning can be performed simul-
taneously with logic synthesis in RTL-3D flow, and logic synthesis is
much slower than register tier partitioning. From Table 3, RTL-3D fin-
ishes tier partitioning faster than C2D and TP-GNN on most designs,
which shows the efficiency of our method. Fig. 8 further displays
the slack distribution comparison. It is noteworthy that, compared
with TP-GNN and C2D, the peak of RTL-3D slack distribution moves
toward the positive slack direction, showcasing the benefit of timing-
aware tier partitioning enabled by timing prediction. Fig. 7 illustrates
the post-placement and post-routing layouts for both tiers of C2D
and RTL-3D to show the practicality of our method.

4.3 Ablation Study
Previous partitioning methods adopt post-synthesis tier partition-

ing. To quantify the benefit of our novel pre-synthesis register tier
partitioning, we compare against a baseline where registers are parti-
tioned post-synthesis alongside logic cells. As shown in Table 4, our
approach achieves significant timing improvements, with average re-
ductions of 62% in WNS and 55% in TNS across all benchmarks. This
demonstrates that early register positioning unlocks greater timing
optimization potential by guiding subsequent synthesis and place-
ment stages, rather than being constrained by a fixed post-synthesis
netlist structure.

4.4 Benefits of Pre-synthesis Timing Prediction
Beyond improved timing quality, our pre-synthesis timing predic-

tion fundamentally accelerates design timing convergence. Conven-
tional flows detect violations only after full layout implementation,
necessitating costly iterations. Fig. 9 illustrate the timing closure
runtime comparison to C2D, RTL-3D completes iterations about 80×
faster than the conventional C2D flow by terminating after register-
tier timing analysis, before time-consuming logic synthesis and phys-
ical implementation.

5 CONCLUSIONS
In this paper, we propose RTL-3D, a novel two-phase tier partition-

ing framework based on the pre-synthesis timing analysis. First, we
introduce a differentiable register tier partitioning algorithm using
the transformer-based 3D timing analysis engine. Then, we fully
utilize the timing register tier partitioning result and register-level
timing information to partition the logic cells into 2 tiers. Experimen-
tal results show that RTL-3D not only optimizes sign-off timing but
also accelerates the design loop.
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