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2025 China Postgraduate IC Innovation
Competition-EDA Elite Challenge Contest

1. Problem

Applying DTCO Methodology to Enhance Ring Oscillator Circuit Performance

2. Company

Shanghai Primarius Technologies Co., Ltd.

3. Problem Background

With the continuous evolution of semiconductor process nodes and the ever-increasing
complexity, maximizing the returns from each process node has become a shared
understanding and central challenge within the semiconductor industry. In this context,
Design Technology Co-Optimization (DTCO) has gradually emerged as a key pathway to
achieve this goal.

In traditional chip design, it is typically conducted under fixed process parameters and
within the constraints of the PDK (Process Design Kits) to achieve circuit optimization.
However, DTCO breaks through this limitation, it adopts a design-driven approach to
identify optimization potential at the process level. The continuation of Moore's Law is
facing increasingly greater challenges, the costs associated with developing and adopting
new-generation semiconductor processes continue to climb, while the performance gains
delivered by these advanced processes are gradually narrowing. In this case, it is becoming
increasingly critical to leverage DTCO to maximize optimization of semiconductor

processes and circuit design, especially maximizing process potential amid supply chain
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disruptions affecting advanced nodes. According to analysis by IMEC, starting from the 10
nm process node, DTCO has been playing an increasingly vital role in semiconductor
process node advancement, and it is projected to gradually replace the traditional Moore's
Law paradigm that relied exclusively on process feature size scaling.

4. Problem Description

Ring oscillator is a circuit commonly employed in communication systems for generating
clock signals at specific frequencies. Its operational mechanism achieves self-sustaining
oscillation through a positive feedback loop. Specifically, ring oscillator is constructed as a
cascade of identical inverters, where the output of each inverter is directly connected to the
input of the subsequent stage. When an input signal is amplified and undergoes sequential
propagation with phase inversion through the amplifier chain, it ultimately loops back to
the input of the initial amplifier, forming a closed loop that enables self-reinforcing
oscillation. Ring oscillators find a wide range of applications in fields such as wireless
communications, RF circuits, and audio processing.

Based on a 55 nm process node (channel length Lch = 55 nm, gate oxide thickness Tox = 1.5
nm, Vgqa = 1.4 V), TCAD simulations are performed to conduct both process and device
simulations for NMOS and PMOS transistors, generating [V/CV datasets required for
modeling. Following BSIM4 model parameter extraction, a 51-stage ring oscillator netlist is
authored and simulated using the extracted device models to measure oscillation frequency
along with static and dynamic power consumption. This iterative refinement process targets
frequency enhancement and power reduction by adjustments to process conditions until the

optimal results are achieved.
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® Task 1: Performing process and device simulations for 55 nm NMOS/PMOS
transistors require configuring and executing TCAD tools to analyze how process
conditions influence targeted electrical characteristics.
® Task 2: Based on TCAD simulation data, the BSIM4 model is selected to perform
comprehensive extraction of both DC and AC model parameters.
B Referencing the extraction workflow of script-driven (custom script format) to
complete DC and AC parameter extraction

B Model fitting accuracy must satisfy the following conditions:

SPEC R
Cgg_inv <3%
Cez 0 <3%
Viin <30mv
Visat <30mv
Vigm <50mv
Latin(Vgs=Vdd, Vas=0.05V) <3%
Lasat(Vgs=Vad, Vas=Vad) <3%
La1(Vgs=Vad, Vas=Vaa) <5%
L1a2(Vgs=0.5*Vad, Vas=Va) <10%
La3(Vgs=Vad, Vas=0.25Vaa) <5%
Lot <30%

® Task 3: Complete netlist generation and simulation of the ring oscillator to extract

oscillation frequency, static power, and dynamic power.
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® Task 4: Adjust device process parameters based on simulation results: Iteratively drive
the TCAD simulation — model parameter extraction — circuit simulation workflow
by tuning FabTCAD adjustable process conditions —including ion implantation
(species, waferDose, energy) and Diffusion (time, temperature, final Temperature)—
until target specifications are achieved.
5. Rating Standard
5.1 Required questions: Task 1~3
Complete this DTCO flow for the RO circuit, including process simulation, device
simulation, model parameter extraction, RO circuit simulation, and extraction of oscillation
frequency, static power, and dynamic power (15 points), where:
Task 1: Process simulation, device simulation (2 points)
Task 2: Device model parameter extraction. Device parameter extraction shall meet all
accuracy specs. Non-conformance yields zero credit (8 points)
Task 3: RO circuit simulation and extraction of oscillation frequency, static and
dynamic power consumption (5 points)
5.2 Task 4: Complete full process iteration to achieve improvement ( more than 0.2% ) in
design metrics (15 base points). Additional bonus points correlate directly with
improvement percentile rankings: top 10% scores 15 points, 10% - 20% scores 13 points,
20% - 30% scores 11 points, 30% — 40% scores 9 points, 40% — 50% scores 7 points,
50% - 60% scores 5 points, and 60% - 70% scores 3 points, whereas rankings below 70%
receive no points. The maximum achievable bonus is 15 points. (30 points)

5.3 Task 4 bonus question: The shorter the time consumed to complete the process iteration,

10
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the higher the bonus achieved, specifically: Top 20% scores 5 points; 20% - 40% scores 3
points; 40% — 60% scores 1 points; those beyond top 60% receive no points. (+5 points)
5.4 Bonus questions: Introducing optimization algorithms to automate key steps in the
DTCO process. For example,
a) Introduce neural networks or machine learning algorithms to replace or at least
accelerate TCAD process and device simulation workflows. Under identical process
conditions, TCAD simulations based on neural network or machine learning algorithms
achieve an RMS error of less than 3% compared to traditional TCAD IV/CV
simulation results, while reducing simulation time by at least 50%. The RMS formula

is as below,

RMS B lzn:( Tar; — Ref; )2
maxy = n& max, <<, (Ref;)

where n denotes the number of data points, Tar represents the Target data,
and Ref represents the Reference data. The TCAD simulation results based on neural
network or machine learning algorithms serve as the Target data, while the
conventional TCAD simulation results serve as Reference data. Teams are ranked with
2-point decrements per rank down, starting from 10 points for 1st place (e.g., 2nd=8
points, 3rd=6 points). (+10 points)

b) Develop a custom parameter extraction optimization algorithm to surpass the
benchmark script-driven approach in extraction speed. The optimized solution must

achieve: IV curve RMS error < 5%; Idlin/Idsat RMS error < 3%; and =50% time

11
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reduction versus reference algorithm to qualify for scoring. Teams are ranked with
2-point decrements per rank down, starting from 10 points for 1st place (e.g., 2nd=8
points, 3rd=6 points). (+10 points)
6. Reference
Primarius FabTCAD is a finite element simulation tool built upon semiconductor physics
fundamentals. Cooperate with self-developed grid generation engine, it solves partial
differential equations for both process models and device physics models. Users can
establish a virtual fabrication flow using process models in FabTCAD by defining process
conditions for each semiconductor manufacturing step, thereby deriving device structures
and doping profiles. Starting from device structures and doping profiles, users can derive
electrical characteristics by coupling different device physics models.
MeQLab is a cross-platform modeling software that delivers a comprehensive solution for
device model extraction. The software integrates a comprehensive suite of RF modeling
application templates while providing an open scripting environment, enabling
user-customized configurations — such as de-embedding procedures and automated
parameter extraction workflow design—to accommodate device modeling applications for
both silicon-based and compound semiconductor technologies.
NanoSpice X is a high-precision SPICE simulator developed by Primarius Technologies.
With its parallel simulation technology, adaptive SPICE engine, matrix solving techniques,
post-layout topology optimization, and RC reduction technology, it supports the simulation
of large-scale circuits with over millions of components while maintaining SPICE accuracy.

Its adaptive SPICE engine automatically matches the most suitable simulation algorithms

12
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based on user-specified circuit types—considering operating principles, circuit structures,
and operating frequencies, while also supporting general analog simulation options to meet
the needs of conventional users.

7. Supplement

Process time and resource assessment: Completing process/device simulation and model
parameter extraction in a forward design flow requires 5 to 8 hours. Including:

7.1 Process and device simulations were executed on a test system equipped with a
24-core/32-thread 13th Gen Intel® Core™ i9-13900K CPU @ 3.0 GHz and 128 GB RAM
(32GB*4). One set of process simulations required between 30 minutes and 2 hours per run,
while a set of device simulations (Is_Vgtls V4t+Cv) took 10 minutes to 1 hour. Runtime
could increase significantly when addressing non-convergence issues.

7.2 Manual extraction of model parameters takes 2-2.5 hours.

7.3 It takes about 0.5 hours to drive the simulation, view, and analyze the results.

FabTCAD Operating Environment: CentOS 7.9 or CentOS 8+. Recommended Hardware

Configuration: Intel 64-bit CPU 2.6 GHz or higher, with RAM exceeding 32 GB.

*For questions not covered in this guide, please refer to the Q& A document
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