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Abstract

The chiplet era with advanced packaging calls for new heterogeneous design approaches. They must be able to combine
different design domains across technological options while satisfying economic and performance demands from the
application. It is crucial to ensure that the heterogeneous design meets the requirements with all relevant effects consid-
ered. Thus, a broad spectrum of information must be considered altogether. Such a holistic approach, however, has not
yet been established to a significant extent. In the future, various chiplets and further components that are integrated into
complex heterogeneous systems must be modelled, designed, simulated, analysed, and optimised in a comprehensive way
and as simultaneously as possible. Among other topics, including quasi-monolithic integration (QMI), 2.5/3D integration,
and characterization, test, and reliability (CTR), the APECS (Advanced Packaging and Heterogeneous Integration for
Electronic Components and Systems) pilot line will implement such an approach to cover a broad range from fundamental
IC components, power management, compute units, and Al accelerators to various sensor implementations, and security
features. Furthermore, different physical effects and couplings have to be addressed to meet a variety of analysis goals.
This requires a new and extended design approach: the STCO design methodology (STCO: System-Technology-Co-Op-
timisation), which is to be established together with industry partners as part of the APECS Pilot Line with associated
standardization activities. It will capture, aggregate, and connect requirements, data, rules etc. to enable the monitoring
and control of economic, technological, and design implications stemming from the components, packages, and chiplets
that altogether form complex heterogeneous systems for various target applications. VVarious dependencies and feedback
effects between design and the implications from the selected manufacturing technologies, as well as the reliability and
environmental aspects are included. The STCO design methodology will also support the necessary connectivity to the
European design platform, as it will make "From Lab to Fab" easier and more accessible for European companies, espe-
cially fabless SMEs, and academic institutions.

requires significant effort. Often, non-existing chiplets re-
quire black-box estimations to evaluate their system-level
benefit. Behavioural models are typically neither physi-

1 Introduction

Modern semiconductor components are becoming increas-

ingly more complex and cost sensitive. To master techno-
logical and economic challenges, new chiplet approaches
and heterogeneous integration technologies surge in de-
mand. Accompanying this trend, advanced system design
using pre-designed or custom building blocks emerges as
one of the most differentiating performance enablers.
While domain-specific design methodologies exist, to our
knowledge, currently, no toolset and no workflow is capa-
ble to include the vast variety of existing and emerging
semiconductor technologies. Thus, they are not sufficiently
considered in modern System-Technology-Co-Optimisa-
tion (STCO) approaches and require domain-specific and
cross-cutting human expertise.

1.1 Motivation of STCO Methodology for
Chiplet Design

In chiplet-based system design, the proper selection of
chiplet(s) and technology becomes imminent. This in-
cludes the choice to develop custom chiplet solutions or
packages or reuse available technologies. To ascertain the
possible benefits and additional cost of custom solutions

cally educated, nor accurate or account for interactions
with other system level components. At this point, suitable
STCO methodologies can guide the design effort and re-
duce overall cost by iteratively narrowing the chiplet re-
quirements and behaviour expectations to benefit the ap-
plication at hand.

1.2 State of the Art and STCO Accessibility

The System-Technology-Co-Optimisation design method-
ology is not new [1, 2, 3] but itis still in its infancy, as until
recently, the design focus lied on monoalithic system-on-
chip (SoC) implementations. Without claims towards com-
pleteness, the following overview highlights STCO ap-
proaches and chiplet-based systems segmentations.

A study of recent advances and trends of chiplet design and
heterogeneous integration is given in [4]. Among others, it
discusses advantages and disadvantages of the chiplet ap-
proach, provides definitions, and gives real-world product
insights into processor designs and an image sensor. It also
covers various package integration technologies that were
applied.



In [5], the chiplet approach is motivated based on compu-
tational demands, the slow-down of Moore’s law, the lith-
ographic reticle limit, and the ability to provide a broad
portfolio of differentiated products while keeping the de-
sign efforts and costs manageable. The authors also empha-
size the need for “silicon-package co-design” as a complete
system in order to bring together planning, collaboration,
engineering, and creativity. Furthermore, for two case
studies, performance and costs are compared against each
other and hypothetical monolithic integration.

In [6] and [7], the state of the art of chiplet-based integra-
tion is discussed while presenting initial generations of
chiplet-based microprocessors. Another approach to heter-
ogeneous 3D stacking for mobile products is presented in
[8] where a base die in 22 nm and a compute die in 10 nm
are contained. Besides briefly covering connectivity, ther-
mal design, and test, also the need for CAD (computer-
aided design) tools and system co-optimisation is briefly
covered. Both internal and external CAD tools were en-
hanced to enable the 3D IC design by means of back-anno-
tating 3D field solver results into the full-chip netlist.

A deeper consideration of the chip-package co-design
problem is covered in [9]. There, a design platform is pre-
sented that addresses the hybrid design flow of both ad-
vanced packaging and chiplet integration.

For high frequencies, the simulation-based analysis of
electrical signal transfer across components from different
technologies is a must. This is especially used in millimetre
wave applications like 5G or radar [10]. For proper opera-
tion after manufacturing, the analysis of the complete sig-
nal path from the transistor to the antenna is required. An
ADK covering both the RF IC technology and an advanced
integration technology enables this simulation, analysis,
and optimisation.

Focusing on the architectural level, [11] proposes an auto-
mation approach that explores design partitioning into
chiplets while evaluating cost metrics and inter-die com-
munication as well as reuse across a family of products.
An observation is that as of now, STCO is not a state-of-
the-art approach with ready-to-use CAD solutions. Often,
it is rather an (at least partially) custom setup of various
tools and flows that help to solve a specific heterogeneous
design task for the target application. Key considerations
here are costs and performance across a product family,
while considering further aspects such as thermal, mechan-
ical, yield, security & safety, and others.

1.3 Our Contribution

The APECS Pilot Line offers the unique opportunity to
combine many domains and experts for heterogeneous in-
tegration. It ranges from chiplet design for digital, A/IMS
(analogue/mixed-signal), MEMS (micro-electro-mechani-
cal systems), RF (radio frequency), and photonics over ad-
vanced integration technologies based on panel-level or
wafer-level packaging to a range of semiconductor tech-
nologies from commercial ones to innovative, emerging
materials like SiGe (silicon-germanium), SiC (silicon-car-
bide), I11-V, or LNOI (lithium niobate-on-insulator). These
are being processed in its extremes on 300 mm wafers in
state-of-the-art semiconductor fabs and on die-substrates in

university labs. This yields significant technological chal-
lenges in their integration into high-performance systems.
Originating from this opportunity, the APECS Pilot Line
envisages to establish and embed a domain-independent,
holistic STCO workflow with well-defined technology
partitioning and interfaces into the European semiconduc-
tor ecosystem. In this special session paper, we describe the
STCO approach, cover our STCO workflow, present re-
lated challenges, and discuss domain-specific STCO flows.

2  Problem definition of Heterogene-
ous Chiplet Design

Heterogeneous chiplet design starts out with a functional
view and breaks it down to an optimal mixture of often in-
compatible semiconductor technologies with different de-
sign rules and tools. As such, the well-defined IP-driven
ecosystem is not capable to capture all design challenges
and elaborate multi-physics simulations in one tool. For in-
stance, chiplet-scale mechanical or (electro-)thermal simu-
lations are required for functional optimisation. Therefore,
an STCO methodology is necessary to combine the variety
of data and domains like design sources, IPs, design meth-
ods, integration steps, economic and ecologic constraints,
and process details into a holistic system design approach
across the hierarchy levels of the system (Figure 1).

Design sources
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Figure 1 Schematic STCO dependency overview

2.1 Prerequisites for STCO CAD

In order to optimise a heterogeneous chiplet implementa-
tion, trade-offs between possible product performances and
costs must be investigated across process technologies.
Thus, various physical domains, dependencies, and details
must be handled simultaneously. To gain such insights by
computer-aided design, a common database with system-
atic data entry and access levels is an essential prerequisite.
This database must feed a central STCO tool which inter-
acts with a spectrum of people and/or software tools such
that an overall optimisation of system and technology can
take place. It must cover both the cost aspects and the tech-
nical aspects. Thus, it should provide relevant key figures
from component datasheets, technology information, infor-
mation across technical abstraction levels, and from vari-
ous domains (electrical, security, geometric, thermal etc.).
Important data to be available includes requirements, inter-
face definitions, ready-to-use PDK/ADK (process design
kit/assembly design kit), and use case scenarios. Thereby,
STCO should not replace but complement and connect de-
sign tools by unified data formats and interfaces.



2.2 A Large Variety of Technologies and
Technical Domains

Semiconductor technologies enable wide range of func-
tionalities, including digital, A/IMS, MEMS, RF, and pho-
tonics. Chiplet architectures and heterogenous integration
provide novel system designs by bringing together multiple
chiplets of similar functionality or by combining multiple
functionalities into one chiplet module. These two scenar-
ios are considered in the following.

2.2.1 Multiple Chiplets with Similar Functionalities

Modelling of systems with similar functionalities can
likely be handled in one tool. Decisions on architectural
level include dividing functionalities into multiple chiplets,
selecting the interconnection technology, and determining
the optimal chiplet technology itself. In some cases, a mon-
olithic integrated system might even be advantageous for
the overall system regarding performance and cost.

2.2.2 Systems with Diverse Functionalities from
Multiple Physical Domains

System design where diverse functionalities from multiple
domains are combined is challenging because design, sim-
ulation, operating modes, and modelling tools often differ
greatly. Currently, it is not feasible to design most combi-
nations of these functionalities in one single tool. Thus,
STCO needs generic models of mutual influences between
the chiplets and interconnects to estimate the system per-
formance. A generic parent system model might be used to
find the optimal technology mix for the desired system,
while more specialised models are considered for the opti-
misation of the individual chiplets and interconnects.

To refine and improve all models, a broad spectrum of
characterization and measurement efforts should be con-
ducted for each semiconductor and interconnection tech-
nology. Data transfer between the different technologies
should be considered in the STCO approach as well.

3 APECS’ STCO Design Methodol-
ogy in General

Figure 2 presents an overview of the process to implement
a chiplet module from the customer’s requirements. For the
sake of clarity, in this paper, the “chiplet module” sketched
on the upper right of the figure is a representation of a het-
erogenous integrated (sub)system we focus on. Such
chiplet module is built out of chiplets and an (advanced)
“substrate” which can be any interposer and/or substrate
using a variety of technology options.

The design phase evaluates decisions on how to partition
the system into chiplets and likewise the chiplets internally.
Thereby, the functional interactions must be considered
while handling various physical effects (electrical, me-
chanical, thermal, optical, etc.) which depend on the tech-
nologies. Based on this, the design of the chiplets, sub-
strate, and chiplet module can be executed to finally gen-
erate production data. To accomplish this, more input is
needed as indicated by arrows at the top of Figure 2.
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Figure 2 Path from the customer’s requirements of a sys-
tem to a chiplet module using the STCO methodology in
the scope of the APECS Pilot Line
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From the production data, models are derived which are
used to estimate the system performance to be verified
against the specification. When the specification is not met,
there is a loop back to system design and/or the technology
to change or adjust parts of the system decisions and/or the
technology until the module reaches satisfactory perfor-
mance. This iterative approach is the core of STCO. It in-
tends to answer the following questions:

e Which components from which (optimal) technologies
are necessary to fulfil the requirements?

e Into how many chiplets should the module be divided?

e Which integration/interconnection approach is needed?

o What are the key performance indicators (KPIs; area,
costs, performance, ...)? Which are the degrees of free-
dom of the decisions to take influence? How sensitive
is the outcome to changes? Is there a continuous design
space or are only discrete selections possible?

e What is an adequate choice of signal interfaces (elec-
trical, optical, mechanical, ...)? How can the interface
selection manage communication challenges like band-
width or signal integrity and which implication has this
choice to other parts of the system?

e How is power delivery implemented?

o Are there more challenges to be considered like ther-
mal, mechanical, or electro-magnetic interference?

e Which additional parts in the system and which addi-
tional procedures while manufacturing are needed to
obtain testability for all parts and/or the whole system
(Build-In-Self-Test, test bumps, ...)?

e What are the costs, considering test costs, design costs,
reuse, etc. and what is the yield of the solution?

o Isthere a reliable supply chain for the selected technol-
ogy (or access at all)?

The number of iterations needed depends on the quality of

the input data (e.g. A/PDK) compared to the requirements

to be achieved. There might be no loop needed in case all
sub-design tasks can provide correct submodule perfor-
mances that add up to the correct system performance.



3.1 (Our) Definition of STCO

The term STCO is still emerging. In [1] and [2], STCO
bridges the gap between application-driven systems and
technology which extends design technology co-optimiza-
tion (DTCO). What a “system” is, however, often depends
on the individual view and broader context. We focus on
chiplet modules (see above) which can be used as part of a
larger piece of hardware solution (i.e. as a subsystem) to-
gether with, e.g., a PCB (printed circuit board) carrier and
further components.

Our STCO approach targets the optimal realization of a
chiplet module regarding both application requirements
(use case) and economic goals (business case). The use
case breaks down into a variety of more specific require-
ments across multiple technical domains, including tech-
nological, electrical, geometrical, mechanical, optical, in-
terfacing, thermal, reliability, and safety & security as-
pects. On the business case side, costs and efforts regarding
design, manufacturing/yield, licenses, 3 party compo-
nents, reusability, and others must be considered to provide
benefits across products and/or product families for both
the solution provider and their customers. With STCO, this
diverse landscape of options across domains is systema-
tised and quantised such that techno-economic decisions
can be taken fast and holistically.

3.2 The Relevance of Modelling

To enable the iterative bottom-up paths in Figure 1 and
Figure 2, later steps in the design flow must be anticipated
early. Furthermore, the various physical domains have to
be considered simultaneously. This necessitates various
models which provide the relevant information. To antici-
pate the relevant information across requirements (e.g.,
performance, costs, geometry, supply, etc.) and design hi-
erarchies, both a well-informed database and a spectrum of
models are required that replicate the lower-level details to
support the broader view of system optimisation.

3.3 Design Tool Ecosystem

As shown in Figure 1, a successful STCO design flow de-
pends heavily on a variety of design data, such as PDKSs,
design IPs, and verification models, that are available for
various process technologies. This data is typically pro-
vided for established design tools, which must then be used
in the design flow for the technologies selected. When us-
ing complementary metal-oxide-semiconductor (CMOS)
technology for the design of microelectronic circuits, only
commercial tools from leading electronic design automa-
tion (EDA) providers are typically supported first — or at
all. However, there are some CMOS technologies that sup-
port a design flow with open-source design tools [12, 13].
The EU promotes the dissemination and use of open-source
design tools, and the various PDKs and ADKs created in
APECS will also support open-source tools.

The design tools for chiplet design offered by commercial
providers often focus more on the design flow of digital
circuits, especially for high-performance computing
(HPC), as this has been one of the main areas of application

for chiplets in the past. In addition to digital design,
APECS will also provide complex analogue circuits and a
range of other technologies for the integration of additional
physical domains (mechanical, photonic, acoustic) for the
construction of complex sensor and actuator chiplets. Each
of these domains uses domain-specific design tools (e.g.,
domain-specific finite element method (FEM) simulators),
which must also be integrated into the STCO design flow
as part of PDK and ADK development. Due to this variety
of tools used, it is necessary to repeatedly synchronise the
domain-specific design processes in the overall design
flow. Typically, the verification steps in the design flow are
suitable for this purpose, also from a tool perspective. By
providing suitable common simulation models at different
levels of abstraction (e.g., Universal Verification Method-
ology (UVM), transaction level models, S-parameter mod-
els in SPICE, real number models in SystemVerilog, etc.),
the overall system can be verified in the different design
phases. The layout and physical verification also works
well as a synchronization point for domain-specific flows,
since GDSII (Graphic Design System) is an exchange for-
mat supported by commercial and open-source layout tools
as well as by verification tools. Furthermore, the necessary
assembly and interconnect rules must be integrated into the
domain-specific design flows as additional rules. The
physical layout verifications required for this can be carried
out jointly across technologies by transferring the most im-
portant design layers (interconnect and pad layers) to a
common PDK/ADK and extending the respective design
rules accordingly. Also, the electrical, thermal, and me-
chanical (parasitic) effects, which must be considered due
to the interconnects to the respective substrate (interposer,
package, circuit board), must be transferred from the PCB
tools to the IC simulation models so that they can be con-
sidered early in the design flow.

3.4 Pathways to an STCO Reference Flow
and its Dependencies

In APECS, a variety of technologies is combined. To ad-
dress use cases out of this spectrum, the general STCO de-
sign flow must be augmented by the technology details. At
the same time, the design process must be represented in a
holistic way to connect the domains. This enables to keep
the overview and aggregate global KPIs when simultane-
ously designing the system and refining the technologies.
Following, a summary of STCO activities and peculiarities
is given for different chiplet domains beyond digital and
A/MS.

3.4.1 STCO for MEMS

Micro-electro-mechanical systems comprise a large variety
of functioning principles resulting in a broad variety of fab-
rication technologies [14]. Their accompanying electronics
are usually implemented in a CMOS technology, but also
additional discrete elements are used to build custom sen-
sor systems. The large variety of physical domains, the sen-



sors are working in, combined with their respective tech-
nologies demands for a multi-domain design flow for de-
sign and verification.

In general, the design can be distinguished into a layout-
focused approach and a model-focused approach. In the
layout-focused approach, relevant details are captured in a
GDSII layout. Models for multi-physics simulations are
derived from this layout, as well as the sensor specification
and abstract behavioural models for the usage in, e.g., cir-
cuit simulators. This approach has the advantage that lay-
out checks for fabrication feasibility are possible with a de-
sign rule check at each design step, as existing PDKs can
be used. The workflow can be modularised with different
design tools like commercial design tools for CMOS de-
velopment and layout, open-source tools for specialised
layouts, and open source or commercial FEM tools for the
multi-domain analysis. The model-focused approach puts
more emphasis on the system development involving a
“digital twin” and the layout is derived from the model.
This requires more complex model interactions and a
workflow which integrates all functionalities seamlessly
but can lead to more powerful models.

For a successful STCO design, the interfaces between all
design levels need to be specified and wrapped for the us-
age in different tools. Electronics and packaging may in-
fluence the operation of MEMS systems. Therefore, cross-
domain abstract behavioural models of the MEMS need to
be derived. The ADK addresses specific boundary condi-
tions of a certain chiplet like thermo-mechanical and elec-
trical requirements and possible follow-up technologies.

3.4.2 STCO for Photonics

In quasi-monolithic photonic integrated circuits (PICs), the
photonic process layers are deposited on finished CMOS
wafers (post-CMOS) [15]. Alternatively, PICs can be mon-
olithically integrated in I11-V or LNOI wafers, and e.g. hy-
bridly or heterogeneously integrated with high-speed elec-
tronics on an interposer [16]. For the former case, the con-
trol electronics for the photonic components are partially
implemented in the CMOS part of the chiplets. For the lat-
ter case, interconnects are co-designed between different
technologies. For both cases, the close interaction between
the microelectronic and photonic subsystems in such elec-
tronic-photonic co-integration requires a multi-domain de-
sign flow. In addition to the use of commercial design tools
for CMOS circuit development, open-source EDA tools
are to be used for the development of photonic structures.

For successful STCO design of PIC chiplets, the ability to
verify the system at all design levels using cross-domain
simulations is crucial. To achieve this, verification models
are being developed at different levels of abstraction,
which can be used in various simulators, including open-
source simulators. The use of open-source layout tools is
also an important part in the design flow. They offer the
possibility of creating photonic structures via the GDSII
exchange format and verifying them together with the in-
terconnect layers. Furthermore, the assembly of PIC
chiplets requires additional adjustments in the PDK of the

technologies involved. For example, the design rules of the
PDKs must be extended to include additional assembly
rules, due to the necessary optical coupling. Since no tech-
nology is optimally suited for all applications [16], a multi-
domain approach for the integration of photonic chiplets
into a system is essential to optimise the overall system’s
KPlIs.

3.4.3 STCO for Power

Power electronic system design and optimisation is an ex-
ample of an application area that already relies on optimi-
sation techniques to meet modern performance, efficiency
and cost requirements. The optimisation effort is per-
formed in a highly partitioned ecosystem across the do-
mains power discrete devices or components [17], modules
[18, 19], and systems [20]. Power management ICs and
monolithic integrated power electronic solutions com-
monly bridge the domains and have similarities to analogue
and RF design methodologies, while continuously balanc-
ing higher abstraction levels with better accuracies of the
utilised models.

For power discrete design, emphasis is given on the opti-
misation and balancing of different device regions (i.e. core
and termination structures) as well as interconnect parasit-
ics. Based on these active device layouts, specialised, pre-
dominantly commercial tools emerged that allow for rout-
ing optimisations with respect to resistance and current
density distributions, which are critical for wide bandgap
semiconductors that allow for high current densities and
switching frequencies. The optimisation of power discretes
towards system level performance, mixed-mode (TCAD
and SPICE) or purely compact model-based approaches
are utilised.

Assuming a (packaged) power discrete, designers create
power modules using a workflow starting with schematic
design and circuit simulations (e.g., SPICE, VHDL). Note
that sourcing could in practice also include bare-die power
chiplets. However, typically the discrete design space is
limited to component selection, not including modifica-
tions on power discrete level, due to the complexity and
economics of power discrete development and manufactur-
ing. Continuing from the circuit simulations, FEM tools are
used for physical prototyping and to optimise the place-
ment and routing within the power module. In advanced
workflows; the FEM tools feature integrated interfaces to
circuit simulators allowing for automated feedback loops.
For power systems design, power modules or packaged
discretes (and driver 1Cs) are included in system level cir-
cuit simulators similarly to the previous abstraction level
via behavioural models, or additionally, by simplified com-
pact models. Likewise, the optimisation of placement of
components and routing between components is performed
using board-level EDA tools and, if required, by FEM sim-
ulators.

While this segmented development approach has well de-
fined interfaces, it inherently limits the potential for system
level co-optimisation in power electronics.



3.4.4 STCO for RF

When radio frequency-related chiplets are designed by
STCO, there are some additional challenges to solve. Ad-
ditional information is necessary from the ADK, provided
formats for models into the STCO is required, and the in-
teraction between RF chiplets and other system parts by
unwanted coupling must be quantifiably to both measure
and counteract this. In particular, the 3D interconnects be-
tween RF chiplets as well as to other chiplets place new
and special demands on STCO, as they become essential in
2.5/3D heterogenous integrated modules and systems. This
is due to the individual design of the interconnects. To en-
able STCO for RF, there must be some degree of freedom
for modification from the system side and also from the
technology side. This could be different options of materi-
als, that are analysed using the ADK and evaluated accord-
ing to the requirements for the application, so that the result
of the STCO is an optimised system.

While the ADK and the models it contains must be ex-
panded, new approaches must be established for the 3D
connection of RF chiplets to each other and to other
chiplets in the STCO. The special challenges compared to
analogue design, for example, are that traditional RF chip
design usually requires co-simulations with electromag-
netic (EM) solvers in addition to SPICE-related circuit de-
sign. This is necessary to precisely consider parasitics for
very high frequencies on the one hand and to create precise
models for the individual passive structures and compo-
nents in the RF domain on the other. For 2.5/3D hetero-
genous integration, furthermore, synthesis tools are neces-
sary to effectively design the 2.5/3D passive structures.
Part of these tools are optimisation algorithms to find the
optimal solution regarding predefined parameters like size
and performance within the design rules. For STCO, all the
aforementioned tools and solvers have to be anchored in an
overarching design flow. Cross-coupling must also be part
of the STCO process in order to ensure valid functioning
of integrated systems.

4  Conclusion and Outlook

System-Technology-Co-Optimisation (STCO) will be an
enabler to realise tailored chiplet modules that simultane-
ously meet cost, performance, and reuse requirements of
various target applications. For this, it is necessary to com-
bine a broad spectrum of technical domains and experts to
design and manufacture such optimised chiplet modules
that are built out of a well-arranged mix of physical con-
siderations and technological options.

Still, there is a long path to go in order to reach this vision
of a unified design platform that combines the various use
cases and commercial needs. In this paper, we presented
the related challenges, dependencies, and sketched STCO
pathways. In order to bring together the relevant industries
from application, technology, design, and CAD, the indus-
try will have to collaborate closely and define standards to
enable this new quality of cross-domain exchange and col-
laboration.
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