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Abstract - In recent years, the chip design industry has witnessed a significant trend, the increasing development
of chiplets. In response to this shift, leading-edge semiconductor companies have collaboratively formed a
consortium and developed a new open standard for chiplet interconnects, known as Universal Chiplet Interconnect
Express (UCle). This standard represents a major advancement in chiplet integration and defines a pathway from a
monolithic chip architecture to chiplet based systems. The UCle specification, at its core, defines a layered protocol
that utilizes interfaces to manage and co-ordinate various interconnect requirements, delivering a comprehensive set
of features. While the specification officially supports standardized protocols such as PCle and CXL, it is designed
with flexibility in mind and includes provisions for raw or streaming protocols, allowing for the integration of
additional protocols beyond PCle and CXL. In this paper, we introduce a solution designed to validate systems
incorporating one or more of these protocols operating over the UCle interconnect. It facilitates verification of
protocol implementations within the UCle ecosystem, ensuring robust interoperability and functionality across
different protocol layers.
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Figure 1: Chiplet based system utilizing UCle as transport layer
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I. INTRODUCTION

UCle (Universal Chiplet Interconnect Express) is an open standard designed for on-package interconnection,
facilitating the integration of multiple semiconductors dies within a single package. Its primary goal is to foster a
dynamic ecosystem that supports disaggregated die architectures, enabling them to be interconnected via UCle.
UCle supports a range of protocols, including PCle, CXL, and streaming formats, as well as a raw format that can
be adapted to any chosen protocol, provided both ends are compatible with its shared physical and link layers. This
flexibility ensures that UCle can accommodate various communication needs and architectural configurations.

UCle supports a broad array of usage models, initially integrating protocols such as PCle, CXL, and streaming
formats. The inclusion of PCle and CXL—both extensively utilized protocols—facilitates enhanced on-package
integration by replacing traditional PCle SERDES PHY and PCle/CXL LogPHY interfaces. Moreover, UCle’s
support for streaming protocols allows them to utilize the Link Level Retry feature of the UCle Adapter, ensuring
reliable transport for protocols beyond PCle and CXL. This capability broadens UClIe’s applicability and reliability
in diverse interconnect scenarios.

UCle encapsulates multiple application protocols such as PCle, CXL or any other Streaming Protocol (AXI, CHI
or user proprietary protocol). It allows application-level workloads to be driven as standard flit formats which is
agnostic to any specific protocol specification. Thus, UCle provides transport mechanisms which is protocol
agnostic and generic in nature (e.g., PCle non-Flit mode packets are transported using CXL.io 68B Flit Format)

Since UCle has the capability to carry multiple protocols, it creates a need of a generic verification solution which
can cater to different verification requirements of users to validate multiple subsystems such as CXL over UCle,
PCle over UCle, AXI over UCle.... We have identified a way, where we can leverage these UCle feature set and
create a functional verification ecosystem with a top-level environment known as Protocol Environment, capable
of testing designs where various protocols interact over the UCle interconnect.

The key advantages of this include:

e Protocol-Agnostic: Designed to accommodate any future set of protocols. The solution is adaptable to
evolving standards.

o Multi-Stack Support: It leverages UCle's Multi-Stack capability, allowing multiple protocols to operate
over a single UCle transport.

e Scalability: The architecture's consistent configuration facilitates easy scaling to support additional
protocols.

o Simplified Maintenance: A uniform architecture across protocols reduces complexity and maintenance
efforts by minimizing the number of files.

e Generic Behaviour: The system’s design ensures broad applicability and flexibility.
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I1. RELATED WORK

Protocol Environment: a Versatile Protocol Integrator, provides a comprehensive solution for integrating
various protocols with UCle as the transport layer. It serves as a versatile verification platform designed to connect
industry-standard protocols with UCIe’s D2D (Die-to-Die) and physical layer verification components. This enables
complete stack verification, ensuring that protocols operate seamlessly over the UCle interconnect. It facilitates
thorough testing and validation by bridging the gap between protocol-specific requirements and UCle's transport
mechanisms, offering a robust framework for verifying end-to-end functionality within multi-die systems.
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Figure 2: Protocol Environment Block Diagram

The verification solution consists of three primary components: the Protocol Agent, a Protocol Translator and the
UCle FDI Agent. These elements collectively form the core of the verification framework:

e Protocol Agent: This component represents the protocol-specific BFM (Bus Functional Model). It can be
any protocol supported over the UCle interconnect, such as PCle, CXL, AXI, CXS or any proprietary
protocol. For protocols like PCle or CXL, which typically have their own PHY layers, the instances are
configured without these native PHY's. Instead, UCle’s PHY is employed to transport Protocol data across
the interconnect to the partner chiplet, as UCle itself handles the physical layer.

e Protocol Translator: This is responsible for converting data between the protocol-specific domain and the
UCle domain. This translator facilitates the data conversion, aligning it with the selected protocol and flit
format.
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e UCIe FDI Agent: The FDI Agent interfaces between the protocol Layer and the UCle D2D Adapter Layer,
adhering to the scope defined in the UCle base specification. It facilitates the interaction and data flow
between the protocol-specific verification and the UCle interconnect.

In a comprehensive full stack verification framework, this environment approach is strategically positioned as
illustrated in Figure 3 below. The utilization can be as simple as a protocol switch or a parameter within the BFM
configuration, specifying the protocol in use. Subsequently, one can provide traffic that is compatible with the
selected protocol. This traffic is directed through environment, which manages the interaction between the protocol-
specific data and the UCle D2D (Die-to-Die) adapter. From there, the traffic is transmitted across the link through
the UCle PHY (Physical Layer), enabling thorough verification of the entire stack's functionality and
interoperability with the remote DUT or remote partner.
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Figure 3: Protocol Environment in a Top-level Test Environment
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I1l. SOLUTION NOVELTY

Initially, we discussed about the capabilities of UCle, highlighting its ability to function as a Multi-Stack Protocol.
In simple terms, Multi-Stack means that multiple protocols can simultaneously utilize the same UCle transport
infrastructure. The solution scales to verify multi-stack adapter designs as is illustrated in “Figure 4 & Figure 5”
below. It demonstrates that this top-level environment approach can support both modes of UCle operation i.e.,
Single Stack and Multi-Stack modes.

In Single Stack mode, a single protocol layer is instantiated over the UCle transport, providing a comprehensive
full-stack verification solution. Conversely, in Multi-Stack mode, two distinct protocols are concurrently managed
over the same UCle transport, offering a seamless full-stack verification solution. This flexibility underscores the
versatility of this dedicated environment approach, in accommodating different protocol configurations while
maintaining robust verification capabilities.
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Figure 4: UCle Protocol Environment in Single-Stack topology
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Figure 5: UCle Protocol Environment in Multi-Stack Topology

Proprietary Protocol Topology, the top-level environment can include any proprietary protocol layer DUT to
connect with the verification solution thus allows full-stack verification in-case of non-standard protocols.
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Figure 6: Proprietary Protocol DUT Topology
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IV. RESULTS

The following pictorial representation in Figure 7, combined with the log snippets mentioned in “Figure 8,
Figure 9 and Figure 10”, showcases how a TLP (Protocol layer data information) flows through the complete UCle
full stack and reaches the remote partner, thereby enabling multiple dimensions of verification of this ecosystem,
that has a protocol sitting on top of a UCle design.
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Figure 7: TLP Flow from DS to US Protocol Layer (PCle) via UCle

1. Downstream Protocol Log:

231 spd 0 115257.00000006 115257.00000608 R INITFC1 SHARED CPL_VC 64 X1 384 X1

232 spd © 115625.00000000 115625.00000000 T INITFC2Z DEDICATED CPL 100 X1 1056 X1
233 spd © 115837.00800000 115837.00000800 R INITFC2Z DEDICATED P V 182 X1 1824 X1

234 spd © 116125.00000000 116125,00000000 T MWr3z ©x0001/060 o oo 000 ©x499b0484 1 1 32 (H) 40010020 00010000 499b9484 ---- @

235 spd © P16125.00060008 116125.00000000 T MRd32 0x0001/007 e 8@ 080 ©x499b9484 1 f 32 (H) 93010020 010007 499b9484 - - -

236 spd 0 116865 .00000000 116865, 00000008 R INITFC2 DEDICATED_NP 101 X1 1840 X1

237 spd o 117805.00000000 117805.00000008 R INITFCZ DEDICATED CPL 100 X1 1856 X1

238 spd_ o 128397 .00000000 128397.00000600 R INITFC2 DEDICATED P _V 162 X1 1824 X1

239 spd © 205365 .00000000 205365.00000000 R CPLD 0x00007 007 e oo 0 0 0 ID:0x0100 Stat:SC BC:0125 32 (H) 423012020 01000007 ©001107d  ---- 0 @xa40f23bl
246 spd © 205377 .08000000 205377.00006000 T Mir32 ©x8001/600 o 88 080 ©x4e224620 1 8 26 (H) 4801001a DOB10000 4€224020 ---- @

241 spd © 205385, 205385, T _MRd32 ©x0001/00f 0 oo 000 0 18 26 (H) ©301001a ©091000f 46224020

Figure 8: TLP originating from Downstream Protocol layer (PCle)

2. D2D Adapter Log:

50
2751 | 117175.000000 | 117215.000000 | RX | PCIE BS6B FLIT |
2752 1fo00000

2754 84949b49070001 a 30fdfoda
2755 8cl3leias f7ebl2bblc 2f197887c949564Cb038672ece

2757 415689267cf7dBced40ea7abaabebebf152e78d83654a23eb7e06a547 fdeld59
2758 daz73a2aab77fa7add4786cdbbasecfbadef5df990d31628039c372498c207a8

2768 bd841139798b93ed03b966aec9136af8a01aa38579c21abfO467c93917000060

2761 8494 1660200001404 I | 0,00 I

2762 | 117625.000000 | 117665.000000 | TX | NOP FLIT |
3

Figure 9: Same TLP observed at Downstream D2D Adapter in Format4
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3. Upstream Protocol Log:

247 spd 1 201958.00000000 201958.000006668 R INITFC2 DEDICATED CPL 180 X1 1856 X1

248 spd 1 203158.00000000 203158.00000000 R MWr32 0x0001/000 e 8o 608 0x499b9484 1 f 32 (H) 40010020 00010000 49909484 ---- 0O

249 spd 1 203158.00000000 203158.00000000 R MRA32 0x0001/007 6 60 06080 0x499b9484 1 f 32 (H) 03010020 00010007 49909484  ----

250 spd 1 H03170.00000000 203170.000000008 T CplD 0x0000/007 6 oo © 0 8 ID:0x0100 Stat:SC BC:0125 32 (H) 4a012020 01600007 00@1107d ---- @ Bxa40f23bl
251 spd 1 203294.00000000 203294.0000000@ T UPDATEFC_SHARED_NP_VC 96 X1 512 X1

252 spd 1 203402.00000000 203402.00000000 T UPDATEFC SHARED P VCO 64 X1 2_64 X1

Figure 10: TLP reaching its destination at Upstream side PCle Protocol layer

This verification approach provides configurable protocol support, to run over the UCle interconnect and meet the
demanding market design expectations. It ensures that UCle-based systems can efficiently accommodate protocol
integration and ease out the validation process of the complete full stack solution, thereby supporting long-term
sustainability and scalability objectives.

Conclusion:

e The Protocol Environment streamlines and simplifies the integration process, facilitating comprehensive
full-stack verification for any industry-defined protocol design interfaced with UCle.

e |t offers a scalable and maintainable infrastructure, significantly reducing the time required to enable multi-
protocol verification.

e The solution supports multi-protocol verification in both Single Stack (one protocol) and Multi-Stack (two
protocols) modes.

e Helps improve time-to-market since users can utilize their existing protocol-based tests to validate their
new Protocol + UCle designs.
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V. SUMMARY - THE FUTURE oF MULTI-DIE

Protocol Environment has ability to integrate and support new protocols, thereby enhancing its utility and
applicability across diverse use cases. This adaptability is crucial for broadening its market reach and
accommodating evolving technological requirements.

The potential for protocol integration over the UCle interface is expanding as the industry increasingly adopts
multi-die architectures. The variable representing the number of supported protocols, is not fixed; it is dynamic and
subject to growth. As the number of protocols, increases, so too does the capacity and functionality of the Protocol
Environment. This growth trajectory highlights the evolving nature of protocol support within UCle, reflecting the
broader trend towards more complex and versatile multi-die designs in contemporary semiconductor technologies.

At present, the UCle standard stipulates that a single UCle PHY Link interface can support either one protocol
(Single-Stack) or two protocols (Multi-Stack) concurrently. However, the UCle consortium can revise and
potentially expand these limits, as has been observed with other standards. The solution is designed with flexibility
in mind, enabling us to scale and adapt to any future increase in the number of supported protocols as the standard
evolves.
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