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Introduction: RISC-V high-performance open cores Q%

=> The growing demand for autonomy in critical fields like automotive, industrial
automation, and aerospace is driving the need for high-performance CPUs
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Introduction: RISC-V high-performance open cores Q%

=> The growing demand for autonomy in critical fields like automotive, industrial
automation, and aerospace is driving the need for high-performance CPUs

=> An increasing number of open-source RISC-V cores are targeting
high-performance applications, including BlackParrot, BOOM, XiangShan, and

Xuantie C910
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Introduction: RISC-V high-performance open cores Q%

=> The growing demand for autonomy in critical fields like automotive, industrial
automation, and aerospace is driving the need for high-performance CPUs

=> An increasing number of open-source RISC-V cores are targeting
high-performance applications, including BlackParrot, BOOM, XiangShan, and
Xuantie C910

CVAG6' is a configurable 64/32 bit RISC-V core originally developed by the PULP
Platform and now maintained by OpenHW Group with the support of multiple
industrial and academic partners:

IF. Zaruba, "The Cost of Application-Class Processing: Energy and Performance Analysis of a Linux-Ready 1.7-GHz 64-Bit RISC-V Core in 22-nm FDSOI Technology", IEEE VLSI, 2019
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Introduction: RISC-V high-performance open cores Q%

=> The growing demand for autonomy in critical fields like automotive, industrial
automation, and aerospace is driving the need for high-performance CPUs

=> An increasing number of open-source RISC-V cores are targeting
high-performance applications, including BlackParrot, BOOM, XiangShan, and
Xuantie C910

CVAG6' is a configurable 64/32 bit RISC-V core originally developed by the PULP

Platform and now maintained by OpenHW Group with the support of multiple

industrial and academic partners:

=> 6-stage pipeline: two-stage Instruction Fetch (IF), Instruction Decode (ID),
Instruction Issue (IS), Instruction Execute (IE), and Writeback (WB)

IF. Zaruba, "The Cost of Application-Class Processing: Energy and Performance Analysis of a Linux-Ready 1.7-GHz 64-Bit RISC-V Core in 22-nm FDSOI Technology", IEEE VLSI, 2019
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Introduction: RISC-V high-performance open cores Q%

=> The growing demand for autonomy in critical fields like automotive, industrial
automation, and aerospace is driving the need for high-performance CPUs

=> An increasing number of open-source RISC-V cores are targeting
high-performance applications, including BlackParrot, BOOM, XiangShan, and
Xuantie C910

CVAG6' is a configurable 64/32 bit RISC-V core originally developed by the PULP

Platform and now maintained by OpenHW Group with the support of multiple

industrial and academic partners:

=> 6-stage pipeline: two-stage Instruction Fetch (IF), Instruction Decode (ID),
Instruction Issue (IS), Instruction Execute (IE), and Writeback (WB)

=> In order dispatch, out of order completion, in order commit

IF. Zaruba, "The Cost of Application-Class Processing: Energy and Performance Analysis of a Linux-Ready 1.7-GHz 64-Bit RISC-V Core in 22-nm FDSOI Technology", IEEE VLSI, 2019
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Background: from CVA6 to CVAGS

CVAG IPC (Instructions Per Clock) is constrained by its simple, scalar in-order
front-end microarchitecture

2C. Allart, "Using a Performance Model to Implement a Superscalar CVA6", ACM CF'24
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Background: from CVAG6 to CVAGS Q%

=]

CVAG IPC (Instructions Per Clock) is constrained by its simple, scalar in-order
front-end microarchitecture ‘

CVAG6S? is the superscalar dual-issue version of CVA6 by Thales, making the
core suitable for more demanding workloads

2C. Allart, "Using a Performance Model to Implement a Superscalar CVA6", ACM CF'24
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Background: from CVAG6 to CVAGS Q%

P

CVAG IPC (Instructions Per Clock) is constrained by its simple, scalar in-order
front-end microarchitecture ‘

CVAG6S? is the superscalar dual-issue version of CVA6 by Thales, making the
core suitable for more demanding workloads
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Contribution: from CVAGS to CVA6S+ 0%

P

We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:
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Contribution: from CVAGS to CVA6S+ 0%

=]

We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:
=> Register renaming
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Contribution: from CVAGS to CVAGS+ Q%
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We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:

=> Register renaming

=> Improved branch predictor
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Contribution: from CVAGS to CVAGS+ Q%

=]

We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:

=> Register renaming

=> Improved branch predictor

—> ALU-ALU forwarding
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Contribution: from CVAGS to CVAGS+ Q%

=]

We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:

Register renaming

Improved branch predictor

ALU-ALU forwarding

FPU integration in superscalar mode
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Contribution: from CVAGS to CVAGS+ Q%

=]

We present CVA6S+, which builds on the CVA6S microarchitecture with key
enhancements aimed at further boosting performance:

=> Register renaming

=> Improved branch predictor

—> ALU-ALU forwarding

=>» FPU integration in superscalar mode

Moreover, we integrate and evaluate CVA6S+ with the the OpenHW Core-V
High-Performance L1 Data Cache (HPDCache)
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CVAGS: the baseline
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CVAGS: the baseline
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CVAGS: performance analysis
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CVAG6S: performance analysis
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1 The evaluation is based on
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CVAGS: performance analysis
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CVAGS: performance analysis
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CVAG6S: performance analysis
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CVAGS: performance analysis

1 The evaluation is based on

09 the Embench-loT suite
0,8
i)
o 07 B Source Missin
3 06 I:;VOAW v ?
} ’ = Load USE
2 o L drmir
Q>) 04 M Single Instr. Valid
>0
0,3 . .
‘ Instruction dependencies cause
o2 single-issuing
0,1
5 K. Introduce ALU-ALU forwarding to
& " dual issue interdependent ALU

operations

® InstrQ Empty m Dual Issue ® Single Issue = Stalls

; : RISC-V
ETHzirich @ umsioss 2] ST VMY (i KYI ThnLes 24 SUMMIT

Saint-Etienne STMicroelectronics EUROPE 2025




+®

P

CVAG6S: performance analysis
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CVAGS: performance analysis
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CVAG6S+: Private History Predictor
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CVAG6S+: Private History Predictor

I Branch PC I . _
= log,(entries) bits

Branch History Table

Legacy BHT predictor
2-bit per entry

l / RISC-V

I 2N e ‘ 29 SUMMIT
£71%) ALMAMATER STUDIOR 24" 5 g ” Y/ THALES
mzurICh \E // UNIVERSITA DI BOLOGNA MINES | e R STMimelecn{ics EUROPE 2025

//

74
ALMA MATER STUDIORUM




CVAG6S+: Private History Predictor

I Branch PC I ) _
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Legacy BHT predictor
2-bit per entry
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CVAG6S+: Renaming Scheme
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CVAG6S+: Renaming Scheme

Scoreboard (SB)
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CVAG6S+: Renaming Scheme

Scoreboard (SB)

- The scoreboard is a D {Yald |
circular buffer 2 1 E

=> RAW hazards need to 4 0
know the newest >
instruction to correctly L2

forward data

Instr. 0 and 5 both
write register x12
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CVA6S+: Renaming Scheme

Reorder the
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CVAG6S+: Renaming Scheme
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CVA6S+: Renaming Scheme Q%
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CVA6S+: FPU support

| Wider | Bigger | = New
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CVAG6S+: ALU-ALU forwarding
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CVAG6S+: ALU-ALU forwarding
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CVA6S+: ALU-ALU forwarding D

P

opA[0] Result[0]
ALUO g
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CVAG6S+: ALU-ALU forwarding

=> The ALUs operate separately when
dual-issuing independent instructions
=> The ALUs are chained when

dependent instructions can be fused
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CVAG6S+: ALU-ALU forwarding

=> The ALUs operate separately when
dual-issuing independent instructions

=> The ALUs are chained when
dependent instructions can be fused

-> Selected few operations are never
chained to preserve the critical path
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Pipeline performance: Embench-loT

Embench-loT
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Pipeline performance: Embench-loT

Embench-loT
L6 --- CVAG6 AVG CVAG IPC °
~-- CVAGS AVG CVAGS IPC The Embench-loT suite focuses on
-== CVA6S+ AVG . CVA6S+ IPC
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Pipeline performance: Embench-loT 0%
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Pipeline performance: Embench-loT
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Embench-loT
164 -== CVAG6 AVG CVAG IPC .
| -~ CVAGS AVG CVAGS IPC The Embench-loT suite focuses on
-== CVA6S+ AVG CVAGS+ IPC
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Area and Timing: performance at what cost? Q%

P

Evaluation setup:

Il Pipeline
0.200 mmm (Cache => GF22 nm CMOS technology
B DCache . .
0.175 - => Worst timing corner
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Area and Timing: performance at what cost? Q%

P

Evaluation setup:

Il Pipeline
0200 | mm Cache => GF22 nm CMOS technology
0.175 - => Worst timing corner
0.150 - =>» CVAG6S+ versus CVAb6
Tz, =>» Same caches configuration
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Area and Timing: performance at what cost?

+®

P

Evaluation setup:
=> GF22 nm CMOS technology
=> Worst timing corner

=>» CVA6S+ versus CVA6
=>» Same caches configuration

~

[Pipeline area delta: +28%
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Area and Timing: performance at what cost?

+®

P

Evaluation setup:
=> GF22 nm CMOS technology
=> Worst timing corner

=>» CVA6S+ versus CVA6
=>» Same caches configuration

~

[Pipeline area delta: +28%
Total area delta: +9%
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Area and Timing: performance at what cost? Q‘%

P

Evaluation setup:

Il Pipeline
el = ggac::e => GF22 nm CMOS technology
0.175 - => Worst timing corner
0.150 1 =>» CVA6S+ versus CVA6
T o125 =>» Same caches configuration
£
g i /Pipeline area delta: +28% )
0.075 4 Total area delta: +9%
0.050 ] Max. Frequency: 1090 MHz
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Area and Timing: performance at what cost?

Evaluation setup:

0.200 E Ez:wh => GF22 nm CMOS technology
0.175 - => Worst timing corner
0.150 1 =>» CVAG6S+ versus CVAb6
T o5 =>» Same caches configuration
£
g P00 /Pipeline area delta: +28% )
0.075 4 Total area delta: +9%
0.050 ] Max. Frequency: 1090 MHz
— (-0.5% vs CVAGb)
- \to obtain 43.5% IPC improvement /
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CVAG6S+: what about the cache?
__ Wider | Bigger | New
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HPDCache: Open-Source High-Performance L1 DS

-> Performance-Optimized Design:

features pipelined micro-architecture,

single-cycle read/write hit latency

@

CORE REQ CORE RSP CONFIGURATION
HPDcache Core
Cache Controller Cache
Management
> Operation
E] Protocol Protocol Protocol Handler (CMO)
REFILL g0y Engine Engine Engine
Replay ; Stage 0 Stage 1 Stage 2
Table =
{ras) YAYVAYA VAV AYA VAYAYA

Cache Directory and Data

uuuuuuuuuuuuuuu

Miss Handler

Uncacheable & AMO

Write Buffer

Handler (UC) (WBUF)
B Data
Q MSHR @ Dir
READ READ [A WRITE/AMO | A WRITE | A
MISS UNCACHED || UNCACHED|: REQUEST| '
REQ/RSP Y ! REQ/RSPY ! REQUESTY : :
| Arbiter | | Arbiter |
MEMORY | A MEMORY | A

3C. Fuguet, "HPDcache: Open-Source High-Performance L1 Data Cache for RISC-V Cores", ACM CF'23
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-> Performance-Optimized Design:

] . . . CORE REQ CORE RSP CONFIGURATION
features pipelined micro-architecture, S
. . . cache Core
single-cycle read/write hit latency pST——— Cache
Management
Operation
= 5 rotoco rotoco rotoco Handler (CMO)
Out-of-Order Execution & — e B8 :Et';%‘;‘%' ';Et.;%ig{ '}tr;%;.ez' °
Non-Blocking: handles requests — T VAYAYA VAVAYA @

out-of-order to avoid head-of-line

HPDCache: Open-Source High-Performance L1 DS

@

bIOCklng Cache Directory and Data Miss Handler Uncacheable & AMO Write Buffer
Handler (UC) (WBUF)
; Data
G G|
READ READ [A WRITE/AMO | A WRITE | A
MISS UNCACHED | | UNCACHED | : REQUEST | :
REQ/RSP REQ/RSPY ! REQUESTY ! :
| Arbiter Arbiter |
MEMORY | A MEMORY | A
READ REQ/RSPVE WRITE REQ/RSPV 5

3C. Fuguet, "HPDcache: Open-Source High-Performance L1 Data Cache for RISC-V Cores", ACM CF'23
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-> Performance-Optimized Design:

features pipelined micro-architecture,
single-cycle read/write hit latency

Out-of-Order Execution &
Non-Blocking: handles requests
out-of-order to avoid head-of-line
blocking

Highly Configurable Architecture:
supports both WB and WT policies on a
cache line-level granularity, includes
configurable associativity, request port
count and data widths

HPDCache: Open-Source High-Performance L1 DS

@

CORE REQ CORE RSP CONFIGURATION
HPDcache Core
Cache Controller Cache
Management
> Operation
E] Protocol Protocol Protocol Handler (CMO)
REFILL g0y Engine Engine Engine
Replay rﬂ Stage 0 Stage 1 Stage 2
Table =
{ras) YAYVAYA VAYAYA VAYAYA

Cache Directory and Data Miss Handler Uncacheable & AMO Write Buffer
Handler (UC) (WBUF)
B Data
@ MSHR @ Dir
READ READ [ A WRITE/AMO | A WRITE | A
MISS UNCACHED . UNCACHED ‘ REQUEST ‘
REQ/RSP REQ/RSPY ! REQUESTY ! :
| Arbiter | Arbiter |
MEMORY | A MEMORY | A

READ REQ/RSP Y

3C. Fuguet, "HPDcache: Open-Source High-Performance L1 Data Cache for RISC-V Cores", ACM CF'23
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Cache performance: RaiderSTREAM
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Cache performance: RaiderSTREAM

RaiderSTREAM
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The RaiderSTREAM suite focuses on

the cache subsystem:

=> The same CVA6S+ pipeline is
tested with the legacy DS and
the HPDCache
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Cache performance: RaiderSTREAM
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The RaiderSTREAM suite focuses on

the cache subsystem:

=> The same CVA6S+ pipeline is
tested with the legacy DS and
the HPDCache

-> The working set is 2x the cache
capacity
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Cache performance: RaiderSTREAM

RaiderSTREAM
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The RaiderSTREAM suite focuses on

the cache subsystem:

=> The same CVA6S+ pipeline is
tested with the legacy DS and
the HPDCache

-> The working set is 2x the cache

capacity
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the legacy DS with the HPDCache

RISC-VV
SUMMIT

EUROPE 2025

o R4



Area and Timing: HPDCache versus Legacy Cache Q‘%

P

Evaluation setup:

Il Pipeline
0.200 mmm (Cache => GF22 nm CMOS technology
B DCache . .
0.175 - => Worst timing corner
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Area and Timing: HPDCache versus Legacy Cache Q%

P

Evaluation setup:

Il Pipeline
0200 lmm (Cache => GF22 nm CMOS technology
0.175 - => Worst timing corner
0.150 ] => Legacy Cache versus HPDCache
Tz, =>» Same pipeline configuration
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Area and Timing: HPDCache versus Legacy Cache

Evaluation setup:

B Pipeline _ )
02001 552:& .;[18.9% => GF22 nm CMOS technology
0.175 - => Worst timing corner
0.150- =>» Legacy Cache versus HPDCache
Tl =>» Same pipeline configuration
£
w 0100 : A
g o Cache area reduction: -18.9%
0.075 { due to better SRAM organization
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Area and Timing: HPDCache versus Legacy Cache

Evaluation setup:

B Pipeline _ )

el = ggac::e . [18.9% => GF22 nm CMOS technology

0.175 - => Worst timing corner

0.150 - => Legacy Cache versus HPDCache
T o125 => Same pipeline configuration
£
w 0100 : A
g Cache area reduction: -18.9%

0.075 1 due to better SRAM organization

0.050 ] kwhile providing +74.1% bandwidth)!
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Conclusion Q%

=» We introduce CVA6S+, adding key features upon CVAGS, the superscalar
dual-issue extension of the CVA6 RISC-V application-class core CVA6
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Conclusion P

=]

=» We introduce CVA6S+, adding key features upon CVAGS, the superscalar
dual-issue extension of the CVA6 RISC-V application-class core CVA6

-> We integrate CVA6S+ with the OpenHW Core-V High-Performance L1 Data
Cache HPDCache
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Conclusion

+®
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=» We introduce CVA6S+, adding key features upon CVAGS, the superscalar
dual-issue extension of the CVA6 RISC-V application-class core CVA6

-> We integrate CVA6S+ with the OpenHW Core-V High-Performance L1 Data
Cache HPDCache

-> We demonstrate 10.9% and 43.5% IPC improvement over CVA6S and CVAG,
respectively, with an area overhead of less than 10% and only 0.5%
maximum frequency regression
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=» We introduce CVA6S+, adding key features upon CVAGS, the superscalar
dual-issue extension of the CVA6 RISC-V application-class core CVA6

-> We integrate CVA6S+ with the OpenHW Core-V High-Performance L1 Data
Cache HPDCache

-> We demonstrate 10.9% and 43.5% IPC improvement over CVA6S and CVAG,
respectively, with an area overhead of less than 10% and only 0.5%
maximum frequency regression

-> We showcase the benefit of adopting the HPDCache, which improves the
bandwidth by 74.1% and reduces the cache area by 18.9%
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PULP Platform
Open Source Hardware, the way it should be!

Thank you!
Questions?

Q&A
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