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Time (PM) Topic

1:00 - 1:25 Introduction of the XiangShanProject

1:25 - 1:30 Tutorial Overview and Highlights

1:30 - 2:30 Microarchitecture Design and Implementation

2:30 - 3:00 Hands-on Development

Coffee Break

3:30 - 4:00 Hands-on Development & Discussions
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XiangShan: Open-Source High-Performance Processor

Å1st generation: YANQIHU
Å2020/6: first commit of design RTL

Å2021/7: 28nm tape-out, 1.3GHz

ÅPerformance: SPEC CPU2006 7.01@1GHz, DDR4-1600

Å2nd generation: NANHU
Å2021/5: starting design exploration and RTL design

Å2022/12: RTL Freeze

ÅPlan: 14-nm tape-out soon, estimated SPEC CPU2006 20@2GHz

Å3rd generation: KUNMINGHU
ÅISA feature:Vector (V) extension, Hypervisor (H) extension

ÅComprehensive performance improvement

ÅOpen-sourced at https://github.com/OpenXiangShan/XiangShan

>3.2K stars, >400 forks on GitHub

Fragrant Hills in Beijing

https://github.com/OpenXiangShan/XiangShan
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Yanqihu:  1st generation of XiangShan

ÅYanqihu: named after a lake in Beijing, China
ÅRV64GC, 11-stage, superscalar, out-of-order

Å5.3 CoreMark/MHz (gcc-9.3.0 ςO2)

ÅReal chip: SPEC CPU2006 7@1GHz with DDR4-1600 (DDR not fully optimized)

ÅTape-out: single XiangShancore (commit hash ccbca07) with 1MB L2 Cache

Yanqi Lake in Beijing

Figure. Layout of (a) the entire chip; (b) the core

Tape-out information for the processor core

Process Node 28nm

Die Size 8.6 mm2

Std Cell 5.05M, 4.27 mm2

Mem 261, 1.7mm2

Density 66%

Cell
ULVT 1.04%, LVT 19.32%,
SVT 25.19%, HVT 53.67%

Estimated Power 5W

Frequency 1.3GHz, TT85C
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XiangShanMicroarchitecture (Yanqihu)

Å11-stage, 6-wide decode/rename

ÅTAGE-SC-Lbranch prediction

Å160 Int PRF + 160FP PRF

Å192-entry ROB, 64-entry LQ, 48-entry SQ

Å16-entry RS for each FU

Å16KBL1 Cache, 128KBL1plus Cache for instruction

Å32KBL1 Data Cache

Å32-entry ITLB/DTLB, 4K-entry STLB

Å1MB inclusive L2 Cache
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XiangShanMicroarchitecture (Yanqihu)

IF1 IF2/BP1 IF3/BP2 IF4/BP3 Decode Rename Dispatch

Issue

Exec/Writeback

TLB/Tag/Data Writeback

TLB Writeback

Int

Load

Store

Regfile

Tag Compare

Execute
(FMAC: 5-cycle latency)

Writeback
Fp

Commit

6*uop

ICache fetch: 
8*4byte 6*uop 6*uop 3*4*uop

14R8W

1 CSR/JAL
4 ALU
2 MUL/DIV
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2 FMISC
2 Load
2 Store

6* instr

17*exe/rs
16-entry

Instruction Buffer Dispatch Queue

Issue Queue

In-order

Out -of-order

Queues
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NANHU: 2nd generation microarchitecture

ÅNamed after a lake in Jiaxing, Zhejiang, China

Å2GHz@14nm, taped out

ÅEstimatedSPECint2006 19.10, SPECfp2006 22.18

ÅMajor changes
ÅNew frontend design: decoupled BP and instruction fetch

ÅImproved backend: better scheduler, instruction fusions, and more

ÅNew L2 cache: designed for high frequency and high performance

ÅTape-ƻǳǘ ǿƛǘƘ Řǳŀƭ ŎƻǊŜǎ όw±спD/.YύΣ ƳƻǊŜ ŘŜǾƛŎŜǎ ǎǳǇǇƻǊǘ ƛƴ {ƻ/ όt/LŜΣ ¦{.Σ Χύ
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XiangShanMicroarchitecture (Nanhu)

Å192 Int PRF + 192FP PRF

Å256-entry ROB, 80-entry LQ, 64-entry SQ

Å16-entry RS for each FU (32-entry as an RS)

Å64KBL1 Cache, 64KBL1 Data Cache

Å80-entry DTLB, 36-entry ITLB, 2K-entry STLB

Å1MBnon-inclusive L2 Cache

Å6MB non-inclusive L3 Cache (LLC)



Institute of Computing Technology, CAS 99

Frontend

ÅDecoupled frontend
ÅProducer: branch predictor unit

ÅConsumer: instruction fetch unit

ÅMerit
ÅFewer fetch bubbles

ÅFetch directed instr. prefetching

Upgrade

Yanqihu Nanhu

* Frontend design of YQH is partially learnt from BOOM
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Branch Predictor

Three-stage overriding prediction

ÅStage 1χuBTB

ÅStage 2χFTB + TAGE

ÅStage 3χSC + ITTAGE + RAS

ÅFTB: Fetch Target Buffer
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Instruction Cache

ÅMain feature

Å64KB 4-w VIPT blocking cache

ÅEven/odd bank interleaving read

ÅSupport TileLinkprotocol

ÅPLRU replacement

Yanqihu Nanhu

ICachelevel Two One Reduce

Size 16KB, 4-w 64KB,4-w 4Ó

L1plus Cache 128KB, 8-w - Reduce

Read bandwidth 64 B 128 B 2Ó

TileLinkSupport No Yes New

Instruction prefetch Stream L2 FDIP New
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Backend
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Instruction Fusion

ÅFusion of adjacent UOPs

ÅImprove backend efficiency

ÅReduce data bypass delay

ÅHow can we do that?

1. Reuse of the original calculation

2. Designing new types of calculations

ÅReduce dynamic instr. greatly

slli r1, r0, 32
srli r1, r1, 32

add.uw r1, r0, zero

Reuse 

srli r1, r0, 8
andir1, r1, 255 byte2r1, r0

New design

96% 86% 84%
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GC GC-Fused GCB GCB-Fused

Figure. Normalized Dynamic 
Instruction Count for CoreMark (-O2)
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Rename & Move Elimination

ÅMaintain the mapping between arch registers and physical registers

ÅMove Elimination
ÅMark as Completewhen Move instruction enters ROB

ÅUse Reference-Counterto record mapping counts of physical registers
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Reservation Station

ÅHybrid reservation station design

Å2i1o  &  1i1o

Ånormal selection  &  age matrix base selection

Normal Select

Age Matrix
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Floating-Point Units (FPUs)

ÅIndustry competitive Float Point Unit, IEEE 754compatible

Operations Latency

FADD 3

FMUL 3

FMA 5

FDIV ˅ 44 +iordw,
˅ 18 (double)

FSQRT ˅ 4: +iordw,
˅ 64 +grxeoh,

FCVT, FCMP 3 https:// github.com/OpenXiangShan/ fudian
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FPU

ÅCascade FMA
ÅReduce FADD delay 5->3

ÅSRT16 Division units
Å½ delay compared withYanqihu(SRT4)
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B/K Extension Implemented

ÅB: Bit-Manipulation extension

ÅK: Cryptographic extension

Å* V(Vector)/H(Hypervisor) extensions are in development!

B Extension K Extension
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Memory Management Unit

ÅTranslate from virtual address to physical address

ÅPrivilege checking

ÅSupport Sv39
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Memory Block

ÅDatasheets

Load pipeline 2

Store address pipeline 2

Store data pipeline 2

L1 LD hit latency 4

L1 LD hit bandwidth 2x8B/cycle

Store data bandwidth 2x8B/cycle

Load Queue Entry 80

Store Queue Entry 64

Merged Store Buffer 16 cachelines
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Load Pipeline

ÅFour stage

ÅOptimized for load-to-load & load-store bypass
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L1 DCache

ÅCoupled with load pipeline

ÅTileLinkprotocol

L1 Data cache size 64KB

L1/L2 Bus Width 256bit

Store Buffer 16

Probe Queue 8

Miss Queue 16

Write-back Queue 18

Prefetch Instruction Support

ECC Support
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L1 DCache

ÅNoteworthy features
ÅMulti-bank

ÅAnti-alias

ÅMSHR request merge

ÅOptional L1D prefetcher

Yanqihu

Nanhu
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ÅHigh performance non-blocking L2/L3 cache

ÅDesign features
ÅDirectory based coherence

ÅInclusive/Non-inclusive

ÅTileLinkprotocol

ÅHighly configurable parameters
ÅSlice, Size, #Ways, #MSHRs

ÅReplacement: Random/PLRU/RRIP

ÅPrefetch: BOP/SMS

ÅMaintain coherence with both L1I & L1D

L2/L3 Cache

NanhuDual-core

https://github.com/OpenXiangShan/HuanCun
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L2/L3 Cache

ÅConcurrent request processing flow
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Microarchitecture Implementation

ÅImplement by ChiselHDL
ÅHigh readability

ÅHigh modifiability

ÅBeyond built-ins, we designed some open-source high-performance 
utilities/components

Check it out!
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Microarchitecture Implementation

ÅHighly configurable
ÅYou can setup parameters as you wish

Some key parameters

e.g.
How to change rename/decode/issue 
width?
All you need is to change a number

All affected
But it works
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Microarchitecture Implementation

ÅEasy-to-use performance counter system

ÅMultiple collection types
ÅCumulative counter

ÅDelay counter

ÅTransaction counter

ÅMultiple analysis style
ÅKey-value list

ÅHistogram

ÅDatabase

ÅTime series visualization
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Microarchitecture Implementation

ÅModules are designed according to object-oriented programming

ÅSupport multi-level abstraction

Åe.g., to implement a new prefetcher
ÅWe provide a clean set of interfaces that allow the developer to focus on the 

implementation of the algorithm itself

Module Y
out

circuit
abstraction

Functional
abstraction

Module X

Interface
abstraction
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KUNMINGHU: 3rd generation microarchitecture

ÅWork with Beijing Institute of Open Source Chip (BOSC)
ÅNon-profit organization with 18 founding members from the industry

ÅRISC-V Vector Extension 1.0 Support

ÅRISC-V Hypervisor Extension 1.0 Support

ÅLoop predictor, loop buffer

ÅRefactored issue queues, execution units, load/store units/queues

ÅL1D prefetcher, cross-level cache optimizations

ÅAMBA CHI compatible

ÅComprehensive verification plan

ÅAdvanced process node and EDA flows

ÅGEM5 simulator with aligned microarchitecture

Active development on GitHub
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ÅFunctional Improvement
Å Support  RISC-V Vector extension

Å Support  RISC-V Hypervisor extension

ÅPerformance Exploration
Å Performance upgrade of front -end, back -end, load -store unit and cache

Å Performance model calibrated with RTL

Å Workflow χDSE on perf Model => Impl . & fine tunning on RTL

ÅFunctional Verification
Å Hierarchical veri . flow including ST IT UT + FPGA

Å Industrial -grade verification process

ÅPhysical Design
Å Experienced physical design team

Å Simultaneous iteration of RTL coding with physical design timing evaluation

Roadmap of Kunminghu
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Estimated Performance of Kuminghu

ÅEstimated SPECint2006 40.95, SPECfp2006 43.96@3GHz
ÅCompile with GCC 12.0, ςO3, RV64GCB

ÅSPEC CPU2006 checkpoints selected by Simpoint

ÅRTL simulation, 1MB L2 + 16MB L3, DDR4-3200MHz under DRAMsim3 (66 cycle access padding)

Updateχ9/1/2023

More feature to be merged yet
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ˍ Frontend Upgrade

ÅLarger fetch/prediction  width

ÅLower  prediction miss rate

ÅHigher frequency
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Feature 1: TAGE Predictor Fine Tuning

ÅῬ Branch History Hashing Å̈̀ #Table & History Length

Previous studies have shown that the #tables and 
history length have a significant effect on TAGE 
performance, up to 5.64% in MPKI [1]

Hashalgorithm affects performance

Bonus!

Genetic and particle swarm algorithms are 
employed to adjust parameters automatically.

Param of NanhuĄ Param tuned:  IPC +1.44%

[1] C. Zhou, L. Huang, Z. Li, T. Zhang, and Q. Dou, ñDesign Space Exploration of TAGE 

Branch Predictor with Ultra-Small RAM,ò in Proceedings of the on Great Lakes Symposium on 

VLSI 2017, Banff Alberta Canada: ACM, May 2017, pp. 281ï286.
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Feature 2: L2 FTB (BTB)

ÅHierarchical  FTB

ÅSupport 4KL2 FTB

ÅSemi-exclusive

ÅFTBP acts as a buffer between L1 & L2 
FTB FTB FTBP

FTB2

hit detect

hit

hit

victim
victim

Branch 
predictions

update

update

L2 FTB Structure
0

0.5

1

1.5

2

gcc gobmk perlbench povray sjeng xalancbmk

L1/L2 FTB MPKI

L1 FTB L1 + L2 FTB
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Feature 3: Smart ICachePrefetcher

ÅBased decoupled front-end, FDIP prefetching algorithm is implemented

Prefetcher  workflow

1. Select prefetch request from PF -queue

2. Write refilled data  into  prefetch buffer

3. Query  icache & prefetch  buffer parallelly

Å Prefetch position: L2 Cache Ą L1 ICache

Å Dual prefetching pipelines  to  enlarge  bandwidth



Institute of Computing Technology, CAS 3737

ˎ OoOBackend Upgrade

ÅRead regfile after issue

ÅFaster ˃ ƻǇcommit and redirect

ÅVector execution unit
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Feature 1: Read regfile after issue

ÅAdvantage

ÅBottleneck is shifted back to ˃ƻǇissue

ÅReduce RS storage to save SRAM

ÅReduce latency and increase RS capacity

ÅOptimization

ÅEfficient arbitration of regfilereading ports

ÅAccurate speculative wakeup and cancelling
Read regfileafter issue
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Feature 2: Decouple ˃ ƻǇcommit & rename-table update

ÅNew Rename Buffer (RAB) design: record ˃ ƻǇǎthat have been committed 

but not updated the RAT

ː Save regfilemapping info to RenameBufferεRABζ

ˑ On instruction commit/redirect, wake RAB up

˒ RAB is responsible to update RenameTableεRATζ

ÅBenefits

ÅReduce ROB entry and optimize timing

ÅSupport ˃ ƻǇsplit of vector instructions

ÅSupport ROB compression

ːˑ

˒˓
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Feature 3σSupport Vector Extension

ÅDecoupled vector unit designιCompatible with RISC-V Vector 1.0
ÅVLEN = 128

ÅReuse backend pipelineχDecode/Dispatch/OoO/Execute

Reuse datapathwith FP

Reuse 
regfile
with FP

Split vector 
inst. into 
˃ƻǇǎ

Reuse datapathwith FP
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ˏ Load-Store Unit Upgrade

OptσSupport way prediction

Cons: High L1D SRAM power

OptσSupport L1D prefetch

Cons: High miss rate in L1D

OptσRe-design structure of L1/L2 TLB

Cons: Bad timing in TLB

OptσSupport hybrid ld/st unit

Cons: Low load/store bandwidth

OptσSplit load queue

Cons: bad timing in load queue
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Feature 1: Split Load Queue

ÅSplit load queue based on different responsibilities
ÅEarly commit: load instruction can be retired sequentially from virtual load queue 

after write-back

ÅLogic simplified, timing friendly and area acceptable

Replay

RAR

RAW

Exception

Uncached

Keep Order
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ÅL1D prefetch workflow

Åtrainingιpattern detection

ÅReuseload pipelines

ÅFetch data from D$ MSHR

ÅPrefetch algorithm

ÅStream[1]

Å(x,x+1,x+2,x+3...)

ÅStride[2]

Å(x,x+n,x+2n,x+3n...)

Feature 2: L1D Prefetch

[1] S. Srinath, O. Mutlu, H. Kim and Y. N. Patt, "Feedback Directed Prefetching: Improving the Performance and Bandwidth-Efficiency of Hardware Prefetchers," 2007 IEEE 13th International 
Symposium on High Performance Computer Architecture, Scottsdale, AZ, USA, 2007
[2] J. -L. Baer and T. -F. Chen, "An effective on-chip preloading scheme to reduce data access penalty," Supercomputing '91:Proceedings of the 1991 ACM/IEEE Conference on 
Supercomputing, Albuquerque, NM, USA, 1991
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Feature 3: Powerful MMU
Å16 fully associative entry+ 64 direct mapping entry Ą 48 fully associative entry

ÅSupportTLB compression, Merges contiguous page table entries

DTLB organization in Nanhuand Kunminghu TLB compression

Same high bits of VPN

Same high bits of PPN

Same page properties

Compression
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ː L2 Cache Upgrade

ÅMultiple concurrent pipelines ĄNon-blocking main pipeline

ÅL1-L2 Refill wake-up collaboratively

ÅEliminate transactions serialization in the same set & Request merge

ÅAggressive multiple cross-layer prefetchers
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Feature 1: L1-L2 Collaborative optimization

ÅObservationσ

ÅVjgtgҲu"ejcpeg"vq"jkpv"NUW"vq"tgrnc{"dghqtg"tghknn

ÅInterval between hint and refill signal is 3 cycles

ÅNew Designσ

ÅLet L2 give the Hint signal in advance

ÅSpeedup the wake and replay of load replay queue

ÅImplementationσ

ÅSet up monitor to track info from main pipeline

ÅSend hint signal to L1 3 cycles before refill

ÅNeed to calculate the exact Hint timing considering 

possible pipeline delays
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Feature 2: Eliminate txns serialization in the same set 

ÅBackground: Txns to the same set were handled serially, which reduces parallelism

ÅDifficulty: Txns to the same set can affect each other due to replacement

ÅNew Design

ÅTxns to the same set but different addr can be handled parallelly

ÅBlock txns to same addr only

ÅImplementation

ÅCollect the ways in active MSHRs

ÅAssign a free way to the new request


