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• Who is adopting RISC-V and why…
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There are and will be many 
different RISC-V CPU developers:
• There are and will be many different RISC-V CPU developers:

• Develop internal cores for SoCs
• e.g. Nvidia, …

• Deliver RTL IP as a business (like Arm, MIPS, just for RISC-V)
• e.g. Andes, Codasip, Syntacore, Incore, …

• Develop for internal use but make available as open source
• e.g. Western Digital, …

• Develop and use open source as a business opportunity
• e.g. SiFive, …

• Purchase processor IP and develop semiconductor products
• e.g. Microsemi SoC FPGAs, …

• Download and use open source RTL in their products
• e.g. Google, …

• …
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RISC-V CPU Adopters:
(above & below the line)

New architectures (ML, IoT), arrays of processors, custom features, high 
performance, feature control (efficiency), large SoC design, architecture 
innovation, …

Key requirement: ‘freedom to innovate’
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Researchers, education, open source community, freely available, no license 
cost or restriction, …

Key requirement: ‘free’



Many (above the line) adopters of RISC-V 
want to add their own custom extension 
instructions
• Traditional ISA choice has been hard if you want to add your own custom processor 

instructions to an ISA
• RISC-V as an open standard has specific regions of instruction decode space specifically 

allocated for users to add their own instructions

• Challenges 
• How to choose the processor IP starting point
• How to add instructions to processor RTL
• How to verify the complete RTL
• How to evaluate effectiveness and performance gains of new instructions
• How to enable software development utilizing the new instructions
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Processor IP and Custom 
Instructions
• Processor IP vendors

• Provide high quality RTL
• Provide methodology for adding custom instructions

• How to verify custom instructions? 

• Open source RTL
• Should be high quality

• How has open source been verified?
• Add custom instructions by modifying RTL

• How to verify custom instructions? 

• Roll-your-own
• Starting from scratch on RTL requires significant implementation expertise
• Just build in custom instructions from beginning
• How to verify complete processor implementation?
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Key Challenge of Optimizing Custom 
Instructions Requires New Methodology, 
Tools
• How to choose the processor IP starting point
• How to add instructions to processor RTL
• How to verify the complete RTL
• How to evaluate effectiveness and performance gains of new instructions
• How to enable software development utilizing the new instructions

ØExtend instruction accurate simulation tools and models to support analysis 
and optimization of custom instructions
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Agenda

• Who is adopting RISC-V and why…
• Adding custom instructions to RISC-V processors
• Custom instruction optimization flow
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Custom Instruction Optimization 
Flow

• Show the flow used when designing new instructions to improve 
performance of applications running on a RISC-V processor

• Allows evaluation and firming up of the instructions
• Gets to the specification of the instructions needed to be implemented in RTL

• Introduce the technologies & tools needed for each stage

§ Application software used for this walk-through is a character stream encoder, based on ChaCha20 
encryption algorithm
§ Instruction Extensions to RISC-V courtesy of Cerberus Security Laboratories Ltd
§ https://cerberus-laboratories.com
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Flow to add new custom 
instructions
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Characterize C Application 
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Flow to add new custom 
instructions
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Characterize C Application Develop New
Custom Instructions 

Characterize New 
Instructions in Application 

Optimize 
& Document modelRelease & Deploy



The first thing needed is a 
simulator – think ISS, however …

• Simulator and model need to have 
ability to extend to allow custom 
instructions and new tools

• Ease of use also important
• Need to have a business-friendly 

open source license
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Imperas Tools for Embedded Software 
Development, Debug & Test
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Flow to add new custom 
instructions
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• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize C Application 



Instruction Accurate simulation 
of C application
• Cross compiled C application targeting 

RV32IM
• Character stream encoder, with ChaCha20 

encryption algorithm
• IA simulation

• Imperas RISC-V ISS with configurable model of 
RISC-V specification selecting RV32IM

• Semihosting
• Enables bare metal application to very simply 

access host I/O

Øruns fast
• Over 1 billion instructions a second (standard PC)

• Linux and Windows supported host OS
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Cycle Approximate simulation
C application
• Same C application
• IA simulation + timing Estimation (IA+E)

• Includes annotated timing estimation for 
RV32IM processor

• Same simulation data results, different 
timing as now counting cycles

• Shows how long algorithm will take to 
execute

ØExtends simulated time
• Was 12.89 secs now takes 16.59 secs
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Function Profile C Application

• Same C application
• IA+E simulation 
• Sampled profiling with call stack 

analysis

ØShows proportion of time spent in 
each application function
Ø21.35% spent in processLine
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Flow to add new custom 
instructions
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• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize C Application 
• Design Instructions
• Add to Application
• Add to Model
• Add Timing

Develop New
Custom Instructions 



Add custom instructions to 
application
• Inline assembly using new instructions 

replacing C code
• 4 new instructions
• Cross Compile using standard tool
• Run on IA simulator

ØUnimplemented instruction exception
• As the instructions have not yet been 

added to the simulator model
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Add custom instructions to 
model
• Use standard Open Virtual Platforms 

(OVP) instruction modeling APIs to 
add new instructions (and optional 
state) as new extension library

• Easy to extend decode table, add 
efficient behavioral JIT code

• Optionally can call directly into user’s 
provided C function of behavior

• Compile and link model extension 
library

• Simulate IA with ISS plus standard 
model extended with new library

ØInstruction count and simulated time 
have reduced (IA)
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Cycle Approximate simulation including 
custom instructions
• IA simulation + timing annotation + custom 

instructions
• Includes timing estimation for RV32IM processor
• Need to add timing estimation for new custom 

instructions

• Simulate using C code application with inline 
assembler of custom extensions

• IA simulator + timing tool + custom extension 
instruction library

ØSee estimated improvement in throughput of 
application on new processor
ØWas (IA) 6.77 secs now (CA) 9.21 secs
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Trace custom instructions

• Simulator has many trace features built in
• See new custom instructions in trace 

disassembly
• Can select when/where to turn trace 

on/off
• Very efficient tracing
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Debug custom instructions

• Imperas MPD is Eclipse based 
source code debug tool

• Can debug using source line 
or instruction level

• See new custom instructions 
and any new additional state 
registers
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Function Profile custom 
instructions application
• IA simulation + timing annotation + 

custom instructions with sampled 
profiling

ØShows where slowest function is
• Now much faster… 

ØShows benefits of using custom 
instructions
ØprocessLine was 21.35% now 16.3%
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Basic Block (BB) Profile custom 
instructions application

26-Feb-19© Imperas Software Ltd.

• IA simulation + timing annotation + 
custom instructions with detailed BB 
profiling

• Shows where expensive instruction 
sequences are

• Allows understanding of instruction 
performance

• Useful for Compiler teams
• Useful for Hardware teams



Flow to add new custom 
instructions
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• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize C Application 
• Design Instructions
• Add to Application
• Add to Model
• Add Timing

Develop New
Custom Instructions 

• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize New 
Instructions in Application 

• Instruction Coverage
• Line Coverage
• Instruction Performance
• Generate PDF model doc

Optimize & Document model



Further tools for model developers

• Model source line coverage
• To see how completely the tests exercise the model
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Further tools for model developers (2)

• Custom instruction coverage
• To see that there are tests for new instructions
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• Custom instruction profile
• See how long the simulator takes to execute each 

instruction
• Use to focus speed up simulation of instructions
• Enables improvement of speed of simulation runs



Document custom instructions

• Imperas tools automatically 
generate a processor model 
document PDF

• Includes all base model registers 
and any new registers

• Provides detailed documentation of 
new custom instructions
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Flow to add new custom 
instructions
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• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize C Application 
• Design Instructions
• Add to Application
• Add to Model
• Add Timing

Develop New
Custom Instructions 

• Instruction Accurate Simulation
• Trace / Debug
• Timing Simulation
• Function Timing / Profiling

Characterize New 
Instructions in Application 

• Instruction Coverage
• Line Coverage
• Instruction Performance
• Generate PDF model doc

Optimize & Document model
• Check RISC-V Compliance
• Use as reference for RTL Design Verification
• Use in Imperas/OVP Platforms, EPKs

• Heterogeneous / Homogeneous
• Multi-core, Many-core

• Imperas Multi-Processor Debug, VAP tools
• Port OS, RTOS (Linux, FreeRTOS…)
• Use in many simulation envs (inc. SystemC)
• Deliver to end users

Release & Deploy



Summary

• Custom instructions are a key value proposition of RISC-V
• Adding custom instructions requires solving the key challenge of how to 

optimize those instructions
• Instruction accurate (IA) simulation environment using IA models can be 

extended to enable custom instruction analysis
• Flow for optimizing custom instructions in RISC-V processors is being used in 

real designs
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Thank You

• For more information:  
• LarryL@imperas.com
• Imperas website:  http://www.imperas.com/riscv/
• Open Virtual Platforms (OVP):  http://www.ovpworld.org/info_riscv
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