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Overview of the course XK Chips-IT

> PULP platform & PULPissimo microcontroller architecture

> Extending RISC-V cores with dedicated custom instructions
> Lecture: In-depth RISC-V ISA, microarchitecture of CV32E40X, and CV-XIF specification
> Hands-on: Extending the RISC-V ISAwith new instructions for FIR Filter acceleration

? Integrating cooperative HW Processing Engines / HWPEs
?> Testing extended PULPissimo on FPGA

Lecture 2 - Extending RISC-V cores with custom instructions



RISC-V: all in one page X< Chips-IT
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R divide instructions (RV32M); 11 optional atomic instructions (RV324); and
RISC-V Integer Base (RV321/641/128D), privileged, and optional compressed extension (RVC). Registers x1-x31 and the pe are 32 bits 25 ]laamrg-pomr instructions each for single-, double-, aldqln&vpkym (RV32F, RV32D, RV32Q). The latter add registers fO-f31, whose

wide in RV321, 64 in RV64L, and 128 in RVI2SI (x00). RV641/1281 add 10 instructions for the wider formats. The RVI base of <50 width matches the widest precision, and a floating-potnt control and status register fesr. Each larger address adds some mstructions. 4 for RVM,
classic integer RISC instructions is required. Every 16-bit RVC instruction marches an existing 32-bit RVI instruction, See risc.org. 11 for RVA, and 6 each for RVF/D/Q. Using regex notation, | | means set, so L{ D Q) is both LD and L. See risc.org. (8/21/15 revision)

Lecture 2 - Extending RISC-V cores with custominstructions



RISC-V Architectural State

? There are 32 registers, each 32 /64 /128 bits long
> Named x0 to x31
? xOis hard wired to zero
?> Thereis a standard ‘E’ extension that uses only 16 registers (RV32E)

? In addition, one program counter (PC)
? Byte based addressing, program counterincrements by 4/8/16

> Forfloating point operation 32 additional FP registers

?> Additional Control Status Registers (CSRs)
? Encoding for up to 4’096 registers are reserved. Not all are used.

Lecture 2 - Extending RISC-V cores with custom instructions

XK Chips-IT



RISC-V Instructions four basic types DXL Chips-IT

>R registertoregisteroperations

2 operations withimmediate/constant values
>S/B operations with two source registers

>U/) operations with large immediate/constant value

31 5 - 1
funct7 funct3 R-type

imm|[11:] funct3 I-type

imm|[11:5] funct3 S-type

imm|31:12 U-type




Instruction Encoding: main groups XL Chips-IT

?> Reserved opcodes for standard extensions
?> Rest of opcodes free for custom implementations

?> Standard extensions will be frozen/not changeinthe future

inst[4:2] [ 000 001 010 011 100 101 110 111
inst[6:5] (> 32b)
00| LOAD | LOAD-FP MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b
01| STORE |STORE-FP AMO oP LUI OP-32 64b

10| MADD MSUB NMSUB | NMADD OP-FP 48b
11 | BRANCH JALR JAL SYSTEM > 80b




RISC-V is aload/store architecture DXL Chips-IT

> All operations are oninternalregisters
?> Cannot manipulate datain memory directly

? Load instructions to copy frommemory toregisters
% R-type orl-typeinstructions to operate onthem
? Storeinstructions to copy fromregisters backto memory

? Branch and Jump instructions



Constants (Immediates) in Instructions DXL Chips-IT

> In 32bit instructions, not possible to have 32b constants
> Constants are distributed ininstructions, and then sign extended
> The oadUpperlmmediate (1ui)instruction to assemble/push constants

> Instruction types according to immediate encoding

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct? | rs2 | 11 | funct3 | rd | opcode | R-type
| imm[11:0] | rsl | funct3 | rd | opcode | I-type
| imm[11:5] | rs2 | 11 | funct3 | imm|[4:0] | opcode | S-type
| imm[12] | imm[10:5] | rs2 |  rsl | funct3 |imm[4:1] | imm[11] | opcode | B-type
| imm|31:12] | rd | opcode | U-type

| imm[20] | imm[10:1] | imm[11] | imm[19:12] | rd | opcode | J-type




So, how to build RISC-V cores? XK Chips-IT

> RISC-V ISA tells you the function
?> You know which instructions are supported
> How they are encoded
> What they are supposed to do

> It does not tell you any implementation details
? Pipeline stages, memory hierarchy, computation units, in-order or out-of order
? Everyoneis free to figure out how to best implement these

> Need to come up with a micro-architecture toimplement it
?> Determine which standard extensions are supported, how
> Choose a micro-architecture that fits performance requirements



RISC-V cores developed in the PULP Platform XL Chips-IT
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RISCY / CV32E40P / CV32E40X >>/'\:<<Chips-lT

?> Tuned for energy efficiency

> Not necessarily lowest power GROUP®
”> Make use of custom extensions in RISCY & CV32E40P E“ " ¥ O p E N H W
> The Xpulp extensions enhance the capabilities 55'......., PREVEN PROCESSOR P

> Several Xpulp extensions in discussions for ratification

> CV32E40Xis developed by OpenHWGroup
? Started as afork of CV32E40P
> X stands for “extensible”: CV32E40X introduces the CV-XIF (eXtension InterFace)
> CV-XIFis not yet aratified standard: we consider the flavour supported in CV32E40X!



RISCY/CV32E40P: Our 32-bit workhorse DXL Chips-IT
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CV32E40X architecture XK Chips-IT
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CV32E40X architecture XK Chips-IT
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CV32E40X architecture
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DXL Chips-IT

Instruction Decode

> Includes a Decoder for
decompressed instructions
(32-bit)

> The Register File (for reading)
isinthe ID Stage!

»> Configurable for 2 read
ports (RV32IMC) or 3 (for
Xextensions)



CV32E40X architecture
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XL Chips-IT

Execute (arithmetic)

?> The Execute stage contains
all arithmetic units

? 1-cycle ALU
?> 1-cycle Multiplier
?> Multi-cycle (3-35) Divider



CV32E40X architecture DXL Chips-IT
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CV32E40X architecture DXL Chips-IT
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CV32E40X architecture
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XL Chips-IT

Outside pipeline

> Acontrolleris used for
instruction forwarding,
scoreboarding

? Integrated interrupt
controller

> Sleep unit controls clock-
gatingin case of wfi, wfe
instructions



RISC-V has space for custom instructions (X) >>/-\:<<cmps-n

? Thereis areserved decoding space for custominstructions
> Allows everyone to add new instructions to the core
?> The address decoding space is reserved, it will not be used by future extensions
> Implementations supporting custominstructions will be compatible with standard ISA
> Code compiled for standard RISC-V will run without issues
? The user has to provide support to take advantage of the additional instructions
> Compilerthat generates code for the custom instructions

?> We use a lot this degree of freedom
> Great tool for exploring
?> The goalis to help ratify these extensions as standards through working group



Is it fast enough? ¥ Chips-IT

Take as example our FIR inner loop:

for(int j=0; j<coeff_len; j++) { Lstart:

sum += arr[i+j] * coeff[j]; lh t2, ox0(tl1)
} lh a4, 0x0(t3)
ANS/ C mul a4, a4, t2

add to, to, a4
. . addi t3, t3, ox2
per iteration.

1 MAC (multiply-accumulate) operation addi t1, ti1, ox2
7 instructions bne t3, a7, Lstart

RV32IM ASM
efficiency =1/7=0.14®



Is it fast enough?

Take as example our FIR inner loop:

for(int j=0; j<COSFFNNEN; j++) {

int Elgsisile = arr[i+j];

int = coeff[j];
arr_intiElarr intjll - K
sum = sum _intf

}

ANSI C

per iteration:
1 MAC (multiply-accumulate) operation
7 instructions

efficiency =1/7=0.14®

DXL Chips-IT

Lstart:

1h @@, oxe(tl)
1h BB, oxe(t3)
mul B, B, @
add e, te,

addi t3, t3, ox2
addi t1, t1, ox2
bne t3, @, Lstart

RV32IM ASM



Make it a bit faster: MAC instruction

Take as example our FIR inner loop:

for(int j=6; Jj<COSHKANIER; j++) {
int Elggiigle = arr[i+j];
int ESSENN — coeff[]]

sum + CINGRETGE * (RN ;

sum
}

ANSI C
per iteration:

XL Chips-IT

Lstart:

1h @@, oxe(tl)

1h BB, oxe(t3)
p.mac .: : .
addi t3, t3, ox2
addi t1, t1, ox2
bne t3, @, Lstart

RV32IM ASM

1 MAC (multiply-accumulate) operation  Raquires three ports in the register file!

6 instructions

efficiency =1/6=0.17 ®



Make it a bit faster, again: pointer post-increment >>/-\:<<Chips-lT

Take as example our FIR inner loop:

for(int j=0; j<COSTTREeN; j++) { Lstart:
int = arr[i+j]; p.1h @, oxe(tl!)
int EOCEMEINE - coeff[j] p.1h BB, oxe(t3!)
sum = sum + EIJUETI * (RN ; p.mac t6, B,
} bne t3, @, Lstart
RV32IM ASM

ANSI C

per iteration:

1 MAC (multiply-accumulate) operation
4 instructions

efficiency =1/4=0.25©



Make it a bit faster, again?: HW loops

Take as example our FIR inner loop:

For(int j=0; 3EEREER; j++) {
int - arr[1+];
int SRR - coefF]]
sun + ~“coeff_int,

sum
}

ANSI C

per iteration:
1 MAC (multiply-accumulate) operation
3 instructions

efficiency =1/3 = 0.33 ©©

XL Chips-IT

1p.setup t3,8H,Lend
Lstart:

p.1h [, oxo(t1!)
p.1h B, oxo(t3!)

Lend:
p.mac te, B, B
RV32IM ASM



How to get even more performance?

Look at the instruction trace

for(int j=0; j<COGRRMEH; j++) {

int = arr[i+j];
int SRR - cosff[)

sum
}
ANSI C

1p.setup t3,8l, Lend
Lstart:

p.1h [, oxo(t1!)
p.1h B, oxo(t3!)
Lend:

p.mac £6, B,

RV32IMXpulp ASM

sum + EISOIFTNY * (SRS ;

EOSHIIER times
A

~NT © T T T T T T T

T ©

. . S~
e

= = R

1p.setup t3,a7,Lend

r

.1h
.1h
.mac
.1h
.1h
.mac
.1h
.1h
.mac

_p.mac

t2,0x0(t1!)
a4,0x0(t3!)
t0,a4,t2
t2,0x0(t1!)
a4,0x0(t3!)
t0,a4,t2
t2,0x0(t1!)
a4,0x0(t3!)
t0,a4,t2

t2,0x0(t1!)
a4,0x0(t3!)
t0,a4,t2

DXL Chips-IT



How to get even more performance?

Look at the instruction trace

for(int j=0; j<COCErMen; j++) {
int = arr[i+j];

int EOSRRNN - coeff(]]

sum = sum + EIJONTN: * [EEHRNNS;
¥

ANSI C

1p.setup t3,80, Lend
Lstart:

p.1h [, oxe(tl!)
p.1lh Bfl, exoe(t3!)
Lend:

p.mac 6, B,

RV32IMXpulp ASM

OSSR times

1p.setup t3,a7,Lend

(p.lh t2,0x0(tl!)
p.lh a4,0xe(t3!)
1 P.mac t0,a4,t2
p.lh t2,0x0(tl!)
p.lh a4,0x0(t3!)
p.mac t0,a4,t2
p.lh t2,0x0(tl!)
p.lh a4,0x0(t3!)
p.mac t0,a4,t2
/] ...
p.lh t2,0x0(tl!)
p.lh a4,0xe(t3!)
_Pp.mac t0,a4,t2

DXL Chips-IT

One single
p.ld

One single
p.ld



How to get even more performance? XK Chips-IT

Look at the instruction trace

for(int j=0; ;<COSRRNEH; j++) { lp.setup t3,a7,Lend
int = arr[i+j]; (p.lh t2,0x0(tl!)
int OGNS - coeff[j] p.1lh a4,oxe(t3!)
S - sun + -~ coeff_int; pomac__ 0,34, 2
} . | p-1n 2,0x0(TL!) Yoo
NS/ C © | p.lh a4 ex0(t3l) f o oo PYSomP
=1l p.mac t0,a4,t2
{p.1ln t2,0x0(tl!)
1p.setup t3,80, Lend p.1h a4, 0x0(t3!)
Lstart: p.mac t0,a4,t2
p.1h [, oxe(tl!) /..
P-lg B, oxo(t3!) p.1h t2,0x0(t1!)
Lend:
p.lh ad,ox0(t3!)
p.mac te, B, _p.mac t0,a4,t2

RV32IMXpulp ASM Instruction trace



Loop stripmining and vectorization >::><(Chips-IT

GOSNl mes EOSMNERIR times

Single Instruction Multiple Data (SIMD) Vectorization - do all MACs in one instruction!

[ p.1d t2,0(t1!) for(j=o0; j<COCEENNGE; j++) {
p.1ld ad,o(t3!) v2u coef v = *(v4u *) coeff++; // coeff is an int*
pv.sdotp t0,a4,t2 v2u arr_ v = *(v4u *) arr++; // arr 1is an int*
/] ... sum = sum + (int) __builtin_pulp_sdotsp4(coef_v, arr_v, sum);
¢ vectorized
p.lh t2,0(t1!) ) i ) )
{ p.lbu a4,0(t3!) for(j=0; J<COSHEMeNAD; j++) {
p.mac t0,a4,t2 sum = sum + (int)(coeff[j]*arr[j]);
¥ } leftover
Instruction trace (RVIM32Xpulp2
( PUIPZ)  aNsi ¢

per iteration (unrolled loop):
2 MAC (multiply-accumulate) operations
3 instructions

efficiency = 2/3 = 0.67 % (vectorized loop is 4.8x better than original scalar code!)



Can we stillimprove more? }< Chips-IT

Remember: this is part of a larger piece of code

for (int i=0; i<arr_len; i++) {
int32_t sum=0;
for (int j=0; j<coeff_len; j++) {
sum += arr[i+j] * coeff[j];
}
// shift accumulator and fit it into 16 bits
output[i] = (intl6_t) ((sum >> right shift) & oxeeeeffff);

}
ANSI C



Can we stillimprove more? }< Chips-IT

Remember: this is part of a larger piece of code

for (int i=0; i<arr_len; i++) {
int32_t sum=0;
for (int j=0; j<coeff_len; j++) {
sum += arr[i+j] * coeff[j];

}
// shift accumulator and fit it into 16 bits

output[i] = (intl6_t) ((sum >> right_shift) & oxeeeeffff);
}
ANSI C

The same coeff[j] get used for many iterations of the
outermost loop

- i=0, 1,

« Can be reused!



Further restructuring with loop unrolling (factor=2) >>I<<Chips-IT

p.1ld t2,0(t1!) for (int i=0; i<arr_len; i+=2) {
p.1ld ad,o(t3!) int32_t sum@=0, suml=0;

p.1d a5,0(t4!) for (int j=0; j<coeff_len; j++) {
pv.sdotp t0,a4,t2 sum@ += arr[i+0+j] * coeff[j];
pv.sdotp t5,a5,t2 suml += arr[i+1+j] * coeff[j];
/] ... }

// shift accumulator and fit it into 16 bits

outpute[i] = (intlé_t) ((sum@ >> right_shift) & oxffff);

outputl[i] = (intl6_t) ((suml >> right_shift) & oxffff);
}

ANSI C

per iteration (unrolled loop):
4 MAC (multiply-accumulate) operations
5 instructions

efficiency = 4/5 = 0.8 % (vectorized loop is 5.7x better than original scalar code!)



Further restructuring with loop unrolling (factor=4) >v>/-\<<Chips-IT

p.1ld
p.1ld
p.1ld
p.1ld
p.1ld
pv.sdotp
pv.sdotp
pv.sdotp
pv.sdotp
/] ...

per iteration (unrolled loop):
8 MAC (multiply-accumulate) operations

t2,0(t1!)
ad,0(t3!)
a5,0(t4!)
a6,0(t6!)
a7,0(t7!)
t0,a4,t2
t5,a5,t2
t8,a6,t2
t9,a7,t2

9 instructions

for (int i=@; i<arr _len; i+=4) {
int32_t sum@=6, suml=0, sum2=0, sum3=0;
for (int j=0; j<coeff_len; j++) {

sSumo +=
suml +=
sum2 +=
sum3 +=

}

arr[i+0+j] * coeff[j];
arr[i+1+j] * coeff[j];
arr[i+2+j] * coeff[j];
arr[i+3+j] * coeff[j];

// shift accumulator and fit it into 16 bits

outputo[i]

outputl[i]

output2[i]

output3[i]
}

ANSI C

(intl6_t) ((sum@ >> right_shift) & oxffff);
(intl6_t) ((suml >> right_shift) & oxffff);
(intl6_t) ((sum2 >> right_shift) & oxffff);
(intl6_t) ((sum3 >> right_shift) & oxffff);

efficiency = 8/9 = 0.89 "% (vectorized loop is 6.3x better than original scalar code!)



Further restructuring with loop unrolling (factor=4) >>\'/:<<Chips-lT

p.1ld t2,0(t1!) for (int i=0; i<arr_len; i+=4) {

p.1d a4,0(t3!) int32_t sum@=0, suml=0, sum2=0, sum3=0;

p.1ld a5,0(t4!) for (int j=0; j<coeff _len; j++) {

p.1d a6,0(t6!) sum@ += arr[i+0+j] * coeff[i];

p.1d a7,o(l!)

pv.sdotp t0,a4,t2

pv.sdotp t5,a5,t2

pv.sdotp [,a6,t2 }

pv.sdotp .,a7,t2 // shift accumulator and fit it into 16 bits

/] ... output@[i] = (int16_t) ((sum@ >> right_shift) & oxffff);
outputl[i] = (int16_t) ((suml >> right_shift) & oxffff);
output2[i] = (int16_t) ((sum2 >> right_shift) & oxffff);

per iteration (unrolled loop): output3[i] = (int16_t) ((sum3 >> right_shift) & oxffff);

8 MAC (multiply-accumulate) operations }

9 instructions ANSI C

efficiency = 8/9 = 0.89 "% (vectorized loop is 6.3x better than original scalar code!)... but only in theory



A bit more flexibility for our FIR application? DXL Chips-IT

Would be nice to be able to add more flexible extensions
suited to our tasks

* In our FIR example Xpulp would work ok for vectorization, but we do not
have enough register file space to really exploit unrolling

Add a separate register file in the core?
« Scary...

* Requires changing a lot of things in the core!
Is there an alternative?




CORE-V eXtension InterFace (XIF) XK Chips-IT

It often makes sense to integrate extensions “deep” withina core
?> See the past few slides for Xpulp extensions!
However, changing “deeply” the core RTL is extremely time-consuming

> Asimpler approachis to provide standard “hooks” to couple co-processors implementing an ISA
extension

% ﬁV—XIF provides low latency (tightly integrated) read and write access to the CV32E40X register
ile.

> CV32E40X offloads “invalid” instructions to CV-XIF CO-Processors
The eXtensioninterface enables extension of CV32E40X with:

> CustomALU type instructions.

?> Custom load/store type instructions.

?> Custom CSRs and related instructions.

> Control-Tranferinstructions (e.g. branches/jumps) are not supported via CV-XIF

GROUP

i OPENHWS

PROVEN PROCESSOR IP
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eXtended Interface Functional Unit (XIFU) How to couple a

IF Stage

coprocessor with
IM/IS Data Memory CV32E40X?
_**_ ) ID Stage * +_ )
T ! FTToTToToos ! eiainieinints winippisinieiuieied Alnisinisiniy . 7 LetuscallitaXIF
OBl Intf. | | PCTarget : (gf;g;z) (l;i:::f o) 3 Functional Unit (XIFU)
1 1 [
i | i o H ? TheXIFUcanbe
Prefetch § l ! i Write Buf, Response 1 organized arbitrarily
: . B Decoder BB I ] ' 18 .
Unit ; ! ; ' MPU, Align . Filter 13 internally, but the
AR ettt I bty TR : s interfaceisbasedon
veu  HIBR Reg. File X |1 Divider |« |1 Reg-File .5 thesame organization
S (Read) ik | 5 | [ (Write) "~ 12 of CV32E40X
| ow Q || pmmmmy || x| e '
Compressed = T i S o ?> XIFuses bundles of
Decoder [ : o signals (interfaces) btw
: ! core and co-processor
| |
AW > Allwith valid/ready HS
AN AN R AN

EX Stage
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eXtended Interface Functional Unit (XIFU) Compressed interf

IF Stage

A compressed > Basi
I asically
! 10 stage Data Memory correspondent to
! IS L ‘. Y S — N A . CV32E40XIF
| 1 [
OBl Intf. OBlIntf. S > || | d
' pcTarget | | S 7 lllegalcompresse
: arge i | (Request) (Response) | v gwstructlons (Isb!=
! | ! '3 'bl11) get offloaded to
Prefetcl : ; | Write Buf, Response :$ XIFU fg r
W Decoder I 18 :
Unit ! ! ' MPU, Align . Filter 13 decompression
Q [=-=———— - A v o >\
2 . 2 || SN : & 7 Withinthe same cycle,
5| RewFE | % | Dider | g|i feEME 2 XIFUresponds witha
3 (Read) Nk | 3|1 (Write) " 12 decompressed
ppe—— | Q | o instruction (or does not
Deioder i | CSR accept theinstruction)
: : > Currently not
! ! implemented in
: ALU ! CV32E40X
/\ AN I LA

EX Stage
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eXtended Interface Functional Unit (XIFU) Compressed interf

+ Compressed > Basically
|

D Stage Data Memory correspondent to
------------ s ______A__________L________ CV32E40XIF

typedef struct packed { > Il
; .01 instr: egal compressed
}8212 E 1?5?]@22?’ instgructions(lsb!:
logic [X_ID WIDTH-1:0] id; )%IEU%‘get offloaded to
or
} x_compressed _req_t; decompression
typedef struct packed { > >\é\|/||:tglnthe Sadmeg( Cle’
logic [31:0] instr; decorﬁqspe(e)gses(;{/v' a
logic accept; ( .
instruction (or does not
} x_compressed_resp_t; accept thelnstructlon)

? Currently not
implementedin
CV32E40X

EX Stage
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eXtended Interface Functional Unit (XIFU)

IF Stage

Issue interf.
A Compressed Issue A > .
: Data Memory BaS|Ca”y
) ] ___IDstag¢ * + correspondent to
i 1 ity R, Al |
' pe Tarakt | ' OBI Intf. OBl intf. 1% CV32E40XID
| T ' (Request) (Response) '» ~ lllegalinstructions get
: ' : & offloadedto XIFU
Prefetcl B Decod ! ' Write Buf, Response :E S _
Unit e | | MPU, Align Filter 1S 7 ISsuealsocontains

@ Q |F---------- v s o registerfile operands

Q . = | & . (<) .

Iy Reg. File x|, .. I ' Reg.File ,5 from reg. file

Q x | Divider ] Q| X 4

Q (Read) Q! | | (Write) o S

> NEE JIN et 2 7 Response

— -— 1 ") .

Compressed A vutiptier B . gccept§/den|es
Decoder ! ! instruction and
! ! providesinfoto CV32
' ALY : controller
/\ yANE T LA

EX Stage
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typedef
logic
logic
logic
logic

logic
logic

logic

struct packed {

[ 31:0] instr;

[ 1:0] mode;

[X_ID WIDTH-1:0] id;

[X_NUM_RS -1:0][X_RFR_WIDTH-1:0]

[X_ NUM_RS -1:0] rs_valid;
[ 5:0] ecs;

ecs_valid;

} x_issue_req_t;

typedef
logic
logic
logic

logic

logic
logic

logic

struct packed {
accept;
writeback;
dualwrite;

[2:0] dualread;

loadstore;
ecswrite ;

exc;

} x_issue_resp_t;

XK Chips-IT

Issue interf.

> Basically
correspondent to
CV32E40XID

> lllegalinstructions get
offloaded to XIFU

? |ssue also contains
reqister file operands
fromregq.file

? Response
accepts/denies
instructionand
providesinfoto CV32
controller
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eXtended Interface Functional Unit (XIFU)

IF Stage

Commitinterf.
A Compressed Issue A A Commit )
IM/IS : Data Memory > Basically
I ¥ S 1D Saar__1. ARy S — N A . correspondent to
1 1 ~
0B mtj} | i ' OBl Intf. OBl Intf. g CV32E40X Controller
P : . (Request) (Response). i > o mmits or Kills
1 1 ! &
Prefetch [ pecoder I | Write Buf Response 1§  instructions(e.g., in
Unit | : ' MPU, Align | Fiter 13 case of anexception
! ) ! Q | === ==== Lol i~ iy 1 g i
2 B :
i & Reg. File S ! Divider : > i Reg. File | § on earlier ones)
1 .
| 8 (Read) g | 2| (write) s > XIFU does not
Compressed : & Q i : '-lx.l ___________ respond’ Only
! W Multiplier & CSR complies!
Decoder & I ! P .
| : :
1
! ALU :
/\ AN LA

Controller
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eXtended Interface Functional Unit (XIFU)

Commiitinterf.
A Compressed Issue A A Commit )
IM/IS : Data Memory > Basmally
r‘* I S Sl I Y S — N . correspondentto
i I | ! | ' 0Bl Intf. oBlintf. | 't CV32E40XController
' OBlintfy . ! . !
. : | :  INEEREEY (Response). 1+ > Commits orKills

typede; s’Er‘.uc‘t packed { Instructions (e'g" Iln
logic [X_ID _WIDTH-1:0] id; case of an exception
logic commit_kill; on earlierones)

x_commit_t;

?> XIFU does not
respond, only
complies!

(Keaa)

A N A
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IF Stage

Prefetcl
Unit

Compressed

Decoder

eXtended Interface Functional Unit (XIFU)

IF / ID Pipe

Issue A A Commit

|

|

|

|

|

|

|

Decoder W
Y
. 2
Reg. File ;
(Read) t
Q
/\

ID Stag Mem

Data Memory

Write Buf,
MPU, Align

Divider

Multiplier

Controller

OBl Intf.
(Response)

Response
Filter

Reg. File
(Write)

WB Stage  Load/Store Unit

XL Chips-IT

Mem interf.

? Basically
correspondent to
CV32E40X EX

(memory request)

> XIFU canissue
memory requests (one
or more!) through the
CV32E40XLSU

? Only aligned to word
boundary (Ox0O, Ox4,
0x8, OxC but not Oxl,
0x2..))
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eXtended Interface Functional Unit (XIFU) M interf
emintert.

typedef struct packed { > Basically

logic [X_ID WIDTH -1:0] id;
logic [ 31:0] addr; Correspondent to

logic [ 1:0] mode; CV32E40XEX

logic we;

logic [ 2:0] size; (memory requeSt)
logic [X_MEM _WIDTH/8-1:0] be; > X|FU canissue

logic [ 1:0] attr;

logic [X_MEM_WIDTH -1:0] wdata; memory requests (one
logic last; ormore!)through the

logic spec; CV32E40XLSU

} x_mem_req_t;

> Only aligned to word

typedef struct packed {

logic exc; boundary (OXO, OX4,
logic [5:8] exccode; Ox8, OxC but not Ox,

logic dbg;
0x2..))

} x_mem_resp_t;

Controller
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eXtended Interface Functional Unit (XIFU)

IF Stage

Mem Resultinterf.
A compressed Issue M A\ Commit Mem Result .
IM/IS : Data Memory > Basical ly
A N - e I WM AR N " A . correspondentto
o8l | 1t 't CV32E40XWB
K ! i i ¢ (memory response)
| | = . . .
Prefetch & - ; i Write Buf, Response i§ > Thisinterface carries
unit | : ' MPU, Align | Filter 13 theresponsestothe
! ) ! Q | === ==== (e~ 1 g
1R Reg. File & | . 1B i Reg. File '§ 'MemMory requests
' a (Read) 5| S |1 (writey 'e Issuedintheprevious
AN NEE AN e = interf.
Compressed I = | o | W
Decoder | ! Multiplier i CSR
| : :
|
! ALU :
/\ AN LA

Controller
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eXtended Interface Functional Unit (XIFU)

Mem Resultinterf.
A compressed Issue Commit Mem Result .
M/is | Data Memory % Basically
correspondent to
CV32E40XWB
(memory response)
struct packed { o _
[X_ID_WIDTH -1:0] id; > Thisinterface carries
S the responses to the
dbg; memory requests

issuedinthe previous
interf.

_result_t;

/\ JANE [ PO /\




CV-XIFin CV32E40X

IF Stage

eXtended Interface Functional Unit (XIFU)

IF / ID Pipe

Issue A A Commit

ID Stag

Decoder

Reg. File
(Read)

T
—e— e o o o =

-

Mem

ID / EX Pipe

JAN

Mem Result

Data Memory

Write Buf,
MPU, Align

Divider

Multiplier

Controller

Reg. File
(Write)

WB Stage  Load/Store Unit

XL Chips-IT

Resultinterf.

? Basically
correspondent to
CV32E40XWB

?> Thisinterface carries
write-back
informationto the
CV32E40Xregister
file
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eXtended Interface Functional Unit (XIFU)

Result interf.
Mem Result Result > B . ”
Data Memory asically
correspondent to
e [ (T A0y 26 CV32E40XWB
ogic _ID | -1: 1d;
logic [X_RFW_WIDTH -1:0] data; > Thisinterface carries
logic [ 4:0] rd; . b k
logic [X_RFW_WIDTH/XLEN-1:0] we; erte_ a.C
logic E 5:@% ecsdata; informationto the
logic 2:0] ecswe; :
s e (;V32E4OX reqgister
logic [ 5:0] exccode; file

logic err;
logic dbg;

} x_result_t;

Controller
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XIFU architecture
> Intheory, arbitrary!

? Inpractice depends on
what we want to
implement in the XIFU

anew instruction?
probably similarto
CV32E40X

architecture

? justa control
interface? can

probably be simpler

”> avector co-
rocessor? will
ikely be more
complexthanthe
processoritself

| Compressed Issue Commit Mem Mem Result Result




CV-XIF timing constraints

Tightintegration between core &
coprocessor

?> Not alot of stuff can happeninthe
coprocessor combinationally!

> Inpractice, there are tight constraints to
respectif we wantto keep the frequency
similarto baseline CV32E40X

> Issue interface is particularly tight!

Coprocessor to
processor paths

Processor to
coprocessor paths

xif_issue_if.issue_req.rs*
xif_issue_if.issue_req.frs*

xif_issue_if.issue_req.rs_valid

xif_issue_if.issue_req.frs_valid
xif_issue_if.issue_req.valid
xif_commit_if.commit_valid

xif_result_if.result.data

xif_mem_if

xif_mem_result_if.mem_result.rdata

1em_result_if. mem_result.result_valid

< core 20%

XL Chips-IT

interconnect 20%

coprocessor 60%

core 20% > interconnect 20"%9[

coprocessor 60% :>

D)
)

)

<: 0% < 3%

[ Processor ] [ Coprocessor ] [ Interconnect ]




Hands-on time again! ¥ Chips-IT

This time we will dive into the design of a XIFU for FIR... atoy example, but complex enough to
show you many of these concepts
> Design the XIFU unit in SystemVerilog

> We provide you with a XIFU template following the same structure as a few slides
back...

? Youwillimplement three special instructions: xfirlw, xfirdotp, xfirsw.
? Youneed to decide the instruction encoding... without hitting other RV32IMC
instructions!
> Test the instructions on the baseline RV32IMC compiler
? This will be very brutal © but a good first step
? Basically handwritten binary code

> Adapt the FIR filter application and check the speedup
? You can start from yesterday’s work and build up from that, using your own builtins



Thank you

>>::<< Chips-IT




