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One-Instruction-Per-Cycle RISC-V Machine

Combinational
Logic

One clock tick =>
one instruction

Current state outputs
=> inputs to
combinational logic =>
outputs settle at the
values of state before
next clock edge

Rising clock edge:

— all state elements
are updated with
combinational logic
outputs

— execution moves to
next clock cycle



Stages of Execution on Datapath
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Datapath Components:
Combinational

e Combinational Elements

OoP

Carryln Select l l
g ;
% >§< = Y 3 Result
CarryOut B
Adder Multlplexer ALU

e Storage Elements + Clocking Methodology

— Registers
— Register File (General Purpose Registers x0-x31)



Datapath so far:
R & | -Type Instructions
load and store Instructions

|—I >|PataD Regl[rs1] Sk
Inst[11:7]
> pPC addr Inst[19:15 >|AddrD _rl£1)k o
pc+d pc inst S5 JaddrA  DataA DataR
. » addr mem
| _Inst[24:20] AddrB
R
clk MEM DataB DataW
Reg[], DMEM ,
A 1 A 1
clk Reg[rs2] clk
Imm([31:0]
\ 4
Inst[31:0] ImmSel RegWEn Bsel ALUSel MemRW WBSel

Control logic




Branches

Different change to the state:

pC = pC + 4, branch not taken
- | PC + immediate, branch taken

Six branch instructions:
BEQ, BNE, BLT, BGE, BLTU, BGEU

Need to compute PC + immediate andto
compare valuesof rs1 and rs?2

— But have only one ALU — need more hardware



Adding Branches

DataD Reg[rs1] »|1
Inst[11:7] b
Inst[19:15] A N _rlg* N
ns : DataR
pct4 AddrA  DataA I Branch b addr mem
1 nst[24:20
AddrB Com
clk DataB B e DataW
IMEM Reg[] II ﬁ | pMEM
Inst
[31:7] i1 clk
\ Imm[31:0] | I
PCSel= Inst[31:0]  ImmSel RegWEn BrUn BrLT _Bfel ALUSel Eﬂ;mlzw WBSel
aken/not taken ) =B =0 BrEq =1 Asel =Add =Rea =
Control logic =1 (*=Don’t care)




Branch Comparator

e BrEq =1, if A=B

eBrLT=1,ifA<B

T e BrUn =1 selects unsigned comparison for
BrLT, O=signed

BrU BrLT —_—
BrEq  BGE branch: A >=B, if A<B

A<B = 1(A<B)



Let’s Add JALR (I-Format)

31 20 19 1514 12 11 76 0
imm[11:0 rsl func3 | rd opcode-l
12 5 3 5 7
offset[11:0] base 0 dest JALR

 JALR rd, rs, immediate

 Two changes to the state
— Writes PC+4 to rd (return address)
— Sets PC =rs + immediate
— Uses same immediates as arithmetic and loads
* no multiplication by 2 bytes
* LSBisignored



Datapath So Far, with Branches

+4
I >|DataD Reg[rs1] )
au Inst{11:7] _ N =
addr Inst[19:15] _ ::jjrz Datan B . DataR £
pe+4 ns Inst[24:20 g r Branch + >l addr mem
clk  mm— T DataBlp{COMP B ALU DataW
-1 | 7' —>

IMEM Reg [1, o DMEM ,

A 1 A 1

clk Reg[rs2] clk

Imm[31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLTBS®! ALUSel MemRW WBSel

Control logic

BrEq

Asel
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Adding JALR

pct+4 o
DataD Reg[rs1] >{1
Inst[11:7]
E PC addr mm—AdrD 0 wb
pc+4 pc inst e ol JAddra  DataA Branch DataR =
1 Inst[24:20 addr
AddrB patagh Comp
clk h DatawW
IMEM Reg[], | DMEM
Inst
[31:7] clk Reg[rsz] clk
Imm([31:0]
PCSel Inst[31:0]  ImmSel RegWEn BrUn BrLTBS®! ALUSel  MemRW wBSel
=taken =| = = = =1 =Add =Read =
. 1 Asel
Control logic BrEq=* -0
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Adding JAL

31 30 21 20 19 12 11 76 0
[ imm[20] [ imm[10:1] | imm[11] | imm[10:12] | rd | opcode ]
1 10 1 8 5 7

offset[20:1] dest JAL

e JAL saves PC+4 in register rd (the return address)
* Set PC = PC + offset (PC-relative jump)

* Target somewhere within =£2!° |ocations, 2 bytes apart
— =218 32-bit instructions

* Immediate encoding optimized similarly to branch
instruction to reduce hardware cost
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Datapath with JALR

+4
»|DataD Reg[rs1]
~ Inst[11:7] —rLo
» »{AddrD |
. addr . 4
> . Inst[19:15] B DataR
pc+4 inst »|AddrA DataAr™1p - o + | »f addr mem
L_Inst[24:20 AddrB  pataple Comp ALU
- ” DataW
IMEM Reg []A -3 | DMEM A
Y | A 1
clk Reg[rs2] clk
Imm([31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLTBsel ALUSel MemRW WBSel
Asel
Control logic BrEq
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Adding JAL

pc+4 \
DataD Reg[rs1] >{1
Inst[11:7]
PC addr AddrD 0 wb
. Inst[19:15] DataR
pc+4 \ inst AddrA DataA Branch addr mem
Inst[24:20 AddrB  pataple Comp
clk DatawW
IMEM Reg [, L —1 DMEM
Inst ok Reg[rs?]
[31:7] g clk
Imm([31:0]
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLTBSel=1 ALUSel MemRW WBSel
=taken =J = =* =* —4 =add =Read =
. 1 ., Asel=1
Control logic BrEq=
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U-Format for “Upper Immediate”
Instructions

31 12 11 7.6 0
imm[31:12] | rd opcode-l
20 5 7
U-immediate[31:12] dest LUI
U-immediate[31:12] dest AUIPC

* Has 20-bit immediate in upper 20 bits of 32-bit
instruction word

* One destination register, rd

e Used for two instructions

— LUl — Load Upper Immediate
— AUIPC — Add Upper Immediate to PC
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Implementing LUI

- &
DataD Reg[rs1]
Inst[11:7] F
| t[1915]: AddrD B wb
ns .
DataR
240 AddrA DataA Branch alu addr mem
. AddrB  patagl{COMp
B DatawW
Reg [, k DMEM ,
Inst Ikl R > 4 !
[31:7] clk Reglrs2] clk
Imm([31:0]
PCSel Inst[31:0]  ImmSel RegWEn BrUn BrLTBSelF1 ALUSel = MemRW WBSel
=pc+4 . =U =1 =* =** Asel=* =B =Read =
Control logic BrEq=
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Implementing AUI PC

w a
DataD Reg[rs1]
Inst[11:7] F
B Fe addr Inst[19'15]: Adard |, "
pct4 \ inst | 24' AddrA DataA Branch e DataR e
nst[24:20
AddrB »{Comp
clk DataB a DataW
IMEM Reg [, L DMEM L
Inst K Realrez 1 % !
[31:7] clk Reglrs2] clk
Imm([31:0]
PCSel Inst[31:0] ImmSel RegWEn Brun BrLTBSel=1 ALUSel EIIemRW WBSel
=pc+4 . =U =1 =* =** Asel=1 =Add =0 =
Control logic BrEq=

17



Recap: Complete RV32I1 |SA

imm|31:12 rd 0110111

imm|31:12 rd 0010111
imm[20[10:1|11]19:12] rd 1101111

imm[11:0] rsl 000 rd 1100111
imm|12]10:5 rs2 rsl 000 imm|4:1]|11 1100011
imm[12|10:5 rs2 rsl 001 imm[4:1]|11 1100011
imm|[12]10:5 rs2 rsl 100 imm[4:1[11 1100011
imm[12|10:5 rs2 rsl 101 imm[4:1]|11 1100011
imm[12]10:5 rs2 rsl 110 imm[4:1[11 1100011
imm|12]10:5 rs2 rsl 111 imm|4:1|11 1100011
imm|11:0 rsl 000 rd 0000011
imm|[11:0 rsl 001 rd 0000011
imm[11:0 rsl 010 rd 0000011
imm|[11:0 rsl 100 rd 0000011
imm|11:0 rsl 101 rd 0000011
imm|11:5 rs2 rsl 000 imm/[4:0 0100011
imm|11:5 rs2 rsl 001 imm[4:0 0100011
imm|[11:5 rs2 rsl 010 imm/[4:0 0100011
imm|11:0 rsl 000 rd 0010011
imm[11:0 rsl 010 rd 0010011
imm[11:0 rsl 011 rd 0010011
imm|11:0 rsl 100 rd 0010011
imm[11:0 rsl 110 rd 0010011
imm|11:0 rsl 111 rd 0010011

e RV32l has 37 instructions

LUI
AUIPC
JAL
JALR
BEQ
BNE
BLT
BGE
BLTU
BGEU
LB
LH
LW
LBU
LHU
SB

SH
SW
ADDI
SLTI
SLTIU
XORI
ORI
ANDI

0000000 shamt rsl 001 rd 0010011
0000000 shamt rsl 101 rd 0010011
0100000 shamt rsl 101 rd 0010011
0000000 rs2 rsl 000 rd 0110011
0100000 rs2 rsl 000 rd 0110011
0000000 rs2 rsl 001 rd 0110011
0000000 rs2 rsl 010 rd 0110011
0000000 rs2 rsl 011 rd 0110011
0000000 rs2 rsl 100 rd 0110011
0000000 rs2 rsl 101 rd 0110011
0100000 rs2 rsl 101 rd 0110011
0000000 rs2 rsl 110 rd 0110011
0000000 rs2 rsl 111 rd 0110011
0000 pred succ 00000 000 00000 0001111
0000 0000 0000 00000 001 00000 0001111
000000000000 00000 000 00000 1110011
000000000001 00000 000 00000 1110011

csr 1 grsk | Q0K rd 1110011

csT I\l Ol WA rd 1110011

csr rsl 011 rd 1110011

csr zimm 101 rd 1110011

csr zimm 110 rd 1110011

csr zimm Ll rd 1110011

e 37 instructions are enough to run any C program
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SLLI
SRLI
SRAI
ADD
SUB
SLL
SLT
SLTU
XOR
SRL
SRA

AND
FENCE
FENCE
ECALL
EBREA
CSRRW
CSRRS
CSRRC
CSRRW
CSRRS]
CSRRC



Complete RV32| Datapath!

+4
c+4
wb pc P :
>|DataD Reg[rs1] au
alu Inst[11:7] _rLO
{ »IAddrD |
o addr . 4
> . Inst[19:15] B DataR
pct+4 inst R »IAddrA DataA Branch + alu P mem
Host22:20L, 00 4are paaslelComp ALU
’r ~ DataW
IMEM Reg [1, o DMEM ,
\ 1 A 1
clk Reg[rs2] clk
Imm([31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT Bsel ALUSel MemRW WBSel
Asel
Control logic BrEq

19



Control

* Set the sighals for the datapath
e Based on the instruction to be executed



Our Single-Core Computer
(without FPU, SIMD)

Processor
Enable?

Read/Write

Memory (including
cache) organized
around blocks,
which are typically
multiple words

Arithmetic & Logic Unit
(ALU)

Processor organized G )

around words and bytes N \ Y J

I/O-Memory Interfaces

Processor-Memory Interface

21



Example: add

pct+4 h
Dl p wh
addr
pc+4 v inst DataR mem
clk
IMEM DMEM A
I
clk Reg[rs2] clk
Imm[31:0]
J'w
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT ngl ALUSel M_eme WBSel
=pc+4 . =* =1 =* =* Asel =add =Read =1
Control logic BrEq =* o
31 25 24 20 19 15 14 12 11 7 0
| funct7 | rs2 | rsl funct3d | rd opcode |
7 5 5 3 5 7

22



add Execution

+

wb

alu »IDataD
> Inst[11:7]
> addr nst[19:15] » jAddrD
pcra B L inst Z0TPJAddrA  DataA
h »IAddrB  pataB or
c IMEM
Inst &:’imq—
[31:7] clk Reg[rs2]
Imm.
‘ Gep:|l Imm[31:0]
v 1 \A 4
I PCSeJ Inst[31:0] ImmSel RegV\QEn BrUn BrLT Bgsl ALUSel M_elgzxv WB1SeI

=pc+ Control logic =* = =*BrE=E| e A‘sﬁl =add = =
Clock ol N\ - N\ o
PC X 1000 X 1004 X
PC+4 X 1004 X 1008 X
inst[31:0] X add x1, x2_ x3 X add x6,x7,%0 b 4
Control logic X add control X add COntrol ~
Reg[rs1] X Reg[2] X Regl7] X
Reg[rs2] X Reqg]3] X Reql9] X

alu X Reg[2]1+Req[3] X Req[71+tReqgl9]
wb X Reg[2]tReg[3] X Reg[7]1+Reqg9]

Reg[1] 297 x Reg[2]+Reg[3]
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Example: sw

wb pc
»iDataD Reg[rs1] >
b Inst[11:7] 0
Fe addr nst19:15) § o> 1
U i : DataR
pc+4 V \ inst . — AddrA DataA Branch alu addr mem
AddrB Comp
clk DataB b DataW
IMEM Reg[], h" DMEM ,
] clk
Imm[31:0]
\ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT Bgﬁ' ALUSel ~ MemRW WBSel
=pc+4 . =S =0 = = Asel =add =Write =*
Control logic BrEq =* o
31 25 24 20 19 15 14 12 11 76 0
| Imm[11:5] rs2 rsl funct3 imm[4:0] opcode |
offset[11:5] src base width offset[4:0] STORE
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Example: beqg

Reglrs1]

Inst[11:7]

Imm[31:0]

ImmSel RegWEn BrUn BrLT Bg‘:' ALUSel MemRW WBSel

= = =* = =Read =%
= = =add =
BrEq A:f I

Control logic

25



Control Logic Truth Table

Inst[31:0]




Control Realization Options

* ROM
— “Read-Only Memory”

* During “normal” operation it is only being read
— Regular structure

— Can be easily reprogrammed
 fix errors
e add instructions

— Popular when designing control logic manually
 Combinatorial Logic

— Today, chip designers use logic synthesis tools to
convert truth tables to networks of gates

27



RV32l, a nine-bit ISA!

imm|[31:12 rd 0110111

imm|(31:12 rd 0010111
imm[20]10:1[11[19:12] rd 11011111

imm|[11:0] rsl 000 rd 1100111
imm(12|10:5 rs2 rsl 000 imm|4:1|11 1100011
imm|12|10:5 rs2 rsl 001 imm|4:1|11 1100011
imm|12|10:5 rs2 rsl 100 imm|4:1]11 1100011
imm|{12|10:5 rs2 rsl 101 imm{4:1|11 1100011
imm|[12|10:5 rs2 rsl 110 imm|4:1]11 11000711
imm|12|10:5 rs2 rsl 111 imm|4:1|11 1100011
imm|{11:0 rsl 000 rd )000011
imm|[11:0 rsl 001| rd )000011
imm|11:0 rsl 010 rd )0000/1 1
imm|11:0 rsl 100 rd )000011
imm(11:0 rsl 101 rd JO00011
imm[11:5 rs2 rsl 000 imm[4:0 100011
imm[11:5 rs2 rsl 001 imm|4:0 100011
imm|{11:5 rs2 rsl 010 imm|4:0 0100011
imm(11:0 rsl 000 rd 0010011
imm|[11:0 rsl 010 rd 0010011
imm|11:0 rsl 011 rd 0010011
imm|{11:0 rsl 100 rd 0010011
imm|11:0 rsl 110 rd 0010011
imm|11:0 rsl 111 rd 10011

LUI
AUIPC
JAL
JALR
BEQ
BNE
BLT
BGE
BLTU
BGEU
LB
LH
LW
LBU
LHU
SB

SH
SW
ADDI
SLTI
SLTIU
XORI
ORI
ANDI

o

inst[30]

inst[14:12] inst[6:2]

000D000 shamt rsl rd 00 1 SLLI
0000000 shamt rsl 101 rd 0010011 SRLI
0100000 shamt rsl 101 rd 00100|i 1 SRAI
0000000 rs2 sl 000 rd 0110011 ADD
0100000 rs2 rsl 000 rd 0110011 | SUB
0000000 1s2 rsl 001 rd 0110011 | SLL
0000000 rs2 rsl 010 rd 01100111 SLT
0000000 rs2 sl 011 rd 0110011 SLTU
0000000 rs2 sl 100 rd 01100011 XOR
0000000 rs2 rsl 101 rd 01100011 SRL
0100000 rs2 sl 101 rd 01100011 SRA
0000000 rs2 sl 110 rd 01100011 OR
0000000 rs2 rsl 111 rd 01100011 AND
00 pred succe 00000 00000 0001111 FENCE
0000 0000 0000 00000 001 00000 0001111 FENCE.I
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
o CSI rsl 001 rd 1110011 CSRRW
|\| ot In: 1l 010 rd 1110011 | CSRRS
ST Thesr oo rsl 011 rd 1110011 CSRRC
csr zimm 101 rd 1110011 CSRRWI
csr zimm 110 rd 1110011 CSRRSI
csr zimm 18 rd 1110011 CSRRCI

Instruction type encoded using only 9 bits
inst[30],inst[14:12], inst[6:2]

28



Combinational Logic Control

e Simplest example: BrUn

inst[9:2] = Branch

inst[14:12]

e —— v_ e
imm|(12|10:5 rs2 rsl 000| | imm|4:1|11 1100011
imm|12(10:5 rs2 rsl 001| | imm[4:1|11 1100011
imm|[12[10:5] rs2 rsl 100| | imm(4:1|11] 1100011
imm|12|10:5 rs2 rsl 101| | imm|4:1]11 1100011
imm|{12|10:5 rs2 rsl 110/ | imm|4:1]11 1100011
imm|12[10:5 rs2 rsl 1111 | imm(4:1]11 100011

* How to decode whether BrUn is 1?

* BrUn = Inst [13] e Branch

BEQ
BNE
BLT
BGE
BLTU
BGEU
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Control Block Design

> 11-bit address (inputs) —

Inst[30,14:12,6:2] BrEq BrlLT

PCSel
ImmSel[2:0]
BrUn

Combinatorial Logic Asel

BSel
ALUSel[3:0]

MemRW

Functions

RegWEn
WBSel[1:0]

15 data bits (outputs)

30



ROM Controller Implementation

AND OR

Control Word for add

Control Word for sub

Control Word for or

Inst[]
BrEQ
BrLT

P }

Controller output (PCSel, ImmSel, ...)

31



Controller: AND logic (add, sw)

inst[30] inst[14:12] inst[6:2]

. & K

(600000 rs2 rsl 000 rd [0110011 | ADD
\l imm[11:5] | rs2 rsl 0100 | imml|d:0) H100011 | SW

e add= inst[2] ® inst[3] ® inst[4] ® inst[5] ® inst[6] e
inst[12] e inst[13] e inst[14] e inst[30]

e sw= inst[2] e inst[3] ® inst[4] ® inst[5] ® inst[6] e
inst[12] e inst[13] e inst[14]

AND Controller Logic
2 3 4 5 6 12 13 14 30 unused
add xor(i[2], 1 )exor(i[3], 1 )exor(i[4], O )exor(i[5], 0 )exor(i[6], 1 )exor(i[12], 1 )exor(i[13], 1 )exor(i[14], 1 )e(xor(i[30], 1 )+ 0 )
SW xor(i[2], 1 )exor(i[3], 1 )exor(i[4], 1 )exor(i[5], 0 )exor(i[6], 1 )exor(i[12], 1 )exor(i[13], 1 )exor(i[14], 1 )e(xor(i[30], 1 )+ 1 )

* bne_ t= bne ¢ BrEQ
* bne f= bne ¢ BrEQ .



Controller: OR logic

PCSel Inst[31:0] ImmSelRegWEn BrUnBrLT Bsel ALUSel MemRW WBSel
Control logic BrEq  Asel

e MemRW =sw+sh+sb

e WBSel[0] =add+ (all reg.toreg.)+ AUIPC + ...
e WBSel[1] =JALR+JAL

 PCSel =beq t+bne t+blt t+bltu t+
jal +jalr
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Control Logic Truth Table

Inst[31:0]




ROM Controller Implementation

AND OR

Control Word for add

Control Word for sub

Control Word for or

Inst[]
BrEQ
BrLT

P }

Controller output (PCSel, ImmSel, ...)

35



Question
e Select the statements that are TRUE:

A. We should design the control logic as fast as possible
because it adds to the critical path in the CPU.

B. The control needs all 32 bits of the instruction to
decide on the control signals.

C. The value of all control signals is known from the
instruction bits.

D. Itis possible to add certain new instructions to the ISA
by just modifying the control (e.g. subi).



Register Transfer Level (RTL)

RTL describes instructions in figures or text

Can use C (or Verilog) to describe RTL

RISC-V green card show RTL for all instructions in Verilog
RTL is a subset of a Hardware Description Language

Inst Register Transfers

add R[rd] <« R[rsl] + R[rs2]; PC «< PC + 4
sub R[rd] <« R[rsl] — R[rs2]; PC «< PC + 4
ori R[rd] <« R[rsl] | Imm; PC « PC + 4
jal R[rd] <« PC + 4; PC « R[rsl] + Imm

beq if ( R[rsl] == R[rs2] )
PC < PC + Imm
else PC <« PC + 4
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Hardware Description Languages

* Example HDL's : ABEL, VERILOG, VHDL

* Advantages:
— Documentation
— Flexibility (easier to make design changes or mods)
— Portability (if HDL is standard)

— One language for modeling, simulation (test benches), and
synthesis

— Let synthesis worry about gate generation
* Engineer productivity

 However: A different way of approaching design

— engineers are used to thinking and designing using
graphics (schematics) instead of text.

38
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Simulate Circuits (e.g. for FPGA)

Slide source: Jim Duckworth, WPI

Plan & Budget —— —| Create Code/ :> HDL RTL
Schematic Simulation
Implement {;
11— Functional Synthesize
Translate T~ —— gimulation <: to create netlist
-
Map
-
Place & Route
?‘;
Attain Timing Timing :> Create
Closure —> Simulation Bit File




Synthesis

Use a HDL to create:

— VLSI (Very Large Scale Integration): create an IC
(Integrated Circuit) — a chip — for example a CMOS
CPU, Memory

— ASIC (Application-specific integrated circuit): CMOS
chip for a specific application in a specific device
— a program for an FPGA (Field-programmable gate
array): Programmable logic blocks that can perform
combinatorial logic
* Include state elements (memory)

e E.g. Xilinx VU19P: 9million logic gates -> can simulate 16 Arm
Cortex A9 cores at the same time!



Verilog and VHDL

VHDL - like Pascal and Ada programming
languages

— VHDL (VHSIC-HDL) (Very High Speed Integrated
Circuit Hardware Description Language)

Verilog - more like ‘C’ programming language
VHDL is strongly typed; Verilog weakly typed
Verilog is easier to learn compared to VHDL

VHDL with library management, more
complex datatypes



na | 0 R0
Sell | 0 o
In1 | O e B Out
Seld| 0 —Hio— T L —
2 | 0 L a2

Verilo -

5 n3 [0 - NcEm
Example: s

module rmux 4 to 1 (Out,In0,Inl,Inz,In3,5ell,5ell);
output Out;
input In0O, Inl, In2, In3, 5el0, S5ell:;

wire NotSelO, NotSell:;
R S R 1) ST ] S AR o b

not (MNot3elO, 5el0);

not (Not3ell, Sell):;

and (Y0, InO, Not3ell, NotSelO):;

and (Y1, Inl, Not3ell, Sel0):;

and (Y2, In2, S5ell, NotSelO):;

and (Y3, In3, 5Sell, Sel0);
Source: Anil Kumar eoxr (Out, ¥0, ¥1, Y2, ¥3):

Ram Rakhyani
endmodule



Critical

path for xori

R[rd] = R[rs1]+imm

o0 w p

Question: Critical Path

| PCSel Inst[31:0] ImmSelRegWEn BruUnBrLT Bsel ALUSel MemRW WBSel
Controllogic BrEg Asel

1:clk-q + tIMEM + max{tRegi tImm} + tALU + 2>I<tmux + 1:Setup

tokg T tadd T Tivem + treg + Tacomp * tatu + tomem + Tmux * tsetup
kg + tivem + Max{treg, timm! + taw + 3 thux+ tomem + tsetup
None of the above
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Instruction Timing

clk Ax Ay
PC old X PC i next
Instr Fetch old X instruction
Instr Decode old X register-out
Execute ALU old X ALU-result
MEM Read old X memory-data
a-= t e b o -C - s p-d tuem p-c-t—it, —>1

_F | D | B MEM | WwB | Toml

I-MEM Reg Read ALU D-MEM Reg W
200 ps 100 ps 200 ps 200 ps 100 ps 800 ps
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Instruction Timing

X X 600ps

beq X X X 500ps
jal X X X X 600ps

SW X X X X 700ps

e Maximum clock frequency
fa = 1/800ps = 1.25 GHz
* Most blocks idle most of the time
— E.g8. fraxaw = 1/200ps = 5 GHz!
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Performance

 “Our” RISC-V executes instructions at 1.25
GHz

— 1 instruction every 800 ps

 Can we improve its performance?
— What do we mean with this statement?

— Not so obvious:

* Quicker response time, so one job finishes faster?

* More jobs per unit time (e.g. web server returning
pages)?

* Longer battery life?



