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What is microarchitecture?

* Microarchitecture: how to implement an architecture in hardware

* Processor:
— Datapath: functional blocks
— Control: control signals

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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RISC-V State Elements

e State elements: determines everything about a processor:
— Architectural state:
* 32 registers
* Program Counter (PC)

* Memory
CLK CLK
CLK | | L
PCNext PC - A1 WE3 RD1 e WE
32 32 = A RD & ° ¥
Instruction ] A RD2 bt | A RD 7%
Memory 5 32 Data
71 A3 Redist Memory
egister
= WD3 File “+=1 WD

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Example Program

* Design datapath
* View example program executing

Address Instruction Type Fields Machine Language
immy . rsl f3 rd op

0x1000 L7: 1w x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303
imm;.s rs2 rsl f3 immy. op

0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
funct7 rs2 rsl f3 rd op

0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 0062E233
imm12,10:5 rs2 rsl f3 imm4:1,11 op

0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3

I-Type

31:20 19:15 14:12 11:7 6:0

lw x6, -4 (x9 -

o —4(x3) iIMmy1-0 rs1 |funct3 rd op

lw rd, imm(rsl)

12 bits 5 bits 3 bits 5 bits 7 bits

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Step 1: Instruction Fetch

CLK
CLK
WE3
PCNext [*] — A1 RD1 }—
ex PC A RD Instr
< |instruction| =
5| Mem T — A2 RD2 p—
S e —{ A3
> Register
& —{ WD3 ",
74 File
Address Instruction Type Fields

imm,,., rsl 3 rd
0x1000 L7: 1lw x6, -4(x9) I 111111111100 01001 010 00110

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),

CLK

WE

Data
Memory

WD

Machine Language

op
0000011 FFC4A303
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Step 2: Read Source Operand (rs1)

CLK
CLK C%K |
| Y WE3 0x2004 WE
PCNext =21 A1 RD1 f—
PC A RD Instr 9
Q . < —d A RD p=—
X |Instruction| 3 | L
S | Memory pL A2 RD2 Data
© 8 — A3 ) Memory
> — wD3 Reg.lster — wo
S File
Address Instruction Type Fields Machine Language
imm,,., rsl 3 rd op

0x1000 L7: 1w x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Step 3: Extend the immediate constant

CLK
CLK
PcNext [- 19:15 A1 WE3 RD1 0x2004
ex PC A RD Instr 9
R Instruction %
— M — _
S | Memory m A2 RD2
S % —m
é — wp3 elg.llster
S ile
/ ImmExt
31-20 Extend r—
OXEEC OxFFFFFFFC
Address Instruction Type Fields
imm,,., rsl
0x1000 L7: 1lw x6, -4(x9) I 111111111100 01001 010

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”

by Sarah Harris and David Harris (H&H),

rd
00110

CLK

WE

Data
Memory

Machine Language

op
0000011 FFC4A303
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Step 4: Calculate memory address

ALUControl,., Function

000 add
001 subtract
010 and
ALUControl,. 011 or
000 101 ST
CLK CLK CLK
915 WE3 0x2004 - WE
PCNext [“]pc Instr 21 A1 RD1 SreA
A RD 9
o o 2 |LALUResult
X |Instruction| X = A RD
= L — A2 RD2 |— sreB | <] 0x00002000 Data
s | Memory L
S = — A3 feai L— Memory
P — wD3 eg.lster — WD
S File
. Extend OXFFFFFFFC
OxFFC .
Address Instruction Type Fields Machine Language
imm,,., rsl 3 rd op

0x1000 L7: 1w x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303
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Step 5: Read data from memory & write to Reg

RegWrite ALUControlyq
000
CLK CLK
CLK L
WE3 0x2004 WE
peNext[Mec |, o [inst =] A RD1 : SHCh
o - o |_ALUResult ReadData
= [Instruction | =, A2 RD2 K 0x00002000 A RD 10
S | Memory ?’) 11:7 SceB Data
S « .6 A3 ‘ Memory
P WD3 Reg'lster — WD
S File
31:20
Extend
OXFEG OXFFFFFFFC
Address Instruction Type Fields Machine Language

imm,,., rsl f3 rd

0x1000 L7: 1w x6, -4(x9) [ 111111111100 01001 010 00110

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),

op
0000011

FFC4A303
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Step 6: Determine address of next instruction

RegWrite ALUControl;.o
1 000
CLK CLK | CLK
WE3 0x2004 WE
PCNext [“]pc A rD |nstr 1"9 A1 RD1 SrcA
0x1004 Q Instruction < >3 ALUResult A RD ReadData
é Memory £ - A2 RD2 p— SrcB j 0x00002000 Data 10
= & 5 A3 Realst Memory
egister .
<§ wD3 e WD
7 / ImmExt
PCPlusd s Extend OXFFFFFFFC
4
Address Instruction Type Fields Machine Language
imm,,., rsl 3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Implementation of the "sw” instruction

 Immediate: now in {instr[31:25], instr[11:7]}
* Add control signals: ImmSrc, MemWrite

Address Instruction Type Fields Machine Language
imm,;.s rs2 rsl f3 immg, op
0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
RegWrite ImmSrc ALUControl,q MemWrite
0 1 000 1
CLK CLK
CLK '
: 15| Y WE3 0x2004 7 WE
PCNext | ™ PC A RD Instr 19 A1l RD1 - SrcA
0x1008 Q LR o i >3 ALUResult A RD ReadData
nsiructuon § p p
= = 221 A2 RD2 srecB | <] ox200C Data
Memory ;76
B % A3 : WriteDat Memory
= WD3 Reg.lster riebvata WD
w File
317 % ImmExt
- Extend
0x00000008
~ + PCPlus4 |0x008
4 —

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Implementation of the "sw” instruction

 Immediate: now in {instr[31:25], instr[11:7]}
* Add control signals: ImmSrc, MemWrite

Address Instruction Type Fields Machine Language
imm,;.s rs2 rsl f3 immg, op
0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
RegWrite ImmSrc ALUControl,q MemWrite
0 1 000 1
CLK CLK
CLK '
: 15| Y WE3 0x2004 7 WE
PCNext | ™ PC A RD Instr 19 A1l RD1 - SrcA
0x1008 Q LR o i >3 ALUResult A RD ReadData
nsiructuon § p p
= = 221 A2 RD2 srecB | <] ox200C Data
Memory ;76
B % A3 : WriteDat Memory
= WD3 Reg.lster riebvata WD
w File
317 % ImmExt
- Extend
0x00000008
~ + PCPlus4 |0x008
4 —

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Immediate offset for I-type and S-type are different

Instruction
31 |30|29|28(27|26|25|24|23|22(21({20 |19|18(17(16|15|14(13(12(11|10|9|8|7 |[6|5|4|3|2|1]|0
Formats
Immediate imm([11:0] rs1 funct3 rd opcode
Store imm[11:5] rs2 rs1 funct3 imm[4:0] opcode
ImmSrc ImmExt Instruction Type
0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Implementation of the ”"or” instruction

 Read from rsl and rs2 (instead of imm)
 Write ALUResult to rd

Address Instruction Type Fields Machine Language
funct7 rs2 rsi f3 rd
0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 0062E233
RegWrite ImmSrc ALUSrc ALUControl,q MemWrite ResultSrc
1 X 0 011 0 0
CLK CLK 14
CLK | |
WE3 6 VY WE
PCNext |J_|pc A rp Most__ | A1 RD1 SIch
oxt00c|_| |o i 3| ALUResuit A o |Readata ﬂ i
X | Instruction é 2620 | a0 RD2 10 s <| 14
S| Memory | & .6 0 |SrcB Data
s m —al 1410 WriteDat S—ory
i rrepaia
B wp3 Register ' WD
w 14 File
ImmExt
L7 Extend
PCPlus4 0x00000008
Result
4

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Implementation of the "beq” instruction

Calculate target address: PCTarget = PC + imm

Address Instruction Type Fields Machine Language
immu,]o;s rs2 rsl f3 imm4;1,11 P
0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3
PCSrc RegWrite ImmSrc ALUSrc ALUControl, MemWrite ResultSrc
1 0 10 0 001 0 X
CLK CLK
CLK | ‘ !
815 WE3 14 WE
olecNext[Vec| , oo st P45 RD1 Sl B 5
{1Jox1000 | |o o L3 | ALUResut A Rp |ReadData
X| Instruction | % 220] 4, RD2 14 r~ <| o
S| Memory m i1l 0 |SrcB | Data
X S ok Regist i WriteData SEEMNOLY
e egister
m WD3 File WD
+ PCTarget
ImmExt 0x1000
,ﬂ ‘y pr——
: Extend
PCPlus4 | OXFFA — OxFFFFFFF4
Result
4
0x1010

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”

by Sarah Harris and David Harris (H&H),
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Adding the Control Unit

)
PCSrc

ResultSrc
MemWrite

op ALUControlz.q
funct3 [ALUSrc
funct?s | |ImmSre, o

—1Zero  |RegWrite
~

[Control
Unit

6:0

30

CLK | CLK
|

— , 7 WE3 ~ WE

-10\|PCNext e a R0 Instr 01 A1 RD1 SrcA [T~ Zero >
ReadDat

|u ALUResult A RD I eadData

Instruction 24:20
Memory 117 A2 RD2 0 |SrcB Data
1 Memory

A3
. W H
WD3 Rngi:(er riteData WD

% PCTarget
+

Extend

CLK

(@]

ALU

PCPlusd

Result

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),

PYKC 12 Nov 2024 EIE2 Instruction Architectures & Compilers Lecture 7 Slide 16



Two different views of the Control Unit

High-Level View Low-Level View
Zero — PCSrc
PCS ~—— |Branch
rc
Cont_rol ResultSrc _ Res“'tsfc
Unit TRy Main [—— MemWrite
Instr 60 emVrite OPso —T; Decoder ALUSrc
— funct3 |ALUSre - RegWrite
30
funct?s | ImmSrc..
Zero :
Zero [RegWrite
N————
:unc:I;z:o Del::l;lcjier ALUControl,.q
unct/is ——

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Main decoder

Zero

Main
Decoder

opS:O

—— ResultSrc
—— MemWrite
—— ALUSrc

— |mmSrc.o

—— RegWrite

|ALUOD1;o

Instruction Op RegWrite ImmSrc ALUSrc MemWrite  ResultSrc  Branch ALUOp
Tw 0000011 1 00 1 0 1 0 00
Sw 0100011 0 01 1 1 X 0 00
R-type 0110011 1 XX 0 0 0 0 10
beq 1100011 0 10 0 0 X 1 01

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”

by Sarah Harris and David Harris (H&H),
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ALU Decoder

funct3,.o ALUControl,.q
funct7s
ALUOp funct3 {ops, funct7;}  ALUControl Instruction
00 x X 000 (add) 1w, Sw
01 X X 001 (subtract) beq
10 000 00, 01,10 000 (add) add
000 11 001 (subtract) sub
010 X 101 (set less than) st
110 X 011 (or) or
111 X 010 (and) and

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Example — Control for and x5, x6, x7

op

Instruct RegWrite

ImmSrc

ALUSrc MemWrite

ResultSrc Branch ALUOp

51

R-type

XX

010

CLK

0
-IB‘| PCNext
(L

[Mec
L

A RD Instr

6:0

| PCSrc
Control

Unit ResultSrc

MemWrite

14:12

op

ALUControls

funct3

ALUSrc

funct?s [ ImmSrc,.o

Zero

| RegWrite
—

19:15

CLK 1

010

|
~ WE3

A1 RD1

Instruction
Memory

24:20

A2
A3

RD2

WD3 Register

File

ALUResult

WriteData

CLK

WE

ReadData

Data
Memory

WD

PCPlus4

. ImmExt
27 Extend

= +

PCTarget

Result

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Lab 4 — A Very Basic RISC-V CPU

e Start working as a Team — 2 pairs allocated by me

* Lab objectives:

1. To get to know your teammates.

2. To establish a Github Repo for your team where everyone’s contribute
towards.

3. To learn about TWO RISC-V instructions in great details.
4. To design a simple CPU that executes these two instructions.

5. To use execute a short program using only these two instructions. The
program implements the binary counter in Lab 1, but in software.

6. Stretched goal —to implement a third instruction accessing data
memory. With this, implement the sinewave generator in software.
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Lab 4 — Program to execute

main:
addi zero, Oxff # load tl with 255
addi zero, 0x0 # a0 is used for output

mloop:

addi zero, 0x0 # al is the counter, init to 0
1loop:

addi al, 0 # load a0 with al

addi al sl # increment al

bne tl, iloop # if al = 255, branch to iloop

bne zero, mloop # else always branch to mloop

0ff00313
00000513

Online RISC-V Assembler: 00000593

00058513
00158593
fe659ce3
fe0318e3

https://riscvasm.lucasteske.dev
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https://riscvasm.lucasteske.dev/

Lab 4 — Pseudoinstruction is easier to read

0000000000000000
3 0f£00313
zero, . 00000513

0000000000000008

zZero, _
8: 00000593

al, 0 000000000000000¢ :
1 c: 00058513 mv
10: 00158593 addi
14: fe659ce3 bne
zero, mloop 18: fe0318e3 bnez

al,

tl, iloop
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Lab 4 — Overall block diagram

PCsrc

PC

ImmOp

branch_PC

inc_PC

next_PC
=

PC

A

Instr Mem

RD

EQ

instr

rst

SR
RegWrite
———  ALUctrl
- AlUsrc
Control | IMMsrc
Unit
. —  PCsrc
— y
=2 AD1  RD1
rs2 AD2 RD2
rd AD3
RegWrite —————{WE3
wp3 a0
Reg File

ALUsrc

ALUctrl

/L

ALU

re| 2

AlLUop2

ALUout

> SUM

\

EQ

\ 4

IMMsrc

Sign extend

ImmOp
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