
Computer Architecture

Lecture 02 – How to Build a RISC-V Processor
（ISA & MicroArch)

Pengju Ren
Institute of Artificial Intelligence and Robotics

Xi’an Jiaotong University

http://gr.xjtu.edu.cn/web/pengjuren

Pengju Ren@XJTU 2023



 Single-Cycle Processor
 Multicycle Processor
 Pipeline
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Abstract View of a Simple Processor

Having program stored as data is an extremely important step 
in the evolution of computer architectures

Pengju Ren@XJTU 2023



Abstract View of a Simple Processor
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Processor

Control

Datapath

PC

Registers

Arithmetic & Logic Unit
(ALU)

Memory
Input

Output

Bytes

Enable?
Read/Write

Address

Write 
Data

Read
Data

Processor-Memory Interface I/O-Memory Interfaces

Program

Data

Cache

Processor organized
around words and bytes

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

FSM Counter + Adder

Combinational Logic & Regs

SRAM+Ctrl
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What is RISC-V？And Why?

15
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RISC-V
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“三分天下有其一!”

 截至2021年12月，RISC-V International基金会集团成员比年初增长了130%，达到
24278名,企业成员来自70多个国家，数量增长至2000多家;

 已有近100款不同门类及型号的RISC-V芯片应用于云端、移动、高性能计算和机器学习，全
球范围内产出的RISC-V核累计超过20亿颗

Pengju Ren@XJTU 2023



RISC-V ISA

 New  fifth-generation RISC design from UC Berkeley
 Realistic & complete ISA, but open & small
 Not over-architected for a certain implementation style
 Both 32-bit (RV32) and 64-bit (RV64) address-space variants
 Designed for multiprocessing
 Efficient instruction encoding
 Easy to subset/extend for education/research
 RISC-V spec available on Foundation website and github
 Increasing momentum with industry adoption

This course uses 32bit-version (RV32) for demonstration

17
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How to Build a RISC-V Processor

18

Each instruction reads and updates this state during execution:
 Registers (x0..x31)

– Register file (regfile) Reg holds 32 registers x 32 bits/register: 
Reg[0]..Reg[31]

– First register read specified by rs1 field in instruction
– Second register read specified by rs2 field in instruction
– Write register (destination) specified by rd field in instruction
– x0 is always 0 (writes to Reg[0]are ignored)

 Program counter (PC)
– Holds address of current instruction

 Memory (MEM)
– Holds both instructions & data, in one 32-bit byte-addressed memory space
– We’ll use separate memories for instructions (IMEM) and data (DMEM)

• These are placeholders for instruction and data caches
– Instructions are read (fetched) from instruction memory
– Load/store instructions access data memory

Pengju Ren@XJTU 2023



Recap: RISC-V Instruction Encoding(ISA)

19http://www-inst.eecs.berkeley.edu/~cs61c/fa18/img/riscvcard.pdf
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Implementing the add instruction

20add 5 5 add Reg-Reg OP5

31 25 20 15 71224 19 14 11 6 0

0000000 rs2 rs1 000 rd opcode

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Inst[31:0]

Control logic

RegWriteEnable (RegWEn)=1

Reg[rd] = Reg[rs1] + Reg[rs2]
PC = PC + 4

Pengju Ren@XJTU 2023



Implementing the sub instruction

21

sub rd, rs1, rs2

 Almost the same as add, except now have to subtract 
operands instead of adding them

 inst[30] selects between add and subtract

31 25 20 15 71224 19 14 11 6 0
0000000 rs2 rs1 000 rd 0110011
0100000 rs2 rs1 000 rd 0110011

add
sub

Pengju Ren@XJTU 2023



Datapath for add/sub

22

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Control logic

RegWEn
(1=Write, 0=NoWrite)

ALUSel
(add=0/sub=1)

Inst[31:0]Pengju Ren@XJTU 2023



Implementing other R-Format instructions

23
 All implemented by decoding funct3 and funct7 fields and 

selecting appropriate ALU function

0000000 rs2 rs1 000 rd 0110011

0100000 rs2 rs1 000 rd 0110011

0000000 rs2 rs1 001 rd 0110011

add
sub
sll

0000000 rs2 rs1 010 rd 0110011 slt
0000000 rs2 rs1 011 rd 0110011

0000000 rs2 rs1 100 rd 0110011 xor
0000000 rs2 rs1 101 rd 0110011 srl
0100000 rs2 rs1 101 rd 0110011 sra

0000000 rs2 rs1 110 rd 0110011

0000000 rs2 rs1 111 rd 0110011

or
and

sltu

31 25 20 15 71224 19 14 11 6 0
funct7 rs2 rs1 funct3 rd opcode

821
R-Type

Pengju Ren@XJTU 2023



Implementing other R-Format instructions

24
 All implemented by decoding funct3 and funct7 fields and 

selecting appropriate ALU function

0000000 rs2 rs1 000 rd 0110011

0100000 rs2 rs1 000 rd 0110011

0000000 rs2 rs1 001 rd 0110011

add
sub
sll

0000000 rs2 rs1 010 rd 0110011 slt
0000000 rs2 rs1 011 rd 0110011

0000000 rs2 rs1 100 rd 0110011 xor
0000000 rs2 rs1 101 rd 0110011 srl
0100000 rs2 rs1 101 rd 0110011 sra

0000000 rs2 rs1 110 rd 0110011

0000000 rs2 rs1 111 rd 0110011

or
and

sltu

31 25 20 15 71224 19 14 11 6 0
funct7 rs2 rs1 funct3 rd opcode

821
R-Type

add R[rd]=R[rs1]+R[rs2]

sub R[rd]=R[rs1]-R[rs2]

sll R[rd]=R[rs1]<<R[rs2]

sltu R[rd]=(R[rs1]<R[rs2])? 1:0

xor R[rd]=R[rs1]^R[rs2]

srl R[rd]=R[rs1]>>R[rs2] （Shift right）

sra R[rd]=R[rs1]>>R[rs2] （Shift right Arithmetic）

or R[rd]=R[rs1] | R[rs2]

and R[rd]=R[rs1] & R[rs2]

Pengju Ren@XJTU 2023



Recap: RISC-V Instruction Encoding(ISA)

25
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Recap: RISC-V Instruction Encoding(ISA)

26

addi R[rd]=R[rs1]+imm

lw R[rd]={32’bM[](31),M[R[rs1]+imm]

jalr R[rd]=PC+4; PC=R[rs1]+imm（jump and link register for case/switch)

slli R[rd]=R[rs1]<<imm (shift left Immediate(word))

Pengju Ren@XJTU 2023



Implementing I-Format - addi instruction

27

• RISC-V Assembly Instruction:

addi x15,x1,-50

111111001110 00001 000 01111 0010011

OP-Immrd=15addimm=-50 rs1=1

5 3 75

31 20 15 71219 14 11 6 0
rs1 funct3 rd opcodeimm[11:0]

12
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Datapath for add/sub

28

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Inst[31:0]

Control logic

RegWEn

(1=Write, 0=NoWrite)

ALUSel
(add=0/sub=1)

Immediate should be here 
Pengju Ren@XJTU 2023



Adding addi to Datapath(1)

29

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Inst[31:0]

Control logic

RegWEn

(1=Write, 0=NoWrite)

ALUSel
(add=0/
sub=1)

BSel
(rs2=0/
Imm=1)

0

1

Imm[31:0]

Pengju Ren@XJTU 2023



Adding addi to Datapath(2)
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+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Inst[31:0]

Control logic

RegWEn=1 ALUSel=
add

BSel
(rs2=0/
Imm=1)

Bsel = 1

ImmSel=I

0

1

Imm[31:0]
Imm.

Gen

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst
[31:20]

Pengju Ren@XJTU 2023



I-Format immediates

31

inst[31:0]

------inst[31]-(sign-extension)------- inst[30:20]

imm[31:0]

Imm.

Gen

inst[31:20] imm[31:0]

ImmSel=I

• High 12 bits of instruction (inst[31:20]) 
copied to low 12 bits of immediate 
(imm[11:0])

• Immediate is sign-extended by copying value 
of inst[31] to fill the upper 20 bits of the 
immediate value (imm[31:12])

-inst[31]-
31 30 20 15 71219 14 11 6 0

rs1 funct3 rd opcodeimm[11:0]
12
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R+I Datapath

32

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst[24:20]
ALU
+

clk

Reg [ ]

Inst[19:15]

Inst[11:7]

AddrB

AddrA DataA

DataB

AddrD

DataD

alu
Reg[rs1]

Reg[rs2]

Inst<31:0>

Control logic

RegWEn ALUSelBSel

0

1

Imm[31:0]
Imm.

Gen

+4

Add

clk

addr
inst

IMEM

PC
pc+4

Inst
[31:20]

Works for all other I-format 
arithmetic instructions 
(slti,sltiu,andi,
ori,xori,slli,srli,
srai) just by changing 
ALUSel

ImmSel

Pengju Ren@XJTU 2023



Add lw

33

 RISC-V Assembly Instruction (I-type): lw x14, 8(x2)

5 3 75

31 20 15 71219 14 11 6 0

rs1 funct3 rd opcodeimm[11:0]
12

offset[11:0] base width dest LOAD
31 20 15 71219 14 11 6 0

00010 010 01110 0000011000000001000

Imm = +8 rs1=2 LW rd=14 LOAD

• The 12-bit signed immediate is added to the base 
address in register rs1 to form the memory address
• This is very similar to the add-immediate operation but used to create address 
not to create final result  

• The value loaded from memory is stored in register rd

Pengju Ren@XJTU 2023



Adding lw to Datapath

34
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All RV32 Load Instructions

35
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Recap: RISC-V Instruction Encoding(ISA)

36
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Adding sw Instruction

37
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Datapath with lw

38
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Adding sw to Datapath

39
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I+S Immediate Generation

40
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Control Flow Instructions

41
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Implementing (Conditional) Branches

42

• B-format is PC-relative addressing (typically used for loops, if-else, 
while, for), take two register sources (rs1/rs2) to compare, and a 
12-bit immediate(+/-) to specify an address to go to

• Notice that, Memory is “byte-addressed”, Instructions are “word-
aligned”(4-bytes). Immediate represents values -4096 to +4094 in 
2-byte increments to support 16-bit compressed instructions

• The 12 immediate bits encode even 13-bit signed byte offsets 
(lowest bit of offset is always zero, so no need to store it) 

Pengju Ren@XJTU 2023



To Add Branches

43

 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 and to 
compare values of rs1 and rs2

– But have only one ALU – need more hardware
Pengju Ren@XJTU 2023



Adding Branches

44
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Branch Comparator

45

•BrEq = 1, if A=B
•BrLT = 1, if A < B
•BrUn =1 selects unsigned 
comparison for BrLT, 0=signed

•BGE =1，if A >= B

Branch

Comp

A

B

BrU BrLT
BrEq

Pengju Ren@XJTU 2023



RISC-V Immediate Encoding

46

Only bit 7 of instruction changes role in 
immediate between S and B

Upper bits sign-extended from inst[31] 
always

Pengju Ren@XJTU 2023



Let’s Add JALR (I-Format)

47

 JALR rd, rs, immediate
 Two changes to the state
 Writes PC+4 to rd (return address)
 Sets PC = rs + immediate (branch addr table)
 Uses same immediates as arithmetic and loads

- no multiplication by 2 bytes
- LSB is ignored

Pengju Ren@XJTU 2023



Datapath So Far, with Branches

48
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Adding JALR (R[rd] = PC+4; PC = R[rs1] + imm)

49
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Recap: RISC-V Instruction Encoding(ISA)

50
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Recap: RISC-V Instruction Encoding(ISA)

51

jal R[rd]=PC+4; PC=PC+{imm,1’b0} （jump and link)Pengju Ren@XJTU 2023



Adding JAL

52

 JAL saves PC+4 in register rd (the return address)
 Set PC = PC + offset (PC-relative jump)
 Target somewhere within  ±219 locations, 2 bytes apart

– ±218 32-bit instructions
 Immediate encoding optimized similarly to branch 

instruction to reduce hardware cost

Pengju Ren@XJTU 2023



Datapath with JAL

53

Pengju Ren@XJTU 2023



Adding JAL (R[rd] = PC+4; PC = PC + {imm,1b’0}) 

54
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Dealing with large immediates

How to deal with 32-bit immediates (for Calculation and PC-offset)? 
– I-type instructions only give us 12-bits 
– UJ-type instructions only give us 20-bits

Solution: Need a new instruction format for dealing with the rest of 
the 20 bits. 
This instruction should deal with: 

– a destination register to put the 20 bits into 
– the immediate of 20 bits 
– the instruction opcode

55
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Recap: RISC-V Instruction Encoding(ISA)

56
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Recap: RISC-V Instruction Encoding(ISA)
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lui R[rd]={32’bimm<31>,imm,12’b0}  (Load Upper Immediate)

auipc R[rd]=PC+{imm,12’b0}  (Add Upper Immediate to PC)Pengju Ren@XJTU 2023



U-Format for “Upper Immediate” Instructions

58

 Has 20-bit immediate in upper 20 bits of 32-bit instruction word
 One destination register, rd
 Used for two instructions

– LUI – Load  Upper Immediate
– AUIPC – Add Upper Immediate to PC

7

31 712 6 0

opcodeimm[31:12] rd
11

20 5
U-immediate[31:12] dest LUI
U-immediate[31:12] dest AUIPC

Pengju Ren@XJTU 2023



Usage of lui and AUIPC

59

AUIPC rs, labelFarAway
JALR rs, $ra, labelFarAway

rs = PC + {imm[31:12],12b’0}
PC = rs + {imm[11:0]}
ra = PC + 4

lui rY, BigImmediate
addi rX, rY, BigImmediate

rY = {imm[31:12],12b’0}
rX = rY + {imm[11:0]}

Describe the function of the following instructions

lui writes the upper 20 bits of the destination with the immediate 
value, and clears the lower 12 bits

Pengju Ren@XJTU 2023



Implementing LUI (R[rd] = {imm, 12’b0})

60
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Implementing LUI (R[rd] = {imm, 12’b0})

Pengju Ren@XJTU 2023



Implementing AUIPC (R[rd] = PC + {imm, 12’b0})

62
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Implementing AUIPC (R[rd] = PC + {imm, 12’b0})

Pengju Ren@XJTU 2023



Single-Cycle RV32I Datapath and Control

64
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Example: add
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7 5 5 3 75

31 25 20 15 71224 19 14 11 6 0

funct7 rs2 rs1 funct3 rd opcode

Pengju Ren@XJTU 2023



Example: sw
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31 25 20 15 71224 19 14 11 6 0

Imm[11:5] rs2 rs1 funct3 imm[4:0] opcode

offset[11:5] base widthsrc STOREoffset[4:0]

sw M[R[rs1]+imm](31:0)=R[rs2]  (Store word)

Pengju Ren@XJTU 2023



Example: beq

67
beq if(R[rs1]==R-rs2])  PC=PC+{imm.1’b0}  (Branch Equal)

Pengju Ren@XJTU 2023



68

Inst[31:0] BrEq BrLT PCSel ImmSel BrUn ASel BSel ALUSel MemRW RegWEn WBSel
add * * +4 * * Reg Reg Add Read 1 ALU

sub * * +4 * * Reg Reg Sub Read 1 ALU

(R-R Op) * * +4 * * Reg Reg (Op) Read 1 ALU

addi * * +4 I * Reg Imm Add Read 1 ALU

lw * * +4 I * Reg Imm Add Read 1 Mem

sw * * +4 S * Reg Imm Add Write 0 *

beq 0 * +4 B * PC Imm Add Read 0 *

beq 1 * ALU B * PC Imm Add Read 0 *

bne 0 * ALU B * PC Imm Add Read 0 *

bne 1 * +4 B * PC Imm Add Read 0 *

blt * 1 ALU B 0 PC Imm Add Read 0 *

bltu * 1 ALU B 1 PC Imm Add Read 0 *

jalr * * ALU I * Reg Imm Add Read 1 PC+4

jal * * ALU J * PC Imm Add Read 1 PC+4

auipc * * +4 U * PC Imm Add Read 1 ALU

Control Logic Truth Table

Pengju Ren@XJTU 2023



Control Realization Options

69

ROM
– “Read-Only Memory”
– Regular structure
– Can be easily reprogrammed

• fix errors
• 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

Pengju Ren@XJTU 2023



ROM Controller Implementation

70

Control Word for add

Control Word for sub

Control Word for or

.

.

.

Ad
dr

es
s

D
ec

od
er

.

.

.

Inst[]
BrEQ
BrLT

Controller output (PCSel, ImmSel, RegWEn…)

add
sub
or

jal

11

AND OR

Pengju Ren@XJTU 2023



Combinatorial Logic Controller Implementation 

71
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Single-Cycle RISC-V RV32I Datapath

72

IMEMIMEM
ALU

Imm.

Gen

+4

DMEMDMEM
Branch 
Comp.

Reg[]Reg[]

AddrA

AddrB

DataA

AddrD

DataB

DataD

Addr

DataW
DataR

1

0

0

1

21

0
pc

0

1

inst[11:7]

inst[19:15]

inst[24:20]

inst[31:7]

pc+4
alu

mem

wb

alu

pc+4

Reg[rs1
]

pc

imm[31:0]

Reg[rs2]

inst[31:0] ImmSel RegWEn BrUnBrEqBrLT ASelBSel ALUSel MemRW WBSelPCSel

wb

Pengju Ren@XJTU 2023



IMEMIMEM
ALU

Imm.

Gen

+4

DMEMDMEM
Branch 
Comp.

Reg[]Reg[]

AddrA

AddrB

DataA

AddrD

DataB

DataD

Addr

DataW
DataR

1

0

0

1

21

0
pc

0

1

inst[11:7]

inst[19:15]

inst[24:20]

inst[31:7]

pc+4
alu

mem

wb

alu

pc+4

Reg[rs1
]

pc

imm[31:0]

Reg[rs2]

wb

Instruction Fetch

(F)
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Each stage operates on different instruction
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Pipeline-Instruction flow diagram
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Pipeline-Instruction flow diagram
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Pipeline-Instruction flow diagram
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Pipeline-Instruction flow diagram
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Pipeline-Instruction flow diagram
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The Pipelined version of the datapath
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Next Lecture：Pipeline and Hazard

(Instruction level parallel)
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