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One-Instruction-Per-Cycle RISC-V Machine
• 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
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Stages of Execution on Datapath

in
st
ru
ct
io
n

m
em
or
y

+4

rt
rs
rd

re
gi
st
er
s

ALU

D
at
a

m
em
or
y

imm

1. Instruction
Fetch

2. Decode/
Register
Read

3. Execute 4. Memory 5. Register
Write

PC

3



Datapath and Control
• Datapath designed to support data transfers required 

by instructions
• Controller causes correct transfers to happen 

Controller
opcode, funct

in
st

ru
ct

io
n

m
em

or
y

+4

rt
rs
rd

re
gi

st
er

s
ALU

D
at

a
m

em
or

y

imm

PC

4



Branches

• Different change to the state:

– PC =

• 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

PC + 4, branch not taken
PC + immediate, branch taken
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Adding Branches
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Branch Comparator

• BrEq = 1, if A=B

• BrLT = 1, if A < B

• BrUn =1 selects unsigned comparison for 
BrLT, 0=signed

• BGE branch: A >= B, if A<B     

A<B  = !(A<B)

Branch
Comp

A

B

BrU BrLT
BrEq
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Branch Immediates (In Other ISAs)

• 12-bit immediate encodes PC-relative offset of -4096 to +4094 bytes 
in multiples of 2 bytes

• Standard approach: Treat immediate as in range -2048..+2047, then 
shift left by 1 bit to multiply by 2 for branches

s rs2 rs1 funct3 imm[4:0] B-opcodeimm[10:5]

s imm[10:5] imm[4:0]

s imm[10:5] imm[4:0] 0

sign-extension

sign-extension

S-Immediate

B-Immediate (shift left by 1)

Each instruction immediate bit can appear in one of two places in 
output immediate value – so need one 2-way mux per bit
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RISC-V Branch Immediates
• 12-bit immediate encodes PC-relative offset of -4096 to +4094 bytes 

in multiples of 2 bytes
• RISC-V approach: keep 11 immediate bits in fixed position in output 

value, and rotate LSB of S-format to be bit 12 of B-format

Only one bit changes position between S and B, so only need 
a single-bit 2-way mux:

s rs2 rs1 funct3 imm[4:0] B-opcodeimm[10:5]

s imm[10:5] imm[4:0]

s imm[10:5] imm[4:0] 0

sign-extension

sign-extension

S-Immediate

B-Immediate (shift left by 1)
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RISC-V Immediate Encoding
Instruction encodings, inst[31:0]

32-bit immediates produced, imm[31:0]

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

Upper bits sign-extended from inst[31] 
always

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

31 25 12 1524 11 10 4 0

30 8

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

R-type

I-type
S-type

imm[12|10:5] rs2 rs1 funct3 imm[4:1|11] opcode B-type

inst[30:25]inst[24:21] inst[20] I-imm.-inst[31]-

inst[30:25] inst[11:8] inst[7] S-imm.-inst[31]-

inst[30:25] inst[11:8] 0 B-imm.-inst[31]- inst[7]
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Let’s Add JALR (I-Format)

• 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

• LSB is ignored

7

31 712 6 0
opcodeimm[11:0] rd

11

12 5
offset[11:0] dest JALR

rs1 func3
5 3

151920 14

base 0
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Datapath So Far, with Branches
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Adding JALR
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Adding JAL

• 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

7

31 712 6 0
opcodeimm[10:1] rd

11

10 5
offset[20:1] dest JAL

imm[20] imm[11] imm[19:12]
1 1 8

19202130

14



Datapath with JALR
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Adding JAL
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U-Format for “Upper Immediate” 
Instructions

• 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
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Implementing LUI
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Implementing AUIPC
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Recap: Complete RV32I ISA

• RV32I has 47 instructions
• 37 instructions are enough to run any C program

Not in CA
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Complete Single-Cycle RV32I 
Datapath!
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• RTL describes instructions in figures or text
• Can use C (or Verilog) to describe RTL 
Inst Register Transfers
add   R[rd] ¬ R[rs1] + R[rs2]; PC ¬ PC + 4
sub   R[rd] ¬ R[rs1] – R[rs2]; PC ¬ PC + 4
ori R[rd] ¬ R[rs1] | Imm; PC ¬ PC + 4
jal R[rd] ¬ PC + 4; PC ¬ R[rs1] + Imm
beq if ( R[rs1] == R[rs2] )

PC ¬ PC + Imm
else PC ¬ PC + 4

Register Transfer Level (RTL)
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Our Single-Core Computer 
(without FPU, SIMD)

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
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Example: add
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add Execution
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Example: sw
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Example: beq
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Midterm I

• Date: Wednesday, Apr. 03
• Time: 08:15- 9:55 (normal lecture slot)
– Be punctual – we start 8:15 sharp!

• Venue: Teaching Center 301 + 201
• Closed book:
– You can bring one A4 page with notes (both sides; 

in English): Write your Chinese and Pinyin name 
on the top! Handwritten by you!

– You will be provided with the RISC-V ”green sheet”
– No other material allowed!
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Midterm I

• Switch cell phones off! (not silent mode – off!)
– Put them in your bags. 

• Bags under the table. Nothing except paper, pen, 
1 drink, 1 snack on the table!

• No other electronic devices are allowed!
– No ear plugs, music, smartwatch…

• Anybody touching any electronic device will FAIL
the course!

• Anybody found cheating (copy your neighbors 
answers, additional material, ...) will FAIL the 
course!
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Content

• Main topics
– Number representation
– C
– RISC-V

• Plus general ”Computer Architecture” 
knowledge

• Everything till lecture 8 CALL – including 
lecture 8
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Peer Instruction: Critical Path
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path for addi

R[rd] = R[rs1]+imm

A. tclk-q + tAdd + tIMEM + tReg + tBComp + tALU + tDMEM + tmux + tSetup

B. tclk-q + tIMEM + max{tReg, tImm} + tALU + 2tmux + tSetup

C. tclk-q + tIMEM + max{tReg, tImm} + tALU + 3tmux + tDMEM + tSetup

D. None of the above
38



Peer Instruction: Critical Path

Critical 

path for addi

R[rd] = R[rs1]+imm
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Instruction Timing

IF ID EX MEM WB Total
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

• Maximum clock frequency 
– fmax = 1/800ps = 1.25 GHz

• Most blocks idle most of the time
– E.g. fmax,ALU = 1/200ps = 5 GHz!

Instr IF = 200ps ID = 100ps ALU = 200ps MEM=200ps WB = 100ps Total
add X X X X 600ps
beq X X X 500ps
jal X X X X 600ps
lw X X X X X 800ps
sw X X X X 700ps
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Control Logic Truth Table

CS 61c Lecture 12: Control & Performance

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 ALU42



Control Realization Options

• 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
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RV32I, a nine-bit ISA!

Not in CS61C

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

inst[30] inst[14:12] inst[6:2]
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Combinational Logic Control

• Simplest example: BrUn
inst[14:12] inst[6:2] = Branch

• How to decode whether BrUn is 1?
• BrUn = Inst [13] • Branch
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ROM-based Control

ROM

Inst[30,14:12,6:2] BrEq
9

PCSel

ALUSel[3:0]4

11-bit address (inputs)

15 data bits (outputs) 

BrLT

ImmSel[2:0]3
BrUn
ASel
BSel

MemRW
RegWEn
WBSel[1:0]2
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ROM Controller Implementation

Control Word for add
Control Word for sub
Control Word for or

.

.

.

Ad
dr

es
s

De
co

de
r .

.

.

Inst[]
BrEQ
BrLT

Controller output (PCSel, ImmSel, …)

add
sub
or

jal

11

AND OR
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Controller: AND logic (add, sw)

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

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

• bne_t = bne • BrEQ
• bne_f = bne • BrEQ 48

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



Controller: OR logic

• MemRW = sw + sh + sb

• WBSel[0] = add + (all reg. to reg.) + AUIPC + …
• WBSel[1] = JALR + JAL

• PCSel = beq_t + bne_t + blt_t + bltu_t +
jal + jalr

• …
49
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Control Logic Truth Table

CS 61c Lecture 12: Control & Performance

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 ALU50



ROM Controller Implementation

Control Word for add
Control Word for sub
Control Word for or

.

.

.

Ad
dr

es
s

De
co

de
r .

.

.

Inst[]
BrEQ
BrLT

Controller output (PCSel, ImmSel, …)

add
sub
or

jal

11

AND OR
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Call home, we’ve made HW/SW contact!

lw t0, 0(2)
lw t1, 4(2)
sw t1, 0(2)
sw t0, 4(2)

High Level Language 
Program (e.g., C)

Assembly  Language 
Program (e.g.,RISC-V)

Machine  Language 
Program (RISC-V)

Hardware Architecture Description 
(e.g., block diagrams)

Compiler

Assembler

Machine 
Interpretation

temp = v[k];
v[k] = v[k+1];
v[k+1] = temp;

0000 1001 1100 0110 1010 1111 0101 1000
1010 1111 0101 1000 0000 1001 1100 0110 
1100 0110 1010 1111 0101 1000 0000 1001 
0101 1000 0000 1001 1100 0110 1010 1111

Logic Circuit Description
(Circuit Schematic Diagrams)

Architecture 
Implementation
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“And In conclusion…”

• We have built a processor!
– Capable of executing all RISC-V instructions in one cycle 

each

– Not all units (hardware) used by all instructions

– Critical path changes

• 5 Phases of execution
– IF, ID, EX, MEM, WB

– Not all instructions are active in all phases

• Controller specifies how to execute instructions
– Implemented as ROM or logic
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