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R-Type
- - 31:25 24:20 15:15 14:12 11:7 G6:0
o R'type II"IStI'UCtIOI’]S: ‘ funct? | rs2 | rs1 |funct3 rd op
7 bits 5bits 5bits 3 bits 5 bits 7 bits
— add, sub, and, or, slt
I-Type
o . 31:20 15:15 14:12 11:7 6:0
* |-type instruction: | immyo | ot [funets | d | op
12 bits Sbits 3 bits 5 bits 7 bits
— 1w
S-Type
31:25 _24:20 15:15 14:12 11:7 G6:0
* S-type instruction: iy | 182 | rst Junct3 [immeg | op
T bits 5 bits 5 bits 3 bits 5 bits T bits
— SW
B-Type
31:25 24:20 19:15 14:12 11:7 6:0
imMmyqz o5 rs2 | rsi |funct3 immg.111) Op
7bits  5bits 5bits 3bits 5 bits 7bitls

* B-type instructions:
— beq
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Single Core Processor

e Processor (CPU)

® The active part of the computer that does all the work (data
manipulation and decision-making)

e Datapath
o Contains hardware
necessary to perform
operations required by
the processor
e Control

® Tells the datapath what
needs to be done

Processor Mem:ory:
| |control _ Data
3 3 " Jnstruction

Datapath Bits
I PC I-\\
——etiaters—

Address 9
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Microarchitecture

e Multiple implements for a single architecture
e Single-cycle:
e Each instruction executes in a single cycle
e Multi-Cycle:
e Each instruction is broken up into series of shorter
steps
e Pipelined:
e Each instruction broken up into series of steps &
multiple instructions execute at once
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Single-Cycle RISC-V Processor

S

[PCSc |
ResultSrc
MemWrite
funct?s | Al UControlzg
funct3 [ALUSrc

op ImmSrci.

| RegWrite
rk_/

Control
Unit

1412

60

CLK CLK
CLK |

WE3
0 FCNextM 2 At RD1
-r'1 Pcl,  gp [nst

|»-1-J I—I Instruction 24:20

Memory 17

Zero WE

ReadData p=
ALUResult A RD r
Data 0

Memory
WD

A2 RD2
A3
WD3

Register WriteData

File

PCTarget

ImmExt

Extend

PCFPlusd4

Result
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ALU: Arithmetic Logic Unit

e ALU should perform
Addition
Subtraction
AND

OR
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ALU: Arithmetic Logic Unit

ALUControl
A B
~ N AN
. ALUControl, Add
10[1 / Subtract 5 ALUControl
10| AND ALU
1f1 OR Result

Example: Perform A OR B

ALUControl,,=11
Result=AORB
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LU: Arithmetic Logic Unit
ALU: Arithmetic Logic Uni

A B
ALUControl,.,, Function L

00 Add
01 Subtract ‘:»If:‘
v

10 AND ERCY RN
= ! E
— S
i Ol Cou S
Example: Perform AOR B ~ Jsum £
ALUControl,,=11 T 1 | ‘
Mux selects output of OR gate as Result, \}}ﬂ \T;:f M
so: \'11 10 01 00
Result=AORB 5— ALUControl

I
Result
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ALU: Arithmetic Logic Unit

A B
N N
ALUControl,., Function
0P Add
0|1 Subtract
10 AND :
11 OR Cou F
Example: Perform A + B —
ALUControl,., =00 A T
ALUControl, =0, so: \ 11 10  of 00 /L
5 ALUControl
C,,toadder=0 T
2" input to adder is B Result
e How to subtract using an adder?
Mux selects Sum as Result, so o SbA B=addA B

Result=A + B e Negate B before adding (fast negation trick: -B = B" + 1)
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ALU with Status Flags

Flag Description

N Result is Negative

Z Result is Zero

C Adder produces Carry out
74 Adder oVerflowed

\ 5 ALUControl
ALU
AN A4

Result ALUFlags
N.Z,C,V}

13
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ALU with Status Flags

A B
Azt N N
B3,
ALUControk, Sumg, ALUControl,
NEEPAN
; C

out

Yonuoon v

N N AN N
11 10 01 00
%—— ALUControl
Resulty, N
NZCV
F.1

Vi C N £ Result  ALUFlags
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ALU with Status Flags: Negative

As; Jn In N =1 if:
BSI . -
Result is negative
So, N is connected to
ALUControk, Sums, ALUControl, N . . .
11BN 27 L most significant bit of
U U 7 = Result.
Coul ‘\_ Q
L+ 2
a Sum S
v L]% AN N
01

11 10 00
s—— ALUControl
Resultsy, N

J | ug

V C N Z Resuli ALUFlags

15
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)

ALU with Status Flags: Zero

A B .
Agy N N Z=1if:
= .
all of the bits of Result
are(0
ALUControl, Sumg, ALUControl,
WiV,
\/ C

Yonuonn v

R}J \:F{ el N
11 10 01 00
=—— ALUControl
Flesult3| N
NZCV
F4

Vi C Result  ALUFlags
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ALU with Status Flags: Carry

As fvo P C=1if:

= C,,. of Adderis 1
AND

ALU is adding or

ALUControl, Sumg, |ALUControl,

NEIBN P V
I
U U - < subtracting (ALUControl
out Q N
= is00or01)
R}J L}(J ALUControl,,, Function
N N AN N 00 Add
11 10 01 00
\ /L? — ALLIConiral gL Subtract
Resuilt,, N 10 AND
NZCV 11 OR
F4

V C N Z Result  ALUFlags
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op Add
ALU with Status Flags: oVerflow  [d Subtract
10 AND
A B .
Asi N N v=1if: 11 OR
BSI P
The addition of 2 same-
signed numbers
ALUControl, : .
omoR || |3|man ALUGontrol produces a result with
U U 2 the opposite sign
COI.I O
! % XOR 3 g QOutput
o
: °‘“ DSt
0|1
N N ) N 1 1
&ﬁ \ noot0or o /7‘,4—ALUCOHHDJ' | ,,,,,,,,,,,,,,, Zi:p"tx:o"%e
N A r—— » 1] . 0 V 1
B e o 1 o
fIU_%TLC_‘V *eXclusive Not OR ‘ 1 0 0
v c z Result  ALUFlags il 1 M

18
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op Add

ALU with Status Flags: oVerflow ¢ Subtract

AND
al —1if 11 OR
B,. V=1if:
ALU is performing addition or subtraction
ALUGontrok || - |sumg; ALUControh (ALUControl, = 0) OR Output
1

A B
U P =
1 1 0

A and Sum have opposite signs

2 input XNOR gate

AND P

A Lo_to0 ¥ | 0 0 7 717

i A and B have same signs for addition 4 ADB

tj (ALUCO”trO!O = 0) *eXclusive Not OR 1 0 0

A and B have different signs for subtraction
(ALUControl, = 1)
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ALU with Status Flags

Agzy N N
BSI

ALUControl, Sumg, ALUControl,

WY,

‘out

Yonuonniy

N NN N
1 10 01 00
5—— ALUControl
Resuilty, N
NZCV
F4

V C N Z Result  ALUFlags
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Comparison based on Flags

Compare by subtracting and checking flags

Different for signed and unsigned

Comparison Signed Unsigned
== Z yA

= ~Z ~Z

< NAV ~C

<= Z|(NAV) Z|~C

> ~“Z&~(NAV) M2 &C
>= ~(N ~ V) C
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Other ALU Operations

* Set Less Than (also called Set if Less Than)

— Sets Isb of resultif A< B
* Result =0000...001ifA<B
* Result = 0000...000 otherwise

— Comes in signed and unsigned flavors

* XOR
— Result =AXOR B

22
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Extending ALU: SLT

ALUControl ,, Function

00 add
01 subtract
10 and
11 or
SLT

N

11 10 01 00
s— ALUControl

N
Result

%oquodNTv
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Fixing Overflow Error in SLT Logic

Ap.

1 1]

B

1]

AL UControl
L

N/

Sumg., ALUControl,

Jlc0= L
=
| /\ /

S/
\‘ C])

V
A B | Output
XOR oo 0
11]0 1
0 1 1
n 1 1 0

000 A+ B

001 A-B

010 A &B

011 A|B
: 101 SLT

4 ALUControl,,

24
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Single-Cycle RISC-V Processor

S

[PCSc |
ResultSrc
MemWrite
funct?s | Al UControlzg
funct3 [ALUSrc

op ImmSrci.

| RegWrite
rk_/

Control
Unit

1412

60

CLK CLK

ALl PV WE3 RD1 SrcA [

Zero WE
ALUResult

A2 RD2 I'EI SrcB Data

A3 Realst 1 \WriteDat Memory
wn3 Register ritaData WD

File

-l'c PCNex
1

Ay [

Instruction 24:20
Memory

PCTarget

ImmExt

Y/

Extend

PCFPlusd4

Result
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Architectural State Elements

e Determines everything about a processor
e Architectural state:
e 32 regqisters
o PC
e Memory

26
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CLK

PCNex__;t PC
32 32
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RISC-V Architectural State Elements

32

A RD

Instruction
Memory

32

m1\ o |

w4
)

CLK
| |
~ WE3
A1 RD1 ==
32
A2 RD2 ==
32

A3  Register
WD3  File

WE: Write Enable

32 32
Data
Memory
== WD

32

27
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State Elements

e OQOutputs of sequential logic depend on current and prior
Input values — it has memory
e Sequential circuits
e Give sequence to events
e Have memory (short-term)
e Use feedback from output to input to store information

28
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State Elements

e State
e Everything about the prior inputs to the circuit

necessary to predict its future behavior
e Usually just 1 bit, the last value captured
e State elements store state

e SR Latch

e D Latch

e D Flip-flop

29
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SR (Set/Reset) Latch 1r al
e Latch 1S9

® An asynchronous circuit (it doesn’t require a clock signal to work)
® Has two stable states, HIGH (“17), and LOW (“07)
® Can be used for storing binary data
e Set-Reset (S-R) latch R
® Two NOR gates with a cross-feedback loop D'
® The feedback path stores one bit of data
as long as the circuit is powered

® Two inputs (R and S) S D. —Q
® Two outputs (Q and inverted Q)

30
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SR (Set/Reset) Latch

* SR stands for Set/Reset Latch

— Stores one bit of state (Q)

e Control what value is being stored with S, R inputs

— Set: Make the output 1
$=1,R=0,Q=1 SR Latch

— Reset: Make the output 0 Symbol

$5=0,R=1,Q=0 R Q-
— Memory: Retain value
$=0,R=0,Q=Q,,, -S  Qf

e Must do something to avoid invalid state (when
S=R=1)

31
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SR (Set/Reset) Latch B Q

A l=1l=1F

=HIQ| =D .
(=1 =1 =] [__

-5=1,R=0:

0 1
SIDSS
Set state

-5=0,R=1:

1
Reset state R D. O_Q
o frka
32
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SR (Set/Reset) Latch

-5$5=0,R=0:
Previous state

then Q=Q,,.,

-S$S=1,R=1:
Invalid state

thenQ=0,Q=0

Qprev =0

0
aaiVps
s M'

Input Output
A B Y
0 0 1
Q 0 1 0
1 0 0
1 1 0
Qprev =1
0
" i o
o g
1
0q
0
0 S
1 | N2 —Q s
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(Set/Reset) Latch

e Set-Reset (S-R) latch

® NOR gate gives 1 when both of its inputs

are “0”

S

s

Ql

® \When both inputs S and R are equal to “0”, the output Q remains
the same as it was (saves the previous value)

Input S Input R Output Q
0 0 Previous State
0 1 0
1 0 1
1 1 0 (Invalid)

A
B

Input

Output

) >

e A E=11=1F

= k=11

(=2 1=01=10 0

34
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Datain — D Q — Data out
D Flip Flop Ml —pclk QfF—

e Flip Flops D Flip-Flop
® A flip-flop is a state element
® State element: A circuit component that can hold a value
® Store one bit (1 or 0) on flip flop output
® Synchronous circuit that need a clock signal (CIk)
e D Flip-Flop
® The D Flip-Flop will only store a new value from the D input
when the clock goes from O to 1 (rising edge) or 1 to O
(falling edge)
e Commonly used as a basic building block to create
counters or memory blocks such as shift register

35
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D Flip Flop

e Samples D on rising edge of CLK
When CLK rises from O to 1, D passes through to Q
Otherwise, Q holds its previous value
Q changes only on rising edge of CLK

Called edge-triggered
Activated on the clock edge

D Flip-Flop
Datain — D Q —— Data out
M —pClk Qf—

36
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D Flip-Flop

e The output Q only changes to the value of the D
Input at the moment the clock goes from 0Oto 1

B Rising edge

Clk —

o

OQOutput change
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State Elements

e State elements required by RV32| ISA
e During CPU execution, each RV32l instruction reads
and/or updates these state elements

Program [p Register Memory [ e
C . Reg] ] M

Counter L File Reg L MEM A
DME

M

A

38
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Registers: One or More Flip-Flops

CLK D Flip-Flop
Symbols
D;—D | Q—Qs \I/ |
CLK D QF
D,—D | Q—Q | —
n. A Q-
3.0 ’ ’ Q3:0
D,—{D | Q—Q
4-bit Register
DD QQ

4-bit Register 23
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e Program Counter
® The program counter is a 32-bit register
® Input
® N-bit data input bus
® \Write Enable: “Control” bit (1: asserted/high
0: de-asserted/0)
® Qutput
® N-bit data output bus
® Behavior
® |f write enable is 1 on the rising clock edge,
set Data Out = Data in
® At all other times, Data out will not change,
it will output it current value

Write
Enable
I
Data Data
In Out
—> —>
N N
AN
I
clk
Ellﬂ
D Q
WE
A register in

Logisim

40
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State Elements "
—+—p| sl datal
e Register File VN P
® The Register File (RegFile) has 32 registers  ° data2
® Input Reg[] A
® One 32-bit input data bus, dataW T il
® Three 5-bit select busses, rs1, rs2, and rswW  RegWEn
e Qutput

® Two 32-bit output data busses, datal and data2

41



'X$7 % National Yang Ming Chiao Tung University _,/_’ dataW
=‘;§‘;‘P Computer Architecture & System Lab 32
—s—p| ISW
5
State Elements N Rl
5
_ . —+—p| S2
e Reqister File 5 data2 |—t—»
. . i . i 2
® Registers are accessed via their 5-bit register Regll A |°
numbers RegWEN Jk

® RJ[rsl]. rsl selects register to put on datal bus out

® RJ[rs2]. rs2 selects register to put on data2 buts out

® RJ[rd]: rsW selects register to be written via dataW when
RegWEn =1

® Clock behavior: Write operation occurs on rising clock edge

® Clock input only a factor on write!

® All read operations behave like a combinational block
e Ifrsl, rs2 valid, then datal, data2 valid after access time

42
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State Elements ol
32 MEM
e Memory —»| dataW A
® 32-bit byte-addressed memory space 32 T

® Memory access with 32-bit words MemRW

® Memory words are accessed as follows

® Read: Address addr selects word to put on dataR bus
® Write: Set MemRW =1

32

Address addr selects word to be written with dataW bus

® |ike RegFile, clock input is only a factor on write
e |f MemRW =1, write occurs on rising clock edge

e If MemRW = 0 and addr valid, then dataR valid after access

time

43
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State Elements ot 2
IMEM —p| dataW A
e Two Memories (IMEM, DMEM) 0Tk
e NMemory holds both instructions and data in one MemRW

contiguous 32-bit memory space
® The processor will use two “separate” memories
e |MEM: A read-only memory for fetching instruction
e DMEM: A memory for loading (read) and storing (write) data
words
® Because IMEM is read-only, it always behaves like a combinational
block
e |f addr valid, then instr valid after access time

44
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Single-Cycle RISC-V Processor

clock

Combinational

e Task: “Execute an instruction”
® All necessary operations starting
with fetching the instruction
® Problem:
® A single “monolithic’ block would be bulky and inefficient
® Solution:
® Break up the process into stages, then connect the stages to
create the whole datapath
® Smaller stages are easier to design!
® Modularity: Easy to optimize one stage without touching the
others

45
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RISC-V Single Cycle Processor

e The CPU comprises two types of circuit
® One-instruction-per-cycle
® One every tick of the clock, the
computer executes one instruction
® At the rising clock edge M 3
® All the state elements are
updated with the combinational

logic outputs

Combinational
Logic

® EXxecution moves to the next 4
clock cycle >|PMEM

46
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Single-Cycle RISC-V Processor

e The single-cycle processor
® All stages of one RV32l instruction execute within the same clock

cycle
o rd —
5 basic stages o E 1N ALU &
of instruction A - A / 3
execution 1+ imm | L A
&

(IF) (ID) (EX) (MEM) (WB)
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Single-Cycle RISC-V Processor

e The control logic selects “needed” datapath lines based
on the instruction Control Logic
® MUX selector
® ALU op selector )
e Write Enable ... o s 1 s [
- % rs2 . AL E
1 A = A 0
!\IOt a - ). |+4 imm | . A
Instructions g

need all 5
stages
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Single-Cycle RISC-V Datapath

CLK CLK
CLK | | |
WE3 ~ WE
PCNext — A1 RD1 j
ex PC A RD Instr
Instruction A2 RD? b— — A RD
Memory Data
—1 A3 _ Memory
—d WD3 Reg.lster - WD
File
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Single-Cycle RISC-V Processor

S

[PCSc |
ResultSrc
MemWrite
funct?s | Al UControlzg
funct3 [ALUSrc

op ImmSrci.

| RegWrite
rk_/

Control
Unit

1412

60

CLK CLK
CLK |

WE3
-l'cj PCNext rVL] PC Instr LaL] ¥ RD1 SreA [~

—
A RD
1 2| ALUResult ReadData =
I"'J I—I Instruction 24:20 = A RD 1|
0

Zero WE

r-
Memory A2 RD2 0 |SrcB Data

A3 1 ) Memory
Register WriteData

File

WD3 wD

PCTarget

ImmExt

Extend

PCFPlusd4

Result




X ,/1 National Yang Ming Chiao Tung University
AT d 1N
a4 Computer Architecture & System Lab

Single-Cycle RISC-V Processor

e Datapath: start with 1w instruction

e Example: 1w £2, -8 (s3)

lw rd, imm(rsl)

I-Type
31:20 19:15 14:12 11:7 6:0
IMM 1.0 rs1 |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits

51
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Single-Cycle Datapath: 1w fetch

STEP 1: Fetch instruction

CLK
CLk |
PCNext v VB oy WE
ex PC A RD LInstr
Instruction AD RD2 b — A RD |
Memory Data
—1 A3 ) Memory
— wp2 Reg_lster — WD
File
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Single-Cycle Datapath: 1w Reg Read
STEP 2: Read source operand (rs1) from RF

CLK CLK
CLK |
PCN 1|i| wasf p0 VB rpy e
ex PC A RD Instr

Instruction A2 RD2 b— — A RD —

Memory Data
—1 A3 ) Memory
—1 wba Reg_lster — wo

File

I-Type

31:20 19:15 14:12 11:7 6:0
‘ iImmy1.g rs1 |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits

lw rd, imm(rsl)

53
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Single-Cycle Datapath: 1w Immediate

STEP 3: Extend the immediate

CLK CLK
CLK
PCNext wisf g VES gy e
ax . —
PC A RD Instr
Instruction —A RD —
Memory A2 RD2 == Data
— A3 _ Memory
— wo3 Reg_mter — wo
File
I-Type
ImmEzxt i 31:20 19:15  14:12 11:7 6:0
Shbes Extend immy 1. |r$1 funct3 | rd op ‘
12 bits Sbits 3 bits 5 bits 7 bits
lw rd, imm(rsl) 54
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ALUControl,,, Function

. 000 A&B
Single-Cycle Datapath: 1w Address |o—::
ingle-Cycle Datapath: 1w ress |o___as
110 A-B
111 SLT
STEP 4: Compute the memory address
ALUControlag MemWWrite
. CLK [010 cLk |0
| |
PCNext [ ]pc N . [ 3L W WES3 RD1 SrcA \LI WE
::_:: ALUResult A rRD —
Instruction AD rD2 b— &'
Memow SrCB Data
— A3 ) Memory
— wp3 Regillseter — wo
I-Type
ImmExt ) 31:20 19:15  14:12 11:7 ; [ ]
31:20 S imm41.0 ‘ rs1 funct3| rd | op ‘
12 bils 5bits 3 bits 5 bits 7 bits

lw rd, imm(rsl)
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Single-Cycle Datapath: LDR Mem Read

STEP 5: Read data from memory and write it
back to register file

CLK
PCNext [~]
ECl A RD
_— Instruction
Memory

Instr

RegWrite
ck |1

16015 WE3

Al RD1

A2 RD2
A3

Register

WD3

File

Extend

ImmExt

ALUControls. MemWrite
SrchA Zero WE
ReadData
}3 ALUResult A RD
SrcB < Data
WriteData e
— WD
I-Type
31:20 19:15  14:12 11:7 6:0
immio | rs1 |funct3 rd op ‘
12 bits 5bits 3 bits 5 bits 7 bits
lw rd, imm(rsl)
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Single-Cycle Datapath: PC Increment
STEP 6: Determine address of next instruction

RegWrite ALUControlz.q
1 010
CLK [ CLK
CLK
15 WE3 . WE
PCNext [*]pc A RD Lnst — A1 RD1 SIcE. Zero
l_| >| ALUResult ReadDala
| ; e’ A RD
nstruction A2 RD2 =
Memory . [ SrcB Data
A3 . Memory
i WriteData
WD3 Reg_lster — WD
File
I-Type
31:20 19;15  14:;12 11:7 6;0
immi.o rs1 |funct3 | rd | op |
5 bits 3 bits S bits 7 bits

. ImmExt
1 Extend 12 bits
lw rd, imm(rsl)

PCPlusd
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Single-Cycle Datapath: sw
Expand datapath to handle sw:

* Write data in rs2 to memory
* Example: sw t2, Oxc(s3)
sw rs2, imm(rsl)

S-Type

31:25 24:20 19:15 14:12 11:7 6:0

Imm4q.5 | rs2 | rs1 |funct3 | immy.g op

7 bits 5bits OSbits 3 bits S bits 7 bits
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Single-Cycle Datapath: Data-Processing

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

CLK

PCMext |-7| PC
L

A RD Instr
Instruction
Memaory
PCPlus4d

RegWrite ImmSre ALUControls.g Merm\irite
CLK | 0 1 010 CLK | 1
1eas) o WE3 RD1 Srch Zero WE
. }g ALUResult A Rp |ReadData
AZ RD2 SrcB Data
P
Al M
WD3 Raglister WriteData IIIVEmDW
File
S-Type
e 31:28  24:20  19:18  14:12 11:7  6:0
mmEx ' .
3 o immys rs2 _ rs1 _funct3| immyo | Op
T bits Sbits 5 bits 3 bits 5 bits T bits
sw rs2, imm(rsl)
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Single-Cycle Datapath: Immediate
Instruction Type

ImmSrc ImmExt
0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
I-Type
31:20 19:15 14:12 11:7 6:0
iImmy1:g rs1 |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
31:25 24:20 19:15 14:12 11:7 6:0
immyqq5 | rs2 | rs1 [funct3 | immag. op
5 bits 5 bits 3 bits 5 bits 7 bits

7 bits
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Single-Cycle Datapath: R-Type

* |Instructions: add, sub, and, or, slt,

e Example: add sl, s2, s3
op rd, rsl, rs2

R-Type
31:25 24:20 19:15 14:12 11:7 6:0
funct/7 | rs2 | rs1 [funct3 rd op

7 bits o bits Sbits 3 bits S bits 7 bits
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Single-Cycle Datapath: R-Type R-Type
31:25 24:20 19:15 14:12 11:7 6:0
funct7 | rs2 | rs1 |funct3 rd op
7 bits 5bits 5bits 3 bits 5 bits 7 bits
. i i
Read from rs1 and rs2 (instead of imm) add rd, rsl, rs2
* Write ALUResult to rd | |
RegWrite  ImmSrc  ALUSrc ALUControlzq MemWWrite ResultSrc
1 X a varies 0 0
CLK CLK
CLK ‘ |
.15 WE3 ~ WE
F'GN&.HMP{: . . nair 2:15 At RD1 Srch Zero
L] | 2| ALUResult A Rp |ReadDats
Instruction 220) 4 RD? ) = 1
Memory . 0 |SrcB Data )
" i 1 WriteData Memory
WD3 Reglnster WD
File
- ImmExt
S Extend
PCPlus4d
Result
4




National Yang Ming Chiao Tung University

%%’1 Computer Architecture & System Lab
Single-Cycle Datapath: immExt
Instruction Type

ImmSrc;., ImmExt
00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} | S-Type
10 {{19{instr[31]}}, instr[31], instr[7], B-Type
instr[30:25], instr[11:8], 1'b0}
I-Type
‘ imh11:n ré1 ‘fun-c‘[S- rd | dp ‘
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
‘ imrﬁ“;s r€;2 | rs;1 ‘fun-CTS imrﬁ4;g| dp ‘
7 hits 5bits 5 bits 3 bits 5 bits 7 bits
B-Type
‘imm%2.1g;5| rs;2 | ré1 ‘funbt?; imm.;;,_11| dp ‘
5 bits 5 bits 3 bits 5 bits 7 bits

7 bits
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Review: ALU

A B ALUControl,., Function

N )(N 000 A&B
' \/ ' 001 A|B
\ ALU /L§ ALUControl 010 A+B
,|’N 110 A-B
Y 111 SLT




X ,ﬁ National Yang Ming Chiao Tung University
AT d 1N
g7/ Computer Architecture & System Lab

Review: ALU

B
N N
Ch| ALUControl,, Function
\—N—‘% ALUControl; 000 A&B
_j ﬁ 001 A|B
U wn iy A7 S 010 G

|/
s 110 A-B

HEe

5y 111 SLT
N N N N

| ow N - o

/7§ALUControl1:o

,fN

Y
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31:25 24:20 19:15 14:12 11:7 ) 6:0

imm12,m:5‘ rs2 ‘ rs1i ‘functS ‘immﬂ__” op

Single-Cycle Datapath: beq 7 s sws s s 7w

beq rsl, rs2, Label

Calculate branch target address: PCTarget = PC + imm

PCSrc RegWrite Immsrcqg  ALUSre ALUControlzg MemWrite ResultSrc
1 .y clk |0 10 0 110 cLk |0 X
15 WE3 WE
0y PcNext [~]pc nstr = A1 RD1 SIch, zero
i L " 0 . 3 | ALUResuit A grp |FeadData
Instruction 24:30 T
Memory e = a 0 |SrcB Data 0
—{ A3 Reaist 1 \WriteData Memory
" egister ) Wi
WD3 File WD
PCTarget
F + g
ImmEsxt

PCPlus4 000 A&B
001 AlB Result
4 010 A+B —
110 A-B
111 ST 66




X ,ﬁ National Yang Ming Chiao Tung University
AT d 1N
a4 Computer Architecture & System Lab

Single-Cycle Control

Zero

Opso

fu nct3,.o
funct7s

ALU
Decoder

) PCsrc

Branch
ResultSrc1.g
Main — MemWrite
Decoder|— ALUSrc
—— ImmSrc
—— RegWrite

ALUControl,.q
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op Instruct RegWrite ImmSr¢ ALUSr¢c MemWrite ResultSre
01 | X 0 00
0 10

swW
0
1

35
XX
X

51 | R-type
10 0

99 beq
Zero —’_';)— PCSrc

Branch
—— ResultSrcy.q

Main —— Mem\Write
Decoder|—— Al USrc
—— ImmSrci.g

—— RegWrite

Open .

ALUOpP,

functd,, — D;I:t-:er —— AlLUControly

funct?s
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Single-Cycle Control: ALU Decoder

ALUControl,.,

Instruction

funct3 funct7;

ALUOp
00 010 X 1w, sw 010 (add)
01 000 X beq 110 (subtract)
10 000 0 add 010 (add)
000 1 sub 110 (subtract)
010 0 slt 111 (set less than)
110 0 or 001 (or)
111 0 and 000 (and)
ALUOD:
P ] Aw
funct3z:0 Decoder ALUControlzo

funct7s
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31:25 24:20 19:15 14:12 11:7 6:0

E I . funct? | rs2 | rs1 |funct3 rd op
Xamp e- O r 7 bits 5bits Sbits 3 bits 5 bits 7 bits

op Instruct RegWrite ImmSr¢ ALUSrc¢ MemWrite ResultSr¢ Branch ALUOp

51 | R-type 1 XX 0 0 0 0 10
)
pesre or rd, rsl, rs2
[Control R
Unit esultSrc
w MemWrite
o funct?s | ALUControls.
2 functd |ALUSe .
£ lop ImmSreeg ALUControl,,  Function
RegWrite 000 A&B
001 AlB
. i L . “ B Sl " |o10 A+B
: WE WE
peNext[Mec |, finstr P RD4 Sreh [~ Zero 110 B
— o ALUResult A Rp |ReadData
Instruction FIET] PN N '1~| 111 SIT
M nzs Oz SrcB Data
emen | A3 1 Memo| =
Register WriteData i
11 O3 ke WD

 —
PCT: t
F_'— |- arge
. |mmExt
- Extend
PCPlus4 L—

Result
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Extended Functionality: addi

op Instruct RegWrite ImmSrc¢ ALUSr¢c MemWrite ResultSr¢ Branch ALUOp

35| sw 0 01 1 1 X 0 00
51 | R-type 1 XX 0 0 0 0 10
99 | beq 0 10 0 0 X 1 01
19 | addi 1 00 1 0 0 0 10
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op Instruct RegWrite ImmSrc¢ ALUSr¢ MemWrite ResultSre Branch ALUOp

19 | addi | 00 | 0 0 0 10
™, . '
addi rd, rsl, imm
I PCSrc i, o = AL
ontrol
Unit ResultSrc
MemWrite ‘
£
funct?s | Al UCantrolzg : -
L2 et ALUSH: ImmSrcy,, ImmExt Instruction Type
- op ImmSre,.o 00 {{20{instr[31]}}, instr[31:20]} I-Type
I RegWrite 01 {{20{instr[31]}}, instr[31:25], instr[11:7]} | S-Type
L 10 {{19{instr[31]}}, instr[31], instr[7), B-Type
instr[30:25], instr{11:8], 1'b0}
CLK C|I-K CLK | |
PCNext [ |pc Instr ECaE] e WE3 RD1 Srch Zero WE
. — A RD P |>.3 ALUResult A Rp |ReadData
Instruction 2420 - =3 1
Memory "y - ez 0 |ScB Data 3—
— A3 ) 1 | — Memory
W03 R&g}stur WriteData A
File
—
. E‘,Target
e ImmExt
1
Extend [
PCPlusd
Result
’ 72
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Extended Functionality: jal

PCUpdate
Zero

opﬁ:ﬁ

funct3,.
funct7s

’_[)D PCSrc
Branch

Main
Decoder

ALUOp1

ALU

Decoder

—

PCUpdate
ResultSrc1.o
MemWrite
ALUSrc
ImmSrey.g
RegWrite

ALUControl,.q
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Single-Cycle Datapath: ImmExt
Instruction Type

ImmSrc, ., ImmExt
00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], instr[30:25], | B-Type
instr[11:8], 1’b0}
11 {{12{instr[31]}}, instr[19:12], instr[20], J-Type
instr[30:21], 1’b0}
I-Type B-Type
31:20 18:15  14:12 11:7 6.0 31:25 24:20 19:15  14:12 11:7 6:0
MMy ‘ rs1 ‘functa rd | op ‘ |imm12,1g;5‘ rs2 ‘ rs1 ‘functi?; _imm4;1_11| op ‘
12 bits 5 bits 3 bits ) 5 bits 7 bits 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
S-Type J-Type
31:25 24:20 19:15 14:12 11:7 6:0 31:12 11:7 6:0
| imm“;s rs2 rs1 [funct3 immm op ‘ ‘ immgg‘mj.n.]g;]z rd ap 74
5bits 5 bits 3 bits 5 bits 7 bits 20 bits 5 bits 7 bits

7 bits
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Extended Functionality: jal

op Instruct RegWrite ImmSrc¢ ALUSr¢ MemWrite ResultSrc Branch ALUOp PCUpdate

35 sw 0 01 1 1 XX 0 00 0
51 | R-type 1 XX 0 0 01 0 10 0
99 | beq 0 10 0 0 XX 1 01 0
19 | addi 1 00 1 0 01 0 10 0
1 | jai 0 11 X 0 00 0 XX 1
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RegWrite ImmSrc ALUSr¢ MemWrite ResuliSrc Branch ALUOp PCUpdate

111 jal 0 11 X 0 00 0 XX 1

"SR

PCSrc

ResultSrc; .o

MemWrite

funct?s | AL UControlao
functd |ALUSMH

5L op ImmSrcig

| RegWrite

Control
Unit

14:12

-

CLK CLK
| |

— ESL] PV WE RO Srea ™ Zero WE

CLK

PCNext
ZHESY A RO

Instruction
Memory

ALUResult ReadData

A2 RD2 0 |SrcB Data 01

A3 . 1 Memory 00
W03 Register WriteData WD

File

. |mmExt
= Extend
" PCPlus4

= i

4
-]
ALU [

o

PCTarget

v/

Result
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Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions x CPIl x T,
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Single-Cycle Performance

—

PCSrc

Control

ResultSrcy g

Unit

MemWrite

funct?s

ALUControl,

op

— funct3 |Al USrc

ImmSrcy g

—

RegWrite

CLK
|

l

Al

o3 Y RD Instr

Instruction
Memory

24:270 A2

A3

WD3

19:15 WE3

Register

RD1

SrcA

Zero

RD2

"E SrcB
-I1 |

\- A‘f.’U fj

ALUResult

CLK

WriteData

WE

Data
Memory
WD

ReadData p

1
[=]
[=]

File

PCTarget

-
ImmExt
| Bt Extend

PCPlus4
+

Result

T limited by critical path (1w)
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AT

Single-Cycle Performance
e Single-cycle critical path:

i:-f - {urq_FC + IE‘mcm + max[|riii£{,l‘ + IEtﬁz‘."-" read? re_rf + 1Emm;' + 1EF'«.LL' + tmcml_l_ 1Emmi + l]:‘.J'N?'su::’mpl
IMEM DMEM

e Typically, limiting paths are:

— memory, ALU, register file

— Ly — pcqg PC + 2"”(Im:m + IRFread + IaLU + 2£mux + IRFsetup
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q Lpeq PC 40

Register setup setup 50
Multiplexer fux 25

ALU tALU 120

Decoder (Control Unit) | 7. 70

Memory read fmem 200

Register file read tRFread 100

Register file setup {RFsetup 60

T,="?
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q tocq PC 40

Register setup setup 50
Multiplexer frux 25

ALU fALy 120

Decoder (Control Unit) | 7. 70

Memory read fem 200

Register file read tRFread 100

Register file setup tRFsetup 60

T;-I - peq PC + 2rmem u Ldec + IRFread + IALU + 2rmu}( + rRFsetup
=[50 + 2(200) + 70 + 100 + 120 + 2(25) + 60] ps

= 840 ps
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Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # instructions x CPI x T,
= (100 x 10°)(1)(840 x 101?5s)
= 84 seconds
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Conclusion

e ALU

e State Element

e Single-Cycle CPU

e Design the Datapath

Application |[="hello
Software |world!”

Operating
Systems

[ 1 1 ]
Architecture l-—

Logic

Digital
Circuits Z.{‘
Analog
Circuits

Devices

Physics C%
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