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Discussed the last time ...

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

funct7 rs2 rsl funct3 rd opcode R-Type
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

Imm 4, rsl funct3 rd opcode I-Type
Imm ;. rs2 rsl funct3 Imm ,, | opcode S-Type
Imm 12, 10:5 rs2 rsl funct3 | Imm 41,11 | opcode B-Type
Imm 31,12 rd opcode U-Type
Imm 20, 10:1, 11, 19:12 rd opcode J-Type




Today’s Agenda

e An Overview of RISC-V Implementation
e Datapath
e Controller

* Building blocks

Program Counter (PC)

e Arithmetic Logic Unit (ALU)
* |nstruction Memory

* Data Memory

* Registers

* Implementing ADD/SUB
* Adding ADDI Instruction

* Immediate generator

Y
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How Do We Build a Single Cycle Processor?

* Processor (CPU)

* The active part of the computer
that does all the work (data Processor

manipulation and decision making Control Path Enable Instructions

Memory

Input

* Datapath (“the brawn”)
e portion of the processor that

Program Counter (PC) Address Data

contains hardware necessar —Repisters Write data
perform operations requix€d by the —_—)
processor. v < > Output
e Control (“the brain”) Read data
» portion of the processor (also in Processor-Memory Interface |/O-Memory Interfaces

hardware) that tells the datapath
what needs to be done.



Goal — Design HW to Execute All RV32]

Instructions

Pl RISC ® ®

ns (321641128) | RV Privileged Instructions (321641128)
. 54\ 19801 —|_category Neme | Fmt] RV mnemor

CSR Access  Atomic /W
Atomic Read & Set Bt

RISC-V Reference Card @

| Base Integer Instructio

Load Wor | (=
Load Wo O
Load Double| CL I¢
Pl Q1

Load Quad| CL
Load Quad SP| C1

od Byte
Load Haltword

Load Word Aomic Read & Cloar Bit 1} Arithmetic

Losd Byte Unsigned Subtract Load Double

Atomic R/W [mwm
R & Set 8it Imm
| Asommic Read & Cear Bit
|Change Level  Env

| Enwe

rd,cer, fmm MULtiply

ré.cur, imm DIVide|
SQuare RooT!

Mul-Add  Multioly-AO¢
Multipty-S

Neqative Multiply-Subitract| R |
Negative Mutiply-ADD| R | risanp. {510
Sian Infect SIGN [ rsona
Negative SIGN wource

Load Byte Unwaned| CL
onment Breakomt

Float Laad Word| CL

SNt Left
Shift Laft Immed
Shift R

Shift Right Immediate

Uttract Fioat

osd Doutlef CL
Fost Load Ward SP| C1
Float Load Double SP{ C1 |

isioloy

{s|o|0)
51010}

Shift Right Arthmetic| rd, ral, ea2

Shift Right Arith [mm rd,ral, shamt | ral Xor SEN sourre|
| Arithmetic ADO rd,rsl,rs2 | Optional Multiply-Divide Extension: RV32M __|Min/Max MM
ADD Immediate rd,rsl,imn |Category N s - f (Mult A= MAXGTY
SUBtract rd.ral,rs2  |Multioly avoly] R [wuL{iw|o) Compare Compare Fioat | A
rd, Loen MULYply upper Half] R |wuLa maare Foat <

Laad Upper Imm

1 MuLtiply Ho¥ Sign/urs| R |MuLss oare Float <

XOR Immediste

rd,ral,rel

OR | DiVide Unsigned] R_|pIvu Moreg 10 Integer| rd,ral
on :m:wmh.\(ri rd,ral, lem |RemainderitMandor] R |REM{|w|D} Convert Convert from inf ADD word| CR rd' o852
AND rd,rsl,rs2 | REMander Unsigned! R ¥iod _zd.rel Convert fram Int Unsianed ALO Immedate| CI rd, ism
AND Imsmecfiste | rd,rei,ism | Optional Atomic Instruction Extension: RVA Convert to Irt | ¢ ADD Word tmm| €1
| compare Set < | rd,rsl,rs2  |Category ame| Fmt ¥ 6411 mic) | Convert to Int Unsigned JWU.{8[D]0} rd,rel | ADD SP Imm * 16| C1
Set < Immaediate | rd,rsl,ism  [Load Load Reserved| R Confiquration Resd ADD SP Imm * 4/CIW ¢
Set < Unsignod rd,ral,ra2  |Store Condtiona R Read Rounding Mo rd Lood Immedate| CI [c.L1
| set<u Iswap R Read Flogs s Losd Uooer tmm| C1
|Branches  tranch = \Add rd, ral Move| CR|c.nv
Branch = |Logical rd, ral s

Branch <
Branch »
Branch < Unsigned

| swao Rounding Mode Tmm

Min/Max i

Lse MAXImLm

Swap Flags Imm

3 Optional FP E

Branch > Unsigned
[Jump & Link L

MINimum Unskined] R |AsomIso, (wiDIQ) rd,rsl, ca2

AND Immed:

MAXImum Unsigned| R IAMONAXU, (WID[Q} rd, ral,cad MOve  Move from integer

| 2ump & Link Register rd,ral, dmn ‘ R rd, ral Shifts  Snn Left Imm ©d, ism
|Synch  Synch thmad | Mowa to Integer| R | rd,ral | Shift Right [mmeckate| CB |¢ d", dmm
| Synch Instr & Data | Convert Convert from Inf R [FCVT AL|T) wd,rel | st might Arith lmm| CBlc. 3 rd’ dem
|Svstem System CALL | Convert from Int Unsigned| R [ FCVT +(LIT)U xd,re1 |Branches Branch=0 | CB
Systern BREAX |16-bit (RVC) and 32-bit Instruction Formats Convertto Int| R | +{s[njQ) =4 Branchs0
| Counters ReaD CYCLE rd L 1.{s{p|Q) rd |Jump umep
| Read CYCLE upper Hast rd ,cn s O | Jump Register| CR |
Real TIME d |css Fai R Jump & Link
Reab TIME upper Ha¥| rd lcw fecd 2 1 ] T eyt T ol Jump & Link Register
ReaD INSTR RETired| rd R s T = . |System  Env. peeax |
| ReD INSTR upper Hair| rd Ics mad s8 1 =] ¥
ica a3 | ol - u i _ | -
lo = : w

https://www.sifive.com/boards/hifive-unmatched

https://cdn2.hubspot.net/hubfs/3020607/An%20Introduction%20t0%20the%20RISC-V%20Architecture.pdf
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Combinational Logic Blocks

AQ \\\\\
Al E x
A__ 32-bit Sum i - Y
B Adder A2 =
Cou A /‘/El
SO

Y

Result

AluOp
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) &
One-Instruction-Per-Cycle RISC-V Machine

Positive edge triggered

ve edge triggered

=0 L @

* CPU is composed of two types of subcircuits
 Combination logic blocks > PC —>
 State elements

* On every tick of the clock, the computer executes one
instruction 5 IMEM

e Current outputs of the state elements drive the inputs to
combinational logic

e ...whose outputs settle at the inputs to the state elements
before the next rising clock edge.
* At the rising edge of clock > DMEM

* All the state elements are updated with the combinational
logic outputs...

* and execution moves to the next clock cycle. -

> REGI] >
>

Combinational Logic

Oo
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State Elements Required by RS321 ISA

Program Counter PC
Processor Memory

Enabl '
| | Control Path & tastructions Inout
Register file \ —_— i
REG[] \ — Address Data

_Ee_gixh—-r\ Write data

—_——

Memory

—» Output

Processor-Memory Interface |/O-Memory Interfaces

-
- _— Read data

During CPU execution, each RV32l instruction
reads and/or updates these state elements.



Program Counter

* The Program Counter is a 32-bit register PC

* Input
* N-bit data input bus

* Write Enable “Control” bit (1: asserted/high, 0: deasserted/0)

* Output:
* N-bit data output bus

 Behavior:
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Program Counter

D D
ata In D Q ata Out

Write o
enable Q B

* If Write Enable is 1 on rising clock edge, set Data Out=Data In.
» At all other times, Data Out will not change; it will output its current value.
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32 Registers in RISC-V

Register File

* Input ffvtva—w’
* One 32-bit input data bus, dataW. —> datal
 Three 5-bit select busses, rs1, rs2, and rs\W. rsl—» REG[]] —»
« RegWEn control bit. rs2_,| data?2
e Qutput ReaWEp. — >
* Two 32-bit output data busses, datal and data2

* Registers are accessed via their 5-bit register numbers:
* rsl selects register to put on datal bus out.
* rs2 selects register to put on data2 bus out.
* 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:
* Ifrsl, rs2 valid, then datal, data2 valid after access time.
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Memory
* 32-bit byte-addressed memory space; and addr
* Memory access with 32-bit words. dataW ) viem
* Memory words are accessed as follows: T
* Read: Address addr selects word to put on dataR bus.

* Write: Set MemRW=1.
 Address addr selects word to be written with dataW bus.

dataR

If MemRW=0, MEM behaves
like a combinational block.

* Like RegFile, clock input is only a factor on write.

* If MemRW=1, write occurs on rising clock edge.
* If MemRW=0 and addr valid, then dataR valid after access time.
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Two Memories — IMEM and DMEM

e Current abstraction: Memory holds both instructions and data in one
contiguous 32-bit memory space.

* In our processor, we’ll use two “separate” memories: addr
* IMEM: A read-only memory for fetching instructions.
e DMEM: A memory for loading (read) and storing (write) data words.
* Under the hood, these are placeholders for caches. (more later)

* Because IMEM is read-only, it always behaves like a combinational
block:

 |f addr valid, then instr valid after access time.

dataR

addr

13




Design the Datapath in Phases

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.
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IMEM —

REG[] >

Combinational Logic

Oo

\L

DMEM

(hard to implement this
block diagram as-is)
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Stages of Instruction Execution

e e i —— [
* 5 basic stages S | I = e S N
Processor-Memory Interface  1/0-Memory Interfaces
1. Instruction 2. Instruction 3. Execute (EX) ’.Memory 5. Write back
Fetch (IF) Decode (ID) Arithmetic Logic  Access (MEM) to Register (WB)
+ Read Registers Unit (ALU)

—
5

PC » REG] » ku »

I I

We will implement a single-cycle processor

All stages of one RV32l instruction execute within the same clock cycle. o
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Not All Instructions Need 5 Stages

* The control logic selects needed datapath lines based on the instruction
« MUX selector, ALU op selector, write enable, etc.

1. Instruction 2. Instruction 3. Execute (EX) 4. Memory 5. Write back
Fetch (IF) Decode (ID) Arithmetic Logic  Access (MEM) to Register (WB)
+ Read Registers Unit (ALU)

—

16



Implementing the add Instruction

e Suppose we had a single instruction in our RISC-V ISA
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Example add-only program

0x100
0x108

e add add rd, rs1, rs2
31 25 24 20 19 15 14 12 11 /7 6
funct? rs2 rsl funct3 rd opcode
0000000 rs2 rsl 000 rd 0110011

The add instructions makes two changes to the processor state

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

RegFile
PC

PC=PC+4

add x18,x18,x10
add x18,x18,x18

R-Type



Datapath for add
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R[rd] = R[rs1] + R[rs2
Feed read[re]giste[r I+ Rirs2]

values into ALU.

Write ALU output to
destination register.

| oo00000 | k2 | kst | o000 | rd | o0110011 |
* RegFile Reg[rd] = Reg[rs1] + Reg[rs2]
- PC PC=PC+4

PC=PC+4
Increment PC to next Split instruction to
instruction. index into RegFile.
+4
_L 32-bit
Adder
PC+4
I dataW
Inst{11:7] rsW
) PC Inst[19:15| rsR1
In$t[24:20] [rsR2
| , RegWEn
REG][]

Rlrsl
mNY

M>ALU

18
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Create Full Datapath Step-by-Step

For now, we will disconnect memory.

+4
—'_: 32-bit
Adder
PC+4
I dataW
|nsMrsW
»|  PC Inst[19:15] |rsR1 R[rsll A
In :20] [rsR2

RegWEnN R[I’SZL ALU
REG[] ®

| [=
N
:b
N

19
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Implementing the sub Instruction

* Now we support two instructions in our RISC-V ISA

e add/sub
31 25 24 20 19 15 14 12 11 7 6 0
funct? rs2 rsl funct3 rd opcode
0000000 rs2 rsl 000 rd 0110011 | add
0100000 rs2 rsl 000 rd 0110011 | sub
sub rd, rsl1, rs2 * |nstruction bit inst[30] selects between add/sub

* Details left to control logic
sub is same as add, ALU subtracts operands instead of adding them

* RegFile Reg[rd] = Reg[rs1] - Reg[rs2]
e PC PC=PC+4
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Datapath for sub .

PC=PC+4 . | R[rd] = R[rs1] - R[rs2] |
Increment PC to next Split instruction to Feed read register Write ALU output to
instruction. index into RegFile. values into ALU. destination register.
+4
1| 32:bit
Adder
PC+4
I dataW
Inst[11:7] rsW

»|  PC Inst[19:15Lr5R1 R[rsll

In ,t[24:29|] rsR2

 —— RegWEn M ALU The control line ALUSel selects which

ALU operation to output
REG[] Convention: add(0), sub(1)

Pass instr to Control
for instruction decoding
(for now, all 32 bits).

I

21
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Supporting All R-Type Instructions
mmmm-

0000000 0110011
0100000| rs2 rsl 000 rd 0110011 sub
0000000| rs2 rsl 001 rd 0110011 sl
0000000| rs2 rsl 010 rd 0110011 slt
0000000| rs2 rsl 011 rd 0110011 sltu
0000000 rs2 rsl 100 rd 0110011 xor
0000000| rs2 rsl 101 rd 0110011  srl
0100000| rs2 rsl 101 rd 0110011 sra
0000000| rs2 rsl 110 rd 0110011 or
0000000| rs2 rsl 111 rd 0110011 and

The Control Logic decodes funct3, funct7 instruction fields and selects

appropriate ALU function by setting the control line ALU,,
22



Implementing the addi Instruction

e Let’s add a new instruction

e addi

Imm 4.4

rsl

funct3

rd

opcode

Imm 4,

rsl

000

rd

0010011

addird, rs1, imm

addi updates the same two states as before. But

now we need to build immediate imm

* RegFile

Reg[rd] = Reg[rs1] + imm
e PC PC=PC+4

Universitat
Bremen

I-Type



Exists

Datapath for addi

PC=PC+4

Increment PC to next

Splitjinstruction to

Universitat
Bremen

R[rd] = R[rs1] + imm

Feed read register
values into ALU.

Write ALU output to
destination register.

To compute alu = R[rs1] + imm
we should feed in an immediate

/to ALU input B (instead of R[rs2]).

dataWw
rsw

rsR1

instruction. index into RegFile.
+4
—I 32-bit
Adder
PC+4
—p
Ingt[11:7]
»|  PC In [19:15L
Ingt[24:2

rsR2
RegWEn

REG(]

R[rs1

alu

ALU

I

R[rs2]

24
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New Mux to Select Immediate for ALU

R[rd] = R[rs1] + imm

PC=PC+4

Increment PC to next

instruction.

Split instruction to
index into RegFile.

PC+4

+4

PC

32-bit
Adder

LA 4

Feed read register
values into ALU.

Write ALU output to
destination register.

Inst[11:7]

Ing

—

o2y
t[19:15L

—>

,t[24:2(_)||

dataWw
rsw

rsR1

rsR2
RegWEn

REG(]

>

>ALU

alu

Control line B,=1
selects the generated
immediate imm for
ALU input B.

25



Universitat
Bremen

New Block to Generate 32-bit Immediate

31 20 19 15 14 12 11 7 6
‘ Imm, ;. | rsl | funct3 [ rd opcode
+4
_I 32-bit
Adder
PC+4
>dataW
Inst[11:7]] _ [rSW
Inst[19:1 Rlrsl
> PC n§t[19:1p] IrsR1 [rs1] A Al
In$t[24:20] |[rsR2 -
RegWEN R[rs2] AL Control line By, =1
_ . Imm selects the generated
Split and get the upper inft[31:20] | REG]] B immediate imm for
12 bits of instr. Gen_| imm[31:0] ALU input B.
inst[31:0] . ALUg,
RegWEN (1) Control Logic (Sub).

26
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summary

* All data lines carry information

e Control logic determines what is useful/needed vs. what is ignored
* e.g., ALUSel: chooses ALU operation; Bsel: chooses register/immediate for ALU input B.

+4

I 32-bit
Adder

PC+4

I dataWw
Inst[11:7] . [FSW g
Indt[19:15 rs
nst[ LrsRl [rs1] oA Al

In$t[24:20] [rsR2 R[rs2] > m
ResWEN rs Control line B,=1
[ p 5 Imm Y ALU selects the generated

Split and get the upper inft[31:20] | REG]] B immediate imm for

12 bits of instr. Gen | imm[31:0] ALU input B.

X ) |
'“St[31|§2]gWEn 1) Control Logic Bser (1) éhubsf'

27
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