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Topics

m 0. Lab instroduction
N

m Lab 2). 5-stage pipelined CPU with 15 MIPS instructions (only
required to execute in pipeline).

m Lab 3). Implementing "stall" when have hazards
m Lab 4). Implementing “forwarding paths”
m Lab 5). The whole CPU with 31 instructions.
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Outline

m Experiment Purpose
m Experiment Task

m Basic Principle

m Operating Procedures
m Precaution
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Experiment Purpose 1

m Understand the principles of MC CPU Controller and
datapath and master methods of MC CPU Controller and
datapath design.

m Understand the principles of Datapath and master
methods of Datapath design

m Understand the principles of MC CPU and master
methods of MC CPU design

m master methods of program verification of CPU
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Experiment Purpose 2

m Understand the principles of Pipelined CPU
m Understand the basic units of Pipelined CPU
m Understand the working flow of 5-stages

m Master the method of simple Pipelined CPU

m master methods of program verification of simple
Pipelined CPU
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Experiment Task 1

m Design the CPU Controller, Datapath,
bring together the basic units into Multiple-
cycle CPU

m Verify the MC CPU with program and
observe the execution of program
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Experiment Task 2

m Design the CPU Controller, and the
Datapath of 5-stages Pipelined CPU
— 5 Stages
— Register File
— Memory (Instruction and Data)

— other basic units

m Verify the Pipelined CPU with program and
observe the execution of program
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15 common used MIPS instructions

immediate
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Stepl: CPU Controller
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PCSource[1:0]
WritePC WriteC
lorD _ Zero
Writehden i ALUCT:0]
WriteDR | Ctrl ALUSrcA
WritelR | Unit | ALUSreB[1:0]

MemToReg Writeh
RegDst| WritaB

WriteReg

f PC[31:0] PC[31:28]
o func B
P address ;@ .
| py
P | WE L v _r
» = o 0 WE ¥ » 0 \
A A w
1 ' M2 L 1A gk Zero
Data 4 R RegFile i
Mem D °9 1
MD
WD a2 °
o 0
o DR . 1
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Output of CPU Controller

Output Signal Meaning When 1 Meaning When 0
1 PCSrc[1:0] 00: PC + 4;01: Branch Instr.;10: jump Instr
2 WritePC Write PC Not Write PC
3 lorD Instruction Addr Data Addr.
4 WriteMem Write Mem. Not Write Mem.
5 Write DR Write Data. Reg Not Write Data. Reg
6 Write IR Write Instr. Reg Not Write Instr. Reg
7 MemToReg From Mem. To Reg From ALUOuUt To Reg
8 RegDest rd rt
9 ALUC ALU Controller Op
10 | ALUSrcA Register rs PC
11 | ALUSrcB Selection:00:Reg rt; 01:4; 10:Imm.; 11: branch Address
12 | WriteA Write A Reg. Not Write A Reg.
13 | WriteB Write B Reg. Not Write B Reg.
14 | WriteC Write C Reg. Not Write C Reg.
15 | WriteReg Write Reg. Not Write Reg.
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The principle of CPU Controller(1)

Y Y

Stages of Multiple-Cycle Execution of Typical MIPS CPU
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The principle of CPU
Controller(2)

J Type Instr. takes 2 Stages

Jump

ID \RtPe fEX R
0001 0010
| Type Instr. takes 4 or 5 Stages
load @

store
EX ST MEM S N
0100 0111

Multiple Cycle CPU Stages State Machine

R Type Instr. takes 4 Stages
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The Datanath of Multinle-cvele CPL)

PCSource[1:0]
WritePC WriteC
lorD _ Zero
Writehden i ALUCT:0]
WriteDR|  Ctrl | ALUSrcA
WritelR | Unit | ALUSreB[1:0]
MemToReg WriteA
RegDst| WritaB
WriteReg
f PC[31:0] PC[31:28)
o func
P address ;I"::é\
| py
P | WE L3 —X
e o 0 WE g \
A A w
. N2 Q1 gk Zero
Data R RegFile
Mem MD "
WD a2
+ [}
+ DR o 1
m.@ -~
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Basic Units of Multiple-cycle CPU

m CPU Controller

m ALU and ALU Controller

m Register file

® Mem. (Instruction and Data together).

m others: Register, sign-extend Unit, shifter,
multiplexor
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Memory

® Memory
— Dual Port Block Memory
— Port A: Read Only, Width: 32, Depth: 512
— Port B: Read and Write, Read After Write
— Rising Edge Triggered
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Multiple-cycle CPU Top Module

® memory
Xx_memory(.addra(raddr),.addrb(waddr),.clka(clk), .clkb(clk),.dinb(b_data),
.douta(mem_data),.web(write_mem));

m ctrl x_ctrl(clk, rst, ir_data, zero,write_pc, iord, write_mem, write_dr,
write_ir, memtoreg, regdst, pcsource, write_c, alu_ctrl, alu_srcA,
alu_srcB, write_a, write_b, write_reg, state_out, insn_type, insn_code,
Insn_stage);

m pcm x_pcm(clk, rst, alu_out, c_data, ir_data, pcsource, write_pc,pc);

m alu wrapper x_alu_wrapper(a_data, b_data, ir_data, pc, alu_srcA,
alu_srcB, alu_ctrl, zero, alu_out);

m reg_wrapper x_reg_wrapper(clk, rst, ir_data, dr_data, c_data, memtoreqg,
regdst, write_reg, rdata_A, rdata_B, réout);
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Observation Info

® |nput
— West Button: Step execute
— South Button: Reset
— Slide Button: Address of Register

m Output
— 0-7 Character of First line: Instruction Code
— 8 of First line : Space
— 9-10 of First line : Read Address
— 11 of First line : Space
— 12-13 of First line : Write Address
— 0/2/4/6 of Second line : state/type/code/stage
— 8-9 of Second line : PC
— 11-14 of Second line: Selected Register Content
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Program for verification

<0> Iwrl, $20(r0); 0x8c01 0014 State:0,1,3,5,9 Type:3 Code:1 (LD)
<1> |wr2, $21(r0); 0x8c02_0015 State:0,1,3,5,9 Type:3 Code:1 (LD)
<2> addr3, rl, r2; 0x0022_1820 State:0,1,2,8 Type:1 Code:3 (AD)
<3> sub r4,rl, r2; 0x0022_ 2022 State:0,1,2,8 Type:1 Code:4 (SU)
<4> and 5, r3, r4; 0x0064 2824 State:0,1,2,8 Type:1 Code:5 (AN)
<5> nor r6, r4, r5; 0x0085_ 3027 State:0,1,2,8 Type:1 Code: 6 (NO)
<6> sw r6, $22(r0); Ox ac06 0016 State:0,1,4,7 Type:3 Code: 2 (ST)
<7> J 0; 0x0800_0000 State:0,1 Type:2 Code:7 (JP)

DataMem(20) = Oxbeef 0000 ;
= DataMem(21) =0x0000 beef ;
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Precaution

m 1. Add Anti-Jitter
m 2. Finish the State Machine
m 3. Add Stage Status
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Step2 Comparison of three CPUs' work
Simple-Cycle CPU m

Multiple-Cycle CPU [ [ [ [T [ LI LI 1L

| 1IF | D [EXE| wB |

add

| 7 | D [EXE]

beq

| IF | D [EXE | v [ wB |

Iw

Pipelined CPU mininEpEninEnEnEnEnE

‘ IF | D | EXE | Mem | WB
IF | ID | EXE | MeM | WB
IF | ID | EXE | Mem | WB
IF | ID | EXE | Mem | WB
IF | ID | EXE | MeM | WB
IF | ID | EXE | Mem | WB
IF | ID | EXE | Mem | WB |
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Datapath of 5-stages Pipelined CPU

> 1 — — - -
— 0
IE/ID ID/IEX EX/IMEM MEM/WB
>
add >
Branch
Reg. =~ > A | Taken
> File i
L resulth{ | o
Instr. g - ALU Data
- 0 Mem ] '
Mem. —» mﬂm eXIt%rl’]l_d > 4)/ ) 0
16 “—ed 32 !
— > >
rd » —»o >
rt > >
L] gl L] L]
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The principle of Multiple-cycle CPU

PCSource[1:0]
WritePC WriteC
lorD _fern
Writehem ALUCTT:0]
WriteDR | Ctrl ALUScA
WritelR | Unit ALUSreB[1:0]
MemToReg WriteA
RegDst | WriteB
WriteReg
F PC[31:0] PC[31:28) J o
] func —
b address feep) ! Ja
| py
4 WE L L 3 _r
o {0 rs Nt WE * 1" \
A A b
1 N2 Qi 1A g Zero H-
Data IR RegFile :
Mem © °d ¢
MDD
WD DI Q21"
» {}
« DR 1
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Structural hazards —resource
conflicts

m Structural hazards arise from resource
conflicts when the hardware cannot
support all possible combinations of
Instructions in simultaneous overlapped
execution.

— Memory conflicts
— Register File conflicts
— Other units conflicts
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How to resolve Structural hazards

time

v

. CLOCK CLOCK = CLOCK CLOCK  CLOCK CLOCK CLOCK CLOCK
Instruction  cyCLE1 | CYCLE2 CYCLE3 | CYCLE4 CYCLE5  CYCLE6 | CyolE7 | OYCLES

order

M Regs %LU{ DM 4 — Regs
IM Regs ALU—— DM 4 Regs
IM Regs ALU DM f Regs

v M Regs ALU DM 4 Regs
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Register File

m Register File
— Positive edge for transfer data for stages
— Negative edge for write operation
— Low level for read operation
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Memory

m [nstruction Memory

— Single Port Block Memory
— Read only, Width:32
— Falling Edge Triggered

m Data Memory

— Single Port Block Memory
— Read and write, Width:32
— Falling Edge Triggered
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The principle of Pipelined
CPU—with CPU controller

- ! = - .
E— P » | b WriteReg
P> > o p [MemToReg
—p 0 fﬂ‘ Ctrl t t Wi hm
Unit > Regrt
: Aluimn
>
v @ add >
N1
2 Q1 > —» A v
RegFile zerol—p» Y
NP resultH—p o » DAata memory
I L | AL
— 1
) Data
Sign- N / .
eeeee d 1 Write
— > P data
T d p —P o p
> >
t > >
| IF | ID | EXE MEM | WB
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Output of CPU Controller

Output Signal | Meaning When 1 Meaning When 0
1 Cu_branch Branch Instr. Non-Branch Instr.
2 | Cu_shift sa Register datal
3 | Cu_ wmem Write Mem. Not Write Mem.
4 Cu_Mem2Reg | From Mem. To Reg From ALUOut To Reg
5 | Cu_sext Sign-extend the imm. No sign extended the imm.
6 | Cu_ aluc ALU Operation
7 | Cu_aluimm Imm. Register data2
8 | Cu_wreg Write Reg. Not Write Reg.
9 | Cu_regrt rt rd
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Units of Pipelined-cycle CPU

m |[F Stage (Instr. Mem.)

m |[D Stage (CPU Citl. And R.F.)
m EX Stage (ALU)

® Mem Stage (Data Mem.)

m WB Stage
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e SRR BRAMCH | ———— plpeﬂlp;n = i [T I IE TIPSR :
NPCIS1.0] HPCL31 p:'r]pef::[31 o] P31.0) PCL21 l;lecq[ll.- - -5 : : PCALC31 F-'B:pe::r[:-tl a]-_;]—PCF Sl
WWRCIR : o o BPCIE .0 B o g g o o INET[31..0
— uFC : el EFCL3E1l. .01 IHNSLE1..0] - INSLZE1l. . @] IHSTL[I1l. O]
""""""""""""""" WEOT : : WRCIR: :
CLOCH ............... aa5 CLK o =N CLOCH HIiR 5
RESETN [l e mm REG-PC oLk
R RSN {ormn  REG-IR
S : pipeid : B . e
MDESERG4 0 HUREG EFCL31. . a1 :::'-;[S.ICHD] 'UEUTFUT .... I P C[31D]
.0 — HODESRLA. . O] ERANCH———— ﬂ%:} IMST[31..0] :
EDESR 4':' . WFICIR R F R e . ijUTFUT ................................... H
—u—.  EDESRLCA. . ©] HOSTALL———— pipedereg : [ EALU[H.0) :
E‘llll'lIIlREG DU".'REG E‘LHJREG UTFUT ....................................
EM2RE: : EHWREG bl DM2RES DUREG i EM2REC: . | M '&'LU[31D] ........
TS I L vty B TY=VIE R REG-AB ENEREC e I WL O
e IFT lPeFc=1. . 0] ALUCL= a;l el e k)| DALUCL3. . 0] EALUCLI. . 0] S EALUCLCZ p‘:‘:eexe
WST[31.0] B B Do L LI - o o EaLLINAR : o 3 EXE c
- INSTL=E1. . O] ALU I HH —— DALUIHH EALUIHH —— EALU I HH L] E
WRFRD[4..0] : DA[31..0]: EA[31.0]: EALU[E . O
— URFHDLA. . ©] ALZ1. . @] — DALZL. . 0] EAL3L1. . @] — EALZL1l. . 0] EALULEL. . O] =
ladgel Erla) URFDILC31. . O] BLZE1. . O] SEIELE DELC3L. . ] EELCZ1. . 0] Sl EELCZ1. . 0] :
EALL[ET..0) ¢ o o Ciltdhd[31 0] B o Elhdhd[31 ..0] B c
— EALULEL. . O] IHHLZ1. . @] el ) | HHLE1. . @] EIHHLE1. . 0] e £ | HHL 21 . . ©F
ML 0] DRESR[4.10] ESHFT
YR HALUL31. . @] DESRLA. . @] ST DDESRL[A. . @] ESHIFT EDESRIA.] ESHIFT
—u:—-ﬂﬂn[ll._ . @] SHIFTI— - DSHIFT ERESRLCA. _en-:|-,_h‘ﬁ
WEG WURES CLDCH eLK g emooooooooon 800000000 0000000a0a0000 E .:.32. ...............
T — e — 0 0 MU .
CLOCK N P RESETH : - : WealLUE1..0] — :
REZETH g g g g WRAO[E] 0] o 5 IWB WWRFDI[S1 ..EI|
— CLRH : = : —ELL[ZL. .0] FLIL. . ] —
E o e e it i ie e aea e e a e e e WEHEG 0
L TR RPN s :
EWWRED c —— plpeemreg — i".'T'.-"'-JREG -‘-“ ....... RERLELERERERIRITITIRTRRPPPPPRPPPY
EMZRE N REG_C HHEREG MMEHEG R GRGECELCECELELL nWRES o pp— plpemwrreq Fp— i'"'JWHEG
e —— — ipemem —_——]
EVWMEM MAMEM e-B MMZREG REG-D VWM2REG
————— | EuHER HUHEH UE 4 MEM ————————HHZREG UHZREG

—[—]—EALU CELE lEALUL=1. . @] HALULZE1. . a] LTl AL=Z1. . @] - DOL=E1. . @] LI el HHO[LZ1. . @] WHOL=1 a]-_[—]—WMO Kime
=TT I m HB[n' ) g T [3'1' o1 . IERE -um_u:;-l- o1 “HLu[n' ) o b ALL[31 0]

_u—EDESR 3.0] -|-:|:|-|-:5n;:-q o] r|n|-:5n[q- - o] MDESR[4.0] GLDGK- - _u—MDESH 200 -|1|:u-:5n|:q- - o] I-IDESFI[EI- - a]-_MFND il
CLOCK : CLOCHK ; CLOCHK i

RESETH CLK B e HESETN
— ] CLRM : U T EM ............. — CLRM
e '.E . ........................................... :9 ....................................................... v
4 >

220 _
eV zming un:mn, CA_2013Spring_Lab 1.30



Pipelined CPU Top Module

m module top (input wire CCLK, BTN3, BTNZ2, input wire [3:0]SW, output
wire LED, LCDE, LCDRS, LCDRW, output wire [3:0]LCDDAT);

L] assign pc [31:0] = if_npc[31:0];

N if_stage x_if stage(BTN3, rst, pc, mem_pc, mem_branch, ...
IF_ins_type, IF _ins_number,ID_ins_type,ID_ins_number);

id_stage x_id_stage(BTN3, rst, if_inst, if pc4, wb_destR,...
ID_ins_type, ID_ins_number, EX ins_type, EX _ins_number..);

ex_stage x_ex_stage(BTNS3, id_imm, id_inA, id_inB, id_wreg, ..
EX_ins_type, EX_ins_number, MEM ins_type, MEM_ins_number);

mem_stage x_mem_stage(BTN3, ex_destR, ex_inB, ex_aluR, ...
MEM _ ins_type, MEM ins_number, WB_ins_type, WB_ins_number);

wb_stage x_wb_stage(BTN3, mem_destR, mem_aluR, ...
0 WB_ins_type, WB_ins_number,OUT ins_type, OUT ins_number);
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Observation Info

m |nput
— West Button: Step execute
— South Button: Reset
— 4 Slide Button: Register Index

m Output
— 0-7 Character of First line: Instruction Code
— 8 of First line : Space
— 9-10 of First line : Clock Count
— 11 of First line : Space
— 12-15 of First line : Register Content
— Second line : “stage name”/number/type
— stage name: 1-f", 2-"d”, 3-"e”, 4-"m”, 5-"W”
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Program for verification

Instruction Bin Code Address Inst. Type
1| 1lwrl, $20(r0) 0x8c01 0014 0 6
2 | lwr6, $21(r0) 0x8c06_0015 1 6
3|add r3,r0,r0 0x0000_1820 2 1
4 | add r4,r0,r0 0x0000 2020 3 1
51 add r5,r0,r0 0x0000_2820 4 1
6 |add r2,r2,rl 0x0041 1020 5 1
7isubr3, r3, rl 0x0061 1822 6 2
8landrd, rd, rl 0x0081 2024 / 3
9lnorrs,r5, rl 0x00al 2827 8 5
10| beqr2, rl, -8 0x1041 fff8 9 8
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Precaution

= 1. Add Anti-Jitter and display for “A-F".

m 2. Finish the blank.

m 3. Debug method: Output whatever signal to
LCD Display.

m 4. Understand the principle of pipelined CPU and
check the logic of circuit carefully, understand
the sample code, then write code and synthesize

the project, because it takes you a few
minutes...
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Something Important | | |

m 1. The number and type tells the information of the instruction that
IS to be executed in the stage.

m 2. How to verify the result? Pls. check the result of WB stage for R-
type and LW instructions, while check the result of EXEC stage for
BEQ instruction.

m 3. Why there are some NONE instructions following BEQ? How
many NONE instructions? 3, because the condition of BEQ is
generated in MEM stage.

m 4. Why the initial value of PC is FFFFFFFF, not 0?

= 5. Why we should pull the slide button after step execution to
refresh the result? And instruction refresh is delayed by 1 clock-cycle?
How to refresh automatically?
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m Thanks!
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