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Single-cyle vs Pipelined Processor

Single-Cycle
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Instr ' I .
Doc Time (ps)
1 Fetch Read Execute] Memory |Wr
Instruction Reg ALU | Read/ Write|Reg
2 Fetch RDeeaii Execute] Memory |Wr
Instruction Reg ALU | Read/ Write|Reg

Pipelined

Instr
1 Fetch RZZZ Execute Memory |Wr
Instruction ALU Read / Write|Reg
Reg
2 Fetch RDeeaij Execute Memory |Wr
Instruction Reg ALU Read / Write|Reg
3 Fetch RZZ‘; Execute Memory |Wr
Instruction Reg ALU Read / Write|Reg

\/

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Pipelined Processor Abstraction

1w s2,

add s3,

sub s4,

and s5,

SW S6,

or s7,

40 (s0)

s9, s10

tl, s8

sll, tO

20 (t4)

t2, t3
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>

Fetch Decode Exec Memory Writeback Time (cycles)

1 s0 vS2

IM —‘W }-[ RF [0 :B—]TDM— RF
dd 33 i s3
M 224 RF SlO]:B—_T DM —[ RF
tl ™ ] g 4
IM SUb]-[ RF |58 :B— M F—{re
4 sll M s5
M and _[ RF [0 | E | DM l RF
td @
IM X ]‘[ RF |20 :8— T DM —r RF
™ t2 s7

M ez _[ RF |3 ]:B_[ DM RF

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Adding Pipeline to Single-Cycle Processor
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: "7 RdD | | Ree I | Ram i | Raw
! I
. : o=l immextd | | | immexe I "
1 .ﬂ_rd——z;end ] : I
I [ [
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; | ! 1
I 1 . T
I 1 : 1
I ] i [ Resultw
| | . T
| " .
Fetch : Decode : Execute ' Memory Writeback

* Signals in Pipelined Processor are appended with first letter of
stage (i.e., PCF, PCD, PCE).

* Register file written on falling edge of CLK

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Adding Pipeline to Single-Cycle Processor

PCSrcE ,4[ ZeroE
CLK CLK CLK
|
RegWriteD ] RegWriteE | | | v RegWriteM N RegWriteW |
Ct:,nti:ol ResultSrcD 1o ResultSrcE o ResultSrcM ResultSrcW,.o
n MemWriteD MemWriteE | | | MemWriteM
JumpD JumpE
60 BranchD BranchE
op ALUControlD;. ALUControlE
2 funct3
N ALUSrcD ALUSIKCE
funct7s [—
— |
CLK CLK ] CLK
CLK L 4 - I
N ! WE3 RD1E WE
-F) pcr | |PcF st ] A1 RD1
1 A RO 17 ALUResultM ReadDataW & 00
Instruction ol o, RD2 RD2E A RDRH %
Memory Data
A3 Regi i WriteDataM Memory
WD3 egillzter WriteDataE WD
PCD PCE I
+
11:7 RdD RdE RdM _RdW
4 —] ImmEXD ImmEXE
N7 Extend
PCPlus4F PCPIlus4D PCPIus4E PCPIlus4M
— — m— —— PCPlus4W
PCTargetE
ResultW
Sa me co nt rOI un it as Si N g | e_cyc | e p rocessor Based on: “Digital Design and Computer Architecture

(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
Control signals travel with the instruction (drop off when used)
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Pipeline Hazards

* When an instruction depends on result from instruction
that hasn’t completed

* Two types of hazards:

— Data hazard: register value not yet written back to register file

— Control hazard: next instruction not decided yet (caused by
branch)

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Data Hazard

1 2 3 4 5 6 7 8
>
Time (cycles)
s4d ™ < 7 8
add s8, s4, s5 M 22 U RF [ 5 E+= T DM s F
M —a8 ™ X Mso
sub s2, s8, s3 M =22 T RF [ <3 E-} I DM > 1RF
- - - | -
4 [' ™M ng
or ‘ DM
or s9, t6, s8 IM _-[ RF K 5 j:B I I RF
_*58 ™~ 4 57
and s7, s8, t2 IM and]{ RF |+» E&} | DM ]—RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Avoid Data Hazard in code

e Insert enough nops for result to be ready
e Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

Time (cycles)

s4 ™

8

add s8, s4, s5 M 22 U RF (o5 :B—]—I—DM—FS RF

< 4 4
nop IM (2221 H] RF ]:D— —EDM— RF
IM nop ‘ DM

nop RF | T | RF
4 s8 ) <2

sub s2, s8, s3 M 22 U RF (o5 j:B— ﬂ RF
L6 [ s9

or s9, t6, s8 IM == ]-[RF <8 :E'— —I—DM— RF
™ 88 N s7

and s7, s8, t2 M 22 ] RF 2 ]:8 TDM_r RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Handle Data Hazard by Forwarding

e Datais available on internal busses before it is written back to the register file (RF).

e Forward data from internal busses to Execute stage.

» Check if source register in Execute stage matches destination register of
instruction in Memory or Writeback stage.

* |f so, forward result.

add s8,

sub s2,

or s9,

and s,

s4,

s8,

te,

s8,

s5

s3

s8

t2

1 2 3 4 5 6 7 8
|
Time (cycles)
s4 M
Yy N T e :EE] M_[om] _[1se F
s5 | I_ J T
sub'vl 83 v| : s2
IM _-[ RF [ <3 ] E-} M DM RF
£o \ M IVIs9
IM OL[-[ RF |ss j;B; I DM RF
‘ -
_*38 ]
" and]{ - :B DM ]s7 I

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Adding Hazard Unit

PCSrcE - T ZeroE
CLK ‘ CLK CLK
| RegWriteD RegWriteE RegWriteM RegWriteW
c%"ti:OI ResultSrcD1.o ResultSrcE 1o ResultSrcM: .o Resull:;orcw| 0
n
| MemWriteD MemWriteE MemWriteM
| JumpD JumpE
60 | BranchD BranchE
o op ALUControlD,4 ALUControlEs
- functd [ UsreD ALUSrcE
— funct7s |mmSrcD 1o
—/ |
CLK CLK - CLK
CLK 1 -
™ : - WE3 RD1E WE
per | |ecE] o RD H InstD | A1 RD1 'E SteAE
— 1_10 o ALUResultM ReadDataW -F)O
A 0 e | oores A RD HH 01
Instruction #20| 1y RD2 RD2E m 5 3 10
Memory o1 . SrcBE Data
A3 Regist _-‘D 1 WriteDataE WriteDataM Memory
WD3 eg.ls er riteDatal WD
File |
PCD pce | .
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E L—
117 RdD RJE RdM | RdW
4 — ExtimmD Extithmé
37 Extend
PCPlus4F PCPlus4D PCPlusdE PCPlus4M
L — - | PCPlusaw
PCTargetE
ResultwW
W . . w| w
Based on: “Digital Design and Computer Architecture 4]
(RISC-V Edition)” by Sarah Harris and David Harris (H&H). gl g
fridl IV
[ Hazard Unit

]

PYKC 18 Nov 2025

EIE2 Instruction Architectures & Compilers

Lecture 8 Slide 10




Data Hazard due to Iw Data Dependency

1 2 3 4 5 6 7 8

Time (cycles)

s5 M 4 7
;
1w s7, 40(s5) |M1L[|-[RF 40 E+} DM = RF
= |
|
|

Trouble!
dV s7T ™ 4 5 vsB
an
and s8, s7, t3 IM {RF £3 & | 'Y' RF

s6 ’ ™ vtz

or t2, s6, s7 IM L[-[RF <7 Iy I DM RF
b s7 M % 3

sub s3, s7, s2 M 2 ]{RF <2 E_I | DM ]—RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Stalling to solve Iw Data Dependency

1 2 3 8 9
>
Time (cycles)
1 s5 ™
lw s7, 40(s5) IM LD-[RF 40 E+I
dV s7
and s8, s7, t3 IM == '[RFt3
or t2, s6, s7 M == RF

sub s3, s7, s2

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).

sub

RF

s2

DM_D& RF
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Control Hazard

* beq, bne:
— Branch not determined until the Execute stage of pipeline

— Instructions after branch fetched before branch occurs
— These 2 instructions must be flushed if branch happens

1 2 3 4 5 6 7 8 9 10

sl
20 beq s1, s2, L1 IM bﬂ[l-[RF s2 ]:B—]TDM—D—RF

t1 |

24 sub s8, tl, s3 IM Sub]-[RF 53| ]ID*?I-I— DM—DfRF Flush |
|

\ | |

28 or s9, t6, s5 IM == ]-LRF ]:D—[I-I—DM—D—RF instructions |
- J

2C

>
Time (cycles)

¢ ' s3
58 Ll: add s7, s3, s4 M add]{ RF |54 ]:B ]TDM_rS7 RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Single-Cycle Processor Performance

Program Execution Time

= (#instructions)(cycles/instruction)(seconds/cycle)

= # instructions x CPI x T

Fetch Dec Execute] Memory |Wr
Element Parameter Delay (ps) Instruction R::: ALU | Read / Write|Reg
@® Register clk-to-Q bocq 40
Register setup Lectuip 50
® Multiplexer e 30 Program with 100 billion instructions:
AND-OR gate tAND-OR 20 Exec Time = # instructions x CPI x T,
o ALU it 120 = (100 X 109)(1)(750 X 102s)
Decoder (control unit) Lo 25 = 75 seconds
Extend unit o 35
o Memory read o 200
@® Register file read tRFread 100
o Register file setup tRFsetup 60

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).

T;_single = tpcq_PC + 2tmem + tRFread + tALU + tmux + tRFsetup
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Pipelined Processor Performance

Pipelined processor critical path:

Tc_pipelined = max of
theg T tmem T Lsetup Fetch
2(treread * tsetup) Decode
theg + Btoux+ taw + tanp.or+ Leetup  EXECULE
thcg + tmem T+ Lsetup Memory
2(t,cq + trux + tRrwrite) Weriteback
Program with 100 billion instructions
Execution Time = (# instructions) X CPI X T,
= (100 X 10°)(1.23)(350 X 10?)
=43 seconds

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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