CPU Design Tradeoffs

Maximum Performance: measured
by the numbers of instructions
executed per second

Minimum Cost : measured by the
size of the circuit.

Best Performance/Price: measured
by the ratio of MIPS to size. In
power-sensitive applications
MIPS/Watt is important too.




Processor Performance

 “Iron Law” of performance:

Time Instructions  Cycles Time Perf 1
— . . e —
Program  Program Instruction Cycle Time

* Options to reduce execution time:
— Executed instructions ¥ (work/instruction M)
— Cycles per instruction (CPI) Vv
— Cycle time ¥ (frequency M)

 Today: Simple, CPI=1 but low-frequency Beta

— Later: Pipelining to increase frequency



Reminder: Beta ISA
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A A A A .
f N k" 'y W Ty
10 XX XX| Re Ra Rb (UNUSED)

Operate class: Reg[Rc] « Reg[Ra] op Reg[Rb]

16
D
7 =
11 XXXX| Rec Ra Literal C (signed)
Operate class: Reg[Rc] « Reg[Ra] op SXT(C)
Opcodes, both formats:
ADD SUB MUL * DIV* *optional
CMPEQ CMPLE CMPLT
AND OR XOR XNOR
SHL SHR SRA
01XXXX| Rc Ra Literal C (signed)

LD: Reg[Rc] « Mem[Reg[Ra]+SXT(C)]
ST: Mem[Reg[Ra]+SXT(C)] « Reg[Rc]

.".f
A
.
|

Instruction classes
distinguished by
OPCODE:

OP

OPC

MEM

Control Flow

LDR: Reg[Rc] « Mem[PC + 4 + 4*SXT(C)]
BEQ: Reg[Rc] « PC+4; if Reg[Ra]=0 then
BNE: Reg[Rc] « PC+4; if Reg[Ra]#@ then
JMP: Reg[Rc] « PC+4; PC « Reg[Ra]

PC « PC+4+4*SXT(C)
PC « PC+4+4*SXT(C)

__H\\

\




Approach: Incremental Featurism

We’ll implement datapaths for each instruction class
individually, and merge them (using MUXes, etc)

Component Repertoire:

Steps:
1. ALU instructions E | Registers
2. Load & store instructions
3. Jump & branch instructions \\ '/ Muxes
4. Exceptions
A LY. B i ”
W Black box” ALU
22 Register A Instruction :-'D a
WD {3‘;:1} ? Me:gw o “EMI:W
> ROt AD2

Memories



WA

clk

RA1

Multi-Ported Register File

(independent Read addresses)

g a B

- RA1 RA2

5
Write Address ——®|WA i
Register

Write Enable ———»|WE File
—7 " \WD (3-p0ﬂ)

32

o B " RD{ RD2

LB

(Independent Read Data)

Write Data

2 combinational READ ports*,
1 clocked WRITE port

*internal logic ensures Reg(31] reads as O

Load-enabled register



Register File Timing

2 combinational READ ports, 1 clocked WRITE port

Read address RA W\A

Read data RD ReglA] YOOOK_ new Regla)
tep tep
CLK
Write enable WE / \\

e

ts th

What if (say) WA=RA1?7??
RD1 reads “old” value of Reg[RA1] until next clock edge!



ALU Instructions

32-bit (4-byte) ADD instruction:

31 26 25 21 20 1615 11

1000000010000010[00011§00000000000
Opcode Rc Ra Rb (unused)

Means, to Beta, Reg[R4] €« Reg[R2] + Reg[R3]

Need hardware to:
« FETCH (read) 32-bit instruction for the current cycle
« DECODE instruction: ADD, SUB, XOR, etc
« READ operands (Ra, Rb) from Register File
« EXECUTE operation
« WRITE-BACK result into Register File (Rc)



Instruction Fetch/Decode

Use a counter to FETCH the next instruction: PROGRAM
COUNTER (PC)

@;  Use PC as memory address
"= ° e Add 4 to PC, load new
B PC Jog value at end of cycle
LY I H . .
| | * Fetch instruction from
+||4_\\_ CETN memory
o4 INSTRUCTION  ° Use sorfrle 1nstruct‘10n
N - WORD fields directly (register
X _FIELDS .
numbers, 16-bit
y OPCODE: ID[31:26) constant)
Control Logic :
 Use bits [31:26] to
CONTROL SIGNALS generate control signals



ALU Op Datapath

26 25

21 20

1615

11

10 XX XX

Re

Ra

Rb

(UNUSED)

Operate class: Reg[Rc] € Reg[Ra] op Reg[Rb]

a4  Instruction
Memory
D
ID[31:0]
Ra: ID[2 msﬂ Rb: ID[15:11] |
L]
% RAZ
_ ReDjes:21) |~ Register -
'J:q_fﬂl] 1 FI |E R Z..f WE
ID[31:26 N i
[ J ™ 32 b 32

Control Logic

—= ALUFN

—» WERF

™ 32

B

WEHR}




ALU Op Datapath

Operate class: Reg[Rc] € Reg[Ra] op Reg[Rb]

a4  Instruction
Memory
D
ID[31:0]
Ra: ID[20:1 5]\] Rb: ID[15:11]
¥ ¥
RA1 - RAZ
_ ReDjes:21) |~ Register o e
p RD1 i
ID[31:26] e, 8
Control Logic

A
ALUFN ALU
—a= ALUFN F(Dp)

—» WERF




ALU Operations (with constant)

26 25 21 20 1615 0
11XXXX Rc Ra Literal C (signed)
. o Operate class: Reg[Rc] « Reg[Ra] op SXT(C)
pc_ |
L[4 Instruction

‘ Memory

+4 5

L ID[31:0}

Ra: |D[20:1E]] Rb: lD[15-_11]I
Srgn-gxrensmn requires _Re osz21) | ™ Register "% |
no fﬂg!C.,. b AD1 File ADZ  WE[“— WERF
\ _C: SXT(ID[15:0)) \
32
ID[31:26] .
Control Logic
31:16 15:0 ] 1
L . J ~ A A B
. fj. > BSEL o>\ ALU
P

Just r‘ep/ icate [EE=i
ID[15] sixteen e
times to create
high-order bits! ,




ALU Operations (with constant)

11XXXX

Re

Ra

Literal C (signed)

Operate class: Reg[Rc] « Reg[Ra] op SXT(C)

=5 Instruction

WD ™

Memory
D
ID[31:0]
Ra: |D[20:1ﬁ]] Rb: ID[15:1 1]1
| Re: ID[25:21) "' Register "
gl File
> RO RD2
v G SXT(ID[15:00)
ID[31:26]
Control Logic

*—a= BSEL

—= ALUFN
—= WERF

ALUFN—

F(op)




pc__ |00

Load Instruction

31

26 25

21 20

1615

i

0
011000| Rc Ra Literal C (signed)
LD: Reg[Rc] « Mem[Reg[Ra]+SXT(C)]
[ | Y J
> s Instruction
3 This is just like
ID[31:0) ADDC(Ra,C...)
Ra: ID[Eﬂ:m]] Rb: D[15:11] I
| Re:iDes:21] | ' Register "
gliie File o
B RO RD2 WE WERF
. C: SXT(ID[15:0])
II:)[31;T£(-:~|1 \:1_3__ —
Control Logic
PR V
~—= BSEL ALUFMN—> ALU WD R .(_r'quF
5 WDSEL oE |«_MOE
> ALUFN Data Memory
“_» MWR, MOE ~ | Adr AD
h—> WERF "
J BT
W2 3 2 f&— WDSEL




Load Instruction

011000

Re

Ra

Literal C (signed)

LD:

A Instruction
Memory
D
ID[31:0]

Reg[Rc] « Mem[Reg[Ra]+SXT(C)]

| Re: ID[25:21]

Ra: ID[ED:1E]1 Rb: D[15:11] ]

AAT

¥

L_C: SXT(ID[15:0))

WA
B RO

Register ““

File

RO2

ID[31:26]

Control Logic

= BSEL
S WDSEL

“» ALUFN
= MWR, MOE

—= WERF

N

WD

WD

AD

e MWH
OF |€—MOE

Data Memory




pc |00]

Store Instruction

31 26 25 21 20 1615 0
011001| Re Ra Literal C (signed)
ST: Mem[Reg[Ra]+SXT(C)] « Reg[Rc]
= A Instruction
Memory
D
ID[31:0]
: : - - \Rc: ID[25:21
Ra: ID[2D.1E]1 Rb: ID[15.11\E]‘]:. ! H_H#L:.L_ ]
""" Register "~ No WERF!
[_Re: IDR5:21] | Eu
b A e ROz wE|~— WERF
\ C: SXT(ID[15:0))
ID[31:26] - :
Control Logic N
™ 32
\_:..HAESEL k. L
y ﬂ\l\_{l ) e MWER
= B§ — =
. WDSEL i AW 0E
e ALUFN Data Memory
“—a MWR, MOE =| Aar RO
= WERF

W J
"_'.g ?F— WLSEL




pc |00]

Store Instruction

011001

Re

Ra

Literal C (signed)

ST

ID[31:0]

| Re: ID[25:21)

FIa:ID[ED:1E]1 Rb: ID[15:11]} I

Rc: ID[25:21]

#_*:'L_

HAT
R

WA

_C: SXT(ID[15:0))

= A

egister ™~
File

RO2

Mem[Reg[Ra]+SXT(C)] « Reg[Rc]

ID[31:26]

Control Logic

h_s RAZSEL

~— BSEL
= WDSEL

e ALUFMN
s MWR, MOE

— WERF

WD
we |<— WERF n

A A B
ALUFN—™ ALU

A+B

s
: E,s.u

—

=—. MWR
"OHk_MOE H
Data Memory

Adr

WD

RD

¥ J
i? ??— WLSEL




JMP Instruction

31 26 25 21 20 1615

011811 Re Ra

Literal C (signed)

JMP: Reg[Rc] « PC+4; PC « Reg[Ra]

«ls  Instruction
Memory
D
ID[31:0]

Ha-_u::[zn:mql Rb: ID[15:11]} ) Rc: ID[25:21)
SEL

| Re:iDis21] | " Register "

- WA WD
B RD1 F“E AD2 WE |*— WERF
(_C:SXT(ID[15:0)) [->JT
ID[31:28] |
V1 0/ BSEL
Control Logic
s PCSEL
. RA2SEL ¥ L
Al M
> BSEL WD R’ el
" WDSEL 22 "Gk [-MOE
s ALUFN Data Memory
“—a» MWR. MOE = adr AD
s WERF
PC+4 j
< 32 |
WDSEL




JMP Instruction

011811 Re Ra

Literal C (signed)

«ls  Instruction
Memory

D
ID[31:0]

JMP: Reg[Rc] « PC+4;

Re: ID[25:21)
i

Ra: ID[ED:1E]J

Rb: ID[15:11]} } Rc: ID[25:

» RD

HAT

WA

Register "

PC « Reg[Ra]

ID[31:26]

Control Logic

M PCSEL
= RAZSEL

L

WD
,  mie w;'—th
=

-

“— BSEL
s WDSEL

“—» ALUFN
“—a MWR. MOE

—= WERF

A B B
ALUFN — ALU

= | Adr

RO

= —MWR
wD  Aw

Data Memory




BEQ/BNE Instructions

31 26 25 21 20 1615 0
011100 Re Ra Literal C (signed)

BEQ: Reg[Rc] « PC+4; if Reg[Ra]=0 then PC « (PC+4)+4*SXT(C)

S 011101| Rec Ra Literal C (signed)

4 Instruction
SRy BNE: Reg[Rc] « PC+4; if Reg[Ra]#® then PC « (PC+4)+4*SXT(C)

¥

+4 -
o ID[31:0]
Ra: ID[20:16]] Rb: ID[15:11]} } Re: ID[25:21)
] &1 hazser

(PC+4)+4*SXTC) |+ [«—

RAT RAZ
/ |_Ro:DR521] | Register o
" ! P RD1 FI IE AD2 WE WERF

4*SXT(ID[15:0]) _ _
I L 4 ‘_GC'I_,‘_—P.JT
5 C: SXT(ID[15:0))
e 11 on/y {  |iDi31:26] C
: Control Logic
requires
] M= PCSEL r
adding 0b0O - post I
n:.t low-order M BSEL s ALL/ wo IR
bits - no N> WDSEL —
M ALUFMN g i
HW needed! (. MWR, MOE
M WERF
‘ PC+4 ]
K

@7 WDSEL




BEQ/BNE Instructions

011100| Rc Ra Literal C (signed)

BEQ: Reg[Rc] « PC+4; if Reg[Ra]=0 then PC « (PC+4)+4*SXT(C)

011101] Re Ra Literal C (signed)

1
I

5
-
E]

Sy BNE: Reg[Rc] « PC+4; if Reg[Ra]#0 then PC « (PC+4)+4*SXT(C)

ID[31:0]
Ra:ID[20:16]] Rb:ID[15:11]} |} Rc: ID[25:21
SEL
(QC+4)+4-sxTC) |+ L e
. \_Rc:iDes21) | - Register o
/ File _
4*SXT(ID[15:0))

= AD1 A2 WE [*— WERF
| -(. I ’

C: SXT(ID[15:0)) J
ID{31:26] *

¥
Control Logic

r—= PCSEL

N> RA2SEL Y "

N ALU o R —MWR
> BSEL od—MOE
> WDSEL '

Data Memory
N—= ALUFN adk
h_> MWR, MOE

—a= WERF

RO




Load Relative Instruction

0131111 Re Ra Literal C (signed)

LDR: Reg[Rc] « Mem[PC + 4 + 4*SXT(C)]

What’s Load Relative good for anyway??? I thought

* Code is “PURE”, i.e. READ-ONLY; and stored in a
“PROGRAM” region of memory;

* Data is READ-WRITE, and stored either
* On the STACK (local); or
* In some GLOBAL VARIABLE region; or

E1

X = X * 123456;

* In a global storage HEAP.

So why have an instruction designed to BETA:
load data that’s “near” the instruction??? e 00
MUL(re, rl, r@)
Addresses & other large constants ST(re; 4)

\_cl:  LONG(123456)




LDR Instruction

|'011111

Rc

Literal C (signed)

LDR: Reg[Rc] «— Mem[PC + 4 + 4*SXT(C)]

Memory
D
ID[31:0]
. Ra: ID[EG:1E]1 Rb: ID[15:11]) } Rec:ID[25:21]
"_;,! ;' HAZSEL
+ E—
Re:iD2s21] | " Register "
— File =
> HON WE [*— WERF
C:SXTID 15:Elui —= JT
(PC+a)rarsxTc) [N i} T
e . % ) !
b ID|31.2E!__L 1 j U 0 A —smseL
Control Logic
h—> PCSEL ] 1
N> RA2SEL 9 N/ =
ASEL \ =
EBEEL ALUFN— ALU " RE’:;_MMD"‘EQ Why not PUT
: ESFENL Data Memory the ASEL
Adr
\—> MWR, MOE - mux here?
h—a WERF \'\_
h
PC+4
IRR
a1 2 WDSEL




LDR Instruction

| 1 T 011111 Re Ra Literal C (signed)

LDR: Reg[Rc] «— Mem[PC + 4 + 4*SXT(C)]

=ls  Instruction

Memory

D

ID[31:0]

Ha:!D[EUﬂE]} Rb: ID[15:11] ) } Rec:ID[25:21]

HAT

Register "~

WA WD
[» A1 F“E RDZ WE

\G-_sxﬁln[mﬁ it

| Rc: ID[25:21)

ID[31:26 L |
i .air_-_ UL“' §1 b #— BSEL -
Control Logic
= PCSEL ]
— F!AESEL A WA B
—= WDSEL Data Memory
—= ALUFN Adr A
= MWR, MOE
= WERF

PC+4




Exceptions

« What if something bad happens?
— Execution of an illegal opcode

— Reference to non-existent memory
— Divide by zero

 Or maybe just something unanticipated
— User hits a key

— A packet comes in via the network

 Exceptions let us handle these cases in software:
— Treat each case as an (implicit) procedure call

— Procedure handles problem, returns to interrupted program
— Transparent to interrupted program!

— Important added capability: handlers for certain errors
(illegal opcodes), can extend ISA using software



Exception Processing

* Plan:
— Interrupt running program

— Invoke exception handler (like a procedure call)
— Return to continue execution

 Exception and interrupt terms often used
interchangeably, with minor distinctions:

— Exceptions usually refer to synchronous events, generated
by program (e.g., illegal instruction, divide-by-0, illegal
address)

— Interrupts usually refer to asynchronous events,

generated by I/O devices (e.g., keystroke, packet received,
disk transfer complete)



Exception Implementation

« Instead of executing instruction, fake a procedure call

— Save current PC+4 (as branches do)

— Load PC with exception vector: 0x4 for synchronous events,
0x8 for asynchronous events

« We save PC+4 in register R30 (which we call XP)
— ... and prohibit programs from using XP (why?)

« Example: DIV unimplemented

I110p:
PUSH(XP)
LD(R31,A,R0) -
LD(R31,B,R1) " . qware Fetch inst. at Mem/Reg[XP]-4]
DIV(RO,R1,R2) check for DIV opcode, get reqg numbers
ST(R2,C,R31) e ¥ perform operation in SW, fill result reg
Ty POP (XP)

IMP (XP)



Exceptions

Bad Opcode: Reg[XP] « PC+4; PC « “Illop”

Other: Reg[XP] « PC+4; PC « “Xadr”
Ja Instruction
Memory
D
ID[31:0]
Ra: ID[20:16] | Rb: ID[15:11]} Rec: 1D[25:21)
4_J \2__ T f—snzsEl
+ WASEL
HA1 RAZ
R ID1;£I21] : WA Hegismr wo
e : |
———>12 = AD1 File ROZ  WE [~ WERF
£ e
(PC+4)+4°SXT(C) [NCLSXTUD(15:0] ol
IRQ 2
ID{31:26 | ,
v | J10i A;-EL o \1__0 f<—BSEL

Control Logic

s PCSEL

A~ RA2SEL = v |
iy ALU Ty —MWER
P ALUFN — WD =T
BSEL oeLMOE

— WDSEL Data Memory
N ALUFN e i
—> MWR. MOE
N WERF
B ot PC+4 J

)\

WOSEL




Exceptions

Bad Opcode: Reg[XP] « PC+4;
Reg[XP] « PC+4;

Other:

= A

Instruction
Memory

D

ID[31:0]

|

+—

2

WASEL
]

Rb: ID[15:11]}  yRe: ID[25:21]
NI

SEL

PC « “Ill0p”
P{: - “xadr‘”

RA1 RAZ
R |D;3?:i1!"h-wn FhQQISter WD
e .
[2* A F“e ROD2Z WE
Z
(PC+4)+4*SXT(C) \NC:SXT(D[15:0]) Sl
|
Tu T ID[31:26] 3
L ASEL i @

Control Logic

N> PCSEL
N> RA2SEL
N~ ASEL

— BSEL

N—> WDSEL
N> ALUFN
N> MWR. MOE
= WERF

—» WASEL

WD

Data Memory

Adr RD

W

O

=—VWIR |Ii||




Beta: Our “Final Answer”

ILL
Xadr OF J1

PLSEL—&& 3 & F
Fha-s-ﬂl—'lI

RESET

+|a Instruction
Memory
L
+4 2
[j ID[31:0]
Ra: ID[20:16] Ap: ID(15:11)) ) Re: ID[25:21)
1 1 W aser
* T RAT RAZ
Register ;
File =
= RO RDZ2 WE |[*=— WEHF
Z
b C: SXT{ID[15:0]) il
(PC44) 44" SXT(C)
(219! z [
' ] [oia1 26] | /
ASEL 7 ' U F—RsEL
Control Logic
N> Al UFN
[ ASEL ¥ L
[ BSEL A \/ B y
Y h—=MOE AR — ALU WO WE f—MWH
[ hIWF Data OF e MOE
M PCSEL Memory
" FAZSEL = Adr ED <]
o WASEL
[ WIDSEL )
= WERF PC+4 j
}

@’W‘DSEL




Control Logic

= o
ALUFN |--|--|F(op) [F(op) | "+" | "A" | "+" | -- - - - - - -
ASEL |[--|--| © 0 @ 1 0 -- - - - - --
BSEL |--|-- 0 1 1 [ == 1 [|=-- -- . -
MOE |--|--| -- -- |1 /1|60 -- -- -- --
MWR |© | 0| © 0 g |@& [ 1|0 0 0 0
PCSEL |--| 4 0 %) @ | 6 | 0 |2 i 3 y 9 3
RA2SEL|-- |-~ 0 e mw | m= | D |- - - -
RAZSELI - ool 8 L = pooleegtlel o Sl et
WDSEL|--| © 1 1 2 2 | -~ | O %) % %
WERF (--| 1 1 1 1 L e | X 1 1 il

Implementation choices:

— 64-location ROM indexed by opcode with external logic to
handle changes due to Z and IRQ inputs

— Entirely combinational logic (faster, but much more work!)




Is that all

there is to

building a
processor???

No.

You've gotta print
up all those little
“Beta Inside”
stickers.




