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Administratrivia

» Homework-4 Posted; Due today in class

= Extra Credit Homework is posted; Due today

»* Reading: Chapter 4.

» Reading: Appendix C
¢ Availableon:. . . cpsl04/Handouts/Appendix-C.pdf
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Review: The MIPS Subset (we can’t do them all!)

31 26 21 16 11 6
op rs rt rd shamt funct
¢ addrd, rs, rt 6bits  Sbits  Sbits  Sbits 5 bits 6 bits
¢ subrd, rs, rt
31 26 21 16
_ _ op Is rt immediate
¢ ori rt,rs, imm16 6 bits 5 bits 5 bits 16 bits
¢ lwrt, rs,immi6
¢ swrt, rs, immi16
*
¢ beqrs, rt, imm16
#*
¢ | target 31 26
op target address
6 bits 26 bits
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Review: RTL: The Load Instruction

31 26 21 16

op rs rt immediate

slw  rt,rs, imm16  guis  sbits 5 bits 16 bits
¢ mem[PC] Fetch the instruction from memory
¢ Addr <- R[rs] + SignExt(imm16)

Calculate the memory address
¢ R[rt] <- Mem[Addr]Load the data into the register

¢PC<-PC+4 Calculate the next instruction’s address
31 16 15 0
0000000000000000 |0 immediate
16 bits 16 bits
31 16 15 0
1111111111111111 |1 immediate
16 bits 16 bits
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Datapath for Load Operations

» R[rt] <- Mem[R[rs] + SignExt[imm16]] Example:lw i, rs,
imm16
31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
IRd IRt
RegDst 5 1 Mux 0
R Don’t Care
RegWr 5| 5 S5 (Rt) ALUctr
| % MemtoReg
busA
busW Rw Ra Rb /
us
32 32-bit 32 \lu; , 0
Registers ~_ | 32 Z
busB 0 e
~ L MemWr 32
O|/ / g
32 § I/ | 1
§ » WrEn Adr
(4 7= Data |
g |32 T - 225” * Data
g Clk Memory
ALUSrc =
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RTL: The Store Instruction

31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits

«sw rt, rs,imm16
¢ mem[PC] Fetch the instruction from memory

¢ Addr <- R[rs] + SignExt(imm16)
Calculate the memory address

¢ Mem[Addr] <- R[rt] Store the register into memory

¢PC<-PC+4 Calculate the next instruction’s address
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Datapath for Store Operations
= Mem[R[rs] + SignExt[imm16] ] <- R[rt]

sw rt, rs,immi6
31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
|Rd |Rt
RegDSt s 1 Mux O/
Rs _Rt
RegWr sl s SS ALUctr
| ™ MemWr MemtoReg
busA
W Rw Ra Rb By
us
| 3232-bit 32 \la; ,

32 Registers X S~ | 32 =

Clk ~— usB 32 =

i I .

% ———iepp| WrEn Adr -
= /=1 Data In 3,
imm16 / % 3 Data
16 Clk Memory
T ALUSrc _O|.>
|

=
=
o
=
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RTL: The Branch Instruction

31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits

= beq rs,rt,imm16
¢ mem[PC] Fetch the instruction from memory
¢ Cond <- R[rs] - R[rt] Calculate the branch condition
¢ if (COND eq 0) Calculate the next instruction’s address
> PC < PC+ 4+ (SignExt(iimm16) x 4)

¢ else
> PC < PC+4
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Datapath for Branch Operations

= beq rs,rt,imm16 We need to compare Rs and Rt!
31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
- IRd IRt Branch PC 40 Ek
—L\e st 1 Mux 0/ l ‘
RegWi 5V 5 % 5 % s—p | Next Address
busA 16 Logic
busW Rw Ra Rb /
us
| 3232-bit 32 \lu;
32 Registers ~_ = .
Clk J— busB 0 _ Zero To Instruction
—O = 32/ » Memory
= =
<1 7|1
i —|S |32
imm16 P g T
T ALUSrc

T

ol

@,
S
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Binary Arithmetic for the Next Address

» In theory, the PC is a 32-bit byte address into the instruction memory:
¢ Sequential operation: PC<31:0> = PC<31:0> + 4
¢ Branch operation: PC<31:0> = PC<31:0> + 4 + SignExt[Imm16] * 4

» The magic number “4” always comes up because:
¢ The 32-bit PC is a byte address
¢ And all our instructions are 4 bytes (32 bits) long

* In other words:
¢ The 2 LSBs of the 32-bit PC are always zeros
¢ There is no reason to have hardware to keep the 2 LSBs

» In practice, we can simplify the hardware by using a 30-bit PC<31:2>:
¢ Sequential operation: PC<31:2> = PC<31:2> + 1
¢+ Branch operation: PC<31:2> = PC<31:2> + 1 + SignExt[Imm16]
¢ In either case: Instruction-Memory-Address = PC<31:2> concat “00”
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Next Address Logic: Expensive and Fast Solution

» Using a 30-bit PC:
¢ Sequential operation: PC<31:2> = PC<31:2> + 1

¢ Branch operation: PC<31:2> = PC<31:2> + 1 + SignExt[Imm16]
¢ In either case: Instruction-Memory-Address = PC<31:2> concat “00”

v
N

3
30

[}
| “1”

Clk

imm16 ——
Instruction<15:0>
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/

30

Vi »

<

IXHUSIS

—

30

7
|\3O

N
0
=
s
§|ﬂb1
=/ 30 /|
)

Branch

 Addr<31:2>
—| Addr<1:0>
‘6003?
Instruction
Memory
¥ 32

Instruc{ion<3 1:0>
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Next Address Logic

/
30
| . > Addr<31:2>
@ 30 “1” “OT> Addr<1:0>
5 () R 0\ —’I\l\Carry In Instruction
> N | Memory
= /
Clk ” 9 & l 30
&E // > 1 +>|/ // 32
imm16 —— E 30 T 30
Instruction<15:0> - v
Instruction<31:0>

o —
N —

Branc ero
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RTL: The Jump Instruction

31 26 0
op target address
6 bits 26 bits

*j target
¢ mem[PC] Fetch the instruction from memory

¢ PC<31:2> <- PC<31:28> concat target<26:0> concat <00>

Calculate the next instruction’s address
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Instruction Fetch Unit

*j target
¢ PC<31:2> <- PC<31:28> concat target<25:0>

PC<31:28>

4
Target %
30

Instruction<25:0> TP

;‘OXHWH/

5~ \
O 30 \ /I > 0
6 ‘61’3 /ﬂ §

: E ‘ . 1 Jump

/
Clk n /=
e —|
1mm16 - > &5 30
Instruction<15:0> 16 = |
Branch Zero
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v

Addr<31:2>

6600’7

Addr<1:0>

v

Instruction
Memory

y 32

v

Instruction<31:0>
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Putting it All Together: A Single Cycle Datapath

= We have everything except control signals.

Instruction<31:0>

Branch :
Instruction A A A A
|Rd Rt ump ——| Fetch Unit SRR
RegDst Clk > L\;] ? L\f L\;]
—\ 1 Mux 0/ _ | | | [
Rs Rt Rt Rs Rd Immlé6
RegWr s} SJ( 5J( ALUctr
| Rw Ra Rb Dush INL Zero | MemWr \LM
busW
us AN 32 32-bit 32 \lgl_ / I
3;2:11( Registers busB/ y :0\ . Gl - :
— o= 32 = — Ll ‘g
52 - +—| WrEn Adr 7_»1/
T? Vi 1/ Data In 3 J
imm16 5 | 32 Data
0 g Clk Memory
S
| ALUSrc o=

o3|
=4
L?
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What about Controls?
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Review: RTL: The ADD Instruction

31 26 21 16 11 6 0
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

=add rd,rs, rt

¢ mem[PC] Fetch the instruction from memory
¢ R[rd] <- R[rs] + R[rt] The actual operation
¢ PC<-PC+4 Calculate the next instruction’s address
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Instruction Fetch Unit at the Beginning of Add / Subtract

» Fetch the instruction from Instruction memory: Instruction <- mem|[PC]
¢ This is the same for all instructions

/I
30
a
PC<31:28> , ‘ 30
4" , R
Target i 1
Instruction<25:0> ——F— 30 =
26 =
R >
] / / \ > O
30 E 7 > 0 / 32
T
O “1” &
| ' E Iﬂ_Vl/ Jump = previous Instruction<31:0>
Clk " / ~ |
Ug.
immiloé6 - > = 30
Instruction<15:0> 16 = | T

Branch = previous

Z.ero = previous
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The Single Cycle Datapath during Add and Subtract

31 26 21 16 11 6 0
op rs rt rd shamt funct
* R[rd] <- R[rs] +/- R[rt]
Instruction<31:0>
Branch =? R
., Instruction A A A A
UHP==—"1 Fetch Unit = 12 [z |2
N
dk—o= VoY Y[
Rt ALUctr=? Rt Rs Rd Imml6
5* 5* MemtoReg = ?
busA Z =2
Rw Ra Rb UsA . ero | MemWr \L
32 32-bit 32 =
Registers C
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The Single Cycle Datapath during Add and Subtract

31 26 21 16 11 6 0
op rs rt rd shamt funct

* R[rd] <- R[rs] +/- R[rt]

Branch =0 Instruction<31:0>
~0 Instruction A A A A g
Rd Rt Jump=0—— perchomit | | [2 |2 [2
RegDst=1 Clk _O|.> ¥ S 7 ¥
RegWr = 1 Rs Rt ALUCtl;l;Add Rt Rs Rd Imml6
egWr =
] | : 5* 5* o MemtoReg =0
busA 7 _
Rw Ra Rb us* Ccro MemWr =0
busW 1 ~

32 32-bit
Registers

y

WrEn Adr

Data

Memory
~

JIPUIXT

ALUSrc =0

ExtOp = x
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Instruction Fetch Unit at the End of Add and Subtract

« PC <- PC+4
¢ This is the same for all instructions except: Branch and Jump

> Addr<31:2>
PC<31:28> / R ~ “()7' Addr<1:0>
4
Target 1 Instruction
Instruction<25:0> T’ Z Memory
=
54
30 §\, I_’ )32
6 (13 2 : T
1# \ 94 -9 v
E 1/ ump = . Instruction<31:0>
Clk ” % |
UE. +,| J/
imm16 ———| = 30 ]
Instruction<15:0> 16 = |
Branch = Zero = ?
©GK Fall 2009
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Instruction Fetch Unit at the End of Add and Subtract

«PC <- PC+4

¢ This is the same for all instructions except: Branch and Jump

PC<31:28>

Z

/

4

Target
Instruction<25:0> T’

¥

-

— 7

30

imm16
Instruction<15:0>
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IXHUSIS

Branch =0

Ll

30
30

=/

Jump =0

Zero=x

> Addr<31:2>

—> Addr<1:0>
6600’7

Instruction
Memory

y 32

v

Instruction<31:0>
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The Single Cycle Datapath during Or Immediate

31 26 21 16 0

op rs rt immediate

* R[rt] <- R[rs] or ZeroExt[Imm16]

Instruction<31:0>

Branch = ? R
., Instruction A A A A
Jump=?——0H Fetch Unit 5 ‘[f; ==
)
Clk —0 = & > o |V
Rt ALUctr = ? Rt Rs Rd Immlé6
Letr MemtoReg = ?
busA Z =9
Rw Ra Rb us : - ero | MemWr
32 32-bit \ \la;
Registers
g busB// .10 G
32 <
=

-/ I Data In 32/

(| WrEn Adr J
32 l Data

JIPUIXT]
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The Single Cycle Datapath during Or Immediate

31 26 21 16 0
op Is rt immediate
+ R[rt] <- R[rs] or ZeroExt[Imm16]
Branch =0 Instruction<31:0>
B Instruction A A A A g
Jump =0 —— gegep Unit = |2 |2 2
)
Clk —o> Q\f 9 V] y
Rt ALUctr = Rt Rs Rd Imml6
He=0n MemtoReg =0
busA 7 _
RW Ra Rb us*'\L €10 MemWI’ 0
32 32-bit 32 \|;;
Registers busB / 0\ e
o= 2| |2~
— = ,
52 | A~— WrEn Adr
S| ey Data |
S 32 32 Data J
2. ] v
& Clk - emory
ALUSrc=1

ExtOp =0
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The Single Cycle Datapath during Load

31 26 21 16 0
op Is rt immediate
« R[rt] <- Data Memory {R[rs] + SignExt[imm16]}
Branch = ? Instruction<31:0> ‘
. Instruction A A A A g
Jump = 1 Fetch Unit = S T
)
Clk —o> Q\f 9 V] y
Rt ALUctr Rt Rs Rd Imml6
5* S”i/ = MemtoReg = ?
busA =9
Rw Ra Rb us* Zero MemWr
busW 1
0

32 32-bit
Registers
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32

ALUSrc=?

Data
Memory
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The Single Cycle Datapath during Load

31 26 21 16 0

op rs rt immediate

= R[rt] <- Data Memory {R[rs] + SignExt[imm16]}

Instruction<31:0>

Branch =0 R
B Instruction NOTA A A
Jump=0—— pegchtnit | |5 (2 |2 |2
)
Clk —0 = & > o |V
Rt ALUctr = Rt Rs Rd Imml6
Add MemtoReg =1
busA Zero | MemWr =0
- 32 32-bit 32 \a; .
Registers ‘ =l 3?2
. >

WrEn Adr
Data

JIPUIXT]

ALUSrc=1

ExtOp=1
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The Single Cycle Datapath during Store

31 26 16 0
op rs rt immediate
= Data Memory {R[rs] + SignExt[imm16]} <- R[rt]
Branch = Instruction<31:0>
~ Instruction A A A A
Jump =" —— goteh Unit O A TN
RegDst = VA BV Vv
4\1 Mux 0/ Y Y Y
RegWr = | ) GIRY SR) MemtoReg =
b W RW Ra Rb * Memwr = l
us
s 32 32-bit o
32 Registers busB 32
— ! 2
E WrEn Adr +>1/
* g Data
16 g Memory
~
1 ALUSrc = et
ExtOp =

cps-104 Lecture-17.27

©GK Fall 2009



The Single Cycle Datapath during Store

31 26 21 16 0
op r's rt immediate
= Data Memory {R[rs] + SignExt[imm16]} <- R[rt]
Branch =0 Instruction<31:0>
B Instruction A A A A
Jump =0 —— pegch tnit | |5 12 (= |2
RegDst =x W\ S TRV
4\ Mux 0/ \Y% Vv Vv
RegWr =0
o | 14 MemtoReg =x
busW Rw Ra Rb |l MemWr =1 \L
us
~— 32 32-bit I
32 Registers busB 3
= L v o5 F
E WrEn Adr 7_»1/
* g / Data
16 2 ]
S Clk Memory
1 ALUSrc =1 o=
ExtOp=1
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The Single Cycle Datapath during Branch

31 26 21 16 0
op rs rt immediate

» if (R[rs]-R[rt] == 0) then Zero <- 1; else Zero < 0

Branch = ?
o Instruction AOTA A A
| Rd | Rt Jump = Fetch Unit S ‘:; T
RegDst = ) Mux , Clkk —o0 = o = 7 &
RegWr =9 Rs Rt ALUctr =? Rd
| W MemtoReg = ?
Rw Ra RbD % Zero MemWr =? L
busW
20 ] 3232-mit 32 \F =y )
32 Registers busB N Gl 37
Clk |~ 0 Ve >
ol/ 32 = _>I/ | | . §
52 . #—{ WiEn Adr | 7L~
:‘-:" yA— I/I Data In 32 J
1Imm1l6 7 > a 32 Data
16 & Clk Memory
1 ALUSrc=? Ol/
ExtOp=7?
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The Single Cycle Datapath during Branch

31 26 21 16 0
op rs rt immediate
» if (R[rs]-R[rt] == 0) then Zero <- 1; else Zero < 0
Branch =1

~ Instruction A A A A
|Rd Rt Jump =0——' gegen Unit N TN
RegDst = Clk —0 = = AV V)

cgls Y1 1 Muy 0 0/ - ~ v v v

RegWr=0 Rs Subtract
| S5y 5 Sy MemtoReg = x
busA _
- Rw Ra Rb UsA : Zero |MemWr =0 \L
us
| 3232-bit 32 \FI_ , Jo
3%11( Registers busB 0\ /Cll 32 =
o= 32 ‘ = —_| [ T -
- o | WiEn Adr | —{L
:{" e I/I Data In 32 J
1Imm1l6 7 > a 32 Data
16 & Clk Memory
1 ALUSrc =0 :l/
ExtOp = x
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Instruction Fetch Unit at the End of Branch
31 26 21 16 0

op rs rt immediate

» if (Zero==1) then PC =PC + 4 + SignExt[imm16]*4 ; else PC=PC +4

> Addr<31:2>
pca3t:8> 30 ——— Addr<1:0>
4 ) ‘ ‘600’7
Target 7 g Instruction

Instruction<25:0> T’ 30 Memory

1
5
VI 7
30 g-l 3,(') é ‘ I v 32
(@) -

c
= gl
g ol Jump = ? Instruction<31:0>
Clk 0 =30 |
do | =
imm16 ==—r=p| 2, | 30 | |
16 % T 1 Assume Zero =1 to see
| the interesting case.
Branch=? | 7..0=1
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Instruction Fetch Unit at the End of Branch
31 26 21 16 0

op rs rt immediate

» if (Zero==1) then PC =PC + 4 + SignExt[imm16]*4 ; else PC=PC +4

> Addr<31:2>
PC<31:28> , 30 —+ Addr<1:0>
T t 4 / l , R ‘600’7
arge ! B Instruction
: . 30
Instruction<25:0> T’ § Memory
i IV |—> i
30 E -I 3/0 > 0 I v 32
O “1” 2 > E{
# —
g el Jump =0 Instruction<31:0>
Clk 0 =30 |
g | ]
imm16 ==—r=p| 2, | 30 | |
16 % T 17 Assume Zero =1 to see
| the interesting case.
Branch=1 | 7,.0=1
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The Single Cycle Datapath during Jump

31 26

op target address

» Nothing to do! Make sure control signals are set correctly!

Branch = 0 Instruction<31:0>

Instruction A A A A

Rd re ~Awmpsl—— gyt = [2 |2 |2

| I~ Clk ~ > 18 |5 |@

RegDst = g 1 Muy 0 ? —0 = v v v v
Rt AL Uctr = Rt Rs Rd Imml6

RegWr =( 5 5 5
| —_ . MemtoReg = X
ew Rw Ra Rb usa ero | MemWr =0 \L
us
| 3232-bit 32 \l;; , 5
32 Registers busB / 0\ /G 32/ »
Clk 7 >

— o= 32 = —] L1 ‘g

= . | WiEn Adr | #—|L-
:4? —— 1/ Data In 32 J
imm16 = | 32 Data
16 ab' Clk Memory
1 ALUSrc =x o=
ExtOp = x
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Instruction Fetch Unit at the End of Jump
31 26 0

op target address

» PC <- PC<31:28> concat target<25:0> concat “00”

Addr<31:2>
PC<31:28> Addr<1:0>

Instruction
Memory

v 32

Jump =1 Instruction<31:0>

2
T
1mm16 - > & 30
Instruction<15:0> 16 =4 |
Branch = X Zero = x
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