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Combined Datapath

PCSrc

PC+4

AL 2zl B Te S Tine

RegFile SekDee U ReFie I_.' A[31.0]

} ™ RmdAddead 0] DeuralEt.0] [

Result{31..0] M

To Branch Logic

B e Instruction[31..0] 1 ReadAddiBf4.01 Dewznto] [ TestZaro

DOUTL]

Overflow W

ADDRC]

LU p[3.0]

.
18 | SRR

=
Iy

{ o Wesmadddd 0] E 'E
e

b WesDemiat. 0]

InstrAddr[31..0]

L
.
.
i
:

Wi
RegWrite MemtoReg
T15.0] [15.0] --f- CLE D1
o ALUSrc DoUTL
Immediate/Offset
g *mé'sl = MemWrite
sof SigaEasdaales =

TouE . MemPBead

= &= sRrd
i
__'H-z'l"l' i -



Control: ALU Control Unit (1)

U_ALU32bitlnvSIltTz
ALU32bitlnvS1tTz.SchDoc
A[31..0]

— Inputs to ALU Control: I

Result[31..0] I

1. Function fields of instructions

2. 2-bit control field (ALUOp) > S [ | restacro BT
—  Output of ALU Control: §‘ Overflow HB

1. 4-bit signal that controls the ALU B[31.0] <=

*
i gWrite s ALUOpD[3..0]
L
- M-Data
£ —>b CLK DINI..]
i ALUSrc DOUTL.]
| U SignExt ADDR[..] £ —
1 i WE (——
= SignExt.SchDoc EN
5 T U_ALUControl RAMSE 1
@ ALUOD 1--0] ALUControl.SchDoc
ALUOpCode[1..0] ALUOp[3..0] I
£ funct
r& X ol & [S..Oh funct[5..0]

WE-W 3
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t

Pl

Iw (I)
sw (D)
beq (I)
add (32)
sub (34)
and (36)
or (37)
slt (42)

Control: ALU Control Unit (4)

R R R PR X O O
XX X X X PoX X
- = B = o o o
©O O O ©o o Fr o o
XXX X X X X X
XXX X X X X X
R O O O O X X X

Simplified Expressions:

WH-W

S B B O O X X X

X X add
X X add
X X sub
0 0 add
10 sub
00 and
0 1 or
1 0

slt

Op0=ALUOpl-(F0+F3)
Opl=ALUOp1+F2

0010
0010
0110
0010
0110
0000
0001
0111

Op2=ALUOpO+ALUOpl-FI



Agenda

Topics:

1. A single cycle implementation (complete this)
2. 1verilog Example

3. Lab D — double precision version

~ii={0} W=

Pl

Patterson: Section 4.3, 4.4

Reminder: No class next Wednesday, Quiz 2 is
following Wednesday, Lab K (Verilog) next week

Wi
& 1 ~H T

[Fan

"
L
|
B
i
:
(
¢
i

E'-I.'I-'l & D

WE-W



Control: ALU Control Unit (5)

Op0=ALUOp1-(F0+ F3)
Opl=ALUOpl+ F2=ALUOpl-F2
Op2=ALUOp0+ ALUOp!-F1

ALUOp[1..0] '
ALUOp[1.0] ) ALUOp0 i) Operation3 /OperatmnB..O] e
_ funct[5..0] [T
[ funct[3..0] functd X ALUOpl (BULLDOWN
functd dlﬂj;:D Operation? ,
C b . . 1 N fuﬂct3 HA\]DQS 8?28
ombinationa .
i Operation]
Circuit for the funct2 D P /]
ALU Control Bl
Unit _— " = ) Operation( ,
Sfunct0 _D—u
AND2S

OR28

WE-W b




Main Control (1)

R-format: op(31-26) rs(25-21) rt(20-16) rd(15-11) shamt(10-6) funct(5-0)

I-format: op(31-26) rs(25-21) rt(20-16) Immediate / Offset (15 - 0)

Opcode is contained in bits 31 — 26.

Registers specified by rs (bits 25 — 21) and rt (bits 20 — 16) are always read

Base register (w/ base address) for lw/sw instruction is specified by rs (bits 25-21)
16-bit offset for beq, 1w, and sw is always specified in bits 15 — 0.

A

Destination register 1s specified in one of the two places:

—  For R-type instructions (add/sub/and/or), destination register is specified by bits (15
—11)
— For Iw 1instruction, destination register is specified by bits (20 — 16)

Using information (1 — 5), we can add the instruction labels and additional MUX’s to the
datapath that we have constructed.

WiH-W /




Main Control (2)

PCSrc

Ty

SERR|
wvq), Dranch Target

 Vaie ofd aml

U_Fmgloume=

I A[31..0]

RopFalc Scilec U RcgFalc I

:} R=dAddeald. 0] Deourdl31..0] |:_
Result[31..0] M=
o : _ To Branch Logic
o S Instruction[31..0] > Redaddi®fd.0] Deusmgst.0] [| = TastZarn
. i
i - oI = Overlow MK
o OH=et % Wesmadddd 0] ES : -

b WesDe(3t 0]

TnstrAddi31..0]

MemtoReg

.
SR

=
Y

Il
B
1

J15.0] [L5.0]

Immediate/Offset

ADDRL] MemWrite

FouE = MemPBead

L
.
.
i
:

SignFre SchTec

Number of control lines is 11 (4 for MUX’s, 4 for ALU control, 2 for data memory, 1 for register file)
WE-w o

-3'1'1-1-

= &= sRrd
i
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Main Control (3)
Control Input Effect when Deasserted 0)  Effectwhenaserted )

ReoDst Destination register number comes from bits 20 — 16 Destination register number comes from bits 15 — 11
& of the instruction (sw) of the instruction (add, sub, or, and, slt)

Data on the “write data” input is written on the
Regwrite None register specified on the “write register” input (1w,
add, sub, or, and)

AT

11

Second operand to ALU comes from the second
ALUSrc register file output
(add, sub, or, and, beqg, slt)

Second operand to ALU is sign extended, lower 16
bits of instruction(lw,sw)

&

|

Data from memory location specified by “address”

MemRead None input is placed on the “read data” output (1w)

Data from “write data” input replaces memory

MemWrite None location specified by “address” input (sw)

Data from the output of ALU is fed into “write data”
MemtoReg input of the register file
(add, sub, or,and, slt)

Data from the “read data” output of data memory is
fed into “write data” input of the register file (1w)

PC is replaced by the output of adder which computes
branch target by adding existing content of PC with
2-bit right shifted offset (beq)

PC is replaced by the output of adder which adds 4

PCSre to the existing content of PC (except for beq)

Next step in the design of datapath is to add a control unit that generates the control inputs to MUX’s

WiH-W 1




Main Control (4)

PC + 4 Tl

ADDFIIR J/-JL\
U Mool oTaE
DI?_I | MaCoomlSdlec J
rs RegFie Sk Dac U RegFik I_‘ A31..00
—_— [ > ResdAddedfd. 0] Deueafit.0] [
t Fezolt[31..0] HEY=
[ r i TR T To Branch Logic
e S Instruction[31..0] I RedAddeEiL 0] DeuRiil ] [ TestFarn
DOUTL] Lw
ADIRE ] rd e 5 s Orverdon: M
o 15 11le MO0 - A4 ?":) Wetsiddd4..0] ﬂ ? a3
= > Weseleef3t 0]
TnstrAdd[31.0] RegDst T | _
a5 1R RegWrite
MMemtoReg
[L5.0] . [L5..0]
Immediate/Offset -
MemWrite

5 MemBead

E 1.0 Opemiioafd..0] EH
funct

0] g (50

fancef5..0]

WE-W 10




Main Control (5)

Control Unit Inputs:

R-format 0., 0 0 0 0 0 0

E 1w 3Sen 1 0 0 0 1 1

; SW 43, 1 0 1 0 1 1

; beq 4., 0 0 0 1 0 0
flll.'II | Outputs of Control Unit:

R-format 1
1w 0
X

e

0
1
X

— R
S = o @
N — N —
e o O
e S —— T

1
1
0
X 0 X 0

...above 2 tables constitute the truth table
WE-W 11



Main Control (6)

Op[5.0] i

i
C
e
t

R T T A i T TATT R T AT VY VW

Ul uz U3 U4
AND6S ANDGS AND6S AND6S

R-format [lw SW beq

Pl

RegDst o

us
D AL USrc
ALUSrc

OR28 MemtoRe g

g TMemtcFez

D RegWrite :
FazWrits

oR2s MemRead
MMemP=ad

MemWrite :
MemWrite

Branch

Branch

ALUOp1 1—@
ALUOpO/

WE-W




Example R'type Il’lStI‘llCthIl (step1: fetch instruction & increment PC)

Step 1
1. Fetch instruction
2. Add 4 to the value of PC
o PCSrc

U Me==Cemex]
op <
3.2 5.1

- 4[31..0]

s RzpFile SaDes U Rzl I_
25,3100 [4.01

Deurafit. ] |

Result]31..0] H

To Branch Logic

o]
LT e
.
MemtoReg -:i’/(
Mi3_BIB!

ADIRL] MemWrite
WE

Lof Lk Tnstruction[31.0] | S 1 Read ad B4 0] Dew®f3t.0] [ TestTam

DOUTL-]

Overlow H

ADDRL.]

1 Wetddddd 0]

Click
ik

[ WriscDusaf3 0]

TnstrAddr[31..0]

RegWrite

=

DOUTL]

L
.
.
i
:

Tmmediate/Offset

ALzl RAMEE = MemRead

-3'1'1-!-

WE-W 13

= &= sRrd
i
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Example: R-type Instruction (step2: Read two source registers)

. - ==

Step 2:

Instruction[31..0]

ML
L 1K
DOUT-]
ADDERL]
ROME

InstrAddr31..0]

La

4] o i

PCSrc

RigFils fexDas U Rz
™ Rt AddeAld 0] Douzdfit. 0] [
T ResdAddeB4.0] DewB[it.0] [
[ Weeadddd. 0] E 3
b
[ WeieeDnee3t 1]
RegWrite

Immediate/Offset

1. Source registers are read from the register file
2. Control unit uses the opcode to activate units.
ALUOp =10 set based on opcode

i 4[31..0]

Result[31..0] R

To Branch Logic
TestZem
Overfiow
M
WTEL. A
oo
MemtoReg -?r/(
- J ETTETN
T C1E oo
Lol
amxv;:_.il MemWrite
o = MemRead

14




Example: R—type Instruction (step3: ALU operates on operands)

ML
=t C1E
DOUT-]
ATDRL]
ROMS

Inztruction[31..0]

TnstrAddr[31..0]

. - ==

Step 3:
1. ALUSrc=20

ity

U_AlU3dbxkr3kTx

Immediata/Offset

2. Control line values of ALU set by ALU-control
2. ALU performs desired operation on input data

ALU e inTz Saa e
RagFile ST U Regfide
™ RedAddndld. 0] Deusaf3l.0] [

Fezsult[31..0] [

To Branch Logic
T RedAddB[4.0] Deus[3t. 0] [ Textlem ot
- Ovarflow M
o Wasadddd 0] 5 g a3
{ o WekeDef3 | 0] H
1. 1
RegWrite . R
£ AT TUSrc i
MemtoReg |
TR
3D a
oF C1E BBE] e
DOUT]
ATER ] MemWrite
WE
=
HARE MemPR.ead

15



Example: R-type Instruction (step 4: Write result in destination register)

ML
= CLE
DOUT-]
ADDRL-]
ROME

Instruction[31..0] |

InstrAddr[31..0]

Step 4:
1. MemtoReg = 0; RegDst=1;

3. PC is incremented by 4

FEEPRE

RzpFilz feDec U_RegFiks
Deurdfal.n] [
T RumdAddeBl4.0] DeweE{at.a] [
[ Wesadddd. 0] E &
i
T WieiseDief31..0]
RegWrite

Immediate/Offset

2. Result of ALU is written in specified register

I_' A[31..0]

U_ALU3 Jbilar3kTz
ALU3 b=k Sk Tz Skl

Resultf31..0] B

To Branch Logic

DOUTL-]

MMemtoReg

ATDRL] MemWrite
w
e <\—| MemPB.ead
Whr-w LG




L
.
.
i
¢

i oo
FEt « B

-21'1-1'!-

== e ss B
w

—

R -

—

Why 1s single-cycle implementation not used?

Assuming no delay at adder, sign extension unit, shift left unit, PC, control unit, and MUX:

—  Load cycle requires 5 functional units:
instruction fetch, register access, ALU, data memory access, register access
—  Store cycle requires 4 functional units:
instruction fetch, register access, ALU, data memory access
—  R-type instruction cycle requires 4 functional units:
instruction fetch, register access, ALU, register access
—  Path for a branch instruction requires 3 functional units:
instruction fetch, register access, ALU
—  Path for a jump instruction requires 1 functional unit:

instruction fetch

Using a clock cycle of equal duration for each instruction is a waste of resources.

WiH-W 1/



iverilog Example

. 1 Fle Edit Search View Encoding Language Settings Macro Run TextFX Plugins Wi Fle Edit Search View Encoding Language Settings Macro Run TextFX Plugins Window ?
fu — s —

i | o A B2 4 MHD| 2 i @z | BE| = @ | e i g g @ 4 D = hiy ax BE|= ___'L-J L ] E AV E[EVY
= Qlv lEtestbench.v] EHalv F testbench.vl
1 module =g2 sop 1 module testbench;
2 ( 2 reg [1:0] test_a, test b;
3 input wire[1:0] a, b, 3 wire test c;
4 output wire aegb 4
5 ): 5 eq2_soﬂ uut €qZ(test o, test b, testic);
| - 6
i // internal signal declaration 7 initial
B wire p0, pl, P2, pP3; 6 O begin
9 g #20
10 //sum of product terms 10 test a =
11 assign aegb = p0 | pl | p2 | p3; 11 test b = 2'b10;
2l // product terms 12 #1 sdisplay(Stime, " a = %d, b = %d, ¢ = %d",test a, test b, test c);
13 assign p0 = (~a[l] & ~b[1]) & (~a[0] & ~b[0]); 5 L
14 assign pl = (~a[1] & ~b[11) & (al0] & bIO]); . B
15 assign p2 = (al[l]l & b[1]1) & (~a[0] & ~b[0]); - LEsth SR - B
16 assign p3 = (a[l] & b[1]) & {(a[0] & b[0]); 16 #1 sdisplay(Stime, " a = %d, b = %d, c = %d",test a, test b, test c);
17 Lo end
18  endmodule 18 endmodule
C:AWINDOWS\system32\cmd.exe

C:\iverilog>iverilog 0O1.v testbench.u

C:\iverilog>vup a.out
201 a

WE-W 14



CSE2021 Lab D

L.ab D — Double Precision Read/Write

Cc3eXXEXX  3/n YYY VYV VYV
October nn, 2012

TABS ARE SET TO 4

.data

.word 0 # pointer to first node
.asciiz  "Enter a double precision number (-1 to stop): \n"
.text

B R R SR R b
# main procedure

#

# 12-10-23: modified to read double precision values — H.Chesser
# 12-10-23: modified to prompt user for values
A S
sW $ra, 0(Ssp)

addi $sp, $sp, -4 #opening main

# Read & process loop

# Read int values from user one at a time and process them

# Ends on input -1.0e0

1i $v0, 4
la $ao, message
syscall
1i Svo, 7 #Syscall 7 for double read
syscall
1i.d sfio, -1.0e0 #sentinel
c.eq.d sfo, $f10 # double comparison
bclt endRead #break on sentinel %w $ag, IHEAD($Zero)
1w Sal HEAD ($zero) #a0 points to first node jal printdList
E add $al, Sva, Szero #£0 has read int addi $sp, 4 #wrapping up main
E jal insdcell lw Sra, 0(5sp)
U SW svo, HEAD ($Szero) #HEAD points to last node jr Sra
; 3j prompt #continue # End of main

### End of reading and processing ints

WiH-W 19
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Lab D — Double Precision Read/Write
(cont'd)

E2 3222222232383 533 3533 2323233323333 2333 322533 2532
# insdcell

# Creates a new node and stores the passed parameter in it.
# Parameters:

¥ $a0 = pointer to next node

$ $f0 = double to be stored

# Returns:

k- Sv0 = address of created node

¥

$12-10-23 - Modified to insert double precision valuss - H.Chesser

| FEEH R

insdCell: add $t0, Szero, $al
add $tl, $zero, $al
1i $ao, 12 ¥allocate 12 bytes - link address + double
iiscall #70 ° R R A A H A R
. # printdList
sW $to, 0(Sv0) ¥save pointer , , ,
# Prints the content of the linked list.
sdel $fo, 4(5v0) #save double data
) ¥ Parameters:
jr fra # $al = pointer first node
#
¥ 12-10-23 - Modified to print double wvalues - H.Chesser
R R A A H A R
printdList: add $to, Szero Sal
beg $to, Szero endPrint
1ldcl $f1z, 4(5t0) #get data
1i Sva, 3 #Syscall 3 for double print
syscall #print
1i a0, 10 ¥printnl
1i svo, 11
syscall
1w $al, 0(5t0)
J printdList $continue
endPrint: jr S$ra

WiH-W i
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