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Agenda

Topics:
1. Register files, Decoder, Data Memory, Instruction Memory —
Building Blocks

2.  Complete hardware implementation of goal instructions

f
:
T
t
7|

)

Patterson: Appendix C, Section 4.1, 4.2, 4.3
Reminder: Next week make-up for Labs A-D

W-W




Overview (1)

Goal: Implement a subset of core instructions from the MIPS instruction set, given below

| Categoy  Instuction  Example  Meaning  Comments
D
gE 0 add add $s1,$s2,5$s3 $s1 « $52+5s3
oy £
ﬁ - subtract sub $sl,5s2,5s3 $sl « $s52-8s3
T Arithmetic
: and Logical ~ 2nd add 3$sl,9s2,9s3 $s1 « $5268$s3 & => and
i-ll 7 or or $s1,$s2,5$s3 $sl « $s2|S$s3 | => or
If $s1 < $s3, S$sl<l
q f' slt slt $sl1,$s2,5$s3 else Ss1e0
load word 1w $s1,100($s2) Ssl « Mem[$s2+100]
Data Transfer
store word sw $s1,100($s2) Mem[$s2+100] « $sl1
branch on equal beg $s1,$s2,L if ($s1l==$s2) go to L
Branch
unconditional jump J 2500 go to 10000

W-W 3




Basics: Clocked D Latch (4)

1. ForaD-latch: output Q=1 when D =1 (set condition)

o h output Q = 0 when D = 0 (reset condition)
L
i C_,_Dm R Ul
= et
[ AND2N1S
ﬁl NOR2S C D Q Q'=
T ) 0 X Unchanged
f & b‘b@@_.& 1 0 0 1 Reset
f === NOR2S 1 1 1 0 Set
Logic Diagram Function Table

2. D Latch requires clock to be asserted for output to change

Setup Time




Basics: Falling Edge Triggered D flip-flop (5)

Ul C U2
e W SN g L 0. M ey W O W
—=> C —-Q-DCQNOD&@’

FD FDN

g

Hrﬁhllr-

U3

INV

Latch changes
Logic Diagram state on falling
Output Q follows D but changes only at the clock falling edge edge of clock

!
!
g
5

D 1 /

ic 0

[DUT/U_DLatchFallingEdge/PinSignal_U1_Q

Q 1 /

W-W
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Basics: 32-bit Registers (6)

Falling edge triggered D flip-flops can be combined to form a register

Clock
uo1l U1l
AO SO
= D Q = = D Q P/
L == C = C
n D FD 1
E- uoz u2
— Al == D Q = == D Q r::i
T e C +——-Op C
fl FD FD_1
uo3 u3
{ A2 o o s2
ﬁ o O —t=Ct> C
FD FD_1
uo32 u32
A31 Jo ok N — S31
== C ——== C
FD FD 1

Wo-W




Basics: Register Files (6)

Register files consist of a set of registers that can be read or written individually
In MIPS, register file contains 32 registers
Two registers can be read simultaneously

b=

One register can be written at one time

U RegFile
RegFile.SchDoc

— > ReadAddrA[4..0] DoutA[31..0] [ +—

—— > ReadAddrB[4..0] DoutB[31..0] [ _+—

L
.
.
:

=

— 1 WriteAddr[4..0]

e
E I
N

& P AT

e

-E'J"I-l'lr

W-W
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w

—
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Basics: Write Enabled 1-bit Register (7)

. . Din U0l Ul

Write Operation: L. p Q b—= D Q b Dowt>
¢ Slight change to D [ Wen —~ CE i
E flip-flop to include a C C
- ”Write” input Clock > FDE D |
; — Din (Data input) )

changes flip-flop state
only if “Wen” (Write
enable) is true

F

— Clock that controls the .
write operation timing

WEN 1

{2}/PinSignal_U01_Q U

Q U

W-W




Basics: 32-bit Register (8)

Din[31..0] Dout[31..0]

[owgLe ;;:liftF.Sc‘rDec { Dol -
__ Write A—" i
| % Clock
. = Clock
Register:
— We duplicate the Flip- wim %imism -
ﬂ(.)ps from the previous = T
slide to form a 32-bit
register 1T
¥ . . R;gll:;tF.Sc‘rDec
f Each bit receives the || piso S o
= same “Write” and = ciox
B Clock inputs which
E= enable the writing of
¢ data “Din”
', A single set of Dout
- & lines allows the s
= 1 ~ il | ;)m Dout [ Poutil
I register to be read = C
; C™
K H
s s0
Fﬁ"ﬁ ﬁ W-W ]
I



We now duplicate the 32-bit
registers from the previous

h slide to provide 32 registers M
of the Register File
' Write Operation:
— Register number of the SisRls 0
register to be written is one
input (WriteAddr bus) e
— Data to be written is the T
second input (WriteData
bus) 1
— Clock that controls the write [y Xricaddls.0] —

operation is the third input

— Decoders are used in the
write operation

M1_S1Blé

RTINS WriteData[31..0]

WritsEn]l

WritsEnld

Basics: Write Operation in Register Files (9)

U_Resl
Rez3IbitlF. SchDoc

> Wirite

> Din[31..0]

—__» Clock

Dout31..0] :J

T_Rael
FRaz3lbitlF. SchDoc

WritsEnlls

> Writa

o Din[31..0]
Clock

-—

Dowt31..0] [ fmmm

U_Rsel3
Re23Ihitl F. SchDoc

WritsEn21

[ > Writs
P Dinf31..0]
+—{ > Clock

Diout[31..0] [

T _Raegld
Faz3lbitlF. SchDoc

riteEnd 15

[ Writ2
mm— : Dinf31..0]

[ > Clock

Dowf3l. 0] [ jm—

U_Rag3l
Raz3lbitlF SchDoc

Write

Din{31..0]

e Clock |

W-W

> Clock

Dowt[31..0] [ jmem

16



FaadAddrAS
Fead Adar Al
FeadAdsrAl
Fead Ada Al

Basics: Read Operation in Register File (10)

MALL

L
.
.
i
:

i oo
FEt « B

-21'1-1'!-

== e ss B
w

-~

LS s B

— A

Read Operation:

Register number (address)
of the register to be read is
provided as input

Content of the read register

is the output of the register
file

Multiplexers (2 stages
shown) are used in the read
operation

Readaddral4. 0]

|
Wy
iy
8

'.!dlr:
¥

Dowe[31.0] ]

wel

~ WrnaBalll

L]
U
e

N

Dowt[31.0) [—|

el
i

|
U
T

Dowt[31.0) [—|

'ﬂlg‘l
L'

Wy
e
=

e

B

Dose31.00 [

U_Reg3l

HazilbalF Schlos

Tamie

Dea[31.07

[ > Clock

Dose31.0] [

ReadaddrB[4. 0]
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Basic Building Blocks (1)

L' ProgCounme:
Rup 22 fuliThie

1. Program counter:
contains address of next instruction

x>

ALU
result

.ALU:

3. Adder:
adds two 32-bit integers

2. Sign-extension unit:
extends a 16-bit integer to a 32-bit integer

U_ALU32bitInvSltTz
ALU32bitlnvS1tTz.SchDoc

I A[31.0]

Result[31..0] I
SLT I

> TestZero I
B[31..0]

4. ALU:
add/subtract/and/or/compare two 32-bit integers

WP-W Le

erflow



Basic Building Blocks (2)

_mflruction
addiress

Instruction —
- = ﬂ Ingtruction
i E_ Memory
T
¥ f. . U RegFile
! 5. Instruction memory RegFile.SchDoc
- 7 — > ReadAddrA[4..0] DoutA[31.0] [ ——
i M?
i +p CLK DIN[.] <® 1 ReadAddrB(4.0] DoutB[31.0) [ ——
DOUT[..] =
: ~: O
4 — > WriteAddr[4..0] 2F
1| o§ 0 p 5 WriteDa@[31.0] O 7
41K =
% P sf ByteWE[..] == ‘ |
¢ - TTRAMSBTT T T T T _ _
' £ 6. Data memory unit 7. Register File
] & il

WP-W 13




Datapath: Fetch Instruction

Provide address from PC to
Instruction Memory

Increment PC by 1 word (4 bytes)
Fetch the instruction

U1

2‘] Value of 4
0100

NUM4

U_ProgCounter

ADDF32B

M1
=== CLK

DOUT[.]

[nstruction

ADDR[.]

ROMS

InstrAddr

W-W

14



Datapath: R-type Instructions

R-type instructions include arithmetic and logical instructions (add, sub, or, and, slt)
Example: add $s1,$s2,$s3

1. Read two registers ($s2, $s3) specified in the instruction

2. ALU performs the required operation (add) on the two operands

3. Output of ALU is written to the specified register ($s1)

U RegFile
RersFile SchDoc

ReadAddrA[4.0] DoutA[31.0] D_

Instruction

L
.
.
i
:

) ReadAddrB[4.0] DoutB[31.0] [
432

WriteAdde[4..0] ozk

WriteData[31.0]  ~
C @
g
it
l"ﬁ WP-W 15
P



Instruction

U_RegFile
RegFile.SchDoc

Datapath: Data transfer Instruction (1)

— i A[31..0]

, . ReadAddra[4. 0]

Store instruction:
sw $sl,o0ffset ($s2)

1. Read two registers ($s1,$s2)
specified in the instruction.

4. Address along with data of
the register ($s1) to be stored
passed to data memory.

+ > ReadAddrB[4. 0]

> WriteAdde[4..0] EFE
T WHEDSART] O

DoutA[31..0]

DoutB[31. 0]

B>

Result[31..0]
SLT

TestZero

erflow

_V

U_ALU32bitlnvSiTz
ALU32bitnvSli Tz SchDoc

—

U_SignExt
SignExt SchDoc

M2

== CLK

W-W

DIN[-]
DOUT..]

ADDR[_]
WE

=

RAMS

LG
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i
:

i oo
FEt « B

-21'1-1'!-

== e ss B
w

-~

LS s B

— A

Datapath: Data transfer Instruction (2)

Load instruction 1w $s1,offset ($s2)
1. Read register ($s2) specified in the instruction. 2. Offset is extended to 32 bits.
3. ALU adds offset with specified register ($s2) to obtain data memory address.

4. Data memory transfers data from provided address to Register file where it is stored in
the specified register ($s1).

U_ALU32bitlnvSltTz
AT U32bitlnvSkTz. SchDoc

— A[31..0]
U_RegFile

RegFile.$chDoc

+ > ReadAddrA[4 0]

Instruction

> ReadAddrB[4.0]

DoutA[31.0] [}

DowB[31.0] [

>

Result[31..0]
SLT

—

TestZero M

_W

b WriteAddr[4..0]
| WriteData[31.0]

Clock
Wnle
—COerflow

U_SignExt
SignExt SchDoc

M2

4> CLK DIN[.] e
DOUTL. ]

ADDRL.]
WE |=+

RAMS

WP-W L¢



Datapath: Data transfer Instruction (3)

Load and store instruction combined

U_ALU32bitlnvShTz
N AL 2bitlnvS1iTz. SchDoc
=
@ A[31.0] o
U_R?]gFilshD OCL
o RegFile SchDoc =i  Result[31..0]
= b ReadAddrA[4..0] DoutA[31.0] [ +
| = t. SLT
1
nstruction — ReadAddB4.0] DoutB[31..0] [
TestZero I
[ WriteAddr[4..0] %
A > WriteData[31..0] i B[31..0] i
. k)
[ |
i For Load Only |
U_SignExt
ienExt SchD.
SignExt SchDoc For Store Only
M2
- CLK DIN..]
DOUTI.]
ADDR][..]
WE |5+~
BAMS

WP-W 1Y




Datapath: Branch Instructions

Example: beq $s1,$s2,Loop

H Compiler translation:

be sl,S$s2,w offset Ubeq
-q ’ ’ - PC+4 fﬁh w%ﬁx
#if $sl==$s2, goto (PC+4+4*w_offset) " | Branch Targe3L0]. - v

SBLY ABL]

1. Read two registers
($s2,$s3) specified

in the instruction SBUsit SciDoc

M32_B2B1

U_ALU32bitInvSItTz
ALU32bitInvSItTz. SchDoc

2. ALU compares

content of specified U g
RegFile. SchDoc esu N
registers ($s1,$s2) D Ratddidlnl] Dol ikl

+—> ReadAddrB4..0] DouB[31.0] [

3. Adder computes To Branch Logic

TestZero I
Overflow m»

F—> WriteAdde[4..0] E

the branch address |—3 VeDaatlg] O

M3

Wrile

4. Ifequal (zero=1),
branch address is
copied to PC

WP-W 19
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