Mini-MIPS

From Weste/Harris
CMOS VLSI Design

Based on MIPS

+ |n fact, it’s based on the multi-cycle MIPS
from Patterson and Hennessy

= Your CS/EE 3810 book...
+ 8-bit version

= 8-bit data and address

= 32-bit instruction format

= 8 registers numbered $0-$7
e $0 is hardwired to the value 0

CS/EE 3710




Instruction Set

Table 1.7 MIPS instruction set (subset supported)

Instruction Function Encoding op funct
add $1, $2, $3 addition: $1 <- $2 + 83 R 000000 | 100000
sub $1, 52, $3 subtraction: 51 <- §2 — 53 R 000000 | 100010
and $1, $2, $3 bitwise and: $1 <- $2 and §3 R 000000 | 100100
or $1, $2, $3 bitwise or: $1 <- $2 or $3 R 000000 | 100101
slt $1, $2, $3 | setlessthan: $1 <- 1 if $2 < §3 R 000000 | 101010
$1 <- 0 otherwise
addi $1, $2, imm |add immediate:  $1 <- $2 + imm I 001000 n/a
beqg $1, $2, imm |branchifequal: pg <- pCc + imm® 1 000100 n/a
j destination jump: PC <- destination?® J 000010 n/a
1b $1, imm($2) load byte: $1 <- mem[$2 + imm] I 100000 n/a
sb $1, imm($2) | store byte: mem($2 + imm] <- Sl I 101000 | n/a

a. Technically, MIPS addresses specify bytes. Instructions require a four-byte word and must begin at addresses that are a
multiple of four. To most effectively use instruction bits in the full 32-bit MIPS architecture, branch and jump constants
are specified in words and must be multiplied by four (shifted left two bits) to be converted to byte addresses.
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Instruction Encoding
Format Example Encoding

] 5 5 5 5 B

R  add $rd, $ra, $rb I 0 I ra l ] I rd I 0 I funct |
] 5 5 16

I beq $ra, $rb, imm I op | ra l b | imm |
] 26

J j dest | ap | dest |

EEEEE] 1nstruction encoding formats
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Fibonacci C-Code

int fib(void)

{
int n = 8; /* compute nth Fibonacci number #*/
int f1 = 1, f2 = -1; /* last two Fibonaceci numbers */
while (n != 0) { /* count down to n = 0 */
fl=f] 0,
£f2 = f1 - £2;
n=n = ls
}
return f1;
¥

[EEEE C code for Fibonacci program
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Fibonacci C-Code

int fib(void)

{ ]
int n = 8; /* compute nth Fibonacci number #*/
int f1 = 1, f2 = -1; /* last two Fibonaceci numbers */
while (n != 0) { /* count down to n = 0 */

flo="f1 00
£f2 = £f1 - £2;
n=n-1;
}
return f1;
j
[EEEE C code for Fibonacci program
Cycle 1: f1 =1+ (-1) =0, f2=0-(-1) =1
Cycle 2: f1 =0+1=1, f2=1-1=0
Cycle 3: f1=1+0=1, f2=1-0=1
Cycle 4: f1=1+1=2,f2=2-1=1
Cycle 5: f1=2+1=3, f2=3-1=2
Cycle 6: f1 =3+ 2 =5, f2=5-2=3




Fibonacci Assembly Code

# fib.asm
# Register usage: $3: n $4: f1 $5: f2
# return value written to address 255
fib: addi $3, $0, 8 initialize n=8
addi $4, $0, 1 initialize f1 1
addi $5, $0, -1 initialize f2 = -1
loop: beq $3, $0, end Done with loop if n = 0
add S4, $4, $5 £f1 = f1 + £2
sub $5, $4, $5 £f2 = £f1 - f2
addi $3, $3, -1 n=n-1
j loop repeat until done
end: sb $4, 255(%0) store result in address 255

S S S S S S S e S

i[FMPEIN Assembly language code for Fibonacci program

Compute 8" Fibonacci number (8’d13 or 8’hOD)
Store that number in memory location 255
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Fibonacci Machine Code
Hexadecimal
Instruction Binary Encoding Encoding
addi $3, $0, 8 001000 00000 00011 0000000000001000 20030008
addi $4, $0, 1 001000 00000 00100 0000000000000001 20040001
addi $5, $0, -1 001000 00000 00101 1111111111111111 2005f££££
beq $3, $0, end 000100 00011 00000 0000000000000101 1060000 4
add $4, $4, $5 000000 00100 00101 00100 00000 100000 00852020
sub $5, $4, $5 000000 00100 00101 00101 00000 100010 00852822
addi $3, $3, -1 001000 00011 00011 1111111111111111 2063£f£fff
j loop 000010 0000000000000000000000000011 08000003
sb  $4, 255($0) 101000 00000 00100  0000000011111111 a00400£f
[ENEHA Machine language code for Fibonacci program
Assembly Code Machine Code
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Architecture
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Another View
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Connection to

External Memory

Table 1.9 Top-level inputs and outputs

Inputs | Outputs
Ehi adr[7:0]
ohe writedata[7:0]
reset memread
memdata[7:0] memwrite
2-phase memread
tal ;
gg:sil!ator | clock —>{ P memwrite —3 4
generator —»| ph2 MIPS g .
processor adr VLN
itedat B8 | external
T resat writedata ,8 ey
% memdata [

EIEEE .MIPS computer systern_

External Memory from Book

/I external memory accessed by MIPS

module exmemory #(parameter WIDTH = 8)

(input clk,

input memwrite,

input  [WIDTH-1:0] adr, writedata,
output reg [WIDTH-1:0] memdata);

reg [31:0] RAM [(1<<WIDTH-2)-1:0];
wire [31:0] word;

/I Initialize memory with program
initial $readmemh("memfile.dat",RAM);

/I read and write bytes from 32-bit word
always @(posedge clk)
if(memwrite)
case (adr[1:0])

assign word = RAM[adr>>2];
always @(*)
case (adr[1:0])
2'b00: memdata <= word[7:0];
2'b01: memdata <= word[15:8];
2'b10: memdata <= word[23:16];
2'b11: memdata <= word[31:24];
endcase
endmodule

Notes:

* Endianess is fixed here

* Writes are on posedge clk
* Reads are asynchronous

2'h00: RAM[adr>>2][7:0] <= writedata; e This is a 32-bit wide RAM

2'b01: RAM[adr>>2][15:8] <= writedata; . .
2b10- RAM[adr>>2][23:16] <= writedata: ~ ® VVIth 64 locations

2'b11: RAM[adr>>2][31:24] <= writedata; e But with an 8_b|t interface_._

endcase




Exmem.v

module exmem #(parameter WIDTH = 8, RAM_ADDR_BITS = 8)
(input clk, en,

input memwrite,
input [RAM_ADDR_BITS-1:0] adr,
input [WIDTH-1:0] writedata,
output reg [WIDTH-1:0] memdata);
reg [WIDTH-1:0] mips_ram [(2**RAM_ADDR_BITS)-1:0];

initial sreadmemb("fib.dat", mips_ram);

*This is synthesized to
always @(posedge clk) a Block RAM on the
ff(en) begin Spartan3e FPGA
if (memwrite) , . .
mips_ram[adr] <= writedata; e It’s 8-bits wide
memdata <= mips_ram[adr];  With 256 locations
end « Both writes and reads
endmodule are clocked
CS/EE 3710

Exmem.v

module exmem #(parameter WIDTH = 8, RAM_ADDR_BITS = 8)
(input clk, en,

input memwrite,
input [RAM_ADDR_BITS-1:0] adr,
input [WIDTH-1:0] writedata,
output reg [WIDTH-1:0] memdata);
reg [WIDTH-1:0] mips_ram [(2**RAM_ADDR_BITS)-1:0];

initial $readmemb("fib.dat", mips_ram);

This is synthesized to
always @ (posedge clk) a Block RAM on the
it (en) begin Spartan3e FPGA

if (memwrite)
mips_ram[adr] <= writedata;
memdata <= mips_ram[adr];
end Note clock!
endmodule
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Block RAM

WE RAMB16_Sw
EMN
SSR_| DOP[p=1:0]
ok L _
ADDR[r-1:0] DOfw—p-1.0]
Dllw—p1.0] *
DIP|p-1:0]

(b) Single-Port

Byte-wide Block RAM is
really 9-bits — parity bit...

Data_in ==

CLK -
AAUress  m— RAM Location

WRITE_MODE = READ_FIRST

Data_in Data_out
WE —
EN —
CLK ——
Address —I-—
WRITE_MODE = WRITE_FIRST Xe53_11_082503

Write Mode

Effect on Same Port

WRITE_FIRST
Read After Write
(Default)

Data on DI, DIP inputs written into specified
RAM location and simultaneously appears on
DO, DOP outputs.

Data_out

READ_FIRST Data from specified RAM location appears on

Read Before Write DO, DOP outputs.

(Recommended) Data on DI, DIP inputs written into specified
location

NO_CHANGE Data on DO, DOP outputs remains unchanged.

No Read on Write

Data on DI, DIP inputs written into specified
location

(Actually dual ported too!)

Our Block Ram

+ Read-first or Write-first?

always @(posedge clk)

if (en) begin

if (memwrite)
mips_ram[adr] <= writedata;
memdata <= mips_ram[adr];

end

CS/EE 3710




L

Read First Template

parameter RAM WIDTH = <ram width>;
parameter RAM ADDR BITS = <ram addr bits:;

reg [RAM WIDTH-1:0] <ram nswme> [ (2%*RAM ADDR_BITS)-1:0];:
reg [RAM WIDTH-1:0] <output_data>:

<reg or_ wire> [RAM ADDE BITS-1:0] <address:;
<reg or_wire> [RAM WIDTH-1:0] <input_data>;

/¢ The following code is only necessary if you wish to initialize the RAM
f¢  rcontents via an external file (use jreadmenk for binsry data)
initial

Sreadmemh{"<data_file_name>", <rom_ nawe>, <begin_ address», <end address>):

always [ (posedge <clocks)
if («ram enable>] hegin
if (<write_enable>)
<ram_name>[<address>] <= <input_datax;
<output_datar <= <ram_name:>[<address:] ;
end

== [Data_out

AAArEss  m— RAM Location

CS/EE 3710 WRITE_MODE = READ_FIRST

al

Write_First Template

parameter RAH_UIDTH = <ram_width>;
parameter RAH_ADDR_BITS = <ranLaddr_bits>;

reg [RAM WIDTH-1:0] <ram neme> [ (2%%RAM_ADDR BITS)-1:0]:
reg [RAM WIDTH-1:0] <output_datasx;

<reg_or_wire> [RAM ADDR BIT3-1:0] <address:;
<reg_or_wire> [RAM WIDTH-1:0] <input_data>;

/¢ The following code is only necessary if you wish to initialize the RAM
/f roontents wvia an external file (use jreadwemb for binary data)
initial

$readmemh("<data_file_name>", <rom_name>, <begin address>, <end address:);

alvays @ (posedge <clocks)
if (<ram enable>) hegin
if (<write_enable>) begin
<ram name>[<address»] <= <input_datas>;
<output_datar <= <input_data>;

end Data_in Data_out
else WE
<output_datar <= <ram name>[<address:];
end EN
CLK ——
Address =@  RAM Location
CS/EE 3710 WRITE_MODE = WRITE_FIRST [
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Read First waveforms
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Figure 34: Waveforms of Block RAM Data Operations with READ_FIRST Selected
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Write_First Waveforms
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Figure 33: Waveforms of Block RAM Data Operations with WRITE_FIRST Selected
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Block RAM Organization

512x36  [Pa[Pz[P1[Po] Byte s [ Byte 2 Byte 1 Byte 0 |
/
EE Byt 3 Bytez |
1Kx1® {lP\lF‘U Byt 1 Byx:u |
r:;"ﬂy%
9"%?5;;'3?“" (e
w L 1 Byt= 1
Fol Byt=0
S
‘, D
Table 21: Number of RAM Blocks by Device AKx4
Total Total W ayet
Number of | Addressable | Number T
RAM Locations of )
Device Blocks (bits) Columns >
&
XC3S8100E 4 73,728 1 &
XC3S250E 12 221,184 2 2T k2
ER:d
XC3S8500E 20 368,640 2 t2 =
=2 g
XC3S51200E 28 516,096 2 =
XC381600E 36 663,552 2 i ]
Each block is E
- 16Kcl < ¢
18k bits... E

Block RAM is
Single or Dual
ported

Write to and read from Port A
Write to and read from Port B
Data transfer from Port Ato Port B

Sl

Data transfer from Port B to Port A

Nrite

(DRead
Spartan-3E f

Dual-Port S
Block RAM | &

Port A

Write  e—— e — Write
@
®F{e.1:| ..-) C"‘-—O- Read

Recall — Overall System

Clock ™

Clk

reset

MIPS
processor

memread
memwrite ﬁ
v
adr ;8 »

writedata ;‘8 g ema

memory
memdata ;’8

Clk

T

MIFPS computer system

CS/EE 3710
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Recall — Overall System

Clock

.MIPS computer system

To7o

had

i

Clk

reset

memread
memwrite ﬁ
A
MIPS 8 -
processor adr P
) 8 external
writedata +
8 memory
memdata &¢— Clk

T

So, what are the implications of using a RAM that has
both clocked reads and writes instead of clocked writes
and async reads? (we’ll come back to this question...)

CS/EE 3710
memwrite
memread
controller
1 g aluop[1:0]
> + alucontrol
>
oleig2|3|3 2 %
gly| g|g|8|E(3(%|2|€]3 gl 8
g| 3 g|g AEE 2|2 a 2
= = |8|3 = @ S
a| 2@ == 2 i
=l e el
h
phi h 4 b 4 h 4
ph2 L
reset :
adr(7:0] datapath

writedata([7:0]
‘7

memdata[7:0]
e

IEEWEE Top-level MIPS block diagram
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mips.v

/I simplified MIPS processor
module mips #(parameter WIDTH = 8, REGBITS = 3)

(input clk, reset,
input [WIDTH-1:0] memdata,
output memread, memwrite,

output [WIDTH-1:0] adr, writedata);

wire [31:0] instr;

wire zero, alusrca, memtoreg, iord, pcen, regwrite, regdst;
wire [1:0] aluop,pcsource,alusrch;

wire [3:0] irwrite;

wire [2:0] alucont;

controller cont(clk, reset, instr[31:26], zero, memread, memwrite,
alusrca, memtoreg, iord, pcen, regwrite, regdst,
pcsource, alusrcb, aluop, irwrite);
alucontrol ac(aluop, instr[5:0], alucont);
datapath #(WIDTH, REGBITS)
dp(clk, reset, memdata, alusrca, memtoreg, iord, pcen,
regwrite, regdst, pcsource, alusrch, irwrite, alucont,
zero, instr, adr, writedata);
endmodule

Controller

module controller{input clk. reset.

input [5:0] op.

input ZEro.

output reg memread, menurite, alusrca. memtoreg, iord.
output poEn-

output reg regurite, regdst,

output reg [1:0] posource,. alusrch, aluop.
output reg [3:0] irwritel:

parameter  FETCHL = 47b0O001:

paranster FETCHZ = d7ho010:

parameter  FETCHZ = 47R0011:

parameter  FETCH4 = 47b0100:

parameter DECODE = 47b0101:

paraneter  MEMADR = 47b0110: State COdes

paranster LERD = d47ho111:

paraneter  LBWR = 4 p1000;

parameter  SBHWR = 47p1001:

paraneter  RTYPEEX = 47b1010:

paranster RTYPEWR = d7b1011:

paraneter BEQEX = d47h1100;

parameter  JEX = d47p1101;

parameter LB = B7B100000; R
e o - e Useful constants to compare against
parameter  BEQ = GE7B000100:

parameter J = B R0000O10;:

reg [3:0] state, nextstater
reg pourite. powritecond:

/4 state register FQ .
always Biposedge clk)
if{reset) state <= FETCHI1: State eQISter
else state {= nextstate:

14



Control FSM

[

.
0 ~ 1, 2
" Maerifipad ™. 7 MemRead ™, " MamRead ™,

ALUSstA =0 ™ ALUSrcA =0 ALUSrcA =0
3 \ lorD =0 \ o) = 0 A »
o IRWrita 1 o IRWrite2 o y
ALUSEE =01 cB | ALUSrcA =0 )

ALY
PCiite

)

| ALUSrA =11

o PCSourcs 00,

{ musea=t
ALUSTE=00 |
\ ALUOp=10 |

MamFesd Mamirte

(" -T31 | o=
RegDst=0
Fog Wit | S—— *
MemioReg= 1
CS/EE 3710 GEWIERY »ulticycle MIPS control FSM. Reprinted from [Patterson04] wit

Next State Logic

D@/f next state logic

always @i=}
hegin
case{state)
FETCH1:
FETCHZ 1
FETCH=:
FETCH4 1
DECODE

MEMALR

LERD:
LEHR
SEHR:
RTYPEEX:
RTYPEWR:
BEQEX:
JEX:
default:
endcase

CS/EE 3710 end

rextstate
nextetate
rextstate
rextstate
caze{op)
LBE;
SB:
RTYPE:
BEG:

<= FETCHZ:

<= FETCHZ:

<= FETCH4:

<= DECODE :
nextstate <= MEMADR;
nextstate <= MEMADR:
nextstate <= RTYPEEM:
nextstate <= BEDEX:

nextstate <= JEH:

J: :
default: nextstate <= FETCH1: // should never happen

endcase

caze{opl
LEB:
SB:

nextstate <= LBRD:
nextstate <= SBWR:

default: rnextstate <= FETCH1: // should never happen

endcase

nextstate
rextstate
rextstate
nextetate
rextstate
rextstate
nextetate
rextstate

<= LBHR:

<= FETCH1:
<= FETCH1:
<= RTYPEHR:
<= FETCH1:
<= FETCH1:
<= FETCH1:

<= FETCH1: // should never happen

15



% always Bi=)

Output Logic

hegin
/¢4 set all outputs to zero,. then conditionally assert
A4 just the appropriate ones Very common Way
irwrite <= 47h0000: .
powrite <= 0 powritecond <= 0 < ; to deal W|th default
regurite <= 0: regdst <= 0 | . t)_ . |
menread <= 0f memurite <= 0
alusrca <= 0p alusrch <= 27b00: aluop <= 27b00: Va ues In Com Inatlona
pozource <= 2 h00;
iord <= 0 memtoreg <= 02 Always bIOCkS
caze{state}
FETCHL:
bagin
nemread <= 1z
irwrite <= 47h0001: // changed to reflect new memory and
alusrch <= 27k01s /¢ get the IR bitz in the right spots
pourite <= 1z 4/ FETCH 2.3.4 also changed. ..
end
FETCHZ
begin
memresd <= 12
irwrite <= 47b0010;
alusrch <= 27b01:
powrite <= 1z
end
FETCH3:
begin
memread <= 12
irwrite <= 47b0100;
Beren S Continued for the other states...
end
SEIR 3
hegin
memurite <= 1z
iard =1z
end
RTYPEEX:
peE: Two places to update the PC
slusrea <= 12 1 1
aluop <= 27h10: pcwrlte on Jump
end -
RTYPERR : pCWfltecond on BEQ
hegin
regdst = 1z
regurite <= 1;
end
BEGEX:
hegin
alusrca =1
aluop <= 27h01;
pouritecond <= 1z
pCzource <= 27h01;
end
T i Why AND these two?
pourite <= 12
pozource <= 27b10;
=l
endcase
end
assign pcen = powrite | {powritecond & zeral: 4/ program counter enable
endmodule
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ALU Control

module alucontrol {input [1:0] aluop.-
input [5:0] funct.
output. reg [2:0] alucont):

aluays Bi=)
cazetaluop?

27p00: alucont <= 37h010: /¢ add for lh/sb/addi

27kl alucont <= 37b110: /7 sub (Ffor beg)

default: case{funct} £ R-Type instructions
6 b100000: alucont <= 37L010: 7/ add (for add)
E7R100010 alucont <= 37k110: /¢ subtiract (For subl
6 b100100; alucont <= 37h0O0O0: /4 logical and ifor and:
67100101 alucont <= 27bO01: 4/ logical or ifor or?
£7R101010¢ alucont <= 37k11l: // set on less (for slt}
default: alucont <= 37b101: ¢/ should never happen

endcass
endcase
endnodule Table 1.8 ALUControl determination

aluop funct alucontrol Meaning

00 | x 010 ADD

01 x 110 suB

10 100000 010 ADD

10 100010 110 suB

10 100100 ooo AND

10 100101 o001 OR

10 101010 111 SLT
CS/EE 3710 11 x x undefined

ALU

mocdule alu #{parameter WIOTH = 83
tinput CWIOTH-1:07 a, b.
input [2:0] alucaont..
output reg [WIDTH-1:0] resulti:

azzign b2 = alucont[2] 7 “hib: 4—————5_~

<

azsighn sum = a + b2 + alucont[2]: <€
J¢ slt should ke 1 if most significant bit of =um iz 1
azzign =1t = =um[WIDTH-11;

alwaysE{=} .

cazefalucontC1:01 addisa+b
27h00: result <= 3 & b2 H _
27b01: result <= a | b: subisa+~b+1
27h10: result <= =um;
27h1l: result <= =lt;

endcase

endnodule subtract on slt

then check if answer is negative

CS/EE 3710
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zerodetect

azsign y = ta==07;
ercmodul e

CS/EE 3710

module zerodetect #{parameter WIODTH = 81
tinput [WIDTH-1:01 a.
output

iz

Register File

module regfile #{parameter WIDTH = 8. REGBITS = 33

{input
input

clk .
regurite,

input [REGBITS-1:0] ral. raZ. wa.

input. CWIDTH-1:01
output CWIOTH-1:0]

wol -
rol. ro2a:

reg  [WIDTH-1:01 RAM [{1<<REGEITS}-1:07:

A three ported register fil

Af read two ports combinationally

=]

Afwrite third port on rizing edge of clock

A oregister O hardwired to O
always B{poszedge clk?
if Cregurite) PAMLwal <=

ral 7 FAMLrall
raz ¢ FAMLraz]

azsign rdl
azsign rd2
endnodul e

CS/EE 3710

wd

0:
0:

e

What is this synthesized
into?
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Synthesis Report

HLDL 2ynthesis Report

Macro 3tatistics

# RAM= 3
256x8-bit =ingle-port RLM i1
g8x8-kbit duasl-port EBAM H

# Adders/Subtractors i1
S-bit adder carry in HE

# Registers 10
8-hit register : 10

# Multiplexers H]
G-hit 4-to-1 multiplexer HE

CS/EE 3710

Synthesis Report

Synthesizing (advanced) Unit <exmem>.
INFo:Est - The RAN <Mream mips_ream> will be implemented as a BLOCE RAN, absorbi

| ram type | EBlock I | |
Port A4
aspect ratio 286-word x S-bit
mode read-first
clkh connected to zignal <clk: rise
connected to signal <en>

| |
| | | |
| | | |
| | | |
| enk | | high
| wel | connected to signal <memwrites | high
| | | |
| | | |
| | | |

addri connected to signal <adr>
dild connected to signal <writedata>
dold connected to signal <metndatas
| optimization | speed | |
CS/EE 3710
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Synthesis Report

Synthesizing (advanced] Unit <regfile>.
INFO:¥st - The small RAN <Mram RAN> will be implemented on LUTs in order to max

| ram type | Distributed | |
| Port & |

| aspect ratio | S-vord x S-hit | |

| clkd | connected to signal <clk> | rise

| wel | connected to signal <regwrites | high

| addr i | connected to signal <wasr |

| did | connected to signal <wds |

| pere 5 ‘ Two register
| aspect ratio | S-vord x S-hit | | .

| addrB | connected to signal <ral> | | f||es? Why’)
| doB | connected to internal node |

INFO:Est - The small RAM <Mram RAM ren> will be implemented on LUTsS in order to

| ram type | Distributed | |
| Port A |
| aspect ratio | 8-vord x S-bit | |
| clkd | connected to signal <clk» | rise
| wel | connected to signal <regwrites | high
| addrd | connected to signal <wasr |
| did | connected to signal <wds |
| Port B
| aspect ratio | 8-vord x S-bit | |
| addrE | connected to signal <raZ> |
| doB | connected to internal node |

CS/EE 3710

Datapath

module datapath #{parameter WIDTH = 8, REGEITS = 3} |

(input clk. reset, Fairly complex...
input  CWIDTH-13:01 memcata.

input aluszrca. memtoreg,. iord.

input poen. regurite,. regdst.

input  [1:01 pecsource,. alusrch, H

e T30l ey Not really, but it does
input  [2:0] alucont . -

output have lots of registers
output. [31:01 instr.

output. CHIDTH-1:01 adr. writedatsas: |nstant|ated dil’eCﬂy

/¢ the gize of the parameterz must be changed to match the WIDTH parameter
localparam COMST_ZERD = 87h0;
localparam COMST_OME = B7bil:

wire [REGBITS-1:0] ral. ra2. wa:
wire C[WIDTH-1:01 po. nextpo. nd, rdl. rd2. wd. a. srcl. src2, aluresult,
aluout,. constxd:

/¢ shift left constant Field by 2 It also instantiates muxes...
az=ign constxd = LinstrCWIDTH-3:0]1.2 0003

£f register file address fields

aszign ral = instr[REGEITS+20:21];

az=ign ra?2 = instr[REGBITS+15:161:

mux2 #{REGBITS} regmux{instr[REGBITS+15:16], instr[REGBITS+10:111, regdst. wal:

/4 independent of bit width, load instruction into four
/¢ B-bit registersz over four cycles

flopen  #(2) ir0(elk, iruritsC0]. mencata(7:01. irstrl7:0D:  |nstruction Register

flopen #(8) irliclk. irwritell], memdatal? 01, instrl153810;
flopen #(8) ir2iclk, irwritel2], memdatal?:0]. instr[23:1613:
flopen #(2) irdiclk. irwritel3],. memdatal?:0], instr[31:2413:

20



Datapath continued

/¢ datapath
flopenr #{WIDTH} poregiclk, reset, poen, nextpo, poif

flop #{WIDTHY  mohr{clk, memdata, mdl:

flop #{WIDTH} aregiclk. vdl. ai:

flop #(WIDTHY  wrdiclk, rd2. writedatar:

flop #(WIDTH} resiclk, aluresult. aluout):

U2 #(WIDTH} achrmuxipc. aluout. iord. adrl:

MUxZ #{HWIDTH} s=rclmux<ipc, a, alusrca,. srcll:

g #(WIDTH} srcZmuxivritedsts, COMST_OME. instrCWIDTH-13:01.
constxd. alusrch, srcZl:

mud #{HWIDTH} pcmuxi{aluresult,. aluout. constxd, COMST_ZERD, pocsource,. nextpci:

muxe #{WIODTH}  womux{aluout,. md, memtoregz. wdi;

regfile #{WIDTH.REGEITS} +ficlk, regurite, ral. raZ. wa. wd. rdl, rd23:

alu #{WIDTH} alunitisrcl. src2. alucont. aluresult}:

zerodetect. #{WIDTH} zd{aluresult. zerol:

endmnodul e

- : ‘ RF and
Flops and . = ‘r— ALU

MUXes... "L‘*': ) ]E —I:

CS/EE 3710 —_

Flops and MU Xes

module flop #iparamnster WIDTH = 83 module mux2 #{parameter WIDTH = 2
{input clhk. {inmput. CWIDTH-1301 dO. di.
input [WIDTH-1:01 d. input e
output reg CWIDTH-1:01 q); cuteut THIDTH-1301 w);
assign gy = s 7 dl : dO:
sluways Blposedge clk? endnodule
o <= dz
module muxd #{parameter WIDTH = 8}
endnodule Cimput [WIDTH-1:01 dO, ol, d2, d3.
i t [1:0] -
module flopen #{parameter WIDTH = 8} ;EE;ut reg [WIDTH-1:01 :);
{input clk. en.
input CHWIDTH-1:0] d. aluays E;'(’;)
—1 + * Casels
output. reg CWIDTH-1:00 iz 27h00: y <= do:
27h0l: gy <= di:
always E{pozedge clk} 2710y u <= d2:
if {en) g <= dz 27h1l: u <= d3:
endmnodule endcase
endmnodule

module flopenr #iparamster WIOTH = 83
{input clk. reset,. en.
input CWIDTH-1:01 d.
output reg CWIDTH-1:01 gi;

always B{pozedze clkl

if {reset) q <= 0:
else if {en? o <= d:
endnodule
CS/EE 3710
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Back to the Memory Question

+ \What are the implications of using RAM that
Is clocked on both write and read?
= Book version was async read

= S0, let’s look at the sequence of events that
happen to read the instruction

= Four steps — read four bytes and put them in four
slots in the 32-bit instruction register (IR)

CS/EE 3710

Instructlon Fetch

MemRead MmRu Mde anu ‘Smcld d
ALus A 0 ALUSnA 0 ALUS A 0 ALus A 0
RW « 0 n(e :me 3

ALUSrcA = (]

ALUSrB = 01 | ALUS B 01 ‘ ‘

‘ AL
ALUO 00 ALUOp = 00 ALUO OD ALUOp 00 \ ALUSrcB =
PCHite PCWnt ALUOp = nu
PCS ource = nu PCSource =00,/ "\ PCSource Pcsaum uo%

) S
Lot o &

22



Instruction Fetch

[% Instruction fetch

MemReau MemRead MemRead Instruction decode/
ALuSrnA [ ALUSrcA =0 ALUSrcA = 0 register fatch
lorD = 0 lorD = lorD = 0 4

IRWrite1 IRWrite2

¥ MemRead
ALUSrcA =0

ALUSrcB = 01 ALUSrcB =01 ALUSrcB = 01 ALUSIcB =01 | ALUSrcA =0
ALUOp =00 ALUO =00 ALUOp =00 ALUOp = 00 ALUSHB = 11
PCWmE PCWrite PCWrite ‘ ALUOp = 00

PCSnuma 00, PCSource =00,

FIG 1.53 Multicycle MIPS microarchitecture. Reprinted from |Pattersondd] with permission from Elsevier

Instruction Fetch

/¢ independent of bit width, load instruction into four
// 8-bit registers over four cycles

flopen #(8) ir0{clk, irwritel0], memdatal7:0],. instr(7:01): lnStl‘l]Cthﬂ Reg]_stel

flopen #(8) irliclk, irwritel1], memdatal7:;0]1, instr[15:81):
flopen w{g) ir2{clk, irwritel2], memdatal7:;0], instr[23:16]1};
flopen #(8) ir3{clk, irwrite[3]. memndatal7:0], instr[31:241}:

module flopen #{parameter WIDTH = 8}
{input clk. en.
input [WIDTH-1:01 d.
output reg [WIDTH-1:0] g);

always @{posedge clk)

if {en) q <= d3
endmodule

* Memread, irwrite, addr, etc are set up just after clk edge
« Data comes back sometime after that (async)

« Data is captured in irO — ir3 on the next rising clk edge

« How does this change if reads are clocked?
CS/EE 3710
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mips + exmem

s
{>c snam is 2 Kine b é!::ﬂoé;rrfSﬁmrh
mips pr—
r;mr:. wrmowar s - .
mips is expecting async reads exmem has clocked reads

One of those rare cases where using both edges
of the clock is useful!

CS/EE 3710

Memory Mapped 1/0

+ Break memory space into pieces (ranges)
= For some of those pieces: regular memory

= For some of those pieces: I/0

e That is, reading from an address in that range results
in getting data from an 1/O device

e Writing to an address in that range results in data
going to an 1/O device

CS/EE 3710
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Mini-MIPS Memory Map

11111111 FF 110 8&%“
Switches/LEDs addresses
1100 0000 (g 256 bytes
1011 1111 BF total!
Code/Data
1000 0000 g0 Top two address
01111111 7F bits define regions
Code/Data
0100 0000 40
00111111 3F
Code/Data 64 bytes
0000 0000 g
CS/EE 3710
Enabled Devices
we [T Only write to that device
o . (i.e. enable it) if you’re
b —— in the appropriate memory
S range.
@) singterport Check top two address bits!
module flopen #iparameter WIDTH = 87
{input clk. en.
input CWIDTH-13:01 d.
output. reg CWIDTH-1:01 oiz
always @i{posedze clk)
if {en) g <= d:
endmnodul e
CS/EE 3710
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MU Xes for Return Data

module muxZ #{parameter WIDTH = 83
vimput. [WIDTH-1:01 dd. di.
input .
output. CWIDTH-1:07 yiz

IRWritel2:01 ;EI
azsign y = = 7 dl @ do; -
etidnodule Instruction [5:0]
L ’ ‘ IHStE:;ﬁ;er; 1|
M Instruction
Address [25:21]
i‘ Instruction .
1 st o
[15:0] Instruction | u
- . ‘Write : X
Use MUX to decide if o emory el R SALE
data is coming from memory rebcion o
or from 1/0 . x
lemory 1
data
) > 4 ragister
Check address bits! \\_//
CS/EE 3710

Lab2 in a Nutshell

¢ Understand and simulate mips/exmem
= Add ADDI instruction

= Fibonacci program — correct if 8’0d is written to
memory location 255

+ Augment the system
= Add memory mapped I/O to switches/LEDs
= Write new Fibonacci program
= Simulate in ISE
= Demonstrate on your board

CS/EE 3710
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My Initial Testbench...

2

3 ‘timescale 1ns / 1ps

4

5 module mips_wmem mips_mem_sch_thi{);

B

7 // Inputs

8 reyg clk:

9 reg reset;

10

11 // Outpur

1z wire memread;

13

14 // Bidirs

15

16 // Instanviate the UUT

17 mips_mwem UUT |

18 .clkiclk),

18 menread (menread) ,

20 JrESetireset)

21 1:

22 // Initialize Inputs 27

23 initial hegin 28 // Generate clock to sequence tests

24 reset <= 1; 29 aluays

a5 #22 reset <= 0; 30 begin

28 end 31 clk <= 1; # 5; clk <= 0; # S5;
32 end
33
34 // check the data on the memory interface hetween mips and exmem
35 /¢ If you're writing, and the address is 255, then the data should
38 J// be B'h0d if you'we computed the correct 8th Fibonacci number
37 alvays@ (negedge c©lk)
38 if (UUT.memwrite)
39 if (UUT.addr == 8'dZ55 & UUT.wdata == 8'h0d)
40 $display("Yay - Fibonacci completed succesfully!

CS/EE 3710 2; else §display("0ops — wrong value written to addr 255: $h', UUT.vdata);

My Initial Results

O T I e N T e R A | LR

I | /|

Processes | 2 Optiors Sim bjects ]
o B & \hal's News in ISE Design

2 This iz a Lite version of ISE Simulator|ISim).
Simulator is doing circuit inivialization process.
Finished circuit initialization process.

P run 4000 ns
Tay - Fibonacci completed succesfully!

5

CS/EE 3710
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