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[Tpoypaupaticduevol eITeEeQYOGTES

m [Tpoypauuatigduevol emegepyactég efvar ekefva ta
KUKAQUOTO To oTtoia €xouv oxedlactel €161 OGTE VA
WItoEoVV 0TTOLOSNITOTE TTEOPANUO UITtoEel Vo TrepLyQapel GTo
GUVOAO EVTOAWV TOUGC

B KUplo y0QoKTNELGTIKG TNG OQYLTEKTOVIKAG EVOS
ETEEEQYACTN

B ZUVoAo (QETTEQTOQLO) EVTOADV
B Kwdwomoinon twv evioAdv (opfoymvidtnta, WiKkog eVIOANG)
B XUvtogn (KEWEVIKA Slondepmcn Ue xenon Wnovik®y yio
SlevkOAUVGN TOV TTEOYQOUUATIGTI)
B MIKQOOQYLTEKTOVIKIA TOU ETEEEQYATTN
B Mviun tooyeduuatos, Sedouévwv, KATomENTES, AELTOVQYIKES
uovdadeg (datapath)
B Movdda eAéyyou: wkeoTtpoyeauuaticouevn 1 FSM
B Extéleon tov eviod®v GTo xedvo (opydvwon
wovoU/TTOAAATIAWY KUKAWV, ue/xwels Stoxétevon)
B Ilepuypapn e oynuatiki poeen (schematics) n
m I[leguypapn oe kdmown HDL (VHDL, Verilog HDL)
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Ykiaypdenon tng Stdlegng

m [Ipoypouuatigduevol eTTEEEQYUGTES
B PeaMoTikd Ttapddeyua: o emegepyactig MUO
(MicroProcessor ZERO)

m To g¥voro evtodwv Tov MUO

® H wikooyttekTovikii ogydvwon tov MU
m ExtéAeon mooyeduuatog gtov MU

m [Topadelyuato amAdv eoQUOydV
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Fevikd YOQOKTNELGTIKA TOV etegepyactn MUO

B MikQoeTteEeQyaaTng ue aQyltekTovikin Von Neumann
B Kowdg xheog Stevfiveemv yia evioAég kar dedouéva (GTnv
8o puaokn uvrun)
m AtoB€tel eviodéc kar Sedouéva Tov 16-bit
m [Ie8{o StevBuvoewv tov 12-bit (212 = 4096 evtodéc TV
16-bit)
m Kdbe evtoln yperdicetor 800 KUKAOUG Unyavig yio va
extelectel
m Kdbe evtolMi astotedeitan agtd Svo @doeis:
m fetch (pdpTwon)
m decode and execute (ATTOKWOKOTTOINGN KOl EKTEAEGN)
B Alouée@mwaon evioAig: kKmdkds Asttovpyiag (opcode) Twv
4-bit kow yeviko Ttedio Twv 12-bit
B Asgttovpylo KOTOX®ENTOV GTn JETIKA OKUN KOl WAUNG GTRV
QQVNTIKA OKU QOAOYLOU
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To gvvolo evtoAwv tov MUO

Instruction Opcode Effect

LDAS 0000 ACC ==mem,[S]

STO S 0001 mem, [S] = ACC

ADD S 0010 ACC = ACC + mem, [S]
SUB S 0011 ACC = ACC - mem [S]
JMP S 0100 PC =S

JGES 0101 it ACC>=0PC =S
INE S 0110 it ACC!=0PC =S
STP 0111 stop
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H uovdda eAéyxov (controller) tov MUO

state

IR[15:12]

— Asel
f—— AccEn
f— PCEn
— IREn
V[ 1:0]
— Xsel
— Ysel
— Ren
= Wen

® H povddo eléyyou éxel dVo etaddoug:
m state: teéyovoa katdotacn tov FSM

O xewprotng dedouévmv (datapath) tov MUO

Memory

ACCen

B AgBuntkn-Aoywn povdda: alul6.v
B [ToAvTtAékteg dedouévwv x-mux, y-mux: muxl6.v
m [ToAvmAérktng dievBuvong a-mux: muxl2.v

m PC (Program Counter) kow IR (Instruction Register):

vreql6.v
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ITivakag katactdcenv Tov FSM

m IR[15:12]: o kw8ikdg AertovQylag TG TEEYOVGAS EVTOAG
B Ot €50801 Tng wovddog eAéyyou eAEyXOUV KOl EVEQYOTTOLOUV
TG VITOUOVASES TOV XEQLGTI dedouévav
m Asttovgyla
1) AvdkAnon tng eméuevng eVIOAMG OTTO T UWVAUN KOL
agtofrikevon tng otov IR
2) ATor®OkoTOlNoN KAl EKTEAEGN ThG EVTOANG
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state F[2:0] Next IREn PCEn AccEn M][1:0] Xsel Ysel Asel Ren ‘Wen
State
] XXX 1 1 1 0 10 0 x 0 1 0
1 000 0 0 0 1 00 0 1 1 1 0
1 001 0 0 0 0 XX 1 x 1 0 1
1 010 0 0 0 1 01 1 1 1 1 0
1 o011 0 0 0 1 1 1 1 1 1 0
1 100 0 0 1 0 00 0 0 x 0 0
-
1 101 0 0 N 0 00 0 0 x 0 0
—
1 110 0 0 Z 0 00 0 0 x 0 0
1 111 1 0 0 0 XX 0 X X 0 0
Notes:
o N and Z are the Negative and Zero state of the Accumulator, respectively.
(used to reduce the size of the table, as drawn)
o If avalue is not going to be latched it doesn't matter what it is!
(e.g. ALU output for STO)
o STP operates by remaining in its evaluation state.
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O yevikdc KUKAOG ekTéleang evioldwv cgtov MUO

a) Fetch Instruction from Memory [PC]

b) PC = PC + 1

c¢) Decode Instruction

d) Get Operand(s) from:| Memory {LDA, ADD, SUB}
IR (S) {JMP, JGE, JNE}
Acc {STO, ADD, SUB}

e) Perform Operation
f) Write Result to:

Acc {LDA, ADD, SUB}
PC {JMP, JGE, JNE}
I Memory {STO}
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O MUO ce dpdon: Katdotacn EXEC (1)

O kVUrAog EXEC gupfaiver gtnv erdpevn JeTikin okun tou
eoAoyto

O PC awvgdvel to mepleyduevd Tou
O IR agtoBnkevel ta TmeQlexdueva tov Dbus

H povdda eAéyyov Swapdcer ta wnepla [15:12] agmd tov IR
(ROIKAS AetTtovyiog)
Avdloyo ge Tnv TR Tov Kodikov Aeitovylog,
EVEQEYOTIOLOVVTOL N QITEVEQYOTTOLOVUVTOL GUYKEKQUULEVEG
VTTOUOVAdeS TOu YelELoTn Sedouévmv

m opcode = LDA

m gvepyorroteltan o ACC kaw o Dbus cuvdéetan ue tnv giGodo tng
ALU c7o SiawAo Ybus. H twi avti Siégxeton amwAdg oo tnv
ALU. Etnv emduevn detikn akun, n €€0dog tov ACC
agtofnkeveton 6to Dbus
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O MUO ce dpdon: Katdotacn FETCH

O rUkAog FETCH cuufaiver gtnv sweadtn JeTiki akun Tou
oAoyiot

H elcodog touv a-mux cuvdéetan pe tnv £€€08o tov PC o
omoilog Belyvel otnv gmduevn evtoAl gTn wvaun

XTnv eIToUevn QVITIKA OKUA, LETAMPEQOVTAL T TTEQLEXOUEVOL
ekelvng tng 9éong amd tn uvnun ¢to diavAo Dbus

Ta Trepeydueva tov Dbus Peickovtan gtny €igodo tov IR

Ta Tepeydueva touv PC Bplokovtan kat gtnv eigodo tng ALU
uéom Tou ToAVTIAEKRTN X-mux. H elcodog eAéyxov M tng ALU
€xel tétolo TN dGte n ALU va augnacel tny Tiun Tou €xel
otnv €i6odd tng. Xtnv emduevn JeTikin okun to TreQlexdueva
Tov PC Ja €xovv avEnbel wate va eivar €towa yio tnv
emouevn @od mov Ja Peebel n FSM oe katdotacn FETCH
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O MUO ce dpdon: Katdotacn EXEC (2)

B (Guvéyela)

m opcode = ADD, SUB
m Evepyomroteitanw ACC kot o Dbus guvdéetan pe tnv ALU pécw
Tov y-mux. O x-mux emteémel o dedougéva to Xbus kai n
i tou M elvar ADD i SUB. Xtnv emtduevn 0QVRTIKA OKUWA, T
TreQLEXOUEVA TNG UWVAUNG UeTapépovtal 6to Dbus. Xtnv
emwduevn YeTkn akun, n €g0dog Tov ACC agtoBnkevel To
dbpoloua TG TEONYOUUEVNS TWAS TOV Ue AUTd TToU
uetTopEEnke Ao tn pwviun
m opcode = STO
m O x-mux tomobetel Ta Tepieydueva tov ACC gto Xbus. O
IR[11:0] petapépetanl U€cw Tov a-mux G¢To dioavio
Slevbuvong Tng uvaung. XTnv €wOUEVR OQVNTIKA aKkui, n
uviaun agtofnkevel ta TeQleydueva tov Xbus
m opcode = JMP, JGE, INE
m O IR[11:0] uetapépetar U€Gm TOu y-mux G¢to Ybus kot GTnv
ALU. H tpun awtn Siépxeton agtd tnv ALU date va yeopel GTov
PC. Ztnv emduevn detikn axkun (FETCH) n tiwn tov PC elvan
TAE0V QWTA TTOU TEOEKVYE ATTO TNV EVTIOAM AAUATOS
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O kUkAOG ekTéAeong Tng evioAng ADD

ADD

Data Out Address Data In Data Out Address

Timing and Control|

Fetch Decode/Execute

¥
Timing and Control
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H agBuntikin-Aoykn wovado (alul6.v)

To apyelo yevikadv stapauétomv (defs.h)

B Zuyyeapéas Twv aexkov wovtédwv Verilog: Gerard Borg

m IoToceAido:
http://engnet.anu.edu.au/DEpeople/Gerard.Borg/

B Aopfwaoels aIrd Tov vIToPAVOUEVO Kol VED aQyelo:
mu®_controller.v, mul@_datapath.v, mu®.v, mu®_tb.v

JE
project MU®
module defs, some parameters for MUO

G. Borg
Feb 2009
wh
parameter MAXDEPTH = 12;
parameter MAXWIDTH = 16;
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To agyelo TwoAvTTAEKTOV (MUx16.v, muxl2.v)

rmodule alul6é (M, X, Y, Z2);
“include "defs.h"
parameter Acc = 00; //Pass through to the Accumulator
parameter add 01; //Add X and Y
parameter PCi 10; //Increment the Program counter
parameter sub 11; //Subtract Y from X
input [1:0] M;
input [MAXWIDTH-1:0] X;
input [MAXWIDTH-1:0] Y;
output [MAXWIDTH-1:0] Z;
reg [MAXWIDTH-1:0] Z;

always @M, X, Y)
begin
case (M)
add: Z
sub: Z
PCi: Z
Acc: Z
default:
endcase
end

endmodule //alul6.v

IToAvTAékTNng 16-bit

module mux16 (z, s, a, b);
“include "defs.h"
output [MAXWIDTH-1:0] z;
input [MAXWIDTH-1:0] a, b;
input s;

assign z = s ?b: a; // s=1, z<-b; s=0, z<-a

endmodule //muxl6.v

IToAvTtAékTNG 12-bit

module muxl2 (z, s, a, b);
“include "defs.h"
output [MAXDEPTH-1:0] z;
input [MAXDEPTH-1:0] a, b;
input s;
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assign z = s ?b : a; // s=1, z<-b; s=0, z<-a

endmodule //muxi2.v
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Kataywentng PC kaw IR (vregl6.v) ATAG, un-guvBEGLLo LOVTEAD uviung (mem.v)

module vreglé (clk, q, d, en, rs); module mem (Clk, Wen, Ren, address, write_data, read_data);

“include "defs.h" ‘i?clude "defs.h"
output [MAXWIDTH-1:0] q; }nput Clk:
input [MAXWIDTH-1:0] d; }“PU: ﬂeﬂ,
input clk; inpu en;
ingut en; input [MAXDEPTH-1:0] address;
input rs; input [MAXWIDTH-1:0] write_data;

output [MAXWIDTH-1:0] read_data;
reg [MAXWIDTH-1:0] read_data;
reg [MAXWIDTH-1:0] mem [12'h®:12'hFFF];

reg [MAXWIDTH-1:0] q;

always @(posedge clk)

begin L
if (en && ~rs) 1n:%t1a1 ) .
q <= d; $readmemh ("prog.lst”, mem);
if (en && rs)
q <= 16'h0; alw?ys @(negedge Clk)
end beg1n
if (Wen)
endmodule // v_regl6 . mem[address] <= write_data;
- Y, if (Ren)
read_data <= mem[address];
end

endmodule //mem.v
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O xewprotng dedouévaov tov MUO (mu@_datapath.v) (1) O xewprotng dedopévov tov MUO (mu@_datapath.v) (2)

( M
alulé alu (
.M(M), .X(Xbus), .Y(Ybus), .Z(Zbus)
bH
module mu®_datapath(clk, reset,
Abus, Xbus, Dbus, acc, ir, pc, mux1l6 x_mux (
M, PCen, IRen, ACCen, Xsel, Ysel, Asel); .z(Xbus), .s(Xsel), .a(pc), .b(acc)
‘include "defs.h" bH
input clk, reset; mux1l6 y_mux (
input Xsel, Ysel, Asel, ACCen, PCen, IRen; .z(Ybus), .s(Ysel), .a(ir), .b(Dbus)
input [1:0] M; );
output [MAXWIDTH-1:0] acc; mux12 a_mux (
output [MAXWIDTH-1:0] ir; .z(Abus), .s(Asel),
output [MAXWIDTH-1:0] pc; .a(pc[MAXDEPTH-1:0]), .b(ir[MAXDEPTH-1:0])
output [MAXDEPTH-1:0] Abus; // Address bus N
output [MAXWIDTH-1:0] Xbus;
output [MAXWIDTH-1:0] Dbus; // Data input to MUO vregl6é ProgramCounter (
wire  [MAXWIDTH-1:0] Ybus; .clk(clk), .q(pc), .d(Zbus), .en(PCen), .rs(reset)
wire [MAXWIDTH-1:0] Zbus; // ALU output bH
. J vregl6é InstructionRegister (
.clk(clk), .q(ir), .d(Dbus), .en(IRen), .rs(reset)
)
vregl6é Accumulator (
.clk(clk), .q(acc), .d(Zbus), .en(ACCen), .rs(reset)
bH
endmodule //mu®_datapath
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O emegepyactng MUO (muld.v)

module mu®(clk, reset, pc, ir, acc);
“include "defs.h"
input clk, reset;
wire Asel, Xsel, Ysel, ACCen, PCen, IRen, Ren, Wen;
wire [1:0] M;
output [MAXWIDTH-1:0] pc, ir, acc, Zbus;
wire [MAXDEPTH-1:0] Abus;
wire [MAXWIDTH-1:0] Xbus, Dbus;

// Instruction and data memory (non-synthesizable)
mem memory (
.Clk(clk), .Wen(Wen), .Ren(Ren),
.address (Abus), .write_data(Xbus), .read_data(Dbus));

// Control unit

mu®_controller control_unit (
.clk(clk), .reset(reset), .opcode(ir[MAXWIDTH-1:MAXWIDTH-4]),
.M(M), .Xsel(Xsel), .Ysel(Ysel), .Ren(Ren), .Wen(Wen));

// Datapath

mu®_datapath datapath (
.clk(clk), .reset(reset),

.M(M), .PCen(PCen), .IRen(IRen), .ACCen(ACCen),
.Xsel(Xsel), .Ysel(Ysel), .Asel(Asel));

endmodule //mu@®

.acc(acc), .Asel(Asel), .ACCen(ACCen), .PCen(PCen), .IRen(IRen),

.Abus (Abus), .Xbus(Xbus), .Dbus(Dbus), .acc(acc), .ir(ir), .pc(pc),
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[Tpocouoiwon tov MUO yio agtAd TTEoyQouLULoL

Soxwung (1)

m To exdotote TTEOYEOUUA SOKWNAS SnAGVETAL WS ayelo
‘fprog.lst’’, ta dedouéva Tov 0TTOLOV POETOVOVTOL UEGW

wng $readmemh
m H ¢pdéptwon yivetar gto mem. v

B ATIAS TTEAYQOUULOL

0004 // load (LDA) the contents of memory adddress 4 into the ACC

2005 // add (ADD) the contents of memory address 5 to that in the ACC

1006 // store (STO) the contents of the ACC in memory location 6

7000 // STOP

000A // data stored in memory location 4
0001 // data stored in memory location 5
0000 // data stored in memory location 6
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"EAeyyoc 0Ong Aettovgylog ue

testbench (mu®_tb.v)

“timescale 1 ns / 10 ps
module mu®_tb;
“include "defs.h"
reg clk, reset;
wire [MAXWIDTH-1:0] pc, ir, acc;

mu® processor (
.clk(clk), .reset(reset), .pc(pc), .ir(ir),
H

initial begin
clk = 1'b0®; reset = 1'bl;
#10 reset = 1'b0;

end

always
#5 clk = ~clk;

initial begin
$dumpfile ("mu®.vcd");
$dumpvars (0, mu®_tb);
end

initial begin
#1000;
$finish;
end
endmodule

.acc(acc)
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[Tpocouoiwan tov MUO yio agtAd Ttedyeauuo dokwng (2)

Xpovikd didypouua (Tiwés oTo derkaegadiko)

1ans | | | | | | | | |
clk _ e e e
reset ! |

pc[15:0] s 0000 0001 ¥Ooooe VOD003 VOOo%
ir[15:0] O I W2008s ¥1008 V7000
acc[15:0] 40000 WOOOA WOOoe

state T TN T {FETCHYEXEC YTETCHYEXEC WFETCHYEXEC WFETCHHEXEC
Ren I} i |

lien 1
address[11:0] miO00 #¥oov  wool  ¥oos  ¥o0o02  ¥OOB X003 WOO%
read data[l15:0] & mai000% ¥OOOA ¥2005 OO0l ¥iOOR 7000
write data[15:0] TR 0000 {i001 VIO0A ¥I00z Y000 YODnZ Yooy
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Mn cuvBéaiuo, behavioral poviédo tov MUO
(mu®_behav.v) (1)

module mu®(clk, reset, pc, ir, acc);

parameter MAXWIDTH = 16, MAXDEPTH = 12;
parameter [3:0] LDA = 4'b0000, STO = 4'b0601, ADD = 4'b0010, SUB = 4'b0011;
parameter [3:0] JMP = 4'b0100, JGE = 4'b0101, INE = 4'b01160, STP = 4'b0O111;

input clk, reset;
output [MAXWIDTH-1:0] pc, ir, acc;

reg [MAXWIDTH-1:0] pc, ir, acc;
reg [MAXWIDTH-1:MAXWIDTH-4] opcode;
reg [MAXWIDTH-5:0] address;

reg [MAXWIDTH-1:0] mem [12'h®:12'hFFF];

initial
$readmemh ("prog.lst", mem);

always @(posedge clk)
begin
if (reset == 1'bl) begin
ir <= 0;
pc <= 0;
acc <= 0;
end
else begin
ir = mem[pc];
if (ir[MAXWIDTH-1:MAXWIDTH-4] != STP) begin
pc = pc + 1;
end
end
end
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Epwtnuota kol ToQatnencelg

m [Tolec o Stapoeég Twv Vo WoVTEAWV

B GTO GTUA GUVTOENG KOSIKA

G670 ugyefog ROk

otn duokoAla avdmTuEng

GTO XQOVIGUO TOUS GE KUKAOUG QOAOYLOoU
GTOV TQEOITO XENGNS TOV WOVTEAOV UVAUNG
Sed0UEVOV/ITEOYEAULOTOS

m II6te meotwdton n uio kot TOTE N GAAN texvikn axedlaong

i Yuvilmg n uviaun dedouévwv/meoyeduuatos dev asotedel
TUAUO, TOV ETTEEEQYAGTI
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Mn cuvBéauo, behavioral poviéAo tov
(mu®_behav.v) (2)

MU®

always @(opcode or address or ir or pc or acc)
begin
opcode = ir[MAXWIDTH-1:MAXWIDTH-4];
address = ir[MAXWIDTH-5:0];
case (opcode)
LDA: acc = mem[address];
STO: mem[address] = acc;
ADD: acc = acc + mem[address];
SUB: acc = acc - mem[address];
JMP: if (opcode == JMP) begin
pc = address;

end
JGE: if (acc[MAXWIDTH-1] == 1'b0) begin
pc = address;
end

JNE: if (acc != 0) begin
pc = address;
end
default: begin
end
endcase
end

endmodule //mu®
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