STEMER F4E
TXa1LL—37Ty

TEH TR
REFEIE

SEIL. FIEDOERICDIEGSE I TTaY S LKRME T E#DL LB EK
LR THAI T T LL—2TOUETERLET,



HIRID7 Fa lb—E3T Y

MEAEUDSHRE
A HL (ZTvF:Fetch)

%17 (Execution)¥ 3% m
: WA

Clk pg

clk | ACC

=
£l

clk{ we

A%E1

il

4>

BIED7 X1 LL—3TUIEPCIZHESTIEFIZAEY NSRS EHRAHEL (TTy
FL). EZTFLEL . PCEBEIOVINIUNT YT T RIETRREGEEEFTTS
CENTEEY,



OF =X, 1FHIZYHRASTLND

X+YESH L T2B (ML & PN 0)5% p—
we com Address |:||-.| T T
0 001 00000000 (oF- 3.

0 110 00000001 1%
1 000 00000010 2% Hh
com

001 /S_Y
1~
1 A

i

OFEM X, 1B/ HICYN A TULAIKREET, X+YZEHEL Q2B HICLESDIILUTD
SOCEFTEINFET . RYIDR—T (L, PCHOTLD ONEITESNTLET,



OFHITX, 1HFHICYMNRADTILVD
X+YZETEL T2EHh (TR B &
A AN | 4=
DEAT

we com Address

0 001 00000000 (oF- 3.
0 110 00000001 15
1 000 00000010 2%

com
110

i

RIZPCHANLIZHE ST, 1B DS FADD INETINFET . CORFACCIZIZRID T
DEITHERTHOIXDBAD>TVWET DT, X+YDETESNACCIZREINET,



OFMICX, IBMICYAAOTNG

X+Y’&E‘|'EL'CZ§1E(J§$N'E'J: nﬁ /—\mi/?

we com Address r" T

0 001 00000000 (oF- 3.

0 110 00000001 15

1 000 00000010 2%
com

R 000 LN
3

il

RIZPCIFBUHIUNTYTENT2(2HY . ST 2A”EITENET, CSTIEAEY
DweMN1IZH>TACCOIEI 2T I ZHEIHINET,



BIEIDT U DEER
« EAEVIZAODTWAHEE—DT DIESE

[ZE1T9 5
o HrE. FNICTEDVTUNIBEZELTZA2EN
TEHL

o $BYURLMATEELY

— FPILTYXLNETTELL

e E53FTNIETILTY) X LMNEITTESLSIC
HAHDMN?

— DlxEn s

BRI UL, R AEYICA>TWSaiSE—29 DIEFHFIZETLEL=, 374
hEERFEETEISED T T, HIELTENIZCEDNTOEIEEEZSHE
NTEER A, INIETHEHBRBRYIRULNTELRNELNSZETT , BYRLNTEL
WTROEIEELHFOHIEELTEMNEFNIEESHEWNE, CRIEZFRETT ., BHE)
HEEMELTEERMNEWNTT , ChIETILTY X LNREFTTELRWNEWNSZEITHYE
T o T ESTHNIELLD, EWNVSERIRETEDIF=L., STEHRIC DL THIER
L. FDOHERIZEONWTITOYSLDEFTELEZTONIEZBRLDTT,



FIEGRTNDEAN

« ACCORARZRIZLE>TPCONBELTET S
— HlfEdR 5 : 45 (Branch) &FF 5

BEZ X Branch Equal Zero if ACC==0 PC—X
1001 XXXXXXXX —opcodeld# & 2R DT
(f51) 100100000001 ACCH0%EBIXPCIELIZAHD —RIF
1BHDETERTH1EFHICIRA
BNZ X Branch Not equal Zero if ACC!=0 PC«—X
1010XXXXXXXX—opcodeldi#E L iR T=
(f51) 101000000001 ACCHOTH T IXPCIFLIZH S —
RIF1BEHD R RERIT 1B MRS

FRSUFERUE (GRATIDEM) ETT  SETORTELGESEITER !

CCTI. LB EEDEGSEEALET , CNIFACCOF HIZIELTPCORAR
#ZHELFEI,BEZ XIX. Branch Equal ZeroD =—E= v RIRT. ACCH0%LSIEPC
(IXIZHYET, 2FY., RIIXBASTOTSLEFETLET , COZEEZRIEMN
3T (taken)LT=EMFEUNE T, BAREBTIE XIZTRAEESIZENZINTT , FHIR
Uit nld, plEGmwEERAIN, BEEREYROGSEETLET . 2FYZ
DE | TIHEIZBPSLENEITRYFET,
T, ATa—FIF10011ZLELT =, SH(X1000MSTERFHD THRMIZZFDXE
E| HTH=MD T, BNZIEBranch Not equal Zero T, ACCHAOTEL T IXPCHAXIZHRY .
TO5 S LIIXEHICRUVET , A T3—KIE£1010TT . CORIEHEDARSUK
[IRVOEDHFTAEIDTRLATY , RIS LUNDGTIL. COHSHNT—F
AEYDTRLRIZE =2 TWVEL, COATERIRGTIEEFN LN DGR EEL
EOTWAIENHMYET,



DEMFICKETILT) X LDETT

0001 00000000 LD O
2 m 0110 00000001 ADD 1
1000 00000010 STO
0001 00000010 LD2
0111 00000011 SUB 3
n<n-l 1000 00000010 ST 2
1010 00000000 BNZO
1001 00000111 BEZ7

CZIHELE

No (#AF3yy OB O
n=0? RhyF) 3B 1
Yes 1% m

2% n

#BYIELICKYZILTYX LDOETHETEE
— FASJSLEME (Stored Program)AF =

DIERESEFESILBYRLEFE =TI TYXLNEFTTEET, CORIL. 15
DIEME2BMDENDEDENTEZTSTOTSLTY, £9. 0FhZ0IZ#HAE
LTHEE 1BMITm . 2B HICnE AN TEEET, SHI33FMEULTHEET,
0F M SACCIZIDL , 1B D ANBTEEL COFMICLEVET . cNTmZHE1EE
FEITHYFET, RID2BMDIEZIDL, 1%#51FFT, ZDF=HIZ3FHFME1IZLT
BE<OITTT, 5ILVEIFBR 2B IZELET . CNT. mE—EIE T =U[nh
H1%&5IKTEITHYET  ACCIZIENDFZ - TLNDAD T, ZZTBNZ 0 E1T9 D& n
MNOTRITFNIE, 0BHIZTOISLMNEREY ., ULLDEELRYRESNFET, 0l2Eh
(X. TOTSLIFERTLET . COFFETIXTOT I LAIUEINEITEATLES
=8, RIZBEZ 7 ANTHEFET, CCEFTEBIFACCOIEIF0AD T, ZDBEZ
FHFTRRIIL, BRBEEICRADT, ERIL—TIZHYET, chickYTRI S LA
[FFELELET, COKSICERIIL—TEFALTEILESEDIEES(FTIVI ALY
TEESRZELHYFET,



0001 00000000 LD O

1000 00000010 STO
0001 00000010 LD2
0111 00000011 SUB 3
1000 00000010 ST 2
1010 00000000 BNZO
1001 00000111 BEZ7

o)

[l (€V]/\V] (@]

i

4>

HEY % |
clk we=0

TR ZOT7ITIVXLDORITOHRFERLET . Y. LD 0TOBMDT—53%
ACClzA—FLZEY,



0)
0001 00000010 LD 2
0111 00000011 SUB 3
1000 00000010 ST 2
1010 00000000 BNZ 0
com 1001 00000111 BEZ 7

1 /5 Y_\
2 A/\

0110J00000001

o
S
S
S
S
S
S
[
= (whojo

clk ‘ we=0

il

4>

A%E1

RIZIBHDEMZEMELE T, CCTIHE2HAA-THET,



0001 00000000

1000 00000000

LD O

STO

com

1000{00000000

S 000 LV
3

U001 00000U10
0111 00000011
1000 00000010
1010 00000000
1001 00000111

i

4>

AE

[l (€V]/\V] (@]

clk{

we=1

LD Z
SUB 3
ST2
BNZ O
BEZ 7

COREREOBMICHEIMLET , §ETOZo=DMN2(2HYELS,
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0001 00000000 LD O
0110 00000001 ADD 1

| 0001 00000010 LD 2 |

0111 00000011 SUB 3
1000 00000010 ST 2

1010 00000000 BNZ 0

com I N\ 100100000111 BEZ7

001

1+ THB

clk
ap .

0001J00000010

00000010

=[N

clk ‘ we=0

il

4>

A%E1

LD 2T, SEIEmMZEACCIZHEF>TEET . mIEZ3TLT=,



i

com

0001 00000000
0110 00000001
1000 00000010

0111 00000011

LD O
ADD 1
STO

SUB 3

TO0U 000000T0
1010 00000000
1001 00000111

B AT\
A

= (Lo

clk{

we=0

STZ
BNz 0
BEZ 7

MM 1% 5I<F=HIZSUB 3FEITLET . 3FHIZITIAH DT, SN Tm—1H,

EITSIN=ZEITRYET,
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com
000

0001 00000000
0110 00000001
1000 00000000
0001 00000010

[l (€V]/\V] (@]

LD O
ADD 1
STO
LD2

CDIEZ 2B/ HICHEMLET

14



0001 00000000 LD O

BNZ@ 5 DET 0110 00000001 ADD 1
1000 00000000 ST 0

operand 0001 00000010 LD2
JIVFILIY 0111 00000011 SUB 3
== 1 00000000010

1010 00000000 BNZO
00100000 B

00000000

1~ 7 com
z ;s Y ;
3'k£4ﬁ| 1076 | Dec-C02 HHFI—4
O Cmom iR
clk 2 ACC=0DET
6 (kD TILFTL OB EFI#H]
1010{00000000
0
2
- :
0
WHEATEY i
clk we=0

ZZT.BNZ 0ZETLET, COE=OHIZIE. i S TI—4 T10102 B HLET , [
BEICACCO R EMNOMEINFRANET, AL LB E AR CHRERTEET
9, 1010 CACCOEMNOTHEITNIE, i F P D FRSEYrEPCIZEYNLET , 2D
BAPCIZOLAY, TOT S LIZOBIMNSBURITEINET , ACCOFEMNOTHL
(X, BEBYPCHIMPCIZEYRENFET,



7 ¥ a1 LL—2T L DVerilogEd it
AHAELOREZ, DAVYDEE

‘include “def.h”

module amb(
input clk, input rst_n, N
input [[OPCODE_W-1:0] opcode, [ BTAE ]
input[‘ADDR_W-l:O] opera}nd, I F_BAE)
input[ ' DATA_W-1:0] ddatain,

output we,
output reg [[ADDR_W-1:0] pc;
output reg [ DATA_W-1:0] accum);| @& AEJDTELR

wire [ DATA_W-1:0] alu_y;
wire op_st, op_bez, op_bnz;

Tl DIREBEDDON=T X1 LL—ETL 2 DVerilogitikERLET, AHAIE
BIEDT X1 LL—EIL U ERLTTA ., ANFHSERETHEST DI,
BEZAR 4. BNZER S & H 9 H1E5 THHop_bez,op_bnzZFHELTLVET , CDIE
E(FFTa—FH1001E£1010TENRENHLALIZHEYFET,



7 ¥ LL—2T T DVerilogitit
TaA—REA® A ALUD R
assign op_st = opcode== 'OP_ST;
assigh op_bez = opcode== "OP_BEZ;
assign op_bnz = opcode=="OP_BNZ,

def.h

assign we = op_st; “define OP_ST 4’61000

“define OP_BEZ 4’b1001

alu alu_1(.a(accum), .b(datain), ‘define OP_BNZ 451010
.s(opcode[ SEL_W-1:0], .y(alu_y));

nEBRHET BVerilogiRik (FFE T, A T3—FERZHERTNIEELNTIT, ALU
DEKIEDEHITEIEIERLC T . ATA—F D FHRIBEYRAALUDSIZA N TLY
BREIZTEELESLY,

17



mENTI—k

assign op_st = opcode=="OP_ST,;
op_stiESTRR/MNITyFEIhf=EEEIT1IT4D

assign op_bez = opcode== "OP_BEZ;
op_bezIIBEZ@EM Iy FIhiEEEIF1124HD

assign op_bnz = opcode=="OP_BNZ;
op_bnzlEBNZEEMNRIzyFENTEELIT112HD

ChoDESREME>T. CPUDEIMEZFIEHT S
COESOLERERNTI—FERR
SEE. STHH, BEZ&N. BNZAFZHETI—FL. aEAL/S
S—UDRAEERD
- *féeua?ﬂeuu—awqz%éiﬁﬁbt%ié?ﬂuj.\u—mzx

LDEBRHN—FEELTERSD

— A TaA—REZARTEDRENTTVFINIERARZZENIVEL—4
[CIIREICRY, ChEGSTIA—RFERVFET, SEDTF1LL—E2TI UL,
STERSY. BEZER S . BNZER R TETaI—FLET MO GHIETAEYETFa L
L—2DHhBHEAUTEELTEZEZ7 X1 LL—RIZANS I ELVSEBOWET
HY. BEDATA—FDTHBEVREAWUDIATURIZANTAWUTITOEEDTE
WELEATEERLET,
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7 ¥ a1 LL—2T L DVerilogEd it
LT R 50l

always @(posedge clk or negedge rst_n)
if(Irst_n) pc <=0;
elseif (op_bez & (accum==0) | op_bnz & (accum!=0))
pc <= oprand;
else pc <=pc+1;
end

always @(posedge clk or negedge rst_n)

begin
if(frst_n) accum <=0; FRMDOGET
else if(lop_st & lop_bez & lop_bnz X7 FalLl—
accum <= alu_y; ZIZALUDHE A
end S
endmodule

RIZpcEBDERIRTY , FETIEUEYRUN Tl pctlZ ANSIETEIAVIA
DRI TLTWEL . CNITHIESR RS DREFFITMA TS, DR BH K
MTEINEIHIFRRNET, L. op_bezDFEYBEZE 5 TaccumHOD B,
op_bnzDFEYBNZAF S TaccumMOTHWEFIZARTURDFEYRUVIEMPCIZAYE
ERR

FXalhl—RaccumDiBibHZEELET , op_st, op_bez, op_bnz® B (Faccum|Z4d]
ZLNT . E5THUOBEFICALUDE AFaccumITANS KSICEBLET,
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S—TA4TAbwmT
* 7XaLL—3MB15IEFN!
—-3BMIT1ZEHONLOHANTEE
—-SUB 3
- BEEIZRLEY, BILV=YTENIEER !
- 3T HS (EIE. DESS
ADDI #1 ACC—ACC+1
ADDI #-1 ACC+ACC-1
MRI—FPOHEFELDFFHRICMES
FERGZDOTEDIL U THRL>TLD

RIZES5S—AHBRBEITVET . PX1LL—EM5H1Z5I<KERIZ. 3B MIZIZANT
HE.SUB BEETLELIz. LHL. BEELIZZELIZY. 5ILVYTESLERTY,
hEERITLIONAMI—TAIAMRS (Immediatedi$y) ELMNVET . BARETIX
B, B{ELFEUET , ADDI #1, ADDI #-1D LS IZHEI—RhDOHFEFDEE
HEICESCENTEET . BHLEDOTEDTL U EIDGSERE >TLWVEY , O—
FRDHFENEEEREICEHONDSZEERFT H-OICHFDREICHEFFTTL
FT . ARINIIDELGNTT N, CORETIEMEVWERHRSCEOHIZ, ZDFEEE

ELNET,

20



ADDIar 5§ D F5Yih5E

« ADDI#X 1110 XXXXXXXX
ADDI#1 1110_00000001

ADDI#-1 1110 11111111

opcode® THI3Ewk110ZADDEHEIZL THL
ZITHR>=C&Iz5 <

HEI—FPOHFIEBE YR UM FEELEL

LMLT—4RIF16E v Es:

BOHLRODLENHD

— FFE¥iE5E (sign extension)

8bitDFJZ LMD FFE VLESE vME->TI6E Y HAE S IEHBIEL TS
2: 00000010 — 0000000000000010

—2: 11111110 — 1111111111111110

CCTIXADDIGEEETLET . ChIZIX1110ZENY H TET, FRBEVEETE

T AHEIZEYETET, CCTHRA=CEICRDEEFT  FA—FRIZELIEN

TEAHFILSEYMEDIZ, COT X1 LL—2TL DT —AMgIF16E v HYE

T, LB1BILN YT D TEAMIZHSHOBERSDHENHYES, T,

FFS¥i5R (Sign Extension)Z{TWLVET . ChIFBEVF DR LMD FSE vhESE wh
S ERIZHL, #iF16E YN I5|IE@BIELTOBRHETT , chlk, avEa—4m

HOWBIGRTHENET, FEEEZ LGS, 02O NIE L ThEEOHEE
EFEVET,

21



BREt DA A—:
com N ADDIf & DE D
—/S operandZ®HEHLIRL T

A B ALUDBAAIZANTH®S

alu_b
- accum
ddatain
operand | 4‘*%’“5;

\ |
clk ! we

CHDAE—TAIAPRTIL AR ST—RFHATDRDOYIZ, ARSUREFR
SHREL-LDEAWUDBADICANDIETERLET . CNICZIETILFILYY
EELNET,



FFEHLER & OHLREE D VerilogED il
(n{x}}HIxZENERYRLTHREELEEZEKT D
s RIC#HD#EYRLIF{HEYIRL EIZ{E)}

5l {8{1'b1}} — 11111111 {3{16’habcd}} —
abcdabcdabcd

{ {8{operand[7]}},operand} —
HFBEYrESE YRR, operand&EifE— HSHLE

{8’b0,0operand} —
0%8f{E operandZEFE - OHLE

ZZT. FEHsEEEOHEZE VerilogilB R RN LET . (n{xHExZEnEI#EYIRL T
WREBRIWTY , FlELOMNRSARRITRLET . FEIRIIINZFIALET,
operandE8EWREMD T, HFEE whldoperand[7] TF ., T E8E whili X Toperand
LEHZITNIEFENRICAYET, EOHERIE. CORDHYIZ0ESDIERET,
DERIF{IHABEIZHLDT, RENWTI M, Thid. £ LEOOPLGNER-TLE
SWVEH,
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INADERE {, )

wire [3:0] a,b,c;

wire d;

wire [7:0] x,y;

assign x = {a,b}; 4bitMD/\RA%EZ=DEHEL T8bitIZT S,

assign y = {c,d,d,d,d}; 4bitIZ1bitZF4D&E$EL T8bitIZ3F 3,
{(YeE>TULKDTHELDDIFT—DD/NRIZTES,
EBEEFE->TANRD S EILATRE

assign {a,b} = x; assign a=x[7:4]; assign b=x[3:0];&EIL

assign {a,d,d,d,d,b,c} = {x,y}; HELELZ LB TED

EAPTVDTEESI S EEDEOEVCTEE

DNTITNADEREDFEEZHRALET , Verilogld{ |, )OS TREHEITERL TN
ADHIZTHIENTEET  ALICHLEDICHEICENTEFT . HAHAPT LD
TREVWFETH, ZADBDENTEEL TSN,
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(I THRIFRETS

« HIEIDTAMMUF
— assign opcode = imem[pcout][11:8];
— assign operand=imem][pcout][7:0];
s SEIDTAMMUF
— assign {opcode, operand} = imem[pcout];

* RICZEZENTLDA, TOANGMY R
EA

BIZIE, BTEIE DT TEVERRY, { JEFE THMNYBETENTEFT . T

DAY ZVERNET, COESHITHEBERESIDTIA, EiDERTD
EABT RIS ESIZTERBLILEL,

25



S—T 14 ITA MR DVerilogitih
wire op_addi;
wire [ [ DATA_W-1:0] alu_b;
wire [[SEL_W-1:0] com;
assign op_addi = opcode == "OP_ADDI;

assign com = op_addi ? "ALU_ADD: opcode[ SEL_W-1:0];

assign alu_b = op_addi ? {{8{operand[7]}},operand}:
ddatain;

alu alu_1(.a(accum), .b(alu_b), .s(com), .y(alu_y));

aT R IEcomITIEZANTS,

iverilog test ambi.v ambi.v alu.v

Ja.out > | tmpTHEREHEZRLTHLS !
“hit test amhidatZEATINA

S—TATAMREEMAMT B1=0IZVerilogiB R EEELET . AT TI—KHADDI
DEEREL. FEHEEL-EZAWUDBAAIZANTOYET, COEHIZ
op_addikalu_b&EWSEESEEELET . alu bIZALUDBA AT, SETIXAE M
SDANZEEANTOS=-OTIT M, op_addiBNHD B (X, FFEIRRLI=A RS
FEANTOREIILET CI(F. FHEEFEHELET,
ADDIEMEZEITLVET A, ADDIFIHILX1110TERL THY. F3EYFEZALUDADD
OYURM110[T>TWET  HO T, UFTEYA TI—F D TF3EVrE AN T
NIEBWTY, ChIFEFEaWNTIZYIT—RIEIIHNTT, T 13—T«
IACREEES=TOTSLEHNMLTHELLD,
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EEWNS
ATa—K |77 | Ek
0000 NOP |No Operation {aJ+ L%z
0001 LD X |Load ACC— (XDHEH)
0010 AND |i#IE#E ACC— ACC&(XDH 5)
0011 OR HIBMACC— ACC| XDH5)
0100 SL £k ACC+—ACC<<1
0101 SR £ T+ ACC—ACC>>1
0110 ADD |ME ACC—ACC+(XDH5)
0111 SUB |J#& ACC—ACC-(XDOH5)
1000 ST X |Store (X) « ACC

SETHTELER. O—F AT RREFLHFT,
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Iz dn 455 . ADDI

ATa—K |77 =X

1001 BEZ X ACCHOE S IEXIZHRAR
1010 BNZ X ACCHOTAEFAIEXIZFR A
1110 ADDI #X |ACC«—ACCH+X(FFE¥iik)

SEF T MA =PI E S . ADDITREFLHET

28



REBDFEED

s DEMFIFACCOFEZFFIMLTPCOHHEZEZTHZD
— BEZ ACCHO#5IERLAT
— BNZ ACCHOTHEITHIILRIL

o DIKHHEFESETILTVXLNEITTED

s A3 —TAIAPGRIE. I—FFOHRFEEERTENT
5
— ADDIg %

AV TR BATNESSHDFEEDHTY,
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4 H®MVerilog #X

« {n{x}}EIxZEnERYBELTIRE_ELEERE
5

«{, JTESKEEERTED
—~EEDIEDEWVITEE !

EAEAFHLWVEXA B TEEL, SEIIFEYMEEICEEST 53D TY,



R E R
HE

— 1HEHITXHEHEIN TS X+(X-1)+(X-2)+...2+1% &t
957055 LFRTEEL
« IREWIXimem.dat
EE2
o ARSURNFEIRINTTF2LL—FITAD
LDI#X 1011 XXXXXXXX
MREEREE L
Evk:20FELHS
MDADDIERILAE T, ALUDComZ001IZ9 3,
Q@7 F1LL—EDAAICEEANTYDS
WIhi. op ldEEEE &
test_ambi.v®Dimem®DEZTE 747 L Zximem_Idi.datic ANhEZ
TTAMZAWK
Bt amhi v
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