VLSI (4361102) - Summer 2025 Solution - 9|%2Id] by Milav Dabgar

yed 1(1) [3 d1e1]
25(dd14 Hecd sendl

SdIGI:
25(da1 semiconductor technology A 412101 delikdl 44 device performance yaiRdl HI2 HRid Hecaypl ©.

2521 sIaEl qeid

Device Size @Il density Hi2 transistor dimensions €215 €
Speed 2sl channel length 2il 2sul switching

Power uld operation 9] power consumption
Cost ggj chips per wafer, function €ls issi cost

e Technology advancement: Moore's Law Ig 21UdIHi 24&H Gi-Id €
e Performance boost: Gl frequency operation 2IS 6idId €

e Market competitiveness: -1, 3sul, d2dl products

Algdidl [2u: "Small Devices Speed Progress Cheaply"

yed 1(c) [4 dpei]
Planar MOSFET i FINFET il @I s?i

¥YJIGL:
FinFET technology i1 nodes u? planar MOSFET -l HaigiAi+1 G5d 41N 9.

uanilz? Planar MOSFET FinFET

Structure 2D flat channel 3D fin-shaped channel
Gate Control Single gate Tri-gate/multi-gate
Short Channel Effects AI41 nodes u? Gl gyt 2ld 2Hie)
Leakage Current Gl subthreshold leakage Uil Aigsl leakage

e Scalability: FinFET sub-22nm technology nodes 2is2 6i4id &
e Power efficiency: FinFET dgj 211Ri power-performance ratio 414 &

e Manufacturing: FinFET ag %[2d fabrication Hidl &

Aledldl [2u: "Fins Control Current Better Than Flat"
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ved 1(s) [7 2Lel]

\ \

N channel MOSFET «l VDS-ID ¥4 VGS-ID digif@isdidii €i] A4 44¥di

¥dIGi:
N-channel MOSFET characteristics 24@21 24@21 operating regions Hi device behavior €2iid .
disld:
[
VGS-ID Characteristics VDS-ID Characteristics
ID 1t ID 1t
| VGS4 | VGS4>VGS3>VGS2>VGS1
|  ves3 |
| ves2 | /
| vGs1 | / Linear Region
vT|/_ | /
I = |/ o
VGS VDS
uEel Raild 532 ¥Hlsel
Cutoff VGS < VT ID=0
Linear VDS < (VGS-VT) ID « VDS
Saturation VDS = (VGS-VT) ID « (VGS-VT)?

e 2elies diees (VT): conduction Hi2 dgjdH VGS
e Transconductance: saturation i VGS-ID curve i slope

o 1By uldsi?: saturation region Hi [Guzld slope

Aledlidl 2u: "Threshold Gates Linear Saturation”

yed 1(s OR) [7 djei]
Jisezdd clia 501 MOS U2 Ggddl a2 2] B4R AuAdl

SdIGI:
External bias 4621 @21 charge distributions 6i4id © s MOS capacitor behavior 4 422 s2 9.

visld:
[
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Accumulation VG <0

MOS Under

Depletion 0 < VG < VT

Inversion VG >

U2l Uz holes vissl a1

du12l carriers &l vidl

ia [R2ld
Accumulation
Depletion

Inversion

AuizlHl (Rala
y12] u2 majority carriers
sig mobile carriers 42il

Minority carriers channel 6i4id ©

o 5d2 Gi-s di%: sig charge separation [RdcHi el

o A4 Gi-s GilSd1: carrier distribution ss] s2 &

o uigli [deid: inversion layer formation [2if6id s2 &

e didl [2u: "Accumulate, Deplete, then Invert"

yed 2(A) [3 dei]

c [ ALY N\
A1 graddl diRy alige C-II&I[EISCII Elzl

¥dIGL:

¥igel g-922 infinite gain aiel logic levels a2l dlael URdd- 419 ©.

| voL

VIL VIH

VIN
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e dlael uRadd: switching point uz infinite slope
o dighs HI[F4: NMH = VOH - VIH, NML = VIL - VOL
e 2iyel dif¥s dad: VOH = VDD, VOL = 0V

AlguidlHl [2u: "Sharp Switch, Perfect Levels"

yed 2(c1) [4 d1ei]
Aigfs grYfd2] i Aigs HIFA A4d]

$dIGi:
Higfs gyf42] circuit Hl A4UIEdI [RoAd dfRARIA A As1d1H] &Hdl HIY ©.

EIEY X vl giRdl

NMH s1g-dad Higfos i@ VOH - VIH

NML dl-dad Higfs i@ VIL - VOL

digs gryf2] H1€f25 4s1Rd14] &M dl Min(NMH, NML)

e dif3s gelics dad: VIH (input high), VIL (input low)
e 1G2y2 ddd: VOH (output high), VOL (output low)
o ag 12 gRJ[A2]: Hial Higs HIlF ag 412] et HIU &

o [335194 @8A: HxGid operation HI2 Higs HIfF geRal

AiguidI-l [2u: "Margins Protect Against Noise"

yed 2(s) [7 d1el]
Saturated i linear depletion load nMOS g-d2? 2112l g-a2? 24[S2 deid s

SdIG:;
Depletion load nMOS g~z active load resistor d2ls depletion transistor diu2 .

disld:
[N
VDD
|
|
| ~———+---| MD (Depletion Load)
| | vT < 0
| |
r S VOUT
|
|
| ~==+---| MN (Driver)
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| | vT > 0
I |
I |
VIN GND
dis UsIR J12 sdseld ENELIE
Saturated Load VG = VD d¥ell saturation Hi
Linear Load VG =VDD Linear region Hi siH s3] 21S &

o [Swileld [Sa1gd: VGS = 0 218l de s2 9, current source d2ls siH 52 &
e dis dig- [Gedvel: operating point intersection 4ssl 2 ©
* IR S3YRIRAA: $H2ll ded 52 8, Gl static power

e [afR¥d1 adls: pull-up sadi pull-down syl

Alguidll [2u: "Depletion Loads Drive Outputs”

W2 2(1 OR) [3 2fel]
Vsl H2 diS P2 €I A4 UM

SdIGi:
Enhancement load g2 v biasing /12l enhancement MOSFET 4 load d?l5 diuR .

disld:
[N
VDD
|
|
| ~——+---| ME (Enhancement Load)
| | | vT > 0
| [ ——
o Fom—— VOUT
|
|
| ~==+---| MN (Driver)
| |
| |
| |
VIN GND

* GJ222U SHsel: dis HI2 gate 4 drain 212 %isiid

o Huiféd 1G2y2 e1g: VOUT(max) = VDD - VT

APAY

o 2elics 4sald: Enhancement load dics i s2ud &

Aledldl [2u: "Enhancement Loses Threshold"
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yed 2(6i OR) [4 de]

CMOS g2l SIAEl Beldi

¥VAdIGi:

CMOS technology NMOS g-ag? sadi 2ivs performance iU €.

SIAE

2 Rs uigR
20-g-2d H1G2y2
Giail Higfs gayf2]

AxuHICI [RAlRd)1

dici

steady state Hi sigf current path Heil

2iyel VDD 44 0V 241Geye dad

Hial 41 1%

6121642 rise 44 fall times

e yldR AElRIAA: Hi5 switching £2fH2114 dynamic power

e 25dlGi[a2l: ¢ial technology nodes U2 a2l 2ld siM s2 &

NN

o §4-21G2 &MdI: -5 inputs §Igd s3] 215 ©

e dIvdId [R2RdI: performance diuHi- U2 Aiss] 2ide-eild

Al diql [2u: "CMOS Saves Power Perfectly”

yed 2(s OR) [7 3jel]

CMOS g-a2241 AIu2221 His Y2l €iR] A4 AH¥Wd]

¥dIGi:

CMOS g-a32 operation input voltage I AI€I12 Uid 4@ A1 regions M1 €.

2isld:
[

///

Region 1: PMOS ON,
NMOS OFF

CMOS Inverter Regions

\v\'

Region 2: 6i4 saturation Hi

Region 3: Switching point

Region 4: ¢i4 saturation Hi

No. 6 /22
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el NMOS [Raifd
1 OFF

2 Saturation

3 Saturation

4 Saturation

5 Linear

PMOS [Raifd
Linear
Saturation
Saturation
Saturation

OFF

[RafRi>1 gelies: VTC region 32 VDD/2 4 UlR 52 &

s32 sdl: HI3 transition regions 2,3,4 €241
183 HI[Fd: Regions 1 244 5 gry[d2] 41U &

2lgd: Region 3 Hi HedH (switching point)

e diql [2u: "Five Regions Control CMOS Switching"

yed 3() [3 d)el]

CMOS aruild 6l g4y2 NOR di2 €iei

YAdIGi:

CMOS NOR 22 complementary networks diuzl4 De Morgan's law AHAHI 4S 9.

Aisla:
[
VDD
|
| -—=+--—] MP1
la |
Fom et
| |
| | ———+-—=| MP2
[ -
T T Y = (At+B)'
| |
| —==+——-| | —==+---| MN2
|a | I8 |
| | |
| | |
|
GND

* yd-¥y d2ds: 2131 PMOS transistors (sl 241G2ye Hi2 A 244 B 6id @)

* Yd-sIGd d2as: Uad NMOS transistors (¢l 241G2y2 HI2 A 12idi B i)

dil¥s §sei4: Y = (A+B) = A' - B'
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Alevdlidl 2u: "Series PMOS, Parallel NMOS"

yed 3(ai) [4 3]
CMOS d1uild 6ifGd §selid Z= [(A+B)C+DE]' AHd s2i

SdIGH:
s[2d CMOS difFs siigiH A4dls2e1 412 AOI (AND-OR-Invert) 2252 diu? 9.

digld:
VDD
I
o S —— +
I |
Gaasiaasl asdaaal
|A I |D I
| I I I
I |
| ===t==-| | ===4-—-|
|B I |E I
I I I I
I I
| ===t==-|
lc |
| I
I
o o R 7
I
PSS s PSS ST IEIEEE +
I | |
|==mteme|  |mmmtee=| et
|A | IB | c I
I [ [ I
I [ [ I
| |
e N e ]
|D | |E I
I [ I
I [ I
I
GND

e AOI 2s)R: sikialH single-stage vHdlszel
N C \ \ N
* A d2ds: siiau-22] pull-up 44 pull-down
o dil¥s AIM2UIYISA: A2 212 Sdi Al transistors

aiguidlHl [2u: "AOI Inverts Complex Logic Efficiently"
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yed 3(s) [7 dpei]
UARIRSs [Suigy Suldiz2- 2112l CMOS NAND?2 di2 €21 A4 d4¥di

SdIG:;
CMOS 2l2Hi YRiI[Ail2s sulde- switching speed 44 power consumption 4 442 52 ©.

disld:
[
VDD
|
| -—=+---| MP1 Cgdl
a | |
R S Y = (AB)'
| | |
| | -~—=+---| MP2 Cgd2
- |
S S S +
| I |
[===+———] | -==+---| | Cload
|2 | IB ||
| o |
0 1 |
| I |
Cgsl Cgs2 |
| | |
GND GND GND
BRi1RIs sulde-:
Cgs - Gate to Source
Cgd - Gate to Drain
Cdb - Drain to Bulk
Csb - Source to Bulk
suld2~ 22l AR
Cgs Gate-Source Input capacitance
Cgd Gate-Drain Miller effect
Cdb Drain-Bulk Output loading
Csb Source-Bulk Source loading

o [RaRidI [Geic: UifARs $ul@e- transitions &4l 52 &
* yIdR sosYrRIA: URiIRIRS caps UI¥/(SaI% s2al
o [Ha? g5se: Cgd feedback 6iH1d &, switching €y s2 ©

o dVIG2 AHilRHIgs2I4: Ui[[2s SulJ2- il s2al

Aledl4l [2u: "Parasitics Slow Gates Down"
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yed 3(4 OR) [3 d1el]
CMOS diuzld NOR JH1¢1fRd Clocked SR latch €i2i 244 A4l

SUdIG:
Clocked SR latch synchronous operation Hi2 clock enable 12l NOR gates diu2 €,

visld:
[

NORH1 Q

CLK

NOR2

NORS3 NOR4 Q'

e SAIS $2id: S A4 R U CLK = 1 Sl IR & A¥RBIRS

o 21U His: clock sy ¢l IR HHIG2Y2 input 4 AH212 ©

N \

o ales His: clock s iy IR AHIGyz Rald w1nd &
o yueyd [GilSa1 edls: flip-flops Hi2 vIii

Al diql [2u: "Clock Controls Transparent Latching”

W2 3(ci OR) [4 d]el]
CMOS d1uild 6ifGa §seid Z=[AB+C(D+E)]' AHd s?i

SdIGH:
I §sel4 AOI difFs 22s2 diuld inverted sum-of-products AHHaHI 4S ©.

dif¥s ([dedwer:
* yu:Z=[AB+ C(D+E)'
e [dagd: Z=[AB + CD + CE]'

o uHdls20e1: el AND terms NOR A AU AId €

No. 10 / 22




A1G2y2

VLSI (4361102) - Summer 2025 Solution - 9|%2Id] by Milav Dabgar

gy
A B
G, D
CE

Gel terms

o AOI yAHdlsel: [[Fo1d 2%, siieiH [551¢/4

o 21[3222 S1G2: A2 212 IS0 Scdi A1

o yRsiHA: 354] switching, »11si power

Aledldl [2u: "Three AND Terms Feed One NOR"

yad 3(s OR) [7 d]el]

Gelsel 12 AOI 244 OAI dil¥sd 24dd1 uIS]

¥YdIGL:

AOI 244 OAI siigii CMOS viHdls2el Hi2 Yps dilds ulRdiRi ©.

vnilz2
RSAUR
§seld
PMOS d24s

NMOS d2us

AOI (AND-OR-Invert)
AND gates — OR — Invert
(AB+CD +...)'
Series-parallel

Parallel-series

AOI Gelsel: Y = (AB + CD)'

PMOS: Series A-B parallel with Series C-D
NMOS: Parallel A,B series with Parallel C,D

OAI Gelsrel: Y = ((A+B)(C+D))

PMOS: Parallel A,B series with Parallel C,D
NMOS: Series A-B parallel with Series C-D

o [$3318 uRiedil: offdu §sei- siH AHgIR uie s

\

o AIfSHIYBIA: 21[3222 SIG2 A (GG HIV] 2 &

e gddl: AOI 14 OAl De Morgan duals &

Alewdldl [2u: "AOI ANDs then ORs, OAIl ORs then ANDs"

No. 11/ 22
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AB
CD
CE

(AB + CD + CE)'

OAI (OR-AND-Invert)

OR gates — AND — Invert
((A+B)(C+D)...)'
Parallel-series
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yed 4() [3 d1el]
vl Ii: 1) Regularity 2) Modularity 3) Locality

$dIGi:
VLS| s2ddid 2idifdd s2al 44 150 v4dls2el yfA[2d s:a1 Hi2 [Sas194 s1is] [Rigid] 2AIdeds .

Rigid I SIAE

Regularity AHI4 2251 912412 GUIdI A0 dAHIG2, 2291
Modularity [SAIEI4 AII GaiSAHI ddug 24t [SA184, Y4:Guidl
Locality Hi2 ¢i19] 2241[4s interconnections 218 routing s2dd

o [S35194 sideudl: [Jigid] [S31g4 AHY A4 UAIH €215 ©

NN

o dRI§Se: HisyaR e 2[x221 2401 GiHI1d &

o 23dlGild2l: Hizl, ag sRd (319 21sA Gi-1d &

Al diql [2u: "Regular Modules Stay Local"

yed 4(cl) [4 d)el]
CMOS g-a22 diuld SR latch (NAND 2i2) AHd S2i

SdIG:;
NAND iz diy2ld SR latch active-low inputs d12l set-reset functionality 2414 .

2isld:
[

NAND2 —

S' NAND1

Ac sies:
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s R' Q Q Raild
0 1 1 0 Set

1 0 0 1 Reset
1 1 Q Q Hold
0 0 1 1 HHI=

o SIA-SUS RSUR: HHZ §5eI AU ©
o ls2d-dl g4y2a: S'=0 e s2 &, R =02lle s2 &
o yldeifdid RaAld: cid g4yz isaid di

Al diql [2y: "Cross-Coupled NANDS Remember State"

yed 4(s) [7 d|e1]
VLSI (35184 sdi 44wdi

SdIGH:
VLSI [S3s1¢) sdii specification 2il fabrication eildi cud(Reid udldil A412 ©.

‘ @22y 2§54 H AI[E252020 (32318 H sseld H dil’s H 52 (33184 H (3P3sd [Ss1g H 5[Gi52i4

2221 i

dad ugfdii H1G2y2

(J22u sI9esdl [Geduel A (5521
vIS2su2 cdis-dad [Sa31¢/ [Feeu AI[Sesu2
dif¥s oj[da HifeHIg3el4 dle deldze

als2 215222 A1g[339] Alsz q2fdee
(sP3sda di1Be, routing GDSII sigd

o [333194 dR(§S2I4: €25 dUd HIAdI %33
[ N N \ N
o YdRuddd: AifRHIg32l4 HI2 glscis g
e CAD 26 sl2dl [Ss1g Hi2 Hi2ibeld AH19eUs

o alsjl-l-g-mEa: siiei sdi [S31g4 1S €215 &

Alguidll [2u: "System Architects Love Circuit Physical Fabrication"
yed 4(31 OR) [3 dje1]
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SUdIG:
Y-2418 VLSI [3951g4Hi 2@l [S31€/4 Sivid 244 dH-1 abstraction levels g2iid €.
Aislda:
c
Behavioral Structural Physical
S —
System Algorithm Gate

e el si¥d: Behavioral ($sei4), Structural (components), Physical (geometry)
o AGgseld dud: System — Algorithm — Gate — Circuit — Layout

o [S2194 usild: 214 abstraction level u2 SiH- 2l g2

A1 didl [2u: "Behavior, Structure, Physics at All Levels"

yed 4(ci OR) [4 ﬂl!I]
CMOS g-a2i Guaidl s34 clocked JK latch (NOR di2) 14d S2i

FdIGi:
JK latch toggle &Hdl 2112 SR latch -1 uldciféid (28ifd g2 s2 ©.

[9)

disld:
(X

NOR1 g Q ~

J \ NOR2 I

AND1

AND2

N /

CLK

Ac sies:
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J K Q(next) dAiuR2l
0 0 Q Hold

0 1 0 Reset

1 0 1 Set

1 1 Q' Toggle

2idid His: J=K=1 211G2y [xalfd [sau s2 &

SAIS WAGIA: HIol CLK=1 ¢id IR ¥ A5

1SGIS: g-Y21 UM Sl HI2 ddHIH 2A1G2Y2 dIUR &

AiguidlHl [2u: "JK Toggles, No Forbidden State"

yed 4(s OR) [7 d)ei]

([Gai2118], i1, SHI192, AiSASAA, V1A UAIRIYLI, HAEI FdI 2AGET AHWd]

¥dIGi:
Integrated circuits 6idigdl HI2 ¥11deas semiconductor fabrication processes.

SEDT éq ugld

(Gai2ngl Ued 21-482 Hi2s gl2l UV exposure
dRIdI HeRud Ryud afl1/ys1 212112(C1s ulsaiAi
SHIg2 daR GHRI CVD, PVD, sputtering
difssal gyde gle A/ 193M] A(SA5 814
A4 YeARIVEI sifgor Ry GaI-G1s1 AR HMGHISH=2
YEIETE] Siu-2 [ddrel G dIyMId sd19]

Uad vl [Gdaia1s] [Saigy daiell cidid

* yiedilysd Ryad: 22 AUIdd HeRud g2 52 ©
o du [GifeSo1: xHige %32 HeRud GHe ©

o SifUdI $2id: UIRIUEI 44 UaREI junctions GiH1d &

N C \

o Jgeigdi [[HRiser: 25 Udig vildH [Sa1g UgiH-4d v 52 &

Al didl [2y: "Light Etches Deposited Oxides, lons Diffuse"
wed 5(4) [3 3fel]
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dRdidl-l Heeail 2 g4y2 XNOR di2d 24 EHi si

$dIGi:
XNOR 212 g-y2al 2iHI4 ¢id 1R Gl A1G2y2 A1 9.

module xnor gate(
input a, b,
output y
)
assign y = ~(a © b);

endmodule

e dil¥s §seid:Y=(A®B) =AB"+AB
o Acd sies: J-Y2 N 2 IR AHIG2y2 GIv]

o GUAIdIL: 2MIHdI gEAIsIR, UR2] As?

Al didl [2u: "XNOR Equals Equal Inputs”

yed 5(6i) [4 3]
dRRdidIMi CASE 2224241 GUIdI 524 Vidsis? (8:3) AHd S

SdIGH:
U1 R2] vA-sis? 8-[6i2 g4yed 3-[cie Giig] A1G2y2Hi 3uidRd s2 ©.

module encoder_8to3(
input [7:0] in,
output reg [2:0] out
)i
always @(*) begin
case(in)
8'b00000001: out = 3'b000;
8'b00000010: out = 3'b001;
8'b00000100: out = 3'b010;
8'b00001000: out = 3'b011;
8'b00010000: out = 3'b1l00;
8'b00100000: out = 3'bl01;
8'b01000000: out = 3'b110;
8'b10000000: out = 3'bl11l;
default: out = 3'b000;
endcase
end

endmodule

\

o dd-gi2 BesIfSa1: Hil s grye (G GII eidl e
o IAIRZ] 22suR: Givl Gl wie= d ©

o [SgicR 5: v1HI= g-4Y2 A IwAI el &
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Alg2pvdI] [2u: "One Hot Input, Binary Output”

yed 5(s) [7 afel]
APy Gelseli A1 dRdidII S 22242 4]

SdIGH;
CASE 22242 expression value 18R H[@R-d alifRid1 241U 9,

[Aesu:

case (expression)
valuel: statementl;
value2: statement2;
default: default statement;

endcase
Gelerel 1-4:1 MUX:

module mux_4tol(
input [1:0] sel,
input [3:0] in,
output reg out

)i
always @(*) begin

case(sel)
2'b00: out = in[0];
2'b01l: out = in[1l];
2'bl0: out = in[2];
2'bll: out = in[3];

endcase

end
endmodule

Gelsrel 2 - 7-dd1-2 [Ssise:

case(digit)
4'h0: segments = 7'b1111110;
4'hl: segments = 7'b0110000;
4'h2: segments = 7'b1101101;
default: segments = 7'b0000000;
endcase
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ARy [Ri2sa Guidl 5
case case(expr) iyl H(Riol
casex casex(expr) si2 52 (X)
casez casez(expr) sld-Z (2)

o sifiGidaldd dilf¥s: always @(*) odis diu?l
o [isdlRiad dil¥s: always @(posedge clk) dIu?]

o [Ssice S [J-2Jumi Ay vHesId &

o URAM YAdR[UiRIA: Gig] S ASAUIY USIAIY ©

Al didl [2u: "CASE Chooses Actions Systematically Everywhere"

yed 5(4 OR) [3 d1el]
dRdid1 sisdi Guaiol sl full subtractor 2A4d s?i

SdIG:;
Full subtractor borrow input 244 output 212 6i1g42] GligaIS] 2 ©.

module full subtractor(
input a, b, bin,
output diff, bout
)i

assign diff a ” b ” bin;

assign bout = (~a & b) | (~a & bin) | (b & bin);
endmodule
AcA siwes:
A B Bin Diff
0 0 0 0
0 0 1 1
0 1 0 1
1 1 1 1

o ¥idR: LIy g4yzaiHi XOR
e GuI; A< (B + Bin) ¢l IR G 214

Alevdlidl 2u: "Subtract Borrows When Insufficient"
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yed 5(ci OR) [4 d)el]

dRdaioii Behavioural His(@a1 2idldi Guaidl 524 JK flipflop »14d s?i

¥dIGi:

Behavioral modeling aiu?l4 toggle &Mdi a8l JK flip-flop.

module jk_flipflop(

input j, k, clk, reset,

output reg q, gbar

always @(posedge clk or
if(reset) begin

g <= 1'b0;

gbar <= 1'bl;

end
else begin
case({Jj,k})
2'b00:
2'b01:
2'bl0:
2'bll:
endcase
gbar <= -q;
end
end

endmodule

q <= 4q;
g <= 1'b0;
g <= 1'bl;
q <= ~q;

posedge reset) begin

// Hold
// Reset
// Set

// Toggle

o [Gigldaurd 2d: sei- dii+ 52 &, 225U el

o [Risid4a 2d2; sdis A% u2 A2

e did-6dil331 AHAIg4¥-2: clocked always block Hi <= qruz]

g1l [2u: "JK Behavior: Hold, Reset, Set, Toggle"

yed 5(s OR) [7 d)ei]

Gelsel ANl [AfGa dRaia1 Hisl@r 2idl 2aumai
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module instantiation
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1. [GigldaRa Hisldar:
(52 2] 52 ® dq guiH 52 ©, 5d] 2d GHidd © d él.

// 4-[cie siG=2
module counter (
input clk, reset,
output reg [3:0] count
)i
always @(posedge clk or posedge reset) begin
if(reset)
count <= 4'b0000;
else
count <= count + 1;
end

endmodule

2. S215di His(dor:
SifvGid214d dilFs HI2 Add HJIF4H=2 dIuD ©.

// 4-[6i2 ¥is2

module adder 4bit(
input [3:0] a, b,
input cin,
output [3:0] sum,

output cout

assign {cout, sum} = a + b + cin;
assign overflow = (a[3] & b[3] & ~sum[3]) |
(~a[3] & ~b[3] & sum[3]);

endmodule

3. 22sURd Hisldar:
Aludi-2dR-1 Hisdl instantiate ¥4 s4s2 52 9.

/] ¢lg A2 i gd AAs?
module full adder(
input a, b, cin,

output sum, cout
wire sl, cl, c2;

half adder hal(.a(a), .b(b), .sum(sl), .carry(cl));

half adder ha2(.a(sl), .b(cin), .sum(sum), .carry(c2));

assign cout = cl | c2;

endmodule
module half adder(

input a, b,

output sum, carry
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)i
assign sum = a "~ b;

assign carry = a & b;

endmodule
da-l sies:
vIdi Behavioral Dataflow Structural
sZddl Gei-2dl? HeIH-2dR dudi-ad?
diadladi Al diyal ioy HEAY Al Al giugl Aoy
Rk 2d AlgifRd 21l U
Scifdio1 s[& HeuH A0
Yd:GuAidI Gl HEAY Qi

[ifSid His[@a1 Gelsel:

module cpu_alu(
input [7:0] a, b,
input [2:0] opcode,
input clk,
output reg [7:0] result

// [Gigldurd: szld diles
always @(posedge clk) begin
case(opcode)
3'b000: result <= add result;
3'b001: result <= sub_result;
3'b010: result <= and_result;
default: result <= 8'h00;
endcase

end

// Selsdi: visdllEid vl
wire [7:0] add_result = a + b;
wire [7:0] sub_result = a - b;

wire [7:0] and result = a & b;

// Rsud: MMd visAll@ld Y[H2d instantiate sil 2usiy
endmodule
[Sas1894 HidielRisi:

o [Gidldurd: s2d s21d dil’s, 222 Heild HI2 91U
o S215dl: 40 siGid214d difEs HI2 dIuRi

o RSARM: ¢IA2[Ssd (33519, IP integration HIZ dIUR]
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\ N\

o [Af8Id vil@IdIM: 2ivs (33194 HIZ 21dlRAIA IS
[Rirydeld (4 [&-2lE:

o [GidlGauRa: ivall 46l synthesize ¢l ad 215
o S218dl: 24 wiSd2 MUl

o RSURM: dliyeRlsd [l vy

Ale2pvdI] [2u: "Behavior Describes, Dataflow Assigns, Structure Connects”
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