VLSI (4361102) - Winter 2024 Solution - Gujarati by Milav Dabgar

ved 1(H) [3 3jel]

High K FINFET I SIJUEl @uil.

FdIGi:
SIJYEI qei
el leakage current 2112 912 $2Id Yid2 consumption €215 €
Yyaidl performance ag §1gd s22 44 3sul switching
ag) 412l scalability Moore's law scaling 2ig 21uidiH] {32l A1 &

 High K dielectric: Jl2 leakage igiuii 2ld €121S &
e 3D structure: Ad4d U ag ailg electrostatic control

o AIgl yldR: static ¥i4 dynamic power cid €i2IS ©

443l gls: "High Performance, Low Power, Better Control"

Med 1(ci) [4 dye1]
vl s21: (1) pinch off point (2) Threshold Voltage.

¥AdIGi:

ywd MOSFET Parameters:

216€ vl Hec

. . N - ) Saturation region Hi udei £21id
Pinch-off Point Udd dAyel deplete g 2214 N
Threshold Conducting channel cididd 412 dedH ON/OFF switching point [Qg¢i2
Voltage VGS ®

* Pinch-off point: VDS = VGS - VT, Jdd &) ucinng ¢l 2iglRid 211 &
e Threshold voltage: Enhancement MOSFET 412 /1414 2ld 0.7V
o Hecdyel parameters: ¢i4 MOSFET operating regions ({42 &

4432l 2ls: "Threshold Turns ON, Pinch-off Points to Saturation"

ved 1(s) [7 d1ei]
MOSFET transistor 4 cigli2el i 24 44di.

¥AdIGi:
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SIRIIRIIN:

Gate (G)

| sioz]

F__L_____J__T

| n+ n+ | < Source (S) and Drain (D)

| P | « P-substrate
L |

Body (B)

GiglReldI e12si:

e2s A2l skl

Gate Polysilicon/Metal A4d formation $2id s2 &

Gate oxide Sio2 Gate 4 substrate 2/l id21 52 ©
Source/Drain n+ doped silicon Current A1 Yd2l/GleIR lsadidl 220
Substrate p-type silicon Body connection Y3 uis &

¢ 2dd formation: Oxide-semiconductor interface u2 21 &
e Enhancement mode: VGS > VT &I 12 Ad4d Gid &

e dlrk-terminal device: Gate, Source, Drain, Body connections

443l 2ls: "Gate Controls, Oxide Isolates, Source-Drain Conducts"

yed 1(s OR) [7 djei]
Full Voltage Scaling ¥4 Constant Voltage Scaling -l 2Ruiiveil s2i.
$dIGH:

AuiHell siwes:
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Parameter

Supply voltage

Gate oxide thickness
Channel length
Power density
Performance

Reliability

e Full scaling: ¢igl dimensions i voltages yHiRIiR scale s212 ©
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Full Voltage Scaling
a 9s scale down

a ds scale down

a 9s scale down
R2U2 28 ®

HEAH YUIR

ag 12

Constant Voltage Scaling
k22 28 ®

a ds scale down

a ds scale down

a2 ds gl ©

dg) 412l performance

High fields 4 siR0l ciuil

e Constant voltage: §sd physical dimensions scale s2121 8, voltage »1ufRdldd

e Trade-off: Performance vs power vs reliability

43 gls: "Full scales All, Constant keeps Voltage"

yed 2(A) [3 dei]

2Rl dis g-as €il. YeI Yl iUl A% HI2 FY2 dices-] 2 avil.

¥dIGi:

alsz sia1u1u:

VDD —1— RL

|
I— Vout
|

vin —| M1 (NMOS)

GND
22221 %A sies:

2
Cut-off
Triode

Saturation

grY2 dice 2=
Vin < VT
VT <Vin <VDD-VT

Vin > VDD-VT

43 gls: "Cut-off High, Triode Transition, Saturation Low"
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yed 2(6l) [4 del]

\ \

N channel MOSFET ] VDS-ID 344 VGS-ID digif@isdiAl €I A4 4Hdi.
BYIGL:

VDS-ID diailGisdii:

ID 1t
| vGS3
| / ves2
| / wvesi
| /  (ves3>vGs2>vGs1>vT)

|/

S VDS

Triode Saturation

digfeisdini siwes:

digifEisdi 2 dd

VDS-ID Triode VDS 22 Linear gfg
VDS-ID Saturation 2212 ID (square law)
VGS-ID Sub-threshold Exponential gfg

VGS-ID VT GuR Square law relationship

e Triode region: ID s VDS 12 linearly dél &
e Saturation: ID VDS 2il 2ddal, VGS u2 2H1¢iRd

e Square law: Saturation Hi ID « (VGS-VT)?

443 gls: "Linear in Triode, Square in Saturation"

yed 2(s) [7 ]

NN\

[S\deid dis NMOS gdas2 alS2 €iRi 4 d-l sikiugld 244,
SdIGI:

Alsz siaRiN:

No. 4 /20



VLSI (4361102) - Winter 2024 Solution - Gujarati by Milav Dabgar

VDD —1—— ML (Depletion)

| Gate connected to Source

|— Vout
|
Vin —| M1 (Enhancement)
|
GND

Biu2ld siwes:

gy2 M1 fRaild ML faifd HIGay2
Low (0V) Cut-off Active load High (VDD)
High (VDD) Saturated Linear Low

e Depletion load: é¥2il conducting, current source dzls siRi 52 ©
* ag 1Rl performance: Resistive load s2di higher output voltage swing
 Gate connection: Depletion operation 412 ML 4 gate source 12 ¥IsSIRi¢

* YuRG noise margin: Enhancement load s2di ag 13 VOH
-

43 gls: "Depletion Always ON, Enhancement Controls Flow"

yed 2(1 OR) [3 de]

CMOS g4dé2 1 sIAEl geidi.

SdIG:

SIAEI Sies:
SIAE dief
2Jc static power Steady state i si¢f current ¢l
2iyel voltage swing ¥1G2y2 0V 2il VDD il swing s2 &
G noise margins ag ARl noise immunity

e Complementary operation: is transistor é32il OFF
G input impedance: Gate isolation G impedance yg uIS &

 2sul switching: 1i®I parasitic capacitances

4u3l gls: "Zero Power, Full Swing, High Immunity"

yed 2(Gi OR) [4 de]
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AigA HIfFA [Ao1ddIR i1 A4 dHWdI.
SdIGH:

iR 21452 digilCisdiii:

|

|
VOH A Lo

| \

| \

| \
voL 4 [

|

ov | Vin
OV VIL VIH VDD
«<NML-
digy HIfF4 Parameters:

Parameter Formula AR YR
NMH VOH - VIH VDD 41 40%
NML VIL - VOL VDD 41 40%

e High noise margin: Positive noise /15 immunity
e Low noise margin: Negative noise a4 immunity

e g AIRkI CMOS: 21 logic families szdi higher noise margins

43l gls: "High goes Higher, Low goes Lower

W2 2(s OR) [7 del]
N MOS g4z 1 VTC €i2i i+ 4H¥dl.

¥AdIGi:

i 21452 digilCisdiii:
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Vout 1t
VDD I

|
| < Region I
]

« Region II

|

I__|
| < Region III
L vin

ov

ov VT VDD

2221 A% sies:

2 Vin 2+ M1 (Raifd Vout
| 02l VT Cut-off VDD
Il VT 2l VT+VTL Saturation g2q
m VT+VTL 2l VDD Triode Al3j

e Region I: M1 OFF, si¢f current flow 4¢l, Vout = VDD
e Region II: M1 saturation ui, dld transition
 Region Ill: M1 triode Wi, &iliail g2isi

e Load line: Operating point intersection (€2 &

443 gls: "Cut-off High, Saturation Sharp, Triode Low"

yed 3(4) [3 dpel]
Generalized 4&Zlud g-4y2 NOR gate o cligisiH [Swdei4 NMOS dis 112 €i21 244 44¥di.

¥dIGi:

alsz sia11u:
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VDD —1—— ML (Depletion Load)

F— v = (a+B+C)'
A —: M1
B —I M2 « Parallel Connection
¢
i
AcY sies:
g4y sig g-y2 High? AHIG2y2 Y
Gigl Low Al High (1)
sigf High ¢l Low (0)

e Parallel NMOS: siguel input HIGH ¢ia di output LOW 21121 &
e NOR operation: Y = (A+B+C)'

* Depletion load: Pull-up current y3 uis &

43l gls: "Parallel Pulls Down, Depletion Pulls Up"

yed 3(cl) [4 2]
AOI 14 OAI I dsidd @uil.

¥dIGi:

AuiHeil siwes:

Parameter AOI (AND-OR-Invert) OAI (OR-AND-Invert)
Logic function Y =(AB + CD)' Y = ((A+B)(C+D))'
NMOS structure Series-parallel Parallel-series
PMOS structure Parallel-series Series-parallel
*fZddi HeAW Heay

AOI: AND terms ORed ussl inverted

OAI: OR terms ANDed usl inverted

CMOS implementation: Dual network structure

Applications: Single stage Hi complex logic functions
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443l 2ls: "AOI: AND-OR-Invert, OAl: OR-AND-Invert"

yed 3(s) [7 oyel]
EX-OR gate CMOS ] Heezil 314 diYs §seld Z = (AB +CD)' NMOS dis-l veeail A4aHi ysi.
SdIGH:

EX-OR CMOS Implementation:

VDD —— pMOS network
| (a'B + aB")
I v = neB
|
|— nMOS network
| (2B + a'B")
GND

Z=(AB + CD)' NMOS Implementation:

VDD —— Resistive Load

Iz = (2B + cD)"

|
A —|—| M1 — B —| M2 (Series: AB)

c— M3 —p - M4 (Series: CD)

D —— 1 (Parallel connection)

@i®s Implementation sies:

alsz §seld Implementation
EX-OR AeB Complementary CMOS
AOI (AB+CD)' Series-parallel NMOS

e EX-OR: Efficient implementation 412 transmission gates %37
¢ AOI function: Natural NMOS implementation

¢ Power consideration: CMOS Hi zero static power

442l 2ls: "EX-OR needs Transmission, AOI uses Series-Parallel"

yed 3(1 OR) [3 2fel]

N \

Generalized 4&Zlud g4y2 NAND gate 4 cligsi [Swdei4 NMOS dis 212 €121 244 2414,
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¥dIGi:

alsz sia1u1u:

VDD ——— ML (Depletion Load)

}— Y = (aBC)'
A —I M1
B —l M2 « Series Connection
c —} M3

|

GND

Biu2ld siwes:

fRaild Ground d?sg vl HiGay2 Y
Gigl inputs HIGH 2iyel v Low (0)
sigf input LOW qzdi v High (1)

e Series NMOS: 6igll inputs HIGH ¢idi %32] output LOW s2d1 412
e NAND operation: Y = (ABC)'
e Depletion load: é#eil pull-up current Y3 uis &

43l Zls: "Series Needs All, NAND Says Not-AND"

yed 3(Gi OR) [4 dje1]
((P+R)(S+T))' di®)s §seld CMOS diysl ueeail AHudlsel si.

¥YdIGL:

CMOS Implementation:

VDD —— pMOS Network
| P—| I—R in series with S—| I—T in series
Y = ((P+R)(S+T))"

|— nMOS Network
| (P,R parallel) in series with (S,T parallel)
GND

Ac sies Implementation:
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PMOS Network NMOS Network
(P+R)'+(S+T)' (P+R)(S+T)
PR'+S'T PS + PT + RS + RT

e PMOS: Groups [df2i parallel, groups g2l series
e NMOS: Groups [dfRi series, groups a2 parallel

 Dual network: Complementary operation {[[gid s2 &

42l 2ls: "PMOS does Opposite of NMOS"

yed 3(s OR) [7 3jel]

SR latch circuit 4l siRiugld geidi.
FdIGi:

SR Latch afSe:

s | NoR |} 0

| e1 ||

|

— |

| nor | |
R—- e | o

[ |

A sies:

S R Q(n+1) Q'(n+1)
0 0 Q(n) Q'(n)
0 1 0 1
1 0 1 0
1 1 0 0

e Set operation: S=1, R=0 &l Q=1 213 &

e Reset operation: S=0, R=1 2/l Q=0 213 ©
e Hold state: S=0, R=0 uddil state 1014 &
o UHI state: S=1, R=1 210dl A i

e Cross-coupled: ¥is gate o output Gil¥l1 input Hi %12 ©
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443l 2ls: "Set Sets, Reset Resets, Both Bad"

yed 4(H) [3 d1el]
[Riu $(cGiseld i Etching methods -l Ruiveil s2i.
SdIGH:

Etching Methods 2ikuiiyeil:

ugld USIR SIJYEI dsald

Wet Etching AARICIS G selectivity, 220 Isotropic, undercut
Dry Etching ciilds/iq1lCls Anisotropic, diss SZd Al

Plasma Etching lon bombardment Directional control AuiZl4 qsi

* Wet etching: waiél 2a14eil gy , il [EenAini gudi
e Dry etching: dla/plasma diuz 8, d¢j 213 directional control

o Selectivity: ¥is a1M2ild 6il s2di etch s2qiH] audi

43 gls: "Wet is Wide, Dry is Directional"

Med 4(6l) [4 2e1]
¢s dig @il : Lithography
FdIGi:

Lithography Process Steps:

Ry EDT &g

Resist coating Photoresist 4 spin-on usiel-2ideAeild layer
Exposure Mask gi21 UV light Pattern transfer
Development Exposed resist g2 s2¢ Pattern ¥d12 s2q
Etching iﬂaia@ld material g2 sq Features Gid1ddl

e Pattern transfer: Mask 2il silicon wafer uz
e Resolution: Minimum feature size [Q4iR &
 Alignment: Multiple layer processing 412 Hecayel

* UV wavelength: ¢sl wavelength dgj 213 resolution 414 &

43 gls: "Coat, Expose, Develop, Etch"
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ved 4(s) [7 ye]

Regularity, Modularity and Locality 214edil.

¥dIGL:

[Sas1¢/4 [Rigidi siwes:

Rigid vl SIJAEI

Regularity M1 structures o Y-riddH a2 design, testing
Modularity Hierarchical design blocks Reusability, maintainability
Locality 2ifdd functions 4 w2 1Y interconnect

Implementation [doidi:

Regularity: 4414 cell GlI3GIIR diuRdi2i]l design complexity €12
Modularity: Well-defined interfaces 212l top-down design
Locality: Wire delays i routing congestion €215 ©

Design benefits: syl design cycle, ag 13l testability

Manufacturing: Regular patterns gi2i yuiRdl yield

Mermaid Diagram:

Gelerel
Memory arrays
Standard cells

Functional blocks

System > Module > Cell > Device Level

Regular

443l gls: "Regular Modules with Local Connections”

yed 4(1 OR) [3 d]ei]

Design Hierarchy caivifid s2i.

¥dIGi:

Design Hierarchy Levels:

2d? [Gael e12si

System ailg\ef chip functionality Processors, memories
Module yu functional blocks ALU, cache, I/0

Cell yued logic elements Gates, flip-flops

e Top-down approach: System didl modules 4i [dail(¥d
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e Abstraction levels: €2s level -lRil details gulﬁ €

¢ Interface definition: Levels 42 2ux boundaries

4u2l Zls: "System to Module to Cell"

sed 4(ci OR) [4 3[el]
VLSI design flow chart €21 244 2u4dl.

¥AdIGL:

VLSI Design Flow:

System Specification Architectural Logic Design Circuit Design Layout Fabrication Testing
Design Flow sies:
doissi gdy2 HIGay2 A1yl
Architecture Specifications Block diagram High-level modeling
Logic Architecture Gate netlist HDL synthesis
Circuit Netlist Transistor sizing SPICE simulation
Layout Circuit Mask data Place & route

4u3l gls: "Specify, Architect, Logic, Circuit, Layout, Fabricate, Test"

yed 4(s OR) [7 QJEI]
¢s ig @il : 'VLSI Fabrication Process’

¥AdIGL:

Yu Fabrication Steps:

YEDT éq

Oxidation Sio2 layer 9lg
Lithography Pattern transfer

Etching dd1das material g2 529
lon Implantation Dopants G¥2dl
Deposition Material layers Gu2dl
Diffusion Dopants §diddl

No. 14 [ 20

uReny

Gate oxide formation
Device areas <llwi|
Device structures Gididdi
P/N regions Gidigdi
Metal interconnects

Junction formation
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Process Flow:

e Wafer preparation: 2d® silicon substrate

Device formation: [Gids steps g2l transistors Gi-dd|

Interconnect: Connections 412 metal layers GH2d|

Passivation: yef 23l circuit -l Rl

Testing: Packaging uédi functionality verify s2dl
Clean Room %3[Rdi:

e Class 1-10; ¥cRid 248 didId0el 33
e Temperature control: yissd process control

e Chemical purity: Gu-3is materials %37]

43l 2ls: "Oxidize, Pattern, Etch, Implant, Deposit, Diffuse”

yed 5(4) [3 2Lel]
ddla@ion wi2fidI-] %€l ¥€l ugld 212vidl.
FAIGH:

Verilog Modeling Styles:

2icl [dael GuaidI

Behavioral Algorithm description High-level modeling
Dataflow Boolean expressions Combinational logic
Structural Gate-level description Hardware representation

e Behavioral: Always blocks, if-else, case statements diu2 &
 Dataflow: Boolean operators 2iI2l assign statements diu &

e Structural: Gates 314 modules explicitly instantiate s2 ©

43 gls: "Behavior Describes, Dataflow Assigns, Structure Connects"

yed 5(6i) [4 3]
[Gid[dauRd ugld 2l NAND gate -l d2ldid1 i2A1M v,

¥dIGi:
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module nand gate behavioral(
input wire a, b,
output reg y

)i

always @(a or b) begin
if (a == 1'bl && b == 1'bl)

y = 1'b0;
else
y = 1'bl;
end
endmodule

sis AH%dl:
o©

 Always block: Inputs GIEdIA IR execute 21 &
e Sensitivity list: 6igl input signals 2H1d ©
e Conditional statement: NAND logic implement s2 ©

* Reg declaration: Procedural assignment 412 %33

43l gls: "Always watch, IF both high THEN low ELSE high"

yed 5(s) [7 oyel]
4X1 multiplexer -l afS2 €i2l. Case 22242 2il 11 AlS2 i d2ldidol WA Giidl.
SdIGH:

4X1 Multiplexer afs2:

10 —

11 —— mux Y
12 — 4x1

13 —!

S1,S0 (Select)
Verilog sis:

module mux 4x1 case(
input wire [1:0] sel,
input wire i0O, il, i2, i3,
output reg y

)i

always @(*) begin

case (sel)
2'b00: y = i0;
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2'b01: y
2'bl0: y
2'bll: y = i3;

default: y = 1'bx;

il;

i2;

endcase
end
endmodule
Ay sies:
S1 SO AHIG2ay2 Y
0 0 10
0 1 1
1 0 12
1 1 13

443l gls: "Case Selects, Default Protects"

yed 5(21 OR) [3 del]
Gelcel 12 Testbench cvAIfRid s2i.
SdIGH:

Testbench v
Testbench i Verilog module © % design under test (DUT) 4 stimulus yg UIS € 44 d-l response
monitor s2 ©.

Gelsel Testbench:

module test and gate;
reg a, b;
wire y;

and_gate dut(.a(a), .b(b), .y(y)):;

initial begin

a=0; b=20; #10;
a=0; b=1; #10;
a=1; b = 0; #10;
a=1; b= 1; #10;
end
endmodule

* DUT instantiation: Design under test 4 instance ci-1d ©
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e Stimulus generation: Input test vectors Y| uis &

e sid ports 4¢él: Testbench top-level module ©

443l gls: "Test Provides Stimulus, Monitors Response"

yed 5(Gi OR) [4 del]
S21 sdi ugld 2l Half Adder i d3ldia1 Wi2AiH @vuii.
SUIGH:
module half adder dataflow(
input wire a, b,

output wire sum, carry
);

assign sum = a " b; // XOR for sum

assign carry = a & b; // AND for carry

endmodule

di¥®s Implementation:

e Sum: Inputs 422l XOR operation
e Carry: Inputs d2i AND operation
e Assign statement: Dataflow 412 continuous assignment

e Boolean operators: A (XOR), & (AND)

Acd sies:
A B Sum
0 0 0
0 1 1
1 0 1
1 1 0

442l 2ls: "XOR Sums, AND Carries"

yed 5(s OR) [7 djei]

Encoder o sid @uil. if..else u$ 8X3 Encoder i d2]didl sis Gi-idl.

¥AdIGi:
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Encoder sI3i:
Encoder 2" input lines 4 n output lines Hi convert s2 ©. 8X3 encoder 8 inputs 4 3-bit binary output Hi
convert s2 9.

Priority siws:

gy Binary 11G2y2
17 111
16 110
15 101
14 100
13 011
12 010
" 001
10 000

Verilog sis:

module encoder_8x3(
input wire [7:0] i,
output reg [2:0] y
)i

always @(*) begin
if (i[7])
y = 3'blll;
else if (i[6])
y = 3'b110;
else if (i[5])
y = 3'bl01;
else if (if[4])
y = 3'b100;
else if (i[3])
y = 3'b011;
else if (i[2])
y = 3'b010;
else if (i[1])
y = 3'b001;
else if (i[0])
y = 3'b000;
else
y = 3'bxxx;

end

No. 19/ 20



VLSI (4361102) - Winter 2024 Solution - Gujarati by Milav Dabgar
endmodule

e Priority encoding: G index inputs  priority
e If-else chain: Priority logic implement s2 ©

e Binary encoding: Active input 4 binary representation Hi convert s2 &

4u3 gls: "Priority from High to Low, Binary Output Flows"
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