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* Physical and temporal
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Structural Decomposmon of 4-b Adder
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Structural Decomposition of 4-b Adder
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structural Hierarchy of 16-b Adder

4 bit adder wuh 4 bit adder with 4btadd with 4btaddewhh s
Manchester Manchester carry Manchaster camy Manchester mrry :

Manchester carry wryp'mcllo Output
circult ba L bul?et XOR gate
— Flgure 1.25 Structural hierarchy of the 18-bit addar circuit, |
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concepts of Regularlty

/Reglﬂa rity
+ decomposition into
similar blocks

» Example: parallel
multiplication array

B A T o

(b)
Figure 1.26 Regular design of (a) 2-1 MUXand (b) DFF, using inverters and

tri-stata buffers as basic building blocks.

Concepts of Modularity and Locality

* Modularity

* Functional blocks have well-defined functions and interfaces
* Each block can be designed independently and combined easily

* Design process parallelized

I-Ot:allty
* Ensures connections are mostly between n
De|av minimized by avoiding long interconnect

eighboring modules
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Design Partitioning”*>“ 2"
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« Architecture: User’s perspe b b
« Instruction set, registers -» 0 oAty iy ; L
« MIPS, x86, Alpha, PIC, ARM, L il et ) ,ul ’ e
e Microarchitecture oy ok ) 26} 5w <5 @
« Single cycle, multcycle, pipelined, superscalar. \,J; o9 Br R ez.l-w.ft R
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nctional blocks construcd
ct adders o .
carry sele L Goed Logic desion N REQ

S padts gl 0B 05 ¢
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« Logic: how are fu
* Ripple carry, carry lookahead,

e Circuit: how are transistors used ; 5
¢ Complementary CMOS, pass transistors, domino yz el

« Physical: chip layout
- Datapaths, memories, random logic

Sysiem Requirements

Flow of Circuit ;

Architecture Definition and
Logic Design

Logic diagram / descriplion

Technology
VLSI Desipn and Layout Design Rules
Device Models

Design Rule Checking
Circuit Simuation (SPICE)

1::...

Mask Generation

f

Sllicon Processing

/

To: Waler Tesing
Packaging
Refabiity Qualfication
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viore Simplified VLS| Design Flow [== |

, simplified design flow
. Verification plays an important role in every step
» Top-down and bottom-up approaches combined in the desﬂgn prof

pvmnnﬂnn

2 R aet Vipak I marn o iptht Ses
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Circuit
Lo

Layout

Fabrication and Teséng

Fxample 1.1 (1)

' Problem: Design of 1-bit full-adder circuit using __ nm, twin-well

CMOS technology
* Specifications:
* Propagation delay of sum and carry_out<____
* Transition delay of sum and carry_out<__ __

* Circuit area < 10 pm?
* Dynamic power dissipation (@Vp, = 1.1V and f,, = 500MHz) < 20 uw
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vample 1.1(2) ol
; ; ok lavel 1 Dl

+ Boolean Description | c,asg,’~ ‘ e
« Boolean Functions: st
. A,B=Twolnputs |

v*' C = Carry In

4 sum_out =ABC +AB'C’

/* carry_out=AB +AC+BC
« Alternatively, sum_out

+ NB'C+ACB

= ABC+(A+B+C)(carrv_out)’

: i
AN
% ~e e

Example 1.1(2)

* Boolean Description

* Boolean Functions:
* A, B=Two inputs A
* C=Carryin p_| fa
* sum_out =ABC +AB'C’ + A'B'C+ A'C'B ¥
+ carry_out = AB +AC+BC i

Alternatively, sum_out = ABC+(A+B+C)(carry_out)’
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Figure 1.7  Gate-levil schemate of the one-bat full-adder crcut
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Example 1.1 (4)

* Transistor-level circuit =
~ * AND = Series-connected nMOS g e
* OR = Parallel- connected nMOS —
- * pMOS network = dual of nMOS network
o]
]

Figure 1.8 Tiansisiorlevel schematic ofthe one-bitful-adder cicult.

Scanned with CamScanner



AT R

Example 1.1 (6) 2o b S g

e Initial sizes | ;jr'WJ"?———,— R r\
» nMOS, (W/L) = 90nm/50nm o . —L_
« pMOS, (W/L) =90nm/50nm ”H ’_‘ | ‘ ’—_ m
+ May need to be changed depending mr————‘ I-————— e ’—\

on performance _ ool
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anE ou’f"ut wavefonns of !hc

Figure 1.10.Simulated mpu!
full-adder circuit.

gr
ook 8 s AP e
Example 1.1(7) e
- Timing constraint violation | —— gz il
 sum_out and carry_out violate timing ¥ e %
constraints T B DNE AR .
« Worst-case delay 250 ps (> 220 ps) g P TR R
« Modification necessary oo
: 0.2} ;
0.0 ’
™ l..._ ‘:I ITD

M [m} o

Figure 1.11. Simulated output wav cfom\s of the f”’: o
with minimum transistor dimensions, showing
delay during one of the worst-case transitions.
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. Resizing transistors to improve
design
« is an iterative process

- _, » To meet timing specifications (W/L) of
(n/p)MOS iS increased

Amplitude [V]

~L Py tneiy O
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'kl\r il
.

Worst-Case Delay, Optimum-Size Transistors
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Figure 1.13.Simulated output waveforms of the full-adder
circuit with optimized transistor dimensions, showing the
signal propagation delay during the same worst-case transition.

Example 1.1 (8)

* Layout Design A

* Design rule checker (DRC) tool used to check violation of design rules
* Parasitic capacitances and resistances extracted

* Design Verification

* Extracted parasitics used to create SPICE input file

~* Simulation is run

* Simulation Results
* Not all specifications met
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Example 1.1(9)

. New and compact layout for 1-bit wo |} £ 112
full adder (optimized) &
- Now, all the design specifications ‘ AE
are satisfied co Cf-if
- Propagation and transition (rise/fall)
delay within 220 ps ' o HEATAE T
« Dynamic power dissipation = 4.9 LERARE G L
uW (<20pW) i ¢ i
e Area = (204 pm X 3.01 |J~IT|) =6.14 Figure 1.12. Layout of the full-adder circuit, wig, ...
Ilm2 (<10 lJ-mz ) transistor dimensions. Optiy

8 bit Binary Adder (1)

o k]
: . 3 oliilela
« Obtained by cascading 8 full o bl o el L
adders — called “carry ripple Hier B
adder” | _ N e
 Speed Iimited by the delay of carry Figure 1.13 Mmdawyﬁmwmmmﬁ‘

bits
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"8vbit Binary Adder (2)

, simulation results gl e _
~« Sum bit of last adder stage js 46 ierd S e e e
t | — . . ri——
las mw, - .
+ Overall delay as long as 0.7 ns - e L
wowa T e T PR S 1.
e — R S g TS g 1 e 15 ey T
suwe a FIE g BRSNS oty NHUBIEN yoy S C0R l (roamerd
sown 5 L L ’ pucry ISR e
e NpBar o L

SUM(kesB): OUT of Last Adder
l:l“u ): Carry Last Stage

[V}

“w s as L2 L2 " 7a

Y-Chart
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Leclure 9

VLSI Design Styles

* Field Programmable Gate Array (FPGA)

* Consists of
* 1/0 buffers
* Array of configurable logic blocks (CLBs)
* Programmable interconnect structure
* Contains thousands of logic gates
* Routing between CLBs and I/O blocks done

by setting the configurable SWltch

matrices , .
* Proper choice of design style is essential to delivering the product in time
with low cost . ol |
* Full-custom Lock up fables H "‘-'K FPaA 2 loee

* Semi-custom otope pis 00 Jio \BP2 z\!a._EJw Array 47
Y0l 5 (Pl (P> oo (ale &2 ¢

22BN O FRga i),
S0 ¥Pap D L qh,‘a;,w,g’lr v

Field Programmable Gate Array (1)

Corfguatie  —P -} B\ 3
00 00 0O ,9 bt loucq\:l::k B
sanr=1 || T o] | ] | ' i)
5 e o e i oul
S“DDDJD-S.."&W me
g O3 _l;_:l »E] _g WYM . -4 “’""“‘P_kbt.'s tgeL.
w100 00 00 DO 1)L L0080 7l Il i
e 17 ossnsmnaison O 15 2 oA uATOY 0 Ao ey

) youtube.com/watch?v=gUsHwiaMaxt
bﬂ&j[wf_/ﬂlﬁ’.ﬂlm : (o

» U-alpet .
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.‘\/erilog Example

8 fulladder(input arbylre,

{ﬂ@ﬂ

abec
output s, cout); ‘
a b }
{ \ / sSum
l  um sl{a, b, c, s); cout@c —> carry \
. : fulladder
3 ule
end’wd cout ls

moduleé carry(input a, b, c,
: output cout)

assign cout = (a&b) | (a&c) | (b&c);
' endmodule

’AGate-IeveI Netlist(Synthesis)

module carry (input a, b, ¢,
output cout)

wire Xy oY E
: cout
and gl (x, ar b)i
and gZ(y, ay C);
and g3('Z’ .b, C);
or g4(cout, X: Yr

endmodule
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Place and route
= : ‘Q))rwmsﬂj\aﬂl‘

f 1';5'? :
S
. —clp e
5 se  SElE
A i S0 r{/':

CirCuit Design

« How should logic be implemented?
« NANDs and NORs vs. ANDs and ORs?

e Fan-in and fan-out?
« How wide should transistors be?

» These choices affect speed, area, power

» Logic synthesis makes these choices for you

* Good enough for many applications
» Hand-crafted circuits are still better
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| ndard-Cell Based Design (1) - O

one of the most prevalent full custom design styl
yles

. commonly t{sed logic cells are optimized and
, several versions are stored in a standard Iitr: e e
rary cell

, gach cell is characterized by

, pelay time vs. load capacitance
. Circuit simulation model

, Timing simulation model

. Fault simulation model

. cell data for place-and-route

. Mask data

standard-Cell Based Design (2 [ TOIL

[ IE;_HHUJD
- Each cell layout is designed with fixed hoieht i o ek .t =y
T B e e 21 6 -— U

* Cells can be placed side-by-side O] panzere 11 [
N R

 Routing of intercell connection is €asy ool

Figure .37 A simpifed Yoapkan & awdaiameeﬁms-;m

¢ Floorplan for a standard-
cell based design contains

« /O frame, cell roWs
« Channels between rows

. channels may be reduced 0f
removed if over—the-cell

routing is done
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| Based Design (3)

mrporméd if cells must sh

Standard-Ce

are same input

« Common bus may be In
and/or outpul slgnalx

ot B e a0 H

HJHI‘

a i
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(2]
(3
AL}
13)
(L]
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(3]
W
(3]
n
12
W
w

vanv\nvauinehu LﬁuﬁA
o ol Ak vl o3

lEEIQQ'&TSIEIIEZ.II l

yanilla Lnand
gk g Akt Falori b fM rd 1 L TR

Mwmu 1 an
Vi, e alalivy
A l m

SELAL R mmnu

FPGA Vs. Standard Cell ASIC
m Easy to Design m Difficult to Design
m Short Development Time m Long Development Time
m Low NRE Costs M High NRE Costs
m Design Size Limited m Support Large Designs
Vockof 2P 2952 m Design Complexity Limited W Support Complex Designs
bable’s m Performance Limited m High Performance
/{\ 3)"’3/\. High Power Consumption ®m Low Power Consumption :

m High Per-Unit Cost m Low Per-Unit Cost (at high volume)

(},r\ J‘&“' oA SELPS

l\ap\ ;,P) A é’
r,,v ANy vl A @ ousd M'M.‘» e
piiNTe Structured ASIC’s Combine the Best of Both Worl
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| generally speaking LS
|+ 100:33:1 ratio between the number of gates in a gj O
O TR Ta given area for SR
e joo ;>\ ratio for performance
o LOQ__:_____:_l_ ratio for pPower

o Guslom acs\'sn

, Jo

Full Custom Design (1)

* Design is done from scratch |
* Geometry, or|entat|on and placement of every transistor done by designer .

* Development cost and time very high
* “Design Reuse” becoming popular to reduce cost and time .

* Example of a true full custom design - design of memory cell (statlc or
s oo\ o8 ,-\,.,2.\ .J\p o
| ruyPA\ w8) tp/\ J.h..p\ z_/

© puasV Z’i"“"d\?’.d
oW
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Full Custom Design (2)

e to high labor cost

’ m design rarely used du
el : : n styles are used to develop a chiy

« Rather combination of different desig

SMT
CPU
. Core 0

Design Quality

* Important metrics for measuring the qualit
v~ * Testability

v’* Yield and manufacturability
v'e Reliability iy (30 133
v* Technology updateability

y of design
— U 5 o G el
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, pabricated chips should be fully testable which requires
. Generation of good test vectors oS 0 bits Dok das AW E A
. Availability of reliable test fixture at speed . / e ' -
. pesign of testable chip npud 3180 uadbs 3v I o o8 b2
glole o1 e Y o R Ls P

o el N Jae Gus 2 -
g- inPet - S Ullar s Gae el S @12 \Pen?

gy 24P o b st 13 r"*j“; 2y O Tesh veddor S\
ged 'l [l [ V.- 1200 ddday 3 2 dLep 15 pa delay N
P JA AN Y ol o U, bt D atw Pud 3
A baw L ple o ¢ PDY PadWs 31\

v g AN

40

t .(Zmd.\'unJ- PN\ !\’) )/)dtj - Fundvand. 3 5,
P

ooV (U AR 5l

el = & Ga chpl 358 S TR
LS chups SV 25 @ LIRS

Yield and Manufacturability

* Yield may be defined in two ways
* (1) No. of good tested chips divided by the total no. of tested chips
* (2) No. of good tested chips divided by the total no. of chip sites available at
the start of wafer processing — strictest definition

* Chip yield can be further divided into
\) Functional vield — obtained by testing the functionality of the chip at a speed
lower than¥equired Aub) oS &8 Slauds -——-'*"
* Weeds out problems of short, open and leakage 3¢ 10 aaw prIle clupt g 2
* Can detect logic and circuit design faults ' Tl sio W Lanchonal .
1)* Parametric yield — performed at the required speed on chips that passed
functional test Ao yats (P ol MY deday S gabst ) daps

* Delay testing done in this phase
ddlay oL o Pendyrmanss PCower. v AW TR L N C

Scanned with CamScanner



Reliability

- Tegh ‘va Bl ';:.w W™ :)(.{’*“‘“ U(":"
. Reliability depends on design and pro
« Major causes of chip reliability problem are okt ol s
« Electrostatic discharge (ESD) and electrical overstres AL

Latch-up in CMOS 1/0 internal circuits

Hot carrier induced aging
_Oxide breakdown and single event upset

Power and ground bouncing
« On-chip noise and crosstalk

« Measures taken to ensure reliability

+ Metal wire widened to avoid over-etching
» Rise time of signals applied to nMOS gate reduce

cess conditions

d to avoid aging

o B

e

Technology Updateability

* Process technology advancing at a high pace

. Desig.n. styles should be chosen such that chips are technology updateable
* “Silicon Compilation” — where physical layout is done automatically - is used

A0 Uﬁ; Y Trange 0 L
) ransiShery) [(Morl) Yo s AuPl g‘
(:,;_, L | f'J'{' o
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i . Dr.Mohammad Abdel-Majeed
SN 2 P o

Assistant Professor
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1
BVi%

- Terminal Voltages . S‘—‘r’l‘figéffw /8- Terminl.

« Mode of operation depends on Vp Vo V, g M3 .
Ve Vo = VerVs 7 A Vq.d
*{ « Vgy=Vy=Vq : A I
PN Vg2 V= V=V - Vi I R

« Source and drain are symmetric diffusion terminals

./ By convention, source is terminal at lower voltage v NnMos
« Hence Vg 20

» nMOS body is grounded. First assume source is 0 too.

» Three regions of operation
+ Cutoff au?e Copoﬂ circ wk)

i * Lineor
4 N on (clese cirewl)
i

T g

¢ Saturation

P L R ST

. -t

 SAPERCY

o
Cod = .

il

NMOS cross section

T T S Ay S T S T YT TR LT L R T R T T,
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'nMOS Cutoff
f" No channel Teonsitionr
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‘..,.o | d ~( T
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Seurte N, Conle 3 (pfsn®t 37
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aMOS Linear
po §ey M‘_f/,.‘l(l! Ao s
. Channel forms

. Current flows fromdtos
. e-fromsto d

4 Increases with Vs

A

el :
» Similar to linear resistor

I Mg b vk \:’f ¢

-

57 g I I A

oot 6o chanvel. Co st 22 Vg N x
(p_;,\"?l;_) O\:;j.ﬁy\d:\g)z/}
A Sowse. N WA B A P

T \ o
i &Pt

Transitler 3 £P U°
Pipd G 5ap 8) g2 1Y

o o P FIL droun
-(( SowrsSe ayd drasa )

b
7 ‘ 3

nMOS Saturation sc..omss sz vy gy .

&G/y\ = r

Channel vy b2 1 G2 afaue))

‘; * Channel pinches off _ ; neT g
b ' P S C% ) HU2 00§ o) é.i.r‘_d_)__') 2N DL
E * |y independent of V, L : 4 . :::
‘@7/& vl 0= drain J\Jt Sourse -3_\0" A

* We say current saturates

T

?’;_ : * Similar to current source
oD PY S1ebiug ) pL e
| o? /P JfWJ‘@\b;@)‘M
-\(,)\;.,6 v Ns -“E’E;'LJ"P. #d0y
é‘/y\wf \yzé’y N 0‘-‘9’\: <! '

’

i 354
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|-V Characteristics

'« [ Linear region, ly depends on
« How much charge is in the channel?
« How fast is the charge moving?

o - )
Tezrelegy 2am Lot U s
Long il - Siric sidmdicrssldl Tam 10 lagih S

W o &
G SQMY&:/ Sipes 5
drain | gate _1_: G? —_— :}U”h))

g

+ Ja sz E e

3, -~
— P -

Channel Charge

'« MOS structure looks like parallel plate capacitor while operating in

inversions £ : R 5%‘
. e 1 — _,’_:———- V
Gate — oxide — channel 1 "%
.Qchannelz C:y V= JU,‘E
‘ b C = C = g - Lw t{

. _ SO, gate cncm ‘
(oo rsudater 2 = 29 mm
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Carrier velocity oy

* Charge is carried by e-

* Electrons are propelled by the lateral electric field between source
and drain
. E — A
* Carrier velocity v proportional to lateral E-field
s y=

» Time for carrier to cross channel:
° t:

nMOS Linear |-V

e ke

* Now we know

* How much charge Q. is in the channel
* How much time t each carrier takes to cross

Ids i ch;mncl ¢
e, V
e {p -1
- V W
% (Vg;_V, 2)Vd-’ ﬂzlucox—
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jlnMOS Saturation |-V

|« If V4 < V,, channel pinches off near drain
When Vi, > Vg = Vg — Vy

. * Now drain voltage no longer i };\cre es current '
Idi ﬂ(Vgs I/t Zansat e ‘ \5:)

=§(Vgs—Vf)2—-° e
7

&) f)\,:»\ P, Ve ey
AZSAC X NI

& - JOEt
nMOS |-V Summary

- Shockley 1% order transistor models
( | | 7
0 Ve <V, cutoff
I =1 ﬂ(Vgs o o V%)Vds V, < Vdsa, ~ linear

E(Vg$—l/z)2 s .Vds.> V,

5 ., saturation
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* All dopings and voltages are inverted for pMOS | ", PR

h sitive terminal _ "% e
. o -
Source is the more p 3 ”& dran N .ap i) Jram

* Mobility p, is determined by holes el PVGe  Souvee i
» Typically 2-3x lower than that of electrons
. 2 ° O 6 m rocess v "‘v__, Y 4 r-' '
120 cm?/Ves in AMI 0.6 pm p o, Vse SVAEY

|
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I
e
|
l

0-

. \J
provide same current TRV
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Body effect
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Ideal Transnstor l-V

............

U Shockley |0ng channel transustor models
Boo am SyansiShed & 1007, Gko” -

0 V <V 'cutoff'

85

Lo =B\ Ve =V.= %% Vie Vi <Viu  lincar

saturation

TR A L A Z 7 77 A A A
4: Nonideal Transistor Theory CMOS VLSl Deslgn 4th Ed, 3

Ideal vs. Simulated nMOS I-V Plot

O 65nm IBM process, Voo =1.0 V

las (HA) ~ B

— Simulated
e T,Jm’. T Vo ®1.0
1200 - L M)"\/‘)\’ \,J\abw-—'

Velocity saturation & Mobility degradation.
lon Jower than ideal model predicts

1000 - ;
L TATMAQ
B Voo % Vi » Vi
£00 -
600 —

Velocity saturation & Mobility degradation:
Saturation current increases less than -
quadratically with Vg,
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ON and OFF Current

- Saturatlon

e 22 B

nwaols © Saluwalion

Je

ooty 8 o ia 1om, :
lott = lys @ Vgs =0, Vi4s = Vop im| ©< Yotk &V gatration
— Cutoff 100 oo

V=10

100p

10p
[ — A e
08 -044412 0o ozvoa 06 08 10

il o 2 -

Témw s BouTe I\ h) o \enath 'l \erglh Yo 2o vas Wb W Ge
/\a)' N2 J_,:Z/ _du‘,._p

chanrel

v< Attracts carriers |nto channel
“— Long channel: Qchannel ociE st

EI Laterafw lectric field: Ejy= vy /L™
v< Accelerates carriers from drain to source

Sed D ug L)

Long channel: v = pE; , {; \wh
\m_mo«);m u\,,,,cu»Ab wa f \{‘—:? =

Pm’s a.., Sourte "\ NMOS 0’

Scanned with CamScanner




YA ’-\'?/’), » = Velocity saturation

Coffee Cart

L

0 Tired student runs from VLSI lab to coffee cart
O Freshmen are pouring out of the phySICS lecture haII
QO Vg is how long you 1 have been up_,: g

— Your velocity = fatlgue x mobility

@ . is a wind blowing you agamst the glass (SiO,) Wa||
- At hlgh Ve, you are buffeted against the wall

5 2y — Mobility degradation o SHhedw _ i

W\?I‘I\/ds, you scatter off freshmen, fall down, get up;

‘,«»"3 - Don’t confuse this with the saturation region

:'I'. .‘:'4'

T ) A R R O A e e
4: Nonideal Transistor Theory CMOS VLSI Design 4th Ed. i

‘ (:\So(‘ slude v) /\.;3\ )\55_"2//1 Mepf )\J;)‘ Z/'\js, l‘.)\.{ja_:,“ _L;b"

Moblllty Degradatlon

S g O ACMoMEn)
S SO
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elomty Saturatlon

G, ;/’ o ../ 5""'"', ;.' 4

thl h E,.. carrier velocut rolls off
D A g lat f\‘ y)J\ﬁ’M.l\gnJ\w»u«‘-'
— Carriers scatter off atoms in silicon lattice

» W d
— Velocity reaches v, e — Weasure
« Electrons: 107 cm/s FA e~ B
5 ~~ Vsat pavry]
« Holes: 8 x 108 cm/s Vi /,/ B
7 Hol
— Better model //f}f i
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i

[0 v. <V,  cutoff

I, =31, —% V,<V,, linear

dsar ¢ dsar

g dsat 7 g e
| vl Vv, >V, saturation Via =F, (I/gs % V,)“' &

—— Simulated

— a-powaer law
las(0A) P

BOOT Vgs = 1.0

s
v
et
......
el

600 -

el
s
g

400 -

2004 J47

T
SRR R e R e
3

R IR R R e

!
o

4: Nonideal Transistor Theo E S VLI D

...............

o S

Q Revers.e-biased P-n junctions form a depletion region',?%;f

5 Rt?gnon between n and p with no carriers

- — Width of depletion L4 region grows with reverse blas

TR e e e
| Shorter L, gives ' ¥

() Depletion Regio®. -
Width:Le

meve. CUrrent
ds.increascs with Ve | '
Evj_g_an in saturation
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‘lE] A = channel | ‘
ength modul
. ation coeffici ‘9‘""“’ hoost:
— not feature size ent Fors 2 Qb L &
> Ve 1Y .J (SN

g = Empirically fit to I-V characteristics o

e
e e e A e e P e P
a7

: ?EI Vt sV for WhICh the channel starts to mvert

EI Ideal models assumed V, is c’gllgtgnt
" O Really depends (weakly) on almost everything else:

< Body voltage: Body Effect

£ Drain voltage: Drain-Induced Barrier Lowerin
el Effect

_Channel length: Short Chann

e O ‘ S R et
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ansnstor terminal |
ired to mvert the channel

EI Body is a fourth tr
Q V, affects the charge requl L
_ flficréasing V; or decr reasing V|

b o sy AT dR)

Q ¢= sun‘ace potential at threshold

8.=2v, Vs
p %, 2 n; ]
— Depends on doping level Ny
— And intrinsic carrier concentration n;
Q v = body effect coefficient

4: Nonideal Transistor Theory CMOS VLSI DeSIgn 4“‘ ; i 5

< -
A A
LAy iy
2 -4". 7, 4"/, ‘J z ,"-” A o S
s Z
R A

| .EI For small source-to-body voltage, treat as linear
V=Vt Y,
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; El Electrlc fleld from dram affects channel |
|;| More pronounced in small transistors where the

10m -

- drain is closer to the channel S

ngion - --:_ gt B

1 a
4 <04

E_l Drain-Induced Barrier Lowering ™

Subth‘eshold

1u

— Drain voltage also affectV i 0 1
1y e
]yt s I/t % UVds v ap-z;.s 04 -02 _o:_o ofz\:,lo'.a 06 08 1'9

5ublhteshold Slope
S 100 mVidecade

R \S [2-2%) ¢ Pas (Vg o) 5 Ne A conw
D“:L

: e =2 <sLh ‘}lﬂ) droir N Jp P\ ealbion 2P
A N%\BV\
J\u ¢ t)\.u‘\ & r.r:) U‘)",@ k“ﬂ" »-‘),d p 6\-3\/ Soah
S O SR R B e

_.-\ ......

B In small transistors, source/draln deplet|on regions .
~ extend into the channel

— Impacts the amount of charge required to invert
the channel Vi 92

— And thus makes V a function of channel Iength
@ Short channel effect: V, increases with L

— Some processes exhlblt a reverse short channel
effect in which V, decreases with L
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El What about current in cutoff?

O Simulated results
QO What differs?
Stb—a,w \eakage ¥

Cuyven Jds
-4/\43 ) 6 (Aum)

e

G !,// //// ’/._6'/' .w;q 2 ,,,9 a',/// s ,,' 7

4: Nonideal Transistor Theory

CMOS VLSI Deﬂgn “"E"

10m -
1m A
100U -
104 - d
1u 4 :
4
100n 4 1= 27 nifpm By mrwa,,
I i T s=100 m/m,,’;ze
i & DS 420 nhm :-v
. / H ;
ol g ; !
GIDLI S /
10p 4 " f
o ~ : : —
~0.6 -«0,4 ~02 0.0 02,’,Q4 05 0z fi

vElfj‘?{Gate leakage

@ Subthreshold conductlon \gs &, \m
| 5~ Transistors can’t abruptly turn ON or OFF
- — Dominant source in contemporary transistors

Leakage Sources

bedy JM‘)U’M A

- T unnellng through ultrathin gate dielectric
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o éml
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44 %5‘ B iﬂ g; -

4 4. 63 18

9 el ]
i ?{ u‘i'; : I Sxer lalo

- S$=100 mVIdecade @room temperature

'p'"‘ P

i
A T e (

L
T ¥ 4 .

Nonldul Trambtor 'n;.o,, . : 154

"0 VLSI.Dulgn oo

Gate Leakage

B Carners tunnel thorough very thm gate oxides
Exponentially sensmve to t,, and Vp,

T
| V 0 "'B""‘—Afm mj
Io=WA| L2 1 ¢ Vpp
t(l\‘ ‘ ;g 10! 4 !:'
a 10’4,/-,‘.-«" o

— A and B are tech constants ~ *'{”
~ Greater for electrons 1

* So nMOS gates leak more o e e oo 7 mny, .
O Neghglble for older processes (t,, > 20 A) s
o a t65nmandbelow(t°x~105A)'

D 5 o P 7 A A o
225 AT R 5

1MVLSIOnIgn“"" ' 1T g

Gyl
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JJ"”\ Junctlon Leakage |

D Reverse-blased p-n junctlons hav
— Ordinary diode leakage
— Band-to-band tunneling (BTBT)
_ Gate-induced drain leakage (GIDL)

p substrate

4 Nomdeal Transnstor Theory CMOS VLSI Design 4th Ed- 2

.
o A A A e b 27 B S

D Reverse-blased p-n Junctlons have some Ieakage

»
5:4&%4

Lol O Atany significant negative diode voltage, ID =l
,;,;E.l |s depends on doping levels :

— And area and perimeter of diffusion reglons
- Typically < 1 fA/pm2 (negllglble)
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|

i

Band-to-Band Tunneling
S T R A
O Tunneling across heavily doped p-n junctions
— Especially sidewall between drain & channel

when halo doping is used to in¢rease V,

O Increases junction leakage to significant levels

- -B=

— Y 4 J E:
) _IL\J.AEO; Ve 5

£
— X;: sidewall junction depth
— E,4: bandgap voltage
— A, B: tech constants

S O N R e ol
4: Nonideal Transistor Theory CMOS VLSI Design 4th Ed. 2

BT

Gate-Induced Drain Leakage

S T o e e o P A I 00 e ’ R
S T O e e e i

Q0 Occurs at overlap between gate and drain
— Most pronounced when drain is at V5, gate is at
a negative voltage
— Thwarts efforts to reduce subthreshold leakage
using a negative gate voltage

10m 4
1m 4 «Saluration Vg =1.0
! Region . -
100u 4 P
a0 | Subthreshowd; » o Vas =01
u Region
1u 1 R {

1 _ S
(A'p‘m] 100n { 1 =27 nAum _] g Subthreshold Slope

wnd -1 7° ' + S =100 mVidecade
DIBL . !
AETE $20nAm
100p 4 aE :
; ."-IDli ;
10p A :
1 M .
P S S—- S
4 6o 02,043 10
1
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Temperature SenSItlwty

R R R R T R R R W”?X‘M&MW%

Q Increasing temperature
= Reduces mobility } T
v— Reduces V,; 1

: ~ - \'“‘ J\
erature =5 (A wmdoikily 4
O lon decnaces  With temp

i rature
Q loge . with tempe
/‘ > temperature
S/
oot
i R

S Y N N
4: Nonideal Transistor Theory CMOS VLS| Design 4th Ed. 27

—

So What?

e
U So what if transistors are not ideal?

— They still behave like switches.
O But these effects matter for, .

— Supply voltage choice

— Logical effort

— Quiescent power consumption

— Pass transistors

— Temperature of Operation

!.":L':".'.': ‘-i"'.".-":ﬁ':f."‘-if'l. NARE N CTNORY ....\‘\"-' W NN AN N
LT R N PR S TRy SRR R ey A
TR A R e
4: Nonideal Transustor Theory CMOs VLSI Dosign m Ed \
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Parameter Varlatlon

‘\ b«-*-\'m\'\( -c-ty-\— rv-.wv- ERETR >-.; = T R AR P
\,\-c\"‘a\ R AN N EF O VR A v 1 R R S

R B R R o .J'-M&'M&Q- iR %

E] Transistors have uncertainty in parameters

— Process: Ly, V,, t,, of NMOS and pMOS
— Vary around typical (T) values

f!'/

0 Fast (F) loNIbvansistor- B b
{a Leffshect WIS/ Vg @ '.f:’ .f;
J— Vt: \ow | {f ’ j
'5;\ - tox: Ahain & S.‘Sff :

O Slow (S): opposite ’ — .

O Not all parameters are independent o

for (MOS and pMOS

IR T t&ﬁvﬁ"%‘ﬁ RS

S e
4: Nonideal Transistor Theory

R P R Aévg?c-‘icf.“o'.-:":.‘ o e

CMOS VLS| Design 4th Ed.

Enwronmental Varlatlon

T S
d VDD and T also vary in time and space
Q Fast:

- worsk CaSe 1§ [S\ow] Fov
- T: TransiSlov -

Slow s oPPoSite

Corner Voltage Temperature " \

F a8 X3 1 Ot &
Transislor- N\

T 1.8 70C

S V.62 V234

L e L T o R L L e L L A R o S S i o
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Process COrners

‘:l Process corners descrlbe worst case varlatlons
— If a design works in all corners, it will prObably
work for any variation.

Q Describe corner with four letters (T, F, S)

— nMOS speed
— pMOS speed
— Voltage

— Temperature

% ‘.Tr:;,;;;;';-f s ‘."-‘-:'qt-::.ti'-_‘f-_\-t-!!-'\!:f-!-! :.:.:- R B R R R R R E S K
4: Nonideal Transnstor Theory CMOS VLSI Desngn 4th Ed. N

Important COrners .

EI Some cntlcal S|mulat|on corners mclude

Purpose |PMOS  |pMOS |V, Temp

Cycle time S st | s i |is

Power - oo ¥ g3
- [ Subthreshold
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inverter Static Characteristics

Dr.Mohammad Abdel-Majeed
Assistant Professor

University of Jordan

—— Conos N Go inguder @l _OMw S

“ombinational Logic

A combinational logic cell, logic circuit or gate is generally a multiple
input, single output system that performs a Boolean function

* In the positive logic convention, logic 1'is shown by high voltage
VDD and logic 0 by low voltage of zero
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¢ o ' '\O‘r;ﬁ
AN (e- )0")\""’“‘6\04’ '

O 9)/1; W ST '}g) er‘ﬂc --“u-"pf'j‘
ij,c ’J 55 & 00 e\ Rame
J’J""L"\“’F i w5 VD

VTC of an NMOs inverter

*Vinis Vg Bor N B T o
* Voutis _Vps 0B ¢ Nogip, O Momes TV T T
2. Pmos T +
*VSB = 4 Trang shor oao | v,
* The circuit connected to the output node can W
be represented using the capacitance C,, o
*Ip =1, (Led Current ). By solving this equatnon we & —[-
can denve the VTC o
Jeal:- ?
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\e9ic \ o= W;n’;v &\ - uDP
‘;\5\“:}.“\0,’{(_ L A) \IDD _\I'V;h—%’ Zr \03\.L o QAVb( _}\/G r;/ g\ @ 3
e o y',’);u & y
. - T o |
VTC e have ’2“(7 bor  lepic 0 avd 1297¢ -
Vout o " geaes
'}
Vou

Vo J s

¢
bde g D = Ny P T

(o) qz-\lu\. u”\/_s)\uié;; s averdes” J'(;&J 03U S NP

nMOS Inverter: schematic & VTC
Josd oA @) [

o5 5wl
pulfrk N Pl | is logic "1” o
v when th%ofbl}g"‘lt l%\’/T)TS’ ’égic "0" . %
Vou OUT,MAth%urL‘P;Fe output leve  as logic "0
Voo : VourmiN nich can be /hterpreted a o gic wqn
VIL : V|N,MAX th can e ,'nterpferef asd ag the po| t
) whi H efine
M VIN,M":' eshold Voltageé Vm 15 d
Inverter thr

_ i
where Vin = Vout ~ i ] o AN
N> o P D b e T

cieh Ay b 197 2% logic g — n

o

[VaaMieds e T Y

—
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<=Vin<=_ML_
® AV §

uny" ; t
- Vinis interpreted 2 :) w enough to ensure a logic 1 outpu
: V,islo
« This means that V,

o vy <=Vin<=_Noy )
“
« Vinis interpreted as “1

ic 0 output
« This means that V,, is low enough to ensure a log

N i @ Novse g /S F
Qave 3 BV WY g Lwts o) e S Novse O

. -‘-—““\‘\
! " VY Nsie 2 M '.‘ 2t ) \,N.?.\i‘.u.\.\
- ' 14 '\v :»..':—t \‘ i\:‘\ \oa -V ) Tidle e i | -
‘ R T A S S YA V.Y
cond Pk g 8 NP Ram, N D ‘ =
odPb 24P Pl D2 2 ju p LT \ -

g\é,ﬂ) oulPd N \'lJJU’u-L/& Mol Se L‘./:'e) ’\b)‘ e
o poaiddl Ramge I PP Zaw Abp M
" v )) é(_:} O“LNJJQQYS: J\,.n,a—_l:) Q_LP—-L““ o

0;/ W ‘:’,9 \°3a'c o J e\ N Noice 'y\d g

Tolerance °* \"’*”‘:JQ""*« & e
] (gomiiip i
log1'c l‘ o-\,)\ \'ri); lods'c L ) ZP oW«

'

* Ability to interpret range of values as logic 0 or logic 1 allows the
circuits to operate with certain

* Noise sources

- \ bl
\ogic 34 (Zar‘\ﬂc N u—""”}\ "Pf
* Unwanted capacitive coupling g o550 st
* Radiations Tolerance Lor noise

Nm L= g e

(5456 gl

ﬂjl't Q \ ,P &P\)
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NOISE Margin v

NML - 58 ol 5o, Nmy SP s M

Maxmum
voltage

\ oltage:
Vou Vv v
? OL V,'L vOH(_ — Vi

Interconnact

interconnect

! H Interconnect
. Noise NZ
Vol A o e
LDSI'c &} QQ.Y\ﬁt btp‘),'p\) N ‘“’
——— Logic |\ Rang, (4P J0's
= : ld i ; GaE , 3
Input Noise Margin o —
voltage. vollage.
Vou VoL V|u. Vou Vn‘-u Voo
% E Interconnect } E

. . . Noise Noise
* By definition the output of the first inverter is VoL

* The output signal of the 1t inverter will be perturbed during transmission because of on-
chip interconnect

* It the input voltage of the 2" inverter is smaller than V, then this signal will be
nterpreted correctly as a logic “0” input by 21 inverter

* Butif the input voltage becomes larger than V,;, then it may not be interpreted correctly
Y the inverter

* Thus, Vi, is the maximum allowable voltage at the input of the 2" inverter
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Output Noise Margin

Mnimum
Maxumum a"wab,'e
allowable voitags:
voltage Vi Vo
Vie Vou ' :

)

Minmum
aflowable

Input Noise Margin s e

Maximum

Vi Vou

interconnect

Interconnect

Noise Noise

. Assume the output of the 2" inverter is Vo
+ Input of the 3" inverter will be different from V,,,, due to noise interference

« If the input voltage of the 3™ inverter is larger than V,, this signal is interpreted
correctly as a logic “1”

. lfl the voltage level drops below V), , the input may not be interpreted as a l0giC

* Therefore, V,,, is the minimum allowable voltage at the input of the 3™ inverter
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Nois€ Margin

- V -\ o
° NML - L L
YT € Thet Wi Vi Comparnsn, V. Prsracn, sy o mpmcbochem o Sl

oNMH:: \)oH.-\J\H Vin Vout
* !

Vin \— \

3

Transition
Region

Vi . Y

NM,

e

= 5 4irse mini ey F i,
@ RNy O
Y rm toy 3 1
Jivi2. AR AN

Power

Jp
* Lower consumption extends battery basea peratuon tlme for
portable systems

* DC power dissipation: Ppe = Vpp.lpc
* DC power is input and output voltage dependent

* To calculate avg DC power assume 50% of the time mput isatV,,

low and 50% at V, = high ‘
* Ppc=0.5VDD {IDC (V;=low) + Ipc (V,=high)}
* Inverter type and its design affects the power dissipation significantly
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Inverter &'

r
« Resistive Load Inverte

i er
* NMOS depletion |load invert
* CMOS inverter
¥
Pres .)\,_) &510
“Trengiclor

Y - 4\ C"P“C"D"h(;,\fd'\
Dﬂ\‘r@—\—@— e !

&2

; T 0= sdar SV A e gt
geke) gn;v....l)\ab,d L, 9a. Gabh ity
22 e, P T""“! b
P - |
! Uﬂbd\?} ?L‘ ' ‘CJ ‘
Resistive: oad Inverter
. Resistive-load Inverter circﬂit & its VTC
IRevdy gy p P G T e ek s
Oeval L g, ¢ J\o;-lhb) ¥

V= Q & A“'_‘P.:\JJJ
< [*"’ A g

g Voo = 12v
% °f Vin= 058y
g ol & k= 57 x 10°AN
-~ ‘ . :
uvP )‘JJ! é.u&a ) s
- - V.?\?{ §
A &itas
d‘v&) \‘;P-’ 9 #;,M =1
\\ﬁA < C\n D)

. Scanned with CamScanner



V PN G ) Lo Sc:«\*mr«'.\\p (EnD > Trans N> 2oy \Ap TP
* UW‘ Z»”qumos ¥ CJ\Mé, R 1y o
a,ﬂ)wwc CT G gy, S BoDYA iy i o e
/L""‘\d*_,pu Nmes C?(/wo.) \fo\ /CJ\ i "-is'rf:tZi;“‘“r'f.?iT

o U2 VWl & i ¢ G eg

Re5|st|ve Load Inverter = sx 1, Wior T leb MG 02 g0
E : WZ/C&MLJ"

a,i
53N

- Resistive-load inverter circuit & its VTC : Faritl i Vs Sl T A
i"’f;: ¢ Viy<Vrg nMOS off Vol y o e Jtose g
E '™ 2o LA LU BOY GLuee e |
1 o Vout = \jJ) (}b s Iﬂ A wP f"P b v:.'g;u
" V. >V, nMOS in sat. - ok
*Vis=Nod > Viy— Vo ' Ry J'
= :[ - \JdJ - \Uout %3 =
5 1 i § 2- Vgs %2l SN Gude M, (e oo ¢

~' Vin>VT & Vout< VDSAT’ HMOS 1n llIl 2(, N \{\/\‘L ol.a:.u.U _,..T\ &lﬂ_; M) ID Q\QJJ
'I IO‘ (}dzf C NP JLJ\, To> Lp & Ol C o, \_nua,»,,u

~
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.. Cretn e ol b Erekn e e T T et (4 S e
e R i

=V~ Rplg

* When Vin < VTO

+ Transistor is in
. lR = D = 0

o

&In Veu=Vos

Output Voltage (V)

08

06

04 |

Sl T T 5 o i e B -
PSR v o DA IR
BN I S
g TbVFRNEL M E e B
Ao Wt < P

¢ Lol f
3 r.y;")’ i""‘;;"\’

‘,’1 « 1INV
Vr)-Ob!N
K= 57 15 A
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Calculation of Vv,

* Vo is obtained when V, =V, =
" Vin |
* NMOSisin _\ineasr
* Using KCL 1, =1, o

2

14

12?

~ Yo » 1 2¢

U!,-GSW
S 10} VetV k= 57 x 10
[ R, = 206Q
g ce}
2 oe}
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Calculation of Vg, & i iag

J Io Vou= Vo

. VG,L is obtained when V. =Vou= gt by
ot Vi, %y

. NMOS isin 5,3&‘5 o ted
- UsingKCLIg =lp '
(Vdd VOL)/ RL = B/2.(2.(Vgg — VTo)-VOL — Vics

-

Output Voltage (V)

Sesin Ly "1 it 2Vp
A;'VDI;"_'#VDD—VT()*'(EE& e (VDD'_VTO'*"k RL) A RD o: S
T PN b A 7 — ;

ie: hKCLa"d Vo? definition to to find the value of Vg,
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e Using KCLI; =1,

A

alculation of V,

’At vin=v||. dvout/dvin =-1
* NMOS is in _galurabion

, 21
Val- Vet _ B (g ~ Vi)

¥ 5

f -
-
: 5 bt <o
Il Ll e ) v‘g";; “S «:f %
. Vg = o
‘ -
B A v
Ve
: Rig¥
“D Vee=Yog
=Vos l
14
12 Voo = 1.2
= 410 i Yo = 0358V
= L s 57 AV
_:? 08¢+ v R, = 20x3
° : H
Z 08 | i
2 N
3 :
o o4
02+ Va
00 02 o4 06 o8 10 12 IW
Wiy Voes
Input VoRhage (V)

Scanned with CamScanner



SEEEN SN y o . [

mv‘>~52” FRViL N R Sy A
Y o O SRR 0 S Dl
£ %9\6&Ran@JKNWg?&’

Calculation of

e AtV,=V, dVou/dVi, = -1
e« NMOS is in

* USing KCL 'R = ID 142 Voo = 1.2V
¢ (Vdd - Vout)/ RL = B/z (Vln B VTO )2 .(eql) < 1j0- :'.Yjsgfslz’mf
& o8 R =202
» Differentiate both side | % o5
= -V ’ 3 os i
* '1/RL . (dvout/dvin) - B(VIL ™0 Tm‘\g\'y‘;) 55 N U/,'()j\ 32 - u\" , v..\
. ’\“\‘ "‘0; o.z c;a oo é.a 1‘0 ;2 14
’ SUbStitUte dVOUt/dVirl = -1 '}g Z . Ir:{;:utVollage (V) -
* -1/R, . (-1) = B(Vy - V1o ) L
* V. Vo t 1/(B.R.) ...(eq2) \)\L = \lro anL N

- sl Ay fo S P
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&,
Calculation of Vi,
* At Vin:VlH dvout/dvin =-]

* Vi, is slightly larger than v,
* NMOS is in \iypeour

——— T W — a—— - ——— " —— d—

14

Yoo

1.2 Veo @ 1.2V
?': 10l VII-OSBV‘ .
° © k=57 10N
& o8 R, = 20k2
=)
Z o0&}
2 —0 ¢
a 04 5 VsV

¢ i
0.2} Ve | Vi
Vo : \ \
00 02 04 06 OB 10 12 14

Vl; \'\u
Input Vollage (V)
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Calculation of Vi,

PALV =V dVg/dV, = -1

Output Voltage (V)

* V,, is slightly larger than Vo, - .
. NMOS iS in ) S —— r‘\ : \ - Va=Ves

o N

Vgc.= 12\/
Vrg=058\/
K, =57 x 10°ANV?

. . . - 8 .
* Using KCL I; =1, input Voltage (v

* (Vdd —Vout)/RL=B/2.(2.(V,, —VT,).VOUT
* Differentiate both side

1.0 12 14

)

— V2our) ..eq(1)

« -1/R, . (dV,,/dV,) =B/2.(2.(Vy, —VTy).dVyyr/dVin — 2Vy; . dVoyr/dVin ....eq(2)

* Solve eql and eq2 and substitute dVv,,/dV, =-1and

8 V 1
Vo=V + {._._Lf?___
" e 3 kn Rl. k!l RI.

V,, with V,,
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VTC, Power & Chip Area

~

» VTC of the resistive-load inverter for different (k ‘R|) \ %

/7 B K 1

1

4 § l.I""
\13 kR,

kR,

Output Voltage (V)

14

1.2

1.0

0.8

0.6

04

0.2

0.0

VDD =12V
Vip =048V

kR =6V’
kR, =9 V"
koR, =12 V!

1 A L

00

" A 1 M 1 A a
04 0.6 08 1.0 1.2 14

Input Voltage (V)
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POWEl —»  ~LU Rload Nowols  J-" *
\:.ianJ- A

Vo=V @ (pd 3 N gale Sos s S

* Vin = VoH » .

« NMOS is in Linear 5de.ios Powserr 1@ <5
o Iy =l =(Vgg—= VoL )/RL Pro 2y 2% epsi)s V3

* Vi, = Vo
¢ NMOS is cutoff
* D=0 Mmax - B = T.v f Ba-’f.cd-PJ-:L
* PoclAverage) = (Vyq /2)- (Vaa = Voo /Ry mnit Pa Two il galeouk 2o |
T S
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a2 gl” v

Resistor

* Two possibilities for fabricating resistors:

* Diffused resistor: an isolated n or p-type diffusion region.

* 20-100 ohm/square: needs large area not practical for VLSI
* Metal Resistor

* Undoped polysilicon resistor:
* mask off during poly doping to create about 10M ohm/square.
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upO =)V .
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Example 3.1 - Inverter Desigh  __ R

-

o ¢
J' Via ™ Vs
o

* Resistive-load inverter circuit
* Vpp=5V, W*C,,=30pA/V2, V=1V e
Vs SV, =200mV

» Determine (W/L) ratio of the driver Tr. And R, to obtain the tequired

Voo .
* V= , V.. = .NMOS is in
(W/L)-Ratio | Load resistor (R [kQ]) DC power consumption (Pp ,,, [UW])
1 2630 2. 56 —
2 13\.5 AL _
3 &1 -3 1- 6% _—
4 6s. B 102 —
5 59. 4 ﬂj —]
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Inverters with MOSFET Load

* Enhancement-Load Inverter

v():'
Vw VDO
i
| [
Vot * Vou eae l L !
- l I
-0 . vo:».)ooa -
‘ Iy Ver * Vor awer - "
. _{ E ’ ’ C l D @ DS dotves
vn = vosm

(a) (b)
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inverters with MOSFET Load

« Enhancement-Load Inverter
Load NMOS operates in

Vou =
o
e Power
Vosmonn = Vosons l‘
—_ -
‘ H VM = V{)S.dﬂn!
v
vV, =V lE
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Example 5.1 - Inverter Design —~ &=~ N
ved )\WZ/ 'S\ /\A)\JUL X,Inz

Vd Ve = 1o P \L% Y,

* Resistive-load inverter circuit

Q &‘\'w) E',__~ s
* Vpp=5V, p*C,=30pA/V2, V=1V - T
Wis e
VOL—ZOOmV C,oY\QLm\V‘\¥ JE—~: |
. Determlne (W/L) ratio of the driver Tr. And R, to obtain the Tequi
Voo
*Vow=__ ,Vip=—_ .NMOSisin
(W/L)-Ratio | Load resistor Rk 12 power consumption (Ppc ag [MW])
§ ?‘s 3,3’1}'5 S.
/ . 1 . N
4 1 65, B ?o .21 Powayr- nciease
2 2.6 0.3
6 vy3 R | g

~PLWIL R JUs N

> sl
W\crw RJ)J'M;UL

et

/\,J);b,, w W
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et @
Jerters with MOSFET Load

38 o 100F e LT

(s
EB}:anCement Load Inverter
5 L4
”A.w;’\ Yoo ™ » 0)'\/ Vea Veo
K 4 Xe < Joo
- ‘bv“( d _LE
\‘»,\n e
Vas.-ﬂ usm‘ .. \k‘ C\- \ 2- vosw l'k
llo Vo= Vos aver V-‘t\f\*_ 0-3 - g

. P__l E———— Ng ) i s | Vo= Vos aow

\)D;p.\.:: 0'6(\.2_ . ’ -
<@t weay. '\
T leawy Gre b Growad I\ wSowce  IWGwS
O-Q..<°-§ N R ! 'f ‘o ‘ . ( Or\) T\"U.’('\S\‘ J\()_':) &~
SRy JoA &P s Yo Svain 3vap UL (AL
osealLore. in0 O 342 g 61 9P G @ IR

Inverters with MOSFET Load SeSs W0 2= o HBiglr 0

* Enhancement-Load Inverter
Load NMOS operates in

v

[l
Vou =
* lE | Power
vmm'vm.w l'u.
- ) *
llO vw'v(ww'
Bt
(a)
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Inverters with MOSFET Load

e Enhancement-Load Inverter
Load NMOS operates in

VGG VD
Vou =

e
”:‘ ) Power

VO o - — o
‘ ID vou = vDS.A-h.-
V,, = Vg amver
L 1
(b)

Jac = O_Q—q -
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Operation Yoy

° GS,n < Vth,n , =
« NMOS is OFF | o e |
; L

e PMOS operatesin _50T Lo .

o——rt — *
oy 2 = 0.3 \/ _1Q v, =Voer é'on v, * VYosa
- (o , -
1 msl
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Operation

* Vin=Viy

In=

» NMOS is in _gaT e
* PMOS is in _\snay i

OoO— O
1
1l
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VlL

=-1
* Vi, = Vi > 4V /d Vin 0.35 L
« NMOS isin _sAT —
e PMOSisin __\ined
ot

IR
When Bn> Pp =80 o\ er discharaimg Fo! Qnn,S
$>e

S B Be oI 500 g G

VIL

¢ Vin = VIL 2 dVout/cl Vin =-1
* NMOS isin
« PMOS is in ~
(w)  Jod @ b e’
* Bo/2WVasn ~ Vinn)® =8p/2 2-Vosp = Vuy ). Vi, -y

2)
DS,p
Nmos Pmos —  ———— "
-~ 2Vou+V )_V +kV
AV e oo v, =—= ”‘"l +kDD RV T0.n
c’ 2

5
Qe Kg = Ki/Kg
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Vin © Ve 2 dVou/d V;, =1
, NMOS isin__SAT

, pMOS i in __\inear S5 o.l

———

VJ H

. Vi" ) V'H K4 dVout /d Vin =-1
* NMOS is in
*PMOS is in

Hm@s
BD/Z(VGS,p - Vth,p)z = Bn /2 (2.(VGS,n - Vth,n ) VDS,n - VDS_,JHZ )

Pmos

Vop +Vrop t ky '(2V;,u + VTO,n)
1+ kg

K Vin =
R Kn/|(p
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Input Voltage (V)
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inverter Transient
Characteristics

Dr.Mohammad Abdel-Majeed
Assistant Professor

University of Jordan
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fiming Analysis
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Calculation of Propagation Delay
(AVG current method)-
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Oxide-related Capacitances (2)

» Capacitances which result from the interaction between the gate
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PP S the substrate from the gate electric field:
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gration mode ,
V9 e inversion region is pinched off
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*We have to combine the distributed Cg and Cgqy values found here
With the relevant overlap capacitance values, in order to calculate the .

total capacitance between the external device terminals.
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Junction Capacitances (1)

* Consider the voltage-dependent source- substrate and dram-subs
junction capacitances : C, , Cyy,
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, A simplified view of six interconnections on three different levels
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Thickness value of different layers

Field oxide thickness
Gate oxide thickness
Polysilicon thickness
Poly-metal oxide thickness

Metal 1 thickness
Metal 2~7 thickness
Metal 8~9 thickness

Via oxide thickness (PO-M1)
Via oxide thickness (M1-M6)
Via oxide thickness (M6-M9)
n* junction depth

p* junction depth
n-well junction depth

3pm
2.6nm

1pm (minimum width 0.06pm)

1.1pm

(L.8pm) (minimum width 0.09m)

2.2pm (minimum width 0.1pm)
9pm (minimum width 0.4pm)

1.75pm
2.2pum
9um
23nm

28nm
3um
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' RC Delay Models
|

- 'Simple lumped RC modelﬂ& T-model
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V; - A— vV
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l qul = ]_y l—e.T _ TI'LH
500 n.r)( P( _—RC )J

Ty ~ 0.69RC

lw
R C Ngd)nf uLm;,-eJ\ delay 3y ¢

v Distributed RC ladder network model
s RN Vs o2 $INGR &

Total of N segments
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v m Jw JT/I'VN‘ B v—-’ J qp' ‘-%- Alv;j' C.;'J;"?

R PV T Wiy e i B
IC I ‘ : é/—-l

Scanned with CamScanner



Various RC l\/logels
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C : . e - )‘P Vi __.WT Vot ‘_Mﬁ——%;'m——
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(@) Jumped RC model (b) T-mode
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* The general topology of the RC tree network
* Let Pidenote the unique path from the input node to nodej ;-

* Let Pij = Pi « Pj denote the portion of the path between the ;

. . f | ! LAY
node i, which is common to the path between the input ang gg‘&ga_nd the
/.
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Example 6.5 (2)

* The simulL

Voltage (V)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Input
—O—Lumped RC model
—— Distributed RC modeg|

3
35x10  40x100  45x10°  50x10°  55x100  6.0x10° 6.5x10’ 7.0x10°  7.5x1
Time (s)
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Transistors as Switches

« We can view MOS transistors as electrically controlled switches
» Voltage at gate controls path from source to drain
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CMOS Circuits "

* For the gate t0 output @ 1 optoout ]
« Some path of PMOS transistors fro

o i pull-Up Netwo
« We call the PMOS transistors the \"m

‘0 Va___|
« For the gate to output @ - o
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" he Pull-Down Net I
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"MOS Inverter
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CMOS NAND Gate
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F=(AR +c¢)

Daellg)2(narY.c , @
input NAND G . "
3-inp ate ) e vlp ARsc lade

2GR Loy b g

.y pulls low if ALL inputs are 1 "
P 2P LU GUM A5 g dud 31bu

. Y pulls high if ANY input is 0
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———————
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3-input NAND Gate

* Y pulls low if ALL inputs are 1

* Y pulls high if ANY input is O WP Fnchiondt Py
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Layout, Fabrication, and
Elementary Logic Design

Dr.Mohammad Abdel-Majeed

Assistant Professor

University of Jordan



Inverter Cross-section

* Typically use p-type substrate for nMOS transistor

* Requires n-well for body of pMOS transistors
» Several alternatives: SOI, twin-tub, etc.

SO Jround A
GND "“\{\ o “"9\{00 ] so,
: : [[- 7] n+diffusion
_ 2. p+diffusion
polysilicon
/ p substrate ] metal

nMOS transistor

heha PMos_SubSlrade ) ‘d”///’_f—

,,A\”ss;\!v S%bslmlc ﬁd\’) . nwdl
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nverter Mask Set

» Transistors and wires are defined by masks

» Cross-section-taken along dashed line

Pt c“'u“*’ |

GND
,'MMOS transistor

1 3 s eh . ¢ P
3 - . — o W AR E _—_,”': X _E:\." ‘. et
AT e G L s e, iRk 2l : i —
\ / DD
\ f

Pyl NMOS transistor well tap

substrate tap
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Detailed Mask Views

* Six masks
* n-well
* Polysilicon
 n+ diffusion
* p+ diffusion B ;. iR »

........

t
Contac ST - ——— B85-80

* Metal = = '
B
| -

N hes rwesfomes dvain S =be' 2430
o2 Byo 50,1\ md) LA —

Onifs 2o (8 €330 waler -

B AQJ!‘:?{S Tebyicaliemy 4;:1,45 -

fP_‘Q,_\,t:’ woalex
Pmes / james N2 QP 00

Fabrication Steps

» Start with blank wafer
* Build inverter from the bottom up

* First step will be to form the n-well
* Cover wafer with protective layer of Si0, (oxide)
* Remove layer where n-well should be built
* Implant or diffuse n dopants into exposed wafer
* Strip off SiO,

p substrate
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Photo’r”eslst oS e 5L AT g
I s 2NV (s 5o bl g (pn o $5P Lol
e Spin on photoresist

» Photoresist is a light-sensitive organic polymer
» Softens where exposed to light

Photoresist
SIO:

p substrate
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Etch

 Etch oxide with hydrofluoric acid (HF)
* Seeps through skin and eats bone; nasty stuff!!!

* Only attacks oxide where resist has been exposed

Ot 02 3\ o MUYk o0 GAL Subglate |,

Photoresi
SiO,

p substrate
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Strip Oxide

N UL (o Ja oA P

Pl ryle

» Strip off the remaining oxide using HF

» Back to bare wafer with n-well
» Subsequent steps involve similar se

ries of steps

p substrate

n well

Siide 23

- gue

st Sa)x
O)G'(k,

b
pob%{\\ e ‘P‘SU <

M oL o il g o e .
AR \éw\b‘.l“‘)}/pho\'ﬁ“S\.Slt VWM(

Polysilicon

* Deposit very thin layer of gate oxide

* <20 A (6-7 atomic layers)

* Chemical Vapor Deposition (CVD) of silicon layer
* Place wafer in furnace with Silane gas (SiH,)
* Forms many small crystals called polysilicon
* Heavily doped to be good conductor

Polysilicon

p substrate

n well

Thin gate oxide
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polysilicon Patterning '

over| 4

24
=3

3““(_»“ Mﬂ.@-gﬂ.ahg pauu.,ﬂ
Newslo s SUNSe/ draiin

. Use same lithography process to pattern polysilicon

Polysilicon

Polysilicon

p substrate

n well

Thin gate oxide
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» Use oxide and masking to expouswéo;vhere n+ dopants should be

diffused or implanted

e N-diffusion forms nMOS source, drain, and n-well contact

P2
' H
n well
p substrate
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Q% - I 6 nano 7 -
Layout (§ 32 navo

e Chips are specified with set of masks

» Minimum dimensions of masks determine transistor size (and hence
speed, cost, and power)

» Feature size f = distance between source and drain
* Set by minimum width of polysilicon

* Feature size improves 30% every 3 years or so
 Normalize for feature size when describing design rules

* Express rules in terms of A = f/2
e E.g. A =0.3 umin 0.6 pm process
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Inverter Layout

- Transistor dimensions specified as Width / Length
e Minimum size is 4\ / 2\, sometimes called 1 unit

* For0.6| vpp g u 5 W=1.2 um, L=0.6 pm

po\jS&“\'(_oh'\)\ 61 \.‘p\ i5) _
Ahawn e J\';-PXJ. ls Fo0

Polyst {3\ Qg\p\ v\
 Oramd NI NS L

| 8/2

42

Pmes 3 ymes L\ daL
| Al 27

Scanned with CamScanner



\;?\(zjoﬂjf o -UWJ:OS(JJ-:; _

- 7)o

‘o’

Sthk Dlagrams \ayood AN Aot VS T,Pliwj:j.ﬂi \Tm ;

: S Qa0 -
+ Does show all components/vias, ~ ™" **¢ % S o
It shows relative placement of components.—

» Goes one step closer to the layout (G =
z . O""’J
» Helps plan the layout and routing -Adps dLeor

Transiske D) Q"J 00, -
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Stick Diagram

EULER PATH = (AE,ED,.C} — poLy
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* The number of diffusion breaks can be mini
the ordering of the polysilicon columns

* A simple method for finding the optimum gate ordering is ;he
Euler-path approach

* Find a common Euler path for both
graphs

* The polysilicon columns can be arra
sequence ( in Euler-path)

* Diffusion will be unbroken if identically label
be found for the p and n trees v labeled Euler paths can

mized by changing

pull-down and pull-up

nged according to the
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« The advantages of this new layout a
area, simple routing of signals, and €

re more compact layout
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CMOS Transmission Gates (Pass Gates)

. Representatlops of the CMOS transmission gate (TG)
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C(MOS TG Implementations (1) Vit

. TWO‘inpUt mUltiplerr
Nefl, —n i 7
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qube S, .
} 2 "ﬂngg\pf AP, .y InVad ey — 2. Frang
\ . A
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<
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* 8-TRs XOR function ‘;3{ <
o L ST
T F=AB+A —§ \ o0 o
e 7

" 6-TRs XOR function

Scanned with CamScanner



CMOS TG Implementations (2)

* Boolean function realization

ComPlex -?cmd-l'(m ¢ ol _J..«J)

Q.Q- -\rfd.lﬂSl'J\mv- Olb..é 2
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 Recall that Moore’s Law has been driving CMOS

Transistors
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