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Coping with Complexity

_ \'>§3[“\'>% Chip s\ Code ) éesxan gl
« How to design System-on-Chip? I A TR Y
. Many millions (even billions!) of transistors '
« Tens to hundreds of engineers
« Structured Design

» Design Partitioning
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Structured Design T lel e gl b
Wecks Saamiala design M

. : Divide and Conquer
« Recursively system into modules

« Reuse modules wherever possible
« Ex: Standard cell library

. - well-formed interfaces
« Allows modules to be treated as black boxes

* Physical and temporal

Structural Decomposition of 4-b Adder
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Structural Decomposition of 4-b Adder

* Easier to el
sdd4
handle o

Sum M erUn usaalb |1 a um
L Carcy M\ 3

Tl AT EEe Y OF
JORDAN

s[2:0]

Structural Hierarchy of 16-b Adder
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Structural Hierarchy of 16-b Adder

4 bit adder with

4 bit adder with 4 bit adder with
Manchester carry

4 bit adder with
Manchester carry Manchaster carry Manchester carry

1 =
Manchester carry carry - propagate output
[ circuit block J [ circuit block J butfer XOR gate

Figure 1.25 Structural hierarchy of the 16-bit adder circuit.

Concepts of Regularity |

* Regularity
* decomposition into
similar blocks

* Example: parallel
multiplication array

' ' .

L Comar bl gl bt il o
ﬂuuro 1,268 Regular design of (@) 2+1 MUX and (b) DFF, using in

Ui-state bulters as baslo bullding blocks,
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Concepts of Modularity and Locality

* Modularity

* Functi

) ﬁttl)clmali blocks have well-defined functions and interfaces

o Ock can be designed independently and combined easily
esign process parallelized

* Locality

* En i
. Des;ures .cc?nr.lectlons are mostly between neighboring modules
ay minimized by avoiding long interconnect

TR UNviste—e O

s design Nendehinad Jokpan
Design Partitioning
s e S N s Ak

.Lﬁ\ms %\Mu‘ﬁj: o0 Qo

« Architecture: User’s perspective, what does it do?
' ‘,,\,;, eadg sl

« Instruction set, registers
« MIPS, x86, Alpha, PIC, ARM, ..

 Microarchitecture L s : :
cr,oa ch o QowerN bs;\maqgﬁﬂ;.&qégﬁ#*

* Single cycle, multcycle, pipelined, superscalar? T .
\byizs delay N MLy s B

* Logic: how are functional blocks constructed - R i
« Ripple carry, carry loo kahead, carry select adders Lesis 34 o e P S \‘é‘\:
.

» Circuit: how are tranosslstors tuseqt ﬁd i WU
. Comp|ementary CMOS, pass ransistors, domino Q-\\A\ \S\%\

« Physical: chip layout s
. Datapaths, memories, random logic - ot <Aoo

e~ NN
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Sysiom Requirements

Archilecture Definition and
Logle Design

Logic dagram / descripfion

rmmsssuseanmsanesansassnasnnmISt

Flow of Circuit

Tec!
I Design Rules
VLSI Design snd Layoul Device Models

Design Rule Checking
Design Verificetion amﬁ‘ Simulation (SPICE)

Fail —

Pass 1

Mask Genoralion

f

silicon Processing

|

To : Waler Tesling
Pachaging
Aallabillty Qualification

More Simplified VLSI Design Flow =

» Simplified design flow | [
» Verification plays an important role in every step Logia Destn
» Top-down and bottom-up approaches combined in the dgsign progesst
(Gate- 1) :
Represantation

R ey )

|

I

é_(

|

Chout Circui

|
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Example 1.1 (1)
omass $peaills e b Al o

[ ] . H H H H H 1
Problem: Design of 1-bit full-adder circuit using 45 nm, twin-well
CMOS technology
* Specifications:
* Propagation delay of sum and carry_out < 220 N
* Transition delay of sum and carry_out < 220 L
* Circuit area < 10 pm?
* Dynamic power dissipation (@V,,, = 1.1V and f,,,, = 500MHz) < 20 pW

Keomaps el d&;\&»ﬁ\ébu (RSN Aeoth ble N ssalsin \_;.:\x\g\*

R U IS O

JORbAN

Example 1.1 (2)

* Boolean Description
* Boolean Functions:
« A, B=Twoinputs
» C=Carryin
» sum_out =ABC +AB'C’ + AB'C + A'C'B
» carry_out = AB +AC+BC
Alternatively, sum_out = ABC+{A+B+C)(carry_out)’
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Example 1.1 (2)

snti ] cmi
* Boolean Description AR
* Boolean Functions: 00 1] |
* A,B=Two inputs A~ L 0 10|
+ C=Carryin a__‘:i " 01 1] g
» sum_out =ABC +AB'C’ + A'B'C+ A'C’'B . —— : g tll I
* carry_out=AB +AC+BC . 0 |
* Alternatively, sum_out = ABC+(A+B+C)(carry_out)’ W [: |
_*_--—“hu

Example 1.1 (3)
Qolag WSEN 558 Wah Usaikon 4

e e

3
x
T
g
g

dana =4

Figusiw 1.7 Gow v plwialbe Of B W Ul he 20 28 cgoial

Scanned with CamScanner



T LHNVERTY O

JORhAN

Example 1.1 (4)

* Transistor-level circuit
* AND = Series-connected nMOS
* OR = Parallel- connected nMOS
* pMOS network = dual of nMOS network

Figure 1.8 Transistor-level schematic of the one-bit ful-adder cirout.

Example 1.1 (6)

* Initial sizes "FM———-\ .
* nMOS, (W/L) =90nm/50nm ol
« pMOS, (W/L) = 90nm/50nm I‘“‘\ | \ \ \
» May need to be changed depending F—n—] —
on performance — l
Ef \ N
[\

[\ /[

3
Flgure L10. Sunululed mput and ot ou%‘ut waveforms of the
full-adder circuit,
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Example 1.1 (7)

Worst-Case Delay, Minimum-Size T"‘ﬂlluu"

* Timing constraint violation

. | | = H i ﬁ'\

* sum_out and carry_out violate timing :: —--:—-—---—-—--;'—"%- i‘\ T\H
constraints S o i L i e /1

* Worst-case delay 250 ps (> 220 ps) 1 ) S (N N &
* Modification necessary 1 E o { I { ]‘ \KH—_QJJ
B P T T T U T

BA\S'SA‘K’J - 0.0— :! 1 i /\ H

o |
6"3 = 02l — 1|
45 48 5.0 5.2 5.4 55
. e Time [ns]

Figure 1.11, Simulated output waveforms of the full
with minimum transistor dimensions, showing the SIJ
detay during one of the worst-case transitions.

N

Example 1.1 (8)

« Resizing transistors to improve
design
* is an iterative process
» To meet timing specifications (W/L) of
(n/p)MOS is increased

Figure 1,13, Simulated output waveforms OF the
girouit with optimized trunsistor dinensions: =,
signal propugution deluy during the same WOREE
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Example 1.1 (8)

* Layout Design
* 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

R

el * ARy
L OAIGS
Example 1.1 (9) e
« New and compact layout for 1-bit voo | | e 23_ =t
full adder (optimized) Hi E;
 Now, all the design specifications ‘ L
are satisfied cor . —
» Propagation and transition (rise/fall) | ‘ S PMPLANT
delay within 220 ps il %E:u
» Dynamic power dissipation = 4.9 o= Shent
HW (<20uW) SPwew
. = 3.01um)=6,14
e iy o L2 Ly st i
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8-bit Binary Adder (1) |

[

| Pt | O | Futris | O | Ftae |G G )
(FA) (4 A

* Obtained by cascading 8 full T TT T
adders — called “carry ripple A& wmE s
adder”

* Speed limited by the delay of carry
bits

N
u

324324 = 39-Lit \moé;\g_sga\"c
a,

8-bit Binary Adder (2)

2 . 3 + | (carry) -’»5»\\ RSN se

* Simulation results A 0 XTIy
LU D CHE s ) B9 12
* Sum bit of last adder stage is generatert —

last wmmm 0

SuM(2) L ;
* Overall delay as long as 0.7 ns o - Iy

sum(s) : '

3 il\\%’\' MU eest \\"“}\“ Yo e |

sum(T)
8UM(MsQ
Carry IN of Last Adder Stage
Nk
(1]
0 T L
llmm um of L-qm- !hqq

.‘
.' -----

" Tyvmww
LX)

T
[
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Y-Chart

’\\S&twa-&ﬁw\b(;\ e \OS'\C. Ml) % o &M‘ l; l bb S\OS\Q \Clb \-}9@\

LA\ Siasns degign N aybais ¢ hadunEll Lo (g8 Plocesser) dent Plogam mr;iﬂs 5‘\
.9 Y

Neglam memory Neobiosy Gyats Machine asds ) alsmia pAln Uil ¢ exbeddad bab
-\;3‘51_\{ el Macdwae W\ ¢ Rlocesgardl @808 ol »

Coas\mys} Sesign Mg oades, O\ }a_aj\ J;‘sig\:';\s JORhAN
VLS| Design Styles b\ \ogic black s\ @3\ yias NAND o N *

Congiju(abh 103‘\0 bbdcs \»\-)é-“‘&] . ( UﬁiUQXSD’( qthS \
* Field Programmable Gate Array (FPGA)

e | % kgt -
VR NS Ty O

* Consists of o
* 1/O buffers L> \3*-‘\“ S \spranl D8]
* Array of configurable logic blocks (CLBs) — \ooleup ﬁbles(.ﬂg

* Programmable interconnect structure
* Contains thousands of logic gates

* Routing between CLBs and 1/O blocks done by setting the configurable switch
matrices

* Proper choice of design style is essential to delivering the product in time

with low cost
< ‘-\*:- ,-,g“g Qs ay

':J‘:T * Full-custom j
“e . semi-custom

L, FPaf Ms design WL A Sy IO
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Field Programmable Gate Array (1)

00 00 00 OO0 G > Cbﬁ'cﬁu(‘a.Ue
V4

mm_'_g il Ii] g \egpie \oleck ¥
a nafiollololl g
o [O][D]|O]IT]] S ...
2 o

é;“":":___!DDDDDDDD

Figure 1.27 General architecture of Xilinx FPGAs.
https://www.youtube.com/watch ?v=gUsHwid M4xE

Verilog Example

module fulladder (input a, b, c, abc
output s, cout); ' l )
a b —
sum sl(a, b, ¢, s8): CW“é-jc > carry R
carry cl(a, b, ¢, cout); s
endmodule MW! |
cout $

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

assign cout = (atb) | (a&e) | (b&e);
endmodule
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Gate-level Netlist(Synthesis)

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

1
. a - X
wire X, Y, Z; b-:g>_
2 4
and gl (x, a, b); € =
and g2 (y, a, c); 22521

and g3(z, b, c);
or gd(cout, x, y, z):
endmodule

"

!

~ o
4

((H i

_J “'_.
P
3 i
s
s

Place and route  3uget gotes
(8 colls ) W& 2 @\wesﬁuﬁs\«\‘

1 i:
a X XA AL T X onees
b PsM . PSM SE——— Singes
% 4 X .“
c__)_y cout ce ){ }( ae ){ E cu:
¥ U A

BiE

£
-
i I —
8
o
o —
2
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Circuit Design

* How should logic be implemented?
» NANDs and NORs vs. ANDs and ORs?
* 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-crgfted circuits are stiII' beﬂ?b
Aoy Guot A1 Csushs am st o8t

( Fol and Som ~osiony @i S\ 3ot - IR
Standard-Cell Based Design (1)
) MGie v WA (s Qe

« One of the most prevalent full custom design styles
« Commonly used logic cells are optimized and developed
» Several versions are stored in a standard library cell

1 ou® * Each cell is characterized by

(-“’L'“ ;950\9_ * Delay time vs. load capacitance
* Circuit simulation model

* Timing simulation model

* Fault simulation model

» Cell data for place-and-route

» Mask data

T
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Standard-Cell Based Design (2 m OOooooOO
DI—II lTllllllT1D

* Each cell layout is designed with fixed height |3 ————1— U
O 1 o O B

* Cells can be placed side-by-side T i o
* Routing of intercell connection is easy l

OO0

Flgure 1.37 A simglified flecmian of standard-colls based cosgn.

> b iade s Ao A ey

@ Floorplan for a standard-
cell based design contains
= |/O frame, cell rows

& v = Channels between rows
=
| |- row » channels may be reduced or
B (DT .
e removed if over-the-cell

routing is done

Standard-Cell Based Design (3)

« Common bus may be incorporated if cells must share same input
and/or output signals

o0 o o oo o o oo ooaoaa )
o { N =
. o
o =5 = o a
: f-'r‘l_’ —T == 1] B z
) “‘J‘L—’“j-ﬂ_—_f i i 1
o | o —— a

- | Wl
o 1 ———i:
E I ==l p e
a a
s WLl AU s
] PEeEAAAARA . OB 0000 E

Figure 1,38 Sinpified lloorplan of o standw cells basad
i), Ganelalng Ol WO eefaduby Dcks il a conunony
wigynal Bue.
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Structured ASIC ( —TASIC
FPGA Vs Standard Ce
'_055"_99 Design m Difficult to Design
' < Ju Easy to Desig _ m Long Development Tnmeép @&,b,g
™ > Va Short Development Time it NRE Costs .
R \4® A Low NRECosts - a@&é\ J: Sl.llgp  tLarge Desiens P
d M ]
b\o‘\ Cé\ ] I;es!gn leren l;;z::y _— Ja Support Complex Designs
m Design Co o )
i High Performanc
Limited )
- P?rfmma"ci lr::::mption \/I Low Power Consumption
. ng: zowzr ‘tOCost g Low Per-Unit Cost (at high volume)
m High Per-Uni
Structured ASIC’s Combine the Best of Both Worlds

* Generally speaking |
« 100:33:1 ratio between the number of gates in a given area for b} |

]

e : : _ratiofor performance (based on clock frequency) |
. : . ratio for power
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Full Custom Design (1) L desigh M un

« Design is done from scratc
« Geometry, orientation 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 (static or
dynamic)

ooty LM a e Sl Nstiths sinodio sty S 85 ol etenlly +

Full Custom Design (2)

e Full custom design rarely used due to high labor cost
« Rather combination of different design styles are used to develop a chip

Cofes N85 \nliaa %

¢ (ASsluiny e”c’é\\’m FE 3
(3sdes o Nelools 5
ol | LM Sll ofeslf

Aanll \ el \ofgees S

3] SMRALIDEENASSI 2
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Design Quality

» Important metrics for measuring the quality of design

» Testability
* Yield and manufacturability

* Reliability
« Technology updateability

|

r .
Testability o ansets
sy

* Fabricated chips should be fully testable which requires
* Generation of good test vectors !
* Availability of reliable test fixture at speed
* Design of testable chip ]

o Felad il eive oy e el
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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 yield — obtained by testing the functionality of the chip at a speed
lower than required
* Weeds out problems of short, open and leakage
* Can detect logic and circuit design faults
* Parametric yield — performed at the required speed on chips that passed
functional test
» Delay testing done in this phase

v

e —— S L Tl o ;ﬂéﬁm Sy e e e T
'c-ib*c_)M 3{,‘@.}*@9&";\\. . \S-‘*‘%)S Yonetioned yield =X & Tes;\‘\(g “\},‘_‘335\_5 -
CSsecsialii Adng M dmat ¢ Sharadaiiiusdine
o\ LA Ruamates Mo dlstasdsisl gy 8 farametee yed -2
Ade o\ \ahse ol W Rowoex A\

o N
Reliability 23

A

» Reliability depends on design and process conditions

» Major causes of chip reliability problem are
Electrostatic discharge (ESD) and electrical overstress (EOS) and electromigration
Latch-up in CMOS I/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 avold over-etching
» Rise time of signals applied to nMOS gate reduced to avoid aging

Scanned with CamScanner



:
3

: ..\SoPc.la:ée Qai~D.y
o of TS i 9
wss dsiett TeChnology Updateabllity

A ]

Nera AL

» Process technology advancing at a high pace |
« Design styles should be chosen such that chips are tEChl:\Ology' “Pdateabh
« “Silicon Compilation” —where physical layout is done automatically —is used

References
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MIPS Architecture

* Example: subset of MIPS processor architecture
* Drawn from Patterson & Hennessy

* MIPS is a 32-bit architecture with 32 registers
* Consider 8-bit subset using 8-bit datapath
* Only implement 8 registers (S0 - $7)
* 50 hardwired to 00000000
* 8-bit program counter
* You'll build this processor in the labs
* lllustrate the key concepts in VLSI design
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Instruction Set

Table 1.7 [WIRSH

istriction set

Instructicn :Funclien il e ) TR
add $1, $2, $3 |addition: $1— 52483 I g_ _»zggg_gg 712%:%
i jon: 1—S2-S83 | | 0000C

sub $1, $2, $3 |subtraction: $ . _100010
and 51: $2, $3 |bitwiseand:  $1—S2and $3 R gggggf :gg:oo_
ior $1, $2, 53 | bitwiseor: §1—S20rs3 : 000000 ‘ﬁﬁ?_;“
slt $1, $2, $3 |setlessthan: $1—1 if$2<§3

’ ’ | $1 — 0 otherwise

- 5 N

addi $1, §2, addimmediate: $1— $2 + imm : gg;!:og :/In
beq $1, $2, imm |branchifequal: pC — PC +imm?® a
'§ destination jump: PE_(Te;!ina(ion? | J 0000107 n/a
1b $1, imm($2) |loadbyte: $1— mem[S2 + imm] | 1100000 | n/a )
'sb S1, imm(S2) |storebyte:  meml[$2 +imm]— $1 | 110000 | n/a

Instruction Encoding

* 32-bit instruction encoding
* Requires four cycles to fetch on 8-bit data path

format

example encoding
6 5_ 5 5 6
R add $rd, $ra, $rb 0 ra rd . funct
_ 8 _5 5 16 -
I beq$ra, $rb, imm op ra b imm
_ 6 _ 26
J  jdest op ) dest o

j
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MIPS Microarchitecture

* Multicycle parchitecture ( [Paterson04), [Harris07] )

ag
PCWrite =
Oranch = l_-,—-u PCEn
Vo0 | Control |PCST — A=
MemWrite | Unit  |ALUCamiml R -
IRWrite ALUSRB \e T
LiP,] op ALUSCA
Funct ReqWrite
E
ax l |
ax | ! B} X éé WK aux
WE . : "o 14 SreA - =
PC R Al ADY
Adt A (o] | | 00
( [ Awresun | [~ atgu 1
— Instr/ Data | H 1 =40 <
oo 3 - SrcB 10
] 2 0
wD 5
= '— [}
|_ ImmXa
":ﬂ Imm

~

RS L ke S A

ineuLchon wah
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Logic Design

« Start at top level

« Hierarchically decompose M

» Top-level interface

crystal
oscillator

—»| clock

vy

IPS into units
memread
ph1 memwrite
h2 MIPS
P processor adr
writedata

; A

8 external
memory

BPENBESE =

To" reset 8
memdata #

Block Diagram

/ memwrte
/ controller aludec
, [—r: aluep(10)| |
i ;;’;’*ﬂ; > T213 T3 5
g5 alalg |8 N
AU HEHHE g
) 2 5 |18 i‘!" & g 2
= o8 (= % 3
g| |3 = 8| s
i v 'Er | = ';
X vy v Y V¥V ¥ v
ph2
raset i
adr(7 0]
: datapath
‘wmcdalaﬂ 0)
ﬂ?’ﬂ?"‘"ow
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Hierarchical Design
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—CMOS Tran3|stor

Dr.Mohammad Abdel-Majeed
Assistant Professor

University of Jordan |
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How Does a Transistor Work?

. http://www.youtube.com/watch?v=lchqCFLHIY
(Q»:p»\ AT = l"'r:!\’e- %

Nl G e, Mouin chaged oY 0y
Qﬂgcaakwg iy L3N
Siranes Nodes @ ©Agre it 12 Movig arges O ¥

oIS
- It atrons Garlehles N %
: C"\i? -“%;fbﬂ &.»-:%\ %eMRoor:l&dbd‘o@SlOQ‘é 2 A\ \3J\:»3~\ e

CRERTENY Mq&bﬁi&\iﬁ%“ (S A S
. holes L\ 8238 Moo iexs 3 i

L Fabind s § Ay

% Sw:kkj‘}ig\_a¥B§Qkaalb e NGO CSus 5
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i
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BTN C S =uSm\) mwawg\%gi\mwkm 2 Din A *

. eleckiones @ Moving Qartiers 3\ NMog ¥

.wwy‘ff_’]" -

\st

Terminal Voltages <

- st=vs_vs -9 - |
Vsd‘vs'vd v, I_v +| v, %
. ds

- Source and drain are symmetric diffusion terminals
» By convention, source Is terminal at lower voltage . NMSS _\\a\\a\’g

* Hence V4 20 =

» nMOS body Is grounded. First assume source is 0 too. p:qa q
o Three regions of operation -3 L N 0
G.;dd\\' (3\e e~ o Cutoff Tcansietor M - ‘ ¢
LY}

f,d-ﬁhlﬂ)
* Linear 3 (egicns= aitd ﬁ. Body
g A
- o) Vol

Rarcd el S g S M 0

J k:'; -
chpatel | ¢ Saturation :

¥OURECS Tl Vbeltey
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CMOS Transiethars 2
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NMOS cross section

Ngg %=V * Chacnel A\ :@gs-‘r
Ne \ 1 Yes = M’L\—chsks\'ar A}

~ .
Choanel (stae Cotolt o Somelads
\\ne.m—- Sakuration

channel 3\ » D
7 ' Sosten. Wiloy Veloge et 30 - IS
Cutoff . Otainy Mo
c’wﬂ\&%“ A3 ol \d -—\/AS = Vo\‘mae & (fexance Y|
Cucler ) a_3y® N ey
L (Tae ) Cotent $2 Lsdhis
LA R VIR
Sy ol O Jusaldens ey
LS ighia (i ues
Uatvration OV adoya
A Voe 33 Sgde
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nMOS Cutoff
« No channel
y Ids =0
® N+ q 2
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p-type Y '
b a,_._z')?-\-"@*
! ¢ e

() Vit No Sovtee N adals &
=) ROA% Mg

5 Scd:e_ L\ \lo\\-o%e_ \.\\A> ° .JJ i“"; \
NMOS Linear Ssucede ssaeNos i
N A VN WA
* Channel forms Stgalt
* Current flows from d to QN\'A?W L
*efromstod ‘J\om 4
.e O o M ARl
* ljs increases with Vg pEDTBOOOBOGT

* Similar to linear resistor
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nMOS Saturation ‘

o —@b)
MRS (
Meaheieree Channel pinches off D&» i~

L« 1, independent of Vg, | et Xy (B M)
* We say current saturates el NN\
- Similar to current source  (a3s-\si2 Etergy N <

LV

-

Bk n S SR NI VA NP
. _)\-':'A\ Tae eleckon=s )\ gb&k.aﬂ._\qw

[

|
g‘\

|-V Characteristics

* In Linear region, |, depends on
* How much charge is in the channel?
. . '& V V&l
* How fast is the charge moving? @\ 't
Quetent
Vor <Vy, 8

I&ﬂ N

v
&

Vas <VgL o e Vas»Vy <\
o M (3\a )

c O Ggdis-
//

Time 3\ daszy Vdg PCAVA v p Agyalids ol
Max, spasd 3 dapio~a il G \ﬁhyi
o :» . o

NS < Nty O 9
o & (Gady t‘.\ld‘ |
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Channel Charge ton

* MOS structure looks like parallel plate capacitor while operating in
inversions
LA s ab el Noltqge 3

* Gate = oxide — channel
——> capocitonce ) Q:q:qc,.'\br N
Qchanne| CV
*C=C;= &/E\"d&-\\w‘?\ = ?’m.\.'._w——% owide

S ‘\‘l\\c"d\cﬁs
ox gate e A

o \\\ N
source :qu: F cs drain

v, 7| _chan nel
= ~—— Vu _—
SiO, gale oxide s

(go5d insulator, ¢, = 3.9) p-type body

B(QA(\ )\ 5 Soeutee Ny’ ‘manioll

y W - dectrones Laysdl

Nrage

MNGes 53‘-!'5»&\

G\nanwl%ts\ PR R

(S gy L—a Aaale Neagltos Ns ¢l TN
/ T AL Al Jciz-_:a-a_:\!

Carrier velocity
Qs ¢ 0e5 \_yl\-\\_a?“_l \Qy‘ru.\ Oy &y

- \adetal Sedre Gield h
. Charge is carried by e- (% Sediic Teld N\ isdam)

« Electrons are propelled by the lateral electric field between source
and drain gy saMEF Sileds faaiel eledionll Hy +

cg= Yo Mrr_ feld 3\ Lada bholes A My 3
» Carrier vell'ocvcy v proportlonal to lateral E-field Jnoles I saliaia, sl

H ised '
cy= PE SR j
- Time for carrier to cross ch;nnel\ Qs\aﬁy.&\gm\'._\mu\&\
Lo el REBE
t= vl LXEWA\ L\
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nMOS'Linea'r -V

~23V ,Aaic,\g,\&;
« Now we know 2o Aot abosshedt
« How much charge Qgpannet 1S i the channel _ J}r\»&i\’\m&
« How much time t each carrier takes to Cross .
I, = Qenannst ade s Volage (<
ds ¢ \Saﬁ
ton HC o L gs 2
w
= uC =
=ﬂ(Vgs—V,—V%)Vds f=HCo

-------
e

o
‘i near S:x‘h.’!(‘a*‘oﬂ
J J

V&s <Ngg-Vay, Nde> \)§ RAVITY

nMQOS Saturation |-V

* If Vo4 < V,, channel pinches off near drain
When Vi > Vg, = Vgs -V,

* Now drain voltage no longer ir;\cre es current
[d.s' =ﬂ(Vgs —Vl - dsar/é 4

dsat
2 -g(Vm -¥)

&
‘j
.

)

1.

q
o
F
d
|
1
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nMOS I-V Summary

« Shockley 1%t order transistor models ,0‘*‘
NP
0 Ve <V, cutoff
L, = ﬂ[Vgs -y, -Vas, )Vds v, <Vy  linear
E(Vgs = V,)2 V, >Kf£’fi saturation -
\ (S Vg - 4k

T N2y 0
tewj % !
..!\:1‘.‘._;.’l :\[.

Example

* Plot I, vs. V4 Given that
*t, =100 A
* p=350cm?/V*s
*V,=0.7V
* £,=8.85*10"?F/m
* £=3.9
*V,=0,1,23,4,5
* Use W/L=4/2Z )\
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o S= O. 25 Qo‘. VQS': O-'LS - 0.\: 0-15 |
Vin= 0.2 '._

0.3
- —> o.\5< o. 2_3%@

£x8 which mede of e NMo2 2 Vih-o.2
9= .35 Sol - \195—035 ol\= 015
Nz ©-2
) *Vyg = ©.3-0.\= 1
> VASC‘t = \!35"‘\}-“\ O.Cs-ol
= 045 ‘

Vis > ek _»s:rum;

o.\

(oo Sineor \adsh g ¢ 25880 %
o = Dcain 3 {8
\ineal mode (A

Example 1
f
‘i
s
. TV %
2 /rJ/ é
cuc Yo 3.9x8.85.10°" \(w . = 15 -
PetCur (350)(——100_10-. J(L) IZOTpNV E‘ / /_,L/ '1:
2y s ‘é
os| I
-~ 1
% 1
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JORDAN

pMOS -V

« All dopings and voltages are inverted for pMOS
« Source is the more positive terminal

» Mobility p, is determined by holes
« Typically 2-3x lower than that of electrons p,
« 120 cm2/Ves in AMI 0.6 pm process

¢ Thus pMOS must be wider to

provide same current
* In this class, assume

B/ Bp=2

PMes M

L tes 3
P Yol M % b,
lows 31231, Wigh teHraget i
(s I3t elecAtoms W ko= 5
ety \\'cill \;Zﬂium,_\\ \ ol o
4 V) Val = -2-25 TEE s O
EX® o3 0.5 Vs ® -o.'—la. JORRbAN
. 2 B i Y] 0.5
Problem which mede oF +this PMoS
kVas = -0-4Y => - 0.4 £ -0-25 (o)
*\Jdg ct 0.3-0.5= -2
* NMOS Transistor % Ngg -Vsy = -ot==905 = ~o-I5
"Vg=7 V=LV Vg5 V=4V BR23uA/VE R e e 2345
Sq‘k‘u(a?tio(\

* Find W/L
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+ The Threshold Voltage (1)(Optional)

:
4

* Physical components of the threshold voltage of a MOS structure,v

_The work function difference between the gate and the channel.

. The gate component to change the &_@m cb\d{;‘%ﬁkﬂ
— The gate voltage component to offset the depletion region charge. &

_* The voltage component to offset the fixed charges in the gate oxide and i
silicon-oxide interface. 1 4

W bad igies pai Gheelan
PRt

The Threshold Voltage (2) (Optional)

* The work function difference®
determines the built-in potenti

?b&?lf'd}a.l \—1::-&&0& I

33 87+ For metal gate

oc between the gate and the chantt
al of the MOS system. ]
s T

I . “

‘m\\.uﬁ;_ ), Do =gy (substrate) - 4
etefgydl e ’
"""-3,5-5‘-\"3‘2\3 * For polysllicon gate

S D = . (substrate) - b (gare)
AT

Vﬁﬂ'uaé di F fe'-,(aj\q:
. ‘6'43}1 A
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(\a_\‘ u_nb 1\ Ox)\\ lm\'ﬁ‘p “ n“& u-”r
oA\ ‘3-5\9— bm&oé\ holes @388y o\»&n Qm\j Yo dops ping W o:,\_v‘k ° llm e

The Threshold Voltage (3] (Optional)

« Because of the fixed acceptor ions located in the depletion region
near the surface, depletion charge exists.
» Depletion region charge

Opo =24 N £ 26 |
» Consider the voltage bias of the body.
05 =—\24-N,-&5-| 20 + Vs |
« The component that offsets the depletion region charge is equal to:

_QB / COX

Eor
CO.\' -

The Threshold Voltage (4) (Optional)

* There always exists a fixed positive charge density Qg at the interface
between the gate oxide and the silicon substrate.

* The gate voltage component that is necessary to offset this positive
charge at the interface is ;

* For zero substrate bias
g)

Vyo = Dge =24, (substrate) = %ﬂ

an

R~ T
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The Threshold Voltage (optional)

- We can use the (3.23) for both n-channel device and p-channel dey
coefficient in (3.23) have differen
| case and for the p-channel case.

ial ¢is negative in nMOS, positive in pMOS.
are negative in nMOS, posit

« However, some of the terms and

polarities for the n-channe

« The substrate Fermi potent

« The depletion region charge density @s and s
pMOS.

» The substrate bias c

« The substrate bias voltage

oefficient y is positive in nMOS, negative in pMOS.
Vg IS positive in nMOS, negative in pMOS.

Example 3.2 (1) (optional)

e Calculate the threshold voltage V;, (@ Vz=0).
* N,=4x10%cm?
* Np=2x10%cm?3
e t,=263A
* N,.1.45%102

* Sol.
» Calculate the Fermi potentials

e KU, [ n w
@, (substrate) = .__m[*_n_) =0.026V. 1.45:10
p N 026V 1n L =-05V

» Calculate the work function difference
D =, (substrate) = @, (gate) = =051V = 0.55V = -1,06V
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Example 3.2 (2) (optional)

* Sol.(Cont’d)
* The depletion region charge density at V,; = 0
Ouo =-J2-q-N 1 s, '|-20; (substrate)|
=—J2~IE-TO""v(4x10")'11.7-8,85-10‘”-|—2-0.51|
=-1.16-10*C/cm’

» The gate oxide capacitance per unit area
~-14
g, 3.97-8.85-107"F/cm =22.10°F/em?

Cnx=—£=

t, 1.6-107cm

» Combine all components
Vio = Dge =24, (substrate) - %ﬁ

=-1.06—-(-1.02)-(-0.53)

Vg, S pohadiinton 58
r(?:}mzj,\m.)\\ v W Gadel 58N aloa BV WY
b g Tiale GOy O
Necana sgrand) Velane W msbdan % g 1050410
> Bady SIS STING & Wil ¥ 9

Body effect —fd¥ad |sssmoetig o Flba
4

o s s
. Ly looe D\ o3
) \°:%\">’“‘!: i p €N holes

) ——— T T oo D *
t 4 {2l sco@eo b.

L> b W A~ e s
0 ® ® ®®}ﬁ'>*‘"°

'r=In*? (‘FMF ' KSBI —\/I2¢F|) Sostem il wvecdizy

Chip Span\l gl & o g sapad \slhy Bl Wdes B yroe
TR \

Deoeedte ey N e (ag Mt \sebatse
o Valloge N Bithel (e g e bl @ift s L A

o Bedy Mo Loua ) W Ml ansistor (el
T T ' N, A
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Outlme

T : ; R
(. Nonldeal TranS|stor Behawor
— High Field Effects
» Mobility Degradation
» Velocity Saturation

— Channel Length Modulation !
— Threshold Voltage Effects L Wy 3 Sealig 3 X
« Body Effect WL, Yox , Va3, Vah
» Drain-Induced Barrier Lowering Y
« Short Channel Effect IR wa | -
— Leakage \"
» Subthreshold Leakage el T

» Gate Leakage
- Junction Leakage
O Process and Environmental Variations

4: Nonldeal Transustor Theory CMOS VLSI Desngn 4th Ed. «

g oM E M u35:08 Vassiaussidho N A \ié,s\\,d  Physical dim 3 %

(E- %
- Q\ms

Ideal Tran5|stor- cu

Q | Shockley long- -channel tranSIstor models

Ly Ocaio o Swm:i\ﬁw SESN

0 vV <V, cutoff

gs t

V .
] ds — J ﬂ Vg.s' - I/, - % r/ds Vds < Vdsar hnear

A

2 .
B (Vs - I/;) V,>V,. saturation
) 2 \\»L‘r{w Vop x_{,s\.!,‘\ 2o\ Gt

EURTS Beid e Yo\ \[g\g\_,m\.a %

A s ahEd.
4: Nonideal Transistor Theory CMOS VLSI Doslgn
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los (WA)
— Simulated

Ideal vS. Simul

O 65mm IBM process, VDD

- ::f-':;:'::}'-";

ated nMOS I-V Plot

=1.0V

Vg=1.°

|
ation & Mobility degradation:

—— Ideal
1200 Velocil
lon lower than ideal model predicts
1000 \;’ \ésb &’ = =747 mA
dw R\ Channel length modulation: \"/ -V V@
Sataration current increases Ve 0
800 g2 Sen G\\ \3& with Vas Ve =1,
h Ve =08
600
Velocity saturation & Mobility degradation: V. =08
Saturation current increases lessthan  J L—é’-—'_’____él‘_;—s
400 quadratlcally with Vs N C
V=06
= A—— YR
200 RTT
Va=04

4 Nomdeal Transustor Theory

CMOS VLSI Design 4"‘ Ed.

ool Ve

> 8 53 ayhany

l n= Ids @ Vgs -
— Saturation

ON and OFF Current

ff=lds@vgs=01 Vd5=
~ Cutoff

V 100 i3
DD e
o >
- =
(S
« k|
-l
- .
_4__/}'5 ‘
A T T T T .‘,—4\—’—"—/‘/:"
] a2 . s o |
1 .\ |
VDD ?::\L \: 3o Saturation
R SOCIIETS
. « 10U Submresholdlz N
. \[\kbhi:)aﬁ ApQ DM Region | B
i /0 |
\ 4]
o] ot
(Aum) 40 "_-‘:; _____ | : 3
n T X : v_-i.o ‘
\ 1
1000 \ .
10p ¢ i
1, \ '

08 04 02 00 oq n; 0g 03 19
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Electrlc Flelds Effects

NS 5
O Vertical electric fleld EVert Ve i
— Attracts carriers into channel —>dmnnew g\ e
_ Long channel: Qe & Eyor > 20
QO Lateral electric field: Ej;; = Vae /L
— Accelerates carriers from drain to source — Sswxe= e
— Long channel: v = uE,,, Dlain A

*Vge = cletllae speten
* Vg = \Bagyll By
AN sA s _siess

4: Nomdeal Tran5|stor Theory CMOS VLSI Desugn 4th Ed. 6

Coffee Cart Analogy

Q Tired student runs from VLSI lab to coffee cart

O Freshmen are pouring out of the physics lecture hall

Q V, is how long you have b&en up \55\;..;\5&\\&68.\&»&.;
— Your velocity = fatlgue x mobility whe \\;’\3@

Q Vs is a wind blowing you against the glass (SIOZ) wall

O At high Vg, you are buffeted against the wall

) gs! M\?‘“\\SN\

Even — Mobility degradayon csaryaded e dhi® 2 Qi »\ﬁw

Q At high Ve, YOu scatter scatter off freshmen, fall down\\’get up
— Velocity saturation-» 'y \ses R

* Don’t confuse this with the saturation region

4/// s s
L Ohideal Transistor Theory CMOS vLSI Deslgn . 7
T AR TR ERI I AU AR SA NCIIES S PN A—
| -
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Mobility Degradatlon A

e e 000000
ey AL

A, o
e s GRS

o

L,

O High E,, effectively reduces mobrlrty
— Collisions with oxide interface

:::'_#.E:’R:;a\: 2 :’-‘C‘:':"':.-‘-‘ ;':::i;- R o _:;.r.:,? 2

1 cm?

) 540+ Vs 185y
Hegg_ = 1.8 Heti-p = |
VoV n+rﬂj
1+ —£ 7 ‘ e
O,S4mfox O'J"Smtm

e R o 2 e e )
4. Nomdeal Transistor Theory CMOsSs VLSl Des|gn ath Ed. 8

QO At high Elat, carrier velocity roIIs oﬁ
— Carriers scatter off atoms in silicon lattice

— Velocity reaches v, W
» Electrons: 107 cm/s 1;7(?”1/2.9,:,,0“ /V'
* Holes: 8 x 108 cm/s / A
— Better model /f“// res
seo| Haf g g 1ﬁ;ﬂ%
Ji&"“u}‘ E c 2y :
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Vel Sat I-V Effects

w V., -v)
ox_L—( = ) ') _g(Vgs_K)z

O Velocity-saturated ON current increases with Vpp
= Co.\'W(Vgs - I/r)vmzm

O Real transistors are partially velocity saturated
— Approximate with a-power law model
— lgs > Vpp*
— 1 < o < 2 determined empirically (= 1.3 for 65 nm)

e e e O e 55553

4: Nonideal Transistor Theory CMOS VLSI Design 4th Ed-

[0 Ve, <V, cutoff B .
J V. . Idsar =})¢,'—2_(Vgs—l/t)
l,=41, —% V, <V, lincar
£ al2
dsat V _ P (V B I,)
L i Vi > Vi saturation dsat viles ¢
—— Simulated
a-power law
lgs(HA)
800 - Vs = 10

4 Nonldoal Translstor Theory CMOS VLSI Deslun éh g

—

'N'--...,_E‘_ e ===
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Channel Length Modula?oh

Cl Reverse- blased p-n junctlons form a depletion 'eglon
— Region between n and p with no carriers
— Width of depletion L4 region grows with reverse biag

GND VDD VDD

)5 w)\_3'-— Leff = L L d Source  Gate DramD
epletion Regioy
.;Q\EI Shorter L gives mere current T j) Wt
: Jﬁrf//”////)
— ly4s ingfeases  With Ve -
— Even in saturation ;«G ST
1 |
R0 Jundhion dstoo

(evemad biage Gl N Godd\ b A\ ED —N—

SN

4 Nomdeal Tran3|stor Theory CMOS VLS[ Desugn 4th Ed. 12

ChanLength Mod I-V ‘

R

(L)
Q A = channel length modulation coefficient —s
— not feature size entglor N\Siae ety LW

aotfaay Col(e \\\ Q \3
~ Empirically fit to |-V charécterlg\tlc‘g .

|

N |

e ———— &
r
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Threshold Voltage Effects

MBI R R R 7

O V,is Vg for which the channel starts to mvert

QO Ideal models assumed V, is constant

O Really depends (weakly) on almost everything else:
= Body voltage: Body Effect > S 2 fansdmiasdi\d Y ghs
% Drain voltage: Drain-Induced Barrier Lowering &“”"“

= Channel length: Short Channel Effect Vs st
. 859(0:3.\%.5\,'\\5.’5:\
* S . feutddls Expise
¥ (el
—— Rarcesdt My & Dy Hom 3
s Wi Cartiess 3\ @18
Vas Mol lf‘é Aeél"afl’“'?Q ‘on ’(hr\“;.s\et)\ s\\ba- cm\"en"v umN\'M

CMOS VLSI Desngn 4th Ed.

4 Nomdeal Tran5|stor Theory

Body Effect

AR R O

A
0O Body is a fourth transistor terminal
QO Vv, affects the charge required to invert the channel
— Increasing V; or decreasing V, increases V,
Vo=Vt r (Vo +Va = %)
O ¢, = surface potential at threshold

g, =2v, Indﬁ
n

- Depends 6n doping level Na
~ And intrinsic carrier concentration n;
Q vy =body effect coefficient

{ 2qe,N,
y = J2qe,N, =—J-—T_———:__—'

G

Ox (3

-----
.....................

i,

e
4: ath Ed.
&nldaal Transistor Theory CMOS VLSI Doslﬂﬂ

\

Scanned with CamScanner



Body Effect Cont.

Q For small source-to-body voltage, treat as linear

V,=Vo+kV,

qgsiNA'
N,
y 'L’T IIIT

""2fs,  2C.

4 Nomdeal Transnstor Theory CMOS VLSI Desxgn 4th Ed. 16

N N s .' e v' ' Q! 'l'-'-:l R,
R A A as

O Electric field from drain affects channel
O More pronounced in small transistors where the

drain is closer to the channel e g
O Drain-Induced Barrier Lowering mw ,gﬂ“"/
— Drain voltage also affect V, ‘“M ”"“‘J;;“"m”"wm
' b \eﬁf |
Vt = Vt o ang n T

06 04 02 00 p2,,04 O

O High drain voltage causes current to_\me.m_b

e 3 b\ enoy oo™ W\ o Vag YAl ¢ off ailga &

\Jwe € 3\\%}:.“ e\ﬂ\ O\ ‘oox(D\ew LR ST A RIS
(a-h J)

R o 000 —
e SRR ST,

R
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Short Channel Effect

T ety """""Z':K."":.\'
SRR \\-\.-.\.-.\-.. SRR N

- 000008
AN ,b.‘,"? o e R s T s o s

a In small transistors, source/drain deplet|on regions
extend into the channel
— Impacts the amount of charge required to invert
the channel
_ And thus makes V, a function of channel length

@ Short channel effect: V, increases with L
— Some processes exhibit a reverse short channel
effect in which V, decreases with L

Q What about current in cutoff’?
O Simulated results 10m -

. 1m -  Saluration Vg =1.0
O What differs? %
10ERE E Vg = 0.1
— Cuttent doesit gote 1o 4 Sughfsholﬂ 7 e
egion
O i CU{_OF(’, 1u A ,/ /u
las  q00n 4 lor =27 nA/pm e S
'/ i Subthreshold Slope
(Afur) on 421 A ,—/j “77S = 100 mV/decade
DIBLI " 1/ :
T.F s $2.0 nA/um
. /! .
100p A st F O Wed Getdgall
10p G'D'-I,-' : ; Cofren('uuuﬁa\n
1p - i —— =
-0.6 —04 -02 00 02 04 06 08 1.0
vgs

SR
R T e A SRR RN R
d. 19
n 4th E

DT T e, RSN e

_J!“Onideal Transistor Theory CMOS vLsl Desig
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N
Leakage Sources

................... seo0s .4:::.,:_;-,:‘.::; T R ‘\\\\\\{‘\\\3\\0\\.}§\ ]
\-‘\.'.:_ |

D Subthreshold conductlon —
_ Transistors can't abruptly turn ON or OFF

n contemporary transistors

Gy \3\3\‘05 W\yg{ AR o

dielectric

_ Dominant source |
0O Gate leakage — &= 3
& _ Tunneling through ultrathin gate

Q Junction leakage
— Reverse-biased PN ju

nction diode current

4; Nomdeal Tran5|stor Theory CMOS VLSI Desngn Ath Ed.

Q Subthreshold Ieakage exponentlal with Vg %CJB‘\JY “?'f
o, _ | Qﬁj&a‘\s&or M
Fae =4 40€ " | l—e™ | SUb'H\ A N ; 'Sarurauonva./”
L ) . L fegkald goﬂ‘@i’d\ \k& we E }/Dl

L s i —yee
= = L= e -0 10m -

O nis process dependent b Suw;:o%/
1 o las n 7= k - /' T
0 Rewtersliveii B
ewrite relative to | . on 1n 4 PB4 0 aim
off ON log scale P e

bo .3\5&9&\/35 Qs aling - Nen, ez \\ 10p GIDLI"
\eokage M1 s> L Bo i R :
2 ‘QN&.\L\\&\{’QNK -os 04 02 oO.

i ; -
0 02,04 06 o8
Vos

IEYAR YIS ng+’7[Vris d] AV, h 5
= - 5 o0
s =110 s (1 —-e "r e | d(logyo 1) B
Y:’ EX: S'O"\V/dgcq:lc §= “‘;’m—i-} =/1'(,'T[ﬂ10
> Judal \gs M Masghss
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= gate Nstanssam M el foa Vg M uduin bl e
(s \ea2 5 B ANas Sregiaye, g delee o Msaniicn

et 3= Gate Leak g

~

Exponentially sensitive to t,, and V, Qe (sualsagdi

o gate W&

Vop | B ] Voot 9

Igm=PVA[ tiDJ e VDD E%? N ?SA:

a‘L é e s

— A and B are tech constants ~ " N
— Greater for electrons ::"

+ So nMOS gates leak more o oz o5 o5 12 15 18

VDD
Negligible for older processes (t,, > 20 A) o e
Critically important at 65 nm and below (t,, = 10.5 A)

Junction Leakage ~:at
e - i,

e

O Reverse-biased p-n junctions have some leakage
— Ordinary diode leakage
— Band-to-band tunneling (BTBT)
— Gate-induced drain leakage (GIDL)
(ieteal M o Jo0CKion \B\SNSe R ey & galains X
(Do lonkage ) 1559 cams i gt \endge o

T L)
LR !:P*_".in|
' ¥ J"ﬁﬁ_n well "

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

il e e e e .- ™
| 4:Nonlideal Translstor Theory CMOS VLSI Design 4 Ed

\
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U Reverse brased p-n junctions have some 'eakag

[
1D=IS[CVT —IJ

O At any significant negative diode voltage, I, = 1,
Q I, depends on doping levels
— And area and perimeter of diffusion regions
— Typically < 1 fA/um? (negligible)

4 Nonldeal Transnstor Theory CMOS VLSI DeS|gn 4th Ed. )

Q Tunnellng across heawly doped p-n junctrons
— Especially sidewall between drain & channé

when halo doping is used to increase Vi
O Increases junction leakage to significant levels

£ S l&%“l
- ] - ° 2aN, ., N, L
[PV P AN v
E‘s" J (NM,+.NJ

— X;: sidewall junction depth
— Eg4: bandgap voltage
— A B: tech constants

.......

CMOS VLSI Deslgn 4th Ed.
/ X

4 Nonldeal Translstor Theory
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E] Occurs at overlap between gate and draln

— Most pronounced when drain is at V,, gate is at
a negative voltage

— Thwarts efforts to reduce subthreshold leakage
using a negative gate voltage

10m -
m 4 1 Saturation Vd, =1.0
: Reglon/— .
100u + 1
Subthreshold! .~ / Vds 0 1
L Region 1 ~
Wy // !’
| _ /
Ay 1000 | _len=27 ["f’{"ﬂ j._,_Subthreshold Slope
10n {~—~—_] AP S =100 mV/decade
DIBLy ™
in{"""" TT',?"QEOnA.’pm
100p 4 -t
GloLI_,' !
10p 1 '
Eodiatl
1p - T

T —
-06 -04 -02 00 0.2 V,0'4 06 08 1.0
V,

g
4: Nonideal Transistor Theory

CMOS VLSI Design 4th Ed.

ARV @AA\%\'S@;—N\ Aompommy ¥k - SNWNES ST ppssn o

cpL M .im = )
Temperature Sensitivity
7 s T

EI Increasing temperature
— Reduces mobility — Ten ¥

— Reduces V,

ION Aec(enqzs

D IOFF (N o

ot acoms  SVsiis swa
weikea| (ol 3
i //Xt o WA + 90 Lo
Yy Ilnuneneu:gm m\‘\)\ k-‘\S ds &(«d Uﬂl&‘l\ Lm\
a(0 M ) / p ' & y L\ WL’A\?‘
V* 85 e o)) 2 N4 \‘,\9'9'(; (R \ 3
1:,“? -\\ 5\) ,’T’j I '\’L: NV ‘kucwf:p\\ﬁ‘m C_Qo‘i - L“f‘ EU
N g ‘ : e I \_b‘“
B , R R Y
4 Nonideal Translstor Theory CMOS VLSI Doslgn ane 27

k»&mm w\

Fue sto«ge Preline MLy

ctssbo ué.g w%s §>"U$\
qmoQ\A ‘&3\%\'& C\\Q. ) @

Tt Tl
with temperature
with temperature
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Q0 So what |f tran3|stors are not ldeal’?

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

— Supply voltage choice

— Logical effort

— Quiescent power consumption

— Pass transistors

— Temperature of operation

s
4: Nonideal Tra

2 s
nsistor Theory CMOS VLSI De5|gn 4th Ed. i

3 230 32 \plho Trantiekars N 8SiGe 32 am v\ ) St =

rz s = Vary around typical (T) values /ﬂmg@ ot
d':’ ]

£157. 250 3on 535S B Gio e Variechon, Nighs ety S \

Parameter Varlatlon

e

AR

.......

O Transistors have uncertalnty In parameters
&4 Process: L, V,, t,, of n(MOS and pMOS

CI Fast (F) LBy Laan 3 -
oo | Seder e | e —
eff- -S&Joéf_\b‘ s L% Slawer o
I Shart ~ fugk e\, s
k};\, -t ’ S\Lfnu&(\:w} Q’B\?’:’c:—\y —%es
F (\ ox’ _:\k.tﬁ__ -DJ“E( u-L ‘\: ’T - S\ou_v(‘g @}:ﬂb
O Slow (S): opposite N m P al g~
b slow -
O Not all parameters are mdependent oS
ReN W \G”
for nMOIS a‘nd pMOS w\ vl HS:TL\:;’\‘;@

R \\\

.......

SR R

4 Nonldoal Tranalator Thoory i

cmos VLSI Deslgn ath £, o |
¥ gt leakage Ny ¥ oo T /‘/&J
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Environmental Varlatlon

SN

.\"\v‘ql\ \‘:‘\\.:‘Z'C': I;E\‘. O "i X '\'\:-C-C 'li\' S "C R 'f;:-:::':"

AT R S R R
O Vpp and T also vary in time and space
O Fast: :
- Vpp: \r\‘\g\'\ Ten@(‘efoce. L5 Fo \eo |
-T: low oltaqe Lvt 1.3 L\
A\
T
Corner Voltage Temperature
F \.q bo C
T 18 70C
S .3+ \oo C

4: Nomdeal Translstor Theory

CMOS VLSI De5|gn 4th Ed.

R R 0

SRR R RS SR

30

Process Corners

R A A T A T R R

Process corners describe worst case variations
— If a design works in all corners, it will probably
work for any variation.
Describe corner with four letters (T, F, S)

— NMOS speed
~ pMOS speed
~ Voltage

~ Temperature

ﬂ'ﬁ;#}-"’.""’:i\." RO

CMOS VLSI Deslgn and

L
e

4 Nonldeal Transistor Theory
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Q Some cr|t|ca| snmulatlon corners include

[
s (3
i

:-:':':'-'.':‘:':':'-'-'5}:':';‘:':::':'-:-_'::::::::::;::::::;:;:;:':;TEE:-:-::,!;';: o

Purpose nMOS |pMOS (Vpp Temp
\ B e Cycle time q = - ’3,
wors:z:\.‘\ | Power = E E E
RN Subthreshold E = - <
Jalabh leakage —
(eedl liley — 2 Nos Vi A Qs el s s il
(QESS Y \>§‘\“&j‘$‘\°°‘~“e" \\L‘v“\l . Fact comer M adalil
| Fast A\;&s.»u\gm.\dé\ 6\3,.4 oa\ux\bvyx_& Vﬂ,&mw
Slow | W S T s T
4: Nonideal Transnstor Theory CMOS VLSI Design 4th Ed. ; ,
CoMer. [ :
mT gobtheshsd |
leakage.

Important Corners\

Inverter Static Characteristics

Dr.Mohammad Abdel-Majeed
Assistant Professor
University of Jordan
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. . . o055 5 14 I \eqie - | 1a\
ination 5 S9= Qo
Combinational Logic . dend 5 Yo on i

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

Y RIS N R AC SEEUESCARECAR
O Sssn (s ndalsis i digihod Signdiine godedotdr
x Do U Voltage So\d 5 \ =Nelgge \cgic.l\\ji_m‘_\ LoQ- 113
Lo & = Nathage kgic 3 isss $io Lo 023
Lalo ‘5‘« sad 3l e T2 3D G %

A SRS

= N Oy ' i Arancider e p)e (oo DRAM Cells & %
w\;n.»\\\y-\_ Ca(hc.‘-or Ns CaPacitar o Wng S50 L .
logie £ s Clionts 3 s Zdss \elien Cafgiter LA Cysht Al bl

( ' il Negjic o 3 3\ by
Al eV NGY 1 T N Sphs o S5y XCc O \35133 3
&1 0 YoV Wolllls saplesss 05 3 | = ¢

K s

-5 Me ! e ing w e e e
-0 \)\5\35 ARECTN QD\)35 JCRBAN
Ideal Inverter and Inverter Threshold Voltage
Aphea) Gimed

* Logic symbol & truth table ~Hlads
Vt)b /2 k?.\'ajj Vout

-~

A A
i gp
Voo
k* - Y o A o aplay
Al B
Lopio *1* output
x ] 1
A
L 1|0
Logla 0" output
Bymbol Truth Table -
> Vi
0 Voo/2 Voo
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VTC of an NMOs inverter

S Vi
e N ok e NMeE gy Eesistor GSude
*Vinis __Vgs :
] _/ PMoS By ——
* Voutis _Vde s M sl Ii-g T

"VSB=__ 0 — Rdycllct @le - bhdy Mod\u —[we]y,
* The circuit connected to the output node can &S!r\:e R
be represented using the capacitance C,; \ead Mgy

*lp=1( ____ ). By solving this equation we bt I
can derive the VTC VosVes g
NMegs &5 )I
"(91(\515"0( = =
(daver)

E‘Lg Y_o-'s Q.Q—j IQ( ﬁ

é R = SR
: Loo - 143 )y Sy
r - . ¢ [-oQ-)l.ll -U iie .
* 3 3 \ B Wese 6 ¢ SR 8k Tange Wy gt ek Aol Y ‘ WH?T
\ ,.\'J-&&’\A\ % Vou =5 ookt e -
5 salglis 2 T ‘ i
> XB%A\C);S VTC L3 V\“'b \w-’\ \\Jﬁ\
: @ghy %t Vou — \A.:stpk:’r \"*3\"
- ¢ q;A .
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JORDAN

nMOS Inverter: Schematic & VTC

« Vou : Vourmax When the output level is logic "1 va,
. Vo : Vourmin When the output level is logic "0"

« Vy : Vinmax Which can be interpreted as logic "0"
o Vi : Vinwin Which can be interpreted as logic "1"

. |nverter threshold Voltage V), is defined as the point
where Vi, = Vout

VoL -

Vi Vi Vi Vor

. \AL <=Vin <=_V\ - \oyic &
* Vinis interpreted as “0”
* This means that V, is low enough to ensure a logic 1 output

* i.L<= Vin <= \IOB —> \eqic L
* Vinis interpreted as “1”
* This means that V,, is low enough to ensure a logic 0 output

|
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Tolerance

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

* Noise sources
» Unwanted capacitive coupling

* Radiations

.
s

Noise Margin

Omiee D\ (558 -0 ggee <
Maumum
Mouabla alowabie
T T‘ Va Vou v,r Vo
i l > C ‘ :kuw ‘ Intgiconnact {
! | ; ;
[ e
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Limymy-
JORD

Input Noise Margin _—

M
allowable ke
voltage: voltage:

Vo Vo vy Vou Vi,

i
!
i

Interconnect

‘ :

Interconnect i
x -
i

Nolse Noise

By definition the output of the first inverter is Vg,

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

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

But if the input voltage becomes larger than V|, then it may not be interpreted correctly
by the inverter

» Thus, V,_is the maximum allowable voltage at the input of the 2" inverter

Vg oS
lixlzin,
GR GG § )

Output Noise Margin

Maximum Miuimum
allowable allowable
voltage: voltage:
Vou Vou Viu Vou Vin Vo

{
l
!

' Interconnect

Intorconnact
Nolse Nolse
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Input Noise l\/larglnv v = i

[}

H Interconnect
{ .

]

!

Noise Noise

Assume the output of the 274 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 Vo this signal is interpreteg
correctly as a logic “1”

If the voltage level drops below V,, , the input may not be interpreted as a log;
g
* Therefore, V,,, is the minimum allowable voltage at the input of the 3 inverter

Qx'\jc A\ KM\a,\g (\O&W W%&bs \oaic(e\ 8 '(\0813\()&.‘5

=X
R

_ C Gun s el (S aoyann dad
Noise Margin — gaidus o) \sqie 3 Tange M

* NM, = Vi = VoL \emjet g3 angye s aaf e \egjed. 98

Copyry © Tha McGraw 1 Companers, inc. Parrmussac reqand o feproducan o sy

— vn
. NMH_ \’o“ — \]‘“ [ Voul
A A
' s ::I 1 L Von
. : :, NMH
Vin— = ‘ - J
Transition
v Reglon
W= e, -
P
NM, v
- Vou
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N Sy e Powerabiadds sl Balous | Sasite
e doh o U5 sy Ayl o
. Lower consumption extends battery-based operation time for

portable systems
« DC power dissipation: Ppc = Vpp.Ipc
« DC power is input and output voltage dependent
* To calculate avg DC power assume 50% of the time input is at V., =

low and 50% at V,,= high | L oy ¢ Wb \spais o uww
e Py = 0.5 VDD {l¢ (Vip=low) + Ipc (V;,=high)} . f\*ﬂ Vaasila sz

« Inverter type and its design affects the power dissipation significantly

—> \)o\hﬁe* curtent

Inverter

(D » Resistive Load Inverter
@« NMOS depletion load inverter
(e CMOS inverter
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| Gegighor wedleads leod N '
Resistive-Load Inverter

. . . V-I—C
rter circuit & Its [ Vi Veu I

[ \bL ) N ‘L‘l
7 S‘%‘_\\
< Voo u 1.2y |
Vo gsy |
bl |

« Resistive-load inve

Asiin ADGeb o i
XYy wecters i, o

\7 :,v___l ~ 02} Vi Va S\G‘:e“\
n vl N NS
b?_y e ._40‘;“* L oo 02 04 vo.a 08 10 J_’ |

Al G b{\f»l* Gn ) Input Voltaga (V)

Output Voltage (V)

‘ Von (o b Jdiootpot 3 5 1lge e B %

’ J->O~V°H M > (Snte® AR
e . L NV
’ ) VoL \)bw\’g @O&PU{-‘)\ g \ege:o aloa*

Resistive-Load Inverter

* Resistive-load inverter circuit & its VTC
* Vy<Vy, nMOS off

| *Ip=_o

| * Vout =_ALM_

| * V>Vyy, nMOS in sat, — Voot — \mkﬁpqﬁ; v‘?fl
K .V¢f==:\_/mﬂ'_>V,-,,—VTO Nl n

o [R = Vdd"vol)"

i * Vin> VTO & V¢5”< VDSAT’ nMOS m lln
! * g - \ob ~Vout
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Calculation of Vo

* Vout = Vdd - RL‘IR
* When.V; <V, .
* Transistor is in _o{ : '
Vo 14
* IR = 'D = 0
1.2 Von =12V
-— - = 0.58V
° VOH - _AA_\I § var | :-53110"#\/:
g o8t !
g 04 i
02| Vi ;
0.0 02 04 (;AB :0.5 ;,U J‘.z 14

V=
Input Voltage (V)

Calculation of Vg,

\).é,-‘-\&\.b A %\-\m‘je \_}\5\ e~ ‘
* V/,, is obtained when V,, = Vo = _Vau 4
* Vin > i odput e

* NMOS is in _ et Vot OG>
* Using KCL I =lp —L———a WQ}»A 14
o\ amyry el $ 1 toear

Vo212V
Vg = Q.53V
k3 87 % 107N
R =202

1W0F Vimavig

Ounpu Voltage (V)
<

.).,M\(m \»535‘2)“3" — VoL
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Calculation of Vg,

* Vy, is obtained when V,, = Vg, = _:/és\_

@a@ - VL

" Vin Lt o Vor P Vo Cler
: NMOS is m_ga'\hcg'hm —5 Vinear
* Using KCL I, =1,
» (Vdd - VOL)/ RL = B/2.(2.(V, — VT,).VOL — V% :
i AL
Vor =Vopp=Vyg+——— (¥, T-—f0
oL B DD T0 Ln RL \/ ( DD~ kn RL) kn RL
00 0z os l.;u ulT'fT'"
» Use the KCLand V,, definition to to find the value of Vi, Pty

= V- Negy
VoL

R
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-‘lrhcn':‘b * AtV =V dV,,/dV;, =-1 V&U&k\s\\\oﬂ-qge
Y« NMOS is in Satsgetion (B8 Qs v

Ve 7as ™M . Using KCL I, = 1 A hoite maeyin 3 .3
L &\Q\A\sg\f&&a@ Vg =% \Qg\c o N
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Calculation of \/, Ss\sear s o~

Output Vollage (V)
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Calculation of V| yoiiaw cosgui
S e (omu s

° At Vin=V|L dVOUt/dVin = _1 \)-35.; . 35\3%6’6 ' Q_l

* NMOS is in _:_ggh&-\_-mh . cunde Ndgd Vosve

Thtz Beivizisg ey Ok
JORIDAN

b USing KCL lR = lD 14
%+ (Vdd —Vout)/ RL = B/2 (Vin — VT, )2 ...(eql) | - g4
= \D = ‘! ) R .’\\65 ?g’ ;:' ! L:szxgo’w

-+ Differentiate both side & 7 #RO5x \:\_b 3 | "

« -1/R, .(dV../dV.) = B(V, - Vo ) LGP Vi 3s CI 1

L out in IL T0 &)A\ &5‘3 CL)NQ _“.9 3 o4 %

%« substitute dV,_,/dV,, =-1 = —0—;\*-.0 — |

* -1/R_ . (-1) = B(V, - Vo) R

* V.. Vg +1/(B.R) ....(eq2)

' v
3 $ . . ta . e .
e age Aldles | Nk 53t Viy 3 (st ualle o
Aals Ly - MEqw—> 23V \msilad
Q::Ne.&é,&'éﬁ
Mo at e\ i
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o s ek Mgongheten B 50N

* AtVip=Vy, dVo,/dVi, =-1
* Vi, is slightly larger than Vg,
* NMOS is in _Lineor

Voo = 12V
Vig = 0.83V
k, = §7 1040

02}
Vea

90 02 04 04 X'} " " 14
\i!

il Vs 980N. Vas «ff Juvmem
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Calculation of V|, r T e S
* At V=V dvout/dvin =zl g: :: - :

Vi, is slightly largerthan Vo, ¢ ™ M L
* NMOS is in _Ligear i —“\‘\ T ool

%+ Using KCL I, =1, g ioaly

N+ (Vdd —Vout)/RL=B/2.(2.(V,, — VT,).VOUT — Viour) ..eq(1)
st « Differentiate both side
* YR, (dVo,/dV,,) = B/2. (2. (Vjy — VTo). dVoyr/dVin — 2Voyr - dVoyr/dVin ...eqpy

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

 08\s 8 i deh dapall
N
A
el g R 2Redudiog i ]
VTC, Power &)Chip Area K@)z ag

NoiSe Mata\n\\‘g\n-\-_g}l_ Q_.\ fore wagin low 45 '\64\5‘61(0(“.3\
ad

* VTC of the resistive-load| inverter for{different
‘ Vi ds3) L\J\ﬁ dax ) &(ﬂk\& )QL,MJ\GQLQ,\QM
VV\f;T—Rﬁ COS SRt et
s, &’s’“\'abs&@’*\QbS
kR (RUUB) (o0at a8 i £ 9]
Q}'&\ coe Ndshus @653 corve Nisdy
@ &> Core N asds (R\ay) Gndlasd oy o\ 4 3
(W \Qs)efd&ngUNe AT
Qb

Vi =Veot+

tput Voltage

0.0 L _1 *"F‘ 1
@»ﬁ\%\h\&)dn@\\w\‘w R W

U\ Input Voltage (V)
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* Vm = VOH
« NMOS is in Linear o . % Dot NMos coto  xEos NMes on
-ID-'-'-IR:(Vdd—VOL)/RL " At "
% Vin = VOL P: () P.—.. TV
« NMOS is cutoff ar e Ginzo) (=1
D=0 ey 2SS boBinee o Ut inel \uti % o
. pDC(Average) = (Vgq /2). (Vdd = Vo )/R, Q;\c_vxu;&&} NEAVEY 3 P ldss
L at S Vas/2 oy Nl 2 L Gan 025
¢ Powrex \3\[-15%-& & Qe N\bo Do

. NMes e Maivh Dower Ao (BLM Bo9e M

Resietor Waldim 2 o e piinls (il Sas Ioput=t )

o T et &
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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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Example 5.1 - Inverter Desigﬁ_A

G Resistive-load inverter circuit when W/L =1
\e b’-—\Tm?:Q(/, W Co=3PUAAL Vi s o83 L
By 4 Sos2BEY B =83.3 MA/y2

.){L;. * Determine (W/L) ratio of the driver Tr. And R, to obtain the requireq

V =V
Ry O Fr
Lds  ° Vou = Bo"“/» Vi,=_Vey .NMOSisin Linear

3:-,. v (WA)-Ratio Load resistor (R [kQ]) DC power consumption (PDc.avg.[lJW])
S\ Busild o=y 1 263.0 (W) 2-56 _(Y)

Vot & e : ‘%ﬁ (o.5%) 51— (au) - (o
&946‘4\:\5\.\&% g - ARERE Wlrin e \;-t : 5 *%.'
By e o — i

oW R o2 (bl Cortent Mo gl b 37 LA R somga(hine 3
' Tp-Vdd-Bow = aristord 3 (ghln (W comest M tsdua 5
R s i brie :

{;M Ls % @@n&’»»}.\@% % desions oaty a4
VED o 2 O )
NMes[ 3G = - ey

+ WS Trosgloraliydnog Resiger ooy
Inverters with MOSFET Loade)

-
|
\r\‘

* Enhancement-Load Inverter

Mo, \ Voo NI
WS e i
g & e 3“\’.31’&>o3 lg d
( ey ) T;’m' ol Vas TIHX
Meden - T Vgri3 g e
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verters with MOSFET Load |

In

|

l

. Enhancement-Load Inverter ’
Load NMOS operates in |

Vou = __

Power

Inverters with MOSFET Load

* Enhancement-Load Inverter
Load NMOS operates in

Ves Voo

I I Vou =
* Power
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CMOS Inverter

* Has NMOS and PMOS Transistors

* Cons
* Complexity
* Pros

* Power
* VICis sharp

00
vﬂ-l
’ I pMOS Voss
l':n *
+ O—— QO »
VazVosn ‘lm Vea=Voan

Output Voltage (V)

1

2 Voo = 12V

ol Vr = 0.58V
; ka = 57 x 10 °aV?

08 i R, = 20kQ

08 1

04 ,

02¢ Ve l \

Vo [ NN

00 02 04 06 08 10 12 14
Vv. Vo
Input Voltage (V)

s R
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operation |
> VGS,n —_ ok v‘; . }
D) VGS.P— V@,ﬁ( + iE om0S v,:) VDS,P = Vet ‘J

: -V
* Vbsn Al f'__a i FOSD
* Vosp i b %

- __I —

\[Gsflnk € Voo \)

Operation
©) S‘«ong ohe
* Vesn < Vinn

* NMOS is OFF

* PMOS operates in _3_31_:’ ost=o
Lan = sut= Vuy

(@)

. =
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Operation
@ S\ ©
*Veso > Vine
* PMOS is OFF
* NMOS operates in Jao. 2001

V' e va;,-

Vass

©)
Operation
ViV . s 4
’NMOSiSin_jsﬁI_ ::._iél—m Vo
« PMOSisin Lo TR
. o—t p—
V. *Voaa h” ""'."
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* VinzVM = Vdd/2
« NMOS is in _SAT

O, - R
Operation

*Vin=Vi ;
*NMOSisin _Luq i ] i
*PMOS isin _ SAT %N e
vn.v“_l l,w Vou™ Vosa
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[E=] nMOs in saturation

= ﬂmm] PMOS in saluration

EE votn i saturation

Output Voltage (V)

Vaz= Voaarn

NMes 3\:@35 domimant j| Aput Voltage (V) Sﬁd‘s S

Vaintheregion | nvos ]
A | ewos |

<Vipn Vou | Cut-off Li
z v, Wy o inear
. L'
C Vin Vi Sat, e
» Sat.
D Viu Vo Linear 3t
Sat.
E >Viga * Vinp Vou Linear
Cut-off
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Vi

Vi 2 dvout/d Vin =-1

' :inMOS iS in . |
A f
.8/ 2Vesp ™ Vinp)® = Ba/2 (2.(Ves,0 - Vit )- Vos,n = Vps.o? ) I

= Vop + Vo, +kg '(2V +VT°,")

IH out
1+ kg

[ KR= Kn/KP
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nverter threshold voltage

.Vin=vout :
* NMOS and PMOS are in Saturation

—
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Inverter threshold voltage

.Vin::v

out o4

* NMOS and PMOS are in Saturation o —x

, 1
l,TO n k (VDD TO p
R

1 082 ;
1 + ‘Transcondzaa ; ¢
k " Ratokngey |

Design of CMOS Inverter

Voo = 1.2V
Vroa = 0.51V
Vipp =+ 0.51V

k=025
k=10
ke =40

L 1 A A L 0 1 A
00 02 04 08 08 10 12 14
Input Voltage (V)
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|
pesie” !
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et CMV.'rl Wit Woag) 4

=- (SVDD Vo n)

Vo= 1.2V |
!

=V Vrop =051V i

— VIL + V DD Vi =-051V ; r‘]

in a symmetric inverter

Output Voltage (V)

NML ;V!L_VOL =VIL

s NMy, =Vou =V =Vpp =V

X ' 1 1 1
‘ NM, = NM, =V, T Y S TN Y e T e T Wi |

Input Voltage (V)
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Ccharacteristics

Dr. Mohammad Abdel-Majeed
Assistant professor
University of Jordan

Timing Analysis

* Delay models are required for andthe
= 3 ey
TV hralysis A
st ada by Bl i M weet < Wbl ¥
Cose delay"
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Inverter delay

Stage Delay
= 1
MQ & S.).\ . Gate Delay Interconnect Delay
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Calculation of Propagation Delay ﬂj

\-\M(AVG current method) >l ad \Ssitotiks 5
(PN R J\"‘\\}“&\S. OUJS Has\dy s cm\,l\ QDQA\ACUWQH\' 3\4,;;35\55\)’\

* Simplest method : estimating the average capacitance curre“t ‘

*Delaj o¢ C DV 2 ~

\L X
a2 <l bahoge 74 > e
Dl iy st
3 = Casmiart arluall
U el u\m»\\ s = \\AﬁA\

k-»s\h&\

Calculation of Pro ' ‘
Pagation B
(AVG current Method) T 4

* Simplest m - estimat;
p ethod : estimating the dVerage capacitance current

Cl ad AVm load ( OH ‘Vsov)

avg HL. I

avg . HL
lel AV
—_—  IH _

LH CI nad (VSO% o VOL )
\

TRLH { avg, LK

Toy =
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Calculation of prg i
Pagation Dela
(AVG current method) !

« Simplest method : estimating the average capacitance current |

v Lzt

JoRhAN

Cpey = C load AVHL - Cloat '(Vou "Vscm)

Im-g.HL Im'g,HL
T - Clomi ) A [,LH i C‘hml N ( ,/50". s I/OL )
ag LN Img,l.lf

» The average current
Imx-m B _21_[ic ([,m o VOH’err = VOH)+iC (I/fn = VOH”/O"' = 1/50%)]

Iﬂ‘F-LH = %[ic (Vm = VOL’I/OMI = VSO%)+iC (I/’" i VOL y l/om - VOL )] -

Calculation of Rise and fall time
(AVG current method)

Mmﬂﬁﬂﬁz
. TTiS = tD G Iavg.rl.ft
i 3 l:+ ID

avg rise —
. : Vmﬂ)Hsdp(Vin:VOL ,Vout:Vm%l

vin=VOL Voul=
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Example
= 20uA/V? , (W/L), =10,V o\

« CMOS inverter with NMOS HCox

* Calculate output fall time

Pace 1o Slo at (o sl ¥s Top 3 Pos M vadbh My st « T
&.m \5*\\53““&& P 07:(4 J&m wel

Example 6.4 (2) alssteah s\ dh s
* The falling-output propagation delay ( H 4o L)
Mes MW s i\ [ AR T
qéﬂq({&, _ \ Voo = 1.2V
"—6)" @\A g . \\ :a:::la!:::.= 301F
w .L_e)sbe;\b* —E 30 \'\_ ::(L.w'i:::
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Example 6.4 (3)

, lower 6 boekter ;
Y ‘%\C!m-\ev \\Shskb‘

« The (Area x Delay) product T LS G s\ e
6 T T T T T ‘ T T T G&-¢k’u¢ ‘--9}3‘ =L \\n
oA S\
[ R sh ¢ SES

minimum

Area x Delay Product (arbitrary units)

i 1 1 1 A L A 1
0 5 10 15 20
nMOS Channel Width Wy (um

Ring oscillator

i \3/12 Uil apaloe gasd %

* %;w\a+mn .“bs
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MOSFET Capacitor s ddstads soail dts
. CO-PQCH‘Q(S _\\\b@\«_{g

* The on-chip capacitance found in MOS circui .
; : uit are in general
complicated functions of the layout eometri
manufacturing processes. & ries and the

» We will develop simple approximati .
capacitances. ations for the on-chip MOSFET

e —.
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MOSFET Capacitor (2)
OVQNQP “

""""‘_ﬂ"""“"""—*mmnwm_m . : b
A “«Ihe channel lengthis given by

—E=E—2r L, (3117)
Lo
i e = The pt regions'around tlhe
( Plate) souricé and drain, name \t/
the-tHannel-stop implants,

are'used to prevent the

R formatjon of any unwante
ok chanféls between two
B B P e | =ngighboring n+ diffusion

— i\~ regions

SUBSTRATE (p-Si)

(¥
oy
57 4
£ 8
yeor
e ('4

MOSFET Capacitor (3)

Gy 3

Con
|
—

o]

« MOSFET parasitic capacitances are observed bel
C
terminals. | Jow

. Most of the capacitances are distributed and the T - ’\'

G
complex. _l_ (0 Mogel _|_

* Capacitances can be models as N : N
* Lumped — 57 o fyn Capactord\§ 55\ Q‘N\Ab%;r ‘ T
Lo oM C R N o) DN Goashadsd 5 @& s

« distributed —> e puipe .
» Parasitic device capacitances can be classified into two major group

» Oxide-related capacitance
* Junction capacitance
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QO* \__W i QO\( L W = €ox R - Q;’,%()&
tox J d
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thickness of
thin oxide
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I

~

Oxide-related Capacitances (1)

* The gate electrode overlaps both the
region at the edges.

* The two overlap capacitances that arise
arrangement.
* Cgploverlap)
* Cgs(overlap)

* The overlap capacitances can be found as
Cos (overlap) = C. -Ww. L,
CGD (overlap) = Ca‘ W. LD

source region and the drain

as a result of this structural

5y
Wlth Ca‘ - &
tﬂ\'
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Oxide-related Capacitances (2)

» Capacitances which result from the interaction between the

voltage and the channel charge. e S
. o ]
GGG — [ L=

gs’
(a)

gate

e ]

Jate C‘ch}fm\ce = Cge Cgq* st -

®) L

Oxide-related Capacitances (2)

> Sz Nagade Ny oveda® \B3lo\Rysde Chanel tesstdo\n
« Cut-off mode Jan Nogle Meswo

« The surface is not inverted.

« No conducting channel between source and drain

* Cp=Cy=0 _(3.120)
¢ The gate-to-substrate capacitance can be approximated by

Rualel Plate ¢ Co =Cu WL

Ch_‘k)_ﬂ;“'or Conprign © The McGs e+l C V. Pemimmon et b fre—
1
"_l souRcE I oxcl
)

i
e

LR

(#)

WasTRATE (&)

W TR
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Oxide-related Capacitancés (2)

* Linear mode 2
* The inverted channel extends'ac(:jl'othe :
* Conducting inversion layer shields
o - nce (equal S,D)
> Tf\e distributed gate-to-channel capacitant (ed

ubstrate from the gate electrucf,md

Qoote Nosamstor saigy Gl Ce 23 Cor ¢ ~
ST s & Ca.ea:u'\'or
D(‘QQ(\ 5\3
( dwve\l\-bggégn L N
G, L Onched off Jsale% e
%ciu(aﬁar\ A\_s \-&-,sdx\, 'sé'?d

Oxide-related CapaCItances (3)
§ A58 Qeta N adChaneel M

« Saturation mode g;x c\cmn Aol degehionvegien M) O\BL A
« The inversion region is pinched off. Aain A dag Mty Shantel SN IAL

« The gate-to-drain capacitance component is equal to zero SosipP
. Cy=0 ( Otata Naacpde!
« Source still linked to the conducting channel.
» Shielding effect still remain : C,, =0

. The distributed gate-to-channel capacitance as seen between the gateal
the source can be approximated by ==o

Qooree A\Mm% w _

=3 Cm‘ WL =
Coolee 3 Bndy- Cd{‘ncr\nrm 3 © A

d

oAl

-
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Oxide-related Capacitances (4)

Capacitance

Cut-off Linear Saturation
Cyq (total) e y 0
gd \l0la C
C, (total) o 12C, WL + C,, WLy, Sallo
9 Qg'!_w__n 1IZCanL +:n_c WLQ ZISCMWL i Wl?o

. W.e have to combine the distributed C
with the relevant overlap capacitance
total capacitance between the extern

g and C,q values found here
values, in order to calculate the
al device terminals.

Bd e Wigou ¢+ vedap capacikans/ M \:be) O

Ael splacis Covedag

; [egiecs
109) I 8eli "N s3Ms e ot Bolls

e C’Q OPS@W\“ N~ ?p‘te Qa.vlo\tu\cai\ﬁg.\ Q&éf\\b\f% \\)A\SA\ ?%\"’“sk

Oxide-related Capacitances (5)

* Variation of the distributed (gate-to-channel) oxide capacitances as
function of gate-to-source voltage.

Capyrai ©The (=3 ks,

Cul-cit Saturation Linear

S

23+
5 V24 r\
| Vr+Vps
Gale W0 source Voltage (Vg3)

“
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Junction Capacitances (1) W
d drain-substrat{

° » an
Consider the voltage-dependent source-substrate ‘nﬂ‘pa
Junction capacitances : C, , Cap #ﬂonn‘
7 : f-je caP‘
s, Gate O';k!c.“l *Y oR —‘/’—T——_—_ rﬂu"
__Ju’m:ti_oL__—,Af?_————-yﬁ’_ \
. /P v

W-x
/( ® i 1 Y- g ;
/@/ @ - @ éeP»H\ W: n+lpf] \;}A <

Yx; n+/p+

W-Y n+/p

o A WN

\Soumlndbrain/ ( %? cha(\%ﬁ-\ \ f\*’&%w\s St

—

Junction Capacitances (2) I

* C,, and Cg, are due to the depletion charge surrounding the ;
respective source or drain diffusion regions embedded in the y
substrate.

: . |
» both of these junctions are reverse-biased under normal| Ooperating conditions. |
¥ |

« The amount of junction capacitance is a function of the applied terminal
voltages. |

i i iated with sidewall .
. Junction capacitances associa walls (2,3.4) w _
the other junction capacitance. ) will be different from
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Estimation of Interconnect Parasitics —

P

« Main components of the output Ic l
Wntarconnact 2 ._{>O‘— 6#5 3\%
+ Internal iti ' [ _J_ = Agdou S8
parasitic ca.pautances of tr wmes T T nfs wwester M
+ Interconnect capacitances e 2L e \{Q\bg\&q&s
* Input capacitances of the fan-out g Igrecnnect 3 9‘5\”5\&,\-,&%3&:}\\
At L5 \
\ecal wites ISSRR Y- ABCD\\QS_& e I\ s }é 2

AELPRNREREN LS 9\okal witesy Serighdbal wites o l AQesiot \as St ST
c\\&%.) o‘;’m\‘“\ﬂa (a%\ o Metal wies O

Az RoNhad s oo Clap 5\9.--%333;»\..3\\@6”\‘2‘*% 2 N ‘,
(Chip N 2hon Aok an s uives 2 Qdoal usis ) - FHIe Sl el Scae|
(Y delay s CAS fén Ctess Softeals Sledids cadls \ex\cg(\n.) b o ilan N |l
Qi 2 g s Iy € 3557 s (el Bt S5 AN O R (i PSS
. r .Q-.)\Sm\s A\} “Q!“\\M\ASQS\&L‘:AG\\ Shaion 3 \Sjoxie Siofer T Erass s\ |

& T o

Al dasiic\as Sl L\jfs\\v%“«ﬁa\ et

¢ hay e medules M\ &Mk&\ﬁ%ﬂs\

Al=im
(R LN

-

: s0a W\ Maay? ‘
InterconnectDelay) , ©x! Seabnde S A ansints| |
; : 100 7 B e 133 ) sy 2 s
\L | Gate defay . ‘9 o e K Q@S\)\P;b .;23\)‘% wm&\)’l
—o—De— (\N\-Jucalwln J “*& / R: f_L_ g
(A'S . \..5 \- !: u @?-JQ E 10 [{ = Global wire w/ repeaters A ;
\D‘?ﬁ J:i';c&s\% __\\ 8 - Global wire=" (W\. l\‘é\m&\"&f\gb
et & o
(el elomedsd) @ - oy
c\fs\':_ﬁ J‘m ¢ . % 0.1 180 130 20 85 45 32
(‘51-6&"-3%@[. Wao é"ﬁ\* Process Technology Node (nm) — QM\&)Q C S,_.a“n%\

Aot Gais Cis\e
* Dealing with the implicat
+ Estimating the interconné

ions and optimizing a system for speed
ct parasiticsina large chip

» Simulating the transient effects.

L ——— e —
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Statistical distribution .

Statistica| distribution of interconnection length on a typica| chip

. Cmp —]
P A \ecal woifes |
010 1 Inira-module —T
connections Modules
ook

0.05 + Inter-module

connections

»- Wire Length / Chip m

0.2 Diagonal Length
* Qlebal wicey A\mdl.\admﬁj o =f

e — e ———
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Interconnect Capacitance Estimation (2)

» The section of a sing|e interconnect Co_gqcéroxe_\é ures NG
; gty

Interconnect Capacitance Estimation (3)

* The total parasitic capacitance f Qs Liile A\ 2}3 N
Fringing fields '

Aoy W Loies M
B T

% %

i \&G\n&«cﬂ l\&:.)\yk\sb\u

-

U el s RIS
N s / Wiy Q\Q)ga A\

c

PP
(parallel-plate capacitance)
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Thickness value of different layers I
Field oxide thickness 3pm L —
Gate oxide thickness 2?::: (minimum width 0.0
Polysilicon thickness i -061m)

Poly-metal oxide thickness
1.8pm (minimum width 0.09m)

Metal 1 thickness 22um (minimum width 0.1um)

Metal 2~7 thickness ¥ ;
Metal 8~9 thickness 9pm (minimum width 0.4um)
Via oxide thickness (PO-M1) 1.75pm
Via oxide thickness (M1-M6) 2.2pm
Via oxide thickness (M6-M9) 9pm
n* junction depth 23nm

28nm

p* junction depth
n-well junction depth ____‘______—-’——3—&* =T

Interconnect Resistance Estimation

. Total resistance in indicated current direction

/
Rw:re = = R —
p w-t sheet ("’)

. The sheet resistivity of the line

Rslwl = (2
¢
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RC Delay Mode|s

asoR o a5\s Gagacttor “1
« Simple_lumped RC mode| & T-model

Vin " Vou ] : T Vn——lﬂv&—-]_—cf‘;‘z"'_’v""'
T i

Absselaading o eael el Red Voo St gt G2t €9

Seor MWVack 2ol
AL Uos 495

Trur = 0.69RC CHEWNUaps
« Distributed RC ladder network - Jelay
model VNEA 3
| Oxo X \sb\?sﬁ
£ R o2 ST gl s ¢ G2 A OB
RN RN AN . \D'\QE\\‘)A - 3’-5’\\:)58 b\l

bl A

V“W W
a oni O3\ SdaySuoe

> 29 ke “'lc\iwf e« AN
. \
Various RC Models

R2 R/2
Vi Vou Vin —M—I—W— Vout
Cc I Cc

(a) lumped RC model (b) T-model
R4 R2 R/4 R
vnn '—v‘v‘v‘ I‘v"‘ v‘v‘vA voui Vn Vw.
i cr i cr Cr2 Cr2
(c) T2-model (d) w-model
R2 R2 R R3 3
vt'l v‘v‘vA v‘v‘v‘ vnul VVI le
t c/4 i cr i (VL] cie [WK] cn o6
(8) w2-model M m3-model

R PR T e
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The Elmore Delay (1),  ososiose

e LIRS, Q“L?\D\ks.ﬁ\.-:;og e
S Suht ograll R Mok
W S G das Ras Rea R,
Rty - 23 hsalls o
T \Sakio M Capactorh g T
Capacibaddd\atiu e R, 7
G—RQLCC,—;c‘a\E}wA\\’ A
«Ry¢ CC24Ca 4G W\S\g_ﬂ l
Calom (sin
* The general topology of the RC tree network =
* Let Pi denote the unique path from the input nodetonodei,i=1,2,3, .., N.

* Let Pjj = Pi « Pj denote the portion of the path between the input and the
node i, which is common to the path between the input and node .

=4 /

|

_—.(R\ (C\> Cg) + Ra(CarCqaraeyrCs) +R3(C 3313
Al @il ass I (i lino. a5 Ry Wl sle 1
- 3RS Veydast i,V Maw Bo?. dnat t\ise,
[ RG> o) Re(Corcancar Reeatll] 3 F e L ot siahou %
. S TR ~ B
The Elmore Delay (2)
CRaa MR alaygmng Q@ 84 Soldniiagiply
Tpr =RC, +RC, + RC;+ RC, +RC, +(R +R,)C,
+(R +R+R,)C; +(R + R +R,)C, )

‘t'Ds=R1C1+(R1+R2)C2+(R|+R2)C3+(R1+R2+R4)C4 )
+(R1 +R, +R, +R5)C5 +RC, +RC, +R1Cs
S - U w?
el iy :: S"’!. Cy Ca Ica ¥ Cn b
% adu 2 :
(\-: Ton =ZCJZR" Tow (%)t(ﬁ) =
< < SV Ton =? fbr N-ow®

(G- ae{ e

T B TR
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Example 6.5 (optional) -

A g b Gen

« 1) Examine thf_a Propagation delay across a long polysilicon
interconnect line (length=1000pm, width=1 pm)
* Ryeer= 15 Q/square

. 1) Sol. R jumped = R e % (# of squares)
=1 S(quuare)x(m] ~15kQ
1m

C paraierprare = (unit area capacitance)x (area)
=0.106fF / zm? x (1000 m x 1 4m) = 106fF
C /ynge = (unit length capacitance)x (perimeter)
=0.043fF/ zm x (1000m +1000£m +1m + 1 2am) = 86fF

c +C e =192fF

C

lumped—toral = parallel-plate

! s .. :-:\\9!- ..:;‘-;
Example 6.5 (2) 8 Jiicdas argadinedet M
_ . sho Wietk case Qe
. Al \ewed W\ e Oelay ) w5 8 HEFeL e i~
forms
* The simulwputmkasewf: - ]
12 r‘ /-/
10F //&' — Input b
.- \y e —o— Lumosd RG model
| [/ i Dslay \ @igh
g \‘_5\2.\ \
04l
| “ o
| 5 u‘ud‘ t;\o‘ A n:no‘ ulm' r.c:uo' '—:ato'

send  aond wnd Yime (8)
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300 um

potysitican ntercannect ine
* 2) Consider a polysilicon line consisting of two segments (W=1.5 um
& W=0.5 pm, each 500 pm)

Example 6.5 (4)

5004m
500um =15(CY/square) X =
Rllmwn.lAl = lS(()/square)x( :llm J =15kQ, R/,,,,,,mj_z 15( squ ) ( I.S/Im J SkQ

lumped —a ""'—R’mlrdl+RI prdz—ZOkQ
_ 0.106(F/ gam? x (500mx 0.5m) = 26.5{F

=0.106fF/ gm? x (5004m x 1.54m) = 79.5¢F
, =46fF

parallel-plate-1

R
*2)Sol.
C

parallel-plate-2 —

Cfringe—
=192fF

C Sringe-1
C +C fringe-1 ir Cﬁ‘/"gf'z

lumped—total — =C parallel-plare-1 +C parallel-plare-2

S in s i defades Mo 544 ol
Layout, Fabrication, and
Iementary Logic Design

Dr.Mohammad Abdel-Majeed
Assistant Professor
University of Jordan

I
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Introduction

* Integrated circuits: many transistors on one chip.

* Very Large Scale Integration (VLSI): very many
» Metal Oxide Semiconductor (MOS) transistor

* Fast, cheap, low-power transistors

» Complementary: mixture of n- and p-type leads to less power
+ Today: How to build your own simple CMOS chip

» CMOS transistors

« Building logic gates from transistors

* Transistor layout and fabrication

« Rest of the course: How to build a good CMOS chip

Silicon Lattice

« Transistors are built on a silicon substrate
« Silicon is a Group IV material

» Forms crystal lattice with bjjnds ip fouy neighbors
== 8i =Si==38iI
= 8i = Si==8i==
== 8i == i == 8i
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Dopants

* Silicon is a semiconductor s
.pe . uc S
* Pure silicon has no free carriers and con

* Adding dopants increases the conductivity

* Group V: extra electron (n-type)

* Group Ill: missing electron, called h?lle (”p-type)
[

poorly

—=S8i—=Si=Si— SI—'S‘L—-—Sl——'
I |kl
—SI—AS—SI—— —Si=— B =3l
| [ o
=Si=Si=S8i— —Si=—Si=—Si=

I |

pP-n Junctions

* A junction between p-type and n-type semiconductor forms a diode.
* Current flows only in one direction

p-type ! n-type

anode  cathode

-

e R
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aMOS Transistor

. Four terminals: gate, source, drain, body
7

. Gate — oxide — body stack looks like a capacitor
. Gate and body are conductors

» Si0, (oxide) is a very good insulator
. Called metal — oxide — semiconductor (M&Q caggcit%;ain

. Even though gate is
no longer made of metal

Polysilicon
SiO2

|"|+‘

e
—

nMOS Operation

« Body is commonly tied to grou

. When the gate is at a low voltage:

* P-type body is at low voltage

» Source-body and drain-body diodes a
« No current flows, trangigiQr iSSQFF prain

N

[

nd (O V)

re OFF

n+

-

p

A

n+

bulk Si

v

P ¢

Polysilicon
Si0,

0
L
sT'D
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nMOS Operation

* When the gate is at a high voltage: |
* Positive charge on gate of MOS capacitor ,4
* Negative charge attracted to body
* Inverts a channel under gate to n-type

* Now current can flow through n-type silicon f |
drain, transistor is ON '

Souce Gale  Drein Polysliicon

rom source through channe| tq

LE‘__}T,;__T_J sr'l'ln

Ttz

JOR

pMOS Transistor

= Similar, but doping and voltages reversed
* Body tied to high voltage (V)
* Gate low: transistor ON
« Gate high: transistor OFF

» Bubble indicates inverted behavior
Source  Gate Drain

Polysilicon
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Power Supply Voltage

«eGND=0V
. In 1980's, Vg = 5V

* Vpp has decreased in modern processes

* High Vpp would damage modern tiny transistors
» Lower Vy, saves power

¢ Vpp = 3:3,2.5,1.8,1.5,1.2, 1.0, ...

CMOS Fabrication

stors are fabricated on silicon wafer

. nsi :

o 17 hy process simila .
Uthogf:Pthp different materials are deposited or etched
* On each step,
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Inverter Cross-section

MOS transistor

* Typically use p-type substrate for n

* Requires n-well for body of pMOS transistors
-tub, etc.

* Several alternatives: SOI, twin
si0,

n+ diffusion

p+ diffusion

polysilicon

metall

DORLT

Q“\Ue“\‘:‘. )

p substrate

/
nMOS transistor pMOS transistor

Well and Substrate Taps

. Substrate must be tied to GND and n-well to Vpp
« Metal to lightly-doped semiconductor forms poor connection called

Shottky Diode

. Use heavily doped well and substrate contacts / taps
GND

<| 1—

p substrate

substrate tap
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inverter Mask Set

, Transistors and wires are defined by masks
; Cross—ser:t-ien—taken along dashed line

1111

Vi LAV 3“~
JORIDA .

D=

GND \
| |
nMOS transistor

substrate tap

Y22 \smk\secﬁm:@\\@ 39

» 9\ %_n&seds

RO G Colorcaton \alss

48 il tan Ga@d

Detalled Mask Views

M N34 e ¢ c\v\(a_\\

Magk WawsGs CAois \gves\«sxm
—acho m&mmw» A\ adal 58 Q\\QA:& ot

\5235\-‘533 ngs-\sﬁ 3\33% FCJI""CO* on labs Mk

L Apgs prasiee Qe ¢ A&%@\suﬁnﬁ 3yS 3\ BNLS J&P\yxé\%@‘—"

SHis O u\xm\\c;\»@»\\%\

- o8 \a) \S a.uc;.u
* n-well QNMss o, e, 000 ,55\@,,,3 (Q_:c S\):
* Polysilicon (s cwWip N m\.&p "m@f: R ?‘5
« n+ diffusion  €1222°%°, e SRR

usion 0% s G\o (o8 2 QT
* p+ diffusion N
* Contact G\ &‘\5’&‘3“’ : WALTI Y
* Metal %b@c&:go‘)n -..-.--....- .......... .___.__.____Q.m 2 ::B

Qs (e W hes

\"»ﬂ\waﬁ\wﬁyw Jeers... [~ farase
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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 j

Y c
Gl

@ Oxidation QAN L N0y oy lnay (sinds
oxSitms\e (N-gpe 7 piype maternls ) Mofecials W sy Sl M«

 Grow SiO, on top of Si wafer
« 900 — 1200 C with H,O or O, in oxidation furnace

sio,

p substrate

|

—— A T
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Thite Uhayimerey &
JORRAN

Photoresist @ ®ouws Phdtoresst 1oy
Takadsly 8k \aslt Remieivily
« Spin on photoresist A ey AL bk

: gl e
';h;tO"ESISt ' @ light-sensitive organic polymer S 5\ &\IA'\%?&’&. N
* Softens where exposed to light TR b A\N
aghillo AdmAls sl Vhae@eS®F

ke ¢ 250 n Mone Lol i R alps b s SRR RS
Lrpadl iyl RN P 2o St

Photoresist
Si0,

P substrate

Lithography &

* Expose photoresist through n-well mask
* Strip off exposed photoresist

I [ Photoresist
| sio,

p substrate
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Etch (W i el \g_s\»@%‘\og_ A\ \&s:ums g

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

; d
* Only attacks oxide where resist has been expose

Photoresist
il 'jl ___E’ Sio,

p substrate

: ///‘—“T\

«

"
0]

Strip Photoresist @

» Strip off remaining photoresist
« Use mixture of acids called piranah etch

« Necessary so resist doesn’t melt in next step

Sio,

p substrate

~
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n-WEl | ‘\5@05 ESCRETEN w\%\w @\b Lo
. . \-&u.»b¢ t)%\@z M

» n-well is formed with diffusion or ion implantation-

. Diffusion

» Place wafer in furnace with arsenic gas
» Heat until As atoms diffuse into exposed i

. J]on Implanatation

« Blast wafer with beam of As ions

« lons blocked by SiO,, only enter exposed Si
: 1 ] Sio,

n well

P\wo*oregs* M\A» O sl s Nsncdh ol - 3 sl %
BECATN wafer Gas woler Q,sst\s.\gg.‘Jx\l =

S\e -
S ae\ass dan-Hes QU ety RLrDE A (S Taloricatian NS
A SN ém\s-em&BngN\ o W teskeg Qox -

\shash Bz e edue da Poavelne/ Fondiecal  WVreld

Strip Oxide @

« Strip off the remaining oxide using HF

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

s Masks SOt ihal G dent oy

n well

p substrate
i o i
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Polysilicon | |

* Deposit very thin layer of gate oxide
* <204 (6-7 atomic layers)
* Chemical Vapor Deposition (CVD) of silicon layer
* Place wafer in furnace with Silane gas (SiHa)
* Forms many small crystals called polysilicon
* Heavily doped to be good conductor

l? .| Polysilicon
sz o) e e TR e O S cot ol by g & P = Thin gate oxide

n well

S do
Olysilicon Patterning

* Use same lithography process to pattern polysilicon

Polysilicon

Polysilicon

< Thin gate oxide
n
p substrate e

Sl el =
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5e|f—AI|gned Process |

. Use oxide and masking to ex

: Pose where n+ dopants should be
diffused or implanted

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

p substrate

N-diffusion

* Pattern oxide and form n+ regions

* Self-aligned process where gate blocks dlffusmn .
* Polysilicon is better than metal for self-aligned gates beca

cessing S| __
doesn’t melt f.°. ---------------- - O
------- n+ Diffusion

P substrate
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i £ eaoosd) Uhash D(O‘“\ N>
N-diffusion °“ G RESUTEE e
S leq M ove‘\oF G.aNsd M 1
* Historically dopants were diffused 2\ el Sffumion Eyeniy

; ‘ SRCAEUIANS
Usually ion implantation today 3\&5\—_@-\3\\ ashiall

* But regions are still called diffusion @g\ms\%%\wx&ﬂ\

SCCodan A
M\@,\s QN

o n+ (1
' n well
s 1l p substrate

N-diffusion

T,

* Strip off oxide to complete patterning step

- =
T o]

p substrate o el
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p-Diffusion *W\S&\vé\mo&mexmm {
E Oy (@arle (81 cunsd

e aynmey OF

JORDAN

. Simllal' set Of StEps fOrm :
drain and substrate COnt:(;;d‘ﬁusion regions for pMOS source and

- —
_______
-
....... .
p+ Diffusion

7
‘5:
3

n well

p substrate

Contacts

. Now we need to wire together the devices
« Cover chip with thick field oxide

« Etch oxide where contact cuts aré needed
---------- - E
----._--'-- . . Contact
Thick field oxide
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Metallization

* Sputter on aluminum over whole wafer
ss metal, leaving wires

* Patter|. __ emove exce
= (i3 i e Metal
. . _ e AN Metal
— e LE’--ZT,}T FEREEIEEE Se e e, [ Thick field oxide
n+ | n+J 2
el well
p substrate ) o o

(s S\ Dbemate Nty Qioothdiaihs Soi S0

‘_) - "¢| sy S -.5.,.‘\§<':"m " q‘m,ex *\.«o’t—% L\)S—'\ e
\gmpiafoles 3
chapd) wasst Roledh %h&&\\?&&

Layout

*Des‘an Role check —S

v Compile =  deASynax Ne@ie &s\wﬂa\
» Chips are specified with set of masks PR ERENSE

« Minimum dimensions of masks determine transistor size (and henc

speed, cost, and power)
« Feature size f = distance between source and drain
» Set by min—i-Tnum width of polysilicon m@c&w\s&
. Feature size improves 30% every 3 years or so
r feature size when describing design rules

. Normalize fo
e EXpress rules in terms of A=f/2
. E.g. A=03pm in 0.6 pm process
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Diffusion Polysiicon  Metatz Rolysilicen

Contact  Contact Vias

Po\yslioons 7T

Plate NS Y &

JORDAN

DaaNe Soutae <ot Cannesron A
Chrannel (la sy Sraneel X\ 2579

» Transistor dimensions specified as Width / Length

« Minimum size is 4\ / 24, sometimes called 1 unit

5, W= =0.6 pm
* For 0.6' Voo ;\h?--; ’, W—1.2 }.lm, L P-

Mekal 2 <N
S afn

AVS
Inverter Layout="

R S\\'Gn{\% 8[2 5
3§Sﬂ) m‘b‘ A NM M 8

% DCatn &
Has bs.PMcs l_s“\“As 42 1

Y
. S \@\'.:::‘\\‘\%" .
Mhes mie = s i

[
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Summary '

« MOS Transistors are stack of gate, oxide, silicon
« Can be viewed as electrically controlled switches
« Build logic gates out of switches

« Draw masks to specify layout of transistors

« Now you know everything necessary to start designing schematic
and layout for a simple chip!

IELKD
Jok

Combinational Logic

Dr.Mohammad Abdel-Majeed
Assistant Professor

University of Jordan
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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

~\“ e_.g:() g=1 --)“\P\J*l
d d d
nMOS g i. QFF ; ON
S s s
d d d
pMOS o ; oN %\, OFF
S s S

S 3 Nwes dout Tansisior N ghaio F* AN

1Bz Uangeg sy (e

JORDAN
CMOS Circuits
Voo
: . A e LT
For the gate to output a ‘1 wos | Nehwer
* Some path of PMOS transistors from VDD to ouy Vg "% fOrAek \.,io\s&n
On " -
* We call the PMOS transistors the Pull-Up Netwo VoS '““-?h“""\“
A , D oty
For the gate to output a ‘0 w—r o i\
* Some path of NMOS transistors from GND to ou Vo] networ | = - dewa
on NeXuwark.
* We call the NMOS transistors the Pull-Down Net J___- N“\d‘u'\»u'&wa

; Sy goinn LNAd AVdth  § Qrouad 4y
NOSAN Cpdis ou@\s\{&&% = — — =
» o : e TR T R A T
B R sy b s : A
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CMOS Inverter

A |Y VDD
0 \
— to J|/ %
A Yo
% v

CMOS Inverter

 —

A Y Vop
0
T To OFF
A=1 =0
ON
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CMOS NAND Gate

A B |Y -
0 |o |1 —O“E“)N —a|ON
0 |1 } Y=1
1 o o OFF
1 |1 b ]

B=0 OFF

v
<'_l

CMOS NAND Gate
A B Y s
0 |0 |1 r—# E)fF—O ON
0 1 1 ' } Y=1
1 |0 =0
OFE
Lo B=1

e
+gH

*
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“\CMOS NAND Gate 3 JORDAN
A |B |Y
D21 |1 —on —d[oFF
[ <l A , ON
15| 1 B=0 ]

W T S R A L R e e, G $imes By ‘
2 Pves NEYbmasratls dlas ~ N\ Fall fve N\ %
GA3s o\gsiiy Ll @3 LHaL o = odferds

| T

= Asaes AR =\ & oulpdice e~ LSt Cose Rsetve N ity
. GRCAN

- s\ A%:Q\A\)\.Q:EC\'_\\,Q. \0%3 Q\\Ls X \D.)SA\QW “,E i;i:\rms\'gs:\ LG RN
; Naghs e A= 1o
(MOS NAND Gate ‘3 0§ foes Nads: Moo

oo\ st Gres et S SR ERGR R o

A"

4 N . wotst el
Hu' E;i,:l:—o OFF ff\'f@_\ o
L sog W S
\Qo(§f CasSQ N
=1 ON
3
B=1 ON

F O <

A |B
0 (0
D [ 1
1T 10
i |7

3 3.7V a
b Lo
11 1 g ! L
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Y= AxS8

CMOS NOR Gate

ST T
0o o [ | $A 0%

St 5.
010 ‘ o[
— ° g | %
1 (0 |0 ;B Bl e
T 11 |o ' &Y
SRS | e y &

X

L

-0|-0

B
= :

Rl op ool doonMstudnaibmtbal o Bol R

3-input NAND Gate Y-R®c

« Y pulls low if ALL inputs are 1
« Y pulls high if ANY input is O

Lol N, e ranay cuttmsii gty e egy 3 Fallhe Ak

s gl | NN 3@-‘%‘{’ Oy M( %N\Aw@\@ Ree hve %
A0 G 59 LAl s GBI A e 2 WL s iy Pinee 250N el b
AL, Jachids GMSLATSIMGA L Gy < weret case Mo ¢udai
ABc;m--» pBc = SW 2 et cage Rise hime — -Oize Nl

W\
fall Lc; Rice
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% M = QH g
o Re- Q.Pn
Sizing

* Delay is dependent on the pattern of inputs

* The ratio of the {W/L}PUN/ {W/L}PDN should be two (or
higher) to make up for slow PMOS

B R e e i < R Rn A lalx
- Ra \&QJA\R? o

¥
Pros ong sy P

Mo 3l Rp et fize N oo Coe /Rl h@\&m@m\n\
2o N Rxse N [CUCEEY Qsl e <tbdal Pres A 3 @\QQ\\@«@\
Bl Q_Rn c =R o = gl Doy Mo Buinl Bros Ml width G\ AAOL

- Bves N\ Q\s Dedagy M (Guss Joaling

Sizing
* Delay is dependent on the pattern of inputs _Rp ng
* Low to high transition —A-\ -

* both inputs go low B\

* delay is (R /2)*C, ﬁ_q

* one input goes low

* delay is (R o) *C,
=> Worst case: R,*C, R..

* High to Low transition
* both inputs go high

* delay Is (2*R,)*C,
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nverter Sizing
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NOR Sizing

NAND capacitance
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Stick Diagrams .

Oiliand SAae GA s dssitse <

« VLSI design aims to translate circuit concepts onto silicon.

« stick diagrams are a means of capturing topography and layer
information using simple diagrams.

« Stick diagrams convey:-layer information through co
monochrome encoding).

* Acts as an interface between symbolic circuit and the actual layout,

lour codes (or

Stick Diagrams

« Does show all components/vias.

« |t shows relative placement of components.
. Goes one step closer to the layout

« Helps plan the layout and routing
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stick Diagrams

_IO 130 A N

« Does not show t
. Exact.placement of Components
« Transistor sizes _
» Wire lengths, wire widths, tub boundaries.
* Any other low level details such as parasiti.cs..»

/

Tt [ v prar 787
VR Uassvy (i

JORDARN

Stick Diagram |

EULER PATH = {AB,E.D,C} —_— Py

R e
C&\OJ\.\BD\ NS 3_@; P \§ il
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Stick Diagram

EULER PATH = (AB.E.D,C} —— POLY
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« The number of diffusion breaks can be minimized by changing
the ordering of the polysilicon columns

« A simple method for finding the optimum gate ordering i
Euler-path approach

« Find a common Euler path for both pull-down and pull-up
graphs

* The polysilicon columns can be arranged according to the
sequence ( in Euler-path)

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

s the

=

(-
o F
—

U‘ R
I

Euler Path

« construct one Euler path for both the Pull up and Pull down network
« Path the traverses each node in the path, such that each edge is visited only

once.
» If the path traverses transistor A then B then C. Then the path name is {A, B,

C}

. The Euler path of the Pull up network must be the same as the path of the
Pull down network.

» Euler paths are not necessarily unique.

» |t may be necessary to redefine the function to find a Euler path.

|
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'The advantages of this new layout are more compact layout

a e . .
rea, _s[mple ro.utmg of signals, and consequently, lower
Parasitic capacitance 2 E-

%
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Euler Path

*A= D+ AB+CE

toler Podh @ CEDAR

L
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Example i

*A= D+ AB + CE
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CMOS Transmission Gates (Pass Gates)

> Qoo oo Metledhsina
* Representations of the CMOS transmission gate (TG) Qb \ete fnpat W

c

Ft:::r_ c i j_ T
A 7 —8 ‘-—4 8 .—C;—n A—é-‘a
Mirt, ¢— ¢ o 8
¥ (=}

W & P

1 C . e p N
| "".-'r‘_-"'i%“. ‘&3\.»\ '_l\ \n‘}b é——\/ Nad \QB'\-M\ NS
I

\ %+ One nMOS + one pMOS

b
* Bidirectional switch - AL Ny (i:\*\os
* If C=Vyp, TG is turned on (low-resistance path) -;LTJT*‘:
* If C=GND, TG is turned off (high-impedance state)
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* Two-input multiplexor
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, 8-TRs XOR function

. 6-TRs XOR function

1
s Lw ] FaAB 478

s e

|4 2los Cmos U
tansiglo -
258
2->F

8 — Pl up+ Pl dewln
25 invector

PRV ot W e d uidhadlc TE Sohsid udhatink

e N corpat A

(MOS TG Implementations (2)

'] -
Boolean function realization

FaAB4 AGeABC

e g S

Ve s
v ‘_'kh"_'_:;'}_
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Transitors scaling

Outline

E4 NN
* Scaling U
v Transistors
v Interconnect
V4 Future Challenges
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Log2 of the Number of Components
Per Intograted Function

ot fetooes se alvp Yedou ek B THELS
Moore’s Law  Tegemes M msssison gloss |
o i S
Reca| . Regoumes \\
call that Moore’s Law has been driving CMOS
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Moore’s Law today
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Moore’s Law

* Recall that Moore’s Law has been driving CMOS

Qog”“k T
& -

, ® om

{ 4 "=

X ecen

Clock Spesd MHz)
A\
\
a

kP o
® .\F-!- ke — YA

A rremean

s o O Pwema

! £ B remnu
me’ A cmiow

Corollary: clock Speeds have improved

335 Power A\Aﬁ')i\b\
. H}}E&\@(% TN

Why? Ve

* Why more transistors periC? Mo
* Smaller transistors
* Larger dice

* Why faster computers? QAN 0 yis kg
* Smaller, faster transistors g
* Better microarchitecture (more IPC)
* Fewer gate delays per cycle

Emc.'\"‘ml(\'\'ui
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. The only f:onstant N VLS| s co\q\}m\Q s
. feature size shrinks by, 30, SNt changa 5% Gasacsa
. TranSiStorS become c 0 ever

hea
N e
» Transistors become § i3

‘ aster g
» Wires do not improye i

(and may get worse)
« Scale factor S
« Typically S=\2
« Technology nodes

Dennard Scaling Ui

*Proposed by Dennard in 1974
Also known as constant field scaling

: " Electric fields remain the same as features scale
Scaling assumptions \
" All dimensions (x,y,z=>W,L,t,) —fad““\*“*‘f‘“““-‘
* Voltage (Vo) S o
" Doping leyels
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Device Scaling
(* Scoheg et N D Dby )

Parameter Sensitivity Dennard SM
L: Length " 1/8 \
W: Width 1/S \
A, Qate oxide thickness 1S \
Voo Supply voltag

- supply voltage 1/S \
V,: threshold voltage 1/S \
NA: substrate dopin : S

B WiLt) = sy/ oSyl s R
1. ON current VoV = S (1) W
R: effective resistance Voollon = CASY) 7 LS| 1

C. gate capacitance WU, 7S s
x: gate delay RC 1/S ﬁ\\Y\
Tglodxfmquenq 11 ~> goie delay S .5\—‘*‘““\
E: switching energy / gate CVpo? 1S ﬂ‘t—‘m“\
P: switching power / gate Ef 1s? N T
A" area per gate WL 1/82 — N !\\
Switching power density E P/IA 1 \
Switching current density /A S 5 T T .%\

(s @) 20 Nmdand y

Aslaadhy T I sl ahsiys S Scolivg fockers 3 Ruamees

Observations o

*+ Gate capacitance Per micron is nearly independent of process
= Gates get faster with scaling (good)

¥+ Dynamic power goes down with scaling (good)
#= Current density goes up with scaling (bad)
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Real Scaling \

v

* t, scaling has slowed since 65 nm Vorde M At yi83 e
* Limited by gate tunneling current Aol

s
* Gates are only about 4 atomic layers thick! T *ex cn.:>\_>k>b 3%\“\}3\35\@“&3
* High-k dielectrics have helped continued scaling of effective oxide thickness

* Vpp scaling has slowed since 65 nm
* SRAM cell stability at low voltage is challenging

* Dennard scaling predicts cost, speed, power all improve
* Below 65 nm, some designers find they must choose just two of the three

-(M‘ \\,‘&\;,ﬂ. )) \154"\ a“} 1“{’:’:’.!

Interconnect Scaling RN 3 ol S
Parameter Sensitivity Scale Factor
w: width 1/S

> - 1/S
s: spacing 3
t: thickness 1/S
h: height ot 1S
D, die size D;

 wire resistance/unit length 1wt S
C.4 fringing capacitance / unit length US‘; 1
C,,: parallel plate capacitance / unit length wih
C,. total wire capacitance / unit length gmc +Cyp ;,
t,; unrepeated RC delay / unit length W X
|t repeated RC delay / unit length sqrt(RCR,Cy) sqri(S)

Crosstalk noise wih - 1 -
E,: energy per bit / unit length CuVop S
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reachable Radius

't send a signal across a large fast chip in one cycle anymgre
« Wecan'ts

[ this
« But the microarchitect can plrim aroundI o
Just as off-chip memory latencies were tolera

| L Adrce 8 S8
Sy SaalegBess //\\\ WA cdan

CQyeles TS5 L 0 fwied within one elecke elle

Q‘)\:L 6‘" - \gs ﬁ‘ \ \\f\\&mvf jﬁ, 2 .

QQS\S'\‘QhQ@ A\ \\Q ‘// _,.-"’1/80 nrm

‘ .. :i' P

S
A\
@
\/

~
Ra2achable Radiuz

Observations

* Local wires are getting faster —  Shoder \ola sh

* Not quite tracking transistor improvement
* But not a major problem

* Global wires are getting slower
* No longer possible to cross chip in one cycle
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. semiconductor Industry Association forecast
« Intl. Technology Roadmap for Semiconductors

Year 2009 2012 2015 2018 2021
Feature size (nm) 34 24 17 12 8.4
e (nm) 20 14 10 7 5
Vop (V) 1.0 09 0.8 0.7 0.65
Billions of transistors/die 1.5 3.1 6.2 12.4 24.7
Winng levels 12 12 13 14 15
Maximum power (W) 198 198 198 198 198
RANM capacity (Gb) 2 4 8 16 32
Tash capacity (Gb) 16 32 64 128 256

\gid e e §\\ S A e_i?‘:‘
Crtco M\
3 5 ‘;\‘ !...:

. [=
Dynamic Power

. Intel VP Patrick Gelsinger (ISSCC 2001)

- If scaling continues at present pace, by 2005, high speed processors would
have power density of nuclear reactor, by 2010, a rocket nozzle, and by 2015,

surface of sun. C} 5‘5\),3 &e"\&,
« “Business as usual will not workin the future.”

* Attention to power is

L {UM 's.»_ \u..wu. b""‘ﬁ.

xm)'tqz:ﬁ B Pt pu

2 i § oo Rockat Mozt —we .
increasing i o — &
‘f o 5
‘ =T ¢ !

Valg L] ey Qi) 0w
Vet

(ints))
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" L 4lealage Sla v’oi’{i);
Statlc Power -&\5 %\Sg ¥y |

ot RS Nasistor . A
 Vpp decreases - ?e‘ “5“\“(99

. Save dynamic power
« protect thin gate oxides and short channels

e of velocity sat.
« No pointin high value becaus =

* V, must decrease to 1:: ; Dynamic/?:._
maintain device performance X ’K./ 744
3
« But this causes exponentlal 3 o; 5
0. = 7
increase in OFF leakage o ;

1960 1970 1980 1990 2000
[Moore03]

2010

« Major future challenge

VT 1
° l .'_\.

Productivity

- Transistor count is increasing faster than designer productivity (gates
/ week)

» Bigger design teams
 Up to 500 for a high-end microprocessor
» More expensive design cost
» Pressure to raise productivity
« Rely on synthesis, IP blocks
» Need for good engineering managers
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Physical Limits

« Will Moore’s Law run out of steam?
* Can’t build transistors smaller than an atom...

« Many reasons have been predicted for end of scaling
* Dynamic power
* Subthreshold leakage, tunneling
* Short channel effects
* Fabrication costs

* Electromigration
* Interconnect delay

CDN\Y)I(\O.%‘OM.E los;c 3\&\9‘:&&\
R T

A _agn st
Q

| Sequential Loglic

Dr.Mohammad Abdel-Majeed
Assistant Professor

University of Jordan
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. Sequentlal Circuit

A —oum

8 =———=1 Combinational !
c i Logic

e

Combinational block
+memory block

l\')\'\h

(=) @) G

onsighec Jevel Mgl ad Qiteott | (S e Loy

TE Ny
I3eh
~ U

- * Gate level schematic
o  and block diagram

SR Latch Circuit

* SR latch circuit based on NOR2 gates

@ " @ : :
— H
— @ a
[} 0 R
VY e
NOR-based
SR Latch
R ——] |

R R
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Truth Table and Operation Mode
* Truth table of the NOR based SR latch circuit
5 R Qnes Qi __Operation
0 0 G» o, hold
1 0 1 0 set
0 1 0 1 reset
1 1 0 0 not allowed
* Operation mode of the NOR based SR latch circuit
S R Qa1 0, Operation -
Vor Vou Vou Vo M1 and M2 on, M3 and M4 off
Vor Vow Vor Vor M1 and M2 off, M3 and M4 on
Vou Vou Vo Vou M1 and M4 off, M2 on, or

M1 and M4 off, M3 on

Vou Vou

NAND Based SR Latch

* Gate level schematic

s
Q
a8
R
8§ —Q Q
NAND-based
SR Latch
R~ e Q)

& Block diagram

S R|Qui Qu | Operation
0 0] 1 1 | notallowed
0 1] 1 0 set

1 0] 0 1 reset

L 1] Qe Q| hou
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CMOS SR Latch : Another Type

* SR latch based on NAND2 gates -

V
Voo oo

—{{jh {'::‘l]h

| 1
s———":lf i]—— A

THE Avme:

JORpA

Clocked SR Latch

=3.Ck+Q
V * Input and output wavefor
|

* Gate level schematic

s - . 7 PR VO P |
aliiy \= | 1
K —
Vode Ml o2 }c ! ‘
P Sl I\ ¥ i [_—l
- o R — Q| ESLNOEL
Wald (6isn) ‘
Level sensitive circuit

- C\(.R.\.Q
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Clocked JK Latch

* Gate level schematic

NAND ] Latch

* SRelatch : indeterminate when both Inputs S and R are activated

"Klatch : adding two feedback lines from the outputs to the inputs

e SRR
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Clocked NOR-based JK latch

= Quok.k + @ Ve
| e
R P C
S o @
[ K jl—'— __IE J
J S = cK—-I —

ThE AN
I r'w |§ I-:
el

Clocked JK Latch : Truth Table

T R O O S R 055t | 03] WiOperation
R p 1 1 1 0 1 hold
1 0 1 1 1 0
0 1 0 1 1 1 0 1 reset
1 0 1 0 0 i AU B, e
Weap 0 1 o 1 1 O s
1 0 1 1 1 Qg s G
1 1 0 1 0 1 1 0 toggle
1 0 1 0 0 3 St
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Master—Slave Flip—Flop IR

| {HH ety O

Master Slave FF

* The master latch is activated when CK="1,” during this period, the
primary inputs, J and K, allow  data to be entered into the flip-flop,
and the first stage outputs are set according to the primary inputs

* When CK="0,” the master latch becomes inactive, and the slave latch
becomes active

* Note that, the output levels of the flip-flop are
determined during this phase (CK="0,") based on g
the master-stage outputs set in the previous  phase(CK="1")
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NOR based JK master slave FF

B ! L‘]‘E l\:l’.ﬂ\e
AR
\QRIQ k

i
|

o ook ol b3 UL i\ il SRladeh Nalbiny
coect Mo @ek N Z0f A st iapss oo R lofeh S co =Rt It di\d
Nl Liae Ay, - 90defioed Jeke (it (Baivs Yoo

L0k LA bl Colng @ N Lankhigl
CMOS D-Latch

» Gate-level schematic

ol
o
(o]

P D-Latch

CK— Q

» CK : 1 = Q assumes the value of the input D
« CK : 0 = Q preserve Its state

i e s
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|\H\|"| |
¢MOS D-Latch Using Transmission gates ° :
tsointe loafagel s § « B \g, 5 ¢ & (gl (b (g, (shon

Constructed by Two’inverter loop + TonSCI\EIOS TG OQ\%D\?Q?; - u{::s)
m\er
.ck:1 > TG atinput is activated — T
2 ol griia 0 SUEW ~E[‘;)——E —a
. CK:0 2 TG atinverter loop s activated I
Cl 00 D adet A Cadiads A i
- Yot ‘Erj]—
;

Master-Slave Flip-Flop : Ope_r_altion

i
CK of1} 1 |oj¢o 1ood o Jufijoiei e i

* Clock pulse - 0 : }, ~
* Master latch inactive (slave becomes, olo] v { ool v ol ola|n o\:n SRR
'ClOCkpu|5891 (—ofol o Lol o frfodelolooliniv]o e

* Slave latch inactive (master become

[ ] s Q“‘
No uncontrolled oscillation : J=K=1g. '

" Ones catching problem
* Unwanted o/p transition due to glitco,
Sol.: edge-triggered o
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e fatehy \ d\ey sl %\O*"& Mo Masher 3 61}0[113;
“Master-Slave Flip-Flop Problem .

hange while C=1

* Sand/or R are permitted to c e
* Chances o{ 0s or 1s datchin :,:’ Y
s ’> | )l L
c : ; T
R /e | | i
WD 3 N —
Y ,) S N L
Masterout 1
& 6 A ——
Slave out i :
Master Slave 1s\catching
active active

gate lesel G Qe  Mflalhday Los Wl sl
Tensicter leueh A

alRa
AT

— 4!
cJ L
=

Flip-Flop Solution

» Use edge-triggering instead of master-slave

* An edge-triggered flip-flop ignores the pulse while it is at a constant
level and triggers only during a transition of the clock signal

» Edge-triggered flip-flops can be built directly at the electronic circuit
level, or

» A master-slave D flip-flop which also exhibits edge-triggered behavio’
can be used

I_‘ e — C = .
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Edge,Triggered D Flip-Flop

edge-trlgge"f-’d D flip-flop is the same as the master-slave D flip-flop

IacmB the first clocked SR latch with a clocked D latch or

Add'“g a D input and inverter to a master-slave SR flip-flop

he 1s and 0s catching behaviors are not present with D replacing S and R inputs

, The change of the D flip-flop output is associated with the negative edge at the
end of the pulse

IS called a negative-edge triggered flip flop

No 1s catching in the edge-triggered D Flip-Flops -

e

-

[N
.?m--—-»m- B
)

Y ‘; .:
| > |

Master out \ b
! \ \

Q 1 \ &.

Slave out i Master ! Slave \ ! i

{ A \
active active
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