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Entidpaon MMapaoitikwv Twv AlacuvEecewv

» oL Mapaoltikeég Twv AlaouvoEoewv

» LELWVOUV TNV O€LOTILOTIO TOU KUKAWLLATOC

» emnpealouv (a) amodoon, (B) katavaiwon!
» Ei6n Napaottikwyv

» XwPNTIKOTNTA = TOPACLTIKOG TTUKVWTAG

» Avrtiotoon = mapacttiky avtiotaon

» Eumédnon = mapaoLtiko nnveio
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YmoAoylopnog XwpnTikotTnTag — ATTAG HOVTEAO

Current flow

w Electrical-field lines
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p 9 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
9
ZxeTkn AmAektpikn) Xtabepd - €,
Material g,
Free space 1
Aerogels ~1.5
Polyimides (organic) 3-4
Silicon dioxide 3.9
Glass-epoxy (PC board) 5
Silicon Nitride (SizN,) 7.5
Alumina (package) 9.5
Silicon 11.7
p 10 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
10

11/25/2022



Movtédo [TAsvpikwv XwpnTIKOTTWV

WE 4 2me g
pp  “fringe
ty  log(ty,/H)

Anpo
Tl‘OlnI-léyo MO
1473 A o

(b)

b 1l ECE327 - Introduction to VLSI - Interconnects  6/29/2015
11
4 4 4
ZUykplon Akpifelag MovtéAwy
6
4 fee
. 2L
=
L
e
R
s 1E
o _
g - -
5 06 — =1 4
8 5, ==-T#=05 s
8 O o Cpmnteinite S e,=3.9
N Datalelp ‘// W
7 r :
0zk =7
./.
7
4
0.1 [ R L [ |
0.1 0.2 04 06 1 2 4 6 10
Wl
b 12 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
12

11/25/2022



XwpnTikoTnTa AltoLVOECEWY
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Xwpntikdtnteg o€ Alepyaoio 0.25um —
1000aF (1x10-18)= 1fF (1x10°1)
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Field Active Poly | All | Al2 ‘ Al3 ‘ Ald
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Xwpntikotntes o€ Alepyaoio 0.25um —
1000aF (1x10-18)= 1fF (1x10-19)

» MNapakdatw ¢aivovial oL XweNTIKOTNTEG LETAEL aywywv

oto 810 eninedo
» oe aF/um kot yla aywyoug eAdxLotng amootaonc:

Layer Poly Mi M2 M3 M4 M5
Capacitance 40 95 85 85 85 15
p 16 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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[Mapaderypa Xwpntikottwyv MetdAAov

» Clock Net on All Layer,L = [0cm = 0.Im,W = lum
» Compute CAREA, CFRINGE
» Compute CINTER for identical wire @ minimum distance

C——Wewm o
E cinter /{

| §  §
= T .

Area (parallel-plate) capacitance: (0.1 x 10° um?®) x 30 aF/um®= 3 pF
Fringing capacitance: 2x (0.1 x 10° wm) x 40 aF/pm = 8 pF

Total capacitance: 11 pF

Ciner =(0.1 x 10° um) x 95 aF/um = 9.5 pF

p 17 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Industrial C Models — LEF, Captables
» LEF Example

RPERSQ = L(um)

DENSITYCHECKSTEP 100 ;
DENSITYCHECKWINDOW 200 200 ;

SPACINGTABLE

PARALLELRUNLENGTH 0.00 1.00 10.00
WIDTH 0.08 0.18 e.18 0.18
WIDTH 0.30 0.18 8.22 0.22
WIDTH 10.8 0.18 0.2 0.60 ;
MINIMUMCUT 2 WIDTH 1.4 ;

HEIGHT 0.930 ;

#CURRENTDEN @ ;

THICKNESS ©.48 ;

ANTENNACUMAREARATIO 200 ;

ANTENNACUMDIFFAREARATIO PWL ( ( @ 200 ) ( ©.159 280 ) ( 0.16 3200 ) ( 100 2000000 ) ) ;
RESISTANCE RPERSQ 0.135 ;

CAPACITANCE CPERSQDIST 3.49E-85 ;

EDGECAPACITANCE 3.1BE-05 ;

DCCURRENTDENSITY AVERAGE 1 ;

p 18 ECE327 - Introduction to VLSI - Interconnects  6/29/2015

LAYER Metall R(Q) =
TYPE ROUTING ; W(um)
DIRECTION HORIZONTAL ; oF pF
PITCH 8.42 ; - .
Girscr e C(pF) CPERSQD]ST(um:) * L(mm) + W(um) + 2 + EDGECAPACITANCE(——) + (L(mm) + W (nm))
WIDTH 8.16 ;
MAXWIDTH 30 ; Dps) = 0.69 = R(2) = C(pF)
AREA 0.09 ; ps) = 2
MINIMUMDENSITY EL P — — S -
MAXIMUMDENSITY 0.9 ;

18
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Industrial C Models — LEF, Captables

BASIC CAP TABLE ...
» Captable Example b
width(um) space{um) Ctot{Ff/um) Cc(Ff/um) carea(Ff/um) Cfrg(Ff/um)
0.168 0.144 0.3175 8.1333 0.0263 0.0118
0.160 0.180 0.2667 0.1052 0.0263 0.0146
0.160 0.520 0.1590 0.0320 0.6263 0.0342
0.160 0.860 0.1459 0.0134 0.0263 0.0463
0.160 1.200 0.1436 0.0059 0.0263 0.0527
» Where 8.168 1.540 8.1431 0.0026 0.0263 0.0558
0.160 1.880 0.1430 0.0012 0.0263 0.0572
0.168 2.220 0.1430 0.0005 0.0263 0.0578
0.480 0.144 0.3767 9.1363 0.0788 0.0122
0.480 0.180 0.3247 0.1076 .0788 0.0149
Ctot = 2 x Cc + 0.480 0.520 0.2138 0.0326 0.0788 0.0347
0.480 0.860 0.2002 0.8137 0.6788 0.0470
0.480 1.200 0.1978 0.0060 0.0788 0.0534
2 x Cfrg T |olam 1.540 0.1973 0.0027 0.0788 0.0566
0.480 1.880 0.1972 0.0012 0.0788 0.0580
Carea 0.480 2.220 08.1972 9.0005 0.0788 0.0587
1.000 0.144 0.4629 0.1366 0.1641 0.0122
1.000 0.180 0.4108 0.1079 0.1641 0.0149
1.000 0.520 0.2994 0.8327 0.1641 0.0347
1.000 0.860 0.2858 0.0137 0.1641 0.0470
1.000 1.200 0.2833 0.0060 0.1641 0.0535
1.008 1.548 0.2828 0.0027 0.1641 0.0567
1.000 1.880 0.2827 0.0012 0.1641 0.0581
1.008 2.220 0.2827 0.0005 0.1641 0.0588
9.000 0.144 1.7760 9.1366 1.4772 0.0122
9.000 0.180 1.7239 9.1079 1.4772 0.0149
9.000 0.520 1.6125 0.0327 1.4772 0.0347
9.000 0.860 1.5989 9.8137 1.4772 0.0471
9.000 1.200 1.5964 0.0060 1.4772 0.0535
9.000 1.540 1.5959 0.0027 1.4772 0.0567
9.008 1.880 1.5958 0.0012 1.4772 0.0581
9.000 2.220 1.5958 0.0005 1.4772 0.0588
p 19 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Avtlotaon
Sheet Resistance
A
H R,
\j
- >
w
Ro=p/H "
=p ’
—
R =Ro.L/W
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Tweég eldkn g avtiotaong p

Material o (£2-m)
Silver (Ag) 1.6 x 1078
Copper (Cu) 1.7x 1078
Gold (Au) 2.2x 1078
Aluminum (Al) 2.7x 1078
Tungsten (W) 5.5x 1078
p 21 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
21
4 14 4
Avtilotaon ava Tetpaywviko - RO
Material Sheet Resistance (Q/1)
n- or p-well diffusion 1000 — 1500
n', p* diffusion 50 -150
n', p~ diffusion with silicide 3-5
1", p* polysilicon 150 — 200
n', p~ polysilicon with silicide 4-5
Aluminum 0.05-0.1
b 22 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Alayeiplon Twv AVTIOTACEWY

v

KaAn emthoyr) tng texvoloyiag
» UEAETN TNG avTioTOONG TWV AYWYWV
Ertidektikn) KAlpakwon
» oLaywyol dgv KALLaKwvovTaLl e Tov (6lo pubuod
KaAUtepa UAKA
» XaAkog, Silicide
» Meilwon tou cuvohkoU WL (WireLength)
» Meploocotepa emineda aywywv
» MrmopoUv va PelwoouV to péco WL (u€on anootacn)
» H avtiotaon twv mavw HeTaAAwy gival cuvABwg pikpotepn!
» Meploootepa enineda transistor

v

v

» 3DIC
p 23 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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) ’ Silicide
_/ POlySilicon
SiO,
nt
Silicides: WSi , TiSij, PtSi; and TaSi
Conductivity: 8-10 times better than Poly
p 24 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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[Mapadetypa - Intel 0.25um CMOS

5 metal layers
Ti/Al - Cu/Ti/TiN
Polysilicon dielectric

LAYFR  BITCH TIHICK A.R.
Isolation 0.67 0.40
Polysilicon 0.64 0.25 -
Metal 1 0.64 0.48 1.5
Metal 2 0.93 0.90 1.9
Metal 3 0.93 0.90 1.9

Metal 4 1.60 1.33 1.7
Metal 5 2.56 1.90 1.5
jm um

Lavyer pitch, thickness and aspect ratio

p 25 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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MovteAomoinon AltacVvSeong
Driver
P 26 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Static Timing Analysis (STA)

Driver Model Interconnection Model Receiver Model

» Driver model describes
» how a timing arc propagates a transition from input to output
» how it can drive arbitrary RC networks

» Receiver model describes
» the capacitance that an input pin presents to driving cells

p 27 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
27
Interconnect Delay
» Refers to total time needed to charge all net parasitics
» Parasitic: Resistance, Capacitance and Inductance
» Based on
» Net Resistance » Wire Delay Models
» Net Capacitance » Wire Load
» Net Topology » Lumped Capacitor
» Lumped RC
» There are many tradeoffs when » Distributed RC
calculating Interconnect Delay » Pi Model
» Accuracy vs RunTime » Elmore Delay
» Stage of Designing Flow » Ceff
) 28 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
28
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MovteAomoinon Alteocvvdeong — Req, Ceq’P

» MAEUPLKEG XWPNTIKOTNTEG - OTWG Kal otig Miller (Zraeepsq)
» X2 mpog TNV yeiwon
» Movtéha Métpnong KaBuotépnong Zuvdeonc (RC)

» Lumped RC — AyvooU L€ TIG OVTLOTAOELG
» Movtélo NLDM (Non-Linear Delay Model)

» Distributed RC

» Auokolia epappoyng otnv mpaén

Pl Model — Used by EDA Tools as |t order Estimation

Elmore Delay — KaBuotépnon Elmore

AapBavel urtoP v KAl eTLUEPOUC XWPNTLKOTNTEG KAL AVTILOTACELG

v v v

» NPOCOMOiWaCN TOU TUAHATOG TOU KAAwSiou
» Ze SPICE - e§aywyn Delay, Slew

» MpoBAnpoTkd ylo < 28 nm Delay — 0,69Reqceq
» Tunuatikd Lumped RC SleW = Z,ZReqceq

» EUKoAo, ypryyopo, aAAa kaBuotépnaon/slew xeiplotng nepimtwong!!!

p 29 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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2020
TAU 2020

Delay Calculator Using Current Source Model |&

EEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

Gate Delay Estimation With Library Compatible
Current Source Models and Effective Capacitance & Ff’;::;f:;::’;’”’d

s Antoniadis,
nulis

Dimitrios Garyfallou®, Stavios Simoglou, Nikolaos Sketopoulos, Ch
Christos P, Sotirion, Nestor Evmarfopoulos, Member, IEEE, and

University of Thessaly

Jodo Geada Paul Pereira Jignesh Shah

Dimitrios Garyfallou, Stavros Simoglou,
Nikolaos Sketopoulos, George Stamoulis,
Charalampos Antoniadis, Christos Sotiriou it

p 30 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Lumped Capacitor

» Old Technologies (350nm and larger)
» Capacitance Dominant
» Assume Negligible Wire Resistance
» Driver “sees” a single loading capacitance
» Total Interconnect Capacitance and
» Total Capacitance at the sink

driver R receiver
c
p 31 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
31
Lumped RC
» Modern Technologies
» Wires Resistance is included
» Slew (10%-90%) = 2.2 RxC
» Delay (50%-50%) = 0.69 RxC
R receiver
1° 7
) 32 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
32
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Lumped vs Distributed RC
L
» Step Response
R
—\MA, | . l—/'.__-“-..t'\.'_' \—
V) O et Va0 Lo [Veut
“ .: - . -
1 il
0.9 —
distributed e
.63} —
0.5 " lumped
0.1 t
0.IRC 0.5RC RC 15RC IRC 2.3RC Z5RC
" Time El d
Output Potential range Distributed RC Network e Lumped RC network
010 90% 1.0RC 2.3RC
10% to 90% (rise time) 0.9RC 22RC
0to 63% 0.5RC 1.0RC
00 50% 0.4RC 0.7RC
0to 10% 0.1RC 0.1RC
p 33 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
33
» For high frequency designs
» L is not negligible
1 Ru 4 Lfd r Ry 5 LiE 3
gz Is
" Y- N/ 0 o=
p 34 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Elmore RC Delay

35

KaBvotépnon Elmore

» Mo SEVTPA AVTLOTACEWV-TIUKVWTWVY HE TLC TIOPAKATW
WdLotntec:
» M eloobo s

» Eva k6o i mpog tov omoiov pag evoladEpel va utoloyioou e
€va povtélo RC (A.x. kaBuaotépnaon)

» OAeg TIC XWPNTIKOTNTEG POC TNV Yelwon (A tnyn)
» Mou bev epmepleéxouv KAELOTOUC BPOXOUC AVTIOTACEWY
(mapdaAAnAeg avtiotaocelg SnAadn)
» Yrapyet 1 povadiko RC povomdrtt petall s—2i
» Hnpooéyylon Elmore pmopel va pag umoAoyiosl o
tooduvapo T = RC
» yLo ortolodnmote KOpBo i Tou S£vTpou amo TOo S.

p 36 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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KaBvotépnon Elmore
» Opiloupe Rik:
» Kown avtiotacn PeTalL i kal k amod To s:

- ZR/. = (R, €[ paths(s — i) " paths(s — k)])

» TOte pe OAOUC TOUG KOUPBOUG EKPOPTIOUEVOUC KaL HLal
€l0060 0211 120, 1o 1oobVvapo t = RC and to s 01O |

slva: n
= Z CkRik
k=1

» AnAadn moAamAaotaloupe OAOUG TOUG TIUKVWTEG k pe
TNV Kown avtiotaon pHetall i kot k anod to s

p 37 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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KaBvotépnon RC — MovtéAdo Elmore - 1

2

OIW\T@\F

L

i

H—

Ry = ZRJ = (R, € [path(s — i)  path(s — k)])

Tpi = ZCkRik

p 38 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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KaBvotépnon Elmore

R4 ////--{::::L-—
— 11— 1
C5
Cc4 —— |
| = R8
L k
s T—{ )
R3 cg ——
Cc1— R6
C3

= R2 :_I_:_ c6 RO |
%_ I Co __l__
I c7 T L

Cc2

) 39 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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KaBuotépnon RC — Movtédo Elmore - 2

TUNMATIKR KaBuoTéEPNON

N N N i
w:z&z%:z@z%
i-1 j-i i-1 j-1

p 40 ECE327 - Introduction to VLSI - Interconnects  6/29/2015

40

11/25/2022

20



KaBuotépnon Elmore yia Aywyo N tunudatwyv

Y1i60eon: O aywyog armoteAeitat armd N loa, opola tuRpata

NV+1) _ poN+1

_(IN? _ 2
Tpn = (]Tf) (re+2rc+... +Nrc) = (rel’”) I N

Mo peyaAeg TIpéEG tou N:

. RC _ rcL
DN B B
p 41 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
41
4 7
Kavoveg - Evplotika
» OLkaBuotepnoelg RC twv aywywv nmpenel va e€etalovrtol
otav:
I tre CUYKPLOLHO pe togate TNG TWOANG TToV 08nyel
Loy >> e/ 0.69RC
2.t HkpOtepo and RC
t,,r <RC
»  Sladopetikd n aAhayn Tou GAUATOC Elval TTLo apyr amo tnv
KaBuoTtépnon Tou aywyou ToU GAUATOG...
) 42 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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- l : RC Lime

1- CL
2
R Line R
- = .
&) o, = (o4 G
3 s Tl i
(k)
R
— |
= = P
' i
(5]

Advanced RC Models - Ceff

43
MovTtéAo looSuvaung ywpntikomnrtag, C g
» Baoikn [6¢a — uovtéAo it
I(t) |2 t) I(s) I2 (s) I(t)
é’ viY) Vi(s) R 1O vis)(~
s ‘@ ? Iy mI ! IC2 C? |1ls)Ic,s IC cei]
Time-domain analysis Frequency-domain analysis Effective Capacitance
s Vaa 4 — —
> AVdAUO’n Vit) = ?t fort < t. and V(t) = Vaqg fort >= 1,
I(s) = Ii(s) + I2(s) -
2 Vis)= TS (1 e
V) gy V) —
1(s) = 2(8) = ——F+— _ Vaa Ch 2 —str
1/(‘ Ch R+ ]./Czb’ I(‘f)— tr (T‘Fm)uf& )
I(6) = VNCs + ) 1) = P4 AL By ooy
2 tr 8 8+ ﬁ
1)) = Y2((Cy + Co) — Coe ™) for t < 1y

D 44

ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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MovTtéAo 1o0OVVAUNG XWPNTIKOTN TG, C

}(f)_—f fort < t, and V(t) = Vaq fort >= t,
inverse laplace transform (1- e*(-2s))(1/52)
Vg 1 ot Jfs Extended Keyboard % Upload
! = 2dd " sty
() = 22 = )

t-(t - 2)heaviside(t-2)

t—(t-2)6(t -2)

b 45

ffa Extended Keyboard * Uploac

Assuming "s" is a variable | Use as

t=(t-2)8(t-2)

ion to VLSI - Interconnects  6/29/2015

45

MovTtéAo looSuvaung ywpntikomnrtag, C g

1) = "dd

» Avaluon

(Cy1+ Co) — Cae™

1
RC2) fort < t,

» Opiloupe Ceff w¢ TNV YwpnTKGTNTA
» 161a petadopa dpoptiov Q, pe To povtéAo-nt
» MéxpLto onpeio mou n eicodog sivat oto Vdd/2, t = tr/2

t/z tr /2
Q= / I(8)dt = f Wd((cl+cz)—cze R )t

» H usrad)ooa doptiou usyot 10 onueio Vdd/2 eiva

CerrVaa

2

72a(C1 + C'z)

RC>*Vyq

CefVaa

2

ty

( —e 2no2)=

2

, , \Eff=cl+cﬁ(1—
» Apa T(POKUTTTEL 23

Cesr = C1+Co x K

2RC,

(1—6_ﬁ%_2

)

K=1-2z(1—e %),

where

T =

1

RC
Ly

b 46
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Additional Material — Gate, Wire Delay
Models

67
Gate Delay
» Gate Delay
» The time that an input signal will be seen at the gate output
» From 50% of the input to 50% of the output |
» Transition (or Slew) [ S/ A—
» The response time of a gate to a change
» Rise Transition
» Fall Transition BETH
» From 10% (20%) to 90% (80%) .. / \
» Sequential Gates U
» Setup/Hold Times —*‘/—
p 68 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
68
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Gate Delay Methods
» Electrical Simulation (SPICE, SPECTRE)

» Accurate

» Slow TV& %—l—ﬂﬂ
» LUTs JSHCE II

» Fast

Output falling delay table (ps)
» Less Accurate than output load (1) Indicates that when load is 80 ff and
SPICE 10 20 0 80 input is 50 ps, gate delay is 151 ps.

10 | 47 73 110 143
» Empirical models 25 |50 |77 |16 | 148
do not scale well

input transition (ps)

N ENERER G
=

» Preferred approach is to
pre-characterize each cell for
» set of input slews and output loads

p 69 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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Gates and Output Capacitance

» Output Capacitance '
» Ctot: Sum of all driving o "‘i””“a

Cerf =
Capacitances (Overestimated) I \

» Ceff: Considers Interconnect Resistance 0
Co = Ceff < Crotal mol s

i R @ Rza;‘[ RJCST RT o

pon i s v

» How many Ceff values needed? 5

» Delay (50%)
» Slew (10%/90% or 20%/80%)

p 70 ECE327 - Introduction to VLSI - Interconnects  6/29/2015
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NLDM vs CCS

» Smaller nodes
» Lead to more Resistive Interconnects and Narrow metal widths
» Great interconnect impedance, compared to driver cell resistance

» Timing models need to capture non-linear signal waveforms
which are affected by

» Resistive shielding effects

» Miller effect dominates delay calculation (for small interconnects)
» NLDM

» Cannot accurately model these effects
» Current Source Models

» Represent a logic gate as a non-linear voltage-controlled

current source
» Composite Current Source (CCS),
» Effective Current Source Model (ECSM)
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NLDM vs CCS

Single value Single value Single value Single value

Single value

Single value Single value Single value Single value Single value Single value

Single value Single value Single value Single value Single value Single value

“output_current_fall”
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