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Interconnect determines cost & pertf.
: Area, T:Turn-around
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International Technology Roadmap for Semiconductors 1998 update sponsored by the Semiconductor
Industry Association in cooperation with European Electronic Component Association (EECA) ,
Electronic Industries Association of Japan (EIAJ), Korea Semiconductor Industry Association (KSIA),
and Taiwan Semiconductor Industry Association (TSIA) , International Technology Roadmap for
Semiconductors: 1999 edition. Austin, TX:International SEMATECH, 1999.
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Scaling Law

Transistors

Scaling coefficients

Voo [V] 1/k
Tr. dimensions [X] 1/k
Drain current [I~1/x x/x V1.3] 1/K0-3
Gate capacitance [C~1/x xX] 1/k
Tr. delay [d~CV/] 1/KL7
Tr. power [P~VI~-CVV/d] 1/KL3
Power density [p~P/x/x] KkO.7
Tr. density [n~1/x/x] k2
Interconnects
Type Cocal Global
Scaling scenario Scaled Anti-scaled
Line thickness [T] 1/k k
Width [W] 1/k Kk
Separation [S] 1/k k
Oxide thickness [H] 1/k 1
Length [L] 1/k 1
Resistance [Rn~L/WIT] k 1/k?
Capacitance [Cn~LW/H] 1/k k
RC delay/Tr. delay [D~R\+C\n7/d] kL7 -
Current density [J~pWL/V /WIT] - kO-7
DC noise / Vy, [IN~JWTR/NV] - kL7

—

L J \ V4

2 )

a
_u_s(W_ sV _ wayst
a=1.73
T.Sakurai&A.Newton,"Alpha-power law MOSFET

model and its application to CMOS inverter delay
and other formulas",IEEE JSSC, vol25, no,2,

pp.584-594, Apr. 1990.

HN\NHN\’ H B

HN\NHN\’ ==

K=2
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DSM interconnect design issues

Larger current
IR drop (static and dynamic)
Reliability (electro-migration)

Smaller geometry / Denser pattern
RC delay
Signal Integrity
Crosstalk noise
Delay fluctuation

Higher speed
Inductance
EMI

T.Sakurai
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Voltage waveforms of a distributed RC line

(Rt/R,Ct/C
L
;
5
(@)]
!
o
>
©
(b}
N
o EE— Exact
e 0 —
) Formula
Z .
-0.2
0 2 4 6 8 10
Normalized Time : t/RC
V(1) t/RC-0.1

= 1-exp(-
E P( R.C,+ Ry +Cy +0.4)

T.Sakurai, "Closed-Form Expressions for Interconnection Delay, Coupling and Crosstalk in VLSI's,"
IEEE Trans. on ED, Vol.40, No.1, pp.118-124, Jan.1993.
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Expressions for RC interconnection delay

E tv E
‘ 7yc o R=Rt/R C,=Ct/C

0
t=0 R t=0 t
NS MVAANY—) RC = 0.1+In 1 (RrCT+RT+CT+0.9)
Rt c»  ECt 1-v
16 too
Exact 1 o= RC = = 1.02+2.3 (RTCT+RT+C7)
_ 1 0.9
121 (all lines) Formula t
- los
Relative error < 3.5%o0f 0 RC = 0.377+0. 693(RTCT+RT+CT)
> 8 |
@ | o7
° 0.6 dv _ 0.5
4 1 05 dt v=05 - RTCT+RT+CT1+0.4
0.4
103
- : - - 0.1 AT
0 .
0 1 ) 3 4 c RC = = 2(RTCT+RT+CT1+0.4)

RTCt *Rr T Cr
T.Sakurai, "Closed-Form Expressions for Interconnection Delay, Coupling and Crosstalk in VLSI's,"

IEEE Trans. on ED, Vol.40, No.1, pp.118-124, Jan.1993.
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Repeaters and line width sizing

Repeaters .
2 AAANNANRANANNNANN > Delay >>RC
T y
R/n, C/n R/n, C/n R/n, C/n > Del (RIn) (C/n) | tor del
IS oMW 0- MMM, elay >> n (R/n n) + n x Inverter delay
;; o o = RC/n +n x Inverter delay

* Delay is proportional to (length)! with repeaters, while delay is proportional to (length)2.
* Bus structure?

Width sizing Rint . Cint

l Y Y Y Y Y Y l Delay = Rint (Cint t Cgate)
Cgate® * ° = RintCint + Rintcgate

Rint / n, NCint

DEIay = Rint / n (nCint + Cgate)

| |
Y Y YCgate‘ > o Y Y Y = RinCint * Rinthate/ n

T.Sakurai



Repeaters

e e 7 A

a) Without repeaters b) With repeaters
tos = 0.377RNtCint +0.693(RrCr + R Ciny + Ryt Cr)

C, :Gatecapacitanceof minimum MOSFET
R, :Gate effectiveresistance of minimum MOSFET

[]
Delay = kp, ot Ewt o FRo ey RoCinr | Riv e F Buffered
97k k h h Kk K L]
dbelay _, | hopr = CintRo :Optimized size of buffer inverter
oh RintCo
obelay _ ., Kopp = Py [RintCn :Optimized number of stages
ok P2 RoCo

Delay opt = 2(\/p1p2 t pz)\/RINTCINT RoCo = 2-4\/T|NTTMOS

Cap. of gates =KoprhoprCqo =4/P1/P2Ciny =0.73Cyr
T.Sakurai
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RCH!)—[B] % D 1 4L

C, : capacitance of node k

: Node Kk
R. - common resistance between the paths F

' 'R.=R, TR
k (input -> node k) and (input -> node 1) (ex:Ry= Ry 2) R X y Rﬁ

Tpi = gRikC\k R R ;l; ;L'
Input _
Elmore delay: A A —Wegpo Output |

Vi
First moment of output waveform ”-l’-
(U (X T 15 R B TE 350D
/ R Ry K3
T =R1(:1-|_(R1+R )C, R1+R "R;3)C
" S i o) Cl/;[ Cz;E C3;£

[1] J.Rubinstein, P.Penfield, M.Horowitz, "Signal Delay in RC Tree Networks," IEEE Trans. on
CAD, CAD2, No.3, pp.202-211, July 1983.
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Inductive Effects in Clock Lines

L ]
H E N
H EH B
HEEEEB
HEEEB
HEEEB
2.0r 2.0 Al Grid With Reference Planes
1.5k 1.5:—
v 1.0'_ Y 1.0:'
‘ P.J.Restle & A Deutsch, “Designing
! 0.5 ¥4 the Best Clock Distribution
0.5 Network,” VLSI circuits symp.,
1 pp.2-3, May 1998.
- ; s R i ' i 0.0 s 1 i 1 L L]
= 100 200 300 400 0 200 300 400
Time (ps)

Time (ps)

Board design practice is imported in LSI.
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Interconnect Cross—Section and Noise

Unscaled / anti-scaled
* Clock
 Long bus
 Power supply

Scaled interconnect 000D ODODODODODODODODODODODODOOOOOOOoOoOoOaO

e Signal

Ooooo0o0O0O0Oo0O0OOo0OoOO0OOo0O0OoOOo0Oo0OoOOoOoooOooOooOooan
' 7

H H A H R 3 R H

1V 50W -> 50A current
5% noise -> 0.05V noise -> 1mQ sheet R -> 15um thick Cu
Area pad + package, or thick layer on board is needed.
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Linear Feedback Shift Reqgister (LFSR)
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kkkkkkhkkkkk D E LAY O F I NVE RT E RS kkkkkkkkkkkhkkkk

*kkkkkkkkkk SUBC'RCU'T DEFINIT'ON kkkkkkkkkkkk
.SUBCKT INV1 2 100

MP1 2 1 100100 PO5 L=0.5U W=20U

MN1 21 0 O NO5 L=0.5UW=10U

.ENDS INV

*kkkkkkkkkk CI RC U IT D ES C R I PTI O N kkkkkkkkkkkkkk
XINV11 2 100 INV

C2 2 0 0.5P

XINV2 1 3 100 INV

C3 301P

*kkkkkkkkkk APPL'ED VOLTAGE kkkkkkkkkkkkkkkkkk
VDD 100 0 DC 3
VIN10PWL(0O0O0.2N 32N 3 2.2N 0)

*kkkkkkkkkk SPICE COMMAN DS kkkkkkkkkkkkkkkkkkk
PRINT TRAN V(1) V(2) V(3)
TRAN 0.1IN 4N

aR Sal—

2 : SPICE A 73151

Firkaaeeek 0.5um NMOS MODEL O 0O 0O 0O 0O O O ***
.MODEL NO5 NMOS

+ LEVEL=3 TPG=+1

+ GAMMA=1.3 THETA=1.5 KAPPA=1.8 NSS=0.0

+ ETA=0.002 DELTA=0.0 UO=1000 VMAX=5E5

+ VTO=0.7 TOX=1.1E-08 XJ=0.15U LD=0U NSUB=3E+17
+ CJ=1E-03 MJ=0.3 PB=1.0 CGSO=4E-10 CGDO=4E-10

TRk 0.5um PMOS MODEL O OO 0O 0O 0O O ***

.MODEL P05 PMOS

+ LEVEL=3 TPG=-1

+ GAMMA=1.6 THETA=0.9 KAPPA=2.4 NSS=0.0

+ ETA=0.0014 DELTA=0.0 UO=250 VMAX=6E5

+ VTO=-0.9 TOX=1.1E-08 XJ=0.2U LD=0.05U NSUB=6E+16
+ CJ=1.2E-3 MJ=0.4 PB=1.0 CGSO=5E-10 CGDO=5E-10

.END

20 20 o

m b m
10 0.5pF 10 J1pF
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] . :
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B (sec)

PMOS:20um.~0.5um
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T.Sakurai



NAND 4 —H]

SPICEA hT—%4

kkkkkkkkkkk DELAY OF NAN D GATE kkkkkkkkkkhkkkkkk

*kkkkkkkkkk SUBCIRCUIT DEFINITION kkkkkkkkkkkk
SUBCKT NAND 1 2

MP1
MP2
MN1
MN2
.ENDS

3 1 100

3 2 100
3 1 4
4 2 0
NAND

3
100
100
0
0

100
P05
P05
NO5
NO5

L=0.5U
L=0.5U
L=0.5U
L=0.5U

kkkkkkkkkkk C I R C U IT D E S C R | PTI O N kkkkkkkkkkkkkk
XNAND1 1 100 3
XNAND2 3 100 7

100
100

NAND
NAND

*kkkkkkkkkk A P P L I E D VO LTAG E kkkkkkkkkkkkkkkkkk

VDD
VIN

100 O DC
1 0

3

PWL(OO 02N3 2N3 2.2N0)

kkkkkkkkkkk S P | C E CO M MA N DS kkkkkkkkkkkkkkkkkkk

PRINT
.TRAN

TRAN V(1) V(3)
0.1IN 4N

Vv(7)

W=20U
W=20U
W=10U
W=10U
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T2 ARFyR-F7L A (Embedded Array)
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FPGA (Field Programmable Gate Array)
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