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Previously

0 Transmission line (LC wire) wire delay scales linearly
with length

0 (Unbutfered) RC wire delay scales quadratically with
length
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Reminder: Wire Delay

0 Wire N units long: R, =NXR_.
=R *C _*N2/2
. o o / Cwire — N X Cunit
0 With
R = 1kQ
- Cunit:1pF
Rumt Rumt Rumt Rumt Rumt

T
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Today: Back to RC Wire

a0 RC (on-chip) Interconnect Butfering

Rumt Runlt Runlt Runlt Runlt

T

hs
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Delay of Wire

Long Wire: 1mm
R, = 60K Q per Imm of wire
C, = 0.16 pF per Imm of wire

Driven by buffer (R,=25K(2, C,=0.01{F)
| Rbuf — 251< Q
| Cself = 0.02 tF

0 Loaded by identical buffer

D —
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Formulate Delay

I —

Delay of buftfer driving wirer
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Calculate Delay

Q Cload =2 CO — OZfF
Q Rbuf = 25K Q
Q Cself — OOZﬂ.j

0 Cy,. = L*C,= .16pF
0 R.,.= AR = 60K Q
Rbuf X (Cself + Cwire + Cload) + O'SRwire X Cwire + Rwire X Cload
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Calculate Delay

0 Cp.q=2C,=.02tF
0 Ry, = 25K Q
o Ce = 0.02tF 8'8ns
a9 C,.. = 15C,= .16pF
0 R, = I*R, = 60K O
R, X (Cself +C e + Cload) +05R,,, xC, ..+ R, xC,,

dns+4.8ns+1.2ps
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. Buffering Wire

—DL—D-
l: L/2 I: L/2 I:
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. Buffering Wire: I./2

0 Cp.q=2C,=.02tF

0 Ry, = 25K Q

o Ce = .02tF

a Cgie = L/2*¥C, = .08pF
o0 R,..=L/2*R, = 30K Q

wire

[ L/2 I: L/2 I:
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. Buffering Wire: I./2

Q Cload =2 CO — OZfF
Q Rbuf = 25K Q
Q Cself — OZfF

0 Cy.. = L/2%C, = .08pE
0 R =L/2*R = 30K Q
Rbuf X (Cself + Cwire + Cload ) + O '5Rwire X Cwire + Rwire X Cload

2ns+1.2ns+.6 ps=3.2ns

[ L/2 I: L/2 l:

Penn ESE 370 Fall 2021 — Khanna 11



. Buffering Wire: I./2

Q Cload =2 CO — OZfF

d Rbuf = 25K Q
d Cself = .02fF 6'4ns

0 Cy.. = L/2%C, = .08pE
0 R =L/2*R = 30K Q
Rbuf X (Cself + Cwire + Cload ) + O '5Rwire X Cwire + Rwire X Cload

2ns+1.2ns+.6 ps=3.2ns

[ L/2 I: L/2 l:
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Buffering Wire: L./N

Wire of Length | Delay (ns) | Number in Imm

1 mm 8.8ns 1
0.5mm 3.2ns 2
0.1mm 10
0.01 mm 100
0.001 mm 1000
R, % (Cself +Cire ¥ Cioua ) +0.5R,;,,
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Total Delay for Imm (ns)

8.8ns

6.4ns

xC . +R. . xC,

wire wire oad
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Buffering Wire: L./N

Wire of Length | Delay (ns) | Number in Imm | Total Delay for Imm (ns)

1 mm 8.8ns 1 8.8ns

0.5mm 3.2ns 2 6.4ns

0.1mm 0.45ns 10 4.5ns

0.01 mm .041ns 100 4.1ns

0.001 mm .005ns 1000 5ns
R, % (Cself +Cire ¥ Cioua ) +0.5R,;,, xC,, + R, X Cpy
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N Buftfters

Rbufx(C +C +C,0ad)+0.5R

self wire wire

0 Delay Equation for N buffers?
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xC . +R

wire

wire

X Cload
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: N Buffers

Rbufx(C +C +C,0ad)+0.5R

self wire

0 Delay Equation for N buffers?

MR |c 4G

wire

wire

xC . +R

wire

wire

buf self N load
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R
+O.5(

N

N

|

wire

R
+ wire .C
N

X Cload

load
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: N Buffers

0 Delay Equation for N buffers?

C . R C R .
N Rbuf Cself + N +Cload +05( N . N )-I_ N .Cload)
C . R C . R .
N.Rbuf Cself + Xl;e +Cpad +N°O°5( Xl,re ' ](l,re)"'N' Xl,re "Clod

1

N- Rbuf (Cself + Cload ) T Rbuf X Cwire +0.5 (ﬁ) Rwirecwire t Rwirecload
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Minimize Delay

o Minimize delay?
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: Minimize Delay

0 Minimize delay

0 Derivative with respect to N

N Ry (Coopp + Croa ) + Ry XC,pp +0.5 (;]
1
O = Rbuf (Cself + Cload) — OS(F
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_) RwireCwire + R

) Rwire Cwire

wire

Cload
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Solve for N

0= Rbuf (Cself T Cload) 0.5 ( ]\1 )szrecwwe

N’
05R . C

N 2 wire —~ wire

buf (Cself + Cload )

N \/ 0.5R,.,.C....
Rbuf (Cself T Cload)

Ry, (Cuoy +Cos) =0 s( 1 )Rc
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: Minimize Delay

Equalizes delays from buffer and wire

05R . C

N — wire —~ wire

\[ Rbuf (Cself t Cload)

N-R Cself+Cload) +R,_C

buf = wire wire ~ wire

buf (

+O.5(1)R C

- R

wire
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. . _ 0.5R,;,.Coire
Delay with Optimal N N ‘\/ Ry (Crop +Cin)

N Ry (Coy +Croug) + R,,,C +0.5(1)R C.+R.C,

self buf =~ wire N wire ~ wire wire
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v_ | _05R,C.
Rbuf (Cself + Cload)

Delay with Optimal N

N Ry (Coy +Croug) + R,,,C +0.5(1)R C.+R.C,

self buf =~ wire N wire ~ wire wire

wire — wire

0.5R,.Cie : Rbuf (Cself +C )
\/Rbu f (Cself +C log(j) Rbuf (Cself + Cload ) + Rbuf Cwire + 0‘5[\/ 0.5R Rwire wire T Nyire = load
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05R ,.C,..
Delay with Optimal N " \/ Ry (Cuay + Crva)

N Ry (Coy +Croug) + R,,,C +0.5(1)R C.+R.C,

self buf =~ wire N wire ~ wire wire

0.5R,.Cie : Rbuf (Cself +C )
\/Rbu f (Cself +C log(j) Rbuf (Cself + Cload ) + Rbuf Cwire + 0‘5[\/ 0.5R Rwire wire T Nyire = load

wire — wire

wire ~ wire se wire ~ wire self

0.5R C (Rbuf(C V+Cload))+Rbufcm+ 0.5R C (Rbuf(C +Cload))+RwireC,0ad
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Delay with Optimal N

05R, C

wire ~ wire

N=\/R

buf (

Cself + Cload )

1
N ) Rbuf (Cself + Cload + Rbuf szre (ﬁ wire wzre wzreCload

0.5R

\/O.SRwireCwire(Rbuf(C )R Coa o SR WCW

. C
\/ Rbuf(CW+ 2 ) Rbuf(csdf +C, +RbquW+ [

self load

self

wzre wzre

205 1,C.pre (Rig (Coty + Cs)
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+R .C

buf =~ wire

wzre

wire — wire wire — load

buf self load )) + wireCload

Cload
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: Calculate: Delay at Optimum Stages

0 R, = 60K Q per Imm of wire
o C,=0.16 pF per Imm of wire
o R, ~25K €2

0 Cy=Cq=0.02F

N — \/ O'SRwireCwire

Rbuf (Cself T Cload)

20.5R 1,Cre (Rug (Coy + Caa)) + Ry o + R

buf =~ wire
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wire

Cload
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Segment Length

seg N

Rwire X C

wire

R, % (Cself + Cload)

R xC

u u

R, % (Cself + Cload)

K, % (Cself T Cload)

2

= Rwire =L X Runit
= Cwire = LX Cunit
N =_0.
i L
Lseg = =
A
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R xC
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Optimal Segment Length

0 Delay scales linearly with distance once optimally

buffered

L (Rbuf X (Cself + Cload)\
Seg_N_\ \ R xC

*

L

/

( \
N=L_0.5 —
\ \Rbuf X (Cself + Cloaa ) J
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Buffer Size?

0 How big should buffer be?
= Ry = Ry/W
s Cof=2WCy =2Wy(C
s Cg=2WC,

Penn ESE 370 Fall 2021 — Khanna
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Buffer Size?

0 How big should buffer be?
= Ry = Ry/W
s Cof=2WCy =2Wy(C
s Cg=2WC,

wire — wire buf buf ~ wire + wire — load

R
2\/ O ) SRwire Cwire —

205R . Coe( Ry (o +Cr)) + R

C +R. -2WC

K
W wire wire 0

- (2w, (1+7))

2,/0.5R C (2R0C0(1+y))+&(7. +R_2WC

wire — wire W wire wire 0
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> Optimal W

= Rwire =L X Runit
= Cwire = LX Cunit
RO
2 O'SRwireCwire (2ROCO (1 + y)) + W Cwire T Rwire . ZWCO
O = 2RwireC0 - ROCwire #
W — ROCwire — ROCum’t
2RwireCO 2RunitCO

Penn ESE 370 Fall 2021 — Khanna
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Implication W

= Rwire =LX Runit
= Cwire = LX Cunit
2.[0.5R C (2R0C0(1+y))+&C 4R
wire ~ wire w wire wire
O - 2RwireC0 - ROCwire %
W — ROCwire — ROCunit
2RwireCO 2RunitCO

o =>» W independent of wire length L
= Depends on technology
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Delay at Optimum W

X

RC
2R

0 " wire

wire 0

2,/]05R . C
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R,
/4

O (ZROCO (1 + y)) +—

wire

wire

2WC
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2

Delay at Optimum W

<
I

RO Cwi re
2 Rwi re CO

2J05R,,.C,...(2R,C, (1+7)) +

wire — wire

R

R

0

. wire t wire
W

05R,,.C,,.(2RC,(1+7))+

wire — wire

0~ wire
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RC
2R

C

wire 0

2WC

0

wire 0

0 wire C
0

R
C. +R . -2 ¢
wire wire 2R
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Delay at Optimum W

<
I

RO Cwi re
2 Rwi re CO

2.[0.5R C (2R0C0(1+y))+R

wire — wire

0~ wire

C

wire 0

WO Cwire T

2./0.5R C (2R0C0(1+y))+ \/ RRO C_ +R_ -2 \/ZRR?CW? C,

2J05R,,.C....(2R,C, (1+7)) +{R,C,,. 2R,

wire — wire
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wire

2WC

0

wire 0

Cy +RC

wire wire O
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g D elaY at Optimum W W = \/ RoCoive

2R . C,
2\/0.5RWCW 2R.C,(1+7))+ %CW FR-20C,

0
RO Cwire 2Rwire C’0
2 Rwire C'O

2\/0.5Rwirecwir€ (2R0C0 (1 + V)) * \/ RO Cwire + Rwire . 2\/ ROCwire C

2058 ,.C,... (2R,C,(1+7)) +[RC, . 2R ,.C, +(RC,,. 2R ,.C

wire — 0

2\/0.5RWCW€ (2R,C, (1+7)) +2{2R,C,C,,,.R,,,.
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Delay at Optimum W

o Ify=1

23R e Coe (RCy (141)) +2y2R,C,C

wire — wire wire~ wire

2\/2RCC R +2J2RC,C

00 " wire” wire 0~ wire wzre

4,/2R C,C

wire wzre

0 Optimal design equalizes all delays!
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Delay at Optimum W

o Ify=1

23R e Coe (RCy (141)) +2y2R,C,C

wire — wire wire~ wire

2\2R.C,C.. R +2,2RC,C

wire wze

4,/2R.C,C

wire wzre

0 Optimal design equalizes all delays!

38.8ns 2 0.2/ns
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Ideas

a0 Wire delay linear once buffered optimally

a0 Optimal buffers equalizes delays
= Buffer delay

= Delay on wire between buffers

= Delay of wire driving butfer
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Admin

0 Friday HW 7 due

o Final (F 12/17)
= 12-2pm in Moore 212

m Cumulative: L.ec 1 — 35

= Big Idea slides from each lecture
s Finals 2010—2019 online
= Friday lecture review

s TA review session before exam

= TBD, watch Piazza. Maybe a poll.
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