ESE370: Circuit-Level Modeling, Design,
and Optimization for Digital Systems

Lec 15: March 27, 2024

Driving Large Capacitive Loads and
Repeaters 1n Wiring

Penn



Today

0 Back to CMOS today

0 How do we drive a large capacitive load?
= Stages and buffer sizing

= Minimum delay

0 How can we reduce long wire delay?
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Message

0 To drive large loads

= Scale buffers geometrically

= BExponential scale up in buffer size

0 Scale factor: 3—4 typically
= One origin of FO4 target

0 Drains contribute capacitance too (Cgg)

0 Can formulate sizing to optimize

Penn ESE 3700 Spring 2024 — Khanna



Call back: Large Fanout Delay

0 What is delay 1f must Yoo
drive fanout=1007

Vdd L“E“

11 v
. q[om .| 100

Vdd
«{ |:1/1 e

Penn ESE 3700 Spring 2024 — Khanna 17



Call back: ...and Again

0 Delay here?

Vdd

]

Vdd

e

Vdd

1

i

A4

1

N
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Vdd
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=
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100



Start C ;=0

Penn



One Stage

0 How do we size to minimize delay?

]

_|
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Vdd

Vdd

q

2/1




One Stage (Preclass 1)

0 Delay equation?

Penn ESE 3700 Spring 2024 — Khanna

_|2/1

CIoad



One Stage

0 Delay equation?

R

R

delay=—22W, -C,+—-C, ,

2
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WN

Vdd

_|m

CIoad



. Minimize

delay = R\W, - C, + L o
WN

0 Differentiate and set to zero

R,C,

Penn ESE 3700 Spring 2024 — Khanna

oad
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. Minimize

delay = R\W, - C, + B | C, .
WN

0 Differentiate and set to zero

a
—
W]\% _ Cload WN — Claad
Cy VG

Penn ESE 3700 Spring 2024 — Khanna 11



: Concrete?

Q What iS WN fOr Cload:4XlO4CO?

Cloaa’

VG o
- Yo

=
|
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® k-stage Delay

Vdd Vdd Vdd Vdd

LA n
457 457 457

Penn ESE 3700 Spring 2024 — Khanna

L CIoad

L
=
—|



k-stage Delay

\Vdd Vdd Vdd Vdd
o/1
Clg 4E CE CE
® 6 o
1 CIoad
—| 2/1 —| Wi —| Wi —| Wik T
N
ZT(WM + Wi, + Wi +... d + Wi +...+—WN" +&xCload
2 WNI WN2 WN(i—l) WNi WN(k—l) WNk

Penn ESE 3700 Spring 2024 — Khanna 14



Size Wy; to minimize delay

0 How do we minimize?

W W %% W.. w. .
T N1 + N2 + N3 + o+ Ni + N (i+1)
2 WNl WN2 WN(i—l) WNi

2

Penn ESE 3700 Spring 2024 — Khanna
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Size Wy; to minimize delay

0 Take partial derivative with respect to Wy; and set = 0

2T WN1+WN2+WN3 o+ Wi +WN(””+...+ W + R, xC,
2 WNI WN2 WN(i—l) WNi WN(k—l) WNk
1 W .
2710+0+0+...+ - 4+ ..+0(+0=0
Wy (Wm)

Penn ESE 3700 Spring 2024 — Khanna
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Size Wy; to minimize delay

0 Take partial derivative with respect to Wy; and set = 0

2T WN1+WN2+WN3+...+ Wi +WN(””+...+ W + R, xC,
2 WNI WN2 WN(i—l) WNi WN(k—l) WNk
W, .
2710+0+0+...+ L Nt o +0(+0=0

Wyiny (W )2

1 _WN(i+1) s WNi _WN(i+l)

2
WN(i—l) WNi WN(i—l) WNi

Penn ESE 3700 Spring 2024 — Khanna
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Delay

0 Conclude: at optimal sizing, ratio of stages is same:

1 W WNi _ WN(i+1)

_ N(i+]) s

2
WN(i—l) WNi WN(i—l) WNi

Penn ESE 3700 Spring 2024 — Khanna
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Delay

0 Call that ratio p

Penn ESE 3700 Spring 2024 — Khanna
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Stage Delay

2T WNI +WN2 +WN3
2 WNl WNZ

Penn ESE 3700 Spring 2024 — Khanna

20



Stage Delay

Penn ESE 3700 Spring 2024 — Khanna

Wi R
WN(k ) Wi
W R,

WN(k ) 2T - Wy,
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Stage Delay

2r(WN1+WN2+WN3+...+ Wi +WN(”1)+...+ W + R, xC,

2 WNl WN2 WN(i—l) WNl WN(k—l) WNk

2T(WN1+WN2+WN3+ + Wi +WN(i+l)+...+ W + R, xC,
2 Wo Wy, WN(i—l) Wy WN(k—l) 2T W

Penn ESE 3700 Spring 2024 — Khanna 22



Stage Delay

WNl _ WNi _ WN(i+l) Cload

2 ) WN(i—l) WNi WNk (2C0)

Two math simplifications: 1) to relate p and
k, 2) total delay in terms of p and k

Penn ESE 3700 Spring 2024 — Khanna
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Stage Delay

0= W, _ W, _ Wiy
2 Wy Wy
(WNI) Wz | Was || W [ Wran ). .
2 Wi I\ Wy, WN(,-_D Wi

Penn ESE 3700 Spring 2024 — Khanna

Cload

W, (2C0)

WNk

Cload

WN(k—l)

Wy (2C,)

=p

k+1

24



Stage Delay

pk+1 _ Cload —s ,0 —_— Cload
4C, 4C,

¥e \(k1+1)

_ load
p —

4G
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® Total Delay

p: WNI —
2

2T WN1+WN2+WN3+ +
2 WNl WN2

Penn ESE 3700 Spring 2024 — Khanna

WNi _ WN(i+1)
WN (i-1) WNi

WNi + WN(M) +..
WN(i—l) WNi

26



Total Delay

WN 1 WNi _ WN (i+1) Cload

p — = — —
2 WN(i—l) Wy W (2Co )
2T Wi +WN2 +WN3 o+ W +WN(i+1) .+ Wi + R, xC,
2 Wo Wy, WN(i—l) Wy WN(k—l) 277'WN/<

TotalDelay =2t(k+1)p

Penn ESE 3700 Spring 2024 — Khanna 27



Total Delay

b
k+1
load

4C

0

p=

TotalDelay =2t (k+1)p

CZOad

TotalDelay =2t (k +1
y ( )( iC,

Penn ESE 3700 Spring 2024 — Khanna

)(

R
k+1

|
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Plot Delay vs. k (C, ,=4x10*C,)

Cload

4C,
Delay vs. Number of Stages

TotalDelay =2t(k +1)

450

|

R
k+1

|

400

350

300

250

[\
e
o

—_
u
(es)

—_
)
(e)

Delay (T units)

S
(es)

o

1 2 3 4 5 6 7 8 9

Stages (k)

Penn ESE 3700 Spring 2024 — Khanna

10

11

12

29



Z.oom: Plot Delay vs. k (C,;=4x10%C,)

i)

Cload
4C,

Delay vs. Number of Stages

TotalDelay =2t (k+1)

70

60

50

Delay (T units)

40

30

1 2 3 4 5 6 7 8 9 10 11 12

Stages (k)
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: Minimize

1

c e
TotalDelay =2t (k +1)| —Lod
4C,
(¢ & L
0=21 (Cload) _(k_l_l),ln(cload)(cload )( )(
4C, 4C, )\ 4C,
d(b*) o
2 =In(b)-b
d(1/x) 1
ax - X2
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Minimize

0=21
d(b*) x
- =In(b)- b
d(1/x) 1
dx x>

|

TotalDelay =2t (k + 1)(

Cload
4C,

Penn ESE 3700 Spring 2024 — Khanna

)W_(k+1),m(c,m)(cm

4C,

O=1—(—1 )ln Cloua
k+1 4C,

k=ln(

Cload
4C,

4C,

Cload —1
4C,

|

)(kil)

8
)"

b
k+1

f
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O Concrete

Q What iS Optlmal k f()f Cload:4Xlo4CO?

k

Penn ESE 3700 Spring 2024 — Khanna

In

(C, )

oad

\ 4C,
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Z.oom: Plot Delay vs. k (C,;=4x10%C,)

i)

Cload
4C,

Delay vs. Number of Stages

TotalDelay =2t (k+1)

70

60

50

Delay (T units)

40

30

1 2 3 4 5 6 7 8 9 10 11 12

Stages (k)
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: Optimum Scale Up

a For optimum delay

k — ln( Cload
4C,
Q
IO — load
4C,

Penn ESE 3700 Spring 2024 — Khanna

)_1
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0 Optimum Scale Up

load

4C

je
I

Penn ESE 3700 Spring 2024 — Khanna
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> Optimum Scale Up

load in| s

=| —=4 4C,
P 4C,
In(p) =

(p) in(7)

p=e

Penn ESE 3700 Spring 2024 — Khanna

In(Y)=1
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Call Back: Total Delay

WN 1 WNi _ WN (i+1) Cload

p — — — —

2 WN(z’—l) Wy W (2Co )
2r(WN1+WN2+WN3+...+ Wi +WN(”1)+...+ W + R, xC,
2 Wo Wy, WN(i—l) Wy WN(k—l) Wi
21:(WN1+WN2+WN3+...+ Wi +WN(i+1)+...+ Wi + R, xC,
2 Wo Wy, WN(i—l) Wy WN(k—l) 2T - Wy,

TotalDelay =2t(k+1)p

Penn ESE 3700 Spring 2024 — Khanna 38



Delay at Optimum

k= In| Steat | _ p=e
4C,

TotalDelay=2t(k+1)p

Penn ESE 3700 Spring 2024 — Khanna
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. Delay at Optimum

k= In| Steat | _ p=e
4C,

TotalDelay =2t(k+1)p

Cload .
4C,

TotalDelay =27 *In

a0 What is optimal delay for C,,,;=4x10*C, in tau units?

Penn ESE 3700 Spring 2024 — Khanna
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Z.oom: Plot Delay vs. k (C,;=4x10%C,)

i)

Cload
4C,

Delay vs. Number of Stages

TotalDelay =2t (k+1)

70

60

50

Delay (T units)

40

30

1 2 3 4 5 6 7 8 9 10 11 12

Stages (k)
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Cair=YC
gate

Penn



Dittusion Capacitance (Preclass 3)

0 What does this do to T model?

m Delay of middle stage cascade?

Penn ESE 3700 Spring 2024 — Khanna

Vdd

Vdd

all

W1

[
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Dittusion Capacitance (Preclass 3)

o What does this do to T model? Vdd Vdd

m Delay of middle stage cascade?

RO
W

(2W, - Cypp +2W, - C, ) —||:W1 —||:W2
R

~0

W

delay,, ., =

delayy, .y, =2 (VV1 yCo+ W, 'Co)

W.
delay, ... =2T|y+—=
Ywi-w2 (V VVl)
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k-stage Delay

%4
+ B4+
WNZ

Vdd

| L

WN i

+

WN(i+1)

WN(i—l)

Vdd

dL

WNi

Vdd

dL

+...+

WNk

+

R,

1

N

Penn ESE 3700 Spring 2024 — Khanna

L

A4

o

A4

WN(k—l)

Vdd

dl

WNk

X Cload

Lo

A4

AN
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k-stage Delay

%% |4 %% W.. W, .. %% R
2p| MLy N2 NSy N VD, N 1 0 x(C,
2 Wi Wy, WN(i—l) Wy WN(k—l) Wi
\Vdd Vdd Vdd Vdd
W _ _ _ _
delay,,, .., = 217()/ + Wz)
2/1
Jd dl [l qL
® 06 O
Cload
—| [2/1 —I [WN1 —I [WN2 —| [WNN
A4 NV NV A4 NV
. W. .
2r(y+WN1+y+WN2+y+WN3+...+)/+ W +y+ Dy —
2 WNl WN2 WN(i—l) WNi WN(k—l)
R

0
+—(C, +2yW,C
Penn ESE 3700 Spring 2024 — Khanna w,, (Cloaa +2YWiiCo) 46



k-stage Delay

. W. .
217()/+W]"1 +)/+WN2 +7+ Whs oY+ W +y+—BD L 4y 4 W )
2 WNI WN2 WN(i—l) WNi WN(k—l)
RO
+ (Crpaa +2YW.Co)
Nk
. w. .
2r(yk+ Wi + Wya + Wy o+ W F D L W )+ R, (C,., +2yW,.C,)
2 WNI WN2 WN(i—l) WNi WN(k—l) Nk
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k-stage Delay

217( Wi Wy Whs Wi +y+—WN(i+l) oY+ W )
2 4% Wiy, WN(i—l) Wy WN(k—l)
RO
+ (Crpaa +2YW.Co)
Nk
. w. .
2r(yk+ Wi + Wya + Wy o+ W F D L W ) R, (C,., +2yW,.C,)
2 Wo Wy WN(i—l) Wy WN(k 1 W
. w. .
217(yk+ Wi + Wya + Wis o+ W F D Wi )+ R, C,. +2ty
2 WNl WN2 WN(i—l) WNi WN(k—]) WNk

Penn ESE 3700 Spring 2024 — Khanna
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k-stage Delay

217( Wi Wy Whs Wi +y+—WN(i+l) oY+ W )
2 4% Wiy, WN(i—l) Wy WN(k—l)
RO
+ (Crpaa +2YW.Co)
Nk
. w. .
2t(yk+WN1 WN2 + Wy o+ W F D L W ) R, (C,., +2yW,.C,)
2 Wo Wy WN(i—l) Wy WN(k 1 W
. w. .
2r(yk+WN1 WN2 + Wis o+ W F D Wi )+ R, C,. +2ty
2 WN] WN2 WN(i—l) WNi WN(k—]) WNk
. W, .
2r(yk+ Wi WN2 + Wis o+ W FRRARILC.D RIS W + R, Co.i +y)
2 WNI WN2 WN(i—l) WNi WN(k—l) 2’z'—‘A/Nk
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@®: k-stage Delay

2r( Wi Wy Wis Wi +y+—WN(i+l) oY+ W )
2 4% Wiy, WN(i—l) Wy WN(k—l)
R
+— (Crpaa +2YW.Co)
Nk
. w. .
217(yk+ Wi + Wi + Wy o+ W F D L W ) R, (C,., +2yW,.C,)
2 Wo Wy WN(i—l) Wy WN(k—l) W
. w. .
2r(yk+ Wi + Wya + Wis o+ W F D Wi )+ R, C,. +2ty
2 WN] WN2 WN(i—l) WNi WN(k—l) WNk
. W, .
27(yk+WN1+WN2+WN3+ + W FRRARILC.D RIS W + R, Cload+)/)
2 WNI WN2 WN(l 1) WNi WN(k—l) 2FL-‘J/NIC
. W. .
217(y(k+1)+ Wi WN2 + Wis o+ W FRRARIIG.D SIS W + R, -Cload)
2 WNI Wy, WN(z 1) Wy WN(k 1 2T'WNk

Penn ESE 3700 Spring 2024 — Khanna
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Size Wy; to minimize delay

0 Take partial derivative with respect to Wy; = 0

Wy,
21 y(k+1)+WN1 +WN2 +WN3 + 4 Wy IATC . W N R,
2 W Wy Wyiy Wy Wiy 27-Wy
1 W, .
27|0+0+0+...+ —_NED L +0(+0=0

Wyiny (W )2

1 W WNi _ WN(i+1)

_ N(i+]) s

2
WN(i—l) WNi WN(i—l) WNi

Penn ESE 3700 Spring 2024 — Khanna
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Impact on Minimum W2 (Preclass 4c)

0 Partial derivative unchanged

. W, ..
2T y(k+1)+W1+WN2+WN3+...+ Wy, e

N
+
2 Wo Wy WN(i—l) Wy WN(k—l) 2t-Wy,

What does this say about p?

Penn ESE 3700 Spring 2024 — Khanna
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Stage Delay: p unchanged (for tixed k)

p: =

WN 1 WNi _ WN (i+1) Cload
2 N

WNi WNk (2 Co )

=

i-1)

C

load

4C

0

p=

Penn ESE 3700 Spring 2024 — Khanna
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Stage Delay:

oad

Wy Wy (2C,)

p: =

Wy = Wy~ Waan _ G
2 N (i

1)

10 — Cload
4C0
. W...
2T y(k+1)+WN1+WN2+WN3+...+ W FRRARILG.L SIS Wi + R, -Cload)
2 WNI WN2 WN(i—l) WNi WN(k—l) 217 ) WNk

Penn ESE 3700 Spring 2024 — Khanna 54



Stage Delay:

,0 _ WNI _ WNi _ WN(i+1) _ Cload
2 WN(i—l) Wy Wi (2C0 )
&)
10 — Cload e
4Co
27| y(k+1)+ Wi, + Wi + Wis +..t W + Wavge +..t Wi + Ry .
2 WNI WN2 WN(i—l) WNi WN(k—l) 21; ) WNk
TotalDelay =2t(k+1)(p+7)
( (L) \
C k+1
TotalDelay =2t (k +1)| | e +y
4C, )
\

Penn ESE 3700 Spring 2024 — Khanna

55



Impact of Gamma

Delay vs. Number of Stages

Delay (T units)

Stages (k)

Penn ESE 3700 Spring 2024 — Khanna
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Impact of Gamma

Delay vs. Number of Stages

100

90 \ ~
-
E 80 A
~ W
\EJ/ 70 \ \—/
>
,E 60
v
-

50

40 . . . . . . . : : : :

1 2 3 4 5 6 7 8 9 10 11 12
Stages (k)

Penn ESE 3700 Spring 2024 — Khanna

v=1.5
v=1.0
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Minimize

0

2T

,y + Cload
4C,

TotalDelay =2t(k+1)(p+7)

TotalDelay =2t(k+1) (

O=y+p—(k+1)-ln(

Penn ESE 3700 Spring 2024 — Khanna

)W_M.m(

y+p=ln(

Cload

(

\

4C,

... )<

1

Cload Cl
4c, )\ 4

Cload ( 1
p -
4C, k+1

4C,

Ii

1 )p
+1

|

Ty

)
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Solve

|
+ =ln load
rrp 4C, (k+1)p
Y 1= In| —toad ( 1 )
0 4C, N\k+1
( 1)
k+1
Y ¥1=1In Cload
0 4C,
\ /
Y
~—+1=In(p
! 1ein(p)

Penn ESE 3700 Spring 2024 — Khanna 59



Optimal Staging Any y

Penn ESE 3700 Spring 2024 — Khanna
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p and y? (Preclass 4f)

0 p=41is optimal for what y?
0 p=3is optimal for what y?

o)

Penn ESE 3700 Spring 2024 — Khanna



Impact of Gamma

Delay vs. Number of Stages

100

90 \ ~
-
E 80 A
~ W
\EJ/ 70 \ \—/
>
,E 60
v
-

50

40 . . . . . . . : : : :

1 2 3 4 5 6 7 8 9 10 11 12
Stages (k)
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: Optimal Fanout

a Clearer why we use p=4

as our benchmark?

Penn ESE 3700 Spring 2024 — Khanna
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Repeaters in Wiring

Penn



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

Penn ESE 3700 Spring 2024 — Khanna 65



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 ——

Penn ESE 3700 Spring 2024 — Khanna
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Q
Q
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Formulate Delay

Delay of buftfer driving wirer

Penn ESE 3700 Spring 2024 — Khanna
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Calculate Delay

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

0 C,,. = I*¥C, = 16pF
a0 Ry, = L*R, = 60K Q
Ry % (Couy + Ce + Cog ) +05R

Penn ESE 3700 Spring 2024 — Khanna

wire

xC . +R

wire

wire

X Cload
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Calculate Delay

0 Gy =2C, = .026F
0 Ry, = 25K Q
o Ce = 0.02tF
0 C,,. = L*¥C, = .16pF
1 R...= ¥R = 60K O
Ry % (Couy + Ce + Cog ) +05R

Penn ESE 3700 Spring 2024 — Khanna

wire

3.8Ns

x C

dns+4.8ns+1.2ps

wire

wzre

X Cload
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. Buffering Wire

—DL—D-
l: L/2 I: L/2 I:

Penn ESE 3700 Spring 2024 — Khanna
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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

[ L/2 I:

Penn ESE 3700 Spring 2024 — Khanna
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. Buffering Wire: I./2

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

0 Ry, = 25K Q

o Ce = .02tF

0 Cy,. = L/2*C, = .08pF

a R,..=L/2*R, = 30K Q

Ry %(Coop +Coire + Croga ) +05R,;,, xC,, + R

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

[ L/2 I:

Penn ESE 3700 Spring 2024 — Khanna

wire

X Cload
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. 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 I:

Penn ESE 3700 Spring 2024 — Khanna 73



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

N|R |C +CWW+C

R
+0.5] —uire.

Total Delay for Imm (ns)

8.8ns

6.4ns

wire + wire .

buf self N load N

Penn ESE 3700 Spring 2024 — Khanna

N N load
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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

C . R. C. R
N Rbuf Cself+ X;e-l-cload +05 Xl[e. lef’e T Xl[re.cload

Penn ESE 3700 Spring 2024 — Khanna
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: N Buffers

Rbuf X (Cself + Cwire + Cload) + O'SRwire X Cwire + Rwire X Cload
0 Delay Equation for N buffers?
C R . R
N Rbuf Cself +—N +Cload +O.5( N - N )+_N 'Czoad

Penn ESE 3700 Spring 2024 — Khanna
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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

Penn ESE 3700 Spring 2024 — Khanna 77



Minimize Delay

o Minimize delay?

Penn ESE 3700 Spring 2024 — Khanna

78



: 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

Penn ESE 3700 Spring 2024 — Khanna
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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-Rbuf(C +C,0ad)+R C +O.5(i)R C,.*+R

self buf =~ wire N wire ~ wire wire

Cload

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

0.5R C (Rbuf(C V+Cload))+Rbufcm+ 0.5R C (Rbuf(C +Cload))+RwireC,0ad

wire ~ wire se wire ~ wire self
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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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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.
N=L_0J5
i L
Lseg = =
A
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Optimal Segment Length

0 Delay scales linearly with distance once optimally

buffered

*

r (Rbuf X (Cself +C )\

L
NV R

/

/ R xC \

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 3700 Spring 2024 — Khanna

89



Buffer Size?

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

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

wire — wire buf buf ~ wire + wire — load

R
2\/ O ) SRwire Cwire —

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 3700 Spring 2024 — Khanna
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Implication W

= Rwire =LX Runit
= Cwire = LX Cunit
RO
2 O'SRwireCwire (2ROCO (1 + y)) + W Cwire T Rwire . 2'I/VC'O
O = 2RwireC0 - ROCwire %
W — ROCwire — ROCunit
2RwireCO 2RunitCO

0 =2 W independent of wire length L.

= Depends on process technology

Penn ESE 3700 Spring 2024 — Khanna
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Delay at Optimum W

X

RC
2R

0 " wire

wire 0

2,/]05R . C

Penn ESE 3700 Spring 2024 — Khanna

R,
/4

O (ZROCO (1 + y)) +—

wire

wire

2WC

93



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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C 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!

Penn ESE 3700 Spring 2024 — Khanna
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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

Penn ESE 3700 Spring 2024 — Khanna
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Idea

0 To drive large loads
= Scale buffers geometrically

= BExponential scale up in buffer size (p = e)

0 Scale factor: 3—4 typically

= One origin of fanout 4 target
a0 Wire delay linear once buffered optimally

a0 Optimal buffers equalizes delays
= Buffer delay
= Delay on wire between buffers

= Delay of wire driving butfer

Penn ESE 3700 Spring 2024 — Khanna

99



Admin

a Project 1

= Final report due Friday 3/29 midnight
0 Wednesday 4/3 Midterm 2 (next week)

= During class in Moore 216
s Lectures 1-14
s Closed note, calculator allowed

m All old exams online
m 2010-2021

m TA review session
= 4/1 7-9pm in Towne 307

a HW 6 release Wednesday 4/3
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