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What We Will Study

 Interconnect analysis
— Elmore delay
— Simple timing analysis

 Interconnect Optimization

— Dynamic-programming-based buffer insertion
» Two-pin nets
* Multi-pin nets
 Single buffer type
« Multiple buffer types
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Interconnect Analysis

« Delay calculation (EImore delay)
> >
V() = Vpp-u(t) ﬂ

T

ROUT%
R, R, R3 R, Rs V(1)
MWV NWN—TVWN—TNVW NW
—C; —_C, —_C; —_C, —C: —/Ci.om
T TrT TrT T TrT 7T

T=Royr *(Cy + ... + C5 + Ciopp)
+Ry*(Cy+ ... + G5+ Clopp)
+ R, *(Cy+ ... + G5 + Copp)
+ Ry *(C3+ ... + C5 + Copp)
+ R, *(Cy+ Cs + Clonp)
+Rg * (Cs5 + Cioap)
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Interconnect Analysis

« Delay calculation (EImore delay)

Sink 1

> >

T Sink 2

ROUT
R1 RZ R3

T = Rour *(Cy + ... + C; + Coap1 + Cloann)
+R; *(Cy+ ...+ C; + Cloaps + Cloann)

Via(t)
1 C5 —Croans
T T

V(1)

+R,*(Cy+ ... + C;+ Cloaps + Croap2) VWV
+R3*(C3+ ... + C;+ Cloaps + Croap2)
+ R, *(Cy + C5 + Clopp1)

+Rg * (Cs5 + Cioap1)
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Interconnect Analysis

« Timing analysis

! nd, > nd, > nd, > nd, !
gd, gd, gd,

— CLK period: T ¢
— Path delay: d, = nd; + gd; + nd, + gd, + nd; + gd; + nd,
— Setup time: tg

— Required Arrival Time (RAT) = T« — L
— Arrival Time (AT) = Signal delay = Path delay = d,
— Slack = RAT —AT =T« —t; - d,
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Interconnect Analysis

« Timing analysis

100ps > 150ps > 150ps > 280ps

40ps 40ps 40ps

— Required Arrival Time (RAT) = T — L
— Arrival Time (AT) = Signal delay = Path delay = d,
— Slack = RAT = AT =T¢ « — ;- d,
— Example
* Teki Ins
* d,: 800ps
* t.: 100ps
« Slack: 1ns — (800ps) — 100ps = +100ps
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RAT = 900ps
AT = 800ps
Slk = +100ps



Interconnect Analysis

« Timing analysis
— Positive slack: We have some margin for optimization.
— Negative slack: We are violating the timing constraint.

1400ps !

RAT = 900ps
AT = 1400ps
Slk = -500ps
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Interconnect Optimization

* How to optimize interconnects
— Gate sizing
— Wire sizing
— Buffer insertion
— Placement adjustment
— Gate decomposition
— New routing topology generation

1400ps !

RAT = 900ps
AT = 1400ps

WASHINGTON STATE Slk = -500ps
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Interconnect Optimization

 Problem definition for buffer insertion

— Given
* An RC tree or a routing topology
» Characteristics (Rq 1) of the driver node
» Characteristics (C oap) Of the sink nodes
» Characteristics (Ry,r and C,,) of a buffer type
 Characteristics (r,;. and c;.) of the wires
« Timing constraints (RAT at each sink node)
- Bufferable locations

— Maximize
 Slack at the driver node
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Interconnect Optimization

« Example

RAT = 500ps

Slk = -300ps > » AT = 800ps
Slk = -300ps

RAT = 500ps

Slk = +200ps > > ’ AT = 300ps
Slk = +200ps
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Interconnect Optimization

« Example

Slk = -100ps >

v

v

v

Slk = +100ps > '
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v

RAT = 600ps
AT = 400ps
Slk = +200ps

RAT = 400ps
AT = 500ps
Slk =-100ps

RAT = 600ps
AT = 350ps
Slk = +250ps

RAT = 400ps
AT = 300ps
Slk = +100ps



Interconnect Optimization

 Example

= 2Q/um
Cyire — 0.4fF/um
— Ryt = 2kQ

—~ C, =5fF

— Dgyr = 50ps

Bufferable location

rWire

’/ RAT = 2200ps

Sk=-1030ps Pp—F—B—@F—B—8B—8B—8—3—0—P  AT=3230ps

200um Slk =-1030ps
R =400Q
C = 80fF

Delay = 2k * (805f) + 0.4k * (765f) + 0.4k * (685f) + 0.4k * (605f) + ... + 0.4k * (125f) + 0.4k * (45f) = 3230ps
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Interconnect Optimization

 Example
— Tyire = 2Q/um
— Cyire = 0.4fF/um
— Ryt = 2kQ
—~ C, =5fF
— Dgye = 50ps Rzg%rgo
C = 80fF

RAT = 2200ps

Slk = -1030ps »—D—D—D—D—D—D—D—D—D—» AT = 3230ps
Slk =-1030ps

RAT = 2200ps

Slk = -290ps »—D—D—D—E ' D—D—D—D—’ AT = 2490ps
Slk = -290ps

Delay = 2k * (405f) + 0.4k * (365f) + 0.4k * (285f) + 0.4k * (205f) + 0.4k * (125f) + 0.4k * (45f)
+ 50ps (buffer delay)
+ 2k * (405f) + 0.4k * (365f) + 0.4k * (285f) + 0.4k * (205f) + 0.4k * (125f) + 0.4k * (45f)
=1220ps + 50ps + 1220ps = 2490ps
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Interconnect Optimization

 Example
— Rgout = 2kQ
- Cjy =5fF 200um
- Dpe=S0ps e

sk=-103ps p—B—B—0—8—B—8—8—8—8—pp
sk=20005 Pp————8—Pp—8—8—0—8—

Slk = -94ps H—D ’ oa—a—3a > D—D—’

Delay = 2k * (245f) + 0.4k * (205f) + 0.4k * (125f) + 0.4k * (45f)
+ 50ps
+ 2k * (325f) + 0.4k * (285f) + 0.4k * (205f) + 0.4k * (125f) + 0.4k * (45f)
+ 50ps
+ 2k * (245f) + 0.4k * (205f) + 0.4k * (125f) + 0.4k * (45f)
= 640ps + 50ps + 914ps + 50ps + 640ps = 2294ps
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RAT = 2200ps
AT = 3230ps
Slk =-1030ps

RAT = 2200ps
AT = 2490ps
Slk =-290ps

RAT = 2200ps
AT = 2294ps
Slk =-94ps
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Interconnect Optimization

 Example
— Rgout = 2kQ
- Cjy =5fF 200um
- Dpe=S0ps e

RAT = 2200ps
Slk = -1030ps ’—D—D—D—D—D—D—D—D—D—’ AT = 3230ps

Slk =-1030ps

RAT = 2200ps
sk=-290ps [Pp—B—@—B—B—Pp—B—B—8—8—P AT=24905

Slk =-290ps

RAT = 2200ps
sk=-ps Pp—o—o—Pp—8—0—8—Pp—0—0—P A= 22005

Slk =-94ps

RAT = 2200ps
Slk = +10ps > O ’ O ’ O ’ O ’ O > AT = 2190ps

Slk = +10ps
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

RAT = RTO — delay = RT1
Cin = Cin,buf

RAT = RTO — delay = RT2
Cin = wire cap + Cin,buf
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

RAT = RT1 —delay = RT3 RAT = RTO — delay = RT1
Cin = Cin,buf Cin = Cin,buf

RAT = RT1 — dglay = RT4
Cin = wire cap + Cin,buf

RAT = RT2 — delay = RT5
Cin = Cin,buf RAT = RTO — delay = RT2
Cin = wire cap + Cin,buf
RAT = RT2 — delay = RT6
Cin = 2*wire cap + Cin,buf
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Interconnect Optimization

« Comparison of two candidates

RAT
RAT (C,) > RAT (C,)
RAT (C,) > RAT (C,)
RAT (C,) < RAT (C,)
RAT (C,) < RAT (C,)

WASHINGTON STATE

Cap
Cap (C,) > Cap (C))
Cap (C,) < Cap (C))
Cap (C,) > Cap (C))
Cap (Cy) < Cap (Cy)

Keep both
Keep C; only
Keep C, only

Keep both
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

RAT = RTO — delay = RT1
RAT = RT1 — delay = RT3 Cin = Cin,buf

Cin = Cin,buf ’_

RAT = RT1 — dglay = RT4
Cin = wire cap + Cin,buf

RAT = RT2 — delay = RT5 '

Cin = Cin,buf RAT = RTO — delay = RT2
Cin = wire cap + Cin,buf
RAT = RT2 — delay = RT6

Cin = 2*wire cap + Cin,buf
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

RAT = RTO — delay = RT1
RAT = RT1 — delay = RT3 Cin = Cin,buf

Cin = Cin,buf

RAT = RT1 — dglay = RT4
Cin = wire cap + Cin,buf

RAT = RTO — delay = RT2
Cin = wire cap + Cin,buf
RAT = RT2 — delay = RT6

Cin = 2*wire cap + Cin,buf
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

RAT = RTO

RAT x
Cin = Cin,buf

RAT y
Cin = Cin,buf

RAT z
Cin = Cin,buf
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

RAT = RTO

RAT x
Cin = Cin,buf

RAT y
Cin = Cin,buf

RAT z
Cin = Cin,buf
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

RAT = RTO

RAT y
Cin = Cin,buf
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Interconnect Optimization

 How many candidates do we have at each
location?

4 cands 2 cands

3 cands

— # candidates increases linearly!
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wUNIVERSITY Physical Design Automation of VLSI Circuits and Systems
A 4

24



Interconnect Optimization

o After candidate construction

10 cands

ok

. C1 (RAT,, Cap,)
: C; (RAT,, Cap,)
: C3 (RAT3, Caps)

Cio (RAT,,, Capy)

v
At the driver node
C, (RAT))
C, (RAT,)

C; (RATy)  —o--- + Choose the best-RAT candidate

C1o (RAT,)

WASHINGTON STATE
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Interconnect Optimization

« Example and back-traversal for the construction
of the final solution

Rn =1kQ _
ouT R = 1kQ 4 Cands
> C = 30fF

¥
Best candidate!! C, (25ps) <--C, (100ps, 30fF)

C,(20ps)  «-- C, (80ps, 5fF)

C; (-35ps) <+-- C4 (50ps, 40fF)

C,(-90ps)  <«-- C,(25ps, 70fF)
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Interconnect Optimization

« Example

> >—>—p
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Interconnect Optimization

 Multi-fanout nets

p—o—o—o—0

]

1

0
v

WASHINGTON STATE
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Interconnect Optimization

 Multi-fanout nets

pb—o—o oo

]

1

0
v

- .
/, \‘
e Caa (RAT 4, Cap,)
Ci, (RAT,,, Cap, ,) C gz,s (Eﬁ$2,3, gapz,s)
C13 (RAT, 5 Cap; ») 24 (RAT, 4, Cap, )
Ci14 (RATy 4, Cap, )
0]
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Interconnect Optimization

 Multi-fanout nets

Merging point

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

Cy1 (RAT, 4, Cap,y)
Cy2 (RAT,,, Cap, ,)
Cy3 (RAT 5 Cap, 3)
C14 (RAT 4 Cap, )

WASHINGTON STATE
@UNIVERSITY

C,1 (RAT,,, Cap,,)
C,, (RAT,,, Cap,,)
O] C,3 (RAT, 3 Cap,,)
C,4 (RAT, 4, Cap, )

Branch 1

Physical Design Automation of VLSI Circuits and Systems

Ci1+Coa
Ci1+Cyy
Ci1+Cys
Ci1+Cyy

Cio*+Cya
Cio*+Cyp
Ci2*+Cys
Cio*+Cou

Cis*+Cya
Cis*+Cyy
Ci3tCys
Ci3*+Cyy

Cia*+Cya
Cia*+Cyy
Cia*+Cys
CiatCyoy

16 combinations

30



Interconnect Optimization

* Multi-fanout nets
— (RAT, Cap) of (C,; + C,,) = (MIN(RAT, ,, RAT, ,), Cap, , + Cap, )
— (RAT, Cap) of (C,; + C,,) = (MIN(RAT, ,, RAT, ,), Cap, ; + Cap,»)

WASHINGTON STATE
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Interconnect Optimization

 Multi-fanout nets

p—o—o—o—0 o0 —o—o—p

\\\\\\\\ Branch 2
m|
Cand 1
Cand 2
I:] Cand k
O]
Branch 1
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Interconnect Optimization

 Multi-fanout nets

k+4 cands k+2 cands
pb—o o o o o000 P
k+3 cands krloands | Branch 2

[J
Cand 1
Cand 2

' Cand k

(|

Branch 1
WASHINGTON STATE
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Interconnect Optimization

« # candidates at a branch point

— a candidates from branch 1
— b candidates from branch 2

Branch 1

Cy1 (RAT, 4, Cap, 4)
Ci, (RAT,,, Cap, ,)

C1a (RAT 4 Cap, ,)

RAT,;; >RAT,,>...> RATl'a
CapL1 > CapL2 > > Caplyal

Branch 2

C,1 (RAT,,, Cap,,)
C,, (RAT,,, Cap,,)

C,p (RAT, ), Cap,p)

WASHINGTON STATE
@UNIVERSITY

RAT,; >RAT,,>... > RATz,b
CapZ,1 > Capzy2 > ... > CapZ,ID

Branch 2

L

Branch 1

Physical Design Automation of VLSI Circuits and Systems
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Interconnect Optimization

« # candidates at a branch point
— a candidates from branch 1
— b candidates from branch 2

Branch 1

C,, (100, Cap, ;)
C,, (80, Cap, ,)
C,3 (60, Cap, 5)
C, 4 (40, Cap, ,)

Branch 2

C,, (180, Cap,,)
C,, (160, Cap, )
C, 3 (140, Cap, )
C,.4 (120, Cap, )

Formula

RAT’ = MIN (RAT,, RAT,)
Cap’ = Cap, + Cap,

Capl‘1 > CapL2 > ... > Cap1,a

WASHINGTON STATE
wUNIVERSITY
A 4

C, (100,
C, (100,
C, (100,
C, (100,

Cs (80,
C, (80,
C, (80,
Cs (80,

C, (60,
Cyo (60,
Cy; (60,
Cy, (60,

C,5 (40,
C14 (40,
Cy5 (40,
Cy6 (40,

Cap, , + Cap, )
Cap,; + Cap,,)
Cap,, + Cap,3)
Cap,, + Cap,,)

Cap,, + Cap, )
Cap,, + Cap,,)
Cap, , + Cap, )
Cap, , + Cap,,)

Cap, ; + Cap, )
Cap, 5 + Cap,,)
Cap, ; + Cap, )
Cap, 5 + Cap,,4)

Cap, 4, + Cap, )
Cap, 4 + Cap,,)
Cap, 4 + Cap,3)
Cap, 4 + Cap,,4)

T

Four candidates survive.

C, (100, Cap, ; + Cap,,)

Csg (80, Cap, , + Cap,,)

C1, (60, Cap, 3 + Cap,,)

Ci6 (40, Cap, 4 + Cap, )

Physical Design Automation of VLSI Circuits and Systems




Interconnect Optimization

« # candidates at a branch point
— a candidates from branch 1
— b candidates from branch 2

Branch 1

C,, (100, Cap, ;)
C,, (80, Cap, ,)
C,3 (60, Cap, 5)
C, 4 (40, Cap, ,)

Branch 2

C,1 (90, Cap, ;)
C,, (70, Cap,,)
C,3 (50, Cap, )
C, 4 (30, Cap,,)

Formula

RAT’ = MIN (RAT,, RAT,)
Cap’ = Cap, + Cap,

Capl‘1 > CapL2 > ... > Cap1,a

WASHINGTON STATE
@UNIVERSITY

Physical Design Automation of VLSI Circuits and Systems

C, (90, Cap, ; + Cap,,) -
C5{76; Capr1+Capsy)
“C3(50; Capr1+Capzz
L7 {30- Gaprr+Capys)-

Cs (80, Cap,, + Cap, ) -1
Ce (70, Cap, , + Cap,,) -7

G7{50; Gapry+Gapsrg)-
G {30 Capry+Capry-

Lg{60; Gaprz+Capy)-
Cyo (60, Cap, 3 + Cap, ) *]
Cy (50, Capy 3+ Cap, ) -
€13(30:-Caprz+Capzg);

S3(40,-Capyy—+-Capzy
Ci7{(40;-Capy;+Capss) |
Cis (40, Cap, 4 + Cap,3)

Cy6 (30, Cap, 4 + Cap,,) /|

Seven candidates survive.

---1- C, (90, Cap, ; + Cap, )

4 C5 (80, Cap,, + Cap,,)

+ Cg (70, Cap, , + Cap,,)

¥ C10 (60, Cap, 3 + Cap,,)

- C4; (50, Cap, 5 + Cap, 5)

)4 Cys5 (40, Cap, 4 + Cap, )

} C16 (30, Cap, 4 + Cap,,)




Interconnect Optimization

« # candidates at a branch point (max.a+ b —1)

Branch 1 Branch 2
120
- 110
100 =,
95 “~<l_
,,}:} 90 # candidates from Branch 1: 6
80 ,/”/,’/ # candidates from Branch 2: 5
// /'/ ) .
787 /7 # candidates survived: 9
l/
76 sl
R (0
-~ 50
45 ===~
WASHINGTON STATE
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Interconnect Optimization

« # candidates: O(n) where n is # bufferable locations

4
-
=

3

2

11 10 9 8 7
p—o—o—0o—0 0
0l 4
[
1
Bra!1 1
WASHINGTON STATE

IVERSITY
QU

[ |
=

[ |
=

>

Branch 2

Physical Design Automation of VLSI Circuits and Systems
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Interconnect Optimization

* This page is left blank intentionally.
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Interconnect Optimization

 Problem definition for buffer insertion with
different buffer types

— Given
* An RC tree or a routing topology
» Characteristics (R 1) of the driver node
* Characteristics (C p) Of the sink nodes
» Characteristics (Ry,r and C,,) of each buffer type
* Characteristics (r,;. and c,;.) of the wires
« Timing constraints (RAT at each sink node)
 Bufferable locations

— Maximize
» Slack at the driver node

WASHINGTON STATE
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Interconnect Optimization

« Example

>

WASHINGTON STATE
@UNIVERSITY

D> >

BUF_X4 BUF_X1
Delay: 40ps Delay: 20ps
C,\: 8fF C,\: 5fF
Rout: 400Q Rour 1kQ

Physical Design Automation of VLSI Circuits and Systems
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Interconnect Optimization

« Handling multiple buffer types can be done In
the same way.

* The complexity goes up.

WASHINGTON STATE
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

WASHINGTON STATE
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro

4
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Interconnect Optimization

« Dynamic programming-based buffer insertion
— van Ginneken algorithm

b = w8 B B B 88 —Pra-ro
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Interconnect Optimization

« # candidates (B is # buffer types)
— 15t position
« B+1 (un-buffered, b, ..., bg)
— 2"d position
. (B+1)%(B+1) — B*B = 2B+1
— 3" position
* (2B+1)*(B+1) — (2B)*B = 3B+1
— 4t position
* (3B+1)*(B+1) — (3B)*B = 4B+1

« # candidates: O(B)
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Interconnect Optimization

* This page is left blank intentionally.
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Interconnect Optimization

* More Issues — Over-optimization
— DP is for each net.

Gate Gate Gate Gate
a0 Y 0 0
200ps ./  800ps \_/ 600ps \_J 300ps \__J 100ps

40ps 60ps 100ps 200ps

RAT = 900ps

AT = 2400ps
I I Slk =-1500ps
! 60ps X 1a40ps G:ate 120ps G 1o0ps G gopne !

40ps 40ps 80ps 140ps
RAT = 900ps
AT = 800ps
Slk = +100ps
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Interconnect Optimization

* More Issues — Over-optimization
— DP is for each net.

Gate Gate Gate Gate
a0 Y 0 0
200ps ./  800ps \_/ 600ps \_J 300ps \__J 100ps

40ps 60ps 100ps 200ps

RAT = 900ps

AT = 2400ps
I I Slk =-1500ps
! 60ps X 1a40ps G:ate 120ps G 1o0ps G gopne !

40ps 40ps 80ps 140ps
RAT = 900ps
AT = 800ps
Slk = +100ps
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Interconnect Optimization

* More Issues — Over-optimization
— DP maximizes the RAT at the source node.

— I.e., DP minimizes the delay from the source to the
worst sink.

— Problems when the timing conditions of the sinks are
unbalanced.

WASHINGTON STATE
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Interconnect Optimization

« Unbalanced sinks (RAT, Cap)

C, (200ps, 50fF)
C, (170ps, 45fF)
C, (150ps, 30fF)

> (RAT, Cap) EE

C, (900ps, 500fF)

C, (860ps, 470fF)

C; (800ps, 450fF)
Most of these will be
buffered candidates.

v

RAT = 1000ps

WASHINGTON STATE

>

RAT = 300ps

(200, 500fF)
(170, 495fF)
(150, 480fF)

WUNIVERSITY Physical Design Automation of VLSI Circuits and Systems
A 4

51



Interconnect Optimization

« Unbalanced sinks (RAT, Cap)

C, (200ps, 50fF)
C, (170ps, 45fF)
C, (150ps, 30fF)

>

>

Insert a small buffer

for off-loading. RAT = 300ps
(200, 500fF) (200, 55fF)
(170, 495fF) (170, 50fF)
(150, 480fF) (150, 35fF)

v

RAT = 1000ps
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