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Lecture 8

Interconnect



Interconnect Layers

Figure 10: Cross-section: the dual damascene interconnects

Intel 65nm (IEDM’'04) Intel 45nm (IEDM'07)




Interconnect Layers
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Figure 11: Cross-section of interconnect stack (8 layers CPU SoC technologies
Intel 32nm (IEDM’'08) Intel 22nm (IEDM’'12)




Interconnect Layers
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Fig. 12 (a) Cross-section view of Cu/Low for 7-level metal, (b)
Cumulative distribution of stacked via R. resistance

TSMC 16nm FinFET (IEDM’13)




Interconnect Layers
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Figure 10: Interconnect Stack

Fig. 13 Hierarchical back end reflecting 1X,
1.25X, 2X, 4X, 8X, 40X layering.

Intel 14nm FinFET (IEDM’14) IBM 14nm FIinFET (IEDM’14)




Interconnect Analysis

Resistance
Capacitance
Delay calculation
Coupling

Buffer insertion (interconnect optimization)



Wire

l t-1
R=p— C=€e— Delay « RC « [?




Wire Resistance

l
R=p——
Prw
p: Resistivity (constant) P l p 1 .
=p——="-—=R,
,,,,,,, t: Thickness (constant) t-w tw
""""""""" Wi Rs4: sheet resistance
,,,,,,,,,,,,, Current [: Wire length
w w: Wire width

Example 1
[: 100um,w: 0.065um, t: 0.13um,p = 17.1nQl-m

R = (17.1)-10~°(Q - m) 100-107%m
-\ ") 0.13 - 10-6m) - (0.065 - 10-6m)

= 202Q

Example 2 (Nangate 45nm)
[:100um,w: 0.065um, Rgq = 0.38Q
00um
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Wire Capacitance

 Area capacitance

Metal 2

Metal 1 T

<+“—>

Ground plane |

w : :
Carea = €0x "7 e=—=) Area capacitance per unit length (F/m)

Corea = Careq * L |:;> Total area capacitance (F)
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Wire Capacitance

e Lateral capacitance

Metal 2
H ”’/ ”’/ ”//
//J_\/ =~ =
Metal 1 TI Il
«— > Clateral «— >
w S
Ground plane |
T

1

Clateral = €0x " ¢ ——) | ateral capacitance per unit length (F/m)

Ciateral = Ciateral - L =" Total lateral capacitance (F)
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Wire Capacitance

* Fringe capacitance

Metal 2

Metal 1 TI

Ground plane |

T : : :
Cringe = €ox * In (1 + ﬁ) =) Fringe capacitance per unit length (F/m)

Crringe = Crringe * L E‘:> Total fringe capacitance (F)
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Delay Calculation (ElImore Delay)

Delay of a long wire (distributed RC network)
- T=Rpg*x(c*xn+Cy)+

rcxn+C)+rx(cx(n—1)+C)+--+r=*(+C)

n(n+1)

= Rppg * (Cwire +Cp) + Ryire  CL+1cC

wire . Cwire  n(n+1)
n n 2

R
= Rpp * (Cwire + CL) + Ryire " Cp +

RW. .CW.
~ RDR * (Cwire + CL) + Rwire ] CL + lrez =

V(t) = Vpp-u(t)

RDR%
A=A AT

o= —=c —=c c —=c¢ ==C
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Effects

— Delay

— Crosstalk
— Power

Coupling
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Coupling

Victim: The net of interest.

Aggressor: The neighboring nets of the victim net.

Aggressor

N

Victim

1. When the neighboring net is stationary: C;, = Cynq + C.

2. When the two nets are switching in the same direction: €, = Cypq

3. When the two nets are switching in the opposite direction: €, = Cypq + 2C;
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Coupling

e Crosstalk

Net 1
Dc Aggressor
andl 1T- AV,

777 __Cc _L

Ce

Net 2 }:AVZ a

i gnd2 —T—
andz T 77

77

C. AV,
AV, =
? (andz + Cc)
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Coupling

e Crosstalk
A2
Vs(t) = Vo - u(t) éz C 9)
- A VC‘;: 777 7, = R(C+ C, + 2C¢)
= CC T2=R(C+CL)
vol .t _t
«/5/\, w2 Vo (t) = 7°[e 1i—e TZ]u(t)
C:: CL

1 / /77
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Coupling

Power (Total power)

Net 1 Dc Net 1

o af (Cgna +2C:)Vpp” Cynar

e Cyna + 2C; 777
Net 2

o af (Cyna + 2C)Vpp° Net 2

e Cong +2C

gnd c andz

Total power A

o 2af(Cyna +2Cc)Vop*
o 2C4ng + 4C. (Worst case)
o 2C4nq (Best case)

1. When the neighboring net is stationary: C;, = Cynq + C
2. When the two nets are switching in the same direction: €, = Cypq

3. When the two nets are switching in the opposite direction: €, = Cypq + 2C;
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Coupling

How to reduce the coupling effect
— Spacing

Signal

&=

Signal

— Shielding

Signal

Signal

Shield

Signal

Signal

Signal

Shield
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Coupling

How to reduce the coupling effect
— Coding/Decoding

Duan, TVLSI'09
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Coding/Decoding for Coupling Minimization

TABLE I
CLASSES OF CROSSTALK

N
by <

i1 D

- _\ C
/"’/

i

—('

-

\k

by

Class | Cyy Transition patterns

l 0C i 000 — 111
7

IC | CL(1+X) | 011 — 000

A1 2C | Cp(1+2X) | 010 — 000
i’ 3¢ | CL(1+3)) | 010 — 100
= (;"L 4C | QL(l +4X) | 010 — 101

’ ~ Eliminate these patterns.

=
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Coding/Decoding for Coupling Minimization

Forbidden Pattern Based Crosstalk Avoidance

— Forbidden patterns
° (‘101”
° (‘010”

— Forbidden pattern free (FPF) code
« 1101110: not FPF
e« 1100110: FPF

“If a bus contains FPF codes only, the bus will experience
maximum crosstalk of no greater than 2C”".
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Coding/Decoding for Coupling Minimization

* Forbidden Pattern Free (FPF)-Crosstalk Avoidance Code (CAC)

FPF-CAC
TABLE 11
FPF-CAC CODEWORDS FOR 2-, 3-, 4-, AND 5 BIT BUSSES
2-bit | 3-bits | 4-bits | 5 bit

00 000 0000 | 00000 10000
01 001 0001 | 00001 10001
10 011 0011 | 00011 10011
11 100 0110 | 00110 11000
110 Orr1 | 00111 11001
111 1000 | 01100 11100
1001 | 01110 11110
1100 | O1111 11111

1110

1111




Coding/Decoding for Coupling Minimization

* Coding/Transmission/Decoding

data code data
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Coding/Decoding for Coupling Minimization

Algorithm 2 Near-Optimal FPF-CAC Encoder

FPFE-CAC(v)
\\ MSB stage:
ifv > fi,4+1 then

d, = 1:

Tm =V — fm:
else

d,, = 0:

m = Ui
end if

\\ other stages:
fork=m—1to2do
if 741 > fk+1 then
dp = 1;
else if 7.1 < fi then
dp = 0;
else
di = di+1:
end if
T = Tkt — [ » di
end for
\\LSB
di = 1o
return (dp, dp—1 .. . d1):

— f,: Fibonacci number

Input CODE-1
Decimal | fo f5 fa f3 f2
value 8 532117
20% 111111
19% 111110
1 8% 111100
1 7% 1 11001
16* 111000
15 110011
14 110001
13 1 10000
12 011111
11 011110
10 011100
9 011001
8 011000
7 001111
6 001110
5 001100
4 000111
3 000110
2 000O0T11
1 000O0O01
0 000000
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Coding/Decoding for Coupling Minimization

Algorithm 2 Near-Optimal FPF-CAC Encoder

FPFE-CAC(v)
\\ MSB stage:
ifv > fi,4+1 then

d, = 1:

Tm =V — fm:
else

d,, = 0:

m = Ui
end if

\\ other stages:
fork=m—1to2do
if 741 > fk+1 then
dp = 1;
else if 7.1 < fi then
dp = 0;
else
di = di+1:
end if
T = Tkt — [ » di
end for
\\LSB
di = 1o
return (dp, dp—1 .. . d1):

Input CODE-1

Decimal | fo f5 fa f3 f2 fu
value 8 53211
20% I 11111
19% 111110
18 I 11100
175 1 11001
16* I 11000
15 1 10011
14 1 10001
13 1 10000
12 011111
11 011110
10 011100
9 011001
8 011000
7 001111
6 001110
5 001100
4 000T1T11
3 000110
2 000O0T11
1 000O0O0T1
[0 0 00000]

Example (m=6)
1) v=0
v <f, (=13)
=> d¢=0, r,=0
2) k=5 (for)
re (=0) = f5 (=8) => false
re (=0) < f5 (=5) => true
=>ds=0
rs =t —f*d; =0 —5*0=0
3) k=4
rs (=0) <, (=3)
=>d,=0
r,=rs—f*d, =0
4) k=3: d;=0, r3=0
5) k=2: d,=0, r,=0
6) d,=r,=0
0 => (000000)
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Coding/Decoding for Coupling Minimization

Algorithm 2 Near-Optimal FPF-CAC Encoder

Input

FPFE-CAC(v)
\\ MSB stage:
ifv > fi,4+1 then

d, = 1:

Tm =V — fm:
else

d,, = 0:

m = Ui
end if

\\ other stages:
fork=m—1to2do
if 741 > fk+1 then
dp = 1;
else if 7.1 < fi then
dp = 0;
else
di = di+1:
end if
T = Tkt — [ » di
end for
\\LSB
di = 1o
return (dp, dp—1 .. . d1):

Decimal | fo f5 fa f3 f2 fu
value 8 53211
20 11111
19% 111110
1% L1 1100
17% I 11001
16% 111000
| 15 1 10011
14 1 10001
13 1 10000
2 011111
1 011110
10 011100
9 011001
8 011000
7 001111
6 001110
5 001100
4 000T1T11
3 000110
2 000O0T11
1 000O0O0T1
0 000O0O0O0

Example (m=6)

1) v=15
v > f, (=13)
=>dg=1,r,=7
2) k=5 (for)
ds=dg=1
fse =g — fo*ds = 7 —5*1 = 2
3) k=4
d,=0
r,=rs—f*d, =2
4) k=3
d;=0
r=r, —f*d; =2
5) k=2
d,=1
r,=ry—f*d,=2-1=1
6)d,=r,=1
=>

27



Coding/Decoding for Coupling Minimization

—. /Hm

X Input CODE-1

Decimal | fo f5 f1 f3 f2 fu

Jm—1 value 853211
A1 é 20%* 111111 | 8+5+3+2+1+1 = (10100)
19* 111110 8+5+3+2+1+0 = (10011)
18 111100 8+5+3+2+0+0 = (10010)
177 1 11001 8+5+3+0+0+1 = (10001)
= v 16* 1 11000 | 8+5+3+0+0+0 = (10000)
> 15 11001 1 | 8+5+0+0+1+1 = (01111)
14 110001 8+5+0+0+0+1 = (01110)
13 110000 8+5+0+0+0+0 = (01101)
12 011111 0+5+3+2+1+1 = (01100)
11 O1 1110 0+5+3+2+1+0 = (01011)
fs 10 01 1100 | 0+5+3+2+0+0 = (01010)
d 9 011001 0+5+3+0+0+1 = (01001)
3 Q(/; 8 011000 | 0+5+3+0+0+0 = (01000)
7 001111 0+0+3+2+1+1 = (00111)
6 001 110 | 0+0+3+2+1+0 = (00110)
ds 5 001100 0+0+3+2+0+0 = (00101)
4 000T1T1°1 0+0+0+2+1+1 = (00100)
d 3 000110 0+0+0+2+1+0 = (00011)
1 2 000O0T1 0+0+0+0+1+1 = (00010)
1 0000O0°1 0+0+0+0+0+1 = (00001)
0 0000O00O0 0+0+0+0+0+0 = (00000)

— Decoder T T
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Coding/Decoding for Coupling Minimization

TABLE VI
POWER CONSUMPTION COMPARISON BETWEEN CODED AND UNCODED BUSSES
bus size | £,y uncoded | E,,q, coded | saving
8 35075 27825 20.7 %
12 55004 442272 19.6 %
16 74999 61456 18.6 %
32 154191 124148 19.5 %
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Coding/Decoding for Coupling Minimization

e« Comparison

Input CODE-1
Decimal | f¢ f5 fa f3 f2 1
value 853211
0 [ 1T 111 11 |(10100)
19 | 111110 |(10011) Example
18% 1 11100 |(10010)
17 | 11100 1 |(10001) 1)20 — 8
6* | 111000 |(10000
5 | 110011 |{omy Non-FPF: (10100) — (01000) : (2+4+3+0+0)C, = 9C,
4 | 110001 |(01110
5 | 110000 |oten FPF: (111111) — (011000) : (1+0+0+1+0+0)C, = 2C,
2 011111 |(01100)
3 011110 |(01011) 2)21 - 10
0 | 011100 |(01010
o | 011001 |gm0n Non-FPF: (10101) — (01010) : (2+4+4+4+2)C, = 16C,
3 011000 |(01000
00T T T (o011t FPF: (1100000) — (0011100) : (0+2+2+0+1+0+0)C, = 5C,
6 001110 |(00110)
5 001100 |(00101)
4 000111 |(00100)
3 000110 (00011)
2 00001 1 [(00010)
I 000001 |(00001)

30



Buffer Insertion (1)

* Delay minimization for driving a large load

31



Buffer Insertion (1)

Cin1 = Cox|(WL)n1 + (WL)p,]
Cout1 = Cepn1 + Cepp1 + Cspn1 + Csppr

1
R =~
k(D) oo i)

R

1

Ry = S_ ) Cin,a = SaCin,l ) Cout,a ~ SaCout,l
a

Ry

S

a
= S
a+1
Talnl = Z R, [Cout,l + Cin,l
a
a=1

Ta = Ry, [Cout,a + Cin,a+1] = [Sacout,l + Sa+1Cin,1]

S
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Buffer Insertion (1)

-
S,=1,5,=K,S; =K?,..,S, = K1

n
L
Taul = Z Rl[Cout,l + KCin,l] = an[Cout,l + KCin,l] =nRy [Coyr1 + (—
a=1

4

C 1/n
Cin,l
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Buffer Insertion (1)

1/n
CL
K=|— =
(C1> °
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Buffer Insertion (2)

* Delay minimization

> Length: L (um) >

V(t) = Vpp-u(t)

Ror %
NWV—TVWV AVAVAY AN AN Vioan(t)

T ¢ —c =C

T~ Rpg * (Cyire + C1) + Ryipe - €y +2re0ire




Buffer Insertion (2)

Insert a single type of buffers.

> s1 (um) > Sy (um) >

> sy (um) »

N-1 buffers
Ty = RDR * (% + Cln) + (RV\Zire) . Cin + % (Rwiire . C\/\,Zre>
Sk Sk S S
Cwire Ryire 1 /Ryire Coire
:RDR*( I Sk+Cin -|—( L S,().Cin_l_z 3 Sy - ; S
N
S+ -+ Sy
Tall = Z Tn = Rpr * Cyire i + N - Rpg - Ciny
n=1 N N
Sl coe SN
+Rwire "Uin ° L
Rwire ) Cwire
M T GRS R
Rwire ) Cw

= Rpg " (Cwire + N * Cin) + Ryire * Cin + 212

e (12 4 -+ 52)
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Buffer Insertion (2)

Tau = Rpr - (Cwire +N- Cin) + Ryire " Cin +

Rwire ) Cwire

(5% + -+ sy°)

217

Constant

aT

aSk

Minimize T(sq,...,Sy) = 512 + === + sy 2

subjectto s; + -+ sy =1L

=25, +2'sy-(—1)=0

Sk=SN

.’.Slzsz =...=SN

Taul = RDR ) (Cwire + N - Cin) + Rwire ) Cin +

Rwire ) Cwire

2N
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Buffer Insertion (2)

Optimal N

>S = L/N (um) > s (um) >

N-1 buffers

> s (um) »

0Tqy
ON

= Rpgr - in —

Tau = RDR ) (Cwire + N - Cin) + Rwire ) Cin +

Rwire ) Cwire

2N?2

=0

Rwire ) Cwire

2N
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Buffer Insertion

Insert multiple types of buffers.

> >

Branches

>

>

Blockages

This will be studied in EE582 in Fall 2015.
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