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Chapter 5

POWER, CLOCK, AND GLOBAL SIGNAL
DISTRIBUTION

P. Zarkesh-Ha
L8t Logic Corporation

51 Introduction

Gilobal interconnects are commonly considered a key potential bottleneck to
the advancing performance of future integrated systems. The complete global
interconnect architecture of a digital system implemented on a single chip con-
sists of signal, clock, and power-supply distribution networks, as shown in Fig-
ure 5.1. Since the signal, clock, and power-supply networks utilize the same
interconnect stacks (Figure 5.1), it is imperative to integrate the complete inter-
connect architecture to design and optimize global interconnects for a gigascale
system-on-a-chip (GSoC). The complete interconnect models for signal, clock,
and power distribution networks and the integrated architecture for global in-
terconnects are described in Sections 5.2, 5.3, 5.4, and 5.5 respectively.

5.2 Global Signal Interconnect Modeling

Wiring area requirement, signal delay, and crosstalk noise limit are the main
issues for a global signal wiring network. A stochastic wire-length distribution
model for global interconnects in a heterogeneous system-on-a-chip is pre-
sented in this chapter. The model will be used to estimate the wiring arca re-
quirement of global signal interconnects in a gigascale system-on-a-chip. Also,
based on the models for signal delay and crosstalk noise in a distributed RLC
network derived in [1], the criterta will be defined for the interconnect band-
width and noise limit for global wires.
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160 INTERCONNECT TECHNOLOGY AND DESIGN FOR GSI
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Figure 5.1.  Signal, clock, and power-supply wires in a real chip utilizing the same orthogonal
interconnect architecture

5.2.1 Stochastic Global Net-Length Distribution
in a Heterogeneous SoC

It has been observed that the overall wire-length distribution of a heteroge-
neous system-on-a-chip (§oC) at the system level has a bimodal behavior [2,3],
as shown in Figure 5.2.

The distribution has two peaks, the first peak representing internal megacell
interconnects and the second representing global interconnects that provide
communication between megacells. The reason for the bimodal behavior in
wire-length distribution is that the placement and routing of the lower levels
(within megacells) are done independently of the higher level (between mega-
cells) in SoC designs. The network within megacells can be modeled as a
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Figure 5.2. A typical distribution of wire lengths in an integrated system after [2,3]

homogeneous system whereas the glebal network between megacells needs to
be modeled as a heterogeneous system. Unlike wire-length distribution in a
homogeneous system, the prediction of global wiring demand in a nonhomo-
geneous system requires more information about the system, such as netlist,
placement, and routing.

Modeling of Global Netlist Information. = The netlist information defines
the connectivity between megacells in a SoC. To predict the number of nets
between megacells, a well-established empirical relationship known as Rent’s
rule is used. This relationship correlates the number of YO terminals, T, to
the number of gates, IV, in a homogeneous logic network. This correlation is
given by a simple power-law expression as

T = kNP, (5.1)

where &k and p are the Rent’s coefficient and exponent, respectively. Since a
SoC is a heterogeneous network containing different varieties of megacells, a
new definition of Rent’s rule for such heterogeneous systems is required. The
heterogeneous Rent’s rule is rigorously derived in [4]. It is shown that the
same power-law expression as (5.1) is also valid for heterogeneous networks
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162 INTERCONNECT TECHNOLOGY AND DESIGN FOR GSI

with equivalent k and p parameters

keq = Nge (ﬁ k:vG'.')
=1
. (5.2)
SopiNes
i=1

Peq = " Ngeq

where k; and p; are the usual Rent’s rule parameters, Ng; is the equivalent
number of gates in the i" megacell, and

n
NGeq = Z NG*-'
=1

Using the heterogeneous Rent’s rule, the number of nets between megacells
is computed. For instance, suppose that there is a block of two megacells
shown in Figure 5.3(a), where T} and 7% represent the number of terminals of
megacell#l and megacell#2, respectively. Using the Venn diagram of Figure
5.3(b) and de Morgan’s law of set theory, it can be proven that

Tgri,2) = T1 + To — Tipy1,9)- (5.3)

Here, Ty,4(1,2) ts the number of internal terminals that are shared between the
two megacells and T'g,y(1,2y 1s the number of extemal terminals of the whole
collection of gates. which is calculated by heterogeneous Rent’s rule as

Tea1,2) = k12 (N1 + Np)P2. (5.4

where N; and N, are the number of gates in megacell#1 and megacell#2, re-
spectively, and k2 and py 2 are the heterogeneous Rent’s parameters given

by 1
N Na\ Ni+N.
{ kl,? _ (kl 1, k2 2) 1-+i¥e (55)
_ piMitpaNg
P2 = N1+Nq

Equation (5.3) is illustrated by examining the number of pins of Figure
5.3(a). Equations (5.4) and (5.5) can also be validated by considering Rent’s
rule in a homogeneous system. Substituting Rent’s rule in (5.3) gives

ki (N1 + No)™? = ki NT' 4 ka NS — Trnya 2 (5.6)

where %), p;, k2, and py are the Rent’s rule parameters for megacell#1 and
megacell#2, respectively, and k; 2 and p; 2 are the heterogencous Rent’s pa-
rameters defined in (5.5). Since there are only two megacells in the block, all
shared terminals are used for two terminal nets. Note that in this study, a mul-
titerminal net is defined in the global level, where the connections of terminals
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Figure 5.3.  Anexample of a coliection of two megacells

inside a megacell are not of concern. Thus, the number of two-terminal nets,
Npet(2). 1s given by

Tpn
Nper(2) = "—;“i] (5.7)

Using (5.7) for all combinations of two megacells in the whole system gives
the total number of two-terminal nets (fan-out of 1). Similarly, in the gen-
eral case with Ny, megacells, the number of m-terminal nets is computed
recursively by examining all possible combinations of 2, 3,..., m out of Nas.,
megacells. Assuming that Npr.,>>10, which is satisfied in current and future
microprocessor designs, then a closed-form expression for the number of m-
terminal nets, Ny (), can be approximated by a fan-out distribution model
[5) ) ]

R’NMeg ((m - 1)‘0_1 - mp"l)

m

(5.8)

where & and p are the equivalent megacell Rent’s rule parameters given by

- NME.Q
k= ¥ae ( k@N;"*)
i=1
NMeg (5-9)
E v
s _i=ld
p= NMeg

Note that the underlying assumption for derivation of (5.9) is that the hetero-
geneous Rent’s rule is valid thronghout the whole design, from the gate level
to the megacell level. However, since Rent’s parameters at the higher level
of the hierarchy, defined as region II [6], may not be the same as the Rent’s
parameters at the lower levels, more accurate netlist information results from
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164 INTERCONNECT TECHNOLOGY AND DESIGN FOR GSI

equating & and § to the Rent’s parameters in region II if they are available. In
the absence of the topology of the global Rent’s parameters in region II, (5.9)
gives the first-order approximation for the Rent’s coefficient and exponent of
the system.

Modeling of Global Placement Information. = The placement information
describes the average bounding area dimensions of a net connecting a group of
megacells. On average, a group of m megacells is bounded by a square with
an edge of length [7]

& = \/ Apteg [mnp + N (1 - )] (5.10)

where AM(,Q is the average area of a megacell, N, is the total number of
megacells in the design, and ), is the placement efficiency given by [7]

Block Bounding Area
Total Chip Area

ki3
L -

Ip = (5.11)

The block bounding area of m megacells is the minimum rectangular area
encompassing all m megacells. Likewise, the rectangular area of an m-terminal
net is the minimum rectangular area covering all m terminals. Figure 5.4 il-
lustrates the block bounding area and the net bounding area of a 4-terminal net
connecting 4 megacells with a placement efficiency of 60%. As shown, the
net bounding area is a fraction of block bounding area. Assuming a random
placement of terminals with uniform distribution, the edge length of the net-
bounding area, e, is related to the edge length of the block bounding area, é as
below [7]

m—1
=—-¢ 5.12
¢ m+ 1 ¢ ( )

Modeling of Global Routing Information.  The routing information pro-
vides the length of a net for a given net bounding area assuming a minimum
rectilinear Steiner tree (MRST) construction for the net [7). Figure 5.5(a)
shows an example of a six-terminal net based on MRST. A rule of thumb
to calculate the netlength is known as the half-perimeter model (8] that ap-
proximates the net length by the half perimeter of the net bounding area. For
example, in the net shown in Figure 5.5, the length is estimated as

LHp:a+b, (513)

where a and b are the net bounding area dimensions and L g p is the estimated
net Iength using the half-perimeter model. It can be easily shown that the
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Figure 5.4. Block bounding area and net bounding area in a system with 9 megacells

1 0...g_I_.i”

h T b

— .H
m=6 - m=6
Y s
L
- > ‘e
== a = o
(a) The complete net structure (b) The segments representing the
using MRST net bounding area dimensions

Figure 5.5.  An example of a six-terminal net based on MRST

half-perimeter model always underestimates the net length for m-terminal nets
when m > 3. Suppose that the net in Figure 5.5(a) is divided into segments, as
shown in Figure 5.5(b}. The sum of the length of dashed line and dotted line
segments in the net bounding area is equal to the length of ¢ and b, respectively.
Therefore, the actual wire length of the MRST net is the half-perimeter length
(a + b) plus the solid line segments,

Lyrgst = 0L -1 (a. + b) (5.14)
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166 INTERCONNECT TECHNOLOGY AND DESIGN FOR GSI

where 6L represents the length of the additional segments, which is a func-
tion of the number of terminals and the bounding area dimensions. Also, §L
depends on the placement of the terminals. Now, we assume that the termi-
nals are placed randomly with uniform probability density function over the
entire bounding area. The probability density function of net length can be
computed by the random-walk technique. In this technique, first, MRST nets
are constructed for several layouts with randomly placed terminals. Then, the
probability density function is constructed by normalizing the plot of number
of occurrence versus net length. An example of the net-length pdf for the case
of a 30-terminal net over the block bounding area of 10 x 20mm? is shown
in Figure 5.6. As shown, the net-length pdf has an average of 61 mm and a
standard deviation of 3.98 mm.

[ oL

=
=
=
=

g

Frobabllity density function [1Amm]

Figuyre 5.6. An example of net-length probability density function

To find a closed-form expression for the average MRST net length, suppose
that there is an m-terminal MRST net bounded with a square of size d (a=b=d).
The net length is proportional to d because scaling the bounding dimension
would scale the net length with the same weight of scaling. Thus, the net
length can be represented by

Lyipst = f(m) - d (5.15)

where f is a function of the number of net terminals, m, d is the net bounding
area dimension, and Lysror is the net length of the MRST net. Now, suppose
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that the area is divided into four equal pieces with dimensions of g by %, as

shown in Figure 5.7.
L3 -
|"L - I:r _LI_ I-IT
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Lygsr = f(m)-d Ly =f(m/4)(d/2)

Figure 5.7. Derivation of the form of MRST net-length function based on net partitioning

Assuming uniform distribution of terminals, there are m /4 terminals in each
piece, which means that the length of the net in each piece is Ly por =
f (%) . (%) FF)r a very large va!ue of m, the lengtlf of broken segments,
resulting from this dividing, can be ignored compared with the total net length.

Therefore, Ly gst = 4L}L4RST or f(m)-d=4-f(%): (g) which gives

flm}y _ . m
T—f(4) (5.16)

By examining power-law functions, the only sclution for (5.16) is f(m) =
a-m7, where v = 0.5 precisely, and « can be any number. In the general case,
when m is large, by considering the length of broken segments, the general
solution of the same equation as described above is

fim)=a -m" -8 (5.17)

where «, 3, and vy are computed by curve fitting. For the case of a rectangu-
lar bounding area with the edge length of e, the form of the equation for the
average net length of an MRST net is given by

Loy = {a-m7 - Ble+ (26) (5.18)
where «v, 3, and «y are the fitting parameters that have been computed as o =
0.55, 8 = 1.0, and v = 0.5. The first term, (@ - m” — 8) e, is a representation
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168 INTERCONNECT TECHNOLOGY AND DESIGN FOR GSi

of 6L in (5.14), m is the number of terminals of the net, and e is the edge
length of the net bounding area.

Complete Stochastic Global Net-Length Distribution. The complete
global net-length distribution is derived by combining all three distinct infor-
mation bases: netlist, placement, and routing. The netlist information calcu-
lates the number of nets for each fan-out by using heterogeneous Rent’s rule.
The placement information gives the pdf of the net bounding area dimensions
computed by the random-walk technique. Using the routing information, the
net bounding area dimensions are translated to the net length, assuming MRST
construction for the net.

Megacell's Name [ N p Megacell's Name [ N p
Instruction Cache 4.12 | 380,000 | 0.20 | !Inmsir. Feich Address | 3.20 | 16,500 | 0.60
Instruction Cache Tags | 3.80 | 18,000 | 0.47 | insir. Feich DataPath | 3.20 | 13,800 | 0.60
Data Cache 442 | 350,000 | 0.20 | Instr. Fetch Controt  § 3.20 | 9,500 | 0.60
Data Cache Tags 380 | 25500 | 047 Address Queue 3.20 | 22,000 | 0.60
e 380 | 22400 | 035 | Inst.Decode &Reg. | 3.20 | 45300 | 0.60
Ren.
Secondary Cache Ctd. | 3.20 | 15700 | 0.60 Integer Data Path 320 | 43800 | 0.60
External Interface 3.20 | 18400 | 0.60 Integer Queue 320 | 19,700 | 0.680
Sys. Interface Buffers | 3.20 | 22800 | 0.60 | Floating Point Data | 3.20 | 32600 | 0.60
Path
Free List 320 | 9800 | 0.60 | Floating Point Queue | 3.20 | 51000 | 0.60
Graduation unit 320 | 26300 | 060 Finating Point 3.20 | 19300 | D60
Multiplier

Figure 5.8,  Rent's parameters of megacells

The complete global net-length distribution is the summation of net-length
pdf multiplied by the corresponding number of nets for all fan-outs. Equations
(5.10}, (5.12), and (5.18) can be used to compute the average of net-length pdf
for each fan-out. A real RISC microprocessor [9] has been modeled as an ex-
ample to verify the new model derived here. The chip size is 16.6 x 17.8 mm®
with 20 different megacells ranging in size from 9,500 gates to 380,000 gates.
Figure 5.9 shows the Rent’s parameters and the number of gates in the mega-
cells. Equations (5.10), (5.12), and (5.18) give the average net length for each
fan-out, which is depicted in Figure 5.9, assuming a placement efficiency of
80%. In the absence of detailed placement data to compute the placement
efficiency in this example, the value of 80% is selected for the placement effi-
ciency because it gives the best fit to the data.

The second column of Figure 5.9 gives the total number of nets for the fan-
out specified in column one. Column three gives the average net bounding area
from the placement information equation and the fourth column gives the av-
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Global | Netlist Info, | Placement Info. | Routing Info. | Total Net
Fan Tatal No. of Average Net Average Net Length
out Nets BoundingArea Length

1 3632 3.03x3.03 mm? 5.173 mm 18788 mm
2 1184 4.86x4.86 mm? 9,068 mm 10736 mm
3 561 6.18x6.18 mm? 12.36 mm 6933.9 mm
4 318 7.24x7.24 mmy’ 15.33 mm 4874.9 mm
5 200 8.14x8.14 mm? 18.10 mm 3620.0 mm
6 134 8.93x8.93 mm? 20.74 mm 2779.1 mm
7 94 9.64x9.64 mm* 23.27 mm 2187.3 mm
8 68 10.3x10.3 mm? 25,75 mm 1752.0 mm
9 50 10.9x10.9 mm* 28.13 mm 1406.5 mm
10 38 11.4x11.4 mm? 30.30 mm 1151.4 mm
11 28 12.0x12.0 mm* 32.78 mm 917.96 mm
i2 22 12.5x12.5 mm* 35.03 mm 770,66 mm
13 16 13.0x13.0 mm* 37.32 mm 597.12 rnm
14 12 13.4x13.4 mm* 39.34 mm 527.15 mm
15 9 13.9%13.9 mm? 41.70 mm 375.30 mm
16 6 14.3x14.3 mm’ 43.78 mm 262.68 mm
17 4 14.7x14.7 mm* 45.88 mm 183.52 mm
18 3 15.1x15.1 mm’ 48.00 mm 144.00 mm
19 P 15.5x15.5 mm?’ 50.15 mm 100.30 mm
Total 6381 - - 58106.8 mm

Figure 5.9.  Netlist, placement, and routing information

erage net length from the routing information using the average net bounding
computed in the second column. The total net length is computed by multi-
plying the average net length by the number of nets for each fan-out. Figure
5.9 shows that the total number of global nets is 6381, the average global net
length is 9.11 mm, and the total global net length is 58.1 m. Note that, based on
[9]. the total number of global nets is about 6000, which supports the predic-
tion of the netlist information presented here. The complete global net-fength
distribution is derived by combining the three models of netlist, placement, and
routing information. In summary, the netlist information is computed based on
the heterogeneous Rent’s rule. The placement and routing information for ev-
ery fan-out is obtained from the random-walk technique described in Section
2.1.3. The global net density as a function of net length is compared to actual
data from [9] in Figure 5.10.
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Figure 5.10. The complete global net-length distribution compared with real data

52.2 Signal Interconnect Bandwidth Model
(RC and RLC)

The resistance and capacitance of on-chip wires create a limit on the maxi-
mum wire length for a given frequency because of the interconnect bandwidth.
In this section, some models for interconnect bandwidth are presented. These
models are lumped RC, distributed RC, and distributed RLC models.

Lumped R Model for Interconnect Bandwidth. In the simplest case,
an interconnect can be modeled as an RC' low-pass filter with the bandwidth

1

_ = 5.19
f-sdB 2% (rocend) - 2 (5.19)

where i,y and ci; are the distributed resistance and capacitance per unit
length of the interconnect, and { is the length of the line, as shown in the Figure
5.11. Although the lumped RC model underestimates the actual bandwidth of

a distributed RC model, it gives the simplest expressions for the first-order
approximation of the interconnect bandwidth.

Distributed RC and RLC Model for Interconnect Bandwidth. To
derive a more accurate model for the interconnect bandwidth, the interconnect
must be modeled as a distributed RLC line. A closed-form expression for
the frequency response of a distributed RLC' network with arbitrary source
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Figure 5.11. A lumped RC model for a global interconnect

and load terminations is derived in this section, by using Z-domain analysis in
control theory. It has been shown that when a traveling wave reaches the end
of a finite length transmission line, it reflects back to the line depending on the
termination load. By using telegrapher’s equation [10], the reflected wave, V..,
is computed by

ZL - Zo
2y + 2,
where V] is the incident wave, I is the reflection coefficient at the load, Z; is
the load impedance, and Z, is the line characteristic impedance. In the case of
lossy transmission line, Z, is a complex and frequency dependent function

V, =V, Ty =V,

(5.20)

Zo = | (5.21)
jwe
where 7 is the distributed resistance per unit length, { is the distributed in-
ductance per unit length, and ¢ is the distributed capacitance per unit length.
Moreaover, in the general case, Zy, can be a complex and frequency depen-
dent function. For example, when the load is an input capacitance of a CMOS
buffer, Cy,, the load impedance is given by

1

o= JwCl,

(5.22)

Likewise, the reflected wave will be an incident wave when it reaches the
beginning of the line. The reflection coefficient, in this case at the source side,
is
ZS - Zo

——— 5.23
Zs+ Z, (5.23)

I's =
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172 INTERCONNECT TECHNQOLOGY AND DESIGN FOR GSI

where Zs is the source impedance and Z, is the line characteristic impedance
given in (21). The electrical circuit model of a transmission line with arbitrary
termination is illustrated in Figure 5.12. As shown in Figure 5.12, since the
reflected wave at the load is —I'p - V;, the transferred wave that comes out of the
line at the load, because of the energy conservation theory, willbe (1 + I'z)-V;.
Moreover, from voltage division in circuit theory, the incoming wave from the
source side, Vi, as & function of the input source voltage, Vs, is

Z, 1-Tg

Viﬂc:VSZS_I_Z:Vb )
0

(5.24)

Incoming Voltage
Z 1-1
- 3

- | e

Lo+,

1+T, j=»

) 4

*‘ —— H,, (W)

r“ al thl(j"'} R r'

Figure 5.12.  Electrical circuit model for a transmission line with arbitrary termination

Utilizing the circuit model of Figure 5.12 along with control theory, the
block diagram of the system of transmission line with arbitrary termination
is illustrated in Figure 5.12, where Hj,f(jw) is the transfer function of an
infinite length transmission line and Iz, and T'g are the reflection coefficients
at the load and source, as given in (5.20) and (5.23), respectively. From control
theory, the overall transfer function of the system is

VO (1 —Fs) (1+FL) Hinf (;-'w)

H(jw) = 2 = : (525
Vs 2 1~ DgDy Hin (Gw)?
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To derive the transfer function of an infinite transmission line, Hy,s(jw),
the partial differential equation that describes the distributed transmission line
is used as

& 2 2,
@V(I, t) = Ecgt-ﬁV(x, t) + rcé-EV(m, t), (5.26)

where 7 is the distributed resistance per unit length,  is the distributed induc-
tance per unit length, and ¢ is the distributed capacitance per unit length. Using
a single-sided Laplace transform of V {z,¢), the partial differential equation
(5.26) becomes an ordinary differential equation. It is assumed that the initial
values of the voltage and the current on the transmission line are zero, which

gives
2

a—V(:z,s) = s’V (z,8) + resViz, s) (5.27)
Ox?

The general solution to this expression in the Laplace domain is

Viz,s) = Ae~2%¢% 1 Be®5c%o, (5.28)

The coefficient B must be zero so that the solution of (5.28) is well-behaved
and finite at infinity. Likewise, the coefficient A4 is determined from the bound-
ary condition at z = 0, i.e., V (0, s). Therefore, the voltage at pointof ¢ = L,
Vizx = L,s),is

V(z = L,s) = V(0,s)e LcZe (5.29)

Therefore, from (5.29) and considering the fact that s = jw, the transfer
function of an infinite length transmission line, Hy, r(jw), is given by

Hinf(jw) = e~ t%e7we, (5.30)
Substituting (5.30) into (25) gives

(1-Tg)(1+Ty) g~ LZejwe
2 1-— FsrLE"QLzﬂjwc‘

H(jw) = (5.31)
where I's = Zg - Z,/Zs + Z, is the reflection coefficient at the source,
'y = Z5 — Z,]Zy, + Z, is the reflection coefficient at the load, and Z, =
Vv (r + jwl)/jwc is the transmission line characteristic impedance given in
(5.23), (5.20), and (5.21), respectively. Equation (5.31} is a closed-form ex-
pression that gives the frequency response of a finite length transmission line
with arbitrary termination. There are several applications for the closed-form
expression of (5.31). An example of utilizing (31} to derive the frequency re-
sponse of an interconnect is described below. Utilizing (5.31), an example of
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the frequency response of an interconnect with the lengths of 1 cm, 2 cm, and 3
cm is shown in Figure 5.13. As shown, the -3 dB bandwidth of the interconnect
is almost the same for the distributed RC and RLC models. This phenomenon
has also been observed in [11]. Figure 5.13 also shows that the -3 dB frequency
of the 2 cm line, in this example, is about 300 MHz for distributed RLC model
and 280 MHz for RC model. Likewise, using the lumped RC model (5.19),
the -3 dB frequency of the 2 cm line, in this example, is

1
— = =z 265 MHz 5.32
f-adn 27 (rinel + Ryr) - Cingl ( )

AR

1
th
T

Attenuation [dB]
1
3

r =20 fufem
-5 ¢ =5.0 pFiem
| =0.9nH/icm
R,=200
-20 -
10MHz 100MHz

Frequency

Figure 5.13.  Interconnect frequency response using distributed RC and RLC models

Equation (5.32) confirms that although the lumped RC model underesti-
mates the actual bandwidth of a distributed EC and RLC line, in the most

typical cases, it gives a first-order approximation for the interconnect band-
width.

523 Signal Interconnect Crosstalk Model
(RC and RLC)

Interconnect coupling noise or crosstalk is often a major concem for global
wires. The modeling of crosstalk noise is often a complex problem since the
crosstalk noise is a function of input pulse rise time and width, length of the
interconnect, and driver source resistance. Significant work has been done by
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Sakurai [12] and Davis, ef af. [13] on analyzing the crosstalk in distributed
RC and RLC networks. In this section, the results of their work are used
to model the crosstalk noise of global interconnects. Unlike the interconnect
bandwidth, the peak crosstalk noise prediction usually needs an accurate dis-
tributed RLC approach. Figure 5.14 shows the HSPICE simulations for the
peak crosstalk noise using distributed RC' and RLC' approaches. As shown,
the peak crosstalk noise in an RLC line is often higher than that of an RC
line. It has been shown in [14] that the worst-case peak crosstalk noise using a
distributed RLC model can be simplified to

Vo 7 tm

T om 533
Vi 4 Cynd t Cm ( )

where ¢, and cgnq are the mutual and ground capacitance per unit length,
respectively. Also, as the length of the interconnect increases, the crosstalk
noise using both RC and RLC models saturates at the same level given by
[12]

25% T T T
Noise saturation levef
20%
=]
= - - - -
s 15% RC
2
=S ¢, = 1.6 pFicm
< 1%t ¢, = 3.4 pFlem |
P £, =0.2 nHicm
o ¢, =0.9 nHiem
5% | r =150Hcm
R,= 100
t =50ps
u% A A A
0.0 0.5 1.0 1.5 2.0

Interconnect Length [cm]

Figure 5.14. Peak crosstalk noise versus wire length using HSPICE

Vo 1 Cm
Viya 2 Cond + Cm (5.34)
where ¢, and ¢gng are the mutual and ground capacitance per unit length,
respectively. From the comparison between (5.33) and (5.34), it is shown that
the worst-case peak crosstalk noise of a distributed RLC model is about 57%
more than that of an RC model.
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53 Glebal Clock Distribution Modeling

In high-speed digital systems, clock distribution is a challenging problem,
consuming an increasing fraction of resources such as design time, power, and
wiring. There are three main issues in the design and optimization of a clock
distribution network: clock skew, clock signal degradation, and clock power
dissipation. A new compact model for on-chip clock skew as a function of
device, interconnect, and system parameter variations is derived in this section.
Unlike the previous models that describe qualitative behavior of clock skew
components [15], the new model provides a closed-form expression for each
clock skew component. Utilizing the interconnect bandwidth model presented
in Section 5.2.2, a limit for signal degradation in the global clock distribution
networks is defined.

Finally, a model for estimating the global clock distribution power dissipa-
tion is provided. Utilizing the models for clock skew and clock signal degra-
dation, a design plane for global clock distribution network is presented.

5.3.1 Clock Skew Model

Clock skew arises mainly from unequal clock path lengths to various mod-
ules. To equalize line lengths and thus reduce the clock skew, a common prac-
tice is to use a balanced clock network. In this way, the nominal value of
skew becomes zero and clock skew reduces to the variations of the clock path
from the clock generator to the registers. These variations may originate from
process and circuit parameter tolerances, which are codified hereafter.

Device Parameter Variations— In the IC fabrication process, all device
parameters are subject to deviations from their nominal values. Statisti-
cal models have been developed for transistor parameters such as thresh-
old voltage (AVy), gate oxide thickness (At,,), and effective channel
length (AL.ff) {16].

Interconnect Parameter Variations — Interconnect width (AW,,,;) and
thickness (4 H;yng) and interlevel dielectric (ILD) thickness (ATyrp)
variations are the main parameters of interest. As technology advances,
the number of interconnect layers increases and the interconnect lines
become more nonuniform. This nonuniformity, which is caused by man-
ufacturing processes, produces large variations of interconnect parame-
ter values. Chemical mechanical polishing (CMP} is a new manufac-
turing process for planarization of metal and ILD layers that greatly
reduces the ILD nonuniformity in multilayer structures. However, the
CMP process still does not eliminate interconnect parameter variations
completely. Metal dishing and oxide erosion are the vexing issues in
CMP that degrade the planarization efficiency {17]. The amount of metal
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dishing and oxide erosion, in general, is a function of metal width and
pattern density {17]. Hence, interconnect and ILD thickness variations
are important considerations even after using CMP processes.

System Parameter Variations — Besides process parameter variations,
which are mainly the tolerances of device and interconnect physical
parameters, system-level fluctuations may create clock skew. Power-
supply fluctuations (IR drop, AVpp), temperature variations (AT), and
nonuniform distribution of clocked registers (clock driver load mismatch),
(ACy.) are considered system-level parameter variations.

Derivation of Clock Skew Model. The goal of the derivation of a clock
skew model is to understand the impact of the process and system variations in
an ideally zero-skew clock network distribution. The most common sirategy
to ensure zero-nominal clock skew, which is often used for distributing high-
frequency clock signals in digital systems, is a symmetric H-tree structure [18].
Although a model is derived here especially for the symmetric H-tree structure,
the modet can be easily modified for any balanced clock tree network .

Assumptions, Although the growing importance of on-chip transmission
line effects has been predicted [19], the difficulty of modeling and simulating
lossy and nonuniform transmission lines using existing CAD tools has pre-
vented consideration of these effects in most cases. There are some methods,
however, to reduce the inductance effects in actual design. For instance, for
the clock distribution described in [9], ground return path wiring has been im-
plemented on the two metal levels above and below the clock wire to reduce
inductance effects. To simplify the derivation of a clock skew model, good
return path wiring has been assumed to surround the clock-wiring network.
Therefore, in this simplified study, the inductance effect is ignored. Moreover,
without loss of generality, it is assumed that the clock network is a balanced
H-tree structure. This model, however, can be easily modified for any balanced
clock tree network.

Compact Clock Skew Model. Figure 5.15 shows a symmetric H-tree
clock distribution with n=4 levels of H-tree branches. At the end of the fourth
level, drivers are implemented to feed the clock signal to all registers in the
subblocks. The total clock skew, by definition, is the time difference between
the maximum and minimum delays, as illustrated in Figure 5.15.

Using the equivalent circuit diagram shown in Figure 5.16, the delay of
the entire clock network of Figure 5.15 is sorted into three paris: i) H-tree
network, ii) clock driver, and tii) subblock routing. Derivation of the above
delay components is described below.
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; Skew
CLK2
: I > t
K1
let >
I Clock Source
> t

Figure 5.15. Clock skew between the two points, CLK1 and CLK2, in a symmetric H-tree
structure

H-Tree Network Delay.  As shown in Figure 5.16, the delay of the H-Tree
network is mainly due to the interconnect delay from the clock source located
at the center of the chip through the H-tree to the driver. Assuming that the
H-tree network is driven by a single driver and the line capacitance of the H-
tree network is much greater than the transistor input capacitance of a subblock
clock driver, then the interconnect delay expression for the approximate 50%
time delay of the distributed RC line using Sakurai’s model is [12], {18]

Ve, (5.35)

T _Tree = 0.4 ('-"'int.cim.) - 12 + -
(2]

where [ is the length of the H-tree network, r;;: and ¢, are the distributed

Clock
H-Tree Network Driver Sub-block routing

Fing" Cimt

Figure 5.16. Equivalent circuit of clock network in Figure

resistance and capacitance of the line, ¢, is the relative dielectric constant of
the ILD material, and ¢, is the speed of light in free space. Since the wires in
clock distributions are often much wider than the minimum wire width [19],
the fringing capacitance is negligible compared with parallel plate wiring ca-
pacitance. Using the expression for the length of the H-tree versus die size, D,
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and the number of H-tree levels, n, defined in {18], then (5.35) becomes
2
S ) P () 2 (- )
Th_ =04 - D° |1~ — D1 - —=
H—Tree (Him 'TILD) 2n/2 * €o 2n/2
{5.36)

where H;y; is the interconnect thickness, Tyy, > is the interlevel dielectric thick-
ness, and p is the line resistivity.

Clock Driver Delay.  Transistor delay of the subblock clock driver defines
the clock driver delay. The clocked registers within subblocks are assumed to
be randomly placed and routed; therefore, the delay expression for the approx-
imate 50% time delay of the subblock drivers is simply

(Lefs /W) )
T river — 07R r C - 0-7 ( - ' C 5.37
b ’ L - Cox (VDD = VT) g ( )

where (Y, is the total wiring and register input capacitance within the sub-
block; L and W are transistor channel length and width, respectively; u is the
mobility; C,; is the gate oxide capacitance; and Vpp and Vr are supply and
transistor threshold voltage, respectively.

Subblock Routing Delay. The delay of subblock routing is basically the
internal wire routing delay within the subblock from the clock driver to the
registers. The wiring delay inside the subblock is computed in a similar way
from (5.35) except that the length of wire, [, is the Manhattan distance from
center to the corner of the subblock as, described in [18].

JEr D? D
+ c—,o:cd =04 (Tintcint) o oo
o

on + o an/2
(5.38)

Tsub— Btk = 0.4 {TinCint) &

Since, in general, the placement of clocked registers is not uniform, the
routing within the subblock is not equidistance. For instance, in Figure 5.15,
the clock signal at the point CLK2 arrives later than CLK1. This delay, which
is often called internal clock skew [18], in the worst case, is given by (5.38).
The overall delay of the entire clock distribution network from the clock source
to the clocked registers is

TDelay =Tu_1ree + Toriver + Tsub—Bik-

Since the subblock size is often much less than the chip size, the wiring delay
within the subblock, Tg,p— pix. can be ignored. Therefore, the total delay is
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given by

2
TDctay -~ TH—Tree + TDrwer =04 (Him‘ﬂrl.u) D1 - 2:1/2)

+¥=.p(1- 1)+0.7( (Lers /W)Y ¢

an/z2 #Cor(Vop—Vr
(5.39)
Equation (5.39) contains all device, interconnect, and system parameters de-
scribed earlier. Assuming that these parameters have small variations com-
pared with their nominal values, the clock skew, T-gx, can be evaluated by

aTDelay

T

Az (5.40)

Tosk (56) = ATDelay =~

where Tpeey is the complete delay function of (5.39) and z is any variation of
clock skew components such as AH, ATyp, AVpp, AV, Atyy, ALgyy,
and ACy. Figure 5.17 shows the closed-form equations for each individual
clock skew component by using (5.40). Therefore, the overall clock skew is
given by

Tesk = 0.4 (Tintcim) o + Az (541

D2 \/E_"':E D 3TDetay
on ¢, 2n/2 + Z;‘ Oz;

where the first and second terms, given by (5.41), are often called internal
clock skew [4], which is the time difference between CLK1 and CLK?2 in the
subblock circuit, as shown in Figure 5.16. The third term in (5.41) is the sum-
mation of all skew components shown in Figure 5.17.

Clock Skew for Temperature (T') Variations. The clock skew resulting
from temperature gradient on a chip, in general, is more complex since there
are three main parameters that vary with temperature: resistivity of intercon-
nect p(T), threshold voltage Vir(T'), and mobility (7). Assuming that the
variation of threshold voltage is greater than that of mobility and resistivity of
lines, then the clock skew resulting from temperature difference is given by

rafrDeic.ag,.- ) aﬁ
AVt or

where AT is the temperature difference of two points in the chip. The first
expression, 8T petay/ OV, is computed from (5.39) as

Tesk (T) = ATpetay =

AT (5.42)

aTDelay __ : ( 1 )
Wy 0.7Ry - O, Vo — Vo (5.43)
Also, the second expression, Vo /9T, is [20]
ovr 1 @5 E,
o =7 (2 zcmgaf) (4 32) G4
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where {J g is the depletion region charge, C,; is the gate oxide capacitance,
¢ is the Fermi level potential, F, is the energy gap of Si, and ¢ is the charge
of electron. To simplify (5.44), the threshold voltage can be written as Vp =
s — @B/ Coz 120]. Moreover, assuming that the substrate doping concentra-
tion is relatively high, then the surface potential of MOSFET transistor is given
by ¢g; = 2¢; =~ 2(FE,/2) . Therefore, the first-order approximation of (5.44)
is given by

Physical Parameter Clock Skew Compact Model
and Derivation used
ILD Thickness 37 petay
1 AT,
Variation {9Tup Tesk (Trep )= 0.4lringcing } 2 [ 7 ) ( - LD )
Wire Thickness AT pyiay .
Variation am,, | | Tosw (# i )= 040G 10 ) D [ 7 ) [ fnt ]
Ly "'r
Threshold Voltage AT poiay AV,
Fluctuation vy Tesw 7 )= 0.7R,.C,, ( ) { ]
Transistor 3T Detay ALy
Channel Length oL Tose g )' 0.7R,C; [ I )
Tolerance & o
Gate Oxide 37T pta v
Thickness 6?.,: ? Tesk (’ox )=0.7R, €y ( :‘:{ )
Tolerance
1R Drop T perey N (av 0
T, F =-1L.7R, C .
e | oo )-ormucy M0 ) (0
Non-uniform 3T pesay AC,
Repister ac, Tesk (€L )= 07R, €, - (?]
Distribution
Temperature T petey E, / 7+ Vr AT
Gradient aT Tesk (M~ 0.7R, C [_VI)B_I) . (_T__)
Internal Clock -
- F.rx D
Skew Tes Gnt ernat )= 0,40 c 0 ) SRt i

Figure 5.17.  Clock skew components

oVr _ Eglq+Vr

ar = T
where E, /g = 1.12 V is the energy gap of Si in volts and T is the temperature
in degrees Kelvin. Equation (42) along with the results of (43) and (45) give

E,/q+ Vp AT
T = (0. . A - L LA I Bl .
csk (T) = 0.7R. - C, (VDD—VT) ( T ) (5.46)

(5.45)
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An Example of a Design in 0.18um Technology.  To illustrate the clock
skew model, a design example for 0.18 um technology has been studied using
the design parameters [16] illustrated in Figure 5.18. The H-tree clock dis-
tribution is assumed to be routed by the fourth metal level shielded with the
third and fifth metal levels, as depicted in Figure 5.18. This wiring structure
ensures minimal inductive effect. Equation (5.35) is therefore valid for inter-
connect propagation delay with ri,cint = 115 psfcm?, assuming that Cu/SiO;
materials are used in the wiring network. In this example, the total number of
clocked registers is set to 20,000. With an input register capacitance of 5 fF,
the total capacitance of each subblock, on average, is computed as Cy, = 6.25
pE. A driver with R,, = 12.081 output resistance is selected to ensure fast rise
time for the total subblock loading capacitance. Using the expressions of Fig-
ure 5.17, the complete set of clock skew components is evaluated, as shown in
Figure 5.19. In this table, the second column is expressed as the sensitivity of
clock skew in picoseconds per 1% for the given parameters. The third column
contains percentage of variations, which are technology and design dependent.

Parameters Values Vip Plane
5| Ler 0.18 [um]
2]
SEL I 032 [V] 1urr¢
£ 5| Voo I8 [V]
N1 PintCint 115 [psfem?] Clock ¢ pm
Ry 12.0 [Q]
s t
gog CL 6.25 [pF] 1“’“¢
X ] D 20 [em]
S
i 1 6ND Plane

Figure 5.18.  Process and design parameters as well as clock distribution wiring structure

The tolerances of interconnect and ILD thickness are roughly 3% for a well-
controlled CMP process described in [17]. Statistical modeling in {16] ex-
tracted from the measurement data of 0.18 um technology shows that the fluc-
tuations of threshold voltage, MOS effective channel length, and gate oxide
thickness are about 5%, 5%, and 1.2%, respectively. The tolerance of supply
voltage is usually limited to 10% of total supply voltage [21]. Moreover, the
thermal image of the Alpha microprocessor in [21] shows a 30°C temperature
gradient over the entire chip, which gives a temperature variation of about 8%.
The variations of loading capacitance of clock drivers highly depend on the
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Parameters | Clock Skew %%o0f Clock Skew

Coeff. [ps/1%] | Variations | Comp. [ps]
Tup 1.04 3% 3.12
Hne 1.04 3% 312
Ve 0.11 5% 0.55
Ly 0.53 5% 2.65
tox 0.53 1.2% 0.64
Voo 0.64 10% 6.40
C 0.53 20% 10.6
T 0.51 8% 4.08
Internal Cleck Skew [ps] 61.7
Total Clock Skew [ps] 92.9

Figure 5.19.  Clock skew components for a design in 0.18 gm technology assuming n=4

uniformity of architecture. A specific investigation of a microprocessor design
shows that about 20% variation exists on the subblock loading capacitance
(22].

The clock skew components are evaluated based on the number of variations
in the third column of Figure 5.19. Figure 5.20 illustrates a graphical view of
clock skew components. A skew of 10.6 ps is created just by clock driver
load mismatch . Also, IR-drop, temperature gradient, interconnect and ILD
thickness variations, and MOS channel length tolerance create 6.4 ps, 4.08 ps,
3.12 ps, and 2.65 ps, respectively.

Utilizing the closed-form and compact clock skew model given by (5.41)
and assuming that the clock skew is limited to 10% of clock period, the maxi-
mum clock frequency versus the number of H-tree levels is illustrated in Figure
5.21. As shown in the plot, the global clock frequency of an on-chip clock dis-
tribution network with a lower number of H-tree levels is limited by internal
clock skew. This is because of the fact that fewer number of H-tree levels re-
suits in a larger subblock size and therefore more intemal clock skew. On the
other hand, as the number of H-tree levels increases, the clock frequency in-
creases and finally saturates to a value that is limited by the process variations.
As shown in Figure 5.21, for the example of Figure 5.18, the maximum achiev-
able global clock frequency limited by process variations, in this example, is
limited to about 2.8 GHz.
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61.7
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6.40
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5.20 | 5.20 265
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nn wif

Process and System Parameters

Fignre 5.20. Clock skew components for a design in (.18 um technology assuming n = 4

53.2 Clock Signal Degradation

In a high-frequency clock distribution design, the interconnect bandwidth is
often a more serious problem than interconnect delay. Figure 5.22 illustrates
the importance of interconnect bandwidth in the clock distribution network
design. In Figure 5.22(a), the delay is considered a simple propagation. How-
ever, as shown in Figure 5.22(b), thinking of delay as a stmple propagation
is not correct. In reality, the input signal is degraded as it passes through the
interconnect. In the example shown in Figure 5.22, the output signal level is
only 24% of the input signal level. This phenomenon s due to the fact that the
interconnect has a limited bandwidth.

To compensate for the interconnect bandwidth, it is necessary to place ac-
tive repeaters within the interconnect. However, utilizing active repeaters in
the global clock distribution network introduces more clock skew because of
the device parameter variations. Therefore, interconnect bandwidth is often a
limiting factor for global clock distribution network design.

As described in Section 2.2, the resistance and capacitance of on-chip wires
create a limit on the maximum wire length for a given frequency because of
the interconnect bandwidth. Therefore, the global clock distribution network
has a limited bandwidth that can be determined by

1

2m (rintcint) 12 (547)

fo3aB =
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10GHz — r
Limited by
process variations
a ----Il..llﬁllll
c
o
>
U L]
E 1GHz | ]
§ Assuming Tog= 10% T
O
Limited by
sub-block size

100MHz P S
f 2 3 4 5 6 7 8 9 10
Number of H tree levels, n

Figure 5.21. Skew-limited clock frequency versus the number of H-tree levels using equation
(5.41} and the example of Figure 5.18

where ry,; and c;;;; are the distributed resistance and capacitance per unit
length of the global clock interconnect network and ! is the length of the line.
In this analysis, a lumped RC model approximation is used to simplify the
optimal design of the maximum clock frequency described in Section 2.2.1.
Using the expression for the length of the H-tree versus die size, D, and the
number of H-tree levels, n, defined in [18], then (5.47) becomes

1
fo3ap = 5 (5.48)
27 (TiptCing) - D? (1 - )

gn /2

To illustrate the bandwidth limit of global clock distribution networks, a
plot of the bandwidth-limited clock frequency versus number of H-tree levels
is shown in Figure 5.23. As the number of H-tree levels increases, the global
clock distribution becomes longer and therefore the bandwidth of the global
clock distribution is diminished. Consequently, the maximum allowable global
clock frequency will be decreased, as illustrated in Figure 5.23.
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(a) Interconnect delay consideration
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Figure 5.22.  Interconnect delay versus bandwidth consideration
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Figure 5.23. Bandwidth-limited clock frequency versus the number of H-tree Jevels
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53.3 Clock Power Dissipation Model

The total power dissipation of a clock distribution network is divided into
three parts associated with: i) clock wiring capacitance, ii) clock driver capac-
itance, and iii) clock loading capacitance. The simplified expression for clock
power dissipation is

Putoer ™ fVip (E} S Wieas D (2% + VNer) + 2" Chriver + NFFCFF)

“ (5.49)
where Wi,y is the width of the last branch of the H-tree, n is the number of
branch levels of the H-tree, Cp.iver is the clock driver input capacitance, Np g
is the number of clocked registers (or Flip-Flops}, and Crg is the input ca-
pacitance of a clocked register. In this expression, the first term,(e, - &,/ Tpz) -
WieasD - (2! + /Npp), is the total wiring capacitance of the global clock
distribution and clock wiring within the subblocks; the second term, 2" Cpriyer,
is the total capacitance of the clock drivers; and the third term, NpgCrg, is
the total clock loading capacitance. Figure 5.24 illustrates an example of the
clock distribution power dissipation versus the number of H-tree levels, As
depicted in Figure 5.24, the power dissipation of clock distribution networks
increases as the number of H-tree levels increases.

20
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Figure 5.24. Clock power dissipation versus the number of H-tree levels
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534 Optimum Clock Distribution Design

It is shown in the example of Section 5.3.1 that from the clock skew point of
view, as the number of H-tree levels increases, the clock frequency increases
and finally saturates to a value that is limited by the process variations. On the
other hand, it is shown in the example of Section 5.3.2 that from the wiring
bandwidth point of view, as the number of H-tree levels increases, the giobal
clock distribution becomes longer and, consequently, the maximum allowabie
global clock frequency will be decreased. Therefore, there must be an optimum
number of H-tree levels that gives the maximum achievable on-chip global
clock frequency. Figure 5.21 and 5.23 are combined here to optimally design
the global clock distribution network as described below.

Assume that an optimal clock distribution network is required for a design
specified in Figure 5.18 with the variations given in Figure 5.19. Also, assum-
ing that clock skew s 10% of clock cycle time, the clock frequency can be
computed from f, = 0.1/Teogx, where Tosy is given in (5.41). Using the
data of a typical 0.18 pm CMOS technology given in Figure 5.18 and 5.19,
a plot of clock frequency versus number of H-tree levels for the clock skew
criterion is depicted in Figure 5.25. Likewise, using (5.48), the clock signal
degradation criterion is represented in the same graph. Then, the optimum
number of H-tree levels, n = 4, and the maximum achievable clock frequency,
fc = 610 MHz, is given by the intersection of the two curves in Figure 5.25. To
have a symmetric clock distribution network, only the even number of H-tree
levels is allowable.

Figure 5.25 also shows that the uitimate clock frequency is limited by pro-
cess and design variations. This ultimate clock frequency can be achieved by
reducing the interconnect attenuation, for instance through utilizing a low loss
wires such as off-chip wiring network for global clock distribution. Note that
the most binding limit for clock distribution network in today’s technology is
the signal bandwidth limit because for the range of 4 < n < 6, which is being
used presently, the clock frequency is limited by the signal degradation limit
as depicted in Figure 5.25. Therefore, only the bandwidth limit will be used in
Section 5 to identify the limits for global clock distribution network.

54 Global Power Distribution Modeling

Design of an optimum on-chip power distribution for high-performance
chips is a challenging problem. Reliable power distribution includes con-
sideration of IR-drop, simultaneous switching noise (SSN), and electromigra-
tion issue or chip lifetime. Moreover, the additional conflicting constraint is
the minimizing the area dedicated to power routing. The problem faced by
power distribution designers continuously increases in compiexity because of
a combination of factors: increasing design size, increasing chip current drain,
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Figure 5.25. Design plane for clock distribution networks using (48} for the bandwidth limit
and (41) for skew limit

shrinking supply voltage, and shrinking line widths. Therefore, it is imperative
to gain a thorough understanding of the requirements for power distribution
networks of present and projected gigascale integration systems.

Some early works on on-chip power distribution networks [23]-[24] con-
sider only the IR-drop constraint for the design. However, as technology im-
proves, the faster rise time requires more serious consideration for SSN in an
on-chip power distribution network [25]. In this section, a methodology is pre-
sented to design an optimum power distribution network considering IR-drop,
SSN, and the area dedicated to power distribution.

54.1 Modeling of On-Chip IR-Drop

In this section, an analytical model for on-chip IR-drop in a mesh structure
power distribution network is derived. The model is first derived for a pe-
ripheral wire-bond system, and is then modified for chips with an area-array-
bonding pad.

IR-drop in Peripheral Wire-Bond System. To simplify the model for
IR-drop, it is assumed that the on-chip power distribution is a mesh network
connected to an equipotential outer ring. This assumption is satisfied if enough
pads and pins are assigned for chip power and ground. Also, it is assumed that
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the power dissipation is uniform along the chip. This means that the current
at every grid point of the mesh network is equal, as illustrated in Figure 5.26.
The worst case of IR-drop, as shown in Figure 5.26, is the voltage drop from
the center of the chip to the equipotential outer ring periphery.

-
= S
(= -
-
Wi g o
N N2 S
= J= nxn grid points
vILE)! |
= | = | = ot
g nZ

Figure 5.26. Peripheral wire-bond system with uniform power density in a mesh network

To find the potential of the center of the chip, assume that there is a square-
shaped boundary cutting the grids of the mesh network at the center of the chip,
as shown in Figure 5.27. In Figure 5.27, there are 3 x 3 = 9 nodes of the grids
inside the cutting boundary that provide the current to the system. Assuming
that every node supplies a current of I, to the system, the total current needed
within the cutting boundary is 97,. Likewise, 4 x 3 = 12 grids (resistors) are
intersected by the cutting boundary. Assuming that the current density on the
chip is uniform, the current that passes through every sliced resistor or branch
is 91,/12. Similarly, the current of the sliced resistor from the center of the
chip to the boundary is determined by examining different sizes of the cutting
boundary, as shown in Figure 5.27.

Summing the voltage of the resistors from the center of the chip to the
equipotential outer ring, using data of Figure 5.27, gives the overall IR-drop as

AVDD=%n-r+{f(n—2)-r+%(n—4)-r+---+%-r {5.50)
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Figure 5.27. Calculation of the mesh current using cutting boundary method

where AVpp is the worst case of IR-drop in an n x n grid network, I, is the
current of a grid point, and r is the resistance of a segment of the grid. Using
series theory [26], (5.50) can be simplified as

Ipor {(n+1)*

I .
AVDD=——%[n+(n—2)+(n—4)+...+1]:

4 4
(5.5D
Substituting I, with Iiot /n? gives
Lot - 1\?
AVpp = ot " (” + ) (5.52)
16 n
Assuming that the number of grid points, n, is very large (i.e., n > 10),
}

AVpp = ‘—";6—71 (5.53)

Equation (5.53) shows that the equivalent resistance of 4 mesh network is about
r/16, where r is the resistance of a segment of the grid. Now, to relate the IR-
drop to the physical characteristics of the power distribution network, a new
variable - percentage of metal coverage - is defined by considering the mesh
construction, as shown in Figure 5.28.

The percentage of metal coverage, by definition, is the ratio of power distri-
bution metal area to the chip area, which is

%Cov = APouer. (5.54)
Achip

Assuming that the length of each mesh segment is m squares, as shown in
Figure 5.28, and considering the mesh element, shown by the hash lines, the

Ex. 2012-039



192 INTERCONNECT TECHNOLOGY AND DESIGN FOR ST

pah wes s

hewodn

II_.‘_I.

Para

ruiu1 -

Figure 5.28. A cutting boundary at the center of the mesh network

total area of the mesh element is m x m = m?2. Likewise, the metal area inside
the mesh element is the total mesh element area, 7 X m = m2, minus the clear
area inside the mesh element, m? — (m - 1)2 = 2m — 1, Therefore, (5.54) can
be rewritten as

2m -1
%Cov = —; (5.55)
T
The value of m, the number of squares in each segment, is given by
T
M o= — 5.56
7. (5.56)

where R; is the metal sheet resistance, R, = p,,/H, py, is the metal resistivity,
H is the metal thickness, and r is the resistance of the segment. The value of r
is determined from the IR-drop requirement, (5.53), as

16AV) 16AV;
r— DD _ DD (5.57)
Lot Pt /Vpp
where P, is the total chip power dissipation and Vpp is the supply voltage.
Defining a new variable &, normalized IR-drop, as

6 =AVpn/Vpp
and replacing in (5.57} gives

2
p = 168V5p (5.58)
Ptot

Substituting (5.58) in (5.56) and considering that
s = Pw/H
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gives
166V3, H
m = _ﬁﬁ_ (5.59)
Ptntpw

Expressions (5.59) and (5.55) relate the IR-drop requirement to the on-chip
power distribution area in a peripheral wire-bond system as

%Cov = Z—Tn%{—l
_ 186V ;H (5.60)
P Piotpuw

where the subscript p in m,, stands for peripheral wire-bond system. For in-
stance, assuming that P, = 50W, Vpp = 1.8V, p, = 1.72ufd-cm for
copper, H = 2um, and § = 5%, the required area for the power distribution
network satisfying the IR-drop requirement will be % Cov=30.4%. Likewise,
there is a need to have 30.4% of metal area for the ground distribution net-
work to fulfill the requirements for 5% ground rise. Note that in the case of
myp > 1, and from (5.60), the area of the power distribution network can be
approximated by

Piorpw
Apower = é}'%{;_ﬁ ' AC‘hz’p (561)

Likewise, the same expression is valid for the required area for the ground
distribution network.

IR-Drop in Area-Array-Bonding Pads.  The modeling of IR-drop in the
area-array-bonding technology is similar to that of the peripheral bonding pad
system. Figure 5.29 illustrates the pad placements of both technologies.

To derive the model for IR-drop in an area-array-bonding pad system, as-
sume that there is a pad at the center of the cuiting boundary shown in Figure
5.27. If the total number of pads associaied to the power distribution network
is mpeq. then the equivalent current delivered by every pad in the area-array-
bonding system is equal to the total current, Iy, divided by the number of
pads, np.4. Therefore, from Figure 5.27 and expression (5.53), the value of
IR-drop in area-array-bonding pads, AVpp, is given by

Tior 7

AVpp = (5.62)

where 1,04 is the number of pads in the area-array-bonding system. Utiliz-
ing (5.62) instead of (5.53) in the derivation of IR-drop for a peripheral wire-
bonding system leads to

_ 160V2 ) Hnpa (3.63)
- Ptotﬂw

{ %Covzg—“;l:{—l

Mg
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Figure 5.29. Power-supply distribution models

where the subscript a in m, stands for area-array-bonding system. Note that
in the case of m, >> 1, and from (5.63), the area of the power distribution
network can be computed by

P w

Apower = 85V§j§npad . AChip- (5.64)
Based on the IR-drop models in peripheral wire-bond and area-array-bonding
systems, (5.60) and (5.63), respectively, the normalized power distribution
wiring areas to chip area versus total chip power dissipation are depicted in Fig-
ure 5.30. As shown in Figure 5.30, the power-supply wiring area reduces sig-
nificantly by using area-array-bonding pads instead of peripheral wire bonds.
In this example, in a peripheral wire-bond system, a complete solid plane is re-
quired to provide the maximum possible power dissipation of 45 W. However,
by using area-array-bonding pads with 50 pads, for instance, only 10% of the
chip area will be consumed by the power distribution network.

IR-drop in Nonuniform Systems (Nonuniform Current Density).  The
power density is often highly nonuniform in a high-performance system-on-a-
chip. Therefore, the modeis for IR-drop assuming uniform power dissipation
are not accurate. Unlike the case of uniform power dissipation, in a hetero-
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Figure 5.30. Normalized power distribution area versus total chip power

gencous system, generally, the value and location of the maximum IR-drop
depend on the way of placement, power dissipation, and the area of megacells.

Although calculation of IR-drop in a peripheral wire-bond system requires
a numerical simulation, a closed-form model for IR-drop in a heterogeneous
system can be found for area-array-bonding system. From (5.62} and assuming
that the system in Figure 5.31 is a uniform system with the average power
dissipation, the value of the IR-drop is given by

P, T
AVpplay = 122 (1) .
Dchth Pchip 16Vop (5.65)

where AVpp| chip is the value of the IR-drop, assuming uniform power den-
sity, Popqp is the total chip power dissipation, and n.p;, is the total number
of area-array-bonding pads. Now, assuming a localized IR-drop profile in the
non-uniform system shown in Figure 5.31, the highest power density block
can be modeled as an independent block with its own area-array-bonding pads.
Therefore, considering that the block has the highest power density, then from
(5.62), the vatue of the worst case of the IR-drop will be given by

Pb!ock r
AV, = _— .
D0 btock Mblock (IGVDD) (5.66)

where AVpplyoce 1S the value of the heterogeneous IR-drop, FPycx is the
block power, and mp,x i the number of area-array-bonding pads over the
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Figure 5.31. A high-power density block in & nonuniform system can be modeled as an inde-
pendent block with its own area-array-bonding pads

block. Comparing (5.65) with (5.60) gives

AVDDlyock _ Potock  Mechip (5.67)

AVpplay  Perip Mblock

Assuming that the area-array-bonding pads are uniformly distributed on the
chip, then the following relationship is valid:

Rehip Achip (5.68)

Tplock  Ablock

where Acp;p is the total chip area and Apoex is the block area. Substituting
(5.68) into (5.67) leads to

AVpplyo = k- AV |.—@-AV | (5.69)
DDlplock = DD|ehip = (h&) DD -

Ac-‘u'.p

chip

where k, defined as the heterogeneity factor, is the ratio of the maximum to
average power density in a non-uniform system. The heterogeneity factor,
k, shows the level of nonuniformity in a heterogeneous system, as defined in
(5.69}). In high performance microprocessors, often the main clock driver has
the maximum power density. For instance, in the example of Alpha processor
21164 |21] the ratio of clock driver, which has the maximum power density, to
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the average power density is about 10. Therefore, in this case, the actual valne
of the IR-drop, considering a heterogeneous system, is 10 times more than the
value of the IR-drop, considering a uniform power density.

5.4.2 Modeling of Electromigration

Electromigration is also an essential limit on power-supply distribution net-
works. In power distribution networks, the power-supply pads carry the whole
current to the entire chip and the size of the power-supply pad stub is limited
by the supply pad size. Moreover, the width of the metals for an on-chip power
distribution network can be designed wide enough to reduce the current density
in the mesh. Therefore, the maximum current density is usually in the power
or ground pad stubs.

{a) Area. array bonding padx (8} Perighe ral wire bending pada

Figure 5.32. Pad placement for (a) arca-array-bonding pads and (b) peripheral wire-bonding
pads

Like IR-drop modeling, electromigration modeling will be discussed in this
section for both a peripheral wire-bond system and area-array-bonding pads.

Electromigration in a Peripheral Wire-Bond System. Figure 5.32(b}
illustrates a structure of a power-supply pad in a peripheral wire-bond system.
From the limit on the maximum current density and Figure 5.32(b), the max-
imum current that can be supplied by every power pad, Iysq,, is determined
by

Intar = Intaz (Wp - tp) (5.70)

where W, and ¢, are the width and thickness of the pad stub, respectively, and
Jasaz 15 the maximum current density of the metal limited by electromigration
[23]. Using (5.70) and assuming that P, is the total chip power dissipation
and Vpp is the supply voltage, then in order to have a reliable power distribu-
tion network, the number of required power-supply and ground pads, npg, is
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given by
2-Ptat

= 571
WptpJryaz Voo 7D

npg

For instance, assuming that Py = 90 W, Vpp = 18 V, W, = 50 um,
tp = 1 pm, and from the electomigration limit of Aluminum, J,q; = 1 mA/-
pm? [27], then the required number of power-supply/ground pads will be 2000
(ie., 1000 for power and 1000 for ground). Note that using copper technology
can significantly improve the electromigration limit on the power distribution
networks and therefore can reduce the minimum number of power-supply pads
limited by electromigration [27].
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Figure 5.33.  Minimum required number of pads based on electromigration limit versus total
chip current

Electromigration in Area-Array-Bonding Systems. The modeling of
electromigration in area-array-bonding technology is similar to that of a pe-
ripheral bonding pad system. Figure 5.32(a) iilustrates the pad placements of
both technologies. As shown, when the power-supply pads are placed at the
periphery of the chip, the only path for the current to enter the chip is through
one side of the pad that is toward the chip. In the area-ammay-bonding pad,
however, the current passes through all four sides of the pad. Therefore, the
electromigration limit for the number of power and ground pads is simply four
times better than that of a peripheral wire-bond system, i.c., in this case, (5.71)
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can be rewritten as
Pior/2

WetpJmez VoD
Based on electromigration modeling in power distribution networks, the mini-
mum required number of power-supply pads from (5.71) and (5.72) 1s depicted
in Figure 5.33. In this figure, it is assumed that W, = 50 ym, #, = 1 um, and
from the electomigration limit of AlCu alloy, Jye = 10 mA/um? [27). As
seen in Figure 5.33, for the case of this study, using area-array-bonding pads
requires four times fewer pads for a power-supply distribution network than
using a peripheral wire-bond system.

54.3 Modeling of On-Chip Simultaneous Switching Noise

Simultaneous switching noise (SSN) is already a critical issue for on-board
and on-package power distribution designs [28]. Likewise, the importance of
SSN for the global on-chip power distribution networks for future generations
of technology has been reported in [29]. The power-supply switching noise is
often modeled as di

Vssn = Leffé (5.73)
where L.; is the effective inductance of the power-supply distribution net-
work and di/dt is the peak derivative of switching current. In the conventional
wire-bonding technology, L.ss is often approximated by the wire-bond in-
ductance. As technology improves, the peak switching current increases and
the signal rise time decreases, both resulting in an increase in the di/df ratio.
Moreover, because of the supply voltage scaling of future generations of tech-
nology, the value of SSN will be a large percentage of supply voltage if the
power distribution network is not carefully designed.

Advanced electronic packaging with an area array of solder bumps instead
of peripheral wire bonds and solder balls instead of peripheral leads is required
to manage the SSN problem in future high-performance chips. Therefore, a
simple and generic model for estimation of on-chip SSN in conventional and
advanced bonding technologies is imperative for the designs of future genera-
tions of technology.

Simultaneous Switching Noise in Peripheral Wire-Bond Systems.  The
main source of SSN in conventional wire-bonding technology is the inductance
of the wire bonds, as shown in Figure 5.34 [24]. Here, it is assumed that the
supply voltage at the pin (V1) is clean, as is shown [24]. The on-chip supply
voltage (V2), however, is noisy as a result of the switching current drawn by
the drivers. The on-chip noise voltage can be siraply estimated by

di

Vesy =N Lpa (5.74)
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where L, is the effective inductance of the power-supply network, N is the

Fa

Figure 5.34.  Equivalent circuit of a conventional wire-bond system

number of drivers switching simultaneously, and di/dt is the peak derivative of
switching current per driver. In conventional wire-bond technology, the value
of SSN can be controlled by the following methods:

Decoupling Capacitors — On-chip decoupling capacitors reduce the peak
current demand on the power distribution network. The models for on-
chip decoupling capacitors include both the built-in (intrinsic) capacitors
such as the n-well capacitor and the circuit capacitor, and the add-on ca-
pacitors such as the thin oxide capacitor and trench capacitor. Often,
in high-performance chips, the intrinsic decoupling capacitance is not
enough. In this case, a large on- chip area may be needed for the addi-
tional decoupling capacitor {30].

Number of Power/Ground Pins — As the number of power/ground pins
in the wire-bond technology increases, the effective inductance decreases.
However, it is important to note that there exists a limit of the num-
ber of power/ground pins beyond which the effective inductance value
is clamped and will not decrease with an increase in the number of
power/ground pins any further. In the plastic quad flat pack (PQFP)
packages, for instance, it has been reported [31] that the effective induc-
tance of a pin is about 10 nH. It is also shown in [31] that the saturated
value for the effective inductance of PQFP packages is about 0.15 nH
for power/ground pin pairs in excess of 20.

Architectural Solutions — The value of SSN can be managed by a care-
ful design of architecture. As presented in [32], the value of SSN can be
reduced by controlling the time of transition from "sleep mode” to "ac-
tive mode” of logic blocks. A detailed description of this method has
been shown in [32].
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Because of severe IR-drop and switching noise problems, it has been shown
that conventional wire-bonding technology, which constrains the power pads
to be located at the chip periphery, is not a scalable concept for deep sub-
micron technology [24]. On the other hand, utilizing area-array-bonding pads,
such as flip-chip technology, chip-scale packaging (CSP), and sea of leads [33]
(SoL) can almost eliminate the parasitic inductance of the input/output leads.
Moreover, it allows for the power pads to be distributed anywhere on the chip
using solder bumps. In the next section, a new analytical model for SSN in the
area-array-bonding pad technology is derived.

Simultaneous Switching Noise in Area-Array-Bonding Systems. In
today’s technology, electronic packaging has progressed to packages that have
power and ground planes. Wire bonds have been replaced by solder bumps and
peripheral Ieads have been replaced by solder balls. The new structures may
have less than 1/100 of the parasitic inductance of the conventional wire-bond
electronic packages [28].

Therefore, the major issue with modern on-chip SSN is managing the re-
turn current that occurs in the on-chip power distribution network. As shown
in Figure 5.35(a), when N drivers switch simultaneously, the return current,
i(t), that comes out of the driver to the load capacitor should return through
the power distribution network. Since the return path has some parasitic in-
ductance and resistance, a noise voltage, V045, will be created on the receiver
ground line. Similarly, the same process may happen on the power line.

Assumptions. To derive an analytical model for the switching noise volt-
age, it is assumed that the parasitic inductance of the solder bumps is negligi-
ble. To support this assumption, one can eliminate the effect of the parasitic
inductance of the solder bumps by using proper on-chip decoupling capaci-
tors placed under every power-supply solder bump [28]. Also, to simplify the
analysis, the power-supply return path is modeled by a lumped RL circuit, as
shown in Figure 5.35(b).

Derivation, In Figure 5.35(b), if the signal risc time at the load side is ¢,,
the voltage at the load capacitor can be written as

Vy(t) = Viyg(1 — e7t/ir) (5.75)
Then, the return current is

: dv,(t NCVy _
i(t) = NGy dt() Z“-———; dd o —t/te

(5.76)

where () is the total wire and load capacitance per driver and /N is the number
of drivers that switch simultaneously. In this analysis, instead of the driver
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Figure 5.35.  Simultaneous switching noise resuiting from a nonideal return path and a simpli-
fied lumped model for derivation of SSN

G S

N=3

Figure 5.36. Interconnect architecture for simulaneous switching noise analysis

resistance, the value of rise time is considered as a known parameter since
often the value of the driver resistance is set such that the desired rise time
is achieved. Assuming that the value of noise voltage, Vigise. is the sum of
resistance and self- and mutual inductance noises, then

. di(t di(t
Vioisel) = 1Ril0)] + |y )+ |1 210
% (Bp + % + ?) e tt (5.77)

where K, and Ly, are the resistauce, self-inductance of the power distribution
network and Afp; is the mutual-inductance between the signal interconnects
and the power network. The peak value of noise in (5.77) happens at ¢ = (0.
Considering the interconnect architecture shown in Figure 5.36, and assuming
that s = w, the normalized peak value of SSN versus interconnect physical
dimensions is given by

- N/2

Vioi NC |p- ¢ 1 2
%SSN = 222 —|L =3 M 5.78
) Vo i | Hu, + . self T N E i (5.78)

It is shown in Chapter 3 and [34] that assuming £ >> w, wy, H, the closed-form
expressions for self- and mutual inductance of the interconnect architecture
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shown in Figure 5.36 are given by

b 27 1]

Lot = 97 [Lﬂ (wp " H) + 2“ (5.79)
UYL P G

My = [Ln ((23'—1)1”) 1_ (5.80)

where w, wp, and H are the signal line width, power line width, and the inter-
connect thickness, respectively, and 2£ is the average distance between the two
points with clean supply voltages. In our analysis, 2¢ is the power-supply pad
pitch.
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Figure 5.37. Simultaneous switching noise versus signal rise time

Figure 5.37 illustrates the plot of simultaneous switching noise versus signal
rise time by using (5.78). As shown in Figure 5.37, the faster rise time results
in more SSN. It is also shown that to reduce SSN, one can widen the power
and ground lines. However, there exists a limit of the width of the power and
ground lines beyond which SSN will not decrease with widening of power and
ground lines any further. Figure 5.37 shows that the value of SSN is reduced
by selecting w, = 5w. However, SSN does not change noticeably when w, =
10w is selected instead of w, = bw.
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5.4.4 Optimum On-Chip Power Distribution Network

It was shown in previous sections that because of severe IR-drop and switch-
ing noise problems, conventional wire-bonding technology is not a scalable
concept for deep submicron technology [24]. Therefore, the use of area-array-
bonding pads, such as flip-chip technology, chip-scale packaging (CSP), and
sea of leads [35] (SoL) for future gigascale integration (GSI) systems is un-
avoidable. Since GSI systems require an area-array-bonding pad technology,
all the models used in this section are for area-array-bonding pad technology.

An optimal design for the power distribution network is the one that satisfies
both requirements of IR-drop and simultaneous switching noise with the min-
imum power-supply area. It has been shown in Section 5.4.1 that the area of
power distribution network, Apgyer, in @ heterogeneous system is a function
of the chip IR-drop reguirement given by

k-p.".ot Pu

L S Yy 5.81
88VEpHnpeg P (>.81)

APower ~

where Py, is the total chip power dissipation, np.q 35 the number of power-
supply pads, 4 is the normalized maximum allowable IR-drop, H is metal
thickness, p,, is metal resistivity, Acpgp is the total chip area, Vpp is the
power-supply voltage, and £ is the heterogeneity factor defined in (5.69). Equa-
tion (5.81) shows that the area dedicated to the power distribution network is
proportional to the chip power dissipation and inversely proportional to the
square of supply voltage. It also shows that the lower IR-drop requires a larger
area dedicated to the power distribution network. Note that the same expres-
sion can be used for the area of the ground distribution network.

Although the on-chip power distribution area can be determined from the
IR-drop requirement, as given in (5.81), no further information such as power
line width and number of power line grids can be estimated from (5.81). To
design and optimize the on-chip power distribution network, it is necessary to
consider the SSN requirement, as well. From the analytical model presented
in Section 5.4.3, it has been shown that the value of SSN is given by (5.78).
Making the substitution of (5.79) and (5.80) into (5.78) and simplifying gives
the final expression for SSN, which is

WSSN = Lnsie (5.82)
Vad
. 2 2f 1
_ NG | p-t +l'u‘" ¢ Ln (w,,+11 _ENJ_I
tr | Hwp ¢ 27 | +Ln (_ﬁ__) ~ 2In F(\/;g; )) ’
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where I'{z) is gamma function defined as
o0
I'(z) = /tm"']e_tdt (5.83)
0

Instead of the summation in (5.78), the gamma function, I'{x), is used here to
make the model continuous as a function of N. A new relationship between
the power distribution area and power line width is required to relate the two
models of IR-drop, (5.81)}, and SSN, (5.82). Figure 5.36 helps to relate the two
models, as

Apower _ ulp +w ‘ (5.84)
Acfu;p 2Nw + (] + w
Substituting (5.81) into (5.84) gives
Wy + W . kPiotpw (5.85)

2Nw +wp+w  85V3, Hnpaq
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Figure 5.38.  Design parameters for the design plane shown in Figure 5.39

Utilizing (5.82) and (5.85) in a single plot, as shown in Figure 5.39, an
optimum design for a power distribution network can be found. The design
parameters for Figure 5.39 are summarized in Figure 5.38.

As depicted in Figure 5.39, the design region is the shaded area under the
two curves, The region in which /¥ < 1 is a forbidden region since at least one
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signal line must be routable hetween the power lines. Likewise, the region in
which wy/w < 1 is forbidden since the power line width cannot be less than
the minimum signal line width.

10
IR-Drop Limit
8
6
N
al Design Region
Design Poirit B
21 Design Point ¢
%5 2 4 6 8 10
Wy

Figure 5.39.  Design plane for optimum on-chip power distribution networks, IR-drop in (5.85)
and SSNin (5.82)

There are three interesting design points, A, B, and €, in the design plane
of Figure 5.39 that can be used as optimum points. Design point A con-
sists of a design in which there are six signal lines with w in width between
power/ground lines with w, = 4w in width. This design point satisfies both
IR-drop and SSN requirements with minimum power distribution area. Design
point B, on the other hand, consists of a design in which there are two sig-
nal lines with w in width between power/ground lines with w, = w in width.
This design point satisfies IR-drop with minimum power distribution area. Al-
though this design point provides a better SSN feature, as illustrated in Figure
5.39, it requires more routing efforts since for every two signal lines a power
line has to be routed. All other points in the shaded area (design region) satisfy
the requirements for IR-drop and SSN; however, they consume more area ded-
icated to power distribution network. For instance, design point C' consists of
a design in which every signal line is sandwiched between power/ground lines
with minimum width, wy, = w. As shown in Figure 5.39, this design consumes
more area dedicated to power distribution network.
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5.5 An Integrated Architecture for Global Interconnects

In this section, utilizing the new set of models for the global signal, clock,
and power distribution networks, an integrated architecture for the global in-
terconnects is defined. The integrated architecture for global interconnects in a
GSoC is based on the models for wiring resource demand, wiring noise limit,
and wiring bandwidth requirement, as briefly described below.

Wiring Resource Requirement — The required area for global wiring
networks is often limited by the GSoC area. Using the models for wiring
requirements of signal, clock, and power-supply distribution networks,
a limit on the global interconnect physical dimensions is defined.

Wiring Bandwidth Requirement - Since clock is the fastest signal in
a GSoC, it requires a high-bandwidth interconnect so that the rise time is
preserved when the clock signal passes through the interconnect. There-
fore, the bandwidth of global clock distribution often defines the speed
limit of the interconnect architecture.

Wiring Noise Limit — Interconnect coupling noise or crosstalk is often
a major concern for global wires. Unlike the interconnect bandwidth,
the peak crosstalk noise prediction usually needs an accurate distributed
RLC approach.

5.5.1 Wiring Resource Requirement

Figure 5.40 illustrates the wiring breakdown for two different cases: 1) a
low-power design and 2) a high-performance chip. In this figure, the area
for the clock distribution network is always negligible (about 1%). The area
for the power distribution network depends on the power dissipation of the
chip. In a high-performance design, about 32% of the chip area is dedicated to
power distribution, whereas in a low-power design, only 7% of the chip area
is dedicated to power distribution. The rest of the chip area is used for signal
wires. However, depending on the routing efficiency and via blockage, only a
part of the chip area will be used by signal interconnects, as shown in Figure
5.40.

As shown in Figure 5.40, the wiring requirement for signal, power, and
clock is highly design dependent. Therefore, accurate models for winng re-
quirements of signal, clock, and power-supply networks are required to define
a limit on the global interconnect physical dimensions. The total required area
for the wiring networks is often limited by the SoC area, Ag,¢r,

ASignat + AClock + APower < ASoC (5.86)

where Agignal, Aciock, and Apoyer are the area of signal, clock, and power-
supply networks, respectively.
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Power supply
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38%
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22%
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High Performance Design Low Power Design

Figure 5.40. Wiring area breakdown in a low-power design and a high-performance chip

The required area for a signal wiring network, by definition, is given by
(w + s )ng
r
where Ly, is the total global wire length for signal interconnects, n, is the
router efficiency, and w and s are the width and spacing of signal lines, as
shown in Figure 5.41, respectively. The global signal wiring requirements can
be estimated by utilizing the stochastic net-length distribution model for global

interconnects in a heterogeneous SoC described in Section 5.2.1. It was shown
in Section 5.2.1 that the total global wire length, Ly, is estimated from

ASignal = (5.87)

Nom
Ltot = ), Nnet(m) - Lay(mn) (5.88)

m—=2
where N .. () is the number of m-terminal nets, L, {m) is the average length
of m-terminal nets, and &, is the total number of megacells in the SoC. From
the netlist information model presented in Section 5.2.1, Ny () can be esti-
mated from (8) by

Ke Nm mptq_l - m+l peq_l

where K., and p., are the equivalent megacell Rent’s rule for the heteroge-
neous system defined by (9). Moreover, from placement and routing informa-
tion models, presented in Section 5.2.1, L4, () can be estimated from (5.10),
(5.12), and (5.18) by

(5.89)

m— 1 Ny,
Lunlm) ~ 05y + D fAsac (1 + ~2(L =) (590
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where 7, is the placement efficiency.

The area for global clock distribution, on the other hand, is often negligible
compared with the chip area, as shown in Figure 5.40. As shown in this figure,
the area for clock distribution networks is usually about only 1% of the total
chip area.

Finally, utilizing the design plane for optimum power distribution networks
presented in Section 5.4, the area for a power distribution network in an op-
timum design is computed so that it satisfies both requirements of IR-drop
and simultaneous switching noise with the minimum power-supply area. As
presented in Section 5.4 and by utilizing the design plane of Figure 5.39 and
(5.81), the minimum wiring area dedicated to the power distribution network
in a heterogeneous system is given by [R-drop limit, i.e.

kP, tot Pw

__tthe A 5.91
80VEHnpey = P 5:31)

Apoyer =
where Fy,y; is the total chip power dissipation, nyeq is the number of power-
supply pads, ¢ is the normalized maximum allowable IR-drop, H is metai
thickness as shown in Figure 541, p,, is metal resistivity, Acp;p is the total
chip area, Vpp is the power-supply voltage, and k is the heterogeneity factor
defined in (5.69).

Substituting (5.87) and (5.91) into (5.86) and simplifying gives the expres-
sion for the wiring resource requirement as

N,
= thotﬂw
(w+ 5) Npet(m) - Lgy(m) < nr (1 - _————) Asoc  (5.92)
mz:% ¢ av 86V 2 Hrpag

where N, (m) and Ly, (m) are defined in (5.89) and (5.90), respectively.

5.5.2 Wiring Bandwidth Requirement

Since the clock signal is the fastest signal in a GSoC, it requires a high-
bandwidth interconnect so that the rise time is preserved when the clock signal
passes through the interconnect. Therefore, the bandwidth of a global clock
distribution often defines the speed limit of the interconnect architecture.

It was shown through an example that the -3 dB bandwidth of an on-chip in-
terconnect is almost the same for the distributed RC and A LC models. More-
over, it was shown that although the lumped RC model underestimates the
actual bandwidth of a distributed RC' and RLC line, in most typical cases, it
gives a first-order approximation for the interconnect bandwidth. Therefore, a
simplified lumped RC model of (5.47) is used here to express the bandwidth
requirement for an on-chip global interconnect.

Utilizing the expression for the length of the H-tree clock distribution net-
work versus die size, IJ, and the number of H-tree levels, n, described in Sec-
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tion 5.3.1, (5.47) becomes

1
f-3dB = 3 (5.93)

2r (rintcint) - D? (1 - 2?13)

Assuming a large number of H-tree levels, n > 1, and considering that Ag,c =
D?, then (5.93) is simplified to

1
aaB = (5.94)
J-sap 27 {TintCint) - ASoC

where 7,y and ¢ are the distributed resistance and capacitance per unit
length of the interconnect, respectively, and Ag,c is the SoC area.

5.5.3 Wiring Noise Limit

Interconnect coupling noise or crosstalk is often a major concern for global
wires. The modeling of crosstalk is often a complex problem since the crosstalk
noise is a function of input pulse rise time and width, length of the interconnect,
and driver/source resistance.

It was described in Section 5.2.3 that unlike the interconnect bandwidth,
the peak crosstalk noise prediction usually needs an accurate distributed RLC
approach. It has been shown in [14] that the worst-case peak of crosstalk noise
using a distributed RLC model can be simplified to

Vo

T Cm
Via ~ (5.95)

Cond + Cm

where ¢, and ¢y, are the mutual and ground capacitance per unit length,
respectively. In this section, the simplified expression of (5.95) for the worst-
case peak of crosstalk noise is used to express the noise limit for an on-chip
global interconnect. Equation (5.95) assumes a high quality nearby return path.

554 A Complete Global Interconnect Design Plane

Assuming the interconnect architecture of Figure 5.41 for global signal,
clock, and power distribution networks, the global interconnect parameters can
be described by the interconnect phystcal dimensions as expressed below

P EpErt! o6 H
Ting =~ ——,Cond =~ ———,Cm = —— . Cint = 2 (Cqng + € 5.96
int Huw' gnd T, 1+ Cm s int ( gnd m) ( )
where Tint, Cgnd, Cm» and ¢,y are distributed resistance, ground capacitance,
mutual capacitance, and total capacitance per unit length of the interconnect,
respectively.
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Figure 541, Global interconnect architecture including the physical dimensions

Substituting (5.90) into the expressions for the wiring resource reguirement,
(5.92), wiring bandwidth demand, (5.94), and wiring noise limit, (5.95) gives
the complete closed-form model for the integrated architecture of global signal,
clock, and power distribution networks. The simplified expressions are given
in Figure 5.42,

Assuming that w = s and T,,;, = H, and utilizing the models for the wiring
resource requirement, wiring bandwidth demand, and wiring noise limit, given
in Figure 5.42, a new design plane for global interconnects is defined.

The global interconnect design plane includes the restrictions for global sig-
nal, clock, and power distribution networks all at once. Figure 5.43 illustrates a
plot of interconnect thickness, H, versus interconnect width, w, which defines
the design plane. The design parameters shown in Figure 5.43 are for a design
in 180 nm technology generation with two global wiring levels, assuming that
the routing efficiency, 7,, is 50% [36]. As shown in Figure 5.43, for the design
in 180 nm technology generation with two global wiring levels, the forbid-
den zone of operation lies external to the bounded region defined by the three
wiring requirements. Moreover, the interconnect physical dimensions for the
minimum pitch, minimum aspect ratio, and maximum speed design points can
be obtained from the design plane shown in Figure 5.43. Finally, the design
point, maximum reliability, for global interconnect physical dimensions can be
defined as a point that is placed at the center of the design space, the furthest
possible place to the prohibited edges, as shown in Figure 5.43. Assuming
that the design region is a triangle the central point can be easily determined
by calculating the center of the three design points; minimum pitch, minimum
aspect ratio, and maximum speed.
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Equation Simplified Expressions for Gloebal Wiring
Description Requirements In Terms of w, s, H, and Tex

(94593 Ny (m)- L (m) & n{hm]&c

mmd SSVd‘;ang
Wiring resource _ ht rs
requirement where: Ny (m)~ KMol ~(m ")
m+i
—1 N,
L,(m)= (0.5vm+1) % JAsgc(ﬂp + 'mi“_ T'p)]
Wiring bandwicth f< 1
requirement ©7 dmp, 88, U HT, + Yws)Ag,
. T 1jws .
Wiring noise limi ;m < % Noise

Figure 542, The simplified expressions for global interconnects
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Figure 5.43. A complete interconnect design plane for a design with 20 megacells assuming
that the heterogeneous Rent’s parameters are
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5.5.5

The global interconnect design plane presented in Section 5.4 can be used
to enhance the understanding of limils associated with the global integrated
architectures.

For instance, as depicted in Figure 5.44(a), assuming two global levels, the
size of the design region appears to be vanishingly small, as a result of scaling
technology into deep submicron range. Figure 5.44(b) shows that the actual
design space, assuming the global interconnect variations, is smaller than in
the ideal case since in this case the borders defining the design space are fuzzy
lines instead of solid lines. Also, utilizing on-board wiring network for part of
the on-chip global clock distribution, provides a larger design space as shown
in Figure 5.44(c). Likewise, utilizing on-board wiring network for part of the
on-chip global signal interconnects, provides a larger design space as shown in
Figure 5.44(d).

Applications of Global Interconnect Design Plane
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Figure 5.44.  Applications of global interconnect design plane
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5.6 Conclusions

The design of global interconnect architecture is a critical issne in gigas-
cale integration. The complete global wiring network in a gigascale system-
on-a-chip (GSoC) consists of signal, clock, and power distribution networks.
Since the signal, clock, and power-supply networks utilize the same intercon-
nect stacks, it is imperative to integrate the complete interconnect architecture
to design and optimize the global interconnects for a GSoC.

In this chapter, an integrated architecture for global interconnects in a gi-
gascale system-on-a-chip (GSoC) is presented by using the models for global
signal, clock, and power-supply wiring networks. Based on the models for
wiring resource demand, noise limit, and bandwidth requirement, an intercon-
nect design plane is proposed. The new design plane demonstrates the lim-
its imposed on global on-chip interconnect physical dimensions for the future
generations of technology. It is shown that the size of the design region is van-
ishingly small as a resuit of scaling to deep submicron technology, assuming
two global wiring levels. Also, the impact of interconnect process variations
is studied using the developed design plane. Finally, the impact of utilizing
on-board intrachip wiring networks on the global interconnect design space is
investigated.
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8.1 Introduction

The architectural construction of an electronic system from individual in-
tegrated circuits (ICs) and other components is dependent upon effective in-
terconnection substrates and means of connecting to them (chip-to-module
connections). Traditionally, general packaging, assembly, and chip-to-module
connections were available and applied to devices. A close interaction be-
tween IC design and substrate technology was not required. Early ICs used
transistor-transistor logic which had long internal delays (e.g. 15 ns) making
the interconnect and module delays irrelevant. The number of input and output
(I/0) connections was small, the DC power was minimal, and packaging den-
sity of silicon on boards was sparse. This made cost, reliability, and yield the
focus of the chip-to-module connection technology.

The advancement in CMOS transistor technology, principally through the
shrinking of device dimensions, has created a significant challenge for con-
necting the integrated circuit’s /O to the module. It has also created a press-
ing need for substrates {or interconnection boards) to provide the IC with the
services it requires. Today, the chip-to-module connection methodology and
substrate technology are a critical part of the IC design and partitioning. There
is an ever-greater risk that inadequate I/O connection and inferior substrate
technologies will be the limiting factor in system performance and reduce the
overall utility of the system.

The role of the chip-to-module connection technology is to provide vital ser-
vices and communications to the IC and inflict a minimum degradation in per-
formance and minimum yield loss at the lowest possible cost. The methods of
chip-to-module interconnection for gigascale integration (GSI) is largely evo-
lutionary nature because they depend on complimentary advances in substrates
(i.e. printed circuit board) and ICs. In this chapter, the goals and requirements
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for an effective chip-to-module connection technology will be presented. This
will be developed by first providing a brief historical review of substrate and
connection methodologies which have served the industry. The review will
provide a background as to the current infrastructure. Then, the approaches to
compliant chip-to-module interconnections will be presented along with future
challenges.

8.1.1 GSI Requirements for Chip-to-Module
Interconnection

Access to the substrate (electronic package) is provided by the chip-to-
module interconnections. The functions provided by the supporting substrate
and package can be divided into four classes: electrical, novel communication
mechanisms (e.g. optical and RF ), mechanical & chemical, and thermal. The
International Technology Roadmap for Semiconductors (ITRS) provides guid-
ance for GSI needs. Select values from the ITRS are presented in Table 8.1

[L].

Table 8.1. TTRS(2000 update) goals for high performance ICs.

Generation (node), nm 130 90 60 40 30
Year 2001 2004 2008 2011 2014
DC Power, W 140 170 171 177 186
DC Voltage, V 1.5 1.2 09 0.6 0.6
DC Current, A 93 142 190 295 310
Package Pin Count 2248 3158 4437 6234 8758
Size, mm? 325 372 427 489 561
Speed, MHz 1,600 2,155 2,655 3,190 13,825
(across chip clock speed

and chip-io-board speed)

Electrical Functions.  The electrical I/O provide signal, power and ground,
and clock distribution for the IC. The critical parameter for signal and clock
1/0 is delay, as determined by the path length, and electrical characteristics (R,
C, and L). For power and ground, the cross sectional area of the metal is critical
because the current density cannot exceed about 1 MA/cm?. Also, the voltage
drop along power and ground lines as transistors switch are important because
if the voltage is below a critical value then transistor switching may not occur
and swings in voltage appear as noise.
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Novel Communications.  The benefits of intra-IC and inter-IC optical and
RF communication have been discussed elsewhere in this text. The materials,
processing, and spatial requirements are significant and come as added require-
ments to the pre-existing electrical, mechanical, and thermal requirements. In
the worst-case scenario, optical requirements add considerable constraints. Is-
sues such as planarity of the topography, surface roughness and temperature
gradients may cause little or no concem for electrical interconnections, but can
significantly effect the confinement of an optical signal in a waveguide.

Mechanical and Chemical. The mechanical requirements include the
physical support for the packaged die, and protection from environmental agents.
The suitability of the die to failure due to mechanical shock, atmospheric or
residue induce corrosion, and failures due to thermal cycling (in-use temper-
ature excursions) must be considered in designing the chip-to-module inter-
connections. For example, the mechanical impact of a device hitting a hard
object after being dropped from several meters (dropping a component onto
a hard floor) can produce deceleration values of 10,000 times that of gravity.
Minimal mechanical and thermal shock protection needs to be built into the
devices. As interconnect and module connections, layers of packaging will
disappear bringing the IC and attachment metallization closer to atmospheric
exposure. Hermetic packages using ceramic and metal enclosures are not vi-
able for direct chip attachment to substrates.

8.1.2 Thermal Issues

Table 8.1 shows the heat transfer (cooling) needs for high performance GSI
devices. Since CMOS devices consume electrical energy only when a change
in state occurs {transition from on to off, or off to on), as the clock speed
increases so does the power consumed. CMOS devices are also irreversible
devices resulting in the conversion of electrical energy into thermal energy,
which making the cooling needs the same as the power needs. The heat transfer
problem is exacerbated by close packing of silicon ICs. While the latency in
metal interconnects can be addressed by keeping interconnects short, it comes
with an ever higher heat transfer challenge.

Successful chip-to-module interconnection methods must address these de-
vice needs along with meeting system cost and form-factor constraints. Ex-
amination of evolution path which packaging, substrates, and interconnection
have followed is constructive in understanding the infrastructure for GSI and
cost/form-factor issues. The next section will present a brief historical per-
spective on substrate, packaging, and chip-to-module interconnecétions.
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8.2 Packaging and Chip-to-Module Trends

The substrate and chip-to-module connection technologies (via the elec-
tronic package) are intimately tied together, and they evolve according to the
needs of the IC technology. The historical evolution of electronic packages and
chip-to-maodule interconnections will be presented first followed by substrate
trends.

8.2.1 Perimeter Attachment Packages

The dual in-line packages (DIP), and quad flat package (QFP) found decades
of service. The low /O count ICs had wire bond pads distributed around the
perimeter of the die. The package size was up to 100 times the size of the
IC. Typically, the die was attached to a copper-based lead frame and the /O
pads were wire bonded to the lead frame. The die was molded onto the lead
frame and the metal leads trimmed so as to be inserted into a printed wiring
board (through-hole technology) or attached to the surface of the board (sur-
face mount). Figure 8.1 shows a drawing from U.S. Patent 5,455,462 where
the IC (part 101) is wire bonded to the platform (part 102) and the package
leads were fanned out on all sides. The DIP or QFP package, and wire bond
provided several important functions. First, the circumference of the die had
sufficient space to provide adequate I/C for the IC. Second, the wire bond
connections provided a low stress electrical connection for power & ground,
and signal I/O. Wire bond automation reached amazing speed and reliability.
Third, the copper lead frame or organic platform was mechanically matched
to the printed wiring board. That is, coefficient of thermal expansion (CTE)
of the board was adjusted to match that of copper by mixing different mate-
rials, such as low CTE filler in epoxy. Last, the pin-in-hole (DIP package) or
surface mount attachment was robust against mechanical shock. The stress on
the solder attachment was minimal. Figure 8.2 is a cross sectional sketch of a
surface mount device from U.S. Patent 5,629,561 showing the low stress wire
bond connections to the IC and surface mount connections to the board.

8.2.2 Area Array Packages

Numerous problems developed with the perimeter I/O and wire bonded
packages. As the area of the IC increased, the number of I/O that could be
fit on the perimeter was not adequate. This is evident in Figure 8.1 where only
a limited number wires can be positioned around the IC and package. Artifi-
cially increasing the area of the die so as to increase the number of I/O is not
an acceptable option, and there is a physical limit as to the density of wire-
bonded pads. Second, the parasitic R, L, and C of the wire bonds and their
length became an important issue because the package because a limiting fac-
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Figure 8.1.  Perimeter atlached QFP package.

tor in system performance. The third and fourth columns of Table 8.2 show
the evolution to area array devices as a means of increasing the package to
board density. The pin grid array (PGA) and ball grid array (BGA) provided a
high number of connections to the board. Implementation took place with first
wire bonding of the 1C to the package. Later, area array flip-chip attachment
of the IC to the package has lead to the very dense packaging. It is instructive
to examine specific technologies at the transition point to high density, com-
pliant area array. Figure 8.3 shows a sketch of Intel Corporations U.S. patent
#5,894.410. The IC (part 18) is wiring bonded onto a multilayer printed circuit
substrate (part 12). A detailed discussion of substrates is presented in the next
section. An area array of solder balls (part 34} is used to attach the package to
the substrate. The multilayered package substrate provided a high density of
fan-out to match the printed circuit board. High-density printed circuit boards
are a critical issue. The CTE mismatch between the silicon IC and the organic
substrate (no solid copper lead frame is present like the simpler DIP) is ad-
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Figure 8.2, Sketch of surface mount package.

dressed in this package. The area array of solder balls has an inner and outer
array because a high level of failures were observed in solder balls directly
under the outer perimeter of the die. The package also pays attention to the
need for high heat transfer. The inner array of solder balis is available heat
transfer due to its close proximity to the printed wiring board. The top of the
electronic package is the primary heat transfer pathway is such packages (see
heat transfer section below). Further enhancements of the BGA have the IC
flip-chip attached to the high-density package substrate, as shown in Figure
8.4. Shrinkage of the package platform allows the footprint of the packaged
die to approach that of the IC. This provides ever shorter chip-to-module in-
terconnects, however, the CTE mismatch issue becomes ever more pressing.
Also, the reduced area of the package and increase in IC power, exacerbates
the heat transfer issues, as will be discussed.

8.2.3 Chip Scale Packaging (CSP)

The package shown in Figure 8.5 allowed for a large number of chip I/O to
be distributed in a array where the packaged served as an intermediate between
the fine pitch on the IC and coarse pitch on the printed wiring board. As boards
advanced to finer pitch (see next section), the package was allow to shrink.
High density printed wiring boards allowed the package size to approach that
of the IC. These chip-scale packages enabled a high silicon packing density,

Ex. 2012-071



Chip-to-Module Interconnect

Table 8.2. IC packaging historical trends.

299

Technology
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Figure 8.3. Sketch of BGA package, U.S. Patent 5,894,410.

however, CTE mismatch between the silicon and the board needed to be ad-
dressed [2, 3 and references therein]. Numerous approaches have been taken.
Pre-fabricated film or tape-based interconnections have been used to connect
the ICs to printed wiring boards. Amkor and Toshiba have used this style of
interposer. The interposer (tape) is applied to the die followed by assembly.
The IC can be wire bonded to the interposer followed by flip chip attachment
of the interposer-plus-IC to the printed wiring board. A degree of compliance
has been given to the interposer by use of 3-dimensional, spring-like struc-
tures. Tessera has made a compliant vertical link technology where the metal
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Figure 8.4. Ball grid array package used by Motorola.

interconnection in the interposer lifts off the flexible foil by the injection of
an encapsulant between the interposer and the IC. The device is then attached
to the PWB by use of solder balls. Figure 8.5 shows the Tessera puBGA for
perimeter I/O and Figure 8.6 shows the WAVE package for area array devices.
FormFactor has developed a micro-spring technology using nickel-plated gold
wires. The micro-springs are formed on the wafer using a wirebonder, Figure
8.7. These two examples have shown that adequate chip-to-module compliance
can be used to compensate for coefficient of thermal expansion (CTE) mis-
matches between polymer-based boards and silicon. They have further shown
that higher density I/0, and additional redistribution capabilities are necessary
in many cases.

Redistribution of the I/O can be performed in wafer-form by extension of the
back-end-of-the-line processing. After normal IC fabrication, a final polymer-
metal build-up process can be used to redistribute the I/O. Flipchip Technoio-
gies fabricates copper redistribution traces in wafer form. The devices are flip-
chip attached using solder paste, which is especially cost-effective compared to
other solder deposition techniques. Compact electrical devices, such as cellular
telephones, are primary applications. Unitive Electronics and Apack provide
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Figure 8.5. Tessera uBGA.

wafer redistribution and bumping based on aluminum metallization. The use
of an underfill material between the packaged IC and the PWB is necessary
because the compliance of the interconnections is not adequate to take-up the
CTE mismatch between the polymer board and the silicon.

8.2.4 Wafer-Scale Packaging (WSP)

Wafer level batch packaging is an approach to forming chip-to-module in-
terconnections that can address many of the current and future needs of ICs.
Wafer level processing is where the traditional back-end-of-the-line IC in-
terconnect processes (multi-layer metal build-up) are extended to include all
packaging functions. This includes chip-to-module interconnection and full
wafer-scale test and burn-in. Once the wafer level batch packaging is com-
pleted, the die are separated and ready for assembly onto a printed wiring
board. The early uses have occurred primarily in Jower pin-count devices and
are driven by cost reductions. Since a traditional package is not required and
the size of the printed wiring board can be reduced (smaller IC footprint), the
packaging costs are lower. Several companies have tried to address the need
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Figure 8.6, Tessera WAVE package.

Figure 8.7.  FormFactor MOST packaging technology.

for compliance between the IC and printed wiring board by fabricating metal
posts in wafer form. A polymer then encapsulates the posts. The structure
has a degree of compliance because the post can elastically deform and the
polymer encapsulation can help distribute the stress. Additional compliance is
provided by conventional solder bumps attached to ends of these posts. Fu-
jitsu’s SuperCSP is perhaps the best know wafer level * copper-post” technol-
ogy. Copper posts (350 pm diameter, 100 xm tall} are fabricated on top of
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an /O redistribution layer. Special equipment has been developed to injection
mold a polymer encapsulant around the posts followed by solder ball attach-
ment. Oki and Casio have developed a similar structure for use in low pin
count devices. Ibiden has developed a thin, flexible post in the second layer
of polymer used in the redistribution build-up. These 'post’ technologies show
the importance of in-plane (x-y direction) compliance in producing a reliable,
wafer-level packaged device.

Many other issues remain to be addressed for wafer level packaging. Among
those are creation of an infrastructure for processing equipment, design tools
for interconnection and I/O, wafer-scale test and bum-in equipment, and as-
sembly tools that can handle different size die, especially as die-shrinks occur.

8.2.5 Heat Transfer Issues

The electrical energy consumed in microelectronic devices is converted into
thermal energy as transistors change state in CMOS devices, and Joule heating
occurs in metal wires and other materials. Cooling is required in microelec-
tronic systems to transfer the heat from the transistors and wires to outside the
system [3, 4]). In a desktop computer, forced convection (via a fan) is used to
facilitate the transfer of heat from the IC to the outside air. In portable elec-
tronic devices, natural convention is the primary means of transferring heat to
the outside air. In a small fraction of electronic systems, liquid cooling can be
used, however, the complexity and cost of the system is significantly higher.

The heat transfer requirements for high performance ICs are shown in Table
8.1. The power consumed in high performance devices has risen to extremely
high values (e.g. 100 to 200 W). CMOS devices consume electrical energy
only when they change state. Thus, as the clock frequency increases, transis-
tor switching occurs more frequently resulting in nearly proportional power
increases.

The dramatic increase in heat transfer needs shown in Table 8.1 are exacer-
bated by three factors. Conductive heat transfer, Equation 8.1, will be used to
illustrate the issues.

Q = (kA/L)(AT) (8.1)

where ( is the heat transfer rate in Watts or Joule/s, & is the thermal conduc-
tivity of the material in W/mK, 4 is the area, and L is the path length.

First, the CMOS junction temperature cannot rise over current levels and it
would be desirable to have lower junction temperatures. Since the driving force
for heat transfer is a temperature gradient, the AT available is at best constant
with time, and will decrease in worst case situations. Second, area available
for a single device to transfer heat is shrinking by a very large factor. Micro-
processors and other high-power ICs could be spaced far apart on a printed
wiring board with a large-area, expanded surface heat spreader. Thus, the area
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available for heat transfer can be made 100 times the surface area of the IC
(‘A’ in Eq. (8.1). In order to keep interconnects from chip-to-chip short, IC
will need to be placed close together eliminating much of the area available for
heat sinks and heat spreaders. Last, changes in IC technology will contribute to
increased difficulty for heat transfer. These changes include three-dimensional
stacking of die (making heat from one die flow through another die), and re-
placement of some insulators (e.g. SiOg) with low-k insulators {e.g. polymers
or air) which have significantly lower thermal conductivity (decrcasing ‘k’ in
Eg. 8.1).

Figure 8.8 shows an example of the heat sink needed for the graphics pro-
cessor G-Force 3 from nVidia. The large, aluminum heat sink has an integrated
fan, a superficial area of 70 cm?, and 1 ¢m high fins which expand the superfi-
cial area by about 10x. The processor is about 1.4 cm?.

Figure 8.8. nVidia G-Force 3 board. The processor is cooled with the assistance of the large
alumninum heat sink with integrated fan.

A thermal resistance model and approach can be taken to viewing the impe-
dance to heat transfer. Figure 8.9 shows the two paths for transferring heat
from the IC in a densely packed system. The heat sink on the IC is contained
to superficial area of the die (worst case scenario for a two-dimensional 10).
A three-dimensional IC would compound the problem because of the small
surface area available. The cooling of 186 W from a 561 mm?® IC would re-
quire a maximum thermal resistance of 0.35 K/W ((85-20K)/186W). There
are two pathways for heat to flow, which occur in parallel, as shown in Fig-
ure 8.9. Generally, the thermal resistance for heat to flow through the Si, the
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interconnect buildup, solder bumps, and through the heat sink is smail. For
example, the resistance of 200 mm of silicon is 0.004 W/K ((2x10~% m)/(84
W/mK)5.61x10~* m?)). Table 8.3 shows thermal conductivities for a variety
of materials used in microelectronics. The limiting factor in cooling is the re-
moval of the heat from the back of the IC or back of the printed wiring board.
For most systems, air cooling via convective heat transfer from the solid to the
gas phase is used to transfer the heat. Equation 8.2 is the rate of heat transfer,
2, for convection.

Q = hAAT 8.2)

Where £ is the convective heat transfer coefficient in W/m?K. Table 8.4 gives

Figure 8.9 Thermal paths for densely packed ICs.

values of h for several convective heat transfer conditions. Given the boundary
conditions of Q=186 W, A=561 mm?, and AT=65K, one would need H>5100
W/m?K (if heat were transferred from only one surface). If heat were equally
discharged from the front and back of the IC, then H>>2550 W/m?K would be
required. The convective heat transfer coefficient for solid-to-air heat transfer
is too small to be used for cooling GSI devices. Even very high velocity air
would not be sufficient. Using cold air (cooled via external means) would help,
however, lowering the temperature below the ambient dew point presents sig-
nificant challenges due to the collection of condensation and draining of con-
densed water. Traditional vapor-compression refrigeration systems using freon
as the refrigerant can provide cooling capacities (186 W = 630 BTU/hr) and
adequate heat transfer coefficients (h of a boiling liquid is sufficient); however,
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the infrastructure of miniature compressors and heat exchangers, and internal
plumbing of freon would need to be developed.

Tabie 8.3. Thermal conductivity of electronic materials.

Material Conductivity, W/mK

aluminum 216
alumina 20
copper 398
diamond 2000-2300
epoxy 0.23
GaAs 50
gold 297
lead 34
nickel 92
polyimide 0.33-04
quartz 3-5
sapphire 30
silicon 84
Si02 10
silver 418
tantalum 50
titanium 22
tungsten 170
water 0.6
air 0.028

Table 8.4. Heat transfer coefficients, W/m?.

Mode of heat transfer h, W/m?
Air: natural convection 5-9
Air: forced convection , velocity =1 to 3 m/s Tto 47
Liquid water, velocity=3 m/s 9,000
Boiling water >25,000

8.3 Microvia Printed Wiring Board Technologies

Traditional printed wiring boards are fabricated by laminating multiple lay-
ers of copper-clad insulator together to form layers of conductive traces {5-9].
The copper is patterned by contact printing and wet-etching. Layer-to-layer
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connections are made by mechanical drilling holes and metallization of the in-
side of the holes through electroplating. Figure 8.10 shows a cross section of a
board with different size through-holes. Spatial resolution is limited by contact
lithography, the wet etching of copper, and mechanical drilling of holes. Small
holes and high aspect ratio holes are especially difficult and expensive to fabri-
cate. Hole drilling is a sequential process whose cost rises proportionately with
density of holes. The need for higher spatial density has been met by the devel-
opment of microvia board technologies. Figure 8.10 shows a sketch of a tra-
ditional printed wiring board with finer line, sequential build up metallization
on each side. The fabrication steps for making the build-up layers are different
from the core printed wiring board. Figure 8.11 shows a blind-via made during
build-up without the use of mechanical drilling. Contact to the printed wiring
board can be made directly to the fine-line micro-via metallization, in addition
to the drilled areas. A board suitable of flip-chip and direct chip attachment
(without an intermediate package) would have a pitch approaching that of the
top layer of metalliztion on the IC. Numerous approaches have been followed
in the development of high-density boards. In this section, several high density
microvia fabrication technologies will be surveyed [5-9].

Figure 8.10. Generic printed wiring board with drilled and metalized through-holes.

Ibiden has developed a double sided, four layer build-up, board (8 total lay-
ers of build-up) using fully additive copper plating and photosensitive epoxy.
The microvia layers are on top of a drilled, though-hole board. The technology
is capable of producing 40 xm copper lines with 40 um spaces. The vias can be
as small as 80 psm diameter on 125 pm diameter pads. Figure 8.12 shows two
layers of microvia build-up on a board. The substrate for the fine-line build-up
is a BT resin, copper-clad board with drilled through-holes. A photosensitive
epoxy is used as the build-up dielectric material. The fully-additive copper
process provides higher resolution metal patterns than subtractive copper pro-
cessing using wet etching. Fully additive processing uses electroless copper
plating and does not require the presence of a seed-layer of copper for electro-
plating. Excelient adheston is achieved between the epoxy and the copper by
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Figure 8.12. Cross section of two layer of microvia interconnect on a traditional microvia
board. (Courtesy of Ibiden)

using a blend of two epoxies — one with an imidazole hardener and one with
an amine hardener. The amine serves as a soluble filler in the epoxy creating
a rough surface when chemically oxidized during the surface-roughening step.
Excellent adhesion of the copper is achieved by mechanical anchoring in the
small cavities of the roughened epoxy. Peel strengths of 1.2 kg/cm have been
reported. The electroless seeding of the epoxy is followed by photoresist mask
coating to form the shape of the metal lines. The photoresist mask is a perma-
nent dielectric and left in place. The epoxy resin does not contain glass cloth.
The glass cloth assists in providing crack-resistance of the dielectric layers in
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conventional boards. In place of the glass cloth, Ibiden uses an interpenetrated
network structure of a linear, thermoplastic polymer interdispersed in an epoxy.
The material composition was optimized for tensile strength (800 kg/cm?) and
elongation-to-break (8%). Ibiden has also used laser drilling to form the vias
in the insulator.

NEC Toyama has developed high-density microvia (4 V) printed wiring board
for use in high-density, advanced microelectronic packaging applications. The
1V technology is built on a conventional four-layer PWB with through-holes.
Two layers of fine-line interconnection are fabricated on the board using COs
laser ablation for the micro-vias and additive copper plating for the conduc-
tors. A permanent photoresist is used defining the conductor patterns. High
electroless copper plating rates were obtained (5 pm/hr) by automated control
and micro fittering. The technology is capable of producing 50 um copper
lines with 50 pm spaces. The vias can be as small as 50 xm on 150 xm pads.
NEC Toyama foresees that UV lasers will replace the CO» lasers when future
miniaturization is needed.

The IBM surface laminar circuit (SL.C) also uses liquid dispensed photo-
imaged epoxy in the build-up layers on FR4 or BT substrates. Figure 8.13
shows a cross section of the design and SL.C device. Four build-up layers on
each side of the board can be produced. The negative-tone epoxy dielectric is
deposited via curtain or slot coaters. The trade off between forming microvias
by laser ablation or by use of a photosensitive polymer has been shifting in fa-
vor of laser ablation. This is due to the rapid progress in laser ablation facilities
and difficulty in controlling, and the cost of photosensitive polymers.

Fignre 8.13. 1BM surface laminar circuit (SLC) technology. (Courtesy of IBM Microelectron-
ics}

A feature that distinguishes apart high-density boards is the structure of the
vias. Figure 8.14 shows one of the problems with conformal, nonfilled vias.
The vias cannot be stacked on two of each other because the nonplanarity
causes problems with photolithography. In the filled via structure in Figure
8.14, the next layer of wiring can be directly routed on top of a via, or an-
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Figure 8.14. None-filled vias on left side must be off-set because of nonplanar surface,
whereas the filled vias on right side can be stacked.

other via can be formed. The wiring-blockage from nonfilled vias reduces the
function area of the board and causes design and Jayout problems.

Figure 8.15. Two ICs mounted on an Alivh subsirate.

Matsushita has developed unique filled-via board made by stacking sub-
strates called “ALIVH” (any layer inner via hole structure). This technol-
ogy has several advantages over conventional PWB manufacturing process.
A sketch of two ICs mounted on an ALIVH substrate is shown in Figure 8.15.
First, completely dry processes are used to form interconnections using laser
ablation of an insulating film (currently CO2 laser) and Cu paste for form-
ing buried via-holes. After laser drilling holes in the insulator, a copper paste
is squeezed into the hole forming what will become the layer-to-layer via-
connection. Second, the conductor lines are formed hot-press lamination of
copper foil onto the insulator (with vias). No plating processes are necessary
to form conductive lines. Third, the structure is lightweight due to the use of
epoxy impregnated aramid non-woven fiber. Fourth, there are no limitations on
the layout of interconnections because each layer is planar. Lastly, the design
time is shorter than conventional products. Matsushita has been successfully
manufacturing ALIVH substrates with the following attribute: 30-50% sub-
strate size reduction, 50% cost reduction, and 67% design time reduction com-
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pared to conventional PWB manufacturing method. Matsushita reported that
its share in the Japanese cellular phone market has risen to 60% with the intro-
duction of ALIVH substrates. The market share of ALIVH in high-density sub-
strate market is 38%, in terms of production capability. Matsushita ’s target for
conductor line and space resolution is 50 znv/50 pm in 1999, and 25 pm/25 pm
in 2000.

bumps

£

Printing Bumps

Copper foil

Photo.1(a)

Photo.1(b)

Lamination

Photo.1(c)

Figure 8.16. Process of one-layer of build-up for Toshiba Bit. (Courtesy of Toshiba)

Toshiba has introduced a unique buried bump interconnection technology
(B2it). This technology is an adaptation of multi-layered ceramic processing.

Ex. 2012-084



312 INTERCONNECT TECHNOLOGY AND DESIGN FOR GS!

Silver paste is used to form conductive bumps on copper foil, as shown in Fig-
ure 8.16. The bumps have a conical shape and pressed inte B-staged prepreg.
The bumps penetrate the insulator and form a conductive path through the
prepreg. The BZit can be used by itself to form the multilayered substrate.
Alternatively, BZit can be fabricated on a conventional PWB core or microvia
layers can be fabricated on BZit using laser ablation or photosensitive insula-
tors. BZit has several advantages over conventional PWB technologies. First,
the silver paste printing method used to form interconnecting Ag bumps is
simpler than drilling, using photovias or laser ablation vias. Second, no plat-
ing is necessary to form conductive lines in B2it (only lamination using prepreg
material}. Third, there are no limitations on the placement of position of the
interconnecting bumps. Fourth, there are few requirements on the interlayer
dielectrics allowing new materials to be used. Lastly, the design time is shorter
because there are no limitations on interconnection layout. Toshiba has been
manufacturing 2 to 8 layer substrates with a 40% reduction in substrate size
compared to those conventional boards. The via and land diameters are cur-
rently 200 um and 400 zm, respectively. Toshiba is planning to reduce these
dimensions to 100 pm/200 pm and 50 pm/75 pm in the future. The conductive
lines and spaces, currently 75 pum width each, are being formed by subtractive
processing using photoresist. Toshiba is pursuing 30 pm lines and 30 gm
spaces by combining microvia build-up processing on BZit substrates.

The microvia feature stzes range from 30 um to 100 pm and continuing in
a steady progression towards smaller values. The products are extremely cost
sensitive and their evolution the needs of the IC product lines. The dimensions
are in line with current needs as described by roadmap activities.

The question that remains is the ability of electronic packaging in meeting
the needs of GSI, which will require the direct connection to the printed wiring
board, or substrate. The task of providing high I/O count is nontrivial because
of /O pitch (center to center distance between two /O pads) limitations of
package interconnections and thermal mismatch issues between the IC and
PWB. Wafer level packages use large solder bumps (150 pm diameter and
in excess of 300 zm height) as their interconnection technology to withstand
thermal and mechanical stress arising from thermal mismatch between the IC
and the PWB. This limits the minimum pitch of these packages. The issues of
heat transfer will be addressed in a separate section.

8.4 Chip-to-Module Interconnections for GSI

Future integrated circuit {IC) packaging requirements and the performance
of chip-to-module interconnections are determined by the expected chip per-
formance. For example, the International Technology Roadmap for Semicon-
ductors [1] specifies that high performance chips at the 60 nm technology node
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will cover an area of 427 mm?, have 4437 input/output (1/0) pins, operate with
an on-chip local clock speed of 6 GHz, and have a chip-to-board speed of
2.6 GHz. These same chips will dissipate over 171 W of power and draw 190
A of DC current. At the 30 nm technology node, high performance chips will
require interconnections that can support 8758 pins and operate at 16,9 GHz
(on-chip) and 3.8 GHz (off-chip). They will dissipate 186 W of heat and con-
sume 310 A DC current. The coefficient of thermal expansion(CTE) mismatch
between silicon (CTE = 2.6 x 107%/°C) and typical printed wiring boards
will only become more severe. The CTE of printed wiring boards, currently
about 18 x 1078/°C); may rise as the electrical performance becomes more
critical. This translates into = 20 pm of lateral mismatch at for a AT=45°C
operation, at the 60 nm and 30 nm technology nodes. The chip-to-module in-
terconnections must provide as much as 30 um in vertical compliance (z-axis)
to accommaodate the non-planarity of the boards and to allow good electrical
contact between the test fixture and packaged IC. Other IC categories, such
as handheld devices (including wireless), will present similar challenges de-
fined by the I/O density, operating speed, power density, and heat dissipation.
Also, there will be special demands arising from unusual form factors (e.g.
3-D chips) and mixed technologies (digital, analog, RF, optical, MEMs). A
final set of challenges (e.g. test fixture and assembly alignment and bumn-in
and attachment temperatures} will arise in the burn-in, testing, and assembly
of these ICs.

8.4.1 Compliant Chip-to-Module Connections

The prospect of GSI and system-on-a-chip places enormous constraints on
the package. The package must enable high DC current with minimal ground
bounce, and operate at high frequency with minimal signal degradation. Global
interconnections, which can span a chip’s comer-to-comer distance, pose spe-
cial problems especially for global clock distribution.

Sea of Leads (SoL).  Sea of leads (SoL) technology is proposed as an en-
abling technology for future chip-to-module interconnections. Sol. wafer level
packaging technology provides an ultra-high I/O density of x-y-z compliant
leads (> 10* per cm?) and can enhance the performance of an system on a
chip (SoC) by routing critical on-chip global interconnects off-chip to reduce
signal delay and thus increasing global clock frequency [10].

Figure 8.17 is an SEM micrograph illustrating a portion of an Sol. package
with 12 x 10% x-y-z compliant leads per cm® [11-16]. In-plane and out-of-
plane compliance were measured to be greater than 30 ym. While the leads
are x-y-z axis compliant, they are short in length and thus exhibit minimal
parasitics from DC to 45 GHz. The calculated resistance and inductance of
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Figure 8.17. SEM micrograph showing portion of a SoL. package with 12x10% x-y-z compliant
chip VO interconnects distributed across a cm?.

the leads are less than 25 mf2 and 0.1 nH, respectively. Low electrical para-
sitics are desirable at both low and high frequencies for efficient conductive
coupling of power, low power dissipation in the leads and thus low heat gener-
ation by the package. The microwave characteristics of Sol. were measured at
wafer-level using a two-port network analyzer with 150 ym coplanar ground-
signal-ground (GSG) probes. To characterize the compliant interconnects, 15
thick Au leads were fabricated on a 15 gum thick polymer film. The return-loss
and insertion-loss of the GSG lead interconnection were measured to be less
than 20 dB and 0.2 dB, respectively, at 45 GHz. In comparison, for exam-
ple, insertion losses before and after the addition of underfill within a flip-chip
package mounted on an alumina substrate with 75 gm x 150 gm bumps in-
terconnected by 600 um long 50 €} coplanar waveguides were found in [17] to
be 0.6 dB and 1.8 dB, respectively, at 40 GHz. The normalized impedance of
the load as seen by the microwave probes was derived. At low frequencies (up
to a few GHz), the leads appear as shorts (i.c. good metal interconnects). An-
other microwave measurement was made on a fully processed package where
the leads were connected in pairs by 100 um and 1 pm thick copper intercon-
nects routed along the silicon wafer surface. The worst case return-loss and
insertion-loss for a pair of interconnected leads were measured to be less than
12 dB and 1.2 dB, respectively. These measurements include the losses due
to the Cu interconnects. Crosstalk between adjacent parallel leads was mea-
sured to be less than 30 dB at 45 GHz, and crosstalk between orthogonal leads
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was approximately 40 dB, (i.e. 10 dB lower than the parallel leads). All inter-
connect structures were approximately 20 um wide. All the compliant leads
measured were approximately {10 pm long.

Similar microwave measurements for other packaging technologies exist in
the literature. It appears that the Sol. measurements reported above compare
very well to flip-chip packages, which are widely used in microwave appli-
cations. However, the ultra-high I/O density of SoL can provide an excep-
tionally high IO bandwidth that would be difficuit to match using alternate
packaging technotogies. For example, if 8,000 leads are assigned as signal
I/0s and operated at only 5 GHz, the Sol. package shown in Figure 8.17 can
yield an aggregate electrical I/O bandwidth of 40 Tb/(cm?s). Moreover, an
SoL. package avoids microwave performance degradation caused by underfill,
as no underfill is required during assembly. This is in contrast to assembly
requirements of flip-chip and BGA packages, where the presence of underfill
increases insertion-loss and shifts the return-loss frequency response to lower
frequencies [17,18].

An important aspect of SoL is the set of performance enhancements it offers
a mixed-signal SoC [1]. SoL can enhance the DC power distribution as well
as satisfy 3D structure I/0O requirements. Because Sol. processing requires
low temperature (< 250°C), it is expected that wafer-level package processing
will not damage previously fabricated structures during front-end-of-line and
back-end-of-line processing [11-13].

The addition of embedded air gaps into SoL. adds vertical compliance (z-
axis) needed for wafer level testing and mating to non-planar boards. Air-gaps
also serve to lower the dielectric constant of the interconnect. Figure 8.18
shows a cross-section of process flow for an x-y-z compliant lead [11-16]. The
use of a low modulus polymer encapsulating the air-gap forms a structure capa-
ble of elastically deforming in all three dimensions. An IC with exposed bond
pads is shown in Figure 8.18a. A sacrificial material (e.g. UnityTM, Goodrich
Corporation) is deposited and patterned onto the wafer, Figure 8.18b. The sac-
rificial material serves as a placeholder and will later be removed to form an
air-cavity [14-16]. The sacrificial material is overcoated by a flexible material.
and vias are opened to the bond pad in Figure 8.18c. When the overcoat elas-
tomer is curing in Figure 8.184d, the sacrificial material simultaneously decom-
poses leaving a buried air-cavity. The exact compliance of the final structure
depends on the size and shape of the air-cavity, and the elastic properties of
the overcoat material. All these properties are within the control of the de-
signer. Finally, the metal leads are fabricated in Figure 8.18e, and attachment
solder added in Figure 8.18f. Fine-line structures can be processed by use of
photolithography, photosensitive polymers, and reactive ion etching. Coarser
features, such as for low I/O count ICs, can be processed by screen-printing
and other similar processing techniques. It is important to note that the metal
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| (a)

(b)

Figure 8.18.  Build-up process for compliant wafer level interconnections.

traces are made not to adhere to the surface of the overcoat polymer in Figure
8.18, which can be accomplished in several ways, such as by using a poly-
mer with poor adhesion. Figure 8.19 shows metal leads fabricated on burted
air-cavities (the attachment solder has not yet been put in place). This type of
structure eliminates the need for chip underfill during package assembly of the
chip to the PWB because of the x-y-z compliance of the leads.

Wafer level batch packaging presents special opportunities and challenges
to the burm-in and testing portion of the IC manufacturing process. On the one
hand, wafer level packaging allows a complete wafer containing fully pack-
aged die to be taken through each stage of the bum-in and testing process.
This is in contrast to burn-in and testing of singulated die by inserting them
into temporary test carriers and then removing them for final die-to-package
integration and subsequent packaged part testing. Wafer level testing sharply
reduces part handling and die-to-test fixture alignment. It also eliminates the
need of inserting a die into a temporary camrier for testing purposes. A ma-
jor challenge to taking full advantage of wafer level testing is to establish and
maintain all the /O connections during the burn-in and test process. The typ-
ical force applied to a single I/O by a test fixture can be from 5 - 10 mN, this
translates into about 5 to 10 kN total force applied to a 300 mm wafer popu-
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Figure 8.19. Sea of leads interconnect with compliant leads at 3000 leads/cm?: (a) wide view
and (b) close-up of one lead built over air-cavity.

lated by high performance chips at the ITRS 35 nm technology node. Fully
powered, this same wafer would require 38 kA and dissipate 23 kW of heat.
The test fixture and wafer must also accommodate the CTE expansion of the
die during the burn-in and testing procedure (at 150°C an /O at the edge of a
300 mm silicon wafer will be displaced by =~ 50um from its room tempera-
ture position). Testing algorithms need to be developed that speed up testing
and allow the test equipment to efficiently examine a full wafer rather than be
swamped by the bandwidth demands of distributing test vectors to and detect-
ing responses from many die rather than one at a time. Testing a mixed signal
SoC will present many challenges. Integrating different cores such as DSP,
RAM, microprocessor, RF, and analog on a single chip requires careful testing
considerations early during the chip design cycle. If 1,240 leads are allocated
for only AC/DC testing a mixed-signal SoC, direct access to the various cores
maybe possible and great insight can be acquired into failure mechanisms. In
addition, this high number of leads will provide very high bandwidth to per-
form faster testing {11-16].

Next-generation SoL technology will incorporate optical waveguide inter-
connection to permit global optical clock distribution within high-performance
chips. Optical waveguide interconnection allows for planar packaging of a hy-
brid electrical/foptical system in a manner conducive to future heat removal
and power supply requirements. In addition, polymer waveguide technologies
offer immediate and low-cost compatibility with wafer-level fabrication pro-
cesses. Minimal redesign of the global distribution would be required with
increases in clock frequency, as design of the cross-sectional dimensions of
an optical waveguide is independent of the clock frequency. Global propaga-
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tion of the local clock frequency would be possible, thereby eliminating the
need for global clock repeaters and allowing for the removal of cycle-to-cycle
jitter from the global clock signal in its delivery to optoelectronic receivers
for optical-to-electrical conversion. Finally, optical waveguide clock distribu-
tion would allow for enhanced predictability with respect to the arrival time
of clock pulses at different optoelectronic receivers, thereby eliminating unex-
pected [19] components of global distribution skew.

A key feature of the proposed technology is the use of embedded air-gap re-
gions as the upper cladding for optical waveguides. Embedded air-gap cladding
regions allow for a maximization in refractive index contrast, An, between
waveguide core and cladding, and hence permit smaller bending radii and
higher waveguide densities due to tighter confinement within the waveguide
core. By placing optical waveguides within the package, via blockage con-
cems are eliminated with respect to waveguide routing, leaving only electrical
I/O interconnection to obstruct intra-chip waveguide routing.

The portion of the fabrication process associated with optical waveguide in-
tegration begins following the definition of bond pad regions for compliant in-
terconnection. In recent experiments, optical-quality SiO; serves as the lower
cladding region of optical waveguides (although this is not a requirement). Fol-
lowing deposition and curing of the waveguide material, which consists of an
alkoxy-siloxane epoxy [20], channel waveguide regions are defined. To create
the embedded air-gap cladding regions, a sacrificial photosensitive polymer
composite (UnityTM 200) is applied and patterned. An overcoat polymer is
then applied to embed the air-gap and waveguide regions, where, upon ther-
mal cure, the remaining polymer regions decompose to leave an embedded
air-gap. A micrograph of a single waveguide from an Sol. package with 1000
electrical /Os per cm? and 32 optical /indexSoL.loptical wavegnides waveg-
uides is shown in Figure 8.20 where (i) individual compliant leads, (ii) an op-
tical waveguide, and (i1i) a buried air-gap region are shown. By incorporating
a buried air-gap, a An = 0.52 is achieved between core and upper-cladding
regions. Beam propagation methods reveal that, by incorporating an air-gap
cladding region, the minimum allowed edge-to-edge spacing between adjacent
waveguides is reduced by over three fold [21].

Compliant Contacts.  Cantilever spring interconnects have been developed
for use in probing and IC uses. Cantilever springs made from metal bilayers
can be fabricated so that an internal stress gradient in the through plane direc-
tion causes a deflection of the beam. Figure 8.21 shows a row of springs made
from a stressed Mo/Cr bilayer. The curvature of the springs can be adjusted by
control thickness or internal stress gradient in the metal bilayer [22, 23]). The
sharp tips on the springs can be used to probe ICs or can used as a contact by
holding the spring in place with an adhesive. The cantilever can be fabricated
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Figure 8.20. Embedded optical waveguide with air-gap within a SoL.

by use of a release layer under the deposited (and patterned) metals. Pure gold
metal cantilever beams can also be fabricated by producing a stress gradient in
the gold by altering the deposition conditions.

Figure 8.21.  Design parameters of one turn helix structure.
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Figure 8.22. Micrograph of microspring contacts.

More complex, micromachined structures can be fabricated for custom de-
signed x-y-z compliance of interconnects. Figure 8.22 shows a drawing for
a one-turn helix structure that can serve and the x-y-z compliant element of
a chip-to-module interconnection [24,25]. The helix is composed of five ele-
ments (three posts and two cantilevers), and can be fabricated with five lithog-
raphy steps. The degree of compliance in the x, y, z directions are unequal,
but can be adjusted in range of 2 to 70 mm/N. The mutual and self-inductance
is typically in the range of 0.01 to 0.07 nH. There is a trade-off between high
compliance and high electrical resistance.

In summary, wafer level packaging can be used to meet the performance and
chip-to-module interconnection needs of future ICs. A variety of compliant
structures can be fabricated in wafer form to reduce the need for underfill and
provide improved electrical performance in a cost effective manner.
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