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Abstract Three-dimensional (3-D) technology promises higher
integration density and lower interconnection complexity and
delay. At present, however, not much work on circuit applications
has been done due to lack of insight into 3-D circuit architecture
and performance. One of the purposes of realizing 3-D integra-
tion is to reduce the interconnect complexity and delay of two
dimensions (2-D), which are widely considered as the barriers to
continued performance gains in future technology generations.
Thus, under standing the interconnect and its related issues, such
astheimpact on circuit performance, iskey to 3-D circuit applica-
tions. In thispaper, we present a stochastic 3-D interconnect model
and study the impact of 3-D integration on circuit performance
and power consumption.

To model 3-D interconnect, we divide 3-D wires into two parts
(horizontal wires and vertical wires) and derive their stochastic
distributions. Based on those distributions, we estimate the delay
distribution. We show that 3-D structures effectively reduce the
number of long delay nets, significantly reduce the number of re-
peaters, and dramatically improve circuit performance. With 3-D
integration, circuits can be clocked at frequencies much higher
(double or even triple) than 2-D.

Index Terms Interconnect modeling, performance character-
ization, power consumption, repeaters, technology generations,
three-dimensional circuits, technology planning.

I. INTRODUCTION

HE complexity of integrated circuits has grown dramat-

icaly over the past few decades. The trend is likely to
continue in the next several technology generations. The In-
ternational Technology Roadmap for Semiconductors (ITRS)
projects that VLSI technology will reach tera-scale integration
in the year 2014 [1], implying that more and more transistors
have to be closely packed and connected. To accommodate the
increasing number of transistors and increasing complexity of
interconnection, the ITRS predicts that in 2014 (the end of the
roadmap), the chip size would be well over 1000 mm?, the fea-
ture size as small as 25 nm, and the number of metal layers as
many as 10. Accompanying these trends are problems such as
the strong quantum effect and short channel effect of ultra-mini
devices, the complexity of global interconnection spanning over
a vast single device layer, and more pronounced interconnect
delay. All of the above problems pose serious challenges to the
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two-dimensional (2-D) process technology and circuit design
and can lead to the emergence of three-dimensiona (3-D) inte-
gration.

Since the start of theintegrated circuit era, circuits have been
implementedin 3-D style. Inany integrated circuits, there are
several metal layers stacked vertically. However, these designs
mainly involve only one device layer (2-D). Not much attention
has been given to multi-device layer structures because of the
difficulties involved in the process technology. Recently, tech-
nology for multiple SOI device layers on asingle chip hasmade
significant progress [2] [5]. Significant gains in terms of area
and performance of 3-D SOl circuits were reported [4], [6], [7].
Theapplication of 3-D technology on circuit designisbecoming
more promising with each new technology generation.

Although 3-D circuit concepts appeared in the early 1980s
[8] [11], and many studies on process technology have been re-
ported, not much work has been done on circuit applications due
to lack of design tools and methodologies and lack of insight
into circuit architecture and performance. Most of the current
circuit and physical design techniques are based on 2-D tech-
nologies, and they cannot be easily extended to handle 3-D in-
tegration. The main purpose of realizing 3-D integrationisto re-
duce the interconnect complexity and delay. Therefore, knowl-
edge about interconnection length and delay distribution of 3-D
circuitsis critical in determining device layer and interconnec-
tion layer distribution. In the deep submicron technology, clock
frequency, power consumption, and chip size are largely deter-
mined by thewiring requirementsof aVLSI system[12]. There-
fore, it is imperative to gain thorough understanding of wiring
requirements and their impact on the architecture and perfor-
mance of 3-D circuits.

There have been studies on 3-D integration, but mainly at
board-level [13]. Research at chip-level integration started only
recently [14], [15]. Thelatest attempt on 3-D chip-level analysis
can be found in [16], where Rahman et al. derived 3-D wire-
length distribution by ignoring vertical connections for gates at
different devicelevels. They did not present any closed-form ex-
pressionsfor wire-length distribution. Inthis paper, we present a
comprehensive analysis of 3-D circuits by considering both the
horizontal and vertical connections, giving an insight into the
prosand consof 3-D integration, and providing abasic guideline
for 3-D circuit design. Closed-form expressions for wire-length
distributions are derived. The impacts of 3-D integration on re-
peater insertion, clock frequency, and power consumption are
studied. Results show that 3-D integration can be important for
low-power high-performance design in the future technology
generations.
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Fig. 1. Schematic of 3-D circuit structure.

A schematic of 3-D circuit structure with three device layers
is shown in Fig. 1. Intuitively, 3-D technology offers compact
logic gates and, in general, compact functional blocks and cir-
cuit structures. In 3-D circuits, transistors are stacked in several
devicelayers, rather than spanning in avast single device layer.
Significant area saving and performance improvement can be
achieved due to the increased integration density and reduced
wirelength of 3-D structures. In[6], for example, we studied the
3-D integration of array multiplier under 10 different schemes:

D1. 1 CMOSdevicelayer, 1 meta per device layer,
D2: 1 CMOSdevice layer, 2 metals per device layer,
D3: 2 CMOSdevice layers, 1 metal per device layer,
D4: 2 CMOS device layers, 2 metals per device layer,
D5: 4 CMOS device layers, 1 metal per device layer,
D6: 4 CMOS device layers, 2 metals per device layer,
D7: 2N/PMOSdevicelayers, 1 metal per device layer,
D8: 2 N/PMOS device layers, 2 metals per device layer,
D9: 4 N/PMOS device layers, 1 metal per device layer,

D10: 4 N/PMOS device layers, 2 metals per device layer,
where an N/PMOS layer contains either NMOS transistors or
PMOS transistors but not both, while a CMOS layer contains
both NMOS and PMOS transistors. Fig. 2 showsthe layout of a
3-D array multiplier under scheme D10. We extracted the phys-
ical and electrical parameters of those ten different schemesand
then compared their chip sizes and circuit performance. The
study showed that 2-device-layer integration achieves nearly
40% area reduction with 18% interconnect delay reduction
over standard 2-D structure, while 4-device-layer integration
achieves 70% area reduction with 40% interconnect delay
reduction.

Although 3-D circuits overcome the problem of long and
complicated wiring in 2-D layout and increase the integration
density, we foresee anew problem arising from the connections
of gatesin different device layers. Typically, we ignore the ef-
fects of viasin multimetal layers of 2-D circuits. Unfortunately,
the same can not be said for the vertical channel that providesa
connection path from oneto its neighboring device layer in 3-D
structures (see Fig. 1). A wire may have to go through severa
vertical channels before it arrives at the desired device layer.
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A large number of vertical channelsin a 3-D structure can be
detrimental to the integration density due to the additional area
required for such channels. The combined parasitic effects of
severa vertical channelsmay significantly impact circuit perfor-
mance, especially for circuits with large logic depth. Our study
showsthat more than 90% of wires go through vertical channels
in an 8-device-layer structure. Without careful planning, theim-
pact of the vertical channels may negate the advantagesthat 3-D
structures offer.

In this paper, we study the interconnect modeling of 3-D cir-
cuits and investigate the impact of 3-D structures on circuit per-
formance and power consumption. In order to best understand
the wiring requirements, awireisdivided into two components:
horizontal wire and vertical wire. For a connection from one
gate to another, we define the portion that is parallel to the de-
vicelayersasahorizontal wire and the portion that is perpendic-
ular to the device layers as a vertical wire (Fig. 3). A horizontal
wiremay contain several horizontal segmentsand avertical wire
may contain several vertical channels. Horizontal wires deter-
mine the overall routing resources on top of each device layer,
and are generally realized by metal layers. Vertical wires are
realized by vertical channels and have impact on the area of de-
vice layer. Both horizontal and vertical wires contribute to the
overal interconnection delay.

The remainder of this paper is organized as follows. In Sec-
tion I1, horizontal and vertical wire-length distributions for 3-D
circuits are derived. Section |11 discusses 3-D wire-length dis-
tributions with their implications to 3-D structures. Section 1V
calculates and plots 3-D delay distribution. Section V discusses
the impact of repeater insertion on circuit performance. The ap-
plications of 3-D circuits for future technology generations are
presented in Section V1. Conclusions are given in Section VII.
Some mathematical details are presented in the Appendix.

II. DERIVATION OF STOCHASTIC 3-D WIRE-LENGTH
DISTRIBUTIONS

A. Rent sRule

Several early works were very successful in predicting wire-
length distribution and average interconnection length in 2-D
circuits [12], [17] [20]. The primary assumptions in those an-
alyzes were based on a well-established empirical relationship
commonly known as Rent s Rule. This relationship correlates
the number of signal input and output terminals7’, to the number
of gates IV, in arandom logic network by a simple power law
expression:

T = AN? )

where A isaproportionality constant, and p (0 < p < 1) isthe
Rent s constant. We refer to A and p as Rent s parameters.

This empirical relationship holds for amost al large VLSI
systems [12]. For example, the number of external 1/O pins for
the Intel microprocessor family, from the Intel 4004 in 1971 up
to the Pentium Pro in 1996, matches well with Rent s Rule with
A =209andp = 0.36 [19].

Two extensions of Rent sRule play key rolesin its successful
application to the characterization of 2-D wire-length distribu-
tion:
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Fig. 2. Layout of 3-D array multiplier (D10).
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Fig. 3. Definition of horizontal and vertical wire.

Rent s Rule (with the same parameters) holds for all sub-

circuits when acircuit is partitioned.

The number of interconnections, /, among agroup of sub-
circuits, isproportional to thetotal terminal count of all the

subcircuits, 7;,t4:, and the constant of proportionality, «,
holds hierarchically [12], [17], [18]:

I= aﬂotal - (2)

In[19], Daviset al. presented aderivation of 2-D wire-length
distribution and gave a closed-form expression. In this section,
wemake anontrivial extension of thisapproach to 3-D homoge-
neous circuits. By homogeneous, we assume that all gate pairs
at ahorizontal distance of £ are equally likely to connect to each
other regardless of the device layersthey arein.

Consider a system with N gates distributed in m device
layers. To simplify the calculation, we assume that the gates are
placed in a square array, as shown in Fig. 4. Therefore, there
are \/N/m x /N/m cellsin the entire array. Each cell has
m gates stacked vertically. The overall connections among all
gates, I1otal, 1S independent of the number of device layers, m,
and is given by [17]

Liotar = @AN(1 — NP71). €))

We restrict the routing of horizontal wires to Manhattan
routing. For simplification, we assume that all connections
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Fig. 4. Four-device-layer 3-D circuit partitioning.

will take the shortest path. For the horizontal wire-length
distribution, we consider only those wires with length larger
than one gate pitch. Wires with length less than one gate pitch
are connections within gates and have insignificant impact on
overall performance and interconnect layers. Therefore, al the
connections among gates within each cell are in the vertical
direction and do not contribute to the horizontal wires. The
total number of such connections, 7., g, can be calculated by
applying (3) to each cell and multiplying it by the total number
of cells, N/m:

I, 0= N aAm(l —mP 1) = aAN(1 —mP™ 1),  (4)
m

The total number of horizontal wires, I, ror, is the tota
number of interconnections among all cells. It can be obtained
by subtracting the total number of connections within each cell
from the total number of connections among all gates:

I 1ot = Liotat — Lo.o = aAN(mP~t — NP71). (5)

B. Horizontal Wire-Length Distribution

Although the derivation of 3-D wire-length distribution is
similar to the approach given in [19], many unique features of

Cells Inside Partial
= Manhattan Circle (Block ¥

Peripheral Cells of Partial sa e
Manhattan Circle (Block Z)

Interested Cell
{Block X)

-Illli

Partial
Manhattan Circle

3-D structures, i.e., multidevice layers, vertical wires, etc., need
to be considered. For simplification, we highlight only those
steps unique to 3-D structures in this section and present the
detailed derivation in the Appendix.

To obtain the wire-length distribution, we first calculate the
stochastic wire-length distribution of asingle cell at the corner
(and hence, obtainthewire-length distribution of all gatesin that
cell). Once the stochastic wire-length distribution is determined
for the corner cell, we remove it from the system in order to
prevent multiple counting of interconnects when we calculate
the remainder of the wiring distribution. The same process is
repeated for all cellsin the system by scanning al cellsfrom the
top row to the bottom row and from the | eft to the right in each
row. The wire-length distribution for al N gatesin m device
layers is obtained by aggregating the wire-length distribution
for individual cells (see Fig. 4).

In order to count the number of horizontal connections of
length ¢ that acell at (zo, yo) has, we consider cellsthat are of
horizontal distance £ away fromit. These cellsarelocated at the
circumference of apartial Manhattan circle with center (zo, yo)
andradius¢. A Manhattan circlewith center (o, o) and radius
£, where the radius is measured by Manhattan distance (¢ =
|z — @o| + |¥ — wol), isin diamond shape. It is called partid
Manhattan circle since only half the cells on the circumference
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Fig. 5. Four-device-layer potential connections between two cells.

needs to be considered; the other half has already been counted
and removed. For a large square gate array, most Manhattan
circles are entirely contained within the array except for those
whose centers are within distance ¢ from the boundary (refer
to Fig. 23 in the Appendix). However, due to the symmetrical
properties of the Manhattan circle and the gate array, and for
the purpose of calculating the expected number of connections
between a gate pair, we treat al partial Manhattan circles as
contained within the gate array, like the one shown in Fig. 4.
The error caused by such an approximation is small as proved
by 2-D circuits [19]. Nevertheless, we will correct it later by a
normalization coefficient [See (14)]. We denote the individual
gates at the center of the Manhattan circle as set X, the gates
within the partial Manhattan circle as set Y, and the gates on
the circumference of the partial Manhattan circle asset Z. The
numbers of gatesin X, Y, and Z are denoted as Nx, Ny, and
Nz, respectively. Thus

Nx =m; (6)
r=I[—1

Ny = 2mr = mé(f — 1); @)
r=1

The expected number of connections from set X toset 7 is

I(€) = e AmP[(1 + (£ — 1) — (4L = )" + (KL + 1)
— (UL D)) ©

of which the derivation is given in the Appendix [see (59)].

The total number of gate pairs between X and Z are 2m?/.
Therefore, the average number of interconnects connecting each
gate pair separated by a horizontal length ¢ in a given partial
Manhattan circle is obtained by dividing the number of connec-
tions, 7(¥), by the total number of gate pairs, 2m?¢:

aAmP—?

Lom(t) = 25

[(1+ £ = 1)) = (L= 1))F

(U +1)P — (1+ £ +1)7]. (10)
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Applying binomial expansion, L..,(¢) issimplified as follows:
Txp(£) = aAmP™2p(1 — p)e2r=4, (11

Such a simplification, though not necessary, would lead usto a
clean final wire-length distribution.

The total number of gate pairs M (¢) in \/N/m x \/N/m
square array, separated by alength / is

( 3
m? <£——2121/ﬁ+2£5>,
3 m m

1§£<\/ﬁ;
m
3

2 /

3 m

1/E§£§2

L m

where the term m? arises from the facts that each cell has m
gates and there are totally m? potential gate pairs between two
cells[see (49) in Appendix for the derivation].

Thehorizontal wire-length distribution, 2(£), isgiven by mul-
tiplying the average number of interconnects connecting each
gate pair, Iox,,(£), by the number of gate pairs, M (£):

(ThaAm?(1 —p)

3
¥ <£— T A %ﬁ) =t

(12)

)
N
—
m

3 m m
1</< E
h(l) = - m’ (13)

3
1 /N
=I'naAmP(1 —p)p <2 — - f) 2=t
3 m
IN IN
T/t
\ m m

wherel’;, isthe normalization coefficient that can be determined
by the following equation:

£=2/N/m

£=1

hl) = Iy_ror. (14)

Thus, we obtain thefinal 3-D circuit horizontal wire-length dis-
tribution function, /(¢), as follows:

( 3
e <£— - 2(2,/5 +2£5> 12p—4
3 m m
1</«
9 2 E_g 02—+
3 V m ’
/N /N
<<=
\ m m

where © is shown in (16) at the bottom of the next page.

e

?

h(f) = (15)

N——
w

IA
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If p=1/2, applying I'H pital srule, © convergesto

N
200 Am?P <— - E)
m m

0= . (17)
/N N N 2
— <—2ln— —6+21n4> +4— — =
m m m 3

Note that when m = 1, asaspecial case, (15) givesthewire-
length distribution of 2-D circuits derived by Davis et al. [19].

C. Vertical Wire-Length Distribution

In this subsection, we derive the vertical wire-length distribu-
tion. Consider two cells PP and @) (each cell contains m gates) in
a homogeneous system as shown in Fig. 5. There are atotal of
m? potential gate pairs. Among those m? potentia gate pairs,
m pairs are in the same device layers, 2m — 2 pairs are one
device layer apart, 2m — 4 pairs are two device layers apart,
and so on. Since connections aways take the shortest path, con-
nections among gate pairs in the same device layers do not go
to other device layers and thus do not contribute to the vertical
wires. Therefore, only 1 — (1/m) of the total horizontal wires,
I, ror, are connected with vertical wires; the number of wires
containing both horizontal componentsand vertical components

IS
1
<1 — —) Iy _ror
m

= <1 — i) ozAN(mp_]L — Np_l).
m

IU _h —
(18)

The number of wires containing both horizontal components
and vertical components, I, ;,, plus the number of wires con-
taining only vertical components, I, o, is the total humber of
vertical wires, 1, Tor:

IU_TOT = -[U_h + IU_O
=aAN <1 — NPTL P2

N;:) . (19)

Inspecting Fig. 5, the vertical wire-length distribution can be
easily obtained:

v(k) =T, (2m — 2k), (20)
wherek =1, 2, ..., m—1isthelength of vertical wiresin unit
of one device layer depth (distance between two neighboring
device layers). I',, isthe normalization coefficient. The normal-
ization is necessary for obtaining the distribution of the entire
system since the expression (2m — 2k) gives only the relative
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Fig. 6. Horizontal wire-length distribution.

number of wires with vertical length & for m? potential con-
nections between two cells. The normalization equation can be
written as

k=m—1

Z v(k) = I, _ror

k=1

(21)

Thus, we obtain the final vertical wire-length distribution,
v(k), of the entire system.

1— NPt —mP2 oINPT
m(m —1)

v(k) = 20AN (m — k)

(22)

wherek =1,2,...,m — 1.
Note that when m = 1, I, 7or = 0, as 2-D circuits do not
have vertical wires.

1. IMPLICATIONS OF 3-D WIRE LENGTH DISTRIBUTION

Fig. 6 plots the horizontal wire-length distribution with re-
spect to the number of device layers for m = 1, 4, 8, and 16,
where m = 1 corresponds to the 2-D case. We observe that
the global interconnects as well as the local interconnects are
significantly reduced by 3-D structures. We also observe that
thereisahigher reduction of horizontal wireswhen the number
of device layersis larger. However, the reduction of horizontal
wiresisachieved at the expense of vertical wires. 3-D structures
reduce thewire length by stacking devicesinto several small de-
vicelayersinstead of spanning theminasingle, but large device
layer. A connection between two gates can be realized by going
through a shortened horizontal wire and a vertical wire. Some

142p—2%1 1

N p
- <E> p2p—1)(p—1)(2p—3) 6p

(16)
/X N
[ — m_—m
+2p—1 p—1
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nets may go through only vertical wires, obviating the need of
horizontal wires.

Fig. 7 plots the vertical wire-length distributions. It shows
that even though the number of vertical wires decreases with
the increase of length, the numbers of long vertical wires are
gtill considerably large. The large number of long vertical wires
may limit the number of the device layersthat can be integrated.

To best understand the effect of the vertical wires, we aso
plot the percentage of the total wiresthat contain vertical com-
ponents (Fig. 8). Theplot showsthat for m > 8, almost all wires
require vertical connections. The large number of vertical wires
will have significant impacts on circuit layout and fabrication
process. For circuits with large logic depth, the vertical wires
may even impact the performance.

IV. 3-D DELAY DISTRIBUTION

To assess the impact of 3-D structures on the circuit perfor-
mance, we cal culate 3-D delay distribution. To simplify the cal-
culation, we assumethat each gateisatwo-input NAND gate, as
shown in Fig. 9. Based on transistor density predicted by ITRS,
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Fig. 10. Three-dimensiona wire and its delay model.

the sizes of the transistors are estimated tobe W, /L,, = 10 and
W,/ L, = 10. Also, for anet with both horizontal wire and ver-
tical wire, weassumethat the vertical wireisinthemiddle of the
net regardless of the length of the net (Fig. 10). We denote the
resistance and capacitance of ahorizontal wire of one gate pitch
as R and C, respectively; and denote the resistance and capaci-
tanceas R, - Rand C,, - C, respectively for avertical wire with
onedevicelayer depth. The coefficients R, and C,, equalizethe
vertical wire-length to horizontal wire-length for resistance and
capacitance calculation. The distributions are plotted under the
assumption that tungsten plugs are used asvertical channels; R,,
and C,, are estimated to be 10 and 0.85, respectively.

Table | lists the device and interconnect parameters for 180
nm technology node identified by ITRS[1]. Base on these data,
the impact of 3-D integration on circuit performance is investi-
gated using the EImore delay model [12].

Thedelay 7 of anet isrepresented as[12], [21]:

RC

T = Rgsw(fgcgin + Cgout) + nggswC(Lh + CLLL) + 2

y (Lh + R'UL'U)(Lh + CLLL) + (Lh + R'UL'U)RCgin
(23)

where f, isthe fan-out and is assume to be 3[12], [19]. Rgs.,
Cyin, and Cyoyy represent gate switching resistance, input ca-
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TABLE |
DEVICE AND INTERCONNECT PARAMETERS AT 180 nm TECHNOLOGY NODE

Parameter Value
Assumed
Transistor count 2M
Average gate fanout 3
Minimum gate length, Ly, , Ly{(nm) 140
nMOSFET switching resistance, Wp Rawn (2 — pm) | 2400
Input capacitance, Ciy, /(Wn + Wp)(fF/pum) 2.54
Output capacitance, Cout/(Wn + Wp)(fF/um) 2.04
Horizontal interconnect resistance, p(§2 — cmn) 33
Horizontal interconnect capacitance, C2 (f F/um) 0.2
Length of one géte pitch, (um) 9
Width of the wires, 2L, (nm) 280
Wire aspect ratio 22
Derived
Gate switching resistance, Rgs (S2) 1714
Gate input capacitance, Cyin (fF) 7.112
Gate output capacitance, Cgout(fF) 5.712
Horizontal wire resistance per gate pitch, R(2) 1.719
Horizontal wire 6apacitance per éate pitch, C(fF) 18
Vertical wire resistance per device layer depth 2 17.19
Vertical wire capacitance per device layer depth fF' 1.53

pacitance, and output capacitance, respectively, while 1;, and
L,, denote horizontal and vertical wire length, respectively.
Fig. 11 plots the delay distributions with respect to the
number of device layers for m = 1,4, 8, and 16 (m = 1
corresponds to the 2-D case). Clearly, we see that every 3-D
delay distribution shows two distinct regions compared to
2-D distribution (solid line). We refer to the region that has
more nets than 2-D as local region since it contains mostly
short-delay nets and the region that has less nets than 2-D as
the global region since it contains mostly the long-delay nets.
We observe that as the number of device layersincreases, the
range of the local region increases and the range of the global
region decreases. Two factors contribute to this scenario. Firgt,
with more device layers, more long-delay nets in 2-D are re-
duced and converted into short-delay netsin 3-D. The increase
of netsin the local region compensates for the decrease of nets
inthe global region so that the conservation of total netsismain-
tained. Thus, thelocal regionisenlarged. We can therefore con-
clude that 3-D structures effectively reduce the long-delay nets
to achieve high performance. Second, the influence of vertical
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Fig. 12. Delay distribution for various vertical wire resistances and
capacitances.

wiresis more pronounced with the increasing number of device
layers and may even turn the short delay nets in 2-D to mod-
erate delay netsin 3-D. When the contribution of vertical wires
is significant enough, the local region may even be further ex-
tended and may cancel the benefit brought by 3-D structures.
This again implies that vertical wires may limit the number of
the device layers that can be integrated.

The detrimental effect of vertical wires on short interconnec-
tions can be further observed from Fig. 12, where the delay dis-
tributions with respect to different vertical wire resistance and
capacitance coefficients (R, and C,,) isplotted. For comparison
purposes, 2-D distribution is also included. Fig. 12 shows that
the resistance and capacitance of vertical wires have ailmost no
impact on long delay nets. However, asthe resistance and capac-
itance of the vertical wires increase, the local region extends.

V. REPEATER INSERTION AND CIRCUIT PERFORMANCE

When the resistance of the interconnection is comparable to
or larger than the on-resistance of the driver, the propagation
delay increases quadratically with respect to theinterconnection
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Fig. 13. Schematic of the repeater.
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Fig. 14. Number of repeaters with respect to the number of device layers.

length. With judiciousinsertion of repeaters, the delay becomes
linear asthe wireis broken into several sections (k + 1 sections
for k repeaters) [12], [22]. In this subsection, we investigate the
impact of 3-D structures on repeater insertion.

To simplify the calculation, we assume that al repeaters are
identical. Each repeater is implemented by cascading two in-
verters. The circuit structure and transistor sizing of repeaters
areshowninFig. 13. Weusetheresultsin[12], [22] to determine
the number of repeaters required to minimize delay. Equation
(23) is used to calculate the delay of each wire section. Thus,
the delay of the whole net is the sum of all section s delays.

Fig. 14 plots the number of repeaters needed to minimize
the interconnect delay as much as possible with respect to the
number of device layers for m = 1, 2, 4, 8, and 16. From the
plot, we seethat the number of repeatersissignificantly reduced
in 3-D structures. Thisis especialy important for circuits with
high interconnect complexity (interconnect complexity is de-
scribed by Rent s constant p higher  p corresponds to higher
complexity with more global nets). For example, with p = 0.80,
a 2-D layout needs about 30 repeaters for every hundred gates,
whichisunacceptably high. With 8-device-layer integration, the
number of repeaters can be reduced to 9 per hundred gates, and
only 5 for m = 16. Fig. 14 shows that 3-D structures signif-
icantly relieve the difficulty of placement and routing due to
repeater insertion. Moreover, reducing the number of repeaters
will further reduce the chip area and increase the integration
density.
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In addition, even with a much larger number of repeatersin-
serted, 2-D circuits are still unable to achieve the same perfor-
mance of 3-D. Fig. 15 plots the worst case clock frequency for
different 3-D circuits. Here, we assumethat the worst case clock
period is proportional to the longest delay net after repeater in-
sertion [1], [23]. For comparison, we normalize them with re-
spect to the 2-D case at p = 0.30. 3-D circuits show significant
performanceimprovement. Most of them can be clocked at rates
doubleor eventriplethe 2-D rate. From the plot, we observe that
higher p indeed corresponds to higher interconnect complexity
(longer delay), and thus shows lower clock rate. Therefore, 3-D
integration is suitable for high interconnection complexity cir-
cuits.

VI. 3-D CIrcuUIT PERFORMANCE AND POWER TRENDS FOR
FUTURE TECHNOLOGY GENERATIONS

Using 1999 International Technology Roadmap for Semicon-
ductorsasguidance[1], we further study the applications of 3-D
integration for the future technology generations. ITRS identi-
fiesthetrendsand challengesof the VL Sl technology from 1999
up to 2014. The period isdivided into 6 technology generations.
Clear targets and technology requirements for each generation
are projected.

Table Il lists the parameters of high performance MPUs for
the six technology generations. We again assume that the gates
are 2-input NAND gates as shown in Fig. 9, and a repeater is
two cascaded inverters as shown in Fig. 13. The wire width are
two times the minimum gate length. We assume that the coef-
ficient R, and C, remain the same across the six technology
generations (R, = 10.0 and C,, = 0.85). Rent s constant p is
arbitrarily set as 0.45 based on the facts that p of the modern
MPUs is around 0.30 0.60 [12] and that our discussions and
conclusions of this section are independent of the value of p.

Fig. 16 plotsthe number of repeaters needed over technology
generations for various numbers of device layers. We again see
thesignificant reduction of repeaterswith 3-D structures. Fig. 16
also shows that the demand of repeaters increases rapidly with
the migration from one technology generation to another. This
implies that 3-D structures become important for future tech-
nology generations in reducing repeater requirement.
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TABLE 11
PARAMETERS FOR HIGH PERFORMANCE MPUS OVER TECHNOLOGY GENERATIONS

Year 1999 2002 2005 2008 2011 2014
Technology Nodes 180nm | 130nm | 100nm | 70nm | 50nm 35nm
Gate Length (L, L) (nm) 140 85 65 45 32 22
Performance (M H z) 1200 1600 2000 2500 3000 3600
Chip Size (mm?) 450 509 622 713 817 937
Transistor Count 2M 67M 180M | 546M | 1560M | 4320M
Switch Resistance Rs;wWy, (2 — cm) 2400 2000 1600 1200 800 667
Input Capacitance Ciy, /(Wn + W) (fFF/um) 2.54 1.96 224 1.94 1.84 1.52
Output Capacitance Ciy, /(Wy + Wp) (fF/um) | 2.04 1.69 1.32 1.36 1.39 2.08
Gate Pitch (um) 9.0 5.5 3.7 23 14 0.9
Wiring Aspect Ratio 22
Wiring Resistivity (u€2 — cm) 33
Wiring Capacitivity (pF'/cm) 2
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Fig. 16. Number of repeater over technology generations for various numbers
of device layers.

While the number of repeaters are reduced, the clock ratesin-
creasewith theuse of 3-D structures. Fig. 17 plotstheworst case
clock rates over technology generations for different number of
device layers. The worst case clock period is again assumed to
be proportional to the longest delay net. We also assume that
the corresponding 2-D circuit performance at each technology
node meets its ITRS target (i.e.,, 1.2 GHz for 180 nm node) so
that we can normalize the clock rates of all generations to 180
nm node. We observethat 3-D structures have two or three tech-
nology generation advantage over 2-D circuits in terms of per-
formance.

Figs. 18 and 19 plot the average power consumption per
switching for a single gate and for the whole chip, respectively.
In estimating the power consumption, we assume that the
supply voltage remains the same within the technology gener-

7

N7

180nm

130nm
Technology Node (p=0.45)

100nm  70nm 50nm 35nm

Fig. 17. Clock rate over technology generations for various numbers device
layers.

ation regardless of the number of device layers. Therefore, the
power due to gate switching capacitance is the same for any
number of device layers in the same technology generation.
Based on our estimation, power consumption is still dominated
by the gate switching capacitance. However, power consumed
by interconnects (including repeaters) is becoming substantial,
taking about 15% to 25% of the total power. This is not
insignificant and should call for our attention.

Despite the continuing reduction of power consumption in
each gate, the total power for the whole system continually in-
creases over technology generations due to the increasein tran-
sistor count. Nevertheless, 3-D integration can provide arelief,
asshowninFigs. 18 and 19. Thismainly comes from the reduc-
tion of the interconnect capacitance, since we assume that the
device or circuit structure is not atered.
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However, we observe that there is a limit on how much re-
duction can be achieved by 3-D integration. In fact, integrating
more devicelayers may increase the power consumption. To un-
derstand this phenomenon, we take 180 nm technology node
as an example and plot the interconnect capacitance distribu-
tion for different number of device layers (Fig. 20). It is clear
from the plot that the high and low capacitance nets are reduced
while the medium capacitance nets are increased. Therefore,
thereis atradeoff between reducing higher capacitance nets and
increasing medium capacitance nets. In another words, there ex-
ists an optimum number of device layers that gives the lowest
total interconnect capacitance.

The existence of an optimum number of device layers that
gives the lowest total interconnect capacitance can be more
clearly seen in Fig. 21, where the horizontal wire capacitance,
vertical wire capacitance, and the total interconnect capacitance
versus the number of device layers are plotted. The plot shows
that while the horizontal wire capacitance is reduced by 3-D
integration, the vertical wire capacitance is increased. For
the small number of device layers, the decrease of horizontal
wire capacitance overrides the increase of the vertical wire
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capacitance. Therefore, the total interconnect capacitance
decreases, so does the power consumption. However, with large
number of devicelayers, thetrend of decreasing horizontal wire
capacitance slows down while the rate at which the vertical
wire capacitance increases amost remains the same. Thus,
the total wire capacitance increases. This in turn increases the
power consumption.

The increase of interconnect complexity outpaces the
increase of the circuit complexity. The percentage of total
power consumption due to the interconnect increases with
each new technology generation. Reducing interconnect power
consumption through 3-D integration can important for future
VLSl technologies.

VIl. CONCLUSIONS

Wedivide 3-D wiresinto horizontal and vertical sections. The
closed-form expressions for horizontal and vertical wire-length
distributions are derived. We show that 3-D structures signifi-
cantly reduce the horizontal global wiresaswell aslocal wires.
However, we pay the penalty of increasing number of vertical
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wires. The large number of vertical wires may impact the inte-
gration density, chip size, and circuit performance.

We further study 3-D circuit delay distribution and repeater
insertion. We find that 3-D structures effectively reduce the
global nets, but increase the local nets. The increasing number
of device layers would reduce the number of global nets more
at the expense of increasing the local nets. This may set a
ceiling on how many device layers we can integrate. We aso
show that 3-D structures significantly reduce the repeaters
needed to minimize the interconnect delay. Reducing repeater
requirement does not only save the chip area and increase the
integration density, but also relieves the difficulties involved
in pre-layout chip size estimation and layout floor planning.
Finally, we show that with 3-D structures, circuits can work at
much higher clock frequencies than that of 2-D.

3-D circuit applications for future technology generationsare
also investigated. Our analyses show that 3-D circuits have two
or three technology generation advantage over 2-D circuits in
terms of performance. Moreover, 3-D integration can naturally
provide a relief for power dissipation due to the reduction of
the interconnect capacitance, even though the relief is limited.
We conclude that 3-D integration can be a viable solution for
low-power high-performance designs in the future technology
generations.

APPENDIX

For reader s convenience, we append a detailed mathematic
derivation on some results used by the paper. Some are repro-
duced (with afew modifications for 3-D applications) from the
work of Reference [19], in which the authors considered 2-D
circuits.

A. Function ®(¢, j, £)

Function ®(i, 7, £) isdefined asthe number of gatesthat are
of distance ¢ away from the gatesin the ¢th row and jth column
in asquare array of gates, as seen in Fig. 22. This function ex-
cludes any gates at position (x, %) (xth row and yth column)
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Fig. 23.

Abstract partial Manhattan circle in a square gate array.

that satisfy {(z, y): x < tor (x =, y < j)}. The square gate
array isformed by an /N/m x /N/m array cells, each cell
containing m gates.

By the above definition, gatesthat are of distance ¢ away from
the gates at (i, j) are distributed in the bottom half of a Man-
hattan circle whose center locates at (¢, j) and whose radiusis
£. We refer this half circle as a partial Manhattan circle. Such a
structure can be viewed as an abstract mathematic model shown
in Fig. 23, where Point O isthe position (¢, j), and AP, P> Ps,
AQIQQQg, AR{RyR3, AS15,53 are the partlal Manhattan
circles corresponding to different radius £. The shaded area is
the square gate array.

If the partial Manhattan circleis completely contained by the
square gate array, such as AP, P, P, then all gates on the seg-
ments P, P, and P; P, are exactly the gates that are of distance #
away fromthe gates at (i, 5), excluding gates at position (z, y)
that satisfy {(z, ¥): z < ior (z =4, y < j)} (gates on another
half of Manhattan circle). They are totally 2m# gates on these
two segments. Therefore

&4, 4, £) = 2md. (24)

However, if ¢ > +/N/m — j, such as in the case of
AQ1Q2Qs, Wwhere OQ3 = /N/m — j, part of the gates on the
partial Manhattan circleisoutside of the gate array (i.e., Q3Q7).
By geometric inspection, there are el = m(¢ — /N/m + j)
gates on segment 3()7. Those gates should be deducted from
(24). Using step function uq(x), el can be described as

(Yo (e )
m m

With the same argument, ¢2 corresponding to the case

£> /N/m —i(i.e,segment Q206 in AQ1Q20Q)3), €3 corre-

spondingtocase £ > /N/m + 1 — i (i.e, segment Q2Q)s in

AQ10Q-0Q)3), and e4 corresponding to case £ > j (i.e., segment

Q104 in AQ1Q2Q)3) should also be deducted from Equation
(24) .Using step function again, those three variables are

o)

(25)

el=m

; (26)
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RSN

(27)
ed =m[({ — jluo(£ — j)]. (28)

For ARy Ry R3 and AS; 5253, el correspondsto Rz Rg7 and
S3S57, €2 corresponds to Ry Rg7 and 525, e3 corresponds to
RyR,5 and 5555, and ¢4 correspondsto Ry Ry; and S,.S,. For
thesegmentsbeyond R, R3, correspondingtothecase f+i+j >
24/N/m — 1, thereisan overlap of ¢l and ¢2, such as 5457 in
AS15253. Therefore, we should add back 5, the overlap of e;
and ez, into (i, 7, £), where

eS:m[<£—2\/g+i+j—1>
- Ug <£—2\/g+i+j—1>]. (29)

Likewise, we should add back ¢6, the overlap of e3 and e4,
inthecaseof £ +¢ — j > \/N/m, where

N (.. SV P oo

(30)

Thefinal general form of function ®(%, 7, £) thenis

O, 4, ) =m(2l —el —e2 —e3 —ed+ed+e6). (31

B. Total Gate Pairs ¢ Away Each Other in the Square Gate
Array

Multiplying (4, j, ¢) by m gives the number of gate pairs
£ away from the cell at (¢, j) since there are totally m gates at
(¢, 7). summing m®(i, j, £) over the entire square gate array
gives M (¢), the total number of gate pairs separated by alength
£ in the horizontal direction.

=/ =/ NI

M@@y=m > > @, 4 b). (32)
=1 j=1
For Regionl:1 < ¢ < /N/m:

i=/NJm =/ N/ N
> > =2 (33)
=1 j=1 m

i=y/N/m =/ N ~
> > el =mil+ 1)y —; (34)
) N m
=1 j=1

i=v/N/mj=+/N/m N
> S e2=mll+ 1)y —; (35)
) N m
=1 j=1
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i=y/N/m j=+/N/m

e3 =ml(f — 1)1/5; (36)
N m
=1 j=1
i=+v/N/m j=+/N/m N
ed =ml(f — 1)/ —; (37
N m
=1 j=1
i=v/N/m j=+/N/m m(g?’ _ l)
eb = ; (38)
° 6
=1 j=1
i=v/N/m j=+/N/m m(g?’ _ l)
6 = (39
. 6
=1 j=1
Thus
A N 1 N
_ 2 (> 2 L - 2
M) =m [3 2= 42t <6m 1)] (40)
For RegionIl: /N/m < £ < 2,/N/m:
i=+v/N/m j=+/N/m N
> =2 (41)
‘ N m
=1 j=1
i=v/N/m j=+/N/m N N
el=—[20—/= +1]; (42)
. 2 m
=1 j=1
i=v/N/m j=+/N/m N N
Sooee=s 20—y = +1); (43)
“ . 2 m
=1 j=1
i=y/N/m j=+1/N/m N N
e3=" (20— /2 —1); (44)
. 2 m
=1 j=1
i=+v/N/m j=+/N/m N N
ed=— 20—/ ——1]; (45)
. 2 m
=1 j=1
i=v/N/m j=+/N/m m , N /N N
B R R B EAY AN Y
‘ 6 my m m
=1 j=1
N N
+ 202 — — 2M—> ;. (46)
m m
i=v/N/mi=y/N/m m , N N N
b=— - +li+2=/= -2/ =
6 myV m m
=1 =1
N N
+ 20— — 2(”—) :(47)
m m
and M(¥) is

(48)
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Fig. 24. Determination of number of wires between two gate blocks.

TABLE 11
VARIABLE DEFINITIONS

Assuming that /N/m > 1, M(¥) can be simplified as

( 3
m? <£— —20%/ N +2££> ,
3 m m

2 N 3
m
7(2%‘() :
N o< /N
\ m m

C. Expected Number of Interconnects between Two Gate
Blocks

The expected number of interconnects between two gate
blocks is determined using Rent s Rule.

Consider three distinct but adjacent blocks P, @, and R
shown in Fig. 24. The number of connections between Block
P and Block R is caculated by conserving /O terminals for
blocks P, @}, and R. Conservation of 1/O terminals states that

(49)
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the terminals for blocks P, @, and R are either inter-block
connections or external system connections. Therefore

Tp+ TQ +1Tr = Tp-to-Q + TQ-to-R +Tp-to-r+ TPQR- (50)

where these variables are defined in Table 1.
Because blocks PP and  are adjacent, we can treat blocks PP
and @ asone big block. From the conservation of terminals, the

number of 1/O s between blocks P and Q is:
Ip-to-g =Tp +1g —Tpqg. (51)

Likewise, blocks @ and R are adjacent, the number of termi-
nals between blocks P and @@ can be written as

Tg-to-r =T+ Tr — Tgr. (52)
Substituting (51) and (52) into (50), and simplifying it, gives
(53)

The number of 1/0 terminals for individual block is directly
calculated from Rent s Rules. Assuming Np, Ng, and N are
the number of gatesin block P, @, and R, respectively. From
(1), the number of terminals for each block is

Tp-to-r = Tpo + Tor — T — Tror.

Ty = A(Ng)s (54)
Tpg = A(Np + Ng)*; (55)
Tor =A(Ng + Nr)¥; (56)

Tpor =A(Np + Ng + Nr)P. (57)

Thus, the number of terminals connecting blocks P to R is
Tp-to-r = A[(Np + N@)* + (Ng + Nr)’ — (Ng)?
— (Np+ Ng + Nr)"].

Therefore, the expected number of interconnects between
blocks P and R is

(59)

Ip-to-r =d'p-to-r
=aA[(Np + Ng)’ + (Ng + Nr)? — (Ng)*

— (Np+ Ng + Nr)*]. (59
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