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Abstruct-3-D technology promises higher integration density and lower intercon- 
nection complexity and delay. At present, however, not much work on circuit appli- 
cations has been done due to lack of insight into 3-D circuit architecture and perfor- 
mance. One of the purposes of realizing 3-D integration is to reduce the interconnect 
complexity and delay of 2-D, which is widely avowed as the harrier to the continued 
performance gains in the future technology generations. Therefore, in this paper, we 
present a stochastic 3-D interconnect model, study the impact of 3-D integration on 
circuit performance and power consumption. We show that 3-D structures effectively 
reduce the number of long delay nets, significantly reduce the number of repeaters, 
and dramatically improve the circuit performance. With 3-D integration, a circuit 
can be clocked at frequencies much higher (double, even triple) than with 2-D. How- 
ever, we also show that the impacts of vertical wires on chip area and interconnect 
delay can be limiting factors on the vertical integration of device layers; and that 3-D 
integration offers limited relief of power consumption. 
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I. INTRODUCTION 

Scaling has been the primary approach in the past few decades 
to meet circuit performance and power consumption requirements in 
VLSl circuits. However, as device dimensions shrink to submicron and 
below, short channel effects, quantum effects, interconnect complexity 
and delay, pose serious challenges to the conventional 2-D integration 
and can lead to the emergence of 3-D integration [l]. The main pur- 
pose of realizing 3-Dimensional integration is to reduce the intercon- 
nect complexity and delay. Therefore, it is imperative to gain thorough 
understanding of wiring requirements and its impact on the architecture 
and performance of 3-D circuits. In this paper, the impacts on power 
and performance of 3-D integration for future technology generations 
are studied. We investigate repeater insertion, circuit speed, and power 
consumption of 3-D integration based on a stochastic 3-D interconnect 
model. 

Various approaches have been proposed and developed in realizing 
multi-device-layer integration [2][3][4][5]. A schematic of 3-D circuit 
structure with 3 device layers is shown in Fig. 1. Intuitively, 3-D tech- 
nology offers compact logic gates and, in general, compact functional 
blocks and circuit structures. In 3-D circuits, transistors are stacked in 
several device layers, rather than spanned in a vast single device layer. 
Significant area saving and performance improvement can be achieved 
due to the increased integration density and reduced wire length of 3-D 
structures. In [6], for example, we studied the 3-D integration of array 
multiplier under 10 different schemes (Fig. 2 is the layout of one such 
scheme with 4 device layers and 2 metals per layer). Nearly 40% area 
reduction with 18% interconnect delay gain for 2-device-layer struc- 
ture over standard 2-D structure, and 70% area reduction with 40% 
interconnect delay gain for 4-device-layer structures were obtained. 

However, while 3-D circuits overcome the problem of long and com- 
plicated wiring in 2-D layout and increase the integration density, we 
foresee a new problem arising from the connections of gates in differ- 
ent device layers. Typically, we ignore the effects of vias in multi-metal 
layers of 2-D circuits. Unfortunately, the same can not be said for 
the vertical channel that connects one device layer to another in 3-D 
structures (see Fig. 1). The process technology, materials, and struc- 
ture of the 3-D vertical channels are completely different from those 
of 2-D metal contacts, leading to completely different effects on chip 
area and circuit performance. A large number of vertical channels in 

a 3-D structure can be detrimental to the integration density due to the 
additional area required for such channels. The combined parasitic ef- 
fects of several vertical channels may significantly impact the circuit 
performance, especially for circuits with large logic depth. Our study 
shows that more than 90% of wires go through vertical channels in a 
8-device-layer structure. Without careful planning, the impact of the 
vertical channels may negate the advantages that 3-D structures offer. 

11. STOCHASTIC 3-D INTERCONNECT MODELING 

A stochastic 3-D interconnect mode is developed for investigating 
the impact of 3-D structures on circuit performance and power con- 
sumption [SI. In order to best understand the wiring requirements, we 
divide the overall wires into two parts: horizontal wires and vertical 
wires. For a wire connecting one gate to another, we define the por- 
tions that are parallel to the device layers as a horizontal wire and the 
portions that are perpendicular to the device layers as a vertical wire 
(Fig. 3). Horizontal wires determine 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 device layer. Both horizontal and vertical wires contribute to 
the overall interconnection delay. This section presents some impor- 
tant results of the modeling. 

For a system with N gates distributed in m device layers, The closed 
form expressions of the horizontal and vertical wire-length distribu- 
tions are obtained by extending Rent's Rule [9]  and are listed as fol- 
lows: 

Horizontal Wire-Leneth Distribution: 

where h( l )  is the number of connections with horizontal 
distance of e gate Ditches: and 

Vertical Wire-Lencth Distribution: 

(2m - Zk), V ( k )  = ~ A N ( ~ - N P - '  - m P - 2 + m - 1 N p - 1 )  

where V ( k )  is the number of connections with vertical dis- 
tance of k device layers. k = 1, 2, ..., m - 1. 
A,  a, p are Rent's parameters for interconnect complex- 
ity [9][10]. 
When m = 1, the expressions give the wire-length distribu- 
tions of 2-D circuits, which have no vertical wires. 

m(m- 1) 

Figs. 4 and 5 show the horizontal and vertical wire-length distribu- 
tions, respectively. Significant reduction of horizontal wires with 3-D 
integration is obtained. However, the reduction is at the expense of a 
large number of vertical wires. 

111. PERFORMANCE CHARACTERIZATION OF 3-DIMENSIONAL 
CIRCUITS 
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With the knowledge of wire-length distributions, we are ready to 
study the impact of 3-D integration on circuit performance and power 
dissipation. The evaluation is based on 1999 International Technology 
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Roadmap for Semiconductors (ITRS) [ 113. Elmore delay model [9] is 
used in accessing interconnect delay and repeater insertion. To sim- 
plify the calculation, we assume that each gate is a two-input NAND 
gate, and the repeater is the two cascaded inverters, as shown in 
Fig. 6. Based on transistor density predicted by ITRS and on perfor- 
mance requirements, the sizes of the gate transistors are estimated to 
be W n  fLn  = 10 and W, fL, = 10. Also, for a net with both hori- 
zontal wire and vertical wire, we assume that the vertical wire is in the 
middle of the net regardless of the length of the net (Fig. 7). We denote 
the resistance and capacitance of a horizontal wire with one gate pitch 
as R and C, respectively; and denote the resistance and capacitance as 
Rv * R and Cv * C respectively for a vertical wire with one device 
layer depth, where Rv and Cu are the coefficients that relate the resis- 
tances and capacitances of vertical wires and horizontal wires. Under 
the assumption that tungsten plugs are used as vertical channels; Rv 
and Cv are estimated to be 10 and 0.85, respectively. 

Table I lists the parameters of high performance MPU’s for the six 
technology generations. We assume that the wire width is two times 
the minimum gate length. And the normalization coefficient Ru and 
Cu remain the same across the six technology generations (Ru = 10.0 
and Cv = 0.85). Fan-out of a gate is assumed to be 3, which gives 
us A = 3.8 and (Y = 0.74 [IO]. Rent’s constant p is arbitrarily set as 
0.45 based on the facts that p = 0.45 roughly reflects the interconnect 
complexity of modem MPU’s and that our discussions and conclusions 
of this section are independent of the value of p .  

Fig. 8 plots the number of repeaters needed over technology gener- 
ations for various number of device layers. We observe the significant 
reduction of repeaters with 3-D structures. The reduction of the re- 
peaters would 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. Fig. 8 
also shows that the demand of repeaters increases rapidly with the mi- 
gration from one technology generation to another. This implies that 
3-D integration will become important for future technology genera- 
tions in reducing repeater requirement. 

While the number of repeaters is reduced, the clock rate is increased 
by 3-D structure. Fig. 9 plots the worst case clock rates over technology 
generations for different number of device layers. The worst case clock 
period is assumed to be proportional to the longest net delay [11][9]. 
We also assume that the corresponding 2-D circuit performance at each 
technology node meets its ITRS target so that we can normalize the 
clock rates of all generations to 180nm node. We observe that 3-D 
structures have two or three technology generations advantage over 2- 
D circuits in terms of performance. 

Iv. POWER TREND OF 3-DIMENSIONAL CIRCUITS 

Following the study of 3-D circuit performance, we continue to in- 
vestigate the power trend. Figs. 10 and 11 plot the average power con- 
sumption per switching for a single gate and for the whole chip, respec- 
tively. In estimating the power consumption, we assume that the sup- 
ply voltage remains the same within the technology generation regard- 
less 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 con- 
sumption is still dominated by the gate switching capacitance. How- 
ever, power consumed by interconnects (including repeaters) is becom- 
ing substantial, taking about 15% to 25% of the total power. This is not 
an insignificant portion and should call for our attention. 

Despite the continuing reduction of power consumption in each gate, 
the total power for the whole system continually increases over technol- 
ogy generations due to the continuous increase of the transistor count. 
Nevertheless, 3-D integration can provide a relief, as shown in Figs. 10 
and 11. This mainly comes from the reduction of the interconnect ca- 
pacitance, since we do not alter the device or circuit structures. 

However, we observe that there is a limit on how much the reduc- 
tion can be achieved by 3-D integration. In fact, integrating more de- 
vice layers may increase the power consumption. To understand this 
phenomenon, we take 180nm technology node as an example and plot 
the interconnect capacitance distribution for different number of device 
layers (Fig. 12). The plot shows that while 2-D larger capacitance nets 
are converted into lower capacitance nets by 3-D integration, the 2-D 
lower capacitance nets are also converted into higher capacitance nets. 
Therefore, there is a tradeoff between reducing higher capacitance nets 
and increasing lower capacitance nets. In another words, there exists 
an optimum number of device layers that gives the lowest total inter- 
connect capacitance. 

The existence of an optimum number of device layers that gives 
the lowest total interconnect capacitance can be more clearly seen in 
Fig. 13, where the horizontal wire capacitance, vertical wire capaci- 
tance, and the total interconnect capacitance versus the number of de- 
vice 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 
capacitance. Therefore, the total interconnect capacitance decreases, 
so does the power consumption. However, with large number of device 
layers, the trend of decreasing horizontal wire capacitance slows down 
while the rate at which the vertical wire capacitance increases almost 
remains the same. Thus, the total wire capacitance increases. This in 
tum increases the power consumption. 

The increase of interconnect complexity outpaces the increase of the 
circuit complexity [I  11. The percentage of total power consumption 
due to the interconnect increases with each new technology generation. 
Reducing interconnect power consumption through 3-D integration, to- 
gether with circuit low-power techniques, is important for future VLSI 
technology. 

V. CONCLUSIONS 

Base on the 3-D wire-length distributions, 3-D circuit applications 
for future technology generations are investigated. Our analyses show 
that 3-D circuits have two or three technology generations advantage 
over 2-D in terms of performance. Moreover, 3-D integration can nat- 
urally provide a relief for power consumption due to the reduction of 
the interconnect capacitance, even though the relief is only limited. We 
conclude that 3-D integration can be a viable solution for low-power 
high-performance designs in the future technology generations. 
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TABLE I 
PARAMETERS FOR HIGH PERFORMANCE MPU'S OVER FUTURE TECHNOLOGY GENERATIONS 
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Fig. 1. Layout of 8 3-D array multiplier with 4 device layers and 2 metal per device layer. 
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Fig. 4. Horizontal wire-length dismbution. 
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Fig. 3. Definition of horizontal and venicel wire. 
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Fig. 6. ?-input NAND gate. repeater and their logic symbols. 
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. 10 ..... 
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Fig. 7. 3-D wire and its delay model. R a n d  C are resistance andcapacitance of horizontal 
wire with length of one gate pitch. Rv and C v  normalize the vertical wire resistance 
and capacitance with respect to that of horizontal wire. 

Fig. 8. Number of repeater over technology generations for various device layers 
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Fig. 9. Clock rate over technology generations for various device layers. 

Fig. 10. Power consumption per gate per switching over technology generations for various 
device layers. 
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Fig. 11. Total power consumption per switching over technology generations for various 
device layers. 
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Fig. 12. Interconnect capacitance distribution for various device layers at 180nm node 
(capacitance is in unit of one gate pitch long horizontal wire capacitance, C). 

0 '  5 ' I 
0 2 4 6 8 10 12 14 I6 

Number of Derlcr Layew 

Fig. 13. Interconnect capacitance for various device layers at 180nm node. 

IV-4 17 

Authorized licensed use limited to: Purdue University. Downloaded on July 9, 2009 at 14:38 from IEEE Xplore.  Restrictions apply.


