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ABSTRACT

We examine the performance of custom circuits in an emerging
technology known as three-dimensional integration. By combining
multiple device layers with a high-density inter-layer interconnect,

3-D integration of a given circuit is expected to provide better tim-

ing and energy performance relative to a single-wafer implemen-
tation of the same circuit. In this paper, we show that by using . e - . . o
our performance-driven design tool for 3-D ICs, the interconnect !tal specifications, especially where mixed-signal circuits may be
energy dissipation of standard-cell circuits can be reduced by 24% nvolved. . . o

to 42% using two to five device layers respectively. Similarly, the 1€ demand for timing-constrained energy optimization is not

By contrast, sometimes it can be desirable to minimize energy
consumption while merely satisfying the timing constraint. For ex-
ample, a designer of a wireless cryptographic card may care most
about energy per encryption. The real-time requirement may be
lax enough to permit energy optimization solely, or there may be
a significant timing constraint. Similarly, there may be reason to
improve thermal performance beyond what is required to meet dig-

interconnect energy-delay product can be reduced by 30% to 50%.
At the same time, thermal performance in 3-D ICs is expected
to be a critical issue. By incorporating thermal management and
analysis into our placement tool, we may investigate the thermal
scalability of 3-D integration. We find that the thermal performance
actually can be improved with the use of a modest number of addi-

of recent origin; however, as CMOS technology improves, the na-
ture of energy consumption in digital ICs changes. Since tradi-
tional CMOS interconnect performance does not scale as well as
device performance, new technologies and computer-aided design
solutions must focus on interconnect [1]. Specifically, as new in-
terconnect technologies appear, design tools must be able to exploit

them for optimal performance.
In this paper, we present a performance optimization tool for
a promising new technologythree-dimensional integration A
3-D IC is one that is designed using more than one wafer or active
device layer. These device layers are stacked so that transistors may
be wired not only to other transistors in the same wafer plane, but
also to transistors in adjacent planes. A circuit that is placed and
routed in multiple wafers will have a wire-length distribution that
is shifted towards the local wires when compared with the same
circuit placed and routed on a single wafer [2]. With wires that are
generally shorter in 3-D ICs, both switching energy and cycle time
are expected to be reduced. It would, of course, be desirable to
trade off cycle-time reduction for decreased energy consumption.
A circuit design methodology that fixes the cycle time while opti-
1. INTRODUCTION mizing energy consumption or thermal profile allows us to evaluate
Timing, energy consumption, and area are the main parametersProperly the energy characteristics of 3-D ICs.
of interest for any digital circuit designer. Circuit timing is usually Our design tool can optimize the energy consumption and the
considered foremost; most often, the timing requirement is stated asthermal profile of a standard-cell circuit layout under a supplied
a maximum cycle time or minimum operating frequency. However, timing constraint. We focus on the interconnect-related compo-
at the placement stage of the design process, one commonly target§ents of energy consumption that can be affected by placement-
the best possible timing performance regardless of the constraint -based optimization. For each of a pair of circuits, we obtain a
itis important to be able to guarantee that the timing specification is Placement using one to five wafers. We compare the energy con-
met. Energy optimization is then performed secondarily. Thermal sumption profile under our timing-constrained approach with that
characteristics are typically managed rather than optimized. of the same circuit under a timing-optimized approach and show
that an appreciable decrease in interconnect energy consumption
can be obtained. Furthermore, this improvement scales as more
wafers are used in the 3-D IC.
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tional device layers. Also, we show that the absolute die tempera-
ture can be controlled through the use of extra silicon.
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Figure 1: Wafer-bonded structure with two device layers and
copper interconnect interface. (Figure courtesy A. Fan, MIT.)

and thus the extent to which technological measures must be im-
plemented in order to make 3-D integration a workable technology.

2. BACKGROUND ON 3-D INTEGRATION

Three-dimensional integration comprises a class of fabrication
technologies, each of which aims to overcome the planar limitation
of conventional single-wafer ICs. Specifically, on a silicon sub-
strate, any given transistor has a limited number of “nearest neigh-
bors,” those transistors to which it can connect with a minimum-
length wire. By stacking individual transistors or whole substrates

on top of one another, one may increase the number of nearest’

neighbors, provided that one has a suitable means for intercon-
necting transistors on different levels of the stack. Because of the
greater number of nearest neighbors available to individual transis-
tors, a circuit fabricated as a 3-D IC may have more short wires
and fewer long wires compared to the same circuit fabricated as a
conventional IC [2].

Several technologies have been proposed for 3-D integration [3,
4,5, 6, 7]. Of these, approaches such as wafer bonding [6, 7] of-
fer the most promising inter-wafer interconnect in terms of circuit
performance [8] due to the high density and relatively low parasitic
values associated with the interconnect. A diagram of a two-wafer
bonded IC is shown in Figure 1. In this bonding method, individ-
ual wafers are fabricated by conventional means; the inter-wafer
interconnect is formed by patterning vias that connect to the top-
level metal of the bottom wafer and the first-level metal of the top
wafer. Copper bonding pads are then patterned for electrical and
mechanical connectivity between the wafers. The two wafers are
then bonded under heat and pressure.

For the purposes of this paper, we assume a Qrit8chnology.

The individual wafers are fabricated as SOI wafers with a thick-
ness of one to twam. The pitch of the inter-wafer interconnect

is two um, as dictated by the alignment tolerance of the bonding
process. Such dimensions are achievable with modern fabrication
technologies [6, 7].

3. PLACEMENT-BASED METHODOLOGY

At current technology nodes, switched capacitance dominates

capacitance, will allow us to examine the trade-offs between ther-
mal optimization and energy optimization in 3-D ICs.

3.1 The Placement Tool

We have previously developed a placement and routing tool for
2-D (i.e. conventional) and 3-D integrated circuits [9]. Called
PR3D, this tool is capable of targeting standard-cell designs for
a single wafer or for multiple wafers. PR3D, as a conventional
wire-length-driven placement tool [10], is competitive with modern
industry and academic tools such as Dragon [11], Capo [12], and
Cadence Silicon Ensemble. As a design tool for 3-D ICs, PR3D
is capable of wire-length-driven placement onto a user-specifiable
number of wafers with inter-wafer interconnect parasitics that are
also user-specified.

The core placement algorithm is refinement by recursive bisec-
tion of the net list. Specifically, the circuit net list is represented
by a hypergraph, with standard cells becoming nodes and wires
becoming hyperedges. The die area is partitioned recursively into
halves such that the number of nets crossing any partition is mini-
mized [13].

In order to optimize the energy performance, we have extended
the placement algorithm to include switching activity. Specifically,
the energy consumption of a nigis given by

E;=N; | Cis + ZMijCij Vb,
jF#i

whereN; is the number of 0-to-1 transition§; s is the capacitance

f the net to the substrat€;; is the coupling capacitance to ngt
M;; is a Miller factor that accounts for signal correlations between
netsi andj, andVpp is the supply voltage. The switching activity
is given by the average number of transitions per unit time or per
cycle.

Since the capacitancg;,; essentially follows the net length, the
energy consumption may be reduced by weighting each net accord-
ing to its activity. We extend our placement tool to minimize the
weighted sum of the nets crossing a partition. Thus, nets with high
activity are less likely to be cut by a partition. This leads to high-
activity nets being highly localized and therefore shorter and less
capacitive. (The coupling capacitanCsg;, while importantin com-
puting energy consumption, is difficult to determine before routing
is complete. However, we assume that it too will be reduced if we
reduce the lengths of highly-active wires.)

At the same time, we have also extended PR3D to manage tim-
ing performance during placement. We utilize a combination of
net-based and path-based approaches such as in [14, 15]. Separate
approaches are employed for timing optimization and for timing
constraint.

For timing optimization, we use a standard path-based count-
ing technique. That is, we seek to minimize both net cut and path
cut during recursive bisection. Nets are weighted according to the
number of critical paths on which they lie. Furthermore, if a given
path exceeds a fixed number of path cuts, the nets on that path are
prohibited from being cut further.

Conversely, for timing constrained optimization of energy or tem-
perature, delay is not part of the cost function. We therefore seek
to minimize net cut, weighted as before (i.e. either unweighted net-

the energy consumption of digital ICs. Furthermore, this capaci- cut or net-cut weighted by switching activity); however, we insert a
tance increasingly comes from wires. Since 3-D integration achievegdiming-analysis step between partitionings, and if any critical path
a fundamental shift in the distribution of wire lengths, an energy exceeds 95% of its allotted delay, the nets on that path are also
strategy that focuses on minimizing switched capacitance will be prohibited from further cuts.
useful for evaluating 3-D ICs. Placement is a natural stage at which  For thermal optimization, we extend the methodology of [16]
to perform this sort of wire-length optimization. in order to optimize 3-D IC placements. Specifically, energy con-
Additionally, the thermal profile of a circuit is dictated by its en- sumption at any given physical location in a circuit translates into
ergy profile and its packaging. Placement-based manipulation of a rise in temperature at that location as the energy is dissipated into
the energy profile, including the energy associated with switched the substrate as heat. The temperature distribution within any ma-
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the entire circuit, we focus on the within-wafer variation for each

wafer. To manage wafer-to-wafer thermal gradients, we attempt to

place most of the energy dissipation close to the heat sink. Specif-
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Figure 3: Energy consumption of a DES chip in timing-
optimized vs. timing-constrained placement.

of total energy consumption, with the remainder being cell internal
energy. The switching energy consists of two parts. An estimated
43% is due to switching at the cell inputs and outputs (i.e. gate and
source/drain capacitances). The remaining 44% is due to wires.
This layout is optimized for cycle time.

The right-hand graph shows the same circuit, where in this case
the cycle time is constrained to 12 ns, and energy is optimized by
The placement tool. While the cycle time is approximately 0.6 ns
slower than in the first case, it still meets the constraint. Further-
more, the wire component of energy dissipation is reduced by 18%,
4. CASE STUDIES leading to an overall reduction of 8%.

In order to evaluate the effectiveness of our energy and thermal Figure 3 shows the energy consumption of the second circuit,
optimization methodologies, we placed and routed two circuits. @ cryptographic chip implementing the Data Encryption Standard
For each circuit, we obtained three layouts, the first optimized for (DES). In this case, 76% of the total energy dissipation of the
minimum cycle time, the second optimized for minimum switch- timing-optimized layout is due to switched capacitance, as seen in
ing energy under a timing constraint, and the third optimized for the left-hand graph. This 76% consists of 21% cell I/O switching
best thermal profile under the same timing constraint. The circuits energy and 55% wire switching energy. For this circuit, we see
are supplied in Verilog format and compiled to cells using Syn- in the right-hand graph that while the cycle time has increased by
opsys Design Compiler. During this synthesis, Design Compiler about 0.7 ns (still meeting the constraint), the interconnect energy
is supplied with the timing constraint that is later used for energy dissipation has been reduced by 26%, leading to an overall reduc-
optimization by PR3D. tion in energy consumption by 15%.

Design Compiler is also used to assess the activity factors of
the nets in the design, by using a number of representative test in-4-2 3-DICs
puts in gate-level simulation. The activity factors are produced in
SAIF format and imported into PR3D. While this method of ob- 4.2.1  Energy Performance
taining activity factors is not exhaustive or rigorous, the problem of ~ Previous work on the emerging technology of three-dimensional
rigorously determining activity factors is orthogonal to our study. integration has focused mainly on its effects on the total wire length
Furthermore, we can expect to capture a reasonable portrait of theof circuits [2, 8]. It has been shown that with a favorable technology
energy consumption profile using this technique. such as wafer bonding, aggregate wire length can be reduced by

Once layout is generated, extraction is performed on the layout, 30%-50% by using two to five wafers to fabricate a given circuit
and the resulting transistor-level net list is simulated using Synop- [8].

sys NanoSim. However, precisely how this translates into more relevant metrics
such as cycle time and energy dissipation has been unknown until
41 2-DICs now. With the use of our performance-driven design tool for 3-D

Figure 2 shows the energy consumption of the first circuit, a 32- ICs, we are able to characterize sample circuits with respect to these
bit fast Fourier transform (FFT) datapath. In the left-hand graph, metrics.
switched-capacitance energy dissipation accounts for about 87% Figure 4 shows how the interconnect energy dissipation of the
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ath vs. number of wafers used for placement.

Figure 6: Interconnect energy-delay product for the FFT data-
path vs. number of wafers used for placement.
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Figure 5: Interconnect energy consumption of the DES chip vs.
number of wafers used for placement.

FFT datapath circuit scales with the number of wafers. Two cases true for the DES chip; however, an overall penalty is incurred in
are shown: timing-driven mode and timing-constrained, energy- the form of the extra energy consumption required to obtain opti-
driven mode. In the latter mode, the FFT datapath cycle time is mal timing performance.

constrained to 12 ns. We observe that in addition to the energy sav-

ings relative to timing-driven mode, in timing-constrained modewe 4-2.2  Thermal Performance

are able to reduce interconnect energy consumption 21% to 39% Figures 8 and 9 illustrate the mechanism of our thermal opti-
using two to five wafers respectively. Relative to a single-wafer mization. Figure 8 shows the temperature of the uppermost die of a
timing-optimized design, we can reduce interconnect energy con- three-wafer FFT placement. In the energy-optimized case, there is
sumption by 49% by doing timing-constrained energy optimization a hot spot that arises from shortening all the highly-active wires. In
and using five wafers. Figure 9, the origin of the hot spot is clear from the energy distri-

In Figure 5, we observe similarly that for the DES chip, 27% to bution. Thermal optimization spreads the energy consumption over
45% of the interconnect energy consumption of a 2-D layout can be the entire die, so that the hot spot is reduced or eliminated. We have
eliminated by targeting two to five wafers respectively. Here, rela- assumed a conventional package with a heat sink extraction capa-
tive to a single-wafer timing-optimized design, we can reduce inter- bility of 10~*m?K/W, achievable with currently-available tech-
connect energy consumption by 60% by doing timing-constrained nology [17]. In all analyses, the circuit is run at 80 MHz in an
energy optimization and using five wafers. ambient temperature @5°C.

We can also measure the wire energy-delay product for both cir-  Figures 10-15 show the thermal performance of the FFT datapath
cuits, shown in Figures 6 and 7. It is clear that timing-constrained using one to five wafers. In the first set of figures, we assume that
energy optimization is a win for both 2-D and 3-D integrated cir- the overall footprint of the die is unchanged as we scale the number
cuits. We can see from the graphs, however, that the cycle time of of wafers (as may be the case in an I/O-limited situation). Fig-
the timing-optimized versions of the two circuits is slightly better ure 10 shows the temperature of each die for both placements. In
than that of the timing-constrained versions, and that this timing Figure 11, we plot the absolute temperature difference (maximum
performance improves as more wafers are used. This is especiallytemperature minus minimum temperature over the entire circuit)
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Figure 9: Energy distribution of the top wafer of a three-wafer
placement of the FFT datapath.

against the number of wafers used. Figure 12 gives the wafer-to-

In combination with the energy optimization for 2-D designs, we
find that we can eliminate as much as 60% of the wire energy dis-
sipation of a single-wafer timing-optimized circuit by using 3-D
integration.

The thermal outlook for 3-D ICs is less clear. We have quan-
tified the trade-off that exists between mean circuit temperature
and smoothness of the temperature profile. Furthermore, we have
seen that the benefit of thermally optimizing a 3-D IC placement
converges toward the thermal performance of an energy-optimized
3-D IC as more wafers are used. However, we have also quanti-
fied how the runaway thermal behavior expected of 3-D ICs can be
controlled by the use of extra silicon.

The conclusion is that 3-D integration promises significant en-
ergy savings that are physically realizable without any significant
show-stoppers. Further research must be done to provide optimal
manufacturing, packaging, and yield solutions in order to bring this
technology to the designer and to the commercial market.
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