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Abstract—The performance benefits of a monolithically stacked
three-dimensional (3-D) field-programmable gate array (FPGA),
whereby the programming overhead of an FPGA is stacked on
top of a standard CMOS layer containing logic blocks (LBs) and
interconnects, are investigated. A Virtex-II-style two-dimensional
(2-D) FPGA fabric is used as a baseline architecture to quan-
tify the relative improvements in logic density, delay, and power
consumption achieved by such a 3-D FPGA. It is assumed that
only the switch transistor and configuration memory cells can
be moved to the top layers and that the 3-D FPGA employs
the same LB and programmable interconnect architecture as the
baseline 2-D FPGA. Assuming they are < (.7, the area of a static
random-access memory cell and switch transistors having the
same characteristics as n-channel metal-oxide-semiconductor de-
vices in the CMOS layer are used. It is shown that a monolithically
stacked 3-D FPGA can achieve 3.2 times higher logic density,
1.7 times lower critical path delay, and 1.7 times lower total dy-
namic power consumption than the baseline 2-D FPGA fabricated
in the same 65-nm technology node.

Index Terms—TField-programmable gate arrays (FPGAs),
monolithically stacked, performance, three-dimensional (3-D).

I. INTRODUCTION

ELL-BASED design technology has dominated

application-specified integrated circuit (ASIC) implemen-
tation over the past 20 years by offering an economically com-
pelling combination of low manufacturing cost and acceptable
design and prototyping costs. With the advent of sub-100-nm
CMOS technologies, the design and prototyping costs of
cell-based implementation have become prohibitive for most
ASICs, making field programmable gate arrays (FPGAs)
increasingly popular. Current FPGAs, however, cannot meet
the performance requirements of many ASICs due to their
high programming overhead. As discussed in [1], as much as
90% of the FPGA area is occupied by programmable routing
resources. In addition to consuming most of the die area,
programmable routing also contributes significantly to the total
path delay in FPGAs [2]-[4]. In [2], interconnect delays are
estimated for the Altera’s 8K series and the Massachusetts
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Institute of Technology (MIT) dynamically programmable gate
array and found to account for roughly 80% of the total path
delay. Programmable routing also contributes to the high power
consumption of FPGAs, which is a problem that has recently
become a significant impediment to their adoption in many
applications. The power consumption measurements of the
Xilinx XC4003A and Virtex-II FPGAs [5]-[7] have shown that
programmable routing contributes more than 60% of the total
dynamic power consumption. As a result of these performance
degradations, FPGA performance is significantly worse in
terms of logic density, delay, and power than cell-based
implementations. Studies [1], [2], [8] have estimated FPGAs
to be more than ten times less efficient in logic density, three
times larger in delay, and three times higher in total power
consumption than cell-based implementations.

Although CMOS technology scaling has greatly improved
the overall performance of FPGAs, the performance gap be-
tween them and ASICs has remained very wide mainly because
the FPGA programming overhead shares the same layers as the
logic and interconnect. In [9], it is argued that the performance
gap between FPGAs and cell-based implementations is becom-
ing even greater in sub-100-nm technologies. While the rate of
increase in FPGA logic density has tracked that of cell-based
implementations, the system frequency has scaled at a lower
pace, and power consumption has risen to unacceptable levels.

A. Monolithically Stacked 3-D FPGA

A conceptually appealing approach to closing the perfor-
mance gap between FPGAs and cell-based ASICs is to stack the
programming overhead of an FPGA on top of the logic blocks
(LBs) and interconnect layers that would be implemented in
a state-of-the-art CMOS technology (see Fig. 1). Aside from
the obvious benefit of higher logic density, vertical stacking
reduces interconnect length, hence reducing the signal path
delay and power consumption. However, implementing such an
approach requires the density of the vertical interconnection to
the top layers to be comparable to that of the via density in
the CMOS technology used to implement the LBs and inter-
connects. Several approaches to chip- and wafer-stacked 3-D
integrated circuits (3-D IC) have been recently developed [10],
[11]. The vertical via densities achieved by these technologies,
however, are several orders of magnitude lower than that of a
state-of-the-art CMOS technology, and they are not expected to
scale much.

A more promising 3-D IC approach for implementing such a
3-D FPGA is monolithic stacking, whereby active devices are
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Fig. 1. (a) Two-dimensional FPGA (LB, logic block; CB, connection box;
SB, switch box). (b) Three-dimensional monolithically stacked 3-D FPGA.

lithographically built in between metal layers. The main ad-
vantage of such approach is that, in principle, it can achieve
comparable vertical via density and scale at the same rate as the
base CMOS technology. Although this approach is yet to be de-
veloped for the FPGA application, there is much evidence that
forming transistors on a dielectric with low thermal budget is
quite feasible [12]. The process technology for the added layers
can be much simpler than a full CMOS process. Specifically,
the switch layer only needs one type of MOS transistors, while
the memory layer can be implemented using a 2-T flash tech-
nology [13] or a programmable solid-electrolyte switch [14],
both of which promise to achieve higher densities than static
random-access memory (SRAM) with much simpler processes.

Note that our proposed 3-D FPGA differs from other pub-
lished approaches in at least two aspects.

1) First, our 3-D FPGA consists of multiple active layers,
each performing a different FPGA function. Many of the
other published 3-D FPGAs consist of a stack of two-
dimensional (2-D) FPGAs that are vertically connected.
For example, in [15], a 3-D FPGA built by stacking sev-
eral 2-D FPGA bare dies and vertically connecting their
pads using solder bumps is proposed. Inspired by the 2-D
Triptych architecture [16], the work in [17] describes
the Rothko 3-D architecture [17] in which routing-and-
LBs are envisioned to be placed on multiple layers and
interconnected using the wafer-stacking technology de-
scribed in [18]. In [19], placement and routing for a 3-D
FPGA using the wafer-stacking approach is investigated.
Simulation results show that using ten layers, a 25%
decrease in wire length and 35% decrease in delay over
traditional 2-D FPGA can be achieved.
Second, our 3-D FPGA requires monolithic stacking,
which enables much higher vertical interconnect density
than chip/wafer stacking. This enables radically new 3-D
FPGA architectures than simply stacking 2-D FPGAs.
For example, it can make it possible to build FPGAs with
fully 3-D switch boxes [20], which were shown to achieve
over 50% reduction in channel width, interconnect delay,
and power dissipation over a baseline 2-D FPGA. This
architecture, however, requires a significantly more com-
plex 3-D technology than needed for implementing our
proposed 3-D FPGA.

Under a 3-D IC research program, an interdisciplinary
team of researchers at Stanford University and several other
institutions has been developing the monolithically stacked
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technologies needed to implement a 3-D FPGA as well as the
architecture and circuit designs of such an FPGA. In this paper,
we describe the results of a study we conducted under this
program to quantify the potential improvements in logic den-
sity, delay, and power of a monolithically stacked 3-D FPGA
over conventional 2-D FPGAs. To perform the comparison, we
assume a Virtex-II-style 2-D FPGA architecture as a baseline.
It is assumed that only the switch transistors and configuration
memory cells can be moved to the top layers (see Fig. 1) and
that a Virtex-II-style LB and switch box designs are used. A
technology-independent FPGA area model is developed and
used to compare the logic density of a stacked FPGA to the
baseline FPGA as a function of configuration memory ele-
ment size. RC' circuit models for interconnect segments are
developed and used to estimate the improvements in intercon-
nect delay in the 3-D FPGA relative to the baseline FPGA
for four deep-submicrometer CMOS technology nodes. The
interconnect delay results are then used to estimate the relative
improvements in the geometric average net delays and critical
path delays achieved by the 3-D FPGA for 20 Microelectronics
Center of North Carolina (MCNC) benchmark circuits that
were placed and routed using Versatile Place and Route (VPR)
[21]. Finally, a model for dynamic power consumption is devel-
oped and used to quantify the relative improvement in power
consumption.

B. Summary of Results and Outline of Paper

Assuming that a configuration memory cell that is less than
0.7, the area of an SRAM cell, e.g., a 2-T flash or programmable
solid-electrolyte switch [13], [14], and switch transistors having
the same characteristics as n-channel MOS (NMOS) devices
in the CMOS layer are used, we show that a monolithically
stacked 3-D FPGA can achieve 3.2 times higher logic density,
1.7 times lower critical path delay, and 1.7 times lower dynamic
power consumption than the baseline 2-D FPGA implemented
in the same 65-nm technology node. Since the logic-density im-
provement can be achieved with the addition of only a few mask
layers on top of a standard CMOS technology, a monolithically
stacked FPGA is expected to have lower manufacturing cost
than an FPGA with the same logic capacity fabricated using
only the standard CMOS technology. It is also expected that ad-
ditional performance improvements can be achieved by rearchi-
tecting the 3-D FPGA to take full advantage of the added layers.

The next section presents the baseline 2-D FPGA archi-
tecture, the FPGA area model we use, and the logic-density
improvements achieved using a 3-D FPGA. In Section III, we
describe the analytical interconnect model and the methodology
we use to estimate delay. The model is then used to quantify
the delay reduction achieved using a 3-D FPGA for several
submicrometer CMOS technology nodes. In Section IV, we
quantify the reduction in dynamic power consumption achieved
using a 3-D FPGA.

II. 3-D FPGA LoOGIC DENSITY

We choose a Virtex-II island-style FPGA logic fabric as a
baseline architecture for our study (see [22] for more details on
the Virtex-1II architecture). The fabric consists of a 2-D array
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Fig. 2.

(a) FPGA architecture. (b) Schematic of an SP.

of LBs that can be interconnected via programmable routing.
Each LB contains four slices, each consisting of two four-input
lookup tables (LUTs), two flip-flops (FFs), and programming
overhead. A “segmented” programmable routing architecture
is used to minimize the number of transistors and wires that a
signal needs to traverse to reach its destination. Specifically, the
programmable routing comprises different-length horizontal
and vertical “interconnect segments” that can be connected to
the LBs via “connection boxes” and to each other via “switch
boxes.” For the purpose of this paper, we assume that the
FPGA consists of square tiles of width L, as shown in Fig. 2.
As in the Virtex-II, we assume sets of one (referred to as
Single), two (Double), three (HEX-3), and six (HEX-6) FPGA
tile width segments in addition to interconnects that span the
entire array width (Global). The longer segments (HEX-3,
HEX-6, and Global) also include switch transistors and
buffers that will be included in delay and power consumption
estimation. Each connection box comprises switch transistors
to connect the LBs’ inputs and outputs to two neighboring
switch boxes through various interconnects. We assume the
multiplexer (MUX)-based switch box design described in
[23] [see Fig. 2(b)]. In addition to logic and programmable
interconnects, this paper includes the overhead required by the
global resources and switches used for clocking.

In the next subsection, we introduce the technology-
independent model we use to estimate the area breakdown of
the baseline FPGA.

A. FPGA Area Model

To estimate an FPGA layout area, one needs to estimate
the area of a tile, i.e., an LB and associated programmable
routing resources. In previous studies [24]-[27], the layout area
of the LB is estimated by counting the number of equivalent
minimum-width transistors required for its implementation and
multiplying it by the layout area occupied by a minimum-width
transistor, taking into consideration contact area and spacing
to adjacent transistors. The area is computed in terms of A2,
where A is half of the minimum feature size of the technology.
The advantage of this approach is its simplicity and general
applicability.

In this paper, we estimate the LB area by first decomposing
it into smaller components that are similar in granularity to
standard-cell library elements, such as inverters, buffers, two-

Logic Block (LB) Routing Resources (RR)
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Logic
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Memory
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Interconnects + buffers + MUXs

35%
Memory

Fig. 3. Area breakdown of the baseline 2-D-FPGA.

input NAND gates, and two-input MUXSs. A stick diagram for
each component and the Magic-8 rules are then used to estimate
its area in A\ (details can be found in the Appendix). To estimate
the total circuit area, we add up the areas of its components. To
verify the accuracy of this approach, we compared the estimated
layout area for several logic and switch block components to
complete layouts using the Cadence standard cell library. We
found that the estimated areas are within =10% of our manual
tile layouts. Our approach to estimating the programmable
routing area is also different from those in previous studies
[24]-[27]. To obtain an accurate estimate of the programmable
routing area, we treat the routing resources, including the
switch boxes, connection boxes, and buffers as logic resources
and estimate their area in the same way as the LB.

The area breakdown of the various components of the base-
line 2-D FPGA architecture estimated using our area model
is illustrated in Fig. 3. Note that the configuration memory
occupies roughly half of the area in both the LBs and the routing
resources. The LBs occupy only 22% of the total area (or
14%, excluding configuration memory), which matches with
previous studies (e.g., see [1]).

B. Logic-Density Improvement

In this section, we quantify the potential logic-density im-
provement using a monolithically stacked 3-D FPGA over
the 2-D FPGA baseline architecture described in the previous
section. We assume that the 3-D FPGA employs the same LB
and general routing architecture as the baseline FPGA. We also
assume that only the switch transistors and the configuration
memory may be stacked on top of a standard CMOS technology
(see Fig. 1). We denote the bottom layer as the “CMOS layer,”
the second layer as the “switch layer,” and the top layer as the
“memory layer.” Note that any element of the FPGA can be im-
plemented in the CMOS layer. However, only switch transistors
can be implemented in the switch layer, and the configuration
memory can be implemented in the top memory layer. Since
the CMOS layer is by far the most costly in terms of area, it
is important that it is fully utilized in any 3-D implementation.
Our goal here is to distribute the FPGA resources among the
three layers under these constraints to maximize logic density.

Since configuration memory occupies a very large fraction
of the FPGA area, the logic density achieved in any implemen-
tation depends heavily on the size of the memory cell used.
To illustrate this point, consider the four 3-D FPGA scenarios,
whose layer area break downs relative to the area of the baseline
2-D FPGA, which is denoted by A, given in Fig. 4.

1) Only the SRAM cells are moved to the top layer, and
the rest of the FPGA, including switches, logic, and
interconnects, are implemented in the CMOS layer. In
this case, the overall 3-D FPGA area is reduced to 0.57 A,
which corresponds to 1.75X increase in logic density.
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Scenario (d): 3D-FPGA Area = 0.31A.

Fig. 4. Area breakdown for three FPGA stacking scenarios. (a) SRAM cells
are moved to the top layer. (b) SRAM cells and switch transistors are moved to
the top layers. (c) SRAM cells and switch transistors are distributed among the
three layers. (d) Configuration memory cells and switch transistors are moved
to the upper layers and smaller configuration memory cells (< 0.7 the size of
an SRAM cell) are used (A, area of baseline 2-D FPGA; LB, logic block; RR,
routing resource; LB-SRAM, configuration memory cells in LB; RR-SRAM,
configuration memory cells in RR; ST, switch transistor).

2) Here, we assume that an SRAM memory cell is used
and that all switches and configuration memory cells are
moved to the top layers. In this case, the overall 3-D
FPGA area is reduced to 0.43 A. Note, however, that the
area in this case is limited by the area of the memory layer
and that the CMOS layer is only 72% utilized.

3) The 3-D FPGA area in scenario (b) can be reduced by

moving some of the switches and their corresponding

SRAM cells back to the CMOS layer. Fig. 4(c) shows

the results for this scenario. Note that by redistribut-

ing the resources, the 3-D FPGA area is reduced to

0.38 A. The area can be further reduced by using a smaller

memory cell, e.g., [13].

Here, we assume that a memory cell that is 0.7 the size of

an SRAM cell is used. This reduces the 3-D FPGA area

to 0.31 A, which corresponds to 3.23 X increase in logic
density.

The preceding examples motivate us to quantify the logic-
density improvement of a 3-D FPGA in terms of the config-
uration memory cell area. We define the parameter 0 < 7 <1
to be the memory cell size normalized with respect to the size
of an SRAM cell. Fig. 5 plots the logic-density improvement
of a monolithically stacked 3-D FPGA over the baseline 2-D
FPGA as a function of 7, assuming that the CMOS layer is fully
utilized. Note that using a standard SRAM cell as configuration
memory, 3-D monolithically stacking can improve logic density
by more than 2x. For n < 0.7, the logic-density improvement
stays at about 3.23x because the area becomes limited by the
logic and interconnect that can be implemented only in the
CMOS layer. Smaller memory cells, however, can be useful.
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Fig. 5. Logic-density improvement of 3-D FPGA as a function of the normal-
ized configuration memory cell size.
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Fig. 6. Block diagram of the cad flow.

Since the switch layer at 7 = 0.7 is only 84% full, more
programmability can be provided by having a larger number
of smaller memory cells and adding more switches. To take full
advantage of such additional programmability, the FPGA archi-
tecture would need to be optimized for 3-D implementation.

III. 3-D FPGA DELAY

In the previous section, we quantified the potential improve-
ment in logic density of a monolithically stacked 3-D FPGA
over the baseline 2-D FPGA. This improvement is obtained
by stacking the programming overhead, which is interspersed
with the LBs in the 2-D FPGA, on top of the LBs. Stacking
also makes interconnect lengths shorter, which in turn results
in lower interconnect delay and dynamic power consumption.
In this section, we quantify the improvement in delay of a 3-D
FPGA relative to the baseline 2-D FPGA for four CMOS tech-
nology generations. Fig. 6 illustrates the cad flow we employed
to quantify 3-D FPGA delay improvements.

Our methodology for comparing delay is given as follows.

1) We derive analytical models for interconnect delays and

use them to determine optimized interconnect parameter

values, i.e., values for the switch transistors in the connec-

tion boxes, buffer sizes in the switch boxes, and the num-

ber and sizes of buffers inserted in long interconnects.

a) We assume simple RC circuit models for transistors
and interconnects and use the Elmore delay as a
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measure of circuit delay. This approach yields simple
analytical expressions that can be easily optimized to
determine values for the interconnect parameters.

b) We check the accuracy of the results by performing
HSPICE simulations in a 65-nm CMOS technology.

2) We quantify the interconnect-delay improvement
achieved using the 3-D FPGA relative to the baseline

2-D FPGA as follows.

a) We compute the interconnect parameter values for a
64 x 64 LB baseline 2-D FPGA implemented in four
deep-submicrometer CMOS technology nodes (180,
130, 90, and 65 nm).

b) We scale the length of each interconnect type in the
2-D FPGA by the 3-D wire scaling factor 0 < r < 1
(see Section III-B) and use the Elmore delay ex-
pressions to select optimized interconnect parameter
values for each interconnect and in each technology.

¢) We compute the interconnect delays for the 2-D and
3-D FPGAs using the optimized interconnect parame-
ter values for the four technology nodes.

3) We quantify the improvement in the overall system per-
formance as follows.

a) We use VPR to place and route the 20 largest MCNC
benchmark circuits in the baseline 2-D FPGA.

b) We then modify VPR to take into consideration the
inserted buffers in long interconnects and use them
to compute the net delays assuming the optimized
transistor and buffer sizes for the 65-nm technology.

¢) Assuming the same routing as in the 2-D FPGA,
we compute the corresponding net delays in the 3-D
FPGA as a function of r for each benchmark circuit.

d) Finally, we compute the improvements in the geomet-
ric average of the point-to-point delay and the critical
path delay for each design.

In the succeeding subsections, we provide details of the
preceding methodology and present the results and conclusions.

A. Interconnect Delay Modeling and Optimization

In this subsection, we develop analytical delay models for
interconnects and use them to obtain optimized interconnect
parameter values.

To develop the analytical delay models, we construct
RC-circuit models for each interconnect type and use Elmore
delay [28] as a measure of circuit delay. As discussed in [29],
this approach yields delay estimates that are accurate to within
10%-20% of true delays. We assume the transistor and metal
wire RC models shown in Fig. 7.

To find the values of the equivalent transistor parasitic pa-
rameters Cgate, Caig, and R, we use the calibration circuits
depicted in Fig. 8 and HSPICE simulations. For example, to
find Cgate, we perform HSPICE simulations to determine the
value of C7 in the figure such that £; = t5. The device models
used in HSPICE are based on the Berkeley Predictive Tech-
nology Model (BPTM). To quantify the impact of technology
scaling on FPGA performance, we consider four technology
nodes: 180, 130, 90, and 65 nm. We then validate the models
by performing HSPICE simulations using a foundry-supplied

G G
s L8, 1.
o_'_l_o NMOS S T gate D
R PMOS o le\M l o
8 Ro
Ciffd Ciffd
S D diff g ; diff
Ryl
o—r——— 0 o J_ WWWW J_ o
Metal Line T Cul/2 T Cul/2
Fig. 7. RC circuit model for CMOS transistors and metal wires. Cgate is

the equivalent transistor gate capacitance (in femtofarad per square), Cqig
is the transistor diffusion capacitance (in femtofarad per micrometer), R is
the transistor channel resistance (in ohm per square), Cy, is the metal wire
capacitance (in femtofarad per millimeter), Ry is the metal wire resistance
(in ohm per millimeter), and Ly is the length metal wire length.

T TC
Fig. 8. Calibration circuits to determine transistor parasitic values in Fig. 7.
The left circuit is to determine Cigate, and the right circuit is to determine Cq;g
and Rp.

TABLE 1
METAL WIRE CAPACITANCE AND RESISTANCE FOR
FOUR TECHNOLOGY NODES

R (Q/mm) | L (nH/mm) | Ciopar(fF/mm)
65nm 448.98 1.76 177.64
90nm 244 .44 1.71 212.12
130nm | 174.60 1.68 210.66
180nm | 96.70 1.62 253.61
TABLE 1II

TRANSISTOR CAPACITANCE AND RESISTANCE FOR
FOUR TECHNOLOGY NODES

180nm 130nm | 90nm | 65nm
Cyate(fF/um) | 1.95 1.74 1.79 1.89
Claig (tF/pum) 1.20 1.01 1.03 1.12
Rok$y O) 32.19 32.61 22.70 | 18.68

model for a 65-nm node. The BPTM model is also used to
determine R, and C, for the metal wires.

Tables I and II list the wire and gate parasitics for the
four technology nodes. Note that as technology scaled down
to 65 nm, the parasitic resistance and capacitance of metal
wires have increased significantly. This is due to the change
in wire geometry from “thin and wide” to “tall and narrow,”
which results in higher wire resistance and lateral capacitance.
Because 3-D IC can significantly reduce wire length, the effect
of this trend on performance can be significantly reduced.

We classify the interconnects into two groups: “short,” which
includes Single and Double interconnects, and “long,” which
includes HEX-3, HEX-6, and Global interconnects. We mea-
sure the interconnect length by the number of tiles it spans V.
Thus, for Single interconnects, N = 1, etc. The interconnect
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TABLE 1II

DEFINITIONS OF INTERCONNECT PARAMETERS
mN SP buffer size for interconnect of length N
T PT size from LB output to CB
Y PT size from interconnect to LB input
In Number of buffers inserted in a long interconnect
nN Size of inserted buffer in long interconnect
Yoo Total PT diffusion width on segment from LB output
7i6 Total PT diffusion width on segment to LB input
Yintd | Total PT diffusion width on Short interconnect
Fe Connection box connectivity [21]

parameters that we aim to optimize are listed in Table III.
Fig. 9 depicts the circuits we use to determine the interconnect
parameters in the table.

First, we consider the delay for a short interconnect (Single
or Double) [Fig. 9(a)]. The Elmore delay is given by

N-1

wl
ds,N = Rin(cin + 3CMUX) (NRIH + Z kR L) 04
k=0

w
+<N( m+R ) ZkR L)
CwL
X ( 2 C110'1(1 1nt>

ps CyL
+<N(Rm+R L)+ Y kRy L)

4
k=0
+ (Rin + NRy L + Rymux)(Cout + Cmux)
+ (Rin + NRy, L) 3Cyux.- (1

Here, Ci,, = myCaigd(1 + ), where (8 is the ratio of the
p-channel MOS to NMOS buffer transistor widths; J is the gate
width of a minimum-size transistor; R;,, = Rg/mxy; Rmux =
Ro; Cyux = Caigds Cload,int = YintCaigrd, where i, de-
pends on the number of LB inputs and outputs and the con-
nectivity parameter F, [21]; and Couy = myCgated(1 + 5).

Now, we consider the following dimensionless parameters
that represent the relative values of the transistor parasitics to
the wire parasitics:

__ BEo
a= Ry x 1 mm
— Cgate6(1 + ﬁ)
Cyw X 1 mm
o = Caigd(1+ B) @)

Cy x1mm

Typical values of a1, s, and a3 are listed in Table IV.

Substituting from the definitions and (2) for a short inter-
connect, the Elmore delay, which is normalized with respect
to R, Cy, can be expressed as

ds N N2[2 3aq (N — 1)')/int +8
= ~ 7 o3|NL
RuCy 2 <4TTLN B A T ) R
4 (4 + N)Vint)
+(1+ +
( 1+5  my(1+p5) e
+ (1 4+ my)agas. 3)

Next, consider the circuit in Fig. 9(b), where an LB output is
connected to a Double interconnect. The Elmore delay for this
circuit is given by
d1,0 = RiLB buf
X (CLB,but + Cp qift)
+ (RLB,buf + Rp1)(Crr.ait + 3CwL/4 + Cioad,o)
+ (RLB but + Bp1 + RwL)(Cload,int + 3CwL/4)
+ (RLB,but + Rp1 + 3Ry L/2)(3Cnmux + CwL/4)

2
X (Cout + Cmux) + (RLB,but + RpT)
X (CWL/Q + 3OMUX)- 4)

3R« L
+ (RLB,buf + Rpr + —— + RMUX)

Here, RLB,buf = Rg/b; CLB7buf = deiff(S(l + ﬂ), where
b is the LB buffer size; Rpr = Ro/z; Cpr,ais = £Caind;
Cload,0 = YoCuaird; and my is the switch point (SP) buffer size
for a Double interconnect. Substituting from these definitions
and (2), the normalized Elmore delay is given by

dio 912 9/1 1 3mocs Yo+ 6
o _ 9(1 1 L
RuCo 8+<4(b+x>a1+ > 45
2b+ b6+ x (1 1)x+2’yint+7
—_ —t - | ———x
b(1+ B) bz 1+5 77
1 1
+ mo (1 + -+ ) aran. )
b =z

Next, we consider the circuit in Fig. 9(c), where an LB input
is connected to a Double interconnect. The Elmore delay is
given by

di; CwL R L
S = Rin (Cin + SC(MUX + ) (Rm + )

R, Cy 4 2
)+ (
y 3C, L AW

4 9

X (Cpr,dii + Cload,i + CLB,MUX)

y <SC’WL | 3RWL>
4 1n

2

. 3RWL)

2

3R.L
+ <Rin + Rpr + — + RLB,MUX) Cr.B,MUX

R, L CwL
—|—<Rm+ 5 )<4 +3CMUX) (6)

Here, Ripwmux = Ro, Cuemux = Caigd, and Cloaq,i =
v Caird. Equation (6) can be rewritten as

di; 9 3o y+5 Y + 2z
= L
RyCy + (2m2 L R R Tg)
y+8 Y+ 2 )
+ {1+ + a1
< 1+8 " mo(148)  y(1+p8)) 7
7int+x
——— 7
ma(1+ 3) ' @
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Fig. 9. Logic view and circuit model of various FPGA interconnects. (a) Short interconnect. (b) Interconnect from the output of an LB to a neighboring switch
box (SP, switch point). (c) Interconnect from a switch box to the input of an LB. (d) Long interconnect RC' model omitted for space limitation. (e) Legends in the
preceding diagrams.
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TABLE IV
a1, @2, AND ag FOR DIFFERENT TECHNOLOGY GENERATIONS
180nm 130nm | 90nm | 65nm
a; 332.87 | 186.77 | 92.87 | 41.61
az (x1073) | 1.38 112 0.75 | 0.69
as (x1073) | 0.96 0.72 0.44 | 033

o

o

3D Wire Scaling Factor

0.55 . .
0.70

Normalized Memory Cell Size

0.50

Fig. 10. Relationship between the 3-D wire scaling factor r and the normal-
ized memory cell size 7.

The delays (3), (5), and (7) are functions of several parame-
ters. We assume that the number of LB inputs and outputs, LB
buffer size b, the number of each type of interconnect in the
routing channel, and F, are given. The remaining unknowns,
thus, are the SP buffer sizes m for the short interconnects
and the switch-transistor sizes x and y. To determine optimized
values for these parameters, we use the following heuristic,
which is motivated by the fact that in deep-submicrometer
technologies, the switch-transistor loading on the interconnects
is significantly lower than the metal wire loading. First, we
assume nominal values for 7,y and determine my, N = 1,2,
from (3). We then substitute the value of ms in (4) and (6) and
optimize for z in (4), assuming the nominal value of y, and for
y in (6), assuming nominal value for z.

Finally, we consider the delay of a long interconnect, where
we allow buffer insertion to reduce delay. We assume [ bidi-
rectional buffers, each of size ny, inserted at regular intervals
along the interconnect of length IV, as depicted in Fig. 9(d).
The total Elmore delay can be derived as for previous cases.
The Elmore delay is then optimized in [y and n for each long
interconnect type.

B. Interconnect-Delay Improvement

In the previous section, we developed analytical expressions
for interconnect delays and showed how they can be used to
optimize the selection of various interconnect parameters. In
this section, we use these results to compare the delay of each
interconnect type in the monolithically stacked 3-D FPGA to
its counterpart in the baseline 2-D FPGA. We parametrize the
results by the “wire scaling factor” 0 < r < 1, which is the ratio
of the 3-D FPGA tile width to the baseline 2-D FPGA tile width.
Since, as we discussed, the area of the 3-D FPGA depends on
the size of the configuration memory cell used, r also depends
on the size of the memory cell used. Fig. 10 plots the 3-D
wire scaling factor as a function of the normalized memory cell
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TABLE V
PASS TRANSISTOR AND BUFFER SIZES FOR BASELINE 2-D FPGA AND
3-D FPGA WITH r = 0.56, ASSUMING A 65-nm TECHNOLOGY NODE

CB Single Double HEX-3 HEX-6 Global
x,y my MmN, IN, N lea, nea
2D 6,7 10 14 13,1,9 14,2,10 16,10
3D | 43 8 10 9,0,0 10,1,14 8,6
65nm Technology Node
—{— Single
3.5 > Double

HEX-3
HEX-6
Global

[
T

N
&)

N

Interconnect Delay Improvement

0.6

0.7
3D Wire Scaling Factor

0.3

Fig. 11. Delay reduction using 3-D at 65-nm technology node.
size 1. Note that » monotonically decreases down to 0.56 at
7 = 0.7 and then stays constant for n < 0.7.

To quantify the interconnect delays, we need to know the
FPGA tile width L, the size of the FPGA (i.e., number of
LBs), and the specific design of the routing resource. As an
illustration, we assume L = 4100\ (as estimated in this paper),
an array size of 64 x 64 LBs, LB buffer size b = 4, 24 Single,
40 Double, 36 HEX-3, and 96 HEX-6 interconnect segment
tracks in each horizontal and vertical routing channel. Each LB
is assumed to have K; = 16 input pins and K, = 4 output pins
that can be connected to the routing channel. Let W be the
width of the switch box, which is 72 in this paper. We further
assume that the connection box connectivity F, = 0.5 W = 36
and the switch box density d = 3 [30]. Note that our assump-
tions yields v, = F.x, v = Foy, and viny = (40F, /W) (16 +
4y/20) = 16z + 4y.

Table V lists the values for the various switch-transistor and
buffer size parameters as determined by the procedure men-
tioned in the previous subsection for the baseline 2-D FPGA
array and 3-D FPGA with r» = 0.56, assuming a 65-nm CMOS
technology node.

Fig. 11 is a plot of the delay improvement for each intercon-
nect type in the baseline 2-D FPGA under these assumptions,
i.e., the ratio of each interconnect delay in the 2-D FPGA to its
counterpart in the 3-D FPGA, as a function of r, assuming a
65-nm CMOS technology. Note that the interconnect delays
follow an exponential law, with the exponent ranging from
about —0.2 for Single interconnects to —1.1 for Global inter-
connects. As expected, long-interconnect delays are reduced
much more by 3-D than those of short interconnects. To ex-
plore the effect of technology scaling on delay improvement,
Fig. 12 plots the interconnect-delay improvements for different
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Fig. 12. Interconnect-delay improvement from 2-D to 3-D for different inter-

connects and different technology nodes.
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Fig. 13. Ratio of SP delay to the total delay for different interconnect types

and different technologies for 2-D FPGA.

interconnect types and different technology nodes at r = 0.56.
Note that the improvement in delay increases with technology
scaling mainly due to the degradation in wire performance. The
dips between Double and HEX-3 interconnects are due to the
fact that we assume that no buffers are inserted in the Double,
but buffers can be inserted in HEX-3 and beyond.

Fig. 13 plots the ratio of the SP delay to the total delay in the
baseline 2-D FPGA for different interconnect types and differ-
ent technologies. Note that the SP delay contribution decreases
with interconnect length and technology scaling. However, in
3-D, the contribution of the SP increases due to the reduction
in wire length (see Fig. 14). Therefore, in designing high-
performance 3-D FPGA, special care must be taken to reduce
the delay of the SP as well as the number of SPs each signal
traverses.

Next, we study the effectiveness of long interconnects in 2-D
versus 3-D. To do so, consider four ways to implement a signal
net that connects the output of an LB to the input of another LB
six tiles away: 1) six Singles, 2) three Doubles, 3) two HEX-3s,
and 4) one HEX-6. Fig. 15 plots the normalized net delay for
the first three implementations 677 /Ts, 31%/Ts, and 275/Tg
versus the wire scaling factor r for the four technology nodes.

65nm Technology Node
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o
£ 07r .
=
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Fig. 14. Ratio of SP delay to the total delay for different interconnects versus
the 3-D scaling factor at 65-nm technology.
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Fig. 15. Delay for a six-tile signal net implemented using (a) six Singles,
(b) three Doubles, and (c) two HEX-3s normalized to the delay of a HEX-6.

The normalization is with respect to the delay of the fourth
(HEX-6) implementation 7. Note that the results for r =1
correspond to the 2-D case.

Authorized licensed use limited to: Stanford University. Downloaded on March 02,2010 at 17:23:15 EST from IEEE Xplore. Restrictions apply.



LIN et al.: PERFORMANCE BENEFITS OF MONOLITHICALLY STACKED 3-D FPGA

I Geometric Average of All 2-Pin Path Delay Improvement
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Fig. 16. Improvement in the geometric average pin-to-pin delay for MCNC
benchmark circuits mapped into a 64 x 64 LB FPGA implemented in 65-nm
technology.

From the figure, we see that technology scaling reduces
the effectiveness of long interconnects. For example, for r =
0.56, 6T /Ts decreases from 4.5 in the 180-nm technology
to 2.2 in the 65-nm technology. This decrease is due to the
significant increase in wire parasitics relative to gate parasitics
with technology scaling. As long interconnects are expensive in
area because they include several large buffers and provide less
routing flexibility than shorter interconnects, their cost effec-
tiveness decreases with technology scaling. Although moving
to 3-D improves the effectiveness of long interconnects, the im-
provement does not seem large enough to offset their high cost.

C. System Performance Improvement

In the previous section, we quantified the reduction in
interconnect delays achieved using a monolithically stacked
3-D FPGA for different technology nodes. In this section, we
quantify the impact of these delay reductions on the overall per-
formance of application designs implemented in such FPGA.
Our approach is to map the 20 largest MCNC benchmark
circuits [31] into the baseline 2-D FPGA, determine the pin-
to-pin delays for each net, i.e., the delay from the net output
to each of its inputs, then scale the interconnects by the wire
scaling factor r, and determine the corresponding delays for the
3-D FPGA.

To map a benchmark circuit into the baseline 2-D FPGA, we
first use T-VPACK [21] to pack its LUTs and FFs into logic
clusters that can each be mapped into an LB. VPR [21] is then
used to perform placement and routing. Using the approach
described in [30], we modified both T-VPACK and VPR to
handle the Virtex-II-style LB and to create the correct routing
graph for our baseline 2-D FPGA. To compute net delays from
the placed and routed designs, we modified the timing analysis
code of VPR to take into consideration the inserted buffers in
long interconnects.

To compare the system performance of the 3-D FPGA to
that of the baseline 2-D FPGA, we use two metrics, namely:
1) the improvement in the geometric average of the pin-to-pin
delays and 2) the improvement in critical path delay, which
includes the LB delays along the path. By improvement, we
mean the ratio of the delay in the baseline 2-D FPGA to
that in the 3-D FPGA. The results for the largest 20 MCNC
benchmark circuits are plotted in Figs. 16 and 17. Note that the
improvements range from 1.7 to 2.05 for the geometric average

2.20
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1.20
1.00 -

> q N @2 R 200 (R. £ © A N 3o O
N o oF A@ A @@ E XN DR &7 A2 TP XN (N @ S
DG G A LT QP & & P oX R o
KRR ¢ 7 e\\\Q@-\:\ @ \6\<Q Qeélgb(gggj ®
=)

Fig. 17. Critical path delay improvement for MCNC benchmark circuits
mapped into a 64 X 64 LB FPGA implemented in 65-nm technology.

TABLE VI
COMPARISON OF NET DELAYS BETWEEN 2-D AND 3-D FOR THE
CRITICAL PATH NET IN THE 2-D IMPLEMENTATION OF SPLA. NOTE
THE LARGE DELAY IMPROVEMENTS FOR HIGH FANOUT NETS.
THE TOTAL PATH DELAY IMPROVEMENT IS 2.85 FOR NETS
ONLY AND 2.23 INCLUDING LOGIC DELAYS

# | Fanout | Net Delay (ns) | Net Delay (ns) | Delay Improvement
in 2D in 3D
1 127 441 0.85 5.18
2 107 5.57 1.21 4.60
3 2 6.93 3.12 222
4 2 422 1.81 2.34
5 2 3.45 1.49 2.31
6 2 0.74 0.24 3.05
7 2 1.12 0.56 2.00

and from 1.31 to 2.14 for the critical path delay. The reason
the improvement in critical path delay is on average slightly
lower is that although a critical path is more likely to contain
more long interconnects than a point-to-point path delay, the
added LB delays, which do not change from 2-D to 3-D, reduce
the overall critical path delay improvement. In general, the
improvement numbers are quite consistent with the range of
interconnect-delay improvements in Fig. 12.

In addition, note that the delay improvement factors are
somewhat higher in some designs (e.g., SPLA) than the
interconnect-delay improvements in Fig. 12. This is because net
delay is not simply a sum of the interconnect delays and delay
improvement of high fanout nets can be significantly higher
than that of individual interconnects (see Table VI).

IV. 3-D FPGA POWER CONSUMPTION

The power consumed in an FPGA can be divided into static
and dynamic components. Both components can benefit from
the monolithic stacking approach. With no change in the archi-
tecture, static power should be roughly the same in both 3-D
FPGA and baseline 2-D FPGA. However, static power saving
techniques, such as multiple supply voltages, multiple transistor
threshold voltages, and power gating that have been applied to
2-D FPGA [32], can be implemented with potentially far lower
area overhead than for 2-D, due to the availability of more metal
and active layers. Although static power constitutes a growing
fraction of the total power consumed in an FPGA [6], [27],
power consumption in FPGAs is still dominated by the dynamic
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component. We therefore focus on quantifying the reduction in
dynamic power achieved using the 3-D FPGA approach.

Dynamic power consumption is due to charging and dis-
charging of circuit parasitics as well as the short-circuit currents
during signal switching. Previous study [6] has shown that
only 10% of the total current in an FPGA interconnect is due
to short-circuit currents. To simplify our analysis, we only
consider the dynamic power due to the parasitics and emulate
the contribution of short-circuit currents by appropriately in-
creasing the values of the parasitic capacitances.

The dynamic power consumed in an FPGA can be divided
into three components, namely: 1) the dynamic power con-
sumed in the LBs Ppp; 2) the dynamic power consumed in
the interconnects P,; and 3) the dynamic power consumed in
the clock networks Pji. Previous studies [1], [6] have shown
that 15%—-20% of the total dynamic power is consumed in the
LBs, 60%—-80% is consumed in the interconnects, and about
15% is consumed in the clock networks. Since, in this paper,
we assume that the 3-D FPGA uses the same LB architecture
as the baseline 2-D FPGA, the dynamic power consumed by
the LBs in the 3-D FPGA is the same as that in the baseline
2-D FPGA.

Now, let @ be the average activity factor of the signal nets;
Chet be the equivalent capacitance of the signal net, which
includes the capacitances of the wire, side-loads, SP, and in-
serted buffers; C.j be the equivalent capacitance of the clock
network, which again includes the wire and buffer capacitances
in the network; fp.t be the interconnect operating frequency;
and f.ji be the clock frequency. With these definitions, the total
dynamic power consumed in the FPGA can be expressed as

P =Pip + Pt + P
=Pug+YVdpfaet Y, Chet + CanVipfer-  (8)

all nets

We compare the dynamic power consumption of the 3-D FPGA
to that of the baseline 2-D FPGA as follows.

1) We denote the fraction of dynamic power consumed in
the LBs, the interconnect, and the clock network of the
baseline 2-D FPGA by ¢1,5, ¢int, and ¢.x, respectively.
Thus, ¢r.B + Gint + P = 1. We choose ¢ values that
are consistent with recent studies [1], [6].

2) We added the code to VPR to extract the equivalent ca-
pacitance Cyt of each signal net in the placed and routed
benchmark circuit, for both the baseline 2-D FPGA and
the 3-D FPGA with » = 0.56. The equivalent transistor
gate and diffusion capacitances are obtained using the cal-
ibration circuits in Fig. 8. However, instead of matching
delays, we match the charge stored on the capacitances
over a 1-us period, which yields slightly larger capac-
itances. We then find the dynamic power consumption
improvement factor for interconnects &t > 1, which
is the ratio of the dynamic power consumed by the
interconnects in the 2-D FPGA to that in the 3-D FPGA
for a particular benchmark circuit in the MCNC suite.

3) We repeat the same procedure for the clock network to
find the dynamic power improvement factor for the clock
network & > 1.

NAAAY \AYAVAYS
[H [H H O O O
[H [H [ e 0 I e
Oq Oq O g I o T R <]—ZX .........
OH R s L[ oo
i 8 ™ Clock Network
Logic Block :[C_S:I: ock Networ * {>
H OH O 48 8- FO RO
H[H [H H O v
0H OH [N SRRl = AN T - AV -
H [ N O O O
AAAN AAAA
(a) (b)
Fig. 18. Global clock distribution networks. (a) Network used in Xilinx

Virtex II and (b) H-tree network assumed in the analysis.

4) The results are combined to find the improvement in the
total dynamic power consumption £ given by

o (bint d)clk
f B 1/ <¢LB * Sint * gclk) ' (9)

5) The preceding procedure is repeated for each of the
20 MCNC benchmark circuits, and £ is computed for
each circuit. Finally, the geometric average of each ¢ for
different designs = is determined and used as an overall
measure of power savings.

Before discussing the results, we briefly describe the clock
network implementation assumed. To achieve low skew, all
FPGA:s include dedicated interconnects for global clock distri-
bution. Fig. 18 depicts the “spines and ribs” clock distribution
network, which is commonly used, for example, in the Xilinx
Virtex-II FPGA. For ease of modeling, we assume the H-tree
clock distribution network with distributed buffering, as shown
in Fig. 18(b). Such H-tree network was shown to achieve low
delay and skew [27], [33], [34] and is close enough in topology
to the popular spines and ribs network.

The dynamic power consumption in the clock network is
modeled as follows:

2
Pclock = 2CCIk‘/;:lka1k

= 2(Cetiewire + Celkctoad + Celk driver) Vi fae-  (10)

To obtain numerical values for the equivalent capacitance in
the baseline 2-D FPGA, we assume a 64 x 64 LB array and
optimize the buffer sizes for each of the four technology nodes.
To estimate the equivalent capacitance for the 3-D FPGA, we
scale the wire lengths of the network in the 2-D FPGA by
the 3-D wire scaling factor  and reoptimize the buffer sizes
as those for long interconnects. Since the clock network load
capacitance is primarily due to the input capacitance of the FFs
residing in the LBs, we assume that Cqk 10ad Temains the same
for 3-D FPGA, independent of the value of r.

Now, we are ready to compute the improvements in dynamic
power savings achieved by 3-D FPGA. We assume that ¢r.5 =
0.15, ¢ins = 0.65, and Pe. = 0.2, compute &y and &gy for
different values of r and for each of the four technology nodes
(180, 130, 90, and 65 nm), and then compute &, using (9).
The results are plotted in Fig. 19. As expected, the total im-
provement in dynamic power, however, depends strongly on 7.
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Fig. 19. Relative power saving of 3-D FPGA for different technologies.

Note, however, that the improvement in dynamic power con-
sumption does not change much with technology. This is
mainly due to the fact that the results are normalized with
respect to wire length, supply voltage, and operating frequency.
Additionally, Cgate, Caigr, and Cy, do not change much with
scaling from 180 nm down to 65 nm.

Remark: One of the main concerns in the design of 3-D ICs
is heat dissipation [35]. By stacking multiple active layers and
increasing logic density, it becomes more difficult to remove
the heat, especially from the middle layers. We believe that this
problem is less severe in our 3-D FPGA than in other 3-D IC
applications since: 1) most of the heat is generated in the bottom
CMOS layer, where it is easier to remove, and 2) dynamic
power is reduced by shortening the interconnect, thus reducing
the total amount of heat that needs to be removed. More detailed
thermal analysis, however, would need to be performed on the
3-D FPGA before final implementation.

V. CONCLUSION

This paper discussed the performance benefits of a monolith-
ically stacked 3-D FPGA. A Virtex-II-style 2-D FPGA fabric is
used as a baseline for comparison. A technology-independent
FPGA area model is used to compare the logic density of
the 3-D FPGA to the baseline 2-D FPGA as a function of
programming memory element size. An analytical model for
interconnect is used to estimate the delay and dynamic power
consumption of the 3-D FPGA compared to the baseline FPGA
implemented in several deep-submicrometer CMOS technol-
ogy nodes, and the results are corroborated with HSPICE
simulations.

It is shown that the size of the configuration memory cell
plays a key role in the degree of performance improvement
achieved by a monolithically stacked 3-D FPGA. For a memory
cell that is < 0.7 the area of an SRAM cell, we showed that a
3-D FPGA can achieve 3.2 times higher logic density, 1.7 times
lower critical path delay, and 1.7 times lower total dynamic
power consumption than the baseline 2-D FPGA at the 65-nm
technology node. Since the 3.2x improvement in logic density
requires the addition of only a few mask layers to a standard
CMOS technology, a monolithically stacked 3-D FPGA should

have significantly lower manufacturing cost than a conventional
2-D FPGA for the same logic capacity.

The improvement results reported are based on several
assumptions and approximations that warrant further
investigation.

1) The analysis of area implicitly assumed that the metal
layer density in the 3-D FPGA is high enough to be
able to achieve the estimated area reduction compared
to the 2-D FPGA. Indeed, we have implicitly assumed
that the switch transistor and memory layers have their
own metal layers, thus freeing some of the metal layers
in the CMOS layer to be used by the interconnects.
Additionally, by stacking the switches and memory cells
on top of the CMOS layer, connection boxes and some of
the interconnects and switch boxes can be moved on top
of the LB areas, providing additional room for wiring. We
suspect that this is sufficient for achieving the estimated
reduction in area. Detailed layouts in a 3-D technology,
however, are needed to verify this claim.

The analysis of interconnect delay assumed minimum
width metal wires. In practice, FPGA designers often use
nonminimum metal width and spacing to reduce intercon-
nect RC' and improve signal integrity. These techniques
can be readily applied to the monolithically stacked 3-D
FPGA provided that there is sufficient metal density.

The delay and power improvements assumed that the
switch transistors have the same characteristics as the
NMOS devices in the CMOS layer. The accuracy of this
assumption depends on the technology used to build these
devices. The analytical models we used for delay and
dynamic power consumption, however, can be readily
used to quantify the improvements for any given switch-
transistor characteristics.

The RC' models for the interconnects ignored the para-
sitics of the 3-D via. Depending on the 3-D technology
used, this may need to be taken into consideration.

The delay and power results assumed that all transistors
have the same threshold voltage and that a single supply
voltage is used. In the most advanced technologies, de-
vices with different threshold voltages are available.
Finally, our analysis did not assume any optimization of the 3-D
architecture to take better advantage of the added layers. It is
expected that significant additional improvements in intercon-
nect delays and dynamic power consumption can be obtained
by optimizing the programmable routing architecture beyond
merely optimizing buffer insertion and device sizes.

2)

3)

4)

5)

APPENDIX
STICK DIAGRAM AND AREA ESTIMATION APPROACH

A stick diagram specifies the topology of the layout of a
circuit and is widely used for estimating layout area [36].
Each wire is assigned a layer, and wires that cross must be
assigned to different layers. Fig. 20 illustrates two cells drawn
in stick diagrams. After a stick diagram is drawn, we identify
the critical path length in the horizontal and vertical directions
and count the number of contacted pitches. Transistor sizes are
taken into consideration in this process.
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Fig. 20. Stick diagrams and area estimations of two circuit elements.

For the 6T SRAM cell and buffer examples, the area is
given by

H ((4 + ;) ><8)\> xW ((3 + ;) ><8)\) =1008\% (11)

and

H <<2k + ;) X 8)\> xW(<3 + ;) X 8)\) = 448(k + 1)\?

12)

respectively. The extra 1/2 in the preceding two equations
account for layout spacing between two neighboring cells. The
factor k > 1 is the buffer sizing ratio.

We believe that this approach to account for sizing is more
accurate than the previous method, where sizing is calculated
by directly multiplying the transistor area by the sizing ratio.
The measured area of a typical 6T SRAM cell is 38 x 28,
which is very close to our estimate.
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