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Abstract—The requirement of ultralow power and energy
efficient systems is becoming more and more important with
the increase in the use of miniaturized portable devices and
unsupervised remote sensor systems. 3-D integration is an
emerging technology that helps in reducing footprint as well as
power. In this paper, we study in detail the combined benefits
of 3-D ICs and low-voltage supply designs to obtain maximum
energy efficiency. We implement different types of circuits in
conventional 2-D and through-silicon-via-based 3-D designs at
different supply voltages varying from nominal to subthreshold
voltages. The impact of 3-D integration on these different types
of circuits is analyzed. Our study is based on power and energy
comparison of full GDSII layouts. Our study confirms that
subthreshold/near-threshold circuits indeed offer a few orders
of magnitude power versus performance tradeoff with further
improvement due to 3-D implementation. In addition, 3-D designs
reduce the footprint area up to 78% and wirelength up to 33%
compared with the 2-D counterpart for individual design bench-
marks. Our studies also show that thermal and IR drop issues are
negligible in subthreshold 3-D implementation due to its extreme
low-power operation. Finally, we demonstrate the low-power
and high-memory bandwidth advantages of many-core 3-D
subthreshold circuits.

Index Terms—3-D IC, subthreshold/near-threshold operation,
through-silicon via (TSV), ultralow power.

I. INTRODUCTION

NE of the most effective ways of reducing the

total power consumption of very-large-scale integration
circuits is scaling down the supply voltage. Previous works
have shown that under optimum power supply voltage,
a circuit can attain minimum energy consumption per
operation, which is the primary goal for applications that
require long battery life [2]. This supply voltage usually
falls near the threshold voltage of the transistors. Though the
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operating frequency reduces significantly, the energy efficiency
improves, reducing energy consumption and hence increasing
longevity of battery, which is the major requirement for remote
and portable systems like sensor networks. Low-voltage and
subthreshold operating conditions require the individual gate to
be designed in a robust manner, which requires a larger size of
the transistors. For large designs, these result in area overhead.
Since area is directly proportional to cost, it is desirable to have
the same silicon usage but to get low power and high energy
efficiency.

3-D ICs is one of the most promising technologies that
enables higher integration and further miniaturization with
an increase in memory bandwidth for OFF-chip memories
while reducing power dissipation and improving performance.
Much shorter interconnects due to die stacking results in lower
switching power dissipation compared with long interconnect
designs. Memory stacked over logic integrates OFF-chip mem-
ories to ON-chip. There is a significant increase in memory
bandwidth by moving to 3-D [3]. The overall footprint of
the design also significantly reduces further satisfying the
needs of miniaturized designs. A very important advantage
of 3-D integration is that it helps us in integrating hetero-
geneous dies that use different technologies or have different
supply voltages. The potential benefits of 3-D stacking, if used
properly, can help improve circuits and systems significantly.

Through this paper, we propose a new way to meet
most of the requirements of low-power miniaturized designs
by using subthreshold/near-threshold circuits stacked with
memory as well as mixed with memory in the same die.
This results in low power and much smaller die footprint with
an increased memory bandwidth. The goal is to investigate
and quantify the benefits and issues of using 3-D integration
of subthreshold/near-threshold circuits using through-silicon
vias (TSVs) and identify what kind of ultralow-power circuits
can be improved by 3-D design. Our studies are based on
full GDSII layouts and signoff analysis of various types of
designs which vary from memory dominated to gate and
interconnect dominated. The contributions of this paper are as
follows.

1) We design and investigate full-chip subthreshold/near-
threshold 3-D circuits for various types of large circuits
with and without memory. We study the impact of
random variation effects for different supply voltages
(Section III-C). We also implement special level shifters
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for interfacing logic with memory when they operate at
different supply voltages (Section III-D).

2) A full comparison of performance metrics of the 2-D
and 3-D designs for different supply voltages varying
from nominal to subthreshold voltages has been done
analyzing the low supply voltage and 3-D benefits
(Section IVA-C).

3) The thermal and IR drop issues that are generally the
major drawbacks of 3-D integration have been shown to
have almost no adverse impact on low-voltage designs
due to extreme low power. This reduces the intrinsic
voltage and temperature changes which are critical at
low voltages (Sections IV-D and IV-E).

4) We discuss the impact of circuit type and characteristics
on the design approach to get maximum benefits
in Section V.

5) We have further demonstrated 3-D IC advantage
with a many-core design to show massive saving
on input/output power and the increase in memory
bandwidth (Section VI).

Section VII summarizes the design lessons and outlines
for subthreshold/near-threshold 3-D IC design. Finally, we
conclude our work in Section VIIL

II. REVIEW OF EXISTING WORKS

One of the very first works on low-voltage design was
published two decades ago. Burr and Shott [4] demonstrate
a 625X power-delay product (PDP) saving by using 200-mV
supply compared with the then standard 5 V supply. PDP is a
key metric to fairly compare the quality of designs at different
supply voltages. With advancement of technology, research
related to subthreshold/near-threshold design has gained much
more momentum. Wang and Chandrakasan [2] designed
a fast Fourier transform processor operating at 180 mV.
They used a 180-nm process with a transistor threshold
voltage of around 450 mV. As a follow-up of this paper,
Calhoun et al. [5] studied the techniques for optimum sizing
in the subthreshold regime for minimum-energy operation.
They solved equations of total energy to provide analytical
solutions for minimum-energy operating conditions and also
studied gate-sizing impact on energy at subthreshold supplies.
For our initial gate design and sizing work, we considered
these techniques to obtain the best cell designs with the
given process design kit (PDK), new supply voltage, and size
constraints.

Hanson et al. [6] published their work on a full
low-voltage processor with special techniques in memory
design to reduce standby power to picowatt range. In our paper,
we use level shifters with a standard 6T static RAM (SRAM)
cell to enable memory operation at higher supply voltage
while the logic operates at lower voltages. The industry
has also shown keen interest in near-threshold designs for
obtaining best energy efficiency [7]. Kaul et al. [7] discuss
in detail the opportunities and challenges of near-threshold
voltage designs that operate at maximum energy efficiency.
They give various real design examples and measured values
to validate the great potential of near-threshold designs.

Another 2-D IC work on near-threshold operation is a
processor that runs at a 1-MHz frequencyand a 0.4 V supply
voltage and consumes 79 uW [8]. On similar lines, in our
work, we broaden our analysis space compared with that in [1]
by adding near-threshold voltages (0.6 and 0.8 V) and different
types of circuits.

With the advent of 3-D IC technology with TSVs, there
has been some important research works on using 3-D imple-
mentation to save power and increase memory bandwidth.
A memory bandwidth of 63.8GB/s is measured in a two-tier
3-D IC in 130-nm process [3]. Jung et al. [9] demonstrated
a 21.2% power reduction in TSV-based 3-D over 2-D by
implementing various techniques, such as 3-D floorplanning,
block folding, metal layer usage control, and multi- Vy, designs.
Though their work is focused on superthreshold voltage
operation with nominal supplies, the techniques developed
are important and can be used in low-voltage designs as
well for getting further benefits from 3-D IC implementation.
The first near-threshold 3-D IC system was designed with
0.65 V for logic and around 0.87 V for SRAM [10].
Fick et al. [10] highlight the feasibility of thermal-constrained
3-D IC designs by combining it with near-threshold architec-
ture that also results in high energy efficiency. We also carry
out thermal and /R drop analysis to demonstrate that internally,
3-D IC with subthreshold/near-threshold supply voltages has
almost zero-temperature increase and a negligible 34- 4V max
IR drop from a thermal and power delivery point of view,
respectively.

III. LIBRARY DESIGN AND VARIATION STUDY
A. Issues Related to Subthreshold/Near-Threshold Designs

At a very low supply voltage, the logic gates become
extremely sensitive to any noise and there may be logic failure.
The original cells in a given PDK are designed for nominal
operation and may not be well optimized for direct use in
a wider range of voltage supplies. These standard cells may
not function properly at very low subthreshold/near-threshold
supply voltage. The relative strengths of nMOS and pMOS
significantly change with change in supply voltage and hence
require resizing. The process, voltage, and temperature (PVT)
variations increase their relative impact for subthreshold/
near-threshold circuits. For a superthreshold design, the
ON/OFF current ratio is typically more than 103. Even though
variations cause some transistors to be stronger or weaker, the
ON-transistor still overwhelms the OFF-transistor. However,
in the subthreshold region, only the subthreshold leakage
current can be used to switch the logic gates. The current
relation becomes exponential with respect to threshold voltage,
gate voltage, and temperature change. Therefore, any
PVT variation may cause current to vary exponentially.

Other problems include memory design and operation.
Many standard memory components such as standard
6T SRAM cell cannot work in the subthreshold region since
reduced noise margin in subthreshold design causes signal
integrity issues. Either the memory cells need to be modified
for proper functioning at the energy minimum voltage or other
system design techniques have to be used [6], [11].
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Fig. 1. Energy consumption per cycle for a 20-inverter chain at low supply
voltage. (a) Switching and leakage energy. (b) Total energy at different
switching activities. The bold values in the x-axis are the supply voltages
(0.4 and 0.6 V) chosen for full-chip ultralow-power design.

B. Supply Voltage Selection and Gate Sizing

To minimize process variation effects in our design, we
used the GlobalFoundries 130-nm process that has a nom-
inal voltage of 1.5 V. We studied the transistor character-
istics around the threshold voltage values (Vijwyy = 0.53 V
and Vgp = 0.56 V). From the energy per cycle curve of a
20-inverter chain with supply varying from 0 to 0.6 V, we
observed the optimum supply voltage to be around 0.3 V
[Fig. 1(b)]. Fig. 1(a) shows the contribution of switching
and leakage energies at a 20% switching activity. Fig. 1(b)
compares the effect of switching activity on the total energy
per cycle. As switching activity increases, the optimum supply
voltage goes into a deeper subthreshold region. This is because
switching energy starts dominating at an earlier voltage
compared with leakage energy. However, for reliable operation
of larger cells like Dflip-flop, we set our minimum supply
voltage at 0.4 V after careful SPICE simulations.

It is to be noted that the 0.3 V optimum supply is for an
inverter chain, which is a logic-only design. For actual designs
with memory, the leakage component of energy increases
significantly, and therefore, at lower voltages, a slower clock
results in the leakage power dissipating for a longer period

and dominating the overall energy dissipation. For designs
with a high-leakage component, the optimum voltage for
maximum energy efficiency increases. This is one of the
major components of our study with a comparison between
2-D and 3-D ICs at different supply voltages and different
types of designs. The two other supply voltages different from
anominal supply of 1.5 V are chosen to be 0.6 and 0.8 V.
The supply voltage of 0.6 V is chosen for a detailed study
at near-threshold voltage operation. It has been shown that
near-threshold voltage operation is more energy efficient than
subthreshold operation [7]. 0.6 V is around 10% greater
than the transistor threshold voltages in this 130-nm process.
Memory in all designs except the nominal (1.5 V) design is
operated at 0.8 V to ensure reliable operation. Therefore, we
choose 0.8 V as another supply voltage for logic. In this
case, no level shifters and multiple power domains will
be required for logic and memory. Overall, we have four
different supply voltages varying from nominal (1.5 V) to
subthreshold (0.4 V).

The logic gates are sized for each supply voltage,
respectively, to equalize the strength of nMOS and pMOS
and reduce propagation delay mismatch [5]. While sizing
standard cells, we use a load capacitance value of 16 fF and
input rise/fall time of 2% of the input switching period.
Default layouts are used for 1.5 V operation. Fig. 2 elaborates
the necessity of resizing of the gates and the impact of
resizing on propagation delay mismatch. Fig. 2(a) and (c)
shows the rise and fall delay mismatch when operating default
designs of inverter and Dflip-flop, respectively, at 0.4 V for
different load and input transition times. On proper gate sizing,
the mismatch reduces by a large amount across the entire
loads and transition times [Fig. 2(b) and (d)]. Therefore,
each gate has four implementations with different transistor
sizes for each supply voltage. The boundary areas of the
cells are kept the same as in a nominal cell to have a
fair total chip area comparison at different supplies. The
wider standard cells are used as per the need of subthreshold
operation.

As discussed above, a good design and sizing of cells for
proper operation at low voltages is in itself a huge task. The
purpose of our study here is to study the impact of 3-D IC
implementation of low-voltage designs. Therefore, we confine
our standard cell library to the basic cells only, viz., inverter,
NAND, NOR, buffer, Dflip-flop, and multiplexer, and avoid
sizing of all gates for subthreshold/near-threshold operations.
We use the same set of cells resized for propagation delay
matching and characterized at respective supply voltages. The
cell power consumption and delay comparison corresponding
to intermediate load and respective input transition fora 1.5V
nominal voltage and a 0.4 V subthreshold voltage for the
respective sized cells is shown in Table I.

C. Variation Study

Since low-voltage operation is highly sensitive to variation
in supply and temperature, we study the standard cell library
behavior with changes in these parameters and carry out
Monte Carlo simulations to get a better picture of the impact
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Fig. 2. Delay mismatch before and after sizing at a 0.4 V supply. (a) INV before sizing. (b) INV after sizing. (c) DFF before sizing. (d) DFF after sizing.

TABLE I
STANDARD CELL PDP COMPARISON FOR SUPER-Vy, (1.5 V)
AND SUB-Vy, (0.4 V) SUPPLY

Power (W) Avg tielay (ns) | Power x delay (fJ)

Cell | Super-Vth | Sub-Vth | Super-Vth | Sub-Vth | Super-Vth | Sub-Vth
BUF 9.32 0.00041 0.164 323 1.53 0.131
DFF 14.83 0.00172 | 0.432 660 6.41 1.132
INV 7.49 0.00033 0.103 213 0.77 0.071
MUX 11.31 0.00078 |  0.207 595 2.34 0.461
NAND2 | 10.96 |0.00070 | 0.122 290 1.34 0.202
NOR2 12.39 | 0.00080 | 0.132 293 1.64 0.235

of variation. We choose the inverter as our target cell and
carry out the relevant simulations. We carry out Monte Carlo
simulation with 10000 runs. A Gaussian distribution for
threshold voltage and transistor dimensions is used with a
standard deviation of 50 mV for threshold voltage variation
and 10 nm for a dimensional variation and all the variations are
random. Fig. 3 shows the inverter layouts at different voltages
with major differences highlighted. While there is a small
change in 0.6 and 0.8 V inverter nMOS sizes (highlighted
by double-headed arrows in Fig. 3) compared with that in
the default 1.5 V layout provided in the original library, the
modification in the 0.4 V design is quite large. As supply
goes below threshold voltage of transistors, major resizing
is necessary to match the rise and fall delay. The top right
of Fig. 3 shows the inverter layout at 0.4 V operation and
one pMOS transistor in the pull-up network is removed
(highlighted by black circle) compared with the inverter layout
at an original 1.5 V cell operation in order to reduce the delay
mismatch [Fig. 2(a) and (b)].

The histograms in Fig. 3 show the normalized average
delay distribution of the inverters at the respective supply
voltages. The mean values are also specified to have an
absolute comparison of the speed at different voltages. As we
move to low voltages near and below the threshold voltage
of transistors, the current varies exponentially with the change
in threshold voltage. At a subthreshold voltage of 0.4 V, the
OFF current is responsible for switching of transistors and the
variation is high. There is a longer tail in the distribution
of propagation delay at a 0.4 V supply. The 0.4 V inverter
has only one pMOS transistor in its pull-up network and
two nMOS transistors in the pull-down network, while the cell
designs at other voltages have two transistors each in both

pull-up and pull-down networks. Therefore, the average of
random variation effects is lesser for the 0.4 V cell compared
with cells operating at other voltages.

The relative variations at 0.8 V are just slightly more than
1.5 V though the supply voltage is different. The reason is
that we use a 130-nm process, and hence there is almost
no impact of supply voltage on threshold voltage change,
i.e., negligible drain-induced barrier lowering, which is a
dominant short-channel effect.

The performance changes of the subthreshold inverter
with PVT variations are shown in Table II. These results
are obtained from SPICE simulation using 10-us input and
16-fF load at the output.

D. Memory Designs

For practical applications, the requirement of memory is
unavoidable. There exist a number of works on subthreshold
memory design [6], [11]. However, we used commercial
memory compilers to generate large-memory macros at
nominal supply voltages. For smaller memory sizes less
than 1 kB, we designed register files using our standard cells
at the respective operating voltage to have very low power
consumption. We reduce the supply voltage of memory
to 0.8 V, which is determined from SPICE simulations as the
minimum voltage for reliable 6T cell SRAM operation for the
same 130-nm process. The memory libraries are also scaled as
per the scaling factors obtained from SPICE simulations at a
reduced voltage supply of 0.8 V. However, there is a require-
ment of multiple voltage supplies of 0.4/0.6 and 0.8 V for
logic and memory, respectively, for the whole system design
at those logic supplies. 3-D helps us in this respect as we use
memory macros in dies separate from logic die, and hence,
they can have dedicated power supply without additional
circuits.

Another critical issue is signal interfacing between logic and
memory that require the use of level shifters. As the voltage
has to be raised from a subthreshold/near-threshold voltage to a
high voltage, we use a modified level shifter circuit as shown
in Fig. 4(a). Since the input is subthreshold/near-threshold,
the transistors are not strongly driven and the output may not
change. Therefore, we add transistors in diode connection to
control the pull-up current. The diode-connected transistors
help to drive a larger current to switch the output successfully.
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after 10000 Monte Carlo Simulations at different voltages.

TABLE II
EFFECT OF PVT VARIATIONS ON SUB- Vi, INVERTER AT THREE CORNERS
(FAST-FAST, TYPICAL-TYPICAL, AND SLOW-SLOW)

Process Corner FF TT SS
Rise Delay (ns) {239 (0.599x) | 420 (1.0x) | 1080 (2.57x)
Fall delay (ns) | 251 (0.615x) | 408 (1.0x) | 1370 (3.35x)
Temperature (K) 323 298 273
Rise delay (ns) | 309 (0.736x) | 420 (1.0x) | 503 (1.20x)
Fall delay (ns) | 322 (0.789x) | 408 (1.0x) | 580 (1.42x)
Supply Voltage (V) 0.44 0.40 0.36
Rise delay (ns) | 336 (0.800x) | 420 (1.0x) | 542 (1.29x)
Fall delay (ns) | 287 (0.703x) | 408 (1.0x) | 575 (1.41x)

The sizing of the transistors in this circuit has been done to
satisfy the requirements and verified with SPICE simulations
shown in Fig. 4(b).

IV. FULL-CHIP DESIGN AND ANALYSIS
A. Design Flow

We study the impact of 3-D designs and low voltages for
various types of circuits. The different test-cases we use are the
8052 microcontroller, leon3 processor, and low-density parity
check (LDPC) circuit. The rationale behind choosing these
circuits is to have different kinds of test cases. While LDPC
is pure logic design with a very high degree of interconnection,
a four-core leon3 is heavily dominated by memory. The
8052 microcontroller uses an internal RAM of 256 bytes and
an external RAM up to a maximum of 64 kB. It also has
a ROM with size up to 64 kB. We implement two versions
of 8052 with 16- and 64-kB external memory, respectively.

0.8V

n

1

Voltage (V)

0o 1 2 3 4 5
Time (uJs)
(a) (b)

Fig. 4. Level shifter circuit used for 0.4/0.6-0.8 V shift. (a) Schematic.
(b) Transient waveform.

All these designs are implemented in 2-D and 3-D. Memory
is always operated at 0.8 V except for the nominal 1.5 V
design when it is operated at 1.5 V itself.

We use Synopsys Design Compiler to obtain the netlist
from the RTL and then use Cadence SoC Encounter to do the
full-chip layout. Synopsys Primetime is used for timing and
power analysis for 3-D design. The different test cases are
designed in different ways. For 8052 designs, based on the
area of logic and memory, we completely separate both into
different tiers for the 3-D design. Since the system has input
and output pins that are connected to the logic portion only,
we put the logic and internal RAM on the bottom die (die0)
and the external memory are stacked on top. Each 16-kB
external RAM along with 16-kB external ROM makes one die.
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Fig. 5. Subthreshold layout with 64-kB external memory. The design for
die 1-die 4 (=memory dies) in 3-D design are almost identical.

We use 60 TSVs of 5-um diameter to connect between
two dies and we set the TSV pitch to be 10 um. The
TSV parasitics are calculated accordingly for 3-D TSV first
approach [12]. For the leon3 and LDPC designs, we first
carry out multiway partitioning of the netlist using flare [13].
Then TSV insertion with true 3-D placement is carried out
using a 3-D placer [14]. In four-core leon3 designs, the
memory modules are spread in all the four tiers at the same
2-D locations and they do not have any dedicated tier. For
the LDPC test case, a two-way partitioning followed by the
3-D cell and TSV placement is done. The full-chip layouts for
64-kB 8052 designs are shown in Fig. 5.

We build 2-D and 3-D designs for all these test cases at four
different supply voltages to compare the subthreshold/near-
threshold and 3-D impact on the power, energy, and footprint
area. The design specifications along with the number of
tiers and total TSV count in 3-D implementation are listed
in Table III. The wirelength for 0.4 V designs are also
reported. We observe that by implementing the designs
in 3-D, we obtain up to a 78% reduction in footprint area
(for 64 kB 8052). The greater the number of tiers in 3-D,
the greater the footprint area improvement. Because of the
footprint reduction, the wires that are needed to connect the
blocks in 8052 designs are shortened, and this results in
reduction in the top-level interconnect wirelength by 33%
in the 64-kB design. The wirelength saving is small in the

TABLE III
FOOTPRINT AREA COMPARISON FOR THE DIFFERENT
DESIGNS IMPLEMENTED

Footprint Area | Top-Wirelength | No. of tiers | # TSVs in
(pm X pm) | (in m) for 0.4 V in 3D 0.4V 3D
8052 2D | 1300 x 940 | 0.244  (1.00)
(w/ 16KB) [3D| 1300 x 500 | 0.242  (0.99) 2 60
8052 2D | 2300 x 1300 | 0.377 (1.00)
(w/ 64KB) [3D| 1300 x 500 | 0.254  (0.67) 5 240
leon3 2D | 3600 x 2400 | 7.582  (1.00)
3D | 1200 x 1800 | 7.007  (0.93) 4 3749
ldpe 2D | 2100 x 2100 |13.681 (1.00)
3D | 1430 x 1430 |[12.073 (0.88) 2 3424

16-kB design due to very few 3-D connections. The wirelength
increase gets reduced in the 3-D four-core leon3 design
because memory dominates the design and 3-D folding with a
balanced area gives lesser benefits. However, in LDPC design,
which is heavily interconnect dominated, we see up to a 12%
wirelength reduction by going to 3-D.

B. Timing and Power Comparisons

Table IV shows the detailed results of the different imple-
mentations at different supply voltages. We analyze each of
the test cases individually and then try to summarize how the
extent of 3-D advantages depends on the type of design. The
clock periods are kept the same for 2-D and 3-D designs
in each case to have an isoperformance comparison. The
total power reported is the sum of the internal, switching,
and leakage powers. The memory power has been reported
independently.

In 8052 designs, the clock frequency is up to 66.7 MHz
for superthreshold design. Therefore, the internal power and
the switching power are the main part of the total power
consumption. Since both the logic and memory are under the
same supply voltage and the switching activity for memory is
very low, the memory power is not a big portion of total power.
By reducing the supply voltage and going to subthreshold
computing, the design with a 16-kB external memory shows
a 9099 times reduction in total power at a cost of 3333 times
lower clock frequency. For certain low-power applications like
sensors, the workload for each node is not heavy, and the
performance of each computing node is not the major concern
in most cases. Therefore, by reducing the supply voltage we
can reduce the power and energy per cycle and ensure a longer
battery life.

Since the external memory for subthreshold designs is
working at 0.8 V, the larger the size of memory, the more the
leakage is, as is clear from the results. By reducing the clock
frequency and supply voltage, we can achieve a significant
reduction in internal power and switching power. In the
64-kB external memory design, the internal and switching
powers are reduced by almost 35000 times by changing from
superthreshold to subthreshold logic. But the leakage power is
not directly related to clock frequency change, so we achieve a
6.49-fold saving in leakage power. The larger the memory size,
the smaller the total power saving. The 64-kB external memory
design shows a 3008 times overall power reduction in contrast
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TABLE IV
TIMING AND POWER RESULTS FOR THE DIFFERENT DESIGN CASES

15V 0.8V 0.6V 04V 3D . ]
20 [ 3D | 20 | 3D 25 [ 3D 2D 35| 2p A best PDP
8052 with 16KB memory
Target clock (ns) 15 150 1600 50000 1
Internal power (mW)| 4713 4.589 | 0.1843 | 0.1775 | 0.00926 |0.00927 | 0.0001714 | 0.0001713 1
Switching power (mW)| 5893 | 5.690 | 0.1988 | 0.1841 | 0.01072 |0.01061 | 0.0001322 | 0.0001303 0.99
Leakage power (mW){0.00595 | 0.00593 | 0.00098 | 0.00098 | 0.00092 |0.00092 | 0.0008611 | 0.0008609 1
Total power mW)| 10.6 10.3 | 0.3841 | 0.3616 | 0.0209 | 0.0208 | 0.001165 | 0.001163 0.99
Power Delay Product (pJ) 159 154.5 57.62 54.24 33.5 33.28 58.25 58.15 0.99
Memory power (mW)| 0.7145 | 0.7141 | 0.0225 | 0.0216 | 0.0029 | 0.0028 |0.0008861 | 0.0008861 1
8052 with 64KB memory
Target clock (ns) 15 150 1600 50000 1
Internal power mW)| 6214 5.30 0.249 | 0.2398 | 0.01504 |0.01511 | 0.0001800 | 0.0001773 1.01
Switching power (mW)| 4.799 5.69 0.199 | 0.186 | 0.01105 [0.01075 | 0.0001424 | 0.0001389 0.97
Leakage power (mW)[0.02165| 0.021 |0.00346 | 0.00346 | 0.003387 | 0.00339 | 0.003334 | 0.00333 1
Total power (mW)| 11.03 11.01 | 0.4515 | 0.4293 | 0.0295 | 0.0293 | 0.003657 | 0.003649 0.99
Power Delay Product (p.J) 165.45 | 165.15 | 67.725 | 64.395 47.2 46.88 182.85 182.45 0.99
Memory power (mW) | 0.7865 | 0.7841 |0.08995|0.08635 | 0.01142 | 0.0111 | 0.003363 | 0.00336 0.97
leon3
Target clock (ns) 10 100 1000 100000 1
Internal power (mW)| 237 239.8 | 7.265 | 7.269 | 0.6199 | 0.6198 | 0.0056 0.0056 1
Switching power (mW)| 544 53.1 1.317 1.317 | 0.1229 | 0.1208 | 0.0003 0.0003 0.98
Leakage power (mW)| 0.069 | 0.069 | 0.010 | 0.010 | 0.0198 | 0.0098 | 0.0095 0.0095 1
Total power (mW)| 291.47 | 29297 | 8.592 | 8.596 | 0.7525 | 0.7504 | 0.0154 0.0154 0.99
Power Delay Product (p.J) 2914.7 | 2929.7 | 859.2 | 859.6 752.5 750.4 1543 1542 0.99
Memory power (mW)| 1822 182.0 | 5.165 5.168 | 0.5268 | 0.5264 | 0.0146 0.0145 1
Idpc

Target clock (ns) 10 400 4000 100000 1
Internal power (mW)| 37.53 3443 | 0413 | 0474 | 0.0313 | 0.0303 | 0.00037 | 0.00035 0.95
Switching power (mW)| 216.9 199.1 1.463 1.247 | 0.0859 | 0.0796 | 0.00093 | 0.00084 0.90
Leakage power (mW) | 0.0034 | 0.0029 | 0.0004 | 0.0004 | 0.0002 | 0.0002 | 0.00009 | 0.00009 1
Total power (mW)| 2545 2335 1.876 1.721 0.1175 | 0.1101 | 0.00139 | 0.00127 0.91
Power Delay Product (p.J) 2545 2335 7504 | 688.4 470 440.4 139 127 0.91

with the 9099 times power saving for a 16-kB external memory
design. The internal power and switching power is reduced by
1.5% and 2.5%, respectively, in the subthreshold 3-D design
with a 64-kB memory compared with the subthreshold 2-D
design, and the total power is reduced only a little because
the leakage power remains almost the same and it is the
dominating part in total power. The best PDP is obtained at
0.6 V because memory leakage starts to dominate at 0.4 V. We
can see from Table IV that degradation in PDP is more severe
for 64-kB designs compared with that for 16-kB designs as
there is more memory contributing more leakage.

The four-core leon3 has huge memory content. Memory
power is more than 60% of the total power for the
superthreshold 1.5 V design. Therefore, even though there
is some minor improvement in switching power in 3-D
implementation, the overall benefit is almost negligible.
We also know that leakage power does not scale proportional
to switching power. Therefore, as we reduce the supply
voltage, dominance of memory increases further. Once again
best PDP is obtained at 0.6 V, which agrees with earlier studies
of full processors [7].

For the LDPC design, we do not have any memory but
only logic. In addition, the design is highly interconnected
and hence we see a significant reduction in switching power in
the 3-D designs (Table IV). Since switching power is a major
portion (85%) of the total power, we observe a 9% reduction in
total power, which is a direct consequence of 10% switching

power saving. It is interesting to observe that the best PDP
for this design is obtained at 0.4 V unlike the other test cases
where it was at 0.6 V. This follows directly from the fact
that leakage is negligible in LDPC due to absence of memory,
and hence, we have a similar minimum energy point as in the
20-inverter chain evaluated in Section III. More discussion is
presented in Section V.

C. Full-Chip Variation Study

Since subthreshold operation is highly sensitive to PVT
variations, we analyze the 8052 subthreshold (0.4 V) design
at different process corners and with temperature and voltage
variations. The results for only-logic variations are shown
in Table V. Only-memory process variation effects are shown
in Table VI. We observe that the design becomes faster at
higher temperatures unlike standard superthreshold circuits
and consumes higher power. This is because subthreshold
current exponentially increases with increase in temperature.
The other variations affect the design performance and power
consumption as expected. Since the critical path in our analysis
is only through logic, variations in memory do not affect the
timing performance.

D. Thermal Analysis

Heat dissipation is always a major concern for stacked dies.
Also, the performances of low-voltage cells especially the
subthreshold ones are very sensitive to temperature. Therefore,
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TABLE V
EFFECT OF PVT VARIATIONS ON SUBTHRESHOLD LOGIC ONLY: POWER
NUMBERS BASED ON 20-kHz FREQUENCY OPERATION

Process Corner FF TT SS
Longest path delay (ns) | 9801 | 40062 | 327905
Core Leakage Power (W) | 0.185 | 0.037 | 0.021
Total Core Power (uW)|0.420 | 0.278 | 0.264
Temperature °C) | 50 25 0
Longest path delay  (ns) |23316 | 40062 | 104595
Core Leakage Power (uW)| 0.121 | 0.037 | 0.024
Total Core Power (W) 0.364 | 0.278 | 0.266
Supply Voltage V) 044 | 04 0.36
Longest path delay  (ns) |22424 40062 | 111500
Core Leakage Power (uW)| 0.050 | 0.037 | 0.033
Total Core Power (W) 0.347 | 0.278 | 0.230
TABLE VI

EFFECT OF PROCESS VARIATIONS ON MEMORY POWER ONLY
(OPERATING CORNERS ARE OBTAINED FROM MEMORY
COMPILER AND SCALED DOWN)

Corner FF/0.88V/-40°C | TT/0.8 V/25°C | SS/0.72/125°C
Leakage (uW) 3.12 33 6.52
Total (WW) 3.20 3.37 6.60

we need to carefully simulate the thermal effects on our
3-D designs. Since current tools cannot handle 3-D designs
properly, we use our in-house tools to build a thermal
model for 3-D IC and perform thermal simulation using
ANSYS Fluent [15]. In this simulation, we assume adiabatic
boundary conditions on all the four sides and the bottom side
of the package, and the top side of the package is directly
in contact with static air without any heat sink. The ambient
temperature is 25 °C.

The temperature map for logic die for the 8052 design
with a 16-kB memory is shown in Fig. 6. Since the memory
power is only 7.3% of the total power in superthreshold
design, the temperature of the chip is mainly determined by
the blocks on the bottom die. Therefore, the center of the
blocks will usually have the highest temperature within that
block. In addition, TSVs are made of copper, which has the
highest thermal conductivity among all the materials on the
chip and therefore, it provides an easy heat transfer path from
the bottom die to the top die. As a result, the temperature is
relatively low around the TSV arrays, and that area becomes
the coolest part of the full-chip. By lowering the voltage supply
and performing subthreshold computing, the power density on
each die is significantly reduced. As a result, the maximum
temperature increase from ambient temperature within the chip
is reduced from 72.964 °C in the superthreshold design to
negligible 0.008 °C in the subthreshold design (Table VII).
We carried out static thermal analysis without considering
leakage positive feedback mechanism where an increase in
temperature increases leakage power, which in turn further
increases temperature. The temperature rise after the first
iteration is negligible in the subthreshold design and therefore
will not have a huge impact on leakage. The feedback
needs to be considered in superthreshold designs for accurate
temperature estimation, but since leakage contribution is
extremely low in total power at 1.5 V supply (Table IV), the
feedback impact can be ignored. From the results, we can

temp (°C)

97.87 25.1 25.0

Internal

RAM

timer

2C|
super-Vth
Fig. 6. Temperature map of logic die in 3-D design.
TABLE VII
3-D FULL-CHIP TEMPERATURE AND /R DROP (LOGIC DIE) ANALYSIS
Power density | Max Temp | Max Static
(mW/cm?) (°C) IR Drop
Die0O | Diel | Die0 | Diel
3D Super-Vth | 10410 | 750 |97.964|97.821 26mV
3D Sub-Vth | 0.269 | 0.381 | 25.008 | 25.008 | 0.34pV

conclude that by stacking subthreshold circuits in 3-D, we
do not encounter serious thermal problems from within the
chip. However, there will be external temperature effects on
performance.

E. IR-Drop Analysis

We have shown that the performance of standard cells, and
therefore, the full design is highly affected by the supply
voltage variation. Even though the external supply may not
vary, the internal /R drop may result in reduced supplies to
certain logic gates. To study this effect, we use a very simple
power distribution network (PDN) for the 8052 design and
analyze the static IR drop for subthreshold operation. The
IR drop issues will mainly affect the logic portion operating at
a subthreshold of 0.4 V because the memory-containing dies
are operating at 0.8 V and have a dedicated PDN.

We use simple minimum PDN for top level with rings only
at the die boundary in the top metal layers and use the Metall
VDD and VSS rails to connect to the individual cells. The
power supply bump locations for IR drop analysis are set at
the four corners of the dies at the power ring intersections.
We use Cadence VoltageStorm for static /R drop analysis.
Detailed placement and layout information is used for /R drop
analysis to ensure exact calculations even within the hard
blocks. Fig. 7 shows the logic tier /R drop maps for both
superthreshold and subthreshold designs. The individual cell
power consumption is obtained from Primetime simulations.
We scale up the initial power consumption of each cell by
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IR drop (in mV)

super-Vth

Fig. 7. IR drop map for the logic die in 3-D design. Note that the scale is
in millivolts.

a factor of 10000 to obtain accurate results of every minor
IR drop and then scale down the voltage drop values back to
original after obtaining the results from analysis. We observe
that even for a minimal PDN design, the maximum static
IR drop is only 0.34 4V in subthreshold design (Table VII).
The values are so small because the current drawn by each
cell from the supply is subthreshold current and hence very
small. Therefore, we can conclude that /R drop is not an issue
for our subthreshold 3-D design.

V. IMPACT OF CIRCUIT CHARACTERISTICS ON DESIGN
APPROACH TO MAXIMIZE BENEFITS
In this section, we discuss the dependency of maximum
energy efficiency on the choice of supply voltage on the
3-D IC versus 2-D IC implementation using our results and
observations.

A. Choice of Operating Voltage

As observed from the results in Table IV, the four-core
leon3 and 8052 designs show minimum PDP at 0.6 V,
which is above the threshold voltage of transistors. The high
contribution of memory leakage power to total power results in
the voltage supply for minimum energy increasing from deep
subthreshold voltages. Memory leakage power is lowered at
low voltages compared with higher voltages. But it heavily
dominates dynamic power and flows for a longer clock period
and therefore, leakage energy dissipation exceeds the dynamic
energy saving. On the other hand, LDPC benchmark has no
memory and maximum energy efficiency is observed at 0.4 V.
The efficiency will actually increase by further lowering
voltage as demonstrated in Fig. 1 but it is difficult to ensure
reliable operation at such low voltages.

Therefore, for the best low-power, high energy efficiency
design, it is necessary to identify and sort the blocks based on
the percentage of memory in them and then use multivoltage
design approach to have separate voltage supplies for memory-
dominated designs and logic-dominated designs, respectively.

This will require extra physical design effort with multiple
voltage islands and use of level-shifters. In the following
section, we discuss how 3-D IC implementation can help
reduce some physical design effort in addition to offering other
benefits.

B. 3-D IC Over 2-D IC

3-D IC implementation provides many benefits over 2-D IC
in terms of footprint, wirelength, power, and physical design
effort for multivoltage design. The use of TSVs helps reduce
long 2-D interconnects to short 3-D connections resulting in
good savings on wirelength and hence switching power. The
LDPC benchmark which is interconnect dominated shows up
to a 10% improvement in switching power, which is a direct
consequence of 12% reduced wirelength. In addition to that, it
has been demonstrated that buffer usage is reduced to a good
extent in 3-D IC implementation [9]. This helps in saving
more dynamic power and hence energy. Therefore, 3-D IC
helps in the overall objective of low-voltage designs, which is
reducing energy dissipation. However, 3-D implementation has
much less power improvement for memory-dominated designs.
We do not fold individual memory modules but just partition
the different memory macros to be placed as a single block
in a die. Memory leakage power dominates total power, and
switching power savings do not have much impact on total
power.

The use of separate tiers for separate voltage domains
simplifies the PDN design where we will not require different
voltage islands on the same die (8052 design case). Each die
can have its own dedicated supply connection with the far
tiers getting power through power/ground TSVs. While this is
a good benefit of using 3-D IC, it is not always feasible to have
exclusively all memory on single dies if the design is heavily
dominated by memory (leon3), as there will be wastage of
silicon area in the logic tier and unnecessary increase in
the number of TSVs. This necessitates the requirement of
good mixed 3-D placement that can simultaneously handle
logic cells and memory macros and place them in a 3-D
fashion. Bad placement can result in the degradation of power
with unnecessary long wires and hence poor design quality.
Though, we still need to have voltage islands like 2-D IC,
we can use 3-D IC to save power with good partitioning and
placement.

Another advantage that 3-D IC provides is footprint area
reduction. Subthreshold/near-threshold applications with high
energy efficiency requirement includes ultralow power remote
applications which also need to be made with minimum
footprint area, and therefore, 3-D IC helps in that respect.
By stacking multiple tiers over one another, we were able to
reduce the footprint by 78% for the used benchmarks. Not only
that, 3-D IC will also enable stacking of dies from different
technology nodes provided the 3-D connections are properly
placed and designed.

VI. POWER BENEFITS IN MANY-CORE DESIGNS

The power consumption discussed so far does not include
the I/O power. If we have an OFF-chip memory, the number of
I/O pads will limit the bandwidth of memory access. As the



SAMAL et al.: ULTRALOW POWER CIRCUIT DESIGN WITH SUBTHRESHOLD/NEAR-THRESHOLD 3-D IC TECHNOLOGIES

From Logic

Level Shifter Large Buffer Pad

Fig. 8. 1/O circuit for logic to OFF-chip memory connections in a many core
2-D subthreshold design.

I/O pads consume a huge amount of power, their count usually
has an upper bound. However, when we use 3-D integration,
we can integrate OFF-chip memory to ON-chip and get rid of
the processor to memory I/O pads. We not only reduce the
power consumption but also increase the memory bandwidth
close to theoretical maximum.

A. I/O Driver Design

The I/O pads provided in the standard library are large
with complicated circuits in them and therefore consume a
large amount of power and cannot be used for subthreshold
circuits. They are meant for high performance in standard
superthreshold circuits. Therefore, to have a reasonable quanti-
tative power analysis of many-core implementation, we design
our own I/O pads using level shifter and buffers to drive a
large load. We exclude electrostatic discharge (ESD) and other
related circuits from our simple design. The purpose of our
study here is to show the power benefits obtained by 3-D IC
implementation by removing logic to memory I/O pads. The
addition of ESD circuit in such I/O pads properly designed for
low-voltage operation will only add further to 2-D IC power
and therefore reinforce the 3-D benefits.

The representative diagram for the output pad without any
ESD is shown in Fig. 8. We use a capacitive load of 5 pf
to size the large buffer with SPICE simulations. The large
load is representative of the pin capacitance and interconnect
capacitance between the processor output pad to memory input
pad for the OFF-chip design. Level shifters are required as
the processor output is 0.4 V while the memory operates at
0.8 V. We set the I/O supply voltage as 0.8 V. The total
power dissipated by a single I/O pad is calculated from
SPICE simulations to be 1.066 W at 20 kHz with a 5-pF
load and a 1-us input slew. This is inclusive of switching
power, cell power, and leakage power.

B. Power Saving in Many-Core Sub-Vyj, 3-D Designs

Using 3-D implementation for the microcontroller design
helps us put together many processors as per requirement
in reduced area with reduced interconnect and hence lesser
power. For our study, we used 128 cores in 2-D and
3-D designs and analyzed the area, wirelength, processor
to memory I/O power, and the memory bandwidth. We use
five-tier stacking for the 3-D design. The comparison results
are shown in Table VIII. We use a two-channel OFF-chip
2-D memory as our baseline for comparison and then analyze
the benefits of the 3-D design.

We observe that the reduction in wire power is proportional
to the reduction in wirelength. As we move to advanced

TABLE VIII
DESIGN COMPARISON FOR SUBTHRESHOLD MANY CORE

IMPLEMENTATION IN 2-D AND 3-D

989

Property

2D

3D (5-tier)

Footprint Area (cm X c¢m)
Wirelength (m)
Memory I/O Power (W)
Total Power (uW)

2 x 2.4 (100%)
54.70 (100%)
104.5 (100%)
564.5 (100%)

1.12 x 1.2 (28%)
23.94 (44%)
0.768 (0.007%)
460.8 (81.5%)

Data Connections 48 (1/0) 3072 (TSV)
Total Connections 98 (I/0) 3108 (TSV)
Memory Bandwidth (bits/cycle) 16 (100%) 1024 (6400%)

process nodes, the wirelength parasitic will become more
critical and contribute significantly to power, and therefore,
wire reduction is an important benefit offered by 3-D ICs.
In addition, the processor to memory I/O power, which
is 18.5% of the total power in the 2-D design, is completely
removed in the 3-D implementation. 3-D ICs use TSVs
and p-bumps to connect logic and memory that consume
negligible power compared withthe power hungry I/O pads.
In addition, the theoretical maximum bandwidth increases
from 16 bits/cycle for 2-D many-core to 1024 bits/cycle for
3-D many-core compared with 8 bits/cycle for single core.

VII. DESIGN LESSONS AND GUIDELINES

The design of low-power subthreshold/near-threshold gates
involves a number of issues which need to be taken care of.
Wider cells need to be used for low-voltage operation for better
performance. We need to take care of proper functionality
of all the gates because the energy-minimum supply voltage
for gates may occur at the deep subthreshold region. The
Dflip-flop is the critical cell in our case whose correct
operation determines the minimum supply voltage of 0.4 V.

In general, for the 3-D IC design, we need to be very careful
about the thermal and /R drop variations that the chip may
encounter during operation. However, the internal thermal and
static IR drop is negligible for 3-D subthreshold designs due
to extreme low power, and therefore, preplanning of thermal
budget and power delivery resources is not necessary in the
subthreshold 3-D IC physical design.

In the 3-D subthreshold/near-threshold design, it is prefer-
able to use different supply voltages in different dies in case we
have a multiple-supply design. This facilitates dedicated power
supply to the dies without major design overhead and issues.
However, we need to design good level shifter circuits for
proper interfacing of signals with different voltage values and
without any large delays. Signals in different voltage domains
communicate TSVs. All TSV parasitics need to be taken into
account during full-chip timing and power analysis as they are
a nonnegligible portion of total power dissipation, especially
when the number of 3-D connections is very high.

The impact of circuit type on design approach for
maximum benefits has already been discussed in detail
in Section V. In our many-core design demonstration, we
ignored ESD circuits for simplification and estimation of
power savings from logic to memory I/Os, but I/Os are still
necessary for external package connections. But it is important
to modify these I/O pads used for low-voltage circuits to
consume less power. In addition, circuit techniques like power
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gating, adaptive body biasing, or specific custom design of
subthreshold/near-threshold memory cells provide very good
options to reduce power and improve performance.

VIII. CONCLUSION

In this paper, we explore and quantify the 3-D IC benefits
in ultralow-power designs using subthreshold/near-threshold
circuits of different kinds. 3-D IC implementation helps in
further saving switching power by reducing wirelength. While
logic circuits show an excellent reduction in power consump-
tion with good PDP improvement, memory contributes to
maximum power in designs with memory because of its near-
threshold region of operation and high leakage. The larger the
memory in a design, the lesser the power savings. We also
carried out detailed variation studies at cell level as well
as full-chip level. We showed that 3-D IC implementation
of subthreshold/near-threshold circuits has negligible internal
thermal and IR-drop-related issues. In Section VI, we also
demonstrated the idea of many-core designs with increase in
memory bandwidth and further reduction in power consump-
tion due to the removal of processor to memory I/O pads.
Therefore, 3-D stacked subthreshold/near-threshold circuits
with proper memory design approach enable a major improve-
ment for both ultralow-power operation and miniaturization in
processors.
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