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ABSTRACT

Due to the inherent nature of heat flow in 3D integrated cir-
cuits, stacked dies exhibit a wide range of thermal charac-
teristics. The strong dependence of leakage with temperature
and process variation plays havoc in achieving system level
energy efficiency in such systems, complicating the task of
power provisioning in 3D multicores.

In this paper, we address this power provisioning chal-
lenge in 3D IC's by advocating a novel microprocessor design
paradigm, where the circuit designers are aware of the in-
tended placement of a die in a 3D stack. We present a con-
crete application of this paradigm through a threshold wvolt-
age (Vi) assignment algorithm for a 3D multicore system,
where we specifically account for: (a) the change in the role
of leakage power, (b) expected operating frequency, and (c)
dependency of PV induced leakage variation and Vi levels.
Detailed simulation based experiments with our proposed al-
gorithm show 2-15% improvement in energy efficiency for a
typical multicore system organized as 3D stacked dies.

1. INTRODUCTION

The recent development in organizing integrated circuits
in three dimensions (3D) instead of conventional two dimen-
sional placement is causing major design overhaul in several
aspects of computer systems. While 3D circuits promise to
solve the long standing problem of rapidly deteriorating in-
terconnect delay in high-performance microprocessors, the
severity of thermal challenge in 3D requires both system ar-
chitects and circuit designers to revisit several design prin-
ciples. A typical 3D stack is flanked by a heat sink at the
lower end and a package at the upper end. This arrange-
ment creates a thermally heterogeneous profile, where the
temperature of a die increases rapidly with increasing dis-
tance from the heat sink. Consequently, severe restrictions
are imposed on the operating voltage and frequency of upper
stacks, degrading their energy efficiency.

Much of the energy efficiency problems in dies with high
temperature stems from their leakage power, which grows
exponentially with temperature [13]. The emergence of pro-
cess variation (PV) in nanoscale technologies further exac-
erbates leakage power management. Several recent studies
have shown that 30% variation in process parameters can
result in 20X increase in leakage [3]. This large variation
of leakage power in 3D IC stacks can impair system level
power management by creating uncertainty in power esti-
mation. Consequently, designers must either set conserva-
tive voltage-frequency in upper layer dies, sacrificing perfor-
mance, or face the likelihood of extreme operating temper-
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atures and possible thermal runaway.

In this paper, we address the power provisioning chal-
lenge in 3D ICs by advocating a novel microprocessor design
paradigm where circuit designers are aware of the intended
placement of a die in a 3D stack. We present a concrete ap-
plication of this paradigm through a threshold voltage (V4)
assignment algorithm for a 3D multicore system. We show
how the design considerations of selecting low V; devices are
fundamentally altered in 3D ICs. While dies close to the
heat sink can continue to use 2D design principles [7], up-
per layer dies must account for: (a) the change in the role
of leakage power, (b) expected operating frequency, and (c)
dependency of PV induced leakage variation and V; levels.
Detailed simulation based experiments with our algorithm
show 2-15% improvement in energy efficiency in a 3D Mul-
ticore running multiprogrammed SPEC benchmarks.

Existing literature describes various techniques for dy-
namic thermal management of 3D ICs, both at the system
and circuit levels. Puttaswamy and Loh propose micro-
architectural techniques to steer a majority of the proces-
sor’s switching activity towards the die closest to the heat
sink, exploiting its superior cooling efficiency [12]. At a sys-
tem level, Zhu, et al. explore a combination of software and
hardware techniques for runtime thermal management in 3D
ICs, targeting the impact of heterogeneous cooling efficien-
cies across different dies [19]. These works do not explore in-
trinsic circuit parameters to exploit the operating conditions
of 3D stacks. Yu et al. propose a multiple supply voltage ar-
rangement to minimize power in 3D integrated circuits [17].
However, their approach ignores the heterogeneous thermal
profiles of 3D stacks. Hua et al. explore the tradeoffs in
timing, power, temperature and the optimal number of tiers
in 3D ICs, but do not provide any algorithm to improve sys-
tem level energy efficiency [6]. Goplen et al. and Cong et al.
have modified physical design algorithms like floorplanning
and placement to optimize the maximum temperature for
3D ICs [5, 4]. However, these techniques consider only tem-
perature and do not explore its complex relationship with
leakage power. To the best of our knowledge, none of the
previous works have explored multiple threshold voltage as-
signment techniques specifically tuned for 3D IC stacks.

The rest of the paper is organized as follows. Section
2 presents an extensive analysis of the interaction between
process variation, threshold voltage and leakage power at
multiple operating temperatures. In Section 3, we illustrate
the challenge of power provisioning in 3D multicores by com-
bining heat flow equations of 3D IC with PV dependent leak-
age characteristics. In Section 4, we present an algorithm for
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threshold voltage assignment in 3D multicore architectures.
Section 5 presents experimental results of our algorithm by
using a detailed full system simulation of a 3D multicore
system. We conclude our discussion in Section 6.

2. PV AND v AWARE LEAKAGE ANALY-
SIS

In this section, we investigate the complex interplay be-
tween process variation, threshold voltage, temperature and
leakage current.

The major components of the leakage power in a CMOS
circuit are the subthreshold leakage (Isy5) and the gate leak-
age (Igate), respectively [13]. Although gate leakage has
been steadily increasing for the last few technology gener-
ations, the industry wide adoption of high-x dielectric ap-
pears to stem this trend for the next few technology gener-
ations [10]. Consequently, the leakage current in a CMOS
circuit is dominated by the subthreshold leakage Iss.

Sub-threshold leakage exponentially varies with the thresh-
old voltage V;, which is sensitive to the transistor effective
gate length L.ry and the gate oxide thickness T,;. These
two physical characteristics of devices are greatly affected by
both inter-die and intra-die process variation. Previous work
have shown that leakage current variation exhibits a lognor-
mal distribution, under Gaussian distributions of L.y; and
Toz [3] For example, a 30% deviation from nominal values
can cause 20X variation in leakage.

Interestingly, this effect of process variations on the sub-
threshold leakage current is substantially more pronounced
at lower V; levels than at higher V; levels. Since Isyp e%’
the rate of change of I,, with V; accelerates rapidly as we
lower the V; (‘%‘;:b oc e "*). We illustrate this phenomenon
using spice simulation next.

We perform Monte Carlo simulations with 10,000 runs on
a CMOS inverter circuit in HSPICE using Predictive Tech-
nology Model (PTM) [18]. We use the high performance
(HP) and low power devices (LP) to capture the character-
istics of low V; and high V; devices, respectively. The effec-
tive gate length L.;; and the gate oxide thickness T, are
respectively varied between +20% of the nominal values us-
ing Gaussian distribution functions to account for manufac-
turing process variations. Circuit simulations are run at two
different temperatures (45°C and 110°C') to show their be-
havior at a range of operating conditions. We use three dif-
ferent technology nodes spanning between 45nm and 22nm.

Table 1 summarizes the leakage and delay analysis. For
each experiment, we present the mean and the o as a per-
centage of the mean (i.e., 100 * 0/mean). Using high V;
in the low power devices cuts down the leakage current by
more than 100X across these three technology nodes: a fact
that has been exploited for last several years [7]. However,
the key observation we make in this paper is the dramatic
reduction in leakage variation caused by PV. For example,
at 45nm node, the ratio of ¢ and mean is 19X more in low
Vi devices, compared to the corresponding ratio in high V;
devices. Most interestingly, this comparative advantage in
leakage variation is growing rapidly with technology scaling.
At the 22nm node, the leakage variation is more than 200X
in low V; devices compared to high V; devices.

Figure 1 shows a closer look into this phenomenon by
presenting the relative spread of leakage current around the
mean. We notice a lognormal distribution in leakage varia-

Node Low V; High Vi
45°C 110°C 45°C 110°C
: To;r 224, [T.;7: 007, | To;;r 025,
45nm ID"cflJ;' ‘83'75; 270;1 166.4 Delay: | 19.3  Delay: | 11.2  Delay:
Y 2.8, 1 5.01, 12.1 11.6, 5.5 17.63, 7.11
I 1056, | Topp: 297, | Tops:  0.105, | Tops: 0.28
32nm | 500.6 Delay 280.9 Delay: | 8.65 Delay: | 18.7 Delay:
3.48, 8.8 4.57, 13.75 12.1, 7.1 16.78, 7.9
Toprs  22.01, | Ips:  58.42, | I,z 054, 6.6 | Iosys:
22nm | 1252 Delay: | 575 Delay: | Delay: 11.93, | Delay:
3.1, 14.5 6.01, 16.5 9.3 9.1

Table 1: Summary of I,;; (nA/um) and Delay (ps)
comparison between low V; and high V; devices.
Numbers show the mean and ¢ as a percentage of
the mean for each measurement.
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tion, also reported in [3]. Across all technology generations,
leakage is far more concentrated around the mean in high
V;: devices (LP). Note that the figure is truncated at the
extremes to expand on the distribution around the mean.

Leakage increases rapidly with the rise of temperature,
roughly growing to 3X from 45°C to 110°C in most config-
urations. The general trend of PV impact remains identical
to the characteristics seen at 45°C. Fundamentally, across
different technology nodes and operating conditions, we find
that high V; devices are substantially more tolerant to PV
(by one to two orders of magnitude). We present the im-
plication of this characterization in the context of power
provisioning in a 3D IC next.

3. IMPACT OF LEAKAGE IN POWER PRO-
VISIONING 3D IC MULTICORE

In this section, we analyze the heat flow in a typical 3D
IC stack to investigate the challenge of thermal provision-
ing in the light of temperature and PV dependent leakage
characteristics from Section 2.

A key component of thermal provisioning is to estimate
the dynamic power budget, and expected energy wastage
through leakage. Given the importance of thermal issues in
a 3D IC, we will explore the interaction between die temper-
ature T and leakage power P.r. We use the temperature
dependent leakage model proposed by Skadron et al. [16],
where leakage power of a die is modeled as a temperature
dependent function of the active power Py, dissipated by
the same die. The temperature dependent ratio Rt of the
leakage power to the dynamic power is shown in equation 1.
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Figure 2: A Typical 3D IC Stack
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where Tp is the ambient temperature, Rp is the ratio at
To and nominal voltage Vo, and B is a process technology
constant. For a specific process technology and constant
supply voltage V', equation 1 can be simplified to

Ry

RT = K()T2 . 6# (2)

where Ky and B are constants in the absence of PV. Under
process variation, the values of Ko and B change substan-
tially based on the underlying variation of leakage with PV.

3.1 Motivational example

‘We now integrate this temperature dependent leakage model
in the governing heat flow equations of a 3D IC, and illus-
trate the challenge of leakage aware thermal provisioning in
a typical multi-die stack (see Figure 2). The configuration
shown has four dies, with the die; close to the heat sink
and the dies close to the package. The design parameters
of the chip, shown in Table 2, have been chosen to loosely
represent the 45nm Intel Nehalem processor [8]. Each die
is only half the area of a quad-core Nehalem processor due
to the presence of only two cores (see Figure 3). The 4-die
stack operates at 150 Watts (TDP).

To analyze the temperature and power profile of this 3D
IC stack, we use an analytical heat flow model proposed by
Jain et al. [1]. This model uses a thermal resistor network
with multiple heat sources to calculate the temperature rise
in each die of a 3D stack. This model captures the first order
effects of thermal heat flow in a 3D IC. Using this model, we
can calculate the temperature distribution for a given power
distribution or vice versa, in an n-die stack.

Die area 135 mm?

Die thickness 50 pm
Interface layer thermal conductivity 0.3 W/mK
Interface layer thickness 10 pm

Heat sink thermal conductivity 400 W/mK
Thermal conductivity of Silicon 150 W/mK
Package thermal resistance 30X heat sink resistance
Tamb 40°C

Trmax 110°C

Table 2: 3D IC design parameters

To illustrate the impact of leakage in conjunction with
PV, we investigate two different scenarios in our example:

1. Case I - Equal power budgeting.

2. Case II - 3D stack aware power budgeting

In Case I, we distribute the power budget of 150W wuni-
formly across the 4 dies. We then use the heat flow equations
in [1] to calculate the temperature of each die. Subsequently,
we calculate the ratio Ry using equation 2, and find the per-
centage ranges of dynamic and leakage power dissipated by
each die. Table 3 summarizes the results of our calculations.

For each case, the first and second column show the to-
tal power Pt in Watts and the calculated temperature of
each die. The third column shows the percentage of total
die power available as dynamic power in each die. After ac-
counting for the leakage variation characteristics from Table
1, we can get a mazimum likelihood range for the dynamic
power honoring Pi.:. For example in dies, the total bud-
geted power is 37.5 watts, leakage can vary from 70.3% to
98.9%. Such variation leads to a provisioning range of 1.1%
to 29.7% of the total power for dynamic power.

To maintain acceptable operating temperatures and avoid
extreme temperatures in dies and dies as in Case I, we must
decrease the budgeted power for the dies away from the heat
sink. In Case II, we show such a power distribution across
the 4 dies. We find that a decreasing power distribution
with increasing distance from the heat sink leads to a more
acceptable thermal profile across the dies. However, vari-
ation in leakage can still severely degrade dynamic power
budget by more than 60%, as the dynamic power in dies
varies from 40% to 15% of the total power.

die Case 1 Case I1

Piot W [ T°C Payn % | Piot W[ T°C Payn %
1 37.5 72.2 | 46.8-62.2 63.0 72.7 | 46.3-61.8
2 37.5 97.3 | 20.5-43.5 45.0 92.2 | 25.7-47.2
3 37.5 | 113.1 | 6.15-33.3 25.0 | 100.4 | 17.5-41.4
4 37.5 119.6 1.1-29.7 17.0 102.4 15.7-40.1

Table 3: Thermal and leakage analysis of a 3D stack
with constant total power = 150 W

Honoring these dynamic power budget will require sig-
nificant effort, and we outline the nature of solution ob-
tained through voltage frequency scaling (VFS). We assign
the nominal voltage and frequency to die1, that has the max-
imum dynamic power budget. We next scale the voltage and
frequency of the other dies to honor their respective dynamic
power budgets (Case I in Table 3). Table 4, column II shows
the allowable voltage and the range of operating frequencies
in the respective dies. Our analysis demonstrates a wide
range of operating frequencies in stacked dies: dies away
from the heat sink achieving a small fraction of the nominal
frequencies seen in contemporary designs.

To exploit the low frequency range in upper two dies, we
can use higher threshold devices in the critical sections of
dies and dies. (Note that high V; devices are already used
in non-critical sections following traditional 2D design tech-
niques). Such a V; assignment can drastically reduce their
leakage power consumption, allowing them to devote a larger
percentage of their limited power budget to dynamic power.
For example, using higher threshold devices in dies and dies
allows them to operate at 2GHz and 1.3 GHz frequencies re-
spectively as shown in column III of Table 4. This is because,
the leakage power is reduced by 100X, preserving most of



the budgeted power for useful computation in the form of
dynamic power.

die | (Voltage,Freq) at low Vt | (Voltage,Freq) at high Vt

V,GHz V,GHz
1 (1,2.2) - (1,3) Same
2 (0.9,1.1) - (0.9,2) Same
3 (0.8,0.5) - (0.8,1.2) (0.95,2)
! (0.8,0.4) - (0.8,1.1) (0.95,1.3)

Table 4: Operating voltage frequency in each die

The above case study demonstrates the utility of a fun-
damental design overhaul in multicore designs for 3D IC,
where the intended die placement in a 3D stack becomes a
key design consideration. While the example above shows a
specific case, we generalize the V; assignment in a 3D mul-
ticore through a comprehensive algorithm next.

4. ANALGORITHM FOR v ASSIGNMENT
IN3DIC

Based on our findings in the previous two sections, we de-
velop an algorithm for threshold voltage assignment in this
section. Our algorithm 3DIC_Vt_assign is shown in table
5. There are two key insights behind this algorithm: (a) The
power budget at each die is governed by the heat flow equa-
tions in 3D IC, and the allowable operating temperature;
(b) Given this total power, the dynamic power and hence
allowable frequency at each die is governed by the amount
of power wasted as leakage.

Due to the reducing gap between threshold voltage and
supply voltage, a limited number of supply voltages are
available for VFS. We assume a given set of m operating
voltages including the nominal voltage, and a set of p thresh-
old voltages. For each threshold voltage Vi, we have a set of
tuples (Vad, fmaz) such that the device can operate at a max-
imum frequency of fmez at a supply voltage of Vg4. Using
the analytical heat flow equations (Section 3.1), we estimate
the total power budget P; for each die, to give an overall ac-
ceptable thermal profile in the 3D stack. Furthermore, we
assume the total nominal device power P,om dissipated at
the nominal voltage, frequency and threshold voltage.

At any given operating configuration (Vij, Vadj, fmaz;), we
calculate the maximum total power Pcrgndidate by scaling
the nominal power P, for the respective supply voltage,
threshold voltage and frequency. If P.ondidate for the it die
is within its budgeted power P;, we add (Vij, Vadj, fmazj) to
the list of allowable voltage, frequency and threshold volt-
age for die;. From the set of all allowable configurations
(Vi, Vad, fmae) for a particular die, we select the operating
point that gives the maximum frequency.

3DIC _Vit_assign calculates the lowest threshold voltage
of each die, that allows it to operate at the maximum fre-
quency permissible by its given power budget. As the num-
ber of available operating voltages and threshold voltages
are small, the computational complexity of our algorithm is
approximately linear with the number of dies n.

The fundamental idea behind this selection is to tradeoff
leakage with dynamic power via High V; transistors, when
(a) the operating frequencies are substantially lower than
the nominal frequency, and (b) saving leakage is paramount
to achieving energy efficiency. Both these conditions are
precisely applicable for dies away from the heat sink in a 3D

ALGORITHM 3DIC_Vt_assign:

Input:

1. Set of m operating voltages {Vaa1, Vaaz,..,Vadm }

2. Set of p threshold voltages {Vi1, Vi2,..,Vip}, each with
corresponding max frequencies at different operating
VOltageS {(Vddh fmaxl)7 (Vdd27 f7rlax2)7~7(Vddm7 fmaxm)}

3. Total power budget of n dies {P1, Pa,..,Pn}

4. Ppom: total device power at
nominal (Vi, Vyq, f) and max IPC

Output: Operating voltage, frequency and V;
of time critical blocks in each die

Begin

1. Using thermal eqns find die temperatures {T%,T%,..,T,, }
2. for i :=1 to n do /*for each die*/

Set A := ¢ /*Allowable set of (Vi, Vaa, fmaz)*/

4. for j:=1to p do /*each V;*/

5 for k :=1 to m do /*each Vaq, frmaz™/

6. ComPUte Pcandidate fOI‘ (‘/tj7 Vddk7 fmazk)

7

8

w

by scaling Prom
if (Peandidate) < P;)

9. Add (V;tﬁ Vddk: fmaack:) to A
10. else Reject (Vij, Vadk, fmazk)
11. end
12. end
13. Assign (Vij, Vagj, frmazs) to die;
14. s.t. V (V;sk, Vadk, f'maxk) € A, fmazj = fmazk
15. end
End

Table 5: Algorithm summary for 3DIC_Vt_assign

IC stack. Interestingly, this selection is opposite to nominal
and fast design corners where low V; transistors allow much
higher frequency at the cost of higher leakage.

S. EXPERIMENTAL ANALYSIS

In this section, we will describe our 3D Multicore modeling
methodology, and present our experimental results.

5.1 Methodology

We use full-system simulation built on top of Virtutech
SIMICS [9]. SIMICS provides the functional model of sev-
eral popular ISAs, in sufficient detail to boot an unmodified
operating system. For our experiments, we use the SPARC
V9 ISA, and use our own detailed timing model to enforce
timing characteristics of an out-of-order microprocessor.

5.1.1 Multicore System

We model an eight core multicore system spread over 4
dies in a 3D IC, where each stacked layer consists of two cores
with a few shared L2 cache banks (see Figure 3). Each pro-
cessing core has a private instruction and data cache: both
of them are 4-way, 32KB with 2-cycle latency. Spreading the
L2 banks across multiple dies improves latency and perfor-
mance with marginal complexity overhead [11]. The shared
L2 cache modeled is a 32-way associative 16MB with uni-
form access latency of 50 cycles. We use a 4-wide superscalar
microprocessor core with 192 entry instruction window, 11
cycle branch mis-prediction loop, aggressive 2-level branch
predictors, and a 64-entry load-store disambiguation predic-
tor. The entire stack uses 32nm technology node, operating
at 1.0V and 3GHz (nominal voltage and frequency).
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Figure 3: 4-Die Stacked Configuration
Name Composition
MP1 astar-lakes(both), xalancbmk (2), sjeng(2),

h264 (both), libquantum(2), hmmer(1)
MP2 | mcf(both), hmmer(both), h264(1), xalancbmk(1),

gobmk(both)
MP3 hmmer(2), gcc(both), omnetpp(both),
libquantum(1), perlbench(2)
MP4 gobmk(both), perlbench(1), sjeng(1),
h264(both), mcf(2), libquantum(2)
MP5 mcf(2), sjeng(1), astar-lakes(both),

omnetpp(2), h264(1), gce(both)

MP6 libquantum(both), xalancbmk(2), gce(both),
mcf(both), bzip2(1)

MP7 mcf(2), xalancbmk(2), h264(both),
omnetpp(both), astar-lakes(2), bzip2(2)
MP8 xalancbmk(both), perlbench(both), bzip2(1),
mcf(2), sjeng(1), omnetpp(1)

Table 6: Multi-programmed Workload Composi-
tion. Specific phases included from each benchmark
is shown in parentheses.

5.1.2 Power and Thermal Analysis

Power and thermal analysis is performed by combining
HotSpot and Wattch toolset [2, 16] in our simulation in-
frastructure. Wattch provides power estimation based on

pipeline activity, and we calibrate this estimation using HotSpot,

validating acceptable temperature range. Using the layered
configuration of HotSpot, we model a 4-die stacked IC with
their grid model, and update the temperature at 10usec in-
tervals to obtain temperature dependent leakage estimation.

5.1.3 Workloads

We use several multiprogrammed workloads composed of
representative phases of SPEC CPU2006 benchmark on So-
laris 9. We use two of the most representative phases from
these SPEC benchmarks in our study, extracted using Sim-
Point toolset [15]. Table 6 shows the composition of our
multiprogrammed workloads. We run each simulation for
200 million cycles, and count the total instructions commit-
ted as the aggregate throughput. representative portions of
each toolset

5.2 Results

We show the results of 3DIC_Vt_assign for two differ-
ent libraries shown in Table 7. Library 1 has two different
threshold voltage levels, while Library 2 has five. Library 2
is more representative of the current and forthcoming tech-
nology generations.

The baseline system replicates the same design in all the

Name Library Characterization

Library 1 LowV: = (1,1, 1)
HighV, = (0.9, 0.4, 0.06)
Library 2 LowV: = (1,1, 1)

Low — Mid V, = (0.95, 0.6, 0.1)
MidV, = (0.9, 0.4, 0.06)
Mid — High Vi = (0.9, 0.3, 0.03)
High V; = (0.8, 0.2, 0.005)

Table 7: Device Libraries. For each device we show
the (Vid, fmaz, Pieak), normalized to the Low V; device
in Library 1.

I Baseline W 3DVT LIB1 O 3DVTLIB2

Normalized Performance/Watt
|

MP1 MP2  MP3  MP4  MP5 MP6 MP7 MP8

Figure 4: Power-Performance Comparison. From
left to right, three bars in each benchmark show
the results for the baseline, 3DIC_V; using Library 1
(3DVT LIB1), and 3DIC_V; using Library 2 (3DVT
LIB2), respectively.

stacks, using Low V; devices in the critical sections. To re-
main within the allowed power budget at each die, baseline
scales down the frequency, with marginal voltage scaling.
For each die, designs guided by our algorithm 3DIC _Vit_assign
choose different sets of V; devices along with supply voltage
and frequency combination. In all cases, choice of V; in diei
remains identical to the baseline . However, the restriction
on operating frequency as outlined in Table 4 allows differ-
ent choices for other dies. Subsequently, we scale 67% of
the die leakage using leakage factors mentioned in Table 7,
modeling typical leakage contribution from low Vi devices
[14].

5.2.1 Energy Efficiency

Figure 4 presents the improvement in energy efficiency
measured as Performance per Watt. Using Library 1, our
algorithm shows a modest improvement in energy efficiency
(2-6%), while Library 2 yields a substantially better im-
provement (7-15%). Much of this improvement stems from
better use of power budget by reducing leakage, and exploit-
ing higher available dynamic power. Using Library 2 leads
to a relatively higher operating frequency in top stacks due
to the higher number of available V;s. Although using Li-
brary 1, leads to savings in leakage, it is unable to effectively
improve performance as the operating frequency is limited
for HighV;. These improvements reported are for the entire
3D stack, and are typically lower than individual improve-
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ments seen in diez and dies (Table 4).

Note that these improvements are reported without con-
servatively scaling the operating frequency in the baseline
to allow for leakage PV variation as discussed in Section 3.
Conservative scaling of frequency in the baseline can further
improve the energy efficiency from our scheme, as high V;
devices are more tolerant to leakage fluctuation from PV.

5.2.2  Power Comparison

Figure 5 presents a comparison of power consumption
across the three schemes. From left to right, three bars in
each benchmark show the results for the baseline, 3DIC_V;
using Library 1, and 3DIC_V; using Library 2, respectively.
Each bar is broken down to show the components of dy-
namic power (lower) and leakage power (upper). Using Li-
brary 2 sees a substantial reduction in leakage power across
all benchmarks as almost all dies except die; benefit from
comparatively higher V; assignment in their critical devices.
The dynamic power budget is increased in this case, boost-
ing performance and yielding better system level energy effi-
ciency. Using Library 1 only yields savings in leakage power
in dies and dieq, but the system is unable to exploit more
available dynamic power due to the delay constraint of a
single High V; device.

6. CONCLUSION

This paper presented a novel technique for designing high
performance microprocessor dies specifically targeting 3D
ICs. 3D integrated circuits pose an intriguing design chal-
lenge due to the extreme variation in operating conditions.
While dies placed close to the heat sink operate similar to
conventional 2D designs, dies away from the heat sink typ-
ically operate at high temperature and substantially lower
power budget. A large percentage of this limited power bud-
get is wasted through leakage. Furthermore, uncertainties
in leakage current estimation due to process variation com-
plicates power provisioning in 3D IC stacks. Solutions to
these problems seek a fundamentally new paradigm of micro-
processor design where designers must be aware of the die
placement in a 3D stack. We demonstrate one application
of such a design philosophy by developing an algorithm for
3D IC aware threshold voltage assignment. Using detailed
simulation analysis for a 3D multicore, we observe 2-15%
energy efficiency improvement through our technique.
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