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Abstract— Power gating is a commonly used method
to reduce subthreshold leakage current in nanoscale tech-
nologies. In through silicon via (TSV) based three-
dimensional (3D) integrated circuits (ICs), power gat-
ing can significantly degrade system-wide power integrity
since the decoupling capacitance associated with the power
gated block/plane becomes ineffective for neighboring ac-
tive planes, as demonstrated in this paper. A reconfig-
urable decoupling capacitor topology is investigated to alle-
viate this issue by exploiting the ability of via-last TSVs to
bypass plane-level power networks when delivering the sup-
ply voltage. Reconfigurable decoupling capacitors placed
within a plane can provide charge to neighboring planes
even when the plane is power gated, thereby significantly
reducing both RMS power supply noise (by up to 46%) and
RMS power gating (in-rush current) noise (by up to 85%)
at the expense of a slight increase in area (by 1.55%) and
peak power consumption (by 1.36%).
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I. Introduction

Through silicon via (TSV) based three-dimensional (3D)
integrated circuits have emerged as a promising technol-
ogy for both high performance and low power integrated
circuits (ICs) [1]. 3D ICs alleviate the adverse effects
of global interconnects, thereby enabling higher perfor-
mance at lower power consumption while potentially low-
ering cost [1,2]. A significant challenge in vertical 3D
integration is the design of a reliable power distribution
network. Existing research efforts have investigated TSV
types, placement, optimization, and power grid architec-
tures [3-5]. Decoupling capacitors in 3D ICs have also been
considered [6,7]. However, the effect of power gating on the
power integrity of 3D ICs has not received much attention.
Power gating effectively reduces subthreshold leakage cur-
rent by turning off the power delivery path of a circuit
module when the module is not active [8]. For 3D systems,
due to the characteristics of heterogeneous integration and
high parallelism, the amount of nonswitching circuits can
be significantly high. Thus, 3D ICs are expected to be
heavily power gated to sufficiently reduce leakage power.

In [9], Todri et al. have investigated the effect of plane-
level power gating on power integrity in 3D ICs. It has
been demonstrated that the decoupling capacitance placed
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Fig. 1. Conceptual representation of a power distribution network for
a three-plane 3D IC with via-last TSVs. Power gating is illustrated
with global and virtual power grids and sleep transistors (ST).

within a plane is highly effective in reducing the power sup-
ply noise of neighboring planes. The interdependence be-
tween decoupling capacitance and power gating, however,
has not been considered.

In traditional decoupling capacitor topologies, the de-
coupling capacitance within a circuit block is connected
to the local power grid (closer to the switching circuits)
to effectively reduce supply noise [10,11]. However, if the
block (or an entire plane) is power gated, those capacitors
are disconnected from the global power network and there-
fore cannot provide charge to the neighboring, potentially
active blocks or planes.

In [12], Tong et al. have proposed reroutable decou-
pling capacitors in 2D ICs. The primary objective has
been to relax the tight tradeoff between power gating noise
and leakage power by connecting the decoupling capaci-
tors to the global power grid when a block is power gated.
Thus, these decoupling capacitors remain charged, signif-
icantly reducing the power gating noise at the expense of
capacitor leakage current. However, in [12], the ability of
reroutable capacitors in reducing the power supply noise
of neighboring blocks has not been explored. This ability
is facilitated particularly in 3D ICs due to shorter global
interconnects. In this paper, reconfigurable capacitors are
proposed to alleviate power supply noise of the neighbor-
ing active planes in 3D ICs. Two characteristics of via-last
TSVs are exploited to increase the effective range of a de-
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coupling capacitance: (1) low resistivity and (2) ability
to bypass plane-level power network when delivering the
power supply voltage.

The rest of the paper is organized as follows. The recon-
figurable decoupling capacitor placement topology for 3D
1Cs with power gating is introduced in Section II. Simula-
tion results are presented in Section III. Finally, the paper
is concluded in Section IV.

II. Reconfigurable Decoupling capacitors in 3D ICs
with Power Gating

Typical methods of implementing power gating in 3D
ICs are introduced in Section II-A. The reconfigurable de-
coupling capacitor topology is presented in Section II-B.

A. Background

Similar to 2D planar technologies, sleep transistors with
high threshold voltage are utilized to achieve power gat-
ing in 3D ICs. Depending upon the type of TSVs (via-
first/middle or via-last), distributed or lumped power gat-
ing topologies have been proposed [13]. In the distributed
topology (shown to be more appropriate for via-last TSVs),
sleep transistors are distributed throughout the entire 3D
stack whereas in lumped topology (shown to be more ap-
propriate for via-first/middle TSVs), all of the sleep tran-
sistors are located at the topmost plane [13]. An example
of a via-last TSV based 3D power network with distributed
power gating topology is illustrated in Fig. 1. Note that
via-last TSVs pass through the metal layers and connect
the topmost metal layer on each plane. Also, note that
in via-last TSV technology, the TSV resistance is signif-
icantly smaller as compared to via-first/middle technolo-
gies. These two characteristics of via-last TSVs facilitate
the utilization of a decoupling capacitor within a plane to
reduce the power supply noise of the neighboring planes
(due to greater effective range).

B. Reconfiguration of the Decoupling Capacitors

Since system-wide power integrity is a critical challenge,
effective utilization of intentional decoupling capacitance is
crucial, even when power gating is adopted. This issue is
exacerbated in 3D ICs due to the power grid impedances
of the multiple planes and higher integration levels. In 2D
1Cs, it is relatively more difficult to utilize the capacitance
within a power gated domain for the remaining, active re-
gions due to longer global interconnects. In 3D ICs, how-
ever, due to reduced interconnect length and relatively low
resistance of via-last T'SVs, decoupling capacitance within
a power gated plane can still be effective for the neigh-
boring active planes. According to [9], the effective range
of a decoupling capacitor exceeds single plane in 3D ICs
with via-last TSVs, as also observed in this work. Thus,
reconfigurable decoupling capacitor topology is an effective
method to enhance power integrity in 3D ICs with power
gating.

In the reconfigurable topology, two switches are intro-
duced, as conceptually illustrated in Fig. 2. If a certain
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Fig. 2. Conceptual representation of the reconfigurable decoupling
capacitor topology with power gating.
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Fig. 3. Illustration of the additional resistive path between the global
and virtual power networks formed by the reconfigurable switches.

plane is active, the decoupling capacitors on that plane
are connected to the virtual Vpp grid through switch 2,
thereby reducing the power supply noise on that plane.
Alternatively, if the plane is power gated (sleep transistors
are turned off ), the decoupling capacitors are connected to
the global Vpp grid, bypassing the sleep transistors. Thus,
even if the plane is power gated, the decoupling capaci-
tors remain effective for the active planes. The overhead
of this topology includes the reconfigurable switches, metal
resources to route the control signals, and higher leakage
current if the capacitors are implemented as MOS capaci-
tors, as quantified in this work.

Similar to sleep transistors [14], high-V;, MOS switches
are used to minimize the voltage at the virtual Vpp grid
when the plane is power gated (switch 1 is on and switch
2 is off). Note that the two reconfigurable switches form
an additional path from global Vpp grid to virtual Vpp
grid, as depicted in Fig. 3. Thus, the effective resistance
of the sleep transistors and the effective resistance of the
reconfigurable switches are in parallel, partially reducing
the off-resistance between global and virtual Vpp grids.
High-V,; switches are therefore required to maintain sig-
nificant savings in the leakage current when the plane is
power gated.

III. Simulation Results

A comprehensive case study is developed to investigate
the benefits and tradeoffs of the proposed reconfigurable
decoupling capacitor topology. The analysis setup is de-
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Fig. 4. Plane-level power network illustrating distributed sleep tran-
sistors, decoupling capacitors (traditional and proposed topologies),
switching load circuits (gates with active devices), and the C4 bumps
(for the top plane only).

scribed in Section ITI-A. Simulation results are presented
in Section III-B where the proposed topology is compared
with the traditional topology in terms of area overhead,
power supply noise, power gating noise, and leakage cur-
rent.

A. Simulation Setup

A highly distributed model of a power distribution net-
work is developed for a three-plane 3D IC with via-last
TSVs. A 45 nm CMOS technology with 10 metal layers
in each plane is assumed [15]. A portion of the power net-
work with an area of 1 mm by 1 mm is analyzed using
HSPICE. Each plane consists of a global power network,
virtual power network, distributed PMOS sleep transistors,
distributed decoupling capacitance, and distributed switch-
ing load circuits, as depicted in Fig. 4.

Top two metal layers (9 and 10) on each plane are ded-
icated to global power distribution network with an inter-
digitated grid of 11x11.Metal layers 8 and 7 are used as
the virtual power network represented by an interdigitated
grid of 21x21. Power gating is achieved using a distributed
method where the sleep transistors that control a plane are
placed within that plane [13]. Primary physical character-
istics of the 3D power grid are listed in Table I. The pitch
and width of the metal lines are determined based upon the
technology design rules [15] while also considering routing
constraints.

Physical characteristics of the via-last TSVs, C4 bumps,
and the package impedances are listed in Table II. A flip-
chip package is assumed and modeled with a lumped resis-
tance of 1 mQ and inductance of 120 pH [16]. C4 bumps
are regularly placed with a pitch of 200 um over the 1 mm
x 1 mm area [5]. Each C4 bump has a resistance of 5

TABLE 1
PRIMARY PHYSICAL CHARACTERISTICS OF THE GLOBAL AND LOCAL
POWER GRIDS [15].

Parameters Values
Pitch 45 pm
Global grid (Metal 10 & 9) Width 40 pm
Resistivity (ohm/sq) 0.03
Pitch 23.5 pm
Local grid (Metal 8 & 7) Width 20 pm
Resistivity (ohm/sq) 0.075
TABLE II
PACKAGE, TSV, AND C4 BUMP PARASITIC IMPEDANCES [5,16].
Parameters Values
Lumped package resistance Rpackage 1 m$
Lumped package inductance Lpackage | 120 pH
Single C4 bump resistance Rcy 5 m$2
Single C4 bump inductance Lcg 200 pH
Single via-last TSV resistance Risy 20 m{2
Single via-last TSV capacitance Ctsy 283 F
Single via-last TSV inductance Litsy 35 pH

m$2 and inductance of 200 pH. Clustered via-last TSVs are
distributed throughout the area as a 10x10 array and con-
nect the global power grid on each plane. Each TSV cluster
consists of nine TSVs. A single via-last TSV is modeled
as an RLC circuit [17] with the impedance values listed in
Table II.

As opposed to using piecewise linear (PWL) current
sources to model the switching load circuit (typical prac-
tice in existing work [8]), gates with active devices are used
since power gating is considered. Similar to [18], inverter
pairs with varying size are used to model the switching load
circuit. The overall area is divided into 30 segments and a
switching circuit is connected to each segment to consider
the spatial heterogeneity of the current loads. The spa-
tial load current distribution is determined based on [19],
which produces a peak power density of approximately 40
W /cm? [20]. As an example, the load current distribution
of the top plane is illustrated in Fig. 5 where the peak
current for each block is indicated. The decoupling capac-
itors are implemented as MOS capacitors and distributed
throughout the entire die area based on the spatial power
supply noise distribution.

B. Results on Power Integrity and Overhead

The efficacy of the proposed decoupling capacitor place-
ment topology is demonstrated by comparing the method-
ology with the traditional topology. Three power gating
scenarios are considered:

e Scenario 1: All of the three planes are active, repre-
senting the greatest workload.

e Scenario 2: The top and bottom planes are active, while
the middle plane is power gated.

e Scenario 3: Only the bottom plane is active, while the
middle and top planes are power gated.

B.1 Area Overhead

Area overhead is listed in Table III. For both topolo-
gies, the decoupling capacitors are sized to ensure that the
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Fig. 5. Current distribution within the top plane based on [19]. The
numbers refer to the peak current drawn by the digital gates at each
node.
TABLE III
COMPARISON OF THE PHYSICAL AREA OVERHEAD OF THE
TRADITIONAL AND RECONFIGURABLE TOPOLOGIES.

Sleep .
Transistors Decap | Switch | Area
Traditional 36.3 mm 2.87 nF N/A 6.70%
Reconfigurable 36.3 mm 3.20 nF | 160 mm | 8.25%

worst case power supply noise is within 5% of the Vpp (50
mV) in scenario 1. Note that the size of the decoupling
capacitors, sleep transistors, and switches (for the recon-
figurable topology) in Table IIT refers to per plane. In the
proposed topology, the area overhead increases from 6.70%
to 8.25% (by only 1.55%) due to reconfigurable switches
and higher decoupling capacitance required to compensate
for the shielding effect of the reconfigurable switches. Note
that all of the decoupling capacitors are implemented as
MOS capacitors in 45 nm technology with an oxide thick-
ness of 1 nm [15]. This slight increase in the physical area
significantly enhances power integrity when one or more
planes are power gated, as described in the following sub-
sections.

B.2 Power Supply Noise

Power supply noise results are listed in Table IV for each
scenario. Note that power supply noise is observed in the
bottom plane. As listed in this table, when some of the
planes are power gated (scenarios 2 and 3), the reconfig-
urable topology achieves less power supply noise by ex-
ploiting the capacitors of the power gated plane(s). For
example, in scenario 3 where two planes are power gated,
the reduction in peak noise is approximately 27% whereas
the reduction in RMS noise is approximately 46%. Note
that in the traditional topology, the peak noise in scenario
3 exceeds 50 mV despite the reduction in overall switch-
ing current due to power gating. This characteristic is due
to less decoupling in the power network since the decou-
pling capacitors in the power gated planes cannot behave
as charge reservoirs for the remaining, active planes. This
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Fig. 6. Transient behavior of voltage noise at a specific node within
the bottom plane for each topology for scenario 3.
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Fig. 7. Transient behavior of power gating noise at a specific node
within the bottom plane for each topology for scenario 3.

observation justifies the need for reconfigurable capacitors.
Transient behavior of voltage noise at a specific node within
the bottom plane is also depicted in Fig. 6 for scenario 3,
demonstrating the reduction in peak and RMS noise.

B.3 Power Gating Noise

To investigate power gating noise, the power gated mid-
dle plane transitions from inactive to active state in scenar-
ios 2 and 3, and the voltage fluctuation due to in-rush cur-
rent during the wake-up process is analyzed. Peak power
gating noise is observed at the bottom plane. Results are
listed in Table IV. The reconfigurable topology achieves
more than 80% reduction in peak and RMS power gating
noise. In traditional topology, a significant amount of in-
rush current flows not only for the activated circuit, but
also to charge the associated decoupling capacitors. Al-
ternatively, in the reconfigurable topology, the decoupling
capacitors are connected to the global Vpp grid when the
plane is power gated. Thus, even if the plane is power
gated, these capacitors remain charged (significantly re-
ducing in-rush current) and can behave as charge reservoir
once the plane transitions to active state. The transient
behavior of the power gating noise is illustrated in Fig. 7
for scenario 3 where the transition happens at 1 ns.



TABLE IV

POWER SUPPLY NOISE AND POWER GATING NOISE OBTAINED FROM EACH SCENARIO AND NOISE REDUCTION ACHIEVED BY PROPOSED TOPOLOGY.

Power status Power supply noise (mV) Power gating noise (mV)
Top | Mid. | Btm. Traditional Reconfigurable Traditional Reconfigurable
Peak [ RMS | Peak [ Redtn.| RMS [ Redtn.|[ Peak | RMS [ Peak [ Redtn.[ RMS [ Redtn.
Scenario 1 on on on 50 30.27 50 N/A 28.33 | 6.4% N/A N/A
Scenario 2 on off on 48.94 | 23.41 | 42.90 | 12.3% | 16.79 | 28.3% | 90.73 | 72.83 | 15.55 | 82.8% | 11.46 | 84.2%
Scenario 3 off off on 52.86 | 17.53 | 38.34 | 27.4% 9.39 46.4% | 103.2 | 78.76 | 15.66 | 84.8% | 11.57 | 85.3%
TABLE V [4] S. M. Satheesh and E. Salman, “Power Distribution in TSV

OVERALL AVERAGE POWER CONSUMPTION (WHEN ALL OF THE
DECOUPLING CAPACITORS ARE IMPLEMENTED AS MOS CAPACITORS)

Traditional Reconfigurable

Power (mW) | Power (mW) | Overhead (%)
Scenario 1 26.45 26.81 1.36%
Scenario 2 17.57 18.07 3.41%
Scenario 3 8.89 9.41 5.85%

B.4 Power Overhead

To quantify the power overhead of the reconfigurable
topology, both topologies are simulated for each scenario
and the overall average power consumption is determined.
All of the decoupling capacitors are implemented as MOS
capacitors to consider MOS-C leakage. Results are listed
in Table V. The smallest overhead occurs in scenario 1
where all of the planes are active. This overhead is due
to increased capacitance and switches (for the reconfig-
urable topology only). Power overhead increases to 5.85%
in scenario 3 due to the leakage current of MOS capaci-
tors that are connected to the global grid. The absolute
power is, however, significantly smaller in this scenario
compared with the peak power in scenario 1. Thus, the
maximum power increases by only 1.36%. Also note that
this power overhead can be further reduced if low leakage
decoupling capacitor implementations are adopted such as
metal-insulator-metal (MIM) capacitors.

IV. Conclusions

In 3D ICs with power gating, traditional decoupling
capacitors within a power gated block/plane are discon-
nected from the global grid, and therefore are ineffective
for neighboring active blocks/planes. Reconfigurable ca-
pacitors have been proposed to alleviate this issue and sig-
nificantly enhance system-wide power integrity. Analysis
results demonstrate up to 46% and 85% reduction in, re-
spectively, RMS power supply and power gating noise at
the expense of 1.55% increase in physical area and 1.36%
increase in peak power consumption.
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