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Abstract—A methodology and analytic expressions are
proposed to appropriately allocate the available physical
area to through silicon vias (TSVs) and sleep transistors in
three-dimensional (3D) ICs with power gating. Power supply noise is minimized by the proposed resource allocation
methodology while satisfying the required constraints on
leakage current and turn-on time. A comprehensive simulation setup of a three plane 3D IC is developed to evaluate the accuracy and efficacy of the proposed methodology. The proposed expressions exhibit an error of 4%
as compared to simulation results. The simulation results
also demonstrate that the power supply noise is reduced
by more than 46% while satisfying both turn-on time and
leakage current.

Determine the available area A for TSVs
and sleep transistors

Determine the maximum
area allocated to sleep
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Determine the minimum area
allocated to sleep transistor to
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Use the proposed methodology to determine the
optimal kopt
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I. Introduction
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Through silicon via (TSV) based three-dimensional (3D)
integration is a promising technology that can address some
of the critical issues encountered in traditional 2D ICs such
as the adverse effects of global interconnects and limited integration capability [1]. In TSV based vertical integration
technologies, multiple wafers are thinned, aligned, and vertically bonded [2].
High density TSVs achieve data communication,
power/ground, and clock distribution among the dies and
are manufactured using via-first, via-middle, or via-last
fabrication methods [3]. The number of TSVs in high performance ICs exceeds 50,000 where the diameter of a single
TSV is in the micrometer range [4]. Furthermore, a keepout zone exists surrounding each TSV to ensure reliable
transistor operation. Thus, TSVs consume nonnegligible
silicon area in addition to causing routing blockages, as in
via-last TSVs.
Due to high levels of integration and existence of heterogeneous blocks, 3D ICs are expected to be heavily power
gated to maintain reasonable static current. Power gating
requires a large number of sleep transistors where the overall length can exceed one meter [5]. Both power/ground
TSVs and sleep transistors significantly affect systemwide
power integrity, a primary physical design challenge in
3D ICs. Existing research efforts have investigated TSV
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Allocate area based on the
optimal kopt

Use kmax or kmin as the final k

Fig. 1. Summary of the proposed resource allocation methodology.

types, placement, optimization, and power grid architectures [3, 6, 7]. Decoupling capacitors in 3D ICs have also
been considered [8,9]. Power gating in 3D ICs, however, has
not received much attention. Wang et al. have proposed
two power gating topologies each tailored to the specific
physical characteristics of via-first and via-last TSVs [10].
In [11], Todri et al. have investigated the effect of planelevel power gating on power integrity in 3D ICs.
A methodology and analytic expressions are proposed in
this paper to minimize power supply noise by appropriately
allocating the available physical area to power/ground
TSVs and sleep transistors, while satisfying the constraints
on turn-on time and leakage current. A comprehensive
simulation setup is developed to evaluate the accuracy and
efficacy of the proposed methodology.
The rest of the paper is organized as follows. The proposed methodology and analytic expressions are described
in Section II. The simulation framework and results are
presented in Section III. Finally, the paper is concluded in
Section IV.
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II. Proposed Methodology

RPDN

The flow of the proposed methodology is presented in
Section II-A. Analytic expressions are developed in Section
II-B to determine the optimal area allocation. The dependence of optimal allocation on available area is discussed
in Section II-C.
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A. Summary of the Proposed Flow
The proposed resource allocation method is summarized
in Fig. 1. The first step is to determine the available physical area A for power/ground TSVs and sleep transistors.
Assume that the ratio of this area allocated to sleep transistors is k [i.e. sleep transistors occupy an area of k × A
whereas TSVs occupy an area of (k − 1) × A]. Next, the
minimum and maximum sleep transistor sizes are determined to satisfy the constraints on, respectively, turn-on
time and leakage current. If less area is allocated to sleep
transistors than the minimum required (kmin ×A), turn-on
time may not be satisfied due to insufficient drive current.
Alternatively, if more area is allocated to sleep transistors
than the maximum permitted (kmax × A), the constraint
on leakage current may not be satisfied since subthreshold
leakage current is proportional to device size. This tradeoff
has been well characterized in the literature.
In the next step, the proposed analytic expressions (described in the following section) are used to determine
the optimum resource allocation to minimize power supply noise. If this optimum allocation is within the permitted range determined in the previous steps, (i.e., kmin ≤
kopt ≤ kmax ), then the number of TSVs and sleep transistor size are finalized, enhancing the system-wide power
integrity of the 3D IC, while satisfying turn-on time and
leakage current. If the optimum value is outside the range,
the minimum power supply noise cannot be obtained under
the area constraint A determined in step 1. In this case,
the available area may be adjusted to achieve minimum
power supply noise, or either kmin or kmax can be used to
allocate the area.

due to drain/source contacts and required spacing between
adjacent transistors.
The effective resistance of N TSVs in a bundle is approximated as
eff
RTSV
=

Assuming a TSV diameter of d, the area of a single TSV
is πd2 /4. The substrate area occupied by a TSV is increased by α due to keep-out zone. Thus, the number
of TSVs that can be reliably fabricated within an area of
(1 − k) × A is
(1 − k)A
.
(1)
NTSV =
α(πd2 /4)
Similarly, the physical area k × A consumed by the sleep
transistors (each having a channel width W and length L)
is estimated as
(2)

1

where Nst is the overall number of sleep transistors and the
parameter β considers the area overhead of the transistors

ρhTSV α
4ρhTSV
=
,
πd2 NTSV
(1 − k)A

(3)

where hTSV is the height of a single TSV and ρ is the
resistivity of the TSV filling material.
When turned on, the sleep transistors operate in the linear region due to small voltage drop across the source and
drain terminals. The channel resistance in this region can
be estimated as
Rst ≈

L
,
st − V )
µCox W (Vgs
th

(4)

st
where µ is the electron (or hole) mobility, Vgs
is the control
signal applied to the gate of the sleep transistor, and Vth
is the threshold voltage. Note that the sleep transistors
typically have high threshold voltages to reduce leakage
current consumption during standby mode. Combining (2)
and (4), the effective resistance of the sleep transistor is

eff
Rst
≈

B. Proposed Analytic Expressions to Determine kopt

Nst
X
(W × L),
kA = β

Fig. 2. Simplified model of a power delivery path illustrating sleep
transistors and TSVs.

1
L2 β
×
.
st
µCox (Vgs − Vth ) kA

(5)

The simplified model shown in Fig. 2 is used to gain
an intuitive understanding of the proposed methodology.
This model describes the power delivery path for a single
plane in a 3D stack with distributed power gating topology. The resistance of the TSVs delivering power to this
plane is modeled by RTSV . The sleep transistor is placed
between the TSV and circuit blocks in the power delivery
path. All of the other impedances including the package
level parasitics and impedances of the neighboring planes
are represented by RPDN and LPDN . The decoupling capacitance of the plane is modeled by Cdecap .
When evaluating a power distribution network, considering only the static IR drop is not sufficient due to resonance [12]. The method described in [13] is adopted in
this paper, which simultaneously considers the static IR
drop and resonant supply noise. According to the model
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Fig. 3. The magnitude of worst case impedance Zworst varying with
Rsum values.

Fig. 4. The Rsum under different k values with three area constraint
A = 11000 µm2 , A = 8000 µm2 and A = 20000 µm2 .

in Fig. 2, the impedance of the power supply network is

which decreases Zworst . As Rsum further increases, Zworst
reaches a minimum and starts increasing (in region 2). The
increase in region 2 is due to the DC impedance, which is
the dominant term in this region. Zworst is minimized when
the two terms on the right-hand-side of (11) are equal. This
condition is satisfied when
s
ν LPDN
Rsum = Roptimal =
·
− RST .
(12)
µ Cdecap

Z(ω)

=

(RPDN + jωLPDN + RT SV + RST )
1
k
.
jωCdecap

(6)

Thus, the impedance at DC can be expressed as
ZDC = RPDN + RT SV + RST ,

(7)

whereas the magnitude of the impedance at the resonant
frequency can be approximated as
Zres ≈

LPDN
.
(RPDN + RT SV + RST )Cdecap

(8)

Rsum =

According to [13], the worst case power supply noise is
determined by the sum of DC noise and resonant noise,
worstcase
Vnoise

= Vnoise(DC) + Vnoise(res)
= ZDC · Idc + Zres · Ires ,

(9)

Vnoise
= µZDC + νZres .
Idc + Ires

(10)

Zworst is used as a metric to evaluate the power distribution network where static IR drop and resonant noise are
both considered. Using (7) and (8) in (10),
Zworst

≈ µ(RPDN + RT SV + RST )
νLPDN
+
.
(RPDN + RT SV + RST )Cdecap

(11)

RST + RT SV is defined as Rsum and Zworst is plotted as a
function of Rsum in Fig. 3. As demonstrated in this figure,
if Rsum is relatively small (region 1), Zworst decreases as
Rsum increases since the resonant impedance is more dominant than the DC impedance in this region. A larger Rsum
reduces the resonant impedance (due to greater damping),

T1
T2
+
,
kA (1 − k)A

(13)

where
T1 =

where Idc and Ires are, respectively, the current flow at DC
and resonant frequency. Assume that the ratio between Idc
and Ires is µ/ν, where µ + ν = 1. Therefore, the worst case
impedance of the power network is
Zworst =

Thus, k should be chosen such that Rsum is equal to the
Roptimal . Using (3) and (5), Rsum is be expressed in terms
of k as

L2 β
,
st − V )
µCox (Vgs
th

T2 = ρhTSV α.

Replacing (12) in (13),
T1
T2
+
=
kA (1 − k)A

s

ν LPDN
·
− RST .
µ Cdecap

(14)

The two real roots of (14), given by (15), achieve Roptimal ,
thereby minimizing the worst case impedance of the power
network, Zworst .
C. Area Dependence
It is important to note that Roptimal , determined by (12),
is independent of the physical area available to sleep transistors and TSVs. Thus, if the overall area allocated to
sleep transistors and TSVs is smaller than a certain value,
Roptimal cannot be achieved by any k value. To illustrate
this phenomenon, Rsum is plotted in Fig. 4 as a function of
k under three different area constraints. As shown in this
figure, if the available area is smaller than the critical area,
indicated as A0 , the Rsum curve does not reach Roptimal
for any value of k. Alternatively, if the area is larger or
equal to A0 , then Roptimal is achieved at a particular k, as

koptimal1,2 =

(Roptimal A + T1 − T2 ) ±

p
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1
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= 0 → kmin = q
.
dk
T2
+1

(15)

c

analytically determined by (15). Note that for the Rsum
curve when A > A0 , there are two k values where Roptimum
is achieved. According to the proposed flow, as shown in
Fig. 1, the optimum k should be between kmin and kmax to
satisfy the constraints on turn-on time and leakage current.
Thus, the selected k should be within this range. Note that
a larger k favors turn-on time due to wider sleep transistors
whereas a smaller k favors leakage current due to smaller
sleep transistors.
The critical area A0 can also be analytically expressed.
According to Fig. 4, the minimum value of Rsum is equal
to Roptimal if A = A0 . The k value that achieves minimum
Rsum is

(Roptimal A + T1 − T2 )2 − 4Roptimal · AT1
2Roptimal · A

T1

If this kmin is used, the minimum Rsum is obtained as,
√
√
( T1 + T2 )2
min
.
(17)
Rsum =
A
min
Since Rsum
= Roptimal at A = A0 , A0 can be determined
by equating (12) with (17), and solving for A,
√
√
( T1 + T2 )2
A0 = q
.
(18)
PDN
( µν · CLdecap
− RST )

Thus, if the overall area allocated to TSVs and sleep
transistors is equal or greater than (18), the worst case
impedance, as determined by (11), can be minimized.

Fig. 5. Power distribution network of a three-plane 3D IC with vialast TSVs and power gating illustrating the global and virtual power
grids, sleep transistors (ST), and TSVs.

TABLE I
Primary physical characteristics of the global and virtual
power grids [14].

Parameters
Pitch
Metal 10 & 9
Width
Resistivity (ohm/sq)
Pitch
Metal 8 & 7
Width
Resistivity (ohm/sq)

Values
45 µm
40 µm
0.03
23.5 µm
20 µm
0.075

III. Simulation Results
To evaluate the proposed methodology and analytic expressions, a comprehensive simulation setup is developed,
as described in Section III-A. The results are presented in
Section III-B.
A. Simulation Setup
To evaluate the proposed methodology and analytic expressions, an evaluation setup for a three-plane 3D IC is
developed, as illustrated in Fig. 5. A 45 nm CMOS technology with 10 metal layers is assumed [14]. The supply
voltage VDD is 1 V. A portion of the power network with an
area of 1 mm × 1 mm is analyzed using HSPICE. The package level parasitic impedances are modeled with lumped
resistance Rpkg = 1 mΩ and inductance Lpkg = 120 pH.
On each plane, the top two metal layers (Metal 10 &
9) are dedicated to global power grid whereas metal layers
8 and 7 are used as the virtual power grid connected to
the global grid through sleep transistors. Both grids use
an interdigitated structure with the physical characteristics as listed in Table I. Power gating is achieved using a

distributed topology where sleep transistors that control a
plane are placed within that plane [10].
Via-last TSVs filled with copper are used to interconnect
the neighboring planes. The parasitic impedance of a single
TSV are Rtsv =20 mΩ, Ctsv = 283 fF and Ltsv =35 pH.
Clustered power TSVs are distributed throughout the area
as a 5×5 regular array.
To consider the spatial distribution of switching circuits,
the overall area on each plane is divided into 30 sub-blocks.
For each block, similar to [13], two current sources are used
to represent the circuit loads, i.e., a DC current source to
produce the Idc and an AC current source at the resonant
frequency to produce the Ires . The DC and AC current
values are both equal to 0.5×Ipeak , i.e., µ = ν = 0.5. The
peak current Ipeak of each block is determined based on the
power density distribution provided in [15]. Decoupling capacitors are inserted at multiple locations depending upon
the power noise distribution.

Peak power supply noise (mV)

0.64. The estimated value is sufficiently close to the simulations where the error is 4%. The error is due to the
approximations made to extract the effective impedances
from the highly distributed simulation setup.
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IV. Conclusions

45

3D ICs are expected to be heavily power gated. A
methodology and analytic expressions have been proposed
to appropriately allocate available physical area between
sleep transistors and TSVs. The methodology minimizes
power supply noise while simultaneously satisfying leakage
current and turn-on time. The proposed expressions have
been verified through a comprehensive simulation setup
where the error is less than 4%. The proposed resource allocation achieves more than 46% reduction in supply noise.
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