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With the leakage-thermal dependency, the increasing on-chip temperature in 3D designs has serious

impact on IR drop due to the increased wire resistance and increased leakage current. Therefore, it is

necessary to consider Power/Ground network design with thermal effects in 3D designs. Though Power/

Ground (P/G) TSV can help to relieve the IR drop violation by vertically connecting on-chip P/G

networks on different layers, most previous work restricts the uniform P/G grids so that the potential of

P/G TSV planning has not been fully explored. In this paper, we present an efficient thermal-aware P/G

TSV planning algorithm based on a sensitivity model with temperature-dependent leakage current

considered. Non-uniform P/G grid topology is explored to optimize the P/G network by allowing short

wires to connect the P/G TSVs to P/G grids. Both the theoretical analysis and experimental results show

the efficiency of our approach. Results show that neglecting thermal impacts on power delivery can

underestimate IR drop by about 11%. To relieve the severe IR drop violation, 51.8% more P/G TSVs are

needed than the cases without thermal impacts considered. Results also show that our P/G TSV

planning based on the sensitivity model can reduce max IR drop by 42.3% and reduce the number of

violated nodes by 82.4%.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, through-silicon via (TSV) based 3D IC designs emerge
as a promising solution because of many benefits such as wire
length reduction, smaller form factors, and heterogeneous inte-
gration [1–4]. Due to the increased power density, the tempera-
ture distribution varies a lot between layers in 3D chips. The
imbalance of power distribution among layers results in not only
the various temperature distributions, but also quite different
distributions of IR drops on different layers. The power grid on a
layer is usually a metal mesh. It distributes power and ground
voltages from pad locations to chip cells. Currents drawn from the
package pads flow on the metal stripes to current loadings. This
will cause some voltage drops (IR drops) on the branch because of
the metal resistance. In 3D ICs, it tends to appear different IR
drops on different layers. Under such circumstance, P/G TSVs can
be allocated between adjacent layers to relieve the IR drop
violations. According to different fabrication processes, as
shown in Fig.1, the P/G-network structures in 3D ICs can be
classified into three major schemes: (a) connected (P/G TSVs are
used to connect different P/G networks on adjacent layers);
ll rights reserved.
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(b) non-connected (P/G network on each layer is connected to
the package IO directly by wire bonding, there is no directed
connection between P/G networks); and (c) a combination of
connected and non-connected P/G networks. It is obvious that
(c) is the most flexible among the three structures.

In this work, we focus on the structure as shown in Fig.1(c).
Therefore, the P/G network design in 3D ICs is no longer several
separated 2D designs on an individual layer, but a 3D P/G network
should be constructed with P/G TSVs so that the IR drop
distribution on multiple layers can be optimized at the same
time. Currently, only a few works have explored 3D P/G network
design. The related works can be divided into two categories by
their optimization objectives. The first category focuses on the
reduction of power supply noise [5–13]. For example, decoupling
capacitors (decaps) can be used during placement to reduce the
power supply noise [5–9]. In addition to using decaps to reduce
P/G noise, the density of P/G TSVs can be adjusted to reduce the
power supply noise [13]. The second category considers the IR
drop in 3D ICs during early stages. A 3D floorplan and P/G
network co-synthesis tool was proposed to explore the floor-
planning and P/G network topology design with IR drop con-
straint considered [14]. Since TSVs go through the silicon layer,
the distribution of P/G TSVs is influenced by not only the power
distribution but also the whitespace distribution around circuit
modules. In this paper, we further explore P/G TSV planning
g for IR drop reduction in 3D ICs, INTEGRATION, the VLSI journal
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Fig. 1. P/G-network connection. (a) Connected P/G network, (b) a non-connected P/G network, and (c) combination of connected and non-connected P/G network.

Fig. 2. 3D uniform grid (a) and non-uniform grid (b).
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during early stages, so we focus on the optimization of IR Drop of
P/G network design.

Though thermal issue is the most critical issue in 3D designs,
few of the previous work considered thermal effects during 3D P/
G network optimization. The effect that the wire resistance will
increase with the high local temperature has been analyzed in 2D
P/G networks [15]. But unfortunately, leakage current, which is
another thermal dependent design factor, is always neglected in
P/G analysis. It is shown that at 130 nm technology node with
supply voltage of 1.2–1.3 V, leakage current represents 10–30% of
total power, and for 70 nm with supply voltage less than 1.0 V,
over 50% of the power dissipation may be due to leakage current
[16]. With much higher temperature on layers, leakage current is
no longer negligible in 3D designs. Though the inter-dependent
relations between leakage and temperature are thoroughly inves-
tigated in floorplanning [17,18], no work about the impact of
leakage current on power delivery was proposed. Therefore, our
work should be the first work that takes the thermal issues into
the IR drop analysis in 3D ICs considering the increase of both
wire resistance and leakage current due to high temperature.

Since the number of P/G TSVs is limited due to the routing
congestion and yield reduction, the lack of P/G TSV planning may
limit the design flexibility and cause high cost or even failure in
designs. Meanwhile, the topology of 3D P/G network also plays a
significant role in power delivery. A good topology will effectively
reduce the IR drop with less wiring cost. Normally, there are two
types of topologies in 3D P/G network (Fig.2): (1) uniform grid, in
which the pitches of grids on all layers are the same. (2) Non-uniform
grid, in which different layers have different P/G grid pitches. Previous
works on 3D P/G network [13,14] restrict the uniform grid or aligned
trunks on different layers so that P/G TSVs are restricted at the cross
points between P/G networks on two adjacent layers. But due to the
various IR drop distributions, more P/G wire resources may be needed
in the uniform grid mode. The limitation of inserting TSVs with
uniform grids also limits the optimization of P/G network. In this
paper, we connect P/G TSVs to P/G grids with short wires so that the
locations of P/G TSVs are much more flexible. Hence, not only the P/G
network can be optimized, but also the layout of the modules has
much more flexibility.

In this paper, we first study the impact of P/G TSV sensitivity
on the total IR drop, considering the thermal impact on wire
Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
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resistance and leakage current, and then further propose the co-
optimization flow of P/G TSV planning with the topology optimi-
zation of the P/G grids. More specifically, we make the following
contributions:
�

g fo
Thermal aware IR drop analysis is proposed in 3D IC to support
the P/G TSV planning. Both wire resistance and leakage current
are taken into account due to the thermal impact. Our analysis
results show that the temperature impacts are no longer
negligible in 3D P/G TSV planning.

�
 With thermal aware IR drop analysis, a sensitivity model of P/

G TSV insertion among layers is proposed to guide the P/G TSV
planning. According to the sensitivity of IR drops to the
changing conductance of a given P/G TSV, we can optimize
the P/G TSV insertion to amend the IR drop violations with
least TSVs.

�
 Short wires are adopted to connect the P/G TSVs to P/G grids in

non-uniform grids to ensure more flexible locations for P/G
TSVs. With this flexibility, the topologies of P/G grids can be
optimized freely without much restriction.

The rest of the paper is organized as follows: Problem
formulation is given in Section 2. In Sections 3 and 4, the thermal
aware IR drop analysis and the P/G TSV planning approach are
proposed. Experimental results are given in Section 5. Finally,
Section 6 concludes this paper.
2. Problem formulation

Thermal-aware 3D P/G TSV planning problem can be formu-
lated as follows: given the feasible packing with modules on
multiple layers, with the thermal issue considered, our goal is to
optimize the P/G TSVs distribution with the topology of P/G
network on multiple layers so that the IR drop can be minimized
with least TSVs and P/G wires resource. To describe the problem,
following notations listed in Table 1 will be used.

We take two stacked layers (include two metal layers and two
silicon layers) in a 3D IC for example (Fig.3(a)). In order to
help the IR drop dissipation in this case, some P/G TSVs can be
inserted in the whitespace between placed modules to connect
r IR drop reduction in 3D ICs, INTEGRATION, the VLSI journal
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two metal layers. Some short wires are expected to connect the
P/G TSVs to P/G networks if P/G TSVs are not aligned to P/G trunks
on each layer (Fig.3(c)). By dividing the silicon layer into virtual
grids that are called sensitivity estimation grids in this paper, we
can find out all the grids that contain whitespaces, and then we
assume the center of these grids as the candidate positions at
which TSVs can be inserted (Fig.3(b)).

The P/G network on each metal layer is composed of a uniform
mesh and some short interconnect segments. The P/G TSVs
between adjacent layers can be allocated at the whitespace
around modules and be connected to P/G grids by short inter-
connect segments. With the whole P/G network, the IR drop of
each node can be obtained by solving a linear system. In this
paper, we use the resistive model and the static current source
model for P/G networks. The objectives are as follows:
2.1. Total IR drop minimization:

For node i in the mesh, it has an IR drop with its corresponding
voltage Vi, we denote it as Vdrop i¼VDD�Vi, and then we can get a
vector Vdrop¼VDD�V for all nodes. Our goal is to minimize the
total IR drop on the whole chip by planning the P/G networks
with minimal P/G TSVs inserted. Since the quadratic sum may
bring convenience to compute the sensitivity of inserting each P/
G TSV, we define the total IR drop f as the quadratic sum of
difference between VDD and the voltage values for all nodes,
which can be formulated as

min f¼ VT
dropUVdrop ð1Þ

In this paper, we define the sensitivity of a P/G TSV as the
derivative of f to the conductance of this TSV as described in
Section 4.
2.2. Wiring resources minimization

With different sizes of P/G meshes and the different wires
connecting P/G TSVs with P/G grids, the metal resources used by
P/G network might be quite different for various designs. Therefore,
with the objective to reduce IR drop violations as much as possible,
the wiring resources of P/G network APG should be minimized,
where APG includes both the area of P/G trunks (Atrunk) and the area
Table 1
Notions used in this paper.

n Number of nodes

m Number of P/G TSVs.

GARn� n Conductance matrix

VARn�1 Voltage vector for all nodes

IARn�1 Current vector

VDD Supply voltage

Fig. 3. 3D P/G mesh with TSV. (a) Two layer des

Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
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of short interconnect segments (Ashort). We denote it as

APG ¼ AtrunkþAshort ð2Þ

3. Thermal effects on P/G network

The temperature variation can cause significant changes of the
interconnect resistances, and therefore can substantially increase
the IR drops. Even in 2D IC design, as the current densities of
interconnects increase, the effects of self-heating become more
significant and cannot be ignored [15]. In addition, thermal-leakage
dependency may cause the increase of leakage current, the IR drop
distribution will be influenced a lot with more absorbed current.
Hence, in 3D designs, with much higher temperature and large
temperature difference between layers, the effects of temperature
on the IR drop analysis is necessary to be considered.
3.1. Thermal model

As shown in Fig.4, the 3D circuit stacking is divided by a two-
dimensional array of tile stacks and each tile stack is composed of
several vertically-stacked tiles. The lateral thermal resistances,
Rlateral are used to connect those tile stacks, a thermal resistor Ri is
modeled for the i-th device layer, while thermal resistance of the
bottom layer and silicon substrate is modeled as Rb as shown in
Fig.4(c). Similar to [13,23], a tile stack is modeled as a resistive
network. The isothermal bases of room temperature are modeled
as a voltage source. A current source is presented at every node to
represent the heat sources. The system can be spatially discre-
tized and be solved using the following equation to determine the
steady-state thermal profile as a function of power profile:

T ¼ PM�1
ð3Þ

where M is a N�N sparse thermal conductivity matrix. T and P(T)
are N�1 temperature and power vectors.
ign; (b) TSVs in whitespace; (c) short wires.

Fig. 4. Resistive thermal model for a 3D IC [23]. (a) Tiles stack array, (b) single tile

stack, and (c) tile stack analysis.
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3.2. Thermal-leakage dependent model

In CMOS digital circuits, power dissipation consists of dynamic
and leakage components [19]. In current CMOS technologies, the
sub-threshold leakage current Isub is much larger than the other
leakage current components [20]. The sub-threshold leakage power/
current increases exponentially with temperature increases.

Isub

I0
sub

¼ a� eb�ðTi�TbaseÞ ð4Þ

where Ti is the temperature of module mi. a and b are the empirical
factors that have different values for different technologies. Tbase is
the reference temperature at which a, b and the initial Isub

0 are
defined. Typically, a¼1�105 W/m2, b¼0.025 for 130 nm [21]. Tbase

is defined to 27 1C with the initial Isub
0 is about 5% of total current

including both dynamic current and leakage current in the experi-
mental environment.

Leakage is important not only in the standby mode but also in
the active mode of operation. In fact, the leakage in the active
mode (active leakage) is significantly larger due to higher die
temperature in the active mode and the exponential temperature
dependence of sub-threshold leakage [22]. The standby leakage
may be made significantly smaller than the active leakage by
changing the body bias conditions or by power-gating. In the
active mode of operation (high temperature), sub-threshold
leakage is the dominant component of leakage. Therefore, for IR
drop estimation, with leakage current considered, the absorbed
current on each pin may be computed as

I¼ Idynþ Isub ð5Þ
Fig. 5. Relation between temperature and leakage current. (a) Leaka

Fig. 6. Metal wire under thermal efffects. (a) Metal wire i

Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
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Since we have leakage power considered, the total power
considered in (3) includes not only the dynamic power, but also
the leakage power.

P¼ PdynamicþPleakage ð6Þ

where Pleakage¼ Isub�VDD.
On the other hand, leakage power will increase the total power

consumption that will in turn increase temperature in (4). There-
fore, the thermal profile can be obtained by iteratively conducting
thermal analysis and leakage power estimation until convergence
as shown in Fig.5. This usually requires about 2–3 iterations.
3.3. Thermal-aware wire resistance model

Lack of accurate evaluation of thermal effect on the IR drop in
the power grid may lead to over-design; or worse, underestimates
the IR drop due to increased local temperature. It is shown in [15]
that without considering temperature impact, the worst IR drop
analysis can have error up to 10% in 2D ICs. Hence the thermal
impacts on wire resistance are no longer negligible in P/G analysis
in 3D ICs with much higher temperature.

Similar to the analysis method used in [15] for 2D ICs, for a
metal wire with temperature profile T(x) along its length, the
resistivity r(x) at point x will change linearly with temperature as

rðxÞ ¼ r0ð1þbUTðxÞÞ ð7Þ

where r0 is the resistivity at reference temperature (27 1C for
example) and b¼0.0039/1C is the temperature coefficient of
resistance. As shown in Fig.6(a), the resistance of a wire in
ge increase with temperature, (b) iterative estimation process.

n thermal grids; (b) temprature impact on resistivity.
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thermal grids can be figured out:

Rwire ¼
r1l1þr2l2þr3l3

A
ð8Þ

where r(i)¼r0(1þb � T(i)), for i¼1, 2, 3. T(i) is the temperature of
gridi. A is the sectional area of the wire. In the actual calculation,
square resistance is used instead of A. Fig.6(b) shows the linear
relationship between the resistivity of a metal wire with the
temperature.
4. P/G TSV planning

4.1. Sensitivity model

Based on the regular mesh structure shown in Fig.3, P/G wires
are modeled as resistors. A P/G pin in a hard module is modeled as
a current source. Traditionally, the static analysis of a P/G net-
work is formulated:

GUV ¼ I ð9Þ

where G is the conductance matrix for the resistors, V is the vector
of node voltages, and I is the vector of current loads. The
dimensions of I and V are equal to the number of nodes in the
P/G network. With the additional P/G TSVs, the conductance
matrix can be expressed for two layer case as following:

G¼
G1þGtsv �Gtsv

�Gtsv G2þGtsv

 !
ð10Þ

where G1, G2 is the conductance matrix build by short wires and
branches on layer1 and layer2 respectively. Gtsv is the conductance
matrix built by TSVs between layer1 and layer2 and the short
wires connecting TSVs to grids, it can be written as

Gtsv ¼ diagð. . .,0,. . .,gtsv1
,. . .,0,. . .,gtsv2

,. . .,gtsvm
,. . .Þ ð11Þ

where gtsvi
is the conductance of tsvi, m is the number of P/G TSVs.

It is similar for multiple layers by applying (10) pair-wisely
between adjacent layers.

Once the P/G network without P/G TSV is created on each
layer, it needs to be analyzed to find the optimal position to insert
P/G TSV so that the total IR drop violation can be minimized.
Intuitively, if there is a voltage difference between two vertically-
aligned nodes on two adjacent layers, a P/G TSV might be useful
to connect them so that their voltage would come to a balance
and the node with lower voltage would be made up, consequently
the total IR drop will be reduced. But due to the complexity of the
P/G delivery, besides the difference of voltage values on adjacent
layers, the matrix structure also influences the effect of PG TSVs.

In this paper, we adopt the sensitivity of each P/G TSV on the
total IR drop to guide TSV insertion in the white space. We define
the sensitivity of each P/G TSV on the total IR drop as follows:

Sensitivityðgtsvi
Þ ¼

@f
@gtsvi

ð12Þ

where f is defined by (1), and we can easily get

@f
@gtsvi

¼ 2VT
dropU

@Vdrop

@gtsvi

¼�2VT
dropU

@V

@gtsvi

ð13Þ

In formula (13), as VT
drop is known, in order to calculate the

sensitivity of tsvi, we must first compute the deviation of V to gtsvi
.

According to the circuit equation using Modified Node
Approach (MNA) in (9) we can calculate the derivative of V to
gtsvi

(i¼1,2,y,t) in the above equation, then we have

@G

@gtsvi

UVþGU
@V

@gtsvi

¼
@I

@gtsvi

ð14Þ
Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
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Since @I=@gtsvi
¼ 0, then we can get

@V

@gtsvi

¼ G�1
U
@G

@gtsvi

UV ð15Þ

Then we can express (13) as

@f
@gtsvi

¼ 2UVT
dropUG�1

U
@G

@gtsvi

V ð16Þ

Since we know that @f=@gtsvi
is a scalar, we can transpose both

sides of formula (16). Then we have:

@f
@gtsvi

¼ 2U
@G

@gtsvi

UV

 !T

UG�1
UVdrop ð17Þ

We can first solve a linear equation:

GUX ¼ Vdrop ð18Þ

And we can get

X ¼ G�1
UVdrop ð19Þ

And (17) can be expressed as below:

@f
@gtsvi

¼ 2U
@G

@gtsvi

UV

 !T

UX ð20Þ

According to the form of G discussed previously (formula (10)),
then we can get

@G

@gtsvi

¼

� � � � � � � � �

^

1 � � � �1

^ & ^

�1 � � � 1

^

� � � � � � � � �

0
BBBB@

1
CCCCA ð21Þ

where 1 appears at (a, a) and (b, b), �1 appears at (a, b) and (b, a).
a and b are the two end nodes of tsvi. Finally we can get the
sensitivity of tsvi, which can be expressed as

@f
@gtsvi

¼ 2UððVa�VbÞUXaþðVb�VaÞUXbÞ ð22Þ

where Va and Vb are the voltage values of two end nodes of tsvi. Xa

and Xb are the a-th and b-th element of vector X.
It is shown from formula (22) that the sensitivity of IR drops f

to the conductance of a given TSV is associated with the voltage
difference between two end nodes of the TSV. But there is still
another factor such as X which also influences the sensitivity. We
can find from (18) that the term X is defined by the topology of P/
G mesh in terms of G�1. Formula (22) also tells us that it is not
true that the more the TSVs, the better the IR drop. If the
sensitivity value of tsvi is positive due to the additional connect-
ing wires to the P/G grid and we add a TSV to that position of tsvi,
the total value of f will increase, and power integrity will become
even worse. So we cannot insert TSV where the sensitivity value is
positive. On the other hand, if the sensitivity value of TSVi is
negative and the larger its absolute value is, the more f will be
reduced after insertion.

Besides the power distribution, another constraint of PG TSV
insertion during floorplan stage is that only whitespace can be
used to allocate TSVs since there might not be spaces left for
additional TSVs in macros or IP blocks. As discussed in Section 2,
g for IR drop reduction in 3D ICs, INTEGRATION, the VLSI journal
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we divide the silicon layer between two adjacent metal layers
into virtual grids, and then we can find out all the grids which
have whitespaces between modules, we assume the center of
these grids as the candidate positions which TSVs can be inserted
into. We can simply get the sensitivity of a grid based on the
average value of sensitivities of TSVs in the grid. The size of
sensitivity estimation grid used in this paper is 50� 50. After we
get the sensitivity of each candidate TSV position, we surely know
where TSVs are needed the most. Then we sort the grids by the
sensitivities and insert TSVs with the most negative sensitivities
to the grids. The max number of TSVs can be inserted through a
grid is figured out by the whitespace area of this grid and the size
of TSV. As the TSVs inserted, the sensitivity and capacitance of
each grid will be updated for the next round of TSV insertion. The
TSV insertion with sorted sensitivities will be iteratively pro-
cessed until no further decrease of f/n can be made. The P/G TSV
planning flow is described below:
Fig. 7. Overall flow of co-optimization.
Algorithm 1. P/G TSV planning

Initialize parameters e1, e2;

f¼old_f¼0;
Sweep the whitespaces using sensitivity estimation grids;
Add short interconnect segments to each layer if possible;

Calculate the sensitivity of f to conductance of each
candidate TSV;

While (f/n4e1 and fabs(f�old_f)/n4e2) Do
Select a grid with most negative sensitivities and with

enough capacity for one TSV;
Insert a TSV into this grid;
Solve linear system G �V¼ I;

old_f¼f;

Calculate the total IR drop f;

Update the sensitivity of f to conductance of each
candidate TSV;

End.
4.2. Optimization of P/G grid topology

Besides the insertion of P/G TSVs, the topology of P/G grids also
influences the total IR drop. As we discussed previously, a good P/
G network topology may have a good effect on power delivery
with less wiring cost, or even bring us a faster convergence to P/G
TSV planning. Furthermore, the insertion of P/G TSVs cannot
eliminate the violated nodes if the topology of P/G grid is non-
desired and the IR drop is too severe. However, the improvement
of topology on P/G grid can effectively control the violated nodes.
A violated node is defined as that the node’s voltage is less than
its threshold voltage. We define Vvio¼Vmin�V and j¼ VT

vioUSUVvio

to evaluate the total violation of the P/G network. S is defined as

S¼
1

2
diagð1þsgnðVvioÞÞ, where sgnðxÞ ¼

1 if xZ0

�1 else

�

The P/G grid density on each metal layer discussed in this
paper varies from 50� 50 to 200� 200. We define InitSize as
50�50 and MaxSize as 200�200. To meet the IR drop con-
straints with less wiring sources, we start the exploration from
InitSize to MaxSize. Besides the P/G grid density, the location of
the package pads greatly influences the IR drops in the entire
power distribution network. But in this work, these locations
are not considered as variables in the P/G grid topology
optimization algorithm since we focus on the effect of trunks,
short wires and TSVs on the IR drops. The optimization flow is
Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
(2012), http://dx.doi.org/10.1016/j.vlsi.2012.05.002
described below:

Algorithm 2. P/G grid topology optimization

Construct the P/G mesh with InitSize size for each layer
Initialize parameters t1, t2;
j¼old_j¼0;
While (j/n4t1 and fabs(j�old_j)/n4t2) Do
P/G TSV plan;
Calculate V after inserting P/G TSVs;
old_j¼j;
Calculate violation and IR drop on each layer and total
violation j;
Increase the size of the layer which has the worst IR drop and
its size does not reach MaxSize;
End.

4.3. Overall flow for co-optimization

Based on the previous approaches, the overall flow to con-
struct an optimal P/G network with P/G TSVs can be described as
first, construct the P/G grid with initial size without TSVs for each
layer, and then the initial thermal analysis with leakage power
considered and the resistance of each metal wire is calculated. We
then create sensitivity estimation grids on each silicon layer and
sweep the whitespace between blocks for each layer. The white-
space information can be attached to each grid. Next, the
sensitivity of each grid is calculated to guide the TSV insertion.
In this step, we actually use the midpoint of a grid instead of the
whole grid. After we insert these TSVs to the P/G network,
thermal analysis is applied again. Then we calculate the total IR
drop under the updated thermal profile with TSVs between layers.
The iterative process will be continued until voltages of all nodes
are upon the threshold voltage or no more decrement of the total
IR drop is detected. Fig.7 shows the overall flow briefly.
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5. Experimental results

Extensive experiments have been performed to evaluate our
proposed method. A set of MCNC benchmarks is considered.
These benchmarks have complexities ranging from 33 to 300
modules. The modules in these benchmarks are placed on 4 layers
in a 3D stacked design. Our algorithms have been implemented in
Cþþ. All experiments are performed on a PC with 3.0 GHz
processor and 2 GB of memory.

5.1. Effect of TSV sensitivity model

In this set of tests, we define 100�100 mesh for the P/G
network on each layer. To show the correctness and efficiency of
our sensitivity model, we devise some other P/G TSV insertion
strategies to compare with: (1) Uniform_Grid: insert TSVs evenly
in the cross nodes of the P/G grids between every two adjacent
layers. The available positions may be limited due to the obstacles
caused by circuit modules. () Max_Diff: insert TSVs at the location
that has the max difference of voltage of every two adjacent
layers. It is a heuristic method with a fast run-time, but as we can
see from our sensitivity model that the difference of voltage
between two adjacent layers is not the only factor to effect on the
total IR drop. So this method may not obtain the optimized results
with the TSV planning.

An IR drops comparison in layer2 of ami33 between non-TSV
insertion, Uniform_Grid, Max_Diff, and our optimized approach is
shown in Fig.8. Two power pads with 1.8 V are put at the top left
corner and right bottom corner separately; the dark zone denotes
the violation of voltage. We can see that if we don’t make use of
the P/G TSVs (a), many violations will occur, and it will be
improved after inserting TSVs with Uniform_Grid approach (i.e.,
P/G TSVs are evenly distributed in the P/G area). But the violations
still spread widely (b). If we conduct the TSV insertion according
to the difference of voltage of adjacent layers, there will have
Fig. 8. IR drop under different TSV-insertion method: (a) IR drop without insertion of P/

after inserting TSV by Max_Diff approach; (d) IR drop with insertion of P/G TSVs by ou

Table 2
Comparisons of Max IR drop, average IR drop, number of TSVs among different approa

Circuit Without thermal analysis With therm

Before via planning After via planning Before via

Max IR

drop

(v)

Avg. IR

drop

(v)

Violated

nodes

Max IR

drop

(v)

Avg. IR

drop

(v)

Violated

nodes

TSV

number

Max IR

drop

(v)

A

dr

(v

ami33 0.269 0.093 12409 0.139 0.089 1497 47 0.294 0.

ami49 0.208 0.049 3433 0.137 0.049 196 8 0.253 0.

n100 0.301 0.084 15538 0.154 0.083 2544 59 0.330 0.

n200 0.277 0.081 13035 0.172 0.081 3073 103 0.297 0.

n300 0.243 0.067 10042 0.150 0.065 2278 61 0.275 0.

Avg. 0.260 0.075 10891 0.150 0.073 1918 56 0.290 0.
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further improvement in the power delivery(c). But our approach
can obtain better balance of IR drop and the violation area is
much smaller (d). For (b), (c) and (d), we use the same number of
TSVs. The results are consistent with the theoretical analysis that
the voltage different is not the only factor to influence the effects
of TSV insertion. Our sensitivity model can guide the TSV inserted
to the most effective position. The first two main columns in
Table 2 show the effects of our approach without the thermal
effect considered. It shows that our approach can reduce Max IR
drop by 42.3% and reduce the number of violated nodes by 82.4%
by inserting additional PG TSVs.

5.2. Thermal impacts

Based on the thermal model analyzed in Section 3, in this set of
tests, we want to demonstrate the effect of thermal to IR drop.
Therefore, two different algorithms with/without thermal con-
sidered are compared in Table 2. The temperature on the chip
without TSV planning can reach 310 1C in n300. From the first and
third main columns, we can compare the thermal impact when no
TSVs are used. It is shown that 11.5% increase of Max IR drop and
10.7% increase of Average IR drop will occur by taking thermal
effect into account on P/G network, which means that neglecting
thermal effects will lead as high as 11% error on IR drop
estimation.

The TSV planning is based on sensitivity model under the same
P/G grid topology (i.e. 100�100 P/G mesh). Since TSVs inserted
between layers can also help the heat dissipation, by comparing
the temperature before and after P/G TSV insertion, we find that
the relatively small number of P/G TSVs reduce the temperature
by only about 16% which remains the temperature still very high.
When the thermal effect is considered, the increased current
coupled with increased wire resistance make the P/G TSV plan-
ning a little bit difficult, which will cause 51.8% more P/G TSVs
than the case without thermal considered. But our approach can
G TSVs; (b) IR drop with insertion of P/G TSVs by Uniform_Grid; (c)IR drop analysis

r method (the parameters in Algorithm 1 as e1 ¼ 1� 10�6 , e2 ¼ 1� 10�7).

ches with/without thermal analysis.

al analysis

planning After via planning

vg. IR

op

)

Violated

nodes

Temp

(1C)

Max IR

drop

(v)

Avg. IR

drop

(v)

Violated

nodes

Leakage

ratio

TSV

number

Temp

(1C)

098 12942 180 0.142 0.095 2509 27.0% 63 152

055 5013 234 0.139 0.054 503 35.3% 28 206

094 17064 274 0.168 0.092 3021 38.4% 80 215

093 14253 222 0.179 0.091 3807 35.6% 141 190

076 10922 310 0.161 0.073 2884 40.6% 112 263

083 12039 245 0.158 0.081 2545 35.38% 85 205
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Fig. 9. P/G TSVs distribution of ami33.

Table 3
Overall results of P/G network analysis with thermal and sensitivity model, coupled with P/G topology optimization.

Circuit TSV planning without topology optimization TSV planning with topology optimization

Max IR

drop (v)

Avg. IR

drop (v)

Violated

nodes

Atrunk

(mm2)

Ashort

(mm2)

APG

(mm2)

TSV

number

Run

time (s)

Max IR

drop (v)

Avg. IR

drop (v)

Violated

nodes

Atrunk

(mm2)

Ashort

(mm2)

APG

(mm2)

TSV

number

Run

time

(s)

ami33 0.142 0.095 2509 2.996 0.255 3.251 63 22.62 0.128 0.051 5 2.551 0.155 2.706 108 43.37

ami49 0.139 0.054 503 15.556 2.203 17.759 28 11.91 0.120 0.048 0 13.592 0.921 14.513 48 20.43

n100 0.168 0.092 3021 0.995 0.066 1.061 80 32.20 0.131 0.051 12 0.781 0.029 0.81 113 45.50

n200 0.179 0.091 3807 1.147 0.031 1.178 141 56.38 0.133 0.055 17 0.855 0.029 0.884 175 68.58

n300 0.161 0.073 2884 1.309 0.064 1.373 112 44.85 0.130 0.050 8 1.115 0.045 1.16 171 19.29

Avg. 0.158 0.081 2545 4.401 0.524 4.924 85 33.59 0.128 0.051 8 3.779 0.236 4.015 123 39.43

Table 4
Wire resources for uniform grid and non-uniform grid.

Circuit Uniform grid topology

optimization

Non-uniform grid topology optimization

APG

(mm2)

TSV

number

Run

time

(s)

Atrunk

(mm2)

Ashort

(mm2)

APG

(mm2)

TSV

number

Run

time

(s)

ami33 3.292 25 20.13 2.551 0.155 2.706 108 43.37

ami49 17.866 13 z15.29 13.592 0.921 14.513 48 20.43

n100 1.193 17 17.54 0.781 0.029 0.81 113 45.50

n200 1.317 41 24.16 0.855 0.029 0.884 175 68.58

n300 1.632 45 8.29 1.115 0.045 1.16 171 19.29

Avg. 5.06 28 17.08 3.779 0.236 4.015 123 39.43
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still reduce the Max IR drop from 0.290 to 0.158 that is about
45.5% reduction. It is proved that taking no account of the
temperature during P/G analysis will lead to over-design or the
risks of violated IR drops due to increased local temperatures. So
the effects of thermal on the IR drop analysis are necessary to be
considered in 3D ICs.
Please cite this article as: Z. Li, et al., Thermal-aware P/G TSV plannin
(2012), http://dx.doi.org/10.1016/j.vlsi.2012.05.002
5.3. Overall results

P/G network resource is another consideration in 3D IC design.
Our co-optimization flow can optimize the topology with P/G
TSVs inserted in terms of both IR drop constraints and the
optimization of wire resources. In our P/G grid topology optimi-
zation algorithm, we set the parameters in Algorithm 2
ast1 ¼ 1� 10�5, t2 ¼ 1� 10�5. Fig.9 shows the P/G TSV distribu-
tion obtained by our approach in four layers of ami33. Each white
point denotes several TSVs in the near point position. TSVs
between blocks are inserted between two adjacent layers. Since
all benchmarks we used in this paper have four layers (four metal
layers and four silicon layers), there exist three silicon layers that
have P/G TSV in the whitespace.

The overall results of P/G network analysis with thermal and
sensitivity model, coupled with P/G topology optimization is
shown in Table 3. The wire resources in the table include the
trunks that construct P/G grids and the short wires to connect the
P/G TSVs to the P/G grid. As we can see from the table, the areas of
short wires (Ashort) represent a very small portion of APG. The
result in Table 3 also shows that the co-optimization flow can
save 18.5% of the total P/G wire resources with 44.7% additional
g for IR drop reduction in 3D ICs, INTEGRATION, the VLSI journal
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P/G TSVs inserted. Compared to the uniform grid in Table 4, the
non-uniform grid topology analyzed in Section 1 and we used
here can reduce IR drop more efficiently with less wire resources.
It is also indicated that short wires can provide much flexibility to
the whole design (i.e. more P/G TSVs are available to be inserted)
but with very little costs on wires. We can see from Table 4 that a
small amount of short wires can bring a significant saving (about
20.7%) of total P/G resources.
6. Conclusions

By considering the 3D P/G TSV planning and thermal effects
while P/G analysis, the power delivery network can be optimized
in terms of IR drop distribution. The sensitivity model proposed in
this paper gives the decent guide of the P/G via planning. Both the
analysis and experimental results show the effectiveness of the
proposed method. Especially the analysis of thermal impacts
shows the thermal effects should not be ignored any more in
3D P/G synthesis. Since power integrity is still a critical issue in
3D designs, there are many other works that need to be con-
sidered such as the P/G TSV planning considering the noise
reduction and the co-optimization with decap insertion and wire
sizing in detailed placement stage instead of early design stages.
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