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Probe-Pad Placement for Prebond Test of 3-D ICs
Shreepad Panth, Member, IEEE, and Sung Kyu Lim, Senior Member, IEEE

Abstract— 3-D integrated circuits (3-D ICs) are emerging as
a promising alternative to continue the scaling trajectory. They
need to be tested before bonding (prebond) to ensure high stack
yields. Several techniques exist for prebond test of 3-D ICs,
and all of them require large probe pads for power delivery.
We present the first probe-pad-aware 3-D IC placement frame-
work, and this provides up to a 2% reduction in the wirelength
and significant improvement with regard to testability metrics.
In addition, we study several probe-pad configurations, and
present a configuration that reduces the probe-pad count by 50%
compared with adding a probe pad at every power/ground
through-silicon-via location, while still being well within IR-drop
constraints.

Index Terms— 3-D ICs, Placement, Prebond Test, Probe Pads.

I. INTRODUCTION

3 -D integrated circuits (3-D ICs) have emerged as a
promising solution to the interconnect scaling problem.

Although there are several categories of 3-D ICs, the most
common type is through-silicon-via (TSV) based. In this
category, two or more dies are first fabricated separately. They
are then thinned and bonded together, and electrical connection
between the dies is provided through TSVs. A typical structure
of a TSV-based 3-D IC is shown in Fig. 1.

Although 3-D ICs shorten interconnects, the additional
process steps introduced complicate design-for-test. The dies
can be tested either before bonding them together (prebond) or
after bonding is complete (postbond) [1]. While postbond test
is necessary to guarantee a working chip, performing prebond
test is a question of economics. Yields of the 3-D stack will
be higher if only known-good-die is stacked, but this increases
the cost of testing this IC. However, since yields increase
exponentially if prebond test is performed, this paper assumes
that it is a necessary step.

As discussed in Section II, prebond test can be carried out
using a variety of methods, and each method has several test
architectures available. These include noncontact testing, built-
in-self-test (BIST), direct probing of the TSV microbumps,
or adding oversized probe pads for probe needle touchdown.
A probe pad is a large metal pad on the top metal layer that
is large enough to support good contact between the probe
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Fig. 1. PDN structure of a TSV-based 3-D IC.

needle and the die. A given test methodology may or may
not require probe pads for test signaling, but probe pads are
always required for prebond power delivery.

Although power probe pads are always necessary for
prebond test, there has been very little work in studying
the best configuration to add them or their impact on the
layout [2], [3]. As shown in Fig. 1, if probe pads are added
into the layout, no TSV can be placed at that location. This
is because TSV landing pads and probe pads compete for
the same space, and overlaps would cause shorts between
signals and power/ground. Any 3-D IC placement tool needs to
account for probe-pad locations during TSV placement, and no
previous work has provided such a tool. Panth and Lim [2], [3]
simply manually pushed TSVs away from probe-pad locations
as a postprocess to an existing 3-D IC placement.

This paper identifies suitable probe-pad placement schemes,
and determines an appropriate probe-pad pitch, such that the
number of probe pads is minimized while still meeting IR-drop
constraints during prebond test. It also studies the overhead
of adding probe pads into the layout in terms of both layout
and test metrics. In addition, it provides a 3-D IC placement
framework that builds probe-pad awareness into the global
placement stage to obtain better quality of results.

II. LITERATURE SURVEY

Several challenges facing the test of 3-D ICs were
enumerated in [4]. Early work focused mainly on postbond
test, aiming to reduce the test time under certain constraints.
3-D scan chain construction based on genetic algorithm and
integer linear programming approaches was presented in [5].
However, recent efforts have focused on prebond test as it
can significantly increase stack yields. Providing test access
to each prebond die is a challenge, as the dies are quite thin,
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and some sort of carrier die is usually required. In addition, test
access requires some point of contact between the tester and
the die, and these potential points (the microbumps or TSVs)
are quite small, and their pitch is rapidly decreasing [6].

Two techniques exist to avoid probing the TSVs directly—
BIST and noncontact testing. BIST techniques for prebond
TSV test are presented in [7]. However, these methods tend to
use large on-die components, such as voltage dividers per TSV
and tuned sense amplifiers. These, along with wiring complex-
ity, require significant die area. This problem is exacerbated by
the fact that a chip can have thousands of TSVs with densities
approaching 10 000/mm2. In addition, these BIST architectures
do not support prebond logic testing. Noncontact testing has
also been proposed, and it connects the tester to the die
through inductive or capacitive coupling [8]. However, these
techniques also require large area overhead for components,
such as antennae or transceivers. Furthermore, both BIST and
noncontact testing require some sort of test probe access for
power delivery, which no existing work has addressed.

An alternate to the above techniques is to probe the prebond
die, but this faces its own sets of challenges. Modern cantilever
probes can reach a pitch of 35 μm, but TSVs have a much finer
pitch [9]. A solution to this problem is to add large probe pads
for needle touchdown, and a scan-island-based architecture for
prebond test that relied on probe pads was presented in [10].
This was quite similar to the IEEE 1500 standard, and a test
architecture based on the IEEE 1500 was formalized in [11],
and several later works have assumed this architecture. Sharing
test access mechanism wires between prebond and postbond
tests under a prebond test pin count (and hence probe pad)
constraint was discussed in [12].

There has also been recent efforts in using low contact-
force spring-loaded probe cards to probe the microbumps
directly [13]. Damage was shown to be nearly nonexistent for
forces sufficient to ensure good contact. However, this paper
limited the TSV pitch to 40 μm, and requires that the TSVs
be placed, such that they align with the probe card. Although
recent probe cards reduce the constraint on the TSV pitch [14],
probe cards are expected to scale much slower than TSVs [6].

There has been recent work that bridges the gap between
microbump and probe card scaling. Noia et al. [15] provide an
architecture that supports multiple microbumps being shorted
by a single probe needle, removing the need for probe card and
TSV pitch matching. This architecture supports the testing of
on-die logic as well as TSV testing, and it relies on changing
the boundary scan registers of [11] to gated-scan registers.
However, this architecture still does not remove the need for
large probe pads for critical signals, such as clock and power.
While prebond testable clock trees have been discussed in [16],
very limited work has been done on power delivery during
prebond test.

As discussed in this section, there has been extensive
work on prebond testing, with the emphasis being on test
architectures and technology (probe card) scaling. However,
all the architectures discussed here require power delivery
during prebond test. There has been very limited effort in this
field, with only Panth and Lim [2], [3] discussing it. However,
these existing works did not perform a comprehensive study on

Fig. 2. Layout shots of the different probe-pad configurations with different
pad pitches.

different configurations to add probe pads. In addition, they did
not perform a detailed analysis about the impact of these probe
pads on both layout and test metrics. Furthermore, as shown
in Fig. 1, probe pads block TSVs from being placed over them.
Both [2] and [3] simply took an existing 3-D IC placement,
and moved TSVs away from probe pads as a postprocess. This
paper provides a probe-pad aware placement framework that
makes TSVs avoid probe-pad regions during global placement,
which significantly improves the quality of results.

III. ADDING PROBE PADS INTO THE 3-D IC LAYOUT

This section first discusses several possible power/ground
probe-pad configurations, each with its own pros and cons.
Next, it discusses how the 3-D IC placer can be modified to
account for the fact that TSVs cannot overlap with these probe
pads. Finally, it discusses methods to quantify the impact of
adding these probe pads on both layout and test metrics.

A. Probe-Pad Configurations

As discussed in Section II, probe pads need to be added into
the layout to provide power and ground connections during
prebond test of the top die, irrespective of the test architecture.
However, there has been no comprehensive study on the
optimal probe-pad configurations to minimize the number of
probe pads, while ensuring that the IR-drop constraint is met
during prebond test. This paper studies three configurations
of probe pads, and three different ways to connect the added
probe pads to power/ground TSVs.

This paper assumes that the power TSVs are added in a
regular fashion throughout the layout. The local power delivery
network (PDN) on the top die is fed directly from these
locations, so they are the primary tap points. We consider three
different configurations of probe pads, as shown in Fig. 2.
The first is a boundary configuration, where the probe pads
are placed along the periphery of the chip. The next style is
a regular configuration, where the probe pads are distributed
with a constant pitch throughout the layout. The third tech-
nique is termed star configuration, which doubles the pitch
of the regular placement, but also places an inner interleaved
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Fig. 3. Layout shots showing that a probe pad can connect to a single TSV
or two TSVs in two different configurations.

pad array with the same doubled pitch. Clearly, among all the
configurations, the boundary configuration will have the fewest
number of pads, but the die may suffer from high IR-drop in
the center. The regular placement has the best IR-drop at the
cost of a lot of probe pads. The star configuration offers a
good compromise of number of pads and IR-drop.

To standardize the pitch naming conventions across different
configurations, we label the pitch in terms of the minimum
possible pitch for that configuration. For example, an X1 pitch
regular configuration implies that each and every power TSV
is connected to a probe pad. In contrast, an X1 pitch star
configuration is the minimum possible pitch for the star
configuration, but it will not connect all TSVs. An X2 pitch
implies double the X1 pitch, and so on.

So far, it has been assumed that each probe pad connects to a
single TSV only. However, it is possible to connect each probe
pad to multiple TSVs using the same metal layer as the probe
pad (and TSV landing pads). This provides a low resistance tap
point to multiple TSVs from the same probe pad, increasing
the robustness of the PDN. However, this connection will
block the placement of TSVs over it, so the amount of metal
used has to be minimized. In addition, we should be careful
not to short power and ground TSVs, as they will both use
this same top metal for probe pad to TSV connections. The
simplest method to do this is to connect each probe pad to
two neighboring TSVs only. A probe pad can be placed at
the midpoint of two TSVs, and connected to either the left
and right TSVs (double horizontal connection), or to the top
and bottom TSVs (double vertical connection). Layout shots
of these configurations are shown in Fig. 3.

B. Probe-Pad-Aware 3-D IC Placement

As discussed in Section I, signal TSVs cannot overlap with
probe pads; otherwise, they will be shorted to the power
supply. This section discusses how the global placement
framework can be modified to support probe pads. Our placer
is based on a force-directed placer that was extended to support
3-D IC design [17]. In addition, it assumes that all power and
ground TSVs are preplaced before starting placement, and the
location of all probe pads is known beforehand.

This analytic placer tries to minimize the wirelength in
both the x- and y-dimensions � = �x + �y . Since the
x- and y-dimensions are independent, only the x-dimension
is described here, and a similar approach is applicable to the
y-dimension as well. If x = [x1, x2, . . . , xN ]T is the vector of
the x locations of all the cells, then �x = 0.5xT Cx x+xT dx +
constant, where Cx defines the connections between
movable cells and dx defines the connections between fixed
and movable cells. A net force that pulls the modules
together is defined as the gradient of the above equation,
Fnet

x = ∇x�x = Cx x + dx .
Another force-the move force is added to help remove

overlap caused by the net force. Let D(x, y) be the density
function of the chip. This is computed by simply summing
the number of cells at each point (x, y) within the chip, and
subtracting a constant value td at each point. td is computed,
such that the sum of D over all (x, y) equals zero. Therefore,
if a point has a negative value, it can hold a cell, and if it has a
positive value, it has too many cells in it. The density becomes
balanced (or there is no cell overlap) if it becomes zero at every
(x, y) location in the chip. The function D can be interpreted
as a charge distribution and creates a charge distribution given
by Poisson’s equation ∇2�(x, y) = −D(x, y). After solving
this differential equation, we get target (x̊i , ẙi ) points for each
cell, such that all overlaps are removed if cells are moved
to these points. The move force in the x-direction for this
cell is then given by Fmove

x,i = ẘi (xi − x̊i ). Here, ẘi is a
weight for the move force, and is adjusted, such that it balances
with the net force. There is an additional force not discussed
here—the hold force, which is used to decouple placement
iterations.

In summary, the move force tries to remove cell over-
lap, and the net force moves connected cells together. For
3-D IC placement, the cells are prepartitioned to obtain their
z location, and TSVs are inserted into the netlist as large cells.
The net force is then applied across all dies, and the move force
is applied on a per-die basis to only remove (x , y) overlaps
between cells and TSVs in that particular die.

Now, if a power TSV is preplaced, it serves as a blockage
for both cells and TSVs, and D can simply be modified to
accommodate them. However, if probe pads are added, they
act as TSV-only blockages, and act across different dies. For
example, if a probe pad is added in the top die (Fig. 1) at a
given (x, y) location, cells can be placed at that location in
the bottom die, but the TSVs in the bottom die need to avoid
those locations. Therefore, the move force cannot readily be
modified. To solve this issue, we introduce another TSV-only
density function per die DTSV(x, y). It is constructed quite
similar to D(x, y), except that this function has only TSVs
and probe pads of the adjacent die within it, and no cells.
Therefore, it can be used to obtain a TSV-only move force
Fmove,TSV. Now, each TSV is part of two force systems—one
where overlap between all cells and TSVs is removed and one
where overlaps between TSVs and probe pads of the adjacent
die is removed. The effective move force for each TSV t can
be written as

Fmove,eff
x,t = αFmove,TSV

x,t + (1 − α)Fmove
x,t (1)
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Fig. 4. Cells have only one move force. In addition to this, TSVs have a
TSV-only move force that moves them away from the probe pads placed in
the adjacent die.

where α is termed the pad-TSV move effort. The higher the
value of α, the more effort is spent removing probe pad
rather than a cell overlap. This may or may not be desirable,
as probe pads are quite large compared with cells. Once
global placement iterations terminate, any remaining pad-TSV
overlap is handled during detailed placement. An illustration
of the move force acting on cells and TSVs is shown in Fig. 4.

C. Quantifying the Overhead of Adding Probe Pads

The impact of adding probe pads on the regular functional
mode is quite straightforward to determine. We can measure
the impact that pads have on various layout metrics, such
as wirelength, timing, and power. However, quantifying the
impact on test is not as straightforward. Conventional metrics,
such as fault coverage for stuck-at or transition tests, are
affected only by the logical functionality of the design. Since
adding probe pads have no impact on the logic of the design,
these metrics do not change. However, these fault models
only check for large catastrophic defects on the chip. Today’s
circuits are also prone to small-delay defects (SDDs), which
may cause the parametric failure of the chip. A metric that
captures the effectiveness of test patterns is the statistical
delay quality level (SDQL), and it has been demonstrated that
TSV-induced stress can change the SDQL of a 3-D IC [18].

The SDQL depends on the timing slack through every net
in the design and the probability of timing degradation (fault)
on that net. We use the same fault distribution as [18], which
is given as

F(s) =
{

1.97e−2.1s + 0.005, 0 ≤ s ≤ 10

0, otherwise.
(2)

A more intuitive metric is the defective parts per
million (DPPM), which is obtained by dividing the SDQL
by N , the total number of potential SDD faults as reported
by Automatic Test Patten Generation (ATPG).

Clearly, adding probe pads into the layout shifts the tim-
ing slacks of the paths through affected TSVs and, hence,
the DPPM. Therefore, it quantifies the impact of probe pads
on test-related metrics. It should also be noted that we only
perform SDD testing during postbond test. It is unlikely that
parametric delay testing will be performed prebond, as all the
3-D timing paths are incomplete. In addition, this increases

Fig. 5. Design and analysis methodology used in this paper. Each step in
the right column is performed for both postbond test and prebond test.

the cost of testing the 3-D chip, and stuck-at and transition
tests during prebond are likely to be sufficient.

IV. DESIGN AND ANALYSIS FLOW

An overview of the design flow used in this paper is
shown in Fig. 5. Given the 3-D partition of all the gates and
power/ground TSV locations, we choose a given configuration
of probe pads. This is run through the 3-D IC placer to get
the x , y, and z locations for every cell and TSV in the design.
Separate Verilog and design exchange format (DEF) files are
then created for each die, so that they can be opened in
separate windows of commercial 2-D IC tools. Each die is
routed separately using a commercial router to obtain a 3-D
routed design. 3-D timing and power analysis is performed in
Synopsys PrimeTime, and 3-D IR-drop analysis is performed
using Cadence Encounter, as described next.

To perform 3-D timing and power analysis, we first extract
the parasitics of each die separately, and also create a 3-D
parasitics file that contains only the parasitics of the TSVs
themselves. We also create a 3-D netlist that contains only the
interdie connections. We import all the netlists and parasitics
into Synopsys PrimeTime, and use tcl scripts to stitch them
together. Since this is a timing tool, it requires no physical
(x, y, z) information, and we can obtain 3-D timing numbers.
In addition, we perform statistical power simulation for the
functional mode, to obtain power numbers for every gate in
the design.

Now that the power numbers are obtained, we need to
perform 3-D IR-drop analysis. We duplicate the metal layers
in the interconnect technology (ICT) file to obtain a 3-D ICT.
The TSV is treated as a large via in this stackup. This
stackup is then fed through Cadence Techgen to generate a
technology (tch) file that can be used for 3-D IR-drop analysis.
To obtain a 3-D layout, we dump the layout for each die in the
DEF format. Suffixes are then added to the metal layers in each
DEF file. For example, metal1 on the bottom die is labeled
metal1_0, and metal1 on the top die is labeled metal1_1.
This is then loaded into Cadence Encounter along with the
already created 3-D netlists and modified tch file. The location
of the power TSVs (or C4 bumps) along with the power



PANTH AND LIM: PROBE-PAD PLACEMENT FOR PREBOND TEST OF 3-D ICs 641

TABLE I

BENCHMARK STATISTICS. W /H STAND FOR WIDTH/HEIGHT

numbers obtained from PrimeTime is then used to perform
3-D IR-drop analysis on this design.

In addition to the functional mode, we also need to perform
these analyses for prebond test and postbond test. Since we
perform SDD testing in addition to transition fault testing
for postbond test, information about the timing slack through
each path is required. This information is obtained from
Synopsys PrimeTime, and fed to Synopsys TetraMax for joint
SDD and transition fault test pattern generation. The output
is a testbench for the design, which simulates the design
for each test pattern. Gate-level simulation (GLS) is then
performed using Synopsys VCS for only the capture cycle
to obtain the switching activity for each gate on a per-pattern
basis. This can then be used to compute the 3-D power and
IR-drop similar to the functional mode. Since it is infeasible to
compute the power and IR-drop for every pattern, we perform
two simulations only—the first one computes the power and
IR-drop for the pattern with the maximum switching activity as
reported by Synopsys TetraMax and the second computes the
power and IR-drop where the activity of each gate is averaged
across all patterns. In this fashion, we can obtain both worst
case and average behavior.

Now, for prebond test, the bottom die has the C4 bumps
to provide power, so it is not expected to have any IR-drop
problems. Therefore, we only consider the top die, as it is the
only die that needs to be fed power through probe pads. This
die in isolation follows the existing 2-D IC methodologies.
We perform transition fault ATPG and GLS as before, and
compute the maximum and average IR-drop behavior across
all test patterns. In addition, the power sources are now the
probe pads, not the TSV/C4 bump locations.

It should be noted that in all the above test steps, no
particular test architecture is assumed. This is to keep the
analysis in this paper as general as possible and applicable
across different test architectures, such as BIST or direct
microbump probing.

V. EXPERIMENTAL RESULTS

The placement framework is written in C++ and all other
scripts and utilities are written in python/tcl. We use the
Nangate 45-nm library to implement three benchmarks, the
statistics of which are shown in Table I. The first two are
taken from the OpenCores benchmark suite, and the third is a
custom pipelined multiplier. The fast Fourier transform (FFT)
benchmark performs a 256 point FFT, with a precision of 8 b
on both the real and imaginary components of a floating point
number. The JPEG benchmark takes in the raw red, blue,
and green pixel values, and creates a bitstream necessary to
build a JPEG image. Finally, the multiplier first takes two
256-b integers, and performs a 256 × 4 multiplication as

TABLE II

IMPACT OF PAD-TSV MOVE EFFORT (α)

TABLE III

IMPACT OF PROBE-PAD COUNT

its first stage. The partial products are then added together
in a binary tree.

Each design is prepartitioned into two dies, and the number
of signal TSVs is chosen, such that they occupy roughly 20%
of the area in the bottom die. This number of TSVs comes
from the fact that Pathak et al. [19] have demonstrated a sweet
spot in terms of design quality versus TSV count. Adding too
few TSVs does not fully utilize the benefit that 3-D ICs offer,
and adding too many TSVs increases die area, thereby increas-
ing wirelength. To achieve this target TSV count, we use a
modified min-cut partitioner as in [17]. This starts with a ran-
dom partition, and begins iteratively minimizing the cut-size
(and hence TSV count). However, unlike the traditional
min-cut partitioners, we terminate iterations when the target
cut-size is reached, instead of proceeding all the way to
min-cut.

The TSV (including landing pad) is assumed to have a width
of 5 μm. It is assumed to have a resistance of 50 m� and a
capacitance of 30 fF. The power and ground TSVs are placed
with a pitch of 150 μm each, which is large enough that
they can directly align with C4 bumps, as shown in Fig. 1.
The number of ground TSVs is fewer as they are interleaved
in-between the power TSV array.
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TABLE IV

IMPACT OF DIFFERENT PROBE-PAD CONFIGURATIONS

In the remainder of this section, we first discuss selecting
an appropriate value of the pad-TSV move effort α. We then
quantify the impact of increasing the number of probe pads,
and demonstrate that fewer pads are desirable. Next, we
compare and contrast different probe-pad configurations and
pad to TSV connection options.

A. Choosing the Pad-TSV Move Effort

For this experiment, we assume a regular probe-pad con-
figuration, with an X1 pitch. We vary the value of α from
0 to 1 in increments of 0.25, run through the entire design flow,
and tabulate the statistics in Table II. Only the postbond test-
related metrics are tabulated, since SDD testing is performed
only during the postbond test, as discussed in Section III-C.
An α of 0 implies regular placement without any pad-TSV
move effort, and overlaps are removed only during the detailed
placement stage. This mimics the approach in [2] and [3].
Similarly, an α of 1 implies that any TSV-cell overlap is not
considered during global placement, and overlap is removed
during detailed placement.

From Table II, we observe that α = 0 never gives the best
results in terms of wirelength or DPPM. Therefore, probe-
pad-aware global placement is necessary. We also observe
up to a 2% reduction in the routed wirelength, and a 5%
reduction in the DPPM of the design depending on the choice
of α. To get best results, α would need to be tuned on a
per-benchmark basis, but this is impractical. From Table II,
we observe that α = 0.25 gives the best average behavior
across all benchmarks. We observe almost no change in the
average wirelength or functional mode power, with a 2.4%
improvement in the DPPM.

B. Impact of Probe-Pad Count

Section V-A determined an appropriate value of α that
can be used for global placement. Using this value, we now

quantify the impact of the number of probe pads, assuming
a regular configuration and a single pad-TSV connection.
We run the placer without pads (pitch = ∞), and also for the
X1 pitch and the X2 pitch, and tabulate the results in Table III.

From this table, we observe that increasing the number of
probe pads leads to up to a 3% increase in the wirelength and
1% increase in the functional power, and a 2% increase in the
postbond test power for the pattern with maximum switching
activity. The DPPM is not monotonic, and this is because it
is a complex quantity that depends on the slack distribution
through every TSV. Simply displacing a TSV does not imply
that DPPM will increase. We also observe that the X2 pitch
always has lower DPPM than the X1 pitch, and is desirable.
This is also true from the perspective of the tester, as fewer
needles required for test to reduce the cost of the probe card.

C. Impact of Probe-Pad Configuration

We now study the impact of different probe-pad configura-
tions on the IR-drop during prebond test. We consider only the
top die, assume in this section that each probe pad connects
only to a single TSV, and assume that the IR-drop target is 10%
of VDD or 110 mV. The baseline configuration is Regular-X1,
which connects a pad for every power and ground TSV. The
results are shown in Table IV.

As shown in Table IV, doubling the pitch of the regular
configuration reduces the probe-pad count by up to 72%.
However, this leads to up to a 5.43× worse average pattern
IR-drop, which is far beyond the tolerable margin. Note that
the IR-drop of the worst pattern is not entirely predictable as
it depends on which gates ATPG chooses to switch during that
particular test. Reducing the worst pattern IR-drop, if far worse
than the average pattern IR-drop, can be achieved through
power-aware ATPG, and is beyond the scope of this paper.

Next, we observe that the Boundary-X1 configuration can
reduce the pad count by up to 60%, which is actually
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TABLE V

IMPACT OF CONNECTING A SINGLE PROBE PAD TO MULTIPLE TSVs. NUMBERS IN BRACKETS
ARE NORMALIZED TO THE REGULAR-X1 CONFIGURATION IN TABLE IV

Fig. 6. IR-drop maps of various probe-pad configurations of the FFT benchmark. Red squares: probe-pad locations. (a) Single connection. (b) Double
connection (horizontal). (c) Double connection (vertical).

less than that offered by the Regular-X2 configuration.
However, in large circuits, the IR-drop is much (up to 7.3×)
worse, and therefore, the boundary configuration is not tenable
as far as IR-drop is concerned (except for very small
circuits).

Finally, we explore the star configuration. As observed,
the Star-X1 configuration offers up to a 50% reduction in
the probe-pad count, and this reduction is consistent across
all circuit sizes, unlike the boundary configuration. In fact,
in smaller circuits, the Star-X1 configuration actually uses
fewer pads than the Boundary-X1 configuration. In addition,
the worst IR-drop of the Star-X1 configuration is only
2.13× worse than the Boundary-X1 and Regular-X2, so it
is a suitable candidate. The IR-drops in the three circuits are
121, 85, and 115 mV, which are all fairly close to the 110-mV
constraint. The Star-X2 configuration has much worse IR-drop,

and is not considered further. We now discuss how to reduce
the IR-drop of these configurations further.

D. Impact of Probe Pad to TSV Connection Style

In terms of IR-drop, the best option is Regular-X1, but this
uses a significant number of pads. The two next best options
are Star-X1 and Regular-X2. Both use much fewer pads, but
the IR-drop is over the design budget. We now explore how
connecting a single pad to multiple TSVs can improve the
IR-drop of these configurations.

We add pads in both the double-horizontal and double-
vertical configurations, and tabulate the results in Table V.
The numbers in brackets are normalized to the Regular-X1
configuration in Table IV. In addition, sample IR-drop maps
for select configurations of the FFT benchmark are shown
in Fig. 6.
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The first thing we observe is that the double-vertical con-
figuration always provides results far superior to the double-
horizontal configuration. This effect is more pronounced with
the Regular-X2 configuration, and sometimes produces results
with IR-drop up to 49% better. This is due to the fact that the
standard cells are usually connected with horizontal rails at the
lowest metal level. The double horizontal configuration merely
provides multiple connections along the same rail, leading
to a high IR-drop on the unconnected rails. In contrast, the
double-vertical configuration connects multiple standard cell
rails, leading to a greater number of rails that have direct
connection to probe pads. For example, in the Regular-X2 of
Fig. 6, the double-horizontal configuration connects three rails,
while the double-vertical configuration connects five rails.

Next, we observe that the Star-X1 double-vertical connec-
tion always produces results less than the IR-drop constraint
and always uses less than 50% of the pads of the Regular-X1
configuration. The Regular-X2 double-vertical configuration
uses even fewer probe pads, but the IR-drop is sometimes up
to 18 mV over the budget. Since the Star-X1 always produces
designs under the constraint, it is the preferred choice.

VI. CONCLUSION

In this paper, we have first presented a probe-pad-aware
placement framework for 3-D ICs. We have also presented
a design and analysis methodology that can provide signoff
timing, power, and testability results. We have demonstrated
that our placement framework provides up to a 2% and 5%
reduction in the 3-D routed wirelength and DPPM, respec-
tively. Next, we demonstrated that fewer pads are desirable,
and presented probe-pad configurations that can reduce the pad
count. We have demonstrated that a star configuration with a
single pad to TSV connection can reduce the pad count by up
to 50%, while almost meeting the IR-drop constraint. We have
also demonstrated that connecting a single probe pad to
two TSVs in a vertical configuration can bring the IR-drop
within the constraint, without any impact on the pad count.
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