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Uncorrelated Power Supply Noise and Ground
Bounce Consideration for Test Pattern Generation
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AbstractÑ Power supply noise and ground bounce can cause
considerable path delay var iations. Captur ing the worst case
power supply noise at a gate level is not a sufÞcient indicator for
measur ing the worst case path delay. Fur thermore, path delay
var iations depend on multiple parameters such as input stimuli,
cell placement, switching frequency, and available decoupling
capacitors. All these var iables obscure the rappor t between
supply noise and path delay and make the selection of stimuli
for worst case path delay a difÞcult task dur ing test pattern
generation. In this paper, we utilize power supply noise and
ground bounce distr ibution along with physical design data to
generate test patterns for captur ing worst case path delay. We
propose accurate close-form mathematical models for captur ing
theeffect of power supply noiseand ground bounceon path delay.
These models are based on modiÞed nodal analysis formulation
of power and ground networks, where current waveforms are
obtained from levelized simulation and cell library character iza-
tion. The proposed test pattern generation ßow is a simulated-
annealing-based iterative process, which utilizes mathematical
models for captur ing the impact of supply noise on path delay
for a given input pattern. We perform exper iments on ITCÕ99
benchmarks and show that path delay var iation can be consid-
erable if test patterns are not proper ly selected.

Index TermsÑ Automatic test pattern generation (ATPG), deep
submicrometer, delay test, ground bounce, pattern selection,
power supply noise, timing analysis.

I . INTRODUCTION

T HE ONGOING miniaturization of circuitsat the nanome-
ter regime has introduced signiÞcant changes on the

deviceÕsparasiticsand behavior. Circuit densities increasewith
each nanotechnology generation because of smaller devices
and larger dies, and, consequently, current density and total
current consumption increase accordingly. Simultaneously,
circuits with high switching frequencies impose faster cur-
rent transients on power and ground distribution networks.
Transient currents increase exponentially with each technol-
ogy node and cause signiÞcant deviations on the voltage
distribution. Such deviations of the voltage levels from their
nominal values are referred to as Òpower supply noise and
ground bounce.ÓBoth these conditionsareundesirable, as they
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signiÞcantly impact signal propagation. Analysis shows that
power supply noiseand ground bouncecan considerably affect
circuitÕs performance [1]. Furthermore, simulations show that
delay can have a speed-up/slow-down effect depending on the
noise conditions on the neighboring gates and/or the crosstalk
between gates as shown, respectively, by [2] and [3]. We
consider the uncorrelated behavior of power supply noise and
ground bounce (independent noise peaks and frequencies) in
order to represent them as realistically as they would occur in
an actual design. Gates can be placed in different locations on
chip and they do not experience the same power or ground
noise due to temporal and spatial switching. Also, power
and ground parasitics for each cell can vary because of their
proximity to the nearest power and ground pins. Moreover,
as all gates share the same power and ground network, there
is also noise transfer that occurs from one region to its
neighboring regions, which can cause further delay variations.
Another important factor that leads to uncorrelated noise is the
amount of decoupling capacitance available at a given region.
In general, decoupling capacitors are not evenly distributed,
resulting in different amounts of generated noise. Owing to
the aforementioned reasons, we treat power supply noise and
ground bounce as uncorrelated.

Traditionally, the impact of power supply noise on delay
was considered at the cell library development step where
each cell was characterized for the worst case voltage drop.
Such approach assumes that all cells experience the worst case
voltage drop, which is unrealistic. Several other approaches
have been proposed in the literature which can be grouped
into two main areas: 1) power supply noise aware timing
analysis methodsand 2) power supply noise aware test pattern
generation. In the Þrst group, there has been a substantial
amount of work on how to estimate power supply noise-
induced worst case delay, notably [4]Ð[9]. In [4], the authors
propose a method to compute the upper bound of circuit delay
under voltage variations. A vectorless approach is presented
in [5] to estimate the maximum delay under power supply
noise, and a delay maximization problem is formulated as
an optimization problem. Similarly, the authors in [6]Ð[9]
provide a worst case delay analysis taking into account power
supply variations. In the second group of works, such as
[10]Ð[14], the authors propose different techniques for test
pattern generation while considering the impact of power
supply noise. These works target critical path delay maximiza-
tion under power supply noise while maximizing switching
activity using approaches based either on the Monte Carlo

1063-8210/$31.00 © 2012 IEEE
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method or on genetic algorithms. These existing delay-testing
and timing-analysis techniques capture worst case timing
scenarios which might not reßect the worst case circuit
delay. This is due to the following: 1) the model is based
on simpliÞed logic-level delay fault models, where physi-
cal design information such as the { R, L, C} parasitics of
the circuits, package, power/ground network, and available
decoupling capacitor information are ignored; 2) the combined
and uncorrelated impact of power supply noise and ground
bounce is not considered which can lead to either delay
speedup or slowdown; and 3) impact of resonance frequency
on path delay is ignored. Power supply noise and ground
bounce in the range of resonance frequencies have been
shown as the dominant noise component for high-performance
microprocessors [15]. For the reasons mentioned above, we
believe that test pattern generation in presence of supply noise
deservesreexamination and an effort to understand and capture
the interdependencies among path delay variations and noise
conditions.

In thispaper, we proposea pattern generation technique that
takes into account combined effect of power supply noise and
ground bounce on path delay as a function of applied inputs.
Noise impact on delay is highly dependent on the applied
input patterns. We provide mathematical models to represent
the circuit based on physical extracted data after it has been
placed and routed with power/ground grids. We proposeclose-
form mathematical models to capture the impact of input
patterns on path delay in the presence of power supply noise
and ground bounce. We use a simulated annealing (SA)-based
approach to Þnd patterns that maximize critical path delay.
Our method generates patterns to cause such power supply
noise and ground bounce distribution that leads to maximum
path delay. The contributions of this paper are summarized as
follows.

1) We propose accurate and close-form mathematical mod-
els to derive the impact of input test patterns on path
delay in the presence of noise.

2) We propose a path delay calculation method that takes
into account the amount of noise on neighboring cells
and switching frequency.

3) We propose a test pattern generation ßow that takes
into account circuit physical design data (i.e., para-
sitics, pad/pin location, and cell placements) and speed-
up/slow-down effects of noise on path delay.

4) The proposed technique is versatile and can be utilized
for delay testing and/or timing analysis techniques.

Furthermore, in contrast to previous works which initially
aimed to Þnd patterns for maximum supply noise and then
compute delay, our method targets directly to Þnd the worst
case delay which might not necessarily occur under worst case
power supply noise due to path delay speed-up/slow-down
phenomena from the noise conditions on neighboring gates.

Therest of thispaper isorganized asfollows. A motivational
example is presented in Section II. The delay model consid-
ering power supply noise and ground bounce is presented in
Section III. In Section IV, we present our test pattern gener-
ation ßow in the presence of power supply noise and ground

Fig. 1. (a) Illustration of gate placement on chip and (b) representative model
for the two-stage buffer circuit used for path delay analysis in the presence
of power supply noise and ground bounce.

bounce. Experimental results are presented in Section V. We
conclude this paper in Section VI.

I I . MOTIVATIONAL EXAMPLE

Power supply noiseand ground bouncecan causepath delay
variations. To highlight the impact of power supply noise and
ground bounce on path delay, we provide the analysis of a
sample circuit as shown in Fig. 1. A similar analysis was
performed in [3] and [5], but we extend such analysis on mesh
networks along with decoupling capacitors for capturing the
impact of supply noise and resonance frequency on the path
delay.

In this paper, we consider on-die power and ground net-
works along with controlled-collapse chip-connection (C4)
package bumps, on-chip decoupling capacitors, and switching
circuits. Printed circuit board parasitics are not considered
and are beyond the scope of this paper. The sample circuit
is a two-stage buffer chain implemented in 90 nm with
VDD = 1 V. As shown in Fig. 1(a), the buffer gates share
the same global power and ground networks, however, they
can be placed in different locations and proximities from the
power and ground pins. Fig. 1(b) shows the circuit model
which we utilize for our analysis. Power and ground networks
are represented with their extracted parasitics of resistance
R, capacitance C, and self-inductance L. We ignore mutual
inductances. The extracted values are based on the dimensions
of power/ground tracks as used in [16]. We include package
parasiticsrepresented by extracted R and L valuesasdescribed
in [17].
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TABLE I

IMPACT OF VOLTAGE DROP ONLY ON DELAY

TABLE II

IMPACT OF GROUND BOUNCE ONLY ON DELAY

We perform HSPICE transient analysison thesamplecircuit
and measure delay variations as a function of power supply
noise and ground bounce. In the following subsections, we
report on path delay variations by performing: 1) stand-alone
power supply noise analysis; 2) stand-alone ground bounce
analysis; and 3) combined power and ground noise analysis
with respect to resonance frequency.

A. PSN Impact on Delay Variations

In this experiment, to capture the impact of power supply
noise only, the ground network is considered ideal. Delay is
plotted as a function of measured maximum power supply
noise (represented as voltage drop) on each gate, as shown
in Fig. 2. Delay variations are plotted as delay ratios with
respect to nominal delay with no noise on the circuit. Negative
(positive) values on the x- and y-axis present the measured
voltage overshoot (undershoot) from VDD. Table I presents
thepercentagesof delay variations. Two observationsfrom this
experiment can bemade. 1) Depending on thenoiseconditions
on each gate, path delay can increase/decrease. 2) The worst
case voltage droop on both gates does not lead to worst path
delay.

B. Ground Bounce Impact on Delay Variations

The same circuit is used to analyze the impact of ground
bounceon delay. Fig. 3 showsthepath delay map asa function
of measured ground bounce on each gate. Table II shows the
percentages of path delay variations. The main observation
from this analysis is that the worst path delay does not occur
when both gates experience worst case ground bounce. As
shown in Fig. 3, the worst case path delay is on lower right-
hand corner of the map, when gate 1 has the largest ground
bounce and gate 2 has no ground bounce.

Fig. 2. Path delay variation in presence of power supply noise.

Fig. 3. Path delay map as a function of ground bounce only.

C. Uncorrelated PSN and Ground Bounce Impact on Path
Delay

In this experiment, we perform path delay analysis with
both power supply noise and ground bounce. We use the
same two-buffer circuit. Figs. 4 and 5 show different path
delay variationswith respect to power supply noiseand ground
bounce. The delays are represented as ratios with respect to
nominal delay with no noise.

Path delay variationsareplotted for four cases: 1) both gates
have no ground bounce [Fig. 4(a)]; 2) only gate 2 experiences
ground bounce [Fig. 4(b)]; 3) only gate 1 experiences ground
bounce [Fig. 4(c)]; and 4) both gates experience ground
bounce [Fig. 4(d)]. We observe that considering uncorrelated
power and ground noise introduces further delay variations.
For example, there is a decrease on path delay when gate 2
suffers from ground bounce versus the case when both gates
have no ground bounce as shown in Fig. 5(a). In Fig. 5(a),
there are two delay distribution layers where one layer shows
delay distribution with no ground bounce on both gates (red
layer) and theother layer showsdelay distribution with ground
bounce on gate 2 only (green layer). Their overlap shows the
delay speed-up effect that occurs when gate 2 has ground
bounce. In the case when only gate 1 has ground bounce,
there is a slow-down effect as shown in Fig. 5(b).

We repeat the above experiments with varying input signal
switching frequency between 150 MHz to 1 GHz in order
to capture path delay variations with resonance frequency.
Resonance frequency on chip is created due to large package
inductance L and on-chip capacitance C, which together
create a series LC tank. The LC tank creates an oscillator
where energy is being transferred between the inductance and
capacitor leading to excessivevoltageharmonicson power and
ground networks. Moreover, as power and ground networks
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(c)                                                (d)

(a) (b)

Fig. 4. Path delay variations as a function of power supply noise on both gates. (a) No ground bounce on any of the gates. (b) Ground bounce only on
gate 1. (c) Ground bounce only on gate 2. (d) Ground bounce on both gates.

(a) (b)

(green layer) ground 
bounce on gate 2 (blue layer) ground 

bounce on gate 1

(red layer) no 
ground bounce

Fig. 5. Path variations with power and ground supply noise showing speedup and slowdown. (a) Ground bounce injected on gate 2. (b) Slowdown when
ground bounce injected on gate 1.

cover a signiÞcant on-chip area, they provide a large amount
of parasitic resistance (R), inductance ( j wL) and capacitance
(1/ j wC), which are sensitive to frequency (w) variations and
can considerably change network impedance Z = R+ j wL +
1/ j wC. Consequently, power and ground network impedance
increases with resonance frequency which further increases
the supply noise. In [16], the authors have studied the impact
of package inductance at different frequencies to estimate
the amount of supply noise generated. They have concluded
that there are high- and mid/low-frequency supply noises
generated. High-frequency noise is a localized phenomenon
due to the effect of theneighboring decoupling capacitors. The
mid- to low-frequency resonance have a larger and an additive
impact on every neighboring gate, further overwhelming each
gateÕs localized high-frequency effects. In our experiment,
we measure path delay variations with varying switching
frequency.

Power supply noise is derived by integrating the supply
voltage over switching period such as noi se =

� te
ts (VDD ! Vt )

where ts and te are the starting and ending switching times.
The measured noise represents the area of voltage drop under
nominal voltage level. Ground bounce is similarly measured.
Fig. 6 depicts the area for representing power supply noise.

In Fig. 7, we show themeasured supply noiseon each buffer
gate as a function of the switching frequency of the input
signal. We observe two resonance peaks from each buffer
gate. The Þrst gate has a peak on the supply noise around
250 MHz, while the second gate has a peak on supply noise
around 500 MHz. This is due to the coupling of the package
inductance with capacitance of each gate thereby creating two
mid-frequency resonance effects. Fig. 7 also shows the path
delay variation as a function of the switching frequency. Reso-
nance frequency further complicates the relationship between
supply noise and delay and makes the selection of stimuli for
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Fig. 6. Illustration of power supply noise measurement.

the worst case path delay a difÞcult task during test pattern
generation.

From these experiments, we observe the effect of uncorre-
lated power supply noise and ground bounce on path delay as
follows: 1) performance degradation due to reduced voltage
level between power and ground; 2) delay increase/decrease
due to noise conditions on a gate and its neighboring gates;
and 3) augmented supply noise and increased path delays due
to the resonance frequency.

Thus, path delay variations are dependent on multiple
variables such as input stimuli, physical placement, pack-
age parasitics, resonance frequency, and available decoupling
capacitors. Hence, capturing the worst case delay by consid-
ering all these variables is a complicated task. In the follow-
ing section, we describe our models and pattern generation
method in the presence of power supply noise and ground
bounce.

I I I . DELAY MODEL FOR POWER SUPPLY NOISE AND

GROUND BOUNCE

In this section, we present our approach for modeling the
effect of power supply noise and ground bounceon path delay.
Our approach consists of two main parts: 1) current derivation
process and 2) path delay circuit analysis. Pattern generation
ßow iterates between these two processes to identify the input
stimuli that generate the worst case path delay in the presence
of power supply noise and ground bounce.

A. Current Derivation Process

In this step, we derive the amount of current drawn
by switching gates on the circuit. Power supply noise and
ground bounce are dependent on the instantaneous currents
ßowing through power and ground networks and their para-
sitic impedance values. Accurate current waveforms must be
obtained in order to accurately derive the amount of noise on
the circuit. The process of deriving the current consumed by
each gate is organized in three steps: 1) library characteriza-
tion; 2) circuit levelization; and 3) current derivation.

1) Library Characterization: Here, we derive the current
waveform for each cell in the library as a function of its
primary input conditions. SPICE netlist of each cell is sim-
ulated and current waveforms with respect input patterns
are obtained. We store the current characteristics, i.e., peak
current I p, leakage current Il , transition time tr , and peak

Fig. 7. Supply noise and path delay variations with switching frequency.

time tp, for each input condition in a lookup table (LUT).
Such characterization allows us to transform each cell into a
current source (triangular waveform) model appropriate to its
input conditions.

These waveformsare computed only once and are used dur-
ing the test pattern generation step for identifying the current
consumption based on a given input pattern. We note that
current waveform characteristics { I p, Il , tr , tp} are obtained
for ideal power and ground conditions. These current models
are later inserted on the actual power and ground networks for
more accurate power and ground network analysis.

2) Circuit Levelization: The objective of this step is to
obtain input transitions for each gate on the netlist. We
utilize a levelized simulation algorithm in order to propa-
gate the transitions from primary inputs to primary outputs
[18], [19]. The algorithm begins with primary inputs that are
assigned a level number zero. A level number can be assigned
to a gate only if all gate inputs have been assigned level
numbers. Similarly, a net can be assigned a level number
only if all driving gates have been assigned level numbers.
The level assignment process is iterative until all the nets
and gates on the netlist have been levelized and primary
outputs have been reached. Once the netlist is levelized, we
perform levelized simulation where primary input transitions
are propagated in an orderly fashion throughout the gates on
the netlist.

We note that thereexist other methodsand commercial tools
that perform waveform simulation for a given input pattern
[20], [21]. We employ the levelized simulation algorithm
which is incorporated in our pattern generation ßow.

3) Current Derivation: After the netlist is levelized and
input transitions are propagated through each gate, we derive
each gateÕsappropriatecurrent waveform. The idea is to utilize
LUTs obtained from library characterization step in order to
represent each gate as a current source model.

As we propagate transitions throughout the netlist, there
are two main tasks being performed: 1) current modeling
based on LUT match-up with input transitions and 2) delay
accumulation as transitions are propagated in the levelized
netlist. The Þrst task serves to identify the current source
{ I p, Il , tr } , whilesecond task serves to identify peak transition
time { tp} . By keeping track of { tp} for each cell, we ensure
that in a given clock cycle all cells are not switching at the
same time but rather shifted in time by the accumulated delay
for each level of the netlist. The delay of each level of the
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Fig. 8. Illustration of the current source model for different gates on the
levelized netlist.

netlist is based on

delaylevel =
nr of levels�

i= 1

delaygatei
. (1)

Fig. 8 illustratessuch a concept where the current waveform
of the gate with level 1 has peak time { tp1} and the gate with
level 2 has peak time { tp2} .

In thisstep, aswestill havenot derived theactual gatedelay,
we utilize the gate delay measured with an ideal power and
ground network. We note that the levelized delay is simply
used for representing realistically the switching times of
current sources as they would occur during circuitÕs operation.
Gate delays in the presence of supply noise are derived in the
next section.

In summary, our objective is to obtain fast and accurate
current source models according to input transitions of the
circuit. The derived current source models are a function of
input patterns as

I = f (patterns) (2)

where patterns represent the input conditions and I is the
current vector of size n " 1 where n is the total number of
nodes on the circuit for both the power and ground networks.
We note that not every node has a current source attached to
it. In the following subsections, we introduce circuit modeling
concept which takes into consideration cell placement.

B. Path Delay Circuit Analysis

The key objective of this paper is to utilize circuit physi-
cal design information that is extracted after placement and
routing. We devise physical design data in mathematical
models for performing accurate power supply noise and
ground bounce analysis with respect to applied input patterns.
Computed power supply noise and ground bounce are then
used to derive each gateÕs delay while considering noise
conditions on its neighboring gates and switching frequency.
We develop a ßow where path delay is derived with respect
to power/ground parasitics and input stimuli are represented
as switching current sources and switching frequency.

Path delay circuit analysis is performed in three steps:
1) circuit modeling; 2) power supply noise and ground bounce
derivation; and 3) path delay calculation.

1) Circuit Modeling: In this paper, we utilize the circuit
netlist that is extracted after the design has been placed
and routed and power/ground networks are inserted. The
extracted netlist provides R, L, and C parasitic informa-
tion of the circuit, package, power/ground networks, and
pin/cell placements. Power and ground networks are modeled
by using the extracted resistance and capacitance parasitics
{ Rpwr, Rgnd, Cpg} while package is modeled by its inductance
and resistance parasitics { Rpkg, Lpkg} . Note that we only
consider self-inductance and ignore mutual inductance on
power/ground networks. While mutual inductance can alter
power grid impedance, it also results in excessively large
analysis runtimes. As the goal of this paper is to identify
quickly and accurately the impact of input patterns on path
delay in presence of power supply noise and ground bounce,
we ignore mutual inductances.

Current sources inserted between power and ground net-
works are current models obtained from current derivation
process in the previous section. Their locations are derived
from cell placement data of the extracted netlist. The initial
circuit netlist in verilog and commercial CAD tool (Cadence
SoC Encounter1) is used for place and route and generate the
extracted netlist.

Fig. 9 shows the physical layout design for a sample circuit
from ITCÕ99 benchmarks and a simpliÞed two-cell circuit
to represent modeling. We note that, for the circuit sample
in Fig. 9, ground and power network is represented as a
mesh topology, however, tree topologies can also be extracted
depending on the design style.

Thegoal of thecircuit modeling step is to represent physical
design information of the circuit in a mathematical model
which we can accurately analyze. We utilize the modiÞed
nodal analysis (MNA) [22] approach to represent the extracted
circuit into a mathematical model using KirchhoffÕs law node
equations as in (3) and (4)

(Gnxn + sCnxn)Vnx1 = lnx1 (3)

(4)

where Gp
i j is impedance between nodes i and j in the power

network and Gg
i j is the impedance between nodes i and j in

the ground network. Capacitors between power and ground
nodes are represented by Ci j . Vj is voltage at node i where
the top half of the vector represents power network nodes, V p

i
and bottom half represents ground network nodes, Vg

i where

1Available online at http://www.cadence.com/products/di/soc_encounter/
pages/default.aspx.
















