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ABSTRACT

This paper presents a new automatic pattern generation
methodology to stimulate the maximum power supply noise in
deep submicron CMOS circuits. Our ATPG-based approach
first generates the required patterns to cover 0� 1 and 1� 0
transitions on each node of internal circuitry. Then, we ap-
ply a greedy heuristic to find the worst-case (maximum) instan-
taneous current and stimulate maximum switching activity in-
side the circuit. The quality of these patterns were verified by
SPICE simulation. Experimental results show that the pattern
pair generated by this approach produces a tight lower bound
on the maximum power supply noise.

I. INTRODUCTION

A. Motivation

Power supply noise (PSN) due to switching current has be-
come an important factor for deep submicron designs. This
noise effect is becoming more detrimental as VLSI technol-
ogy scales. As the number of interconnect layers and gate den-
sity increases, the switching activity increases which lead to in-
crease current density and voltage drop along the power supply
net. Increasing the frequency and decreasing the rise/fall transi-
tion time in today’s designs causes more simultaneous switch-
ing activity within a small time interval and increases the in-
stantaneous currents. The power supply noise reduces the ac-
tual voltage level reaching a device, which increases the signal
delay and results in signal integrity loss and performance degra-
dation. It may also cause logic errors, degradation in switching
speed and hence timing errors.

PSN includes the inductive ∆I noise (L � dI
dt ) and IR voltage

drop. The former is derived from the distributed RLC model
of on-chip power lines and the latter is caused by the switching
inside the circuit as well as input and output buffers. Applying
input patterns to a CMOS circuit creates the signal switching
and causes the switching currents. To activate the switching in
a circuit, a pair of patterns is required to be applied to the inputs
of the circuit. Assuming there are n number of inputs, 2n

�

2n
� 22n number of pair patterns are required for an exhaustive

search to find the pair of patterns that generate the maximum
PSN. Therefore, applying all possible patterns to a circuit to
find such pairs is possible only for the circuits with very small
number of inputs. New techniques are needed to estimate power
supply noise efficiently and find the pattern(s) that generate the
maximum PSN in reasonable amount of time.

B. Prior Work

Several approaches have been proposed for power supply
noise analysis and estimation in recent years. Some closed-
form equations are derived in [1] to calculate simultaneous
switching noise. Estimation of the ground bounce, caused
by the switching in internal circuitry for deep-submicron cir-
cuits, using a scaling model is discussed in [2]. Reference [3]
proposes a simulated switching circuit model to estimate PSN
which includes IR voltage drop and ∆I noise based on an inte-
grated package-level and chip-level power bus mode. Modeling
of PSN on distributed on-chip power networks is described in
[4].

ATE and neural network are used to find the patterns gen-
erating maximum instantaneous current [5]. The neural net-
work is used to learn the behavior of chip power consumption
and changes due to different input patterns applied. Several ge-
netic algorithms for finding pattern(s) that stimulate the worst
cases are proposed in [6-10]. In [7], the standard cells in the
technology library are pre-characterized with SPICE to derive
the delay and switching current waveform characteristics and a
event-driven simulator along with a delay lookup table is used
to perform timing analysis of switching events. A combination
of Monte Carlo and genetic algorithm is employed to search
for the worst case input vector pair(s) that induce the maximum
switching noise.

The current waveform of the entire design is not a direct su-
perposition of the individual block current waveforms when RC
power/ground network is considered. The wire/substrate capac-
itances provide some of the current drawn and help in reducing
the instantaneous current surge. The authors in [6][9] tackle this
problem. Current/voltage waveform libraries for each cell in a
library are derived using SPICE. A current waveform simulator
is used to simulate a small set of patterns derived iteratively us-
ing a genetic algorithm. Finding the maximum voltage drop in
the power bus of digital VLSI circuits using a genetic algorithm
is discussed in [10]. In this work, the fitness value for different
input vector pairs is the worst-case voltage drop at a specified
node in the power bus.

C. Contribution and Paper Organization

In previous test pattern generation methods, impact of noise
on the transient characteristics is not taken into consideration
during the initial generation of current/voltage waveform li-
braries. Hence, the estimated noise level may not be accu-
rate. On average 10% overestimate in noise voltage was re-
ported compared to SPICE for 0�25µm technology [6]. This
estimation error may increase as the technology scales down.
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Fig. 1. The circuit model and power supply noise measurement.

We propose a pattern generation algorithm that targets power
supply noise. Our methodology employs common Automatic
Test Pattern Generation (ATPG) technique applied to conven-
tional stuck-at faults. With the aid of an ATPG our technique
quickly and accurately identifies the transient characteristics of
gates for a given pattern and its relationship with PSN. The pat-
tern generation process is independent of the physical layout
information and preprocessing of library cells and guarantees a
tight lower bound for maximum PSN.

The rest of the paper is organized as follows. Section II de-
scribes power noise model that includes the effect of gate fanout
on the maximum PSN induced in the circuit. The pattern gener-
ation strategy to obtain maximum PSN is explained in Section
III. The algorithm and a small example are shown in Section
IV. The experimental results are discussed in Section V. Fi-
nally, the concluding remarks are in Section VI.

II. POWER SUPPLY NOISE (PSN) MODEL

In general, PSN includes two components: inductive ∆I
noise and power net IR voltage drop and is given by PSN �

L� dI
dt � IR. The inductive ∆I noise (L� dI

dt ) depends on the rate
of change of the instantaneous current, while the IR voltage
drop is caused by the instantaneous current through the resis-
tive power and ground network. The inductance is mainly due
to package lead and wire/substrate parasitics.

Simultaneous switching of a large number of gates often in-
duces a very large current spike on the power/ground lines in a
short time interval. With low-k copper (Cu) interconnects be-
ing used in deep-submicron designs, the resistance of the wires
is drastically reduced. This will generate considerable induc-
tive noise L� dI

dt even though the inductance L can be relatively
small. The simulation results in literature, e.g. [8], shows that
inductive noise dominates the resistive noise. For the worst case
analysis, the idea is to generate the steepest maximum switch-
ing current spike. In order to create maximum switching noise,
it is important to analyze the characteristics of the switching
current waveform.

The switching current waveform of each gate is determined
by the propagation delay (td) and its drive capacity (Imax). Em-
pirical evidence shows that all switching currents last for ap-
proximately 3td and the peak drive current may slightly change
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Fig. 2. Current I�t� of the entire block in two different cases.

for different capacitive load. The propagation delay is directly
related to the fanout of the gate. Therefore, a gate with a smaller
fanout has less propagation delay and hence a shorter current
waveform duration, i.e the rate of change of current dI

dt is higher.
Hence, it induces greater inductive noise.

To illustrate the effect of fanout on power supply noise, we
performed a simple experimentation. Consider a block con-
sisting of 10 NAND gates which switch simultaneously in two
different cases. In Case1, each gate has a fanout of 3 minimum-
sized inverters while in Case2, each gate has a fanout of 2 min-
imum sized inverters. The circuit model used for power/ground
pin and power/ground network is shown in Figure 1. Each Vdd

and Vss pin is modeled as an RLC circuit. The pin parasitics are
Rp, Lp and Cp for Vdd pin and Rs, Ls and Cs for Vss pin. The
power/ground network is essentially modeled as a lumped RLC
network.

The simulations are performed on the circuit implemented in
0�13µm technology. Figure 2 shows the SPICE simulation re-
sults for the block current waveforms in the two different cases.
The variation of peak current value in the two cases is insignifi-
cant. The duration of the switching current waveform in Case1
is greater than in Case2 due to large propagation delay which is
proportional to fanout. Figure 3 shows the corresponding rate
of current change. The rate of change of switching current dI

dt is
greater in Case2 and hence induces greater inductive noise.

Figure 4 shows the corresponding PSN waveforms. We com-
pute the power supply noise from the transient voltage wave-
forms on the power/ground lines as:

VPSN�t� � �Vdd pin �Vss pin���Vdd block�t��Vss block�t��

where Vdd pin (Vss pin) is the input supply (ground) voltages
to the package lead (1.2 V and 0 V respectively in our case),
Vdd block�t� and Vss block�t� are the transient voltage waveforms
on the power and ground network, respectively. It is clear that
noise induced in Case2 is greater than in Case1 even though
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the peak current occurs in Case1. This confirms that maxi-
mum switching current does not necessarily generate maximum
switching noise.

Based on these analytical and empirical observations, as
a main guideline to generate maximum PSN, we give pref-
erence to patterns that cause more switching in gates with
smaller fanouts. More formally, suppose a circuit G has n
gates g1�g2� � � ��gn with fanout values of f1� f2� � � �� fn corre-
sponding to those gates. Let gi�V1� and gi�V2� be the out-
put of gate gi for two input patterns V1 and V2, respectively.
sV1�V2

i � �gi�V1�� gi�V2�� will be a binary variable indicat-
ing if gate gi has a transition in its output when pattern pair
(V1�V2) is applied. According to our guideline, to maximize
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PSN, we must be looking for those (V1�V2) pairs that maximize
∑n

i�1 sV1�V2
i while simultaneously minimizing ∑n

i�1 sV1�V2
i � fi.

III. PATTERN GENERATION

PSN depends on the switching activity inside the circuit and
thus is highly input pattern dependent. The spatio-temporal cor-
relation among signals determines the level of switching activ-
ity inside a circuit. To stimulate the power supply noise, we
need a pattern pair, i.e. �V1�V2�, to be applied to the circuit un-
der test. In order to stimulate the worst case (maximum PSN),
it is necessary to maximize both the rate of change of current
dI
dt and also the peak current drawn. As explained in Section II,
the inductive noise dominates the resistive noise. More specif-
ically, the rate of current change can be increased by stimulat-
ing simultaneous switching in large number of gates with low
fanout in a circuit.

A. Timing of Switching Events

The propagation delay of a gate depends on many factors
such as fanout load, input rise/fall time and drive strength. Due
to difference in propagation delay of the gates, a change in pri-
mary input (PI) will trigger a sequence of switching events in
the gates that are directly or indirectly connected to it. Since the
switching activity inside the circuit determines the switching
noise, it is important to find the time intervals where maximum
simultaneous switchings occur. To determine the simultaneous
switching activity within a clock cycle T, we break down the
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clock cycle into N small time frames. Each time frame has a
duration of T

N and N is chosen based on the required resolution.
We simulated an ISCAS’85 benchmark circuit (c432) for a

random pattern pair that generated high PSN, using PowerMill
tool in Synopsys which is an event driven transistor-level sim-
ulator [11]. Figure 5 shows the number of switchings over a
period of time when the pattern pair �V1�V2� is applied. The
horizontal axis plots the time intervals ( T

N � 10ps) from the
time the second vector �V2� is applied . Maximum simultane-
ous switching activity occurs at the beginning of the simulation
time frame and small peaks occur later in the simulation pe-
riod. Simulation results for all ISCAS’85 benchmarks confirm
that the maximum simultaneous switching activity occurs in the
early period of the simulation cyle.

Figure 6 shows the corresponding SPICE simulation current
waveform for the pattern applied to circuit c432. It shows that
the current drawn from the power supply is maximum at the
early stage of the clock cycle and decreases later on. The first
peak in the current waveform is due to the initial maximum si-
multaneous switching activity. Therefore, to generate the steep-
est maximum current (maximum noise) we need to increase the
number of switchings in the low-fanout gates of the circuit dur-
ing the early period of the cycle.

B. Preprocessing

For each time frame T, a subset of active gates in a circuit
G will be chosen and the pattern generation works according to
the following three guidelines:

1) Gate Fanout: Sort gates in increasing order of their
fanouts.

2) Gate Level: Within each group, formed in the previous
step, sort them according to the level that they are posi-
tioned in. A level of a gate is the distance of the gate from
the primary inputs (PI). When back-traced, a gate close to
the PI’s has more number of don’t-cares (X’s) in the input
pattern than a gate far away from the PI’s. Hence, choos-
ing a node with more number of X’s, i.e. a gate in lower
level, leaves us with more choices of assigning transitions
on the other nodes and increases the chance of generating
maximum switching activity in the time frame.

3) Gate Transition: Both types of transitions (0� 1 and
1� 0) are tested in each iteration. Depending on the
topology of the circuit, the location of the gate and the
way that it affects others, one of these transitions may
have a better chance in maximizing PSN.

In the next subsection, we show how our algorithm uses these
guidelines and the conventional model of stuck-at-fault (saf)
and ATPG process to justify a transition at each gate and find
vector pairs that maximize PSN.

IV. ALGORITHM

The pattern generation algorithm is shown in Figure 7. Given
a design, in the preprocessing phase the target time frames with
the likelihood of having switching activity are obtained. We
then use an ATPG algorithm, independent of the simulation
method, to find target time frames.

01: For each target time frame T
02: �
03: G� gates switch in time frame T
04: Sort gates in G in increasing order of their fanouts
05: Sort equal-fanout gates in G in increasing order of their levels
06: PSNmax � 0
07: Vmax � ��
08: for (i� 1� � � � � �Gi�)
09: �
10: Perform ATPG using TetraMax to get sa0�sa1 patterns for g i �G
11: if (both patterns V1 and V2 exists)
12: �
13: Try V1 �V2 ; if successful run PowerMill to compute PSN1
14: Try V2 �V1 ; if successful run PowerMill to compute PSN2
15: �
16: if (successful and PSN1 and/or PSN2 are computed)
17: �
18: PSNmax � MAX�PSN1�PSN2�PSNmax�
19: Vmax � Update input vector pair(s) accordingly
20: �
21: �
22: �
23: Return PSNmax and vector pair set Vmax creating it.

Fig. 7. Deterministic test pattern generation procedure.

A. Pseudocode

For each target time frames, the corresponding set of gates
(G) that switch in this time frame are extracted (line 03). The
gates are sorted (lines 04-05) using the criteria explained in the
Section III. In the pattern generation process (lines 08-21), tran-
sitions are assigned and justified to gates from the sorted list
of gates. To justify a transition at a node, we use an ATPG
mechanism (i.e. TetraMax [12] in our case) originally used for
stuck-at fault testing. The algorithm obtains patterns to justify
a value ’0’ at a node, (viewed as a stuck-at-1 �sa1� fault) and a
’1’ at a node, (viewed as a stuck-at-0 �sa0� fault). When both
patterns exist (line 11-15), a �0� 1� or �1� 0� transition can
be generated at the output of a selected gate.

The ATPG process generates the pattern pair (V1�V2) based
on zero-delay model. Now we use a power simulator (i.e. Pow-
erMill [11] in our case) to accurately measure PSN (lines 13-
14). PowerMill is a variable delay event-driven simulator and it
takes into account the hazards and glitches caused due to dif-
ference in the gate propagation delays during the PSN mea-
surement. The result of PSN measurement for this pattern pair
is compared to the maximum found so far (PSNmax) and the
worst case scenario of power supply noise is saved. The vec-
tor pair set (Vmax) are also updated accordingly (line 19). Note
that the ATPG based pattern generation is technology indepen-
dent and does not require any pre-processing of library cells.
On the other hand, the power estimator is used to evaluate the
patterns based on the library/technology. Instead of finding one
pair of patterns, the procedure can be slightly modified to find
and report all pattern pairs that create noise in a given range,
e.g. �PSNmax�PSNmax�∆�.

B. Example

For purpose of illustrationconsider Figure 8 showing generic
test pattern generation process applied to a small example cir-
cuit. The stuck-at fault patterns are generated by back-tracing
the node towards the primary inputs and are listed in Figure
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8(b). In conventional stuck-at fault test generation, the obser-
vation points are the primary outputs. In our method, however,
as we are interested in only back-tracing, the node itself is con-
sidered to be the observation point.

Initially, the input vector pair �V1�V2� is assumed to be all
unknown �X� values. The gates are sorted in increasing order
of fanout as shown in Figure 8(c). An untried node with the
lowest fanout is selected from the sorted list and a transition
is assigned to it. For example, in the first iteration, node f is
selected and a 0� 1 transition is assigned to it. The 0� 1
transition assignment can be viewed as a �sa1� sa0� fault pair
at the node. Since f is the first node in the list and a 0� 1
transition is selected, therefore V1 and V2 patterns are equal to
sa1 and sa0 patterns for node f, respectively. Note carefully,
there is no conflict for the first chosen node.

A conflict occurs when there is a mismatch in the compari-
son of the respective stuck-at fault patterns with the input vector
pair. If the patterns match then the input pattern pair is updated
by replacing the corresponding ’X’ values with known justified
values in the stuck-at fault patterns. For example, after justify-
ing a 0� 1 transition at node f, the input vector pair becomes

TABLE I
COMPARING EXHAUSTIVE SIMULATION AND OUR METHOD.

Circuit # PI’s # Gates Peak Noise CPU Time [sec]
[V] SPICE Our Method

c17 5 6 0.42 181 0.5
cm42 4 18 0.58 354 2.0
cm138 6 15 0.61 2682 3.5

TABLE II
EXPERIMENTAL RESULTS FOR VARIOUS ISCAS85 BENCHMARK CIRCUITS.

Circuit # PI’s # Gates Peak Noise Peak Noise CPU Time
(near end) [V] (far end) [V] [sec]

c432 36 160 0.76 0.86 179
c499 41 202 0.41 0.52 170
c880 60 357 0.81 0.99 246
c1355 41 514 0.52 0.64 332
c1908 33 880 0.73 0.87 386
c3540 50 1667 0.62 0.75 444
c5315 178 2290 0.82 0.99 568
c6288 32 2416 0.89 1.06 636

�V1�V2� � �1X1XX �0XXXX�. The updated input pattern after
each gate transition justification is shown in the last column of
Figure 8(c). The same procedure is repeated for the next node
i and a 1� 0 transition is justified. The input pattern pair be-
comes �V1�V2� � �1X1X0�0X0X1� after a 1� 0 transition is
justified on gate i. When there is a mismatch, then the assigned
transition cannot be justified and thus the opposite transition is
tried. For node z1, when a 0� 1 transition is tried to be justi-
fied, a conflict occurs. In case of a conflict, an opposite transi-
tion, i.e. 1� 0 transition is tried. If both transition assignments
fail, the node is skipped and the next node in the list is tried. The
process is repeated for all the nodes in the list. After processing
the entire list, any leftover X’s in the generated pattern input
pair �V1�V2� will be changed to create transitions because they
might still induce more glitches and cause more power supply
noise in the circuit. Based on this guideline, ’X’ in V2 � 000X1
will be replaced by ’0’ and the final pattern generated for the
example shown in Figure 8(a) is �V1�V2� � �10110�00001�.

V. EXPERIMENTAL RESULTS

Experiments are performed on ISCAS’85 benchmark cir-
cuits implemented in 0�25µm technology. The Vdd pin char-
acteristic values used in our simulations are Rp � Rs � 0�3Ω,
Lp � Ls � 8nH and Cp � Cs � 4pF. These typical values are
chosen from the TSMC 0�25µm library application notes. The
effective resistance and capacitance values in the power/ground
network are estimated based on the parasitic values per unit
length. The resistance and capacitance per unit length used for
the power/ground lines are r � 0�04Ω�µm and c � 10aF�µm,
respectively. The primary input’s rise time is set to 100ps.

To show the quality of patterns generated by the proposed
technique we performed exhaustive simulation for three small
benchmark circuits. Our algorithm generated the pattern pairs
that cause maximum power supply noise compared to exhaus-
tive pattern simulation results in much shorter CPU time. For
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benchmark circuit c17, it took 181 sec to perform the exhaustive
simulation while it takes less than a second for the same vector
pair to be generated by our method. Table I shows the results
of exhaustive simulation and compares the run times with our
method. In all three cases, our method generates the worst case
power supply noise test patterns, identical to those found by
SPICE, in very short time.

The power supply noise is calculated from the transient volt-
age waveforms on the power/ground lines as [7]:

VPSN�t� � Vdd pin�Vdd block�t��Vss block�t�

where Vdd pin is the input supply voltage to the package lead
(2.5 Volt in our case) Vdd block�t� and Vss block�t� are the tran-
sient voltage waveforms on the power and ground network,
respectively. When Vnoise�t� is positive, the effective supply
voltage is less than the nominal supply voltage Vdd pin. Ta-
ble II shows the peak noise voltages at near end (node clos-
est to the power/ground pins) and far end (node farthest from
power/ground pins). As expected (see Section II), the far end
noise is more severe due to larger effective resistive parasitics
experienced by the blocks close to the far end. The main advan-
tage of our method is its short runtime. For example, SPICE
takes 12 minutes to simulate one input vector pair for circuit
c432, while it takes 179 sec to generate and simulate 500 pat-
terns for maximum power supply noise by our method.

VI. CONCLUSION

An automatic pattern generation mechanism to stimulate the
maximum power supply noise has been presented in this paper.
The basic strategy is to maximize the switching activities of
those gates in the first few levels of the circuit that have lower
fanouts. Our methodology uses conventional ATPG and power
simulators to evaluate a gate-level circuit and finds patterns that
cause maximum switching activity and thus maximum instan-
taneous current. We have verified the quality of these patterns
using SPICE simulation. In all cases, our method finds the same
(or comparable) patterns while its running time is 2 to 3 order
of magnitude faster than that of SPICE.
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