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Abstract 

In this paper; we propose an event-driven simulation 
based approach to estimate the worst case I R  drop and 
Ldildt inductive noise on the power supply network. The 
switching noise is modeled as a weighted sum of the switch- 
ing currents and the rates of change of the switching cur- 
rents, where the weights are respectively the effective re- 
sistance and inductance (on the P/G network) experienced 
by each switching current. Monte Carlo and Genetic Algo- 
rithm are employed to search for  the worst case input vec- 
tor pair(s) that induce the maximum switching noise. The 
worst case input patterns are used in the SPICE simulation 
to verib the switching noise waveforms on the power sup- 
ply network. Experimental results show that the worst case 
switching noise on the power supply network for  ISCAS85 
benchmark circuits implemented in TSMC 0.25prn technol- 
ogy can be as  high as 40% of the supply voltage V d d .  

1 Introduction 

The aggressive scaling of silicon technology signifi- 
cantly increases the packing density and the switching 
speed of transistors. As a result, switching noise on the 
Power/Ground (P/G) network has become a very challeng- 
ing issue. As the integration density increases, simultaneous 
switching of a large number of transistors can induce very 
large current spikes, which in turn increases the I R  drop 
on P/G network. As the switching speed of transistors in- 
creases, a large current swing within a short time period can 
generate considerable Ldi f dt noise even when the induc- 
tance L can be relatively small. Both the package parasitics 
and the on-chip parasitics of the P/G network contribute to 
the effective resistance R and inductance L. The switching 
noise on the power distribution network must be contained 

to a tolerable level to ensure the reliability of the circuit. 
In order to effectively combat the switching noise, estima- 
tion of the worst case switching noise is required at the early 
phase of the design process so that different design schemes 
can be explored to relieve the noise issue. 

A straightforward approach to determining the worst 
case switching noise is to simulate all combinations of the 
input patterns, and identify the vector pair(s) that induce 
the maximum switching noise. Unfortunately, the complex- 
ity of the solution space is exponentially proportional to 
the number of the primary inputs (PI’S) of the system, and 
the available simulation tools, like SPICE, are too slow for 
complex circuits. 

Recently, several approaches have been proposed to es- 
timate the power supply noise [ 13][ 14][ 151 and maximum 
instantaneous power/current [6][7]. Although studies in 
[ 13][ 141 can provide efficient estimation of the power sup- 
ply noise for given input patterns, the input pattern depen- 
dence of the power supply noise is not addressed. The study 
in [ 151 proposed a Genetic Algorithm-based approach that 
considered the dependence of switching noise on input pat- 
terns under a distributed RC model of the P/G network. 
However, it considered only package inductance; it  did not 
consider the on-chip inductive parasitics of the P/G net- 
work. 

Compared to the previous work [13][14][ 15][6][7], this 
work has the following contributions: 

We consider the on-chip inductance of the P/G net- 
work, in addition to package inductance, for noise es- 
timation. Since a P/G network is essentially a dis- 
tributed RLC network and inductive noise is an im- 
portant component of the power supply noise, an accu- 
rate evaluation of the inductive noise is necessary. As 
the operating speed of the circuits increases with the 
clock frequency, inductive noise on the P/G network 
will become more severe. 

‘This research is supported in part by SRC (99-TJ-689) and NFS CA- 
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We study the problem of estimating the worst case 
switching noise on PIG network, which is closely re- 
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lated to but different from the problems of maximum 
instantaneous current/power estimation in [6][7] in two 
aspects: First, maximum instantaneous current esti- 
mation concerns only the magnitude of the current, 
whereas noise estimation must consider the rate of 
change of the current (i.e. d i l d t )  as well for the induc- 
tive noise computation. Second, since the P/G network 
is essentially a distributed RLC network, switching 
currents at different spatial locations of the network 
see different inductances and resistances. The resis- 
tive noise is a weighted sum of the switching currents 
and the weights are the resistances seen by the switch- 
ing currents. The inductive noise is a weighted sum 
of the rates of change of the switching currents and 
the weights are the corresponding inductances expe- 
rienced by the switching currents. In this work, the 
slope of the current waveforms (how fast the switch- 
ing currents change i.e. d i l d t )  and the spatio-temporal 
correlation between the switching events are carefully 
addressed, in addition to the consideration of the input 
pattern dependence of the switching noise as in [ 151. 

In this paper, we propose an event-driven simulation 
based approach to estimate the worst case I R  voltage drop 
and L d i l d t  inductive noise on power supply network. Re- 
sistive and inductive parasitics of P/G network are explic- 
itly considered in the switching noise computation. Stan- 
dard cells in a technology library are pre-characterized with 
SPICE to derive the delays and switching current wave- 
forms. We use a delay lookup table for the timing analy- 
sis of switching events. The switching current waveforms 
are approximated as trapezoids. The worst case switching 
noise estimation is formulated as a constrained optimization 
problem with the solution space being comprised of all the 
possible pairwise combination of the input vectors. Monte 
Carlo and Genetic Algorithm are employed to search for 
the worst case input vector pair(s) that induce the maximum 
switching noise on P/G network. 

The rest of the paper is organized as follows: The pre- 
liminaries for event-driven simulation and switching events 
characterization are presented in Section 2. The proposed 
algorithms for noise estimation are detailed in Section 3. 
Experimental results are discussed in Section 4. Finally, 
conclusions are drawn in Section 5. 

2 Preliminaries 

This work focuses on the estimation of power supply 
noise at gate level. As spatio-temporal relation between 
switching events is the key to accurate noise estimation, 
we incorporate as much physical and timing information as 
possible into our proposed noise estimation algorithm. To 
achieve that, we perform technology mapping based on a 

given technology library to obtain the topology of the cir- 
cuit and hence, the spatial relation between gates. For this 
study, we create a technology library based on the TSMC 
0 . 2 5 ~ ~ 1  CMOS technology, and we use SIS [ 111 to map 
circuits for minimal delay. 

We also characterize the transient behaviors of each gate 
in the library based on the physical information at the tran- 
sistor level. Both delay and current waveform of each stan- 
dard gate are characterized based on SPICE simulations. In 
the following subsections, delay model, switching current 
waveform characterization, P/C network modeling, and the 
sampling of P/G noise are addressed. 

2.1 Delay Model 

Consider a circuit at a steady state with some initial in- 
put vector, a change in the primary input (PI) will poten- 
tially trigger a sequence of switching events in the gates 
that are directly or indirectly connected to it. The propaga- 
tion delay of a gate is determined by its load capacitance as 
well as the slopes of its inputs. The propagation delay ( t d )  

is defined as the time between the 50% points of the input 
and output transitions. The load capacitance (CL),  defined 
as the effective extrinsic capacitance seen by the output of 
a gate, is the sum of the gate capacitances of its fanouts. 
The input slope (rs) is the output slope (rout) of the fan-in 
gate, which is defined as the 10% to 90% transition time 
of the output of the fan-in gate. Accurate estimation of the 
switching noise relies on the accurate timing analysis of the 
switching events within a clock cycle. 

Our technology library uses a delay lookup table [12]. 
The lookup table consists of entries of ( T ~ ,  CL, t d ,  ~ ~ ~ t ) ,  
where t d  and rout are the propagation delay and output 
slope of the gate when the input slope is T~ and the load 
capacitance is CL. We perform linear interpolation on CL 
and rs to get the propagation delay and the output slope 
from the delay lookup table. 

2.2 Correlation Between Switching Events 

A combinational circuit can be represented as a directed 
acyclic graph G(V, E ) .  The topology of the circuit deter- 
mines the spatial correlation between the gates, and there- 
fore, the spatial correlation between the switching events. 
The timing of the switching events is determined by the gate 
propagation delays as well as the connectivity of the circuit. 
We define a switch triggering path, denoted as PST, as the 
path between the primary input that triggers the switching 
event and the switching gate. The switching time is deter- 
mined by the propagation delay along the switch triggering 
path as follows: 
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where t d ( w )  is the propagation delay of node w along the 
path. 

Each gate can potentially undergo several spurious 
switchings (glitches) within one clock cycle due to the tim- 
ing mismatch of different fanins. The duration of a glitch 
at a gate can be determined from the timing windows of its 
fanins. A full glitch, which causes full voltage swing in the 
output, is just like a normal switching event. We treat a par- 
tial glitch that lasts > 20%td as a normal switching since 
we are making a pessimistic estimation of the worst case 
noise. We ignore partial glitches that last < 2 0 % t d  as they 
do not generate significant switching currents. 

2.3 Switching Current Waveform Approximation 

As switching noise is directly related to switching cur- 
rents, it is important to know the current waveform of each 
switching event for accurate noise estimation. We pre- 
characterize the switching current waveforms for each stan- 
dard gate based on SPICE simulations. For the convenience 
of numerical computation, the switching current waveforms 
are approximated as trapezoids, and the profiles of the trape- 
zoids can be determined uniquely by the propagation delay 
( t d )  and the drive capacity ( Imaz )  of the switching gate as il- 
lustrated in Figure l .  The peak drive current varies slightly 
with different capacitive loads and input slopes, and cor- 
responding adjustment (using linear interpolation as in the 
delay lookup table) is made in our algorithm to compensate 
for the variation. From SPICE simulations, we observe that 
all switching currents last about 3td. The switching current 
waveform is not symmetric in general, and accordingly, the 
trapezoid is not symmetric either. The shape of the trape- 
zoid is determined empirically based on SPICE simulations. 
The switching current waveform of a generic gate is shown 
in Figure 1. 

2.4 Modeling of P/G Network 

In this work, we assume a single-PAD tree design [ 161 
for both the POWER network and the GROUND network. 
All the segments of a P/G network are essentially dis- 
tributed RLC lines. For simplicity, each P/G segment is 
modeled as a lumped R,, L,, C, for n = 1 , 2 ,  ..., N ,  as 
illustrated in Figure 2. The values of the parameters R,’s 
and L,’s are obtained based on the segment lengths and 
the technology parameters from a leading semiconductor 
company. The (7,’s consist of the P/G metal line capaci- 
tance, transistor junction capacitances and any decoupling 
capacitances connected to the P/G network. Strictly speak- 
ing, these capacitances will smoothen the switching current 
waveform and help to relieve the noise on P/G network. 
Since we are estimating the worst case noise, we make the 
pessimistic assumption that the (3,’s are small, and we ig- 
nore them in our analysis. We will see later that the ex- 
perimental results are reasonably pessimistic. The P/G pins 
also have finite package inductance and resistance and these 
parasitics are represented as L, and R, in Figure 2. One 
should note that switching events occurring at different spa- 
tial locations see different parasitics on the PIG network. 
For example, the switching events at Cell 1 see an induc- 
tance of (L ,  + L1) and a resistance of (R ,  + R I ) ,  whereas 
the switching events at Cell 3 see an effective inductance 
of (L ,  + L1 + L2 + L3) and an effective resistance of 
(R, + R I  + Ra + R3). 

” 
VDD 

V 

Figure 2. Pseudo-distributed modeling of 
POWER network (Ground network is modeled 
sim i larl y) 

2.5 Sampling of P/G Noise Waveform 

The noise waveform on a P/G network varies spatially 
and temporally. In this work, we investigate the noise wave- 
form at a generic node of interest in the PIG tree. Let the 
node of interest be denoted by z,  the noise waveform at node 
z be denoted by V n o i s e ( t ) ,  which is a function of time. 

Figure 1. Approximation of the switching cur- 
rent waveform with a trapezoid 
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To keep track of the noise waveform within a clock cy- 
cle, we break down the clock cycle (7’) into S small time 
frames for sampling purposes. Each frame has a length of 
D = $. S is chosen based on the required resolution D 
(D = 20ps is used in our implementation). A smaller D 
gives a better resolution at the expense of more computation 
time. The effective switching noise for the ith time frame, 
denoted as Vnoise(i), is the weighted sum of all the switch- 
ing currents and their rates ofchange that contribute to the 
ith time frame. Since each switching event lasts a finite 
period of time, the switching current contributes not only 
to the switching noise at the time frame when the switch- 
ing event occurs, but also to the switching noise at subse- 
quent time frames. However, since the switching current 
waveform changes with time, its contribution to each time 
frame will be different. In our implementation, each switch- 
ing current waveform, denoted by i ( t ) ,  is approximated as a 
trapezoid as discussed before. We index switching currents 
according to their order in the time domain. 

To illustrate the contribution of each switching current 
to the noise at the target node, let Pi denote the unique path 
from the P/G pin to node i, and Pij = Pi n Pj denote the 
common path of node i and node j. Let d ( j )  denote the 
node that the j t h  switching current is associated with. The 
contribution of the j t h  switching current to the switching 
noise (at the target node) at a time frame tk is 

where % Itli is the slope of the approximated current wave- 
form at tk; the r Z d ( j )  and l z d ( j )  are respectively the effective 
resistance and inductance seen by the j t h  switching current 
along the common path Pzd(j)  with respect to the P/G pin. 

Based on the above discussion, the worst case noise es- 
timation can be formulated as a constrained optimization 
problem: 

Maximize 1 
di . (t) 

Vnoise(t) ( r z d ( j ) i j ( t )  + I z d ( j ) - )  1 Subjectto j dt (3)1 
In the next section, the proposed algorithm for determin- 

ing the worst case noise is presented. 

C ={spatial & temporal correlation between signals } 

3 Algorithm 

The proposed algorithm consists of three procedures. A 
Monte Carlo (MC) technique is first employed to generate 
a suitable set of “so-far worst case” input vector pairs, de- 
noted by X, based on the switching noise that they generate. 
The 1x1 pairs of input vectors are then fed, as initial popu- 
lation, to a Genetic Algorithm (CA), which will produce a 

set of worst case input patterns in terms of switching noise. 
Finally, the estimated worst case switching noise waveform 
is calibrated and the actual worst case noise waveform is 
generated. 

Monte Carlo for Initial Population( ) 
Circuit Initialization 
Q E FIFO switching-event queue 
switching event= node{new-value, s w i t c h i n g - t i m e ,  T ~ }  

Objectivefunction= E. ( r z d c j ) i j ( t )  + l z d ( j )  y) 
While (Counter < N )  

Generate input vector conforming to given p ,  and U ;  

Breadth First Search( ) 
{ If P I  switches, schedulejunout node 

While ( Q  not empty) 
Add fanout{ new-value, switching-tzme.r,} to Q 

Remove node 5 from Q 
Determine switching current i(t) of node x 
Update the switching noise for the relevant time frames 
Update the data for node x 
Schedule switching events for funout node of x 

Sort Vnoise ( 2 ) ’ s  o f  all time frames, find maximum 
Evaluate the objective funcrion 

Update peak Vnoise; Update the worst case input pattems 

Add fanout{new-value, switching-time, T ~ }  to Q } 

Retum 1x1 so-far worst case input patterns & peak Vnoise 

Figure 3. Monte Carlo Procedure 

3.1 Monte Carlo 

In the past, Monte Carlo techniques, which explore only 
a reasonable sized subset of the input patterns, have been 
used to estimate the switching activity [ 11, maximum power 
dissipation [ 2 ] ,  and average power dissipation [3][8] of dig- 
ital CMOS circuits. The statistical approaches model the 
input signals as stochastic processes where each signal has 
properties such as signal probability (probability of a signal 
being logic ONE), denoted by p i ,  and activity (probability 
of signal switching), denoted by ai. The Monte Carlo pro- 
cedure is shown in Figure 3. The circuit is first initialized 
with a default input vector. Input vectors are then gener- 
ated randomly conforming to a prescribed signal probability 
and activity. The primary input signals are then propagated 
through the circuit in a breadth first search (BFS) fashion 
and switching events are scheduled and processed in a first- 
in first-out (FIFO) manner, as in a typical event-driven sim- 
ulation. The switching current waveforms are determined 
based on the approach outlined in Section 2.3 .  The switch- 
ing noise waveforms on the P/G network are calculated and 
updated based on the procedure illustrated in Section 2.5. 
The spatial location where a switching event occurs deter- 
mines the parasitics experienced by the switching current 
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along the P/G network. For each input vector pair, we com- 
pare the newly generated peak noise with the 1x1 “so-far 
worst case” noise levels. If the peak noise is greater than 
any one of the 1x1 “so-far worst case” noise levels, we up- 
date X and the corresponding noise levels. The MC proce- 
dure is repeated until the prescribed limit of runs is reached. 
After the MC procedure, we feed X to Genetic Algorithm 
as the initial population. 

3.2 Genetic Algorithm 

While Monte Carlo (MC) is purely random, genetic al- 
gorithm (GA) [4] has the advantage of exploiting historical 
information to speculate on new search points with expected 
improved performance [6] [7]. 

The GA procedure, which is presented in Figure 4, works 
as follows: starting with the initial population obtained from 
MC, the objective function in Equation (3) is evaluated with 
the event-driven simulation as illustrated in MC procedure 
to determine the fitness of each chromosome in the popu- 
lation. In our problem formulation, the chromosomes are 
the input patterns and thej tness  of a chromosome is the 
peak switching noise generated by the chromosome. The 
Roulette wheel [4] technique is employed in selecting the 
mating chromosomes and the probability that chromosomes 
get selected is proportional to their fitness. A new popula- 
tion is generated by operations such as selection, crossover 
and mutation [4] in that order. 

To avoid being trapped in a local maximum, MC search 
can be run several times to generate different initial gene 
pools for GA. This combination of MC and GA may in- 
crease the chance to hit the global maximum. 

Maximum Switching Noise ( ) 
G E N E R A T I O N  = 1; M A X - G E N  = 100 
P O P U L A T I O N - S I Z E  = 40 
Chromosome-Length =the number of primary inputs 
Monte Carlo for Initial Population( ) 
do { 

Evaluate the fitness of each chromosome in the population 
with event-driven simulation as illustrated earlier 
Sort chromosomes by non-decreasing fitnesses 
Update the worst case bound and input vectors 
Roulette wheel selection to select mating chromosomes 
Crossover & mutation to create next generation 
chromosomes 

}while(+ + G E N E R A T I O N  < M A X - G E N )  
Return maximum noise & worst case input pattern(s) 

Figure 4. Genetic Algorithm Procedure 

3.3 Calibration of the Estimated Noise 

After running the MC and the GA procedures, we have 
the worst case switching noise waveform(s) on the P/G net- 
work. However, since the noise is calculated based on 
the transient characteristics of the pre-characterized stan- 
dard gates, and the impact of noise on the transient char- 
acteristics is not taken into consideration when we pre- 
characterize the delays and switching currents, the noise 
level is significantly overestimated. For example, suppose 
the effective power supply is reduced to (1 - 6 ) V d d  due to 
the noise on the P/G lines, the effective drive current ID 
of the transistors will be reduced to - (1 - 6 ) ’ 1 ~  if the 
transistors are operating in the triode region (using Schock- 
ley model [9]) and to (1 - S ) ” ~ D  if the transistors are op- 
erating in the saturation region (using Alpha-Power Law 
model [lo]). Accordingly, the estimated noise level Vzi:se 
should be scaled by a factor of (1 -6)’ or ( ~ - c T ) ~ .  Since the 
inductive noise is the dominant component of the switching 
noise on P/G network and d i / d t  is more dramatic in the tri- 
ode region, we scale the estimated noise by (1 - 6)’ for 
calibration. The following equations provide a way to de- 
termine the actual noise level Vnaose based on the estimated 
noise: 

(4) 

where P is determined from the estimated noise that we 
have computed, and 6 can be solved from the above equa- 
tions as follows: 

(1 + 2 P )  - JiTg 
2P 

s =  

(5 ) 

Once 6 is known, the actual noise can be determined from 
the estimated noise as follows: 

The calibration we performed is a post-simulation pro- 
cessing of the estimated noise. On-line calibration in the 
simulation process is very difficult since we have incom- 
plete information about the switching noise on the P/G net- 
work when we schedule and process each switching event. 

4 Experimental Results 

The proposed algorithm for estimating the worst case 
switching noise on PIG network has been implemented in 
C under Berkeley SIS environment [ 1 13. Experiments are 
performed on ISCAS85 benchmark circuits implemented 
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with a TSMC 0.25pm technology library as discussed in 
Section 2. The signal probability pi and activity ai of the 
primary inputs are set to be 0.5 and 0.9 respectively. The 
primary input slope is set to be 60ps. The inductance and 
resistance parasitics on the P/G grids are estimated based on 
the projected dimensions of P/G grids and some unit length 
parasitic values obtained from industry. In our experiments, 
the unit length parameters for P/G lines are I = 10nH/cm, 
r = 0.03Rfpm. The package inductance L, is assumed to 
be 0.2nH while the package resistance R, is assumed to be 
0.1R. The maximum switching noise from our experiments 
is listed in Table 1. 

The power supply noise, which is calculated from the 
transient voltage waveforms on the P/G lines, is defined as 
the deviation of the voltage swing between the P/G lines 
from the supply voltage Vdd (2.5V in our case). Let Vp(t) 
and VG(t) denote the voltage waveform on VDD line and 
G N D  line, respectively, then Vnoise(t) is given by: 

Vnoise(t) = Vdd - (vP( t )  - VG(t)). (7 1 

Circuit SPICE 
36 .0mV= 

When Vnoise(t) is positive, the effective supply voltage is 
less than the nominal supply voltage V&. 

To characterize the spatial variation of the switching 
noise on the P/G network, we calculate the switching noise 
waveforms at the near end (node closest to the P/G pins) and 
at the far end (node farthest from P/G pins) in our simula- 
tion. As we can see from the noise waveforms presented in 
Figures 5-7, the effective noise waveforms on the PIG net- 
work varies temporally and spatially. For all the circuits, 
far end noise is more severe than near end noise due to 
the larger effective inductive and resistive parasitics expe- 
rienced by the switching events close to the far end. We 
also observe that the maximum noise level always occurs 
at the beginning of the clock cycle. This is due to our as- 
sumption that all the signals arrive at primary inputs (PI's) 
simultaneously, and as a result, all PI's that switch induce 
maximum simultaneous switching currents among the first 
several levels of the circuits. The ensuing switching events 
are more or less scattered in time domain and the noise level 
is relatively low. Peak switching noise on P/G lines during 
some time period within the clock cycle can be significant 
even for small circuits C432 and C499. For large circuits 
C5315, C6288, and C7552, the peak power supply noise 
can be more than 40% of Vdd. If dealt with properly, the 
power supply noise can usually be reduced to a certain ac- 
ceptable level. Schemes such as the deployment of decou- 
pling capacitance have proved to be effective [5] .  

The run times of our program are listed in Table 1. All 
our experiments are run on a SUN SPARC 5 workstation. 
For circuit C432, it takes our program 376 seconds to search 
12,000 input patterns (0.03136s per input vector pair) for 
the worst case switching noise, while it takes SPICE 57 
minutes to simulate one input vector pair to determine the 

Our Method Error Margin 
39 .4mV= 3 .4mV= 

C432 

(25315 

1 C17 I 1.44%V& I 1.58%Vdd 1 0.14%Vdd 
I 83.6mV= I 311.0mV= I 394.6mV 

12.4%Vdd 15.8%Vdd 3.4%Vdd 
983mV = 1102mV 119mV = 
39.3%Vdn 44.1%Vdd 4.8%Vd,i 

switching noise . 

To verify our experimental results, we perform SPICE 
simulation for circuits C17, C432 and (25315 (TSMC 
0.25pm technology) with the worst case input vector pair(s) 
computed with our noise estimation algorithm. The peak 
switching noise levels from SPICE and from our method 
are presented in Table 2. Our approach tends to overes- 
timate the noise, but the error margin is less than 5%Vdd 
compared with SPICE. The switching noise waveforms of 
circuit C432 obtained from SPICE and from our experiment 
are presented in Figure 8. Since we have not considered 
the P/G line capacitances and internal node switchings in 
our noise estimation procedures, the noise waveforms may 
not match in details. However, the estimated worst case 
peak switching noise is reasonably pessimistic and their 
profiles around the peak noise show similarity. The esti- 
mated peak switching noise and the peak switching noise 
from the SPICE coincide in the time domain (at 120ps). 

Cm. C499-- PIG wnage wavebrmr (Near End). Ckt C499--EtIecIwe Pi0 mise waveform (Near End1 
30001 I I 

I 
0 500 IOW 15W 2oW 2500 

-5OOI 

Tun. (pa) Time (pa) 

I 
0 500 (OW 1500 2OW 2500 

Time (pal 
-?OWo-00 ' ' . 

Time Ip") 

Figure 5. Worst Case P/G Switching Noise 
Waveform - Circuit C499 
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