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Abstract circuits with a very small number of primary inputs. Also,

We propose a new technique for generating a small set the power supply noise is highly dependent on the instanta-
of patterns to estimate the maximum power supply noise of neous currents through all segments of the power and
deep sub-micron designs. We first build the charge/dis- ground lines as well as tiRC values of these power/ground
charge current and output voltage waveform libraries for segments. Accurate current waveforms flowing through all
each cell, taking power and ground pin characteristics, the power/ground segments need to be derived efficiently dur-
power net RC and other input characteristics as parame- ing the process of the maximum power supply noise estima-
ters. Based on the cells’ current and voltage libraries, the tion.
power supply noise of a 2-vector sequence can be estimated We try to simulate a large number of patterns and use
efficiently by a cell-level waveform simulator. We then the Genetic Algorithm(GA) [4] to select/derive a small set
apply the Genetic Algorithm based on the efficient wave- of patterns that would cause high power supply noise.
form simulator to generate a small set of patterns produc- Because all power/ground segmemR€s need to be con-
ing high power supply noise. Finally, the results are sidered in simulation to derive accurate power/ground seg-
validated by simulating the obtained patterns using a tran- ments’ currents and voltages, circuit-level simulation will
sistor level simulator. Our experimental results show that be unacceptably slow for this application due to the large
the patterns generated by our approach produce a tight number of simulation runs required. We therefore first
lower bound on the maximum power supply noise. derive comprehensive current/voltage waveform libraries
1. Introduction for each cell (Which can be repeatedly used by.all de§igns

' based on these libraries). We then perform the simulation at

. Power supply noise due to switching current is becom-e cgji_jevel. We use an efficient event-driven waveform/
ing an important factor for deep sub-micron designs. TheIogic simulator extended from [3] for current waveform

power supply noise reduces the actual voltage level reachingjn, ation. Based on the waveform simulation results and

a device, which leads to increasing additional signal delaye cyrrentivoltage waveform library, the current flowing
that may result in performance degradation. Moreover,hrq,gh each cell with respect to a given pattern can be effi-
excessive noise may cause logic and/or timing errors. ciently estimated. Note that for a segment in a power/
This paper focuses on the estimation of the maximumground net tree, the current waveform is not a direct super-
power supply noise which includes the inductMenoise  position of the current waveforms of the cells downstream
andIR voltage drop caused by the signal switching in inter- of the segment. In Sec. 5.2, we will discuss the related
nal circuitry as well as input and output buffers. To be able toissues and discuss how to derive an estimated current wave-

observe switching at the signals, a two-vector sequ&hee,  form of a power/ground net segment based on the current
(v1,¥5), has to be applied at the inputs of the combinationalyaveforms of the cells.

portion of the circuit. For a circuit with primary inputs, this Based on this simulation framework, we use GA to

would require simulation ofi" patterns for simulating all  derive a small set of patterns. Finally, we can use a lower-

possible patterns at these inputs. This is practical only folevel simulator to validate these patterns and identify the
worst one among the selected set. This framework can be
used to identify the patterns that would cause high power
supply noise at any specified block in the chip, orlte
voltage drop at any given power supply segment. The differ-
ence for different blocks or different segments will be in the
fithess functions used in the GA. Our experimental results
show that our approach produces, on the average, 23% and
17% tighter lower bounds for the benchmark set, than the
bounds obtained by the weighted random approach (which



uses random patterns with very high primary input transi-
tion probabilities) and the GA approach directly based on a Netlist + physical desig»
transition level simulator, respectively. Also, the estimation

time of our method is significantly faster. Extract power net RC’s |

Build cyrrent/yoltager — T —— — — — A
2. Related Works wave Ormtﬁ rarngl Initial population
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Recently, several approaches have been proposed fo urfrent/Y_%lta e ! : et |
power supply noise [10][1][2] and maximum instantaneous VA 2ach cg’I Wave OrT simulatio |

current [8][9][13][7][6] estimation. Senthinathan and Prince

Derive the fitness vale

I
[10] derived several closed-form equations to calculate | |G]A'b.?§ed
simultaneous switching noise (SSN). Chatal. [1] pro- | [Generate new patterfs jalgorithm
posed a scaling model to estimate the ground bounce caused | I
by the switching in internal circuitry for deep sub-micron | <5 5 o
circuits. Chen and Ling [2] proposed a simulated switching Lo yes
circuit model to estimatg the power_supply noise inc_luding [Final validation based on powerill
theR voltage drop and inductivl noise based on an inte-
grated package-level and chip-level power bus model. In
these approaches, closed form equations or efficient model Figure 1: The flow of our technique for maximum power
are used to estimate the power supply noise at each cell supply noise estimation

based on the given input conditions. However, since thelogic simulator. We then generate the new patterns based on
power supply noise is strongly input pattern dependent, theGA operations (selection, crossover and mutation). The fit-
accurate and efficient techniques for finding the maximumness value of a pattern is simply the highest power supply
power supply noise in the entire circuit are needed. noise at the target areas. Through iteratively generating new
For the maximum instantaneous current estimation,patterns for simulation, a small set of patterns is selected/
Kriplani et al [8] present a pattern-independent algorithm derived. Each pattern is then further validated using a tran-
called iMax algorithm to find an upper bound on the maxi- sistor-level simulator. We use PowerMill [11] in our experi-
mum instantaneous current. Several ATPG based techniquesent.
fme proposed [9][13] to generate patterns causing high4. Characterization: Building Current/Voltage Waveform
instantaneous current. Krstt al [9] also propose a proba- Library
b|||ty—_based algorithm to find thege patterns. Two genetic-4 1 circuit model for power supply noise
algorlthm-baseq approaches for finding the lower bound for In our discussion, we assume that the topologies of the
the maximum instantaneous current have bet_an PTOPOSEH,\ver and ground nets are single-pad-trees. However, our
[7][51' These two approaches ap_pI|e§ the genetic algor'thmapproach can be easily extended to handle multi-pad-tree
to |dent|.fy p:_;\tterns causing high mstantaneoqs cur_rentand general graph topologies. For inductMenoise we
through iteratively generating new patterns for simulation.

Th it ted usi i i consider only the part caused by the change of instanta-
€ new Pa erps are generated using genelic operaliongyq 5 cyrrent on the package lead inductance and ignore the
based on “good” patterns derived in the previous iterations.

one from the wire/substrate inductance which is consider-
3. Overview ably smaller. Figure 2 shows a circuit model for each cell.

The overall process of our technique for maximum Vgq Pin Vg Net

power supply noise estimation is shown in Figure 1. We T "Ly Ry ! -
assume that the netlist and physical design are given. Our Vd K

|
technique needs current/voltage waveform libraries for each L — —pd %C”d X[ Cell

cell, which is used by a waveform simulator. The libraries M Lps Ryg! R

can be obtained by HSPICE simulation. The details of Vsﬂ—@%&.! MR
building these libraries are shown in Section 4. In the begin- L — "B | v Cnsﬁ

ning, we extract the effective power/ground R&s for VssPin VssNet

each block consisting of a small number of cells. We then gjgyre 2: Circuit model for power supply noise caused by
generate the initial pattern population, and use a waveform the switching in internal circuitry and 1/O buffers.

simulator extended from [3] based on current/voltage Wave-ria model is used to derive the current waveform flowing

form I|brary_ to S|_mulate each pattern_. The details of the through each cell. We uséyy andVsto denote power and
waveform simulation and the computation of the power sup-

ply noise based on the simulation results are described ilground, respectively. Eadlyq andVsspin is modeled by an

Section 5. Throughout this paper, we will use the term RLC networ.k Epa Rod and_de TorVdd pin, and.ps Rysand
waveform simulatoto refer to the event-driven waveform/ Cpsfor Vsspin) as shown in Figure 2. Thg andCyg (Rys



andC,g correspond to the effective resistance and capaciforms in the library. These current/voltage waveform librar-
tance ofVyq (VsJ line from theVyy pin to theVygnode of  ies are used to estimate the current waveform of each cell
for a given input pattern applied at the primary input. To
reduce the sizes of the waveform libraries, we build the
4.2 Building the current/voltage waveform library comprehensive libraries only for cells with up to 4 inputs.
Power supply noise at thégy andVssnodes of a cell  For complex gates with more than 4 fanins, we apply vari-
can be computed by summing up the induciv@oise and ~ ous heuristics to reduce the number of entries. For example,
IR voltage drop along the series of power lines segmentgve group all possible input patterns of the gate into several
from theVyq pin to theVyy node of the cell\(;snode of the sets in such a way that each pattern in a set exhibits similar
cell to Vg pin). We therefore need to derive accurate current€UrTent. Then we perform HSPICE simulation for these sets

waveforms for all segments fyq and Vg, lines and pins, tp bui_ld the curr_ent/voltage waveform libraries. Note that all

. , libraries are built only once, and can be repeatedly used for
which depend on the charge and. d|§charge current \,Navef)ower supply noise estimation for all designs based on the
forms of all cells. Based on the circuit model, for a given same cell library.
circuit with the netlist and its physical design, we first esti- i ]
mate the current waveform for each cell with respect to ad- Waveform Simulation
given input pattern. The current waveforms for all the cells 5-1 Deriving current waveforms flowing through blocks
are then used to compute the current waveforms flowing ~ Given a physical design, we first group the cells which
through theVyy and Vg, pins as well as all segments\6fy are physically close to each other into small blocks and

and Vg nets. The power supply noise on gy and Vg compute the effective power/grouRCs for each block by

. using anRC reduction tool ULTIMA-PR [12]. Then we
nodes of each cell can then be estimated based on these cur- : o
apply a waveform simulator extended from [3], which is
rent waveforms. . O : .
. based on the event-driven logic simulation algorithm, to
The charge/discharge current and output voltage wavexm jate a given input pattern. The waveform simulator can
forms for a cell depend on various characteristics includingpandle the input voltage waveforms of the cells containing

the _type_of the ceII_, the starting/ending voltage_ and riSingintches as well as partial voltage swing, and produce the
(falling) time of the input voltage waveform, loading capac- oyt voltage waveforms for all cells. The resulting voltage
itance of the cellVqq (Vs9 pin RLC values, and effective  \yayveforms at all internal nodes along with the current/volt-
power/ground neRCs (see Fig. 2). To characterize the cur- age waveform libraries we built can therefore be used to
rent and output voltage waveforms, we build the current/efficiently estimate the charge/discharge current for each
voltage waveform libraries with indices including the above internal cell and thus each block.
characteristics by using the circuit level simulator HSPICE. Note that the Charge/discharge current for each block is
The ranges and intervals for all indices used in our librariesderived with respect to the corresponding effective power/
for a sample cell library are shown in Table 1. For a givengroundRC which are used to model the conducted path in
Table 1: The ranges and intervals for input indices in library. the power/ground nets. In the following, we propose a tech-

_ nique to efficiently obtain the currents flowing through the
effective eff‘;“g’re loading V4q and Vs pins as well as each segment of power and
starting | ending rising P::'tef pn(\;\i capacita ground lines based on the obtained current waveforms for
voltage | voltage (fz:illr::g) resistance| caPacitan | nce all blocks.

ce 5.2 Deriving current waveforms flowing through

range o0V- oV- 0.1ns 1Q- 50 fF- [100fF - power/ground net Segments
: 33V |33V |-10ns| 151Q | 650fF | 1600 The current waveforms flowing through power and
merval | 0.6V | 06V | 03ns| 3@ | 200fF | S00fF ground net segments depend on the charge/discharge cur-
package specification, the pRLC values are fixed. To rents of all blocks. However, even for a power supply net
reduce the sizes of our libraries, we assume that only on&vith a one-pad-tree topology, the current waveform of a
input of a cell changes the value from low to high (or high to S€gment is not a direct superposition of the current wave-
|0w), and the values of the other inputs are kept in their Sta.forms of the blocks downstream of the Segment. If the dura-
ble values such that the output of the cell switches and thudion of the current pulse is much smaller thanR@time
draws current. The input voltage waveform in our library is constant fromVgq (Vsg pin to theVyg (Vs node of the
a ramp, which is characterized by three characteristicsblock, not all charge (discharge) current is instantly coming
starting voltage, ending voltage, and the slope (rising timefrom (to) Vyq (Vsg pin. Part of the current is coming from
or falling time). We sample the HSPICE results for output (to) the neighboring capacitances along power and ground
voltage and charge/discharge current waveforms with alines, and these capacitances will be charged up slightly
fixed time step and store the discrete values of the wavelater by the current from its neighboring capacitances again

the cell (thevsgnode of the cell to thé,pin), respectively.

input voltage waveform




and eventually by the extern®}yy source. Therefore, the reduce thérCs in the power net tree using tR€ reduction
current waveforms in different segments along the pathtool [12], except the ones in the target path (In other words,

from Vgq pin to Vg4 node Vs node toVg pin) of the block ~ We construct the effective power net tree like Fig. 3(a) for
are different. each block). We then assume a triangular current source,

We conduct a simple experiment to illustrate this point. which is characterized by rising time, _falling time and the_
Consider th&/44 net of a circuit with a tree topology shown peak value as parameters to approximate the charge/dis-
- . charge current waveform of the block. Sample ranges and
in Figure 3(a), where each node except the te.rmmal nOdefntervals for these indices used in this library constructing
has 3 branches, and the tgtal number of terminal nodes 'f)hase are shown in Table 2. Then we perform HSPICE sim-
5,000. Suppose each _termmal node cor_responds wdwe _ulation for each instance of the parameterized current
node of a cell. The resistance and capacitance values in Figsgrces and derive the current waveforms flowing through
ure 3(a) are extracted from the power supply net of a correy|| segments in the path. We then sample these obtained cur-
sponding physical design. We assume just one block hagent waveforms of all segments with a fixed time step, and
switching current and all cells in other blocks are in stablegigre the sampled discrete waveforms in a power segment
values and do not draw any current. In this figure the charg&yaveform library. The libraries for ground net are built in
current flowing through the switching block is modeled as aihe same way.
current source at one of the 'Ferminal nodes. I_:igure 3(b) After the power segment waveform libraries for all
shows the waveforms for currerdnd the currentin all seg-  pjocks are built, given the charge/discharge current wave-
ments (o - re) along the path, which are derived by form of a block with respect to an input pattern derived
HSPICE. The vertical axis is the current|(ify) of each seg-  based on the procedure in Sec. 6, we approximate the wave-

ment in the path, and the horizontal axis is the tim@gin  form as a triangular form and then derive the corresponding
Note that the peak current through the root segmgit  current waveforms at the power net segments from the
much smaller than that the current sourcand the current  power segment waveform library. Note that the power seg-
waveforms in different segments are different. However, thement waveform library are built only once for a given
segments closer to the switching block have waveformsdesign, and can be repeatedly used to estimate the power
supply noise for simulation of a large number of input pat-

similar to that of the current source.
terns.

power supply noise is summarized as follows. First, we
build the power segment waveform libraries, compute the
. effective power and ground nBC'’s for each small block
(which consists of a set of adjacent cells), and apply the
Figure 3: The current distribution for the charge waveform simulator to simulate the input pattern to obtain
current of a block with a small time period. the charge and discharge current waveforms for all blocks.
The current waveform in each segment along the powerThen, for each block, based on the block current waveform
net g - re) is a function of the current waveforms flowing and the power segment waveform libraries, we derive the
through the leaf cells and tHRC's of all segments in the €ffectivecurrent waveforms flowing through all power net
power net tree. It will be unacceptably slow to explicity Segments along the target path, and the effective current
perform circuit level simulation on the circuit consisting of Waveform flowing through power pins. The overall current
the power lineRCtree and current source of the block (like waveform flowing through each power net segment can then
Fig. 3(a)) for each derived block current waveform and for be computed by summing up all the corresponéifective
each pattern. We therefore develop a “library” to speed upcurrent waveforms for all blocks downstream of the target
this process. We attempt to build a power segment wavesegment. ThéR voltage drop for each block can be com-
form library for each block using the block current wave- puted by summing up th& voltage drops of all power net
forms as parameter. In this phase, for each block, we firsseégments along the path. The inductiveoise orVyq (Vsg

i(rs)_p I~
i(ri):'s'\(rle,) Table 2: The ranges and intervals for the indices in power
i segment waveform library.
L i(rg) triangular current waveform
£ rising time |falling time | peak value
] 03 (ns) (ns) (A)
range 0.1-0.7 0.1-0.7 10 - 510
i interval 0.2 0.2 100
§ 110 For given input patterns, the estimation process for

(b)



pin can be obtained by evaluating the equation di/dt simulation run for the three simulators are also reported.

wherei is the total current waveform passing through the )
Vg (Vs pin. Table 3: Power supply noise for 100 random patterns for

benchmark circuits.
6. Genetic Algorithm for Pattern Generation

- . i Power supply noise estimation Average CPU time
Based on this efficient framework for deriving the PRY (sec.)
power supply noise for any given 2-vector sequence, we Mwaxerolzﬂm smt/ﬂator PXWHVIPTFS:TCE_YVEW rl
. : ircui In|Ave [Viax ve ve ve | form (p HSPICHE
apply the Genetic Algorithm (GA) to generate a small set of ey TV V] IV ooV erro V) [smua: ,&"i’l‘l’e SPIC
patterns that would cause high power supply noise at a speg- (%) (%) tor
i i i CI355 0.3 0.4 050 0.03 64 [0 047 0T 174 116
X
ified area. We use the tool des_crlbed in [7] t_o generate SUf R DB T T 50— 00 br—O T——b 9
patterns. The vector generation process is based on theze7003I0.470.640.04 78 002 3.9 0BT 0TI 185 1p42
i : i i i T3540/0.20 0.31 0.440.0Z 69 002 6.8 029 16 3L.9 1p65
_Gene_tlc Algorithm (GA) [4] and is an iterative process. The T T T T T B o b —— 0—8s—3be0
iterative process stops after the number of simulated patfsII96[0.280.34 04200433 [0 [0 UB0 OI 3.8 2162
imi SI238[ 03[ 0.3 044 0.p4 105002 5.3 038 0.1 5.1 3065
terns reaches_a limit a_nd the tool reports a small number o B . 61
patterns causing the highest power supply noise at the Spe¢s1488[ 030039047 0.p4 I1.40.02 b.7 035 0.I 8.8 2155
ified blOCk(S) s1494[0.3P0.380.460.p4 95001 ?.4 0j]42 0.1 3 1b66
' sb3/78] 0.4 0.630./70.p5 86 [0 [0 0.p8 02 286 5230
7. Experimental Results averagp - | - [ - [ - [93[ "]34] -] 0A4]205] 198
We use a 0.5pm and 3.3V CMOS library and a physi- As can be seen, on the average, the average estimation

cal design system GARDS [5] to layout each benchmarkerror of our method compared to HSPICE is 9.3%. The
circuit we used. After the physical design, we further use average estimation error for PowerMill is 3.1%. On the
GARDS to extract the power/ground f&E-trees and com-  gther hand, HSPICE simulation cannot estimate the power
pute all segment®C’s. For theVyq andVgspins character-  sypply noise for large benchmark circuits in a reasonable
istics, we apply the values used in [1]. For generating alltime. Also, for the largest benchmark circuits we used
current/voltage waveform libraries and power segments35932, PowerMill needs on average 686 seconds to simu-
waveform libraries, we perform the HSPICE simulation late one pattern, and the waveform simulator needs only 5.6
with level 3 model parameters for 0.fb1 feature size used  seconds. The reasonable accuracy and the high efficiency of
in GARDS. We use 0.0@s as a fixed time step to store the the waveform simulator make it possible to serve as the core
current/voltage waveform. Empirically, this value gives of the GA-based test generation to explore the huge solution
accurate estimation results for maximum power supply space for this application.

noise and reasonable sizes of current/voltage wavefor

. . Mestimation for maximum power supply noise for bench-
libraries. P PPy

mark circuits

Estimation errors of power supply noise for a given For each benchmark circuit, we apply the GA-based
Input pattern test generation process based on the waveform simulator to
In order to evaluate the accuracy of the waveform sim-generate the input patterns and then select 10 patterns pro-
ulator given in Section 5, we generate 100 random patternslucing the highest power supply noise. The size of popula-
(2-vector sequence) and perform simulation for each circuittion of GA in the experiment is 30, and the number of
by applying three different simulators: (1) the waveform generations is 50. That means the number of patterns simu-
simulator, (2) PowerMill and (3) HSPICE for the 7 largest lated by the waveform simulator is 1,500. Then we simulate
ISCAS85 combinational benchmark circuits and 12 largestthe obtained 10 patterns using PowerMill [11]. The reported
ISCAS89 sequential benchmark circuits. Table 3 show themaximum power supply noise is referred to as a tight lower
results for the peak power supply noise for based on thébound of the maximum power supply noise. To evaluate our
three different simulators. Columns 2-4 show (1) the mini- technique, we compare the results with those produced by
mum, (2) the average and (3) the maximum power supplytwo different test generation techniques. (1) Apply the same
noise for the 100 patterns based on the waveform simulatoiGA-based procedure but use PowerMill as the underlying
Columns 5-6, 7-8 show the average absolute eriaY4)( simulator instead of the waveform simulator. Because of the
and the corresponding error percentage of our results antligher simulation time per pattern, we reduce the number of
PowerMill results as compared with the noise derived bytotal simulation runs to 300 for combinational circuits (the
HSPICE simulation. For circuits C6288, C7552, s9234, size of population is 10 and the number of generations is
513207, s15850, s38417, s38584 and s35932, since HSPICED), and 150 simulation runs for sequential circuits (with the
cannot give the results in a reasonable time, we do not comsame size population and 15 generations). (2) Simply apply
pare the simulation values for both waveform simulator andthe same number of the weighted random patterns with pri-
PowerMill. The average power supply noise based onmary input switching probability of 0.9, and use PowerMill
HSPICE is shown in Column 9. The average CPU times petto identify the one producing the highest power supply



noise. experiment shown in Figure 3 validates the observation. It
The estimated maximum power supply noise for the implies that, to analyze tHR voltage drop caused by such a
benchmark circuits are shown in Table 4. The maximumcell, we need to consider the currents only in the power and

Table 4: Estimation for maximum power supply noise ground segments near the cell ra_th_er than_ the entire power
for benchmark circuits. and ground I|_nes. In other words, it is possible that we may
_ _ _ _ need to consider thddtal effect of the power and ground
Maximum Power Supply Noise CpUtme (min)  |ines instead of¢lobal effect We are currently investigat-
Weighted P%@;"r’:\tﬂr:“ ours  |Weidh vffltAh ing the issues to reduce the CPU time for building the power
Random | = " R;e:d Powet Ours segment waveform libraries.
Mmill ici i i
V) homal (v) frormal (v) frormal m [ 3" We have proposed an efflcu?nt technique for gene_ratlng
Y patterns that would produce high power supply noise to
CI355 [ 042 1| 053 1.26 068 162 62 §3 43 . . .
CIo08 T U064 T U6 TUb U6 IU6 2z 23 34  achieve a tighter lower bound for maximum power supply
TZ670 [ 070 1| O/0 1.0p 0.9 T.13 98 95 31 i imati i i
TS — IOy Lo Lo Thr—&e  hoise e.stlmatl'on. The experlmeptal results show that in
Ch315 [ U727 1] 081 T.I8 U092 I.28 318 3pr (1  comparison with the results obtained by other test genera-
TB288 [ 0.9 1| 1.0Z LIP TI5 126 760 7B/ 1455 i
e e ey T T —an HOn sghemes, Fhe patterns generated using our approach
SIT96 | U066 1| 066 L.0Op 046 LO0 10 0 result in much tighter lower bound on the maximum power
giﬁjﬁ 8:(5’1 % 8:2 %82 82&3 ig }]g g :g supply noise. This methgd can be applied to generate pat-
S1488 | 0.5 T 05 09 08T TO7 2227 21 terns that would cause high power supply noise at any inter-
ST494 [ 058 1| 061 TU0p UfZ2 169 23 43 21
S5378 | 0.6 T 078 LTI 084 122 59 §U 1 ested block.
S9234 [ 062 1] U6[ LUB U042 132 48 HU 23
SI3207[ 081 1| O.7f 095 046 106 203 r—o  References
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